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NOTICE
This report was prepared as an account of' work
sponsored by the United States Government. Neither
(he United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

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 temperature
and time excursions for radial composite walls currently under consid-
eration for pulsed high-beta Z-pinch machines. The effects of incident
flux, internal heat distribution functions, thermal properties, and
material dimensions have been examined for a Nb/Al,O, composite to
establish the feasibility of the model.

I. INTRODUCTION AND SCOPE

In a previous report, a preliminary treatment

of first wall heat transfer and chemical stability

effects was presented. For homogeneous materials

such as Nb, A1,O_, BeO, or BN temperature excur-

sions and/or chemical reactivity with molecular 01

atomic hydrogen became prohibitive, indicating that

a composite first wall might present a feasible al-

ternative. Prediction of thermedynamic 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/cm or more aie possi-

ble. Furthermore, estimates of maximum operating

temperatures for the molten lithium blanket are

useful in establishing the effectiveness of proposed

CTR's in producing high temperature heat sources

for direct or indirect energy production.

XI. 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 1 illustrates

schematically how a Z-pinch prototype might be

duraiwn

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

designed. The major feature of interes t i s the

radial arrangement of the composite f i r s t wal l . In

the prototype des'.gn the conductor (material 1) i s

an aluminum washer separated by thin layers of anod-

ized aluminum which can be conceptually thought of

as the insulator (material 2) . Figures 2A and 2B

schematically represent the geometry used in the

model. The grid has 12 points iti the x-direct ion and J



2A
Section of Z-Pinch

Section CC
Grid DelciU
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Fig. 2.

1=0 » l 2

2B
Sectional Top View

Geometry employed for f in i t e difference
grid. 12 x J points having Ay spacing in
the y-direct ion and Axl(Ax2)spacing in the
x-direct ion for materials 1(2) .

points in the y-direct ion with the point at II on

the interface between materials 1 and 2.

A time-dependent heat flux impinges on the

inner surface of the composite ( i=0, . . . . I I ,

. . . 12; j = 0 ] , and a liquid metal (l ithium)/metal

conduction temperature dependent heat transfer re-

s istance e x i s t s on the outer surface J1=0, . . . . I I ,

. . . , 12; j=J) . The two center l ines ( - • - ) define

mirror symmetry planes 'in each material and can be

represented by a zero flux [ - kjj— = 0) condition,

B. Design Criteria

Heat enters the f i r s t 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 th*

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)/a A y expressed as a
fraction of the pulse huat flux q {arbi-
trary scales).

into two quantities;:

1. to Incident flux which is depoaltea 31

the surface y •» 0.

2. A distributed heat source function I! <• T{y)

representing the energy .ibaorbed 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-eompotK'nt cooposltft,there

would be four H functions corresponding to each

material in the pulse and rest mode. In Fig. 3, we

present idealizations of these heat distribution

and Incident flux functions used in the current ap-

proach.



Only lUntribution <!!(>•)) curves; for the pulse

period arc .-shewn In Klg. 3, since* negligible values
for tin* rest period are anticipstted when heat trans-
fer to tho wait will he prlasrl ly by radiation and
convert Ion tree the expanding planna. An a firat
apprajtlant-lon, one niche aasusc Utat il(y)/<l « 0 dur-
ing the rest period for both nateriolsi indicating
thai a l l of the heal is deposited on the Inside sur-
face of the wall. . triholcBS, Jn isplcaentinjt the

B«lcl, the user in frets 10 tjelec; any heat d i s t r i -
bution (unction that is appropriate For csanplo,
for our ftb/Al.,0- etrajiosili; both rest and pulse H
functions arc sot to ?,ero for !!b, and a finite ft
uped only for the pular node In A3,0 (sec Rcf. 3).
In s^acral, the insulator (ccraale) would fee estpoctnj
to have ;» i»«ch witicr dlstrltmtlon function li»n the
conductor (ractisl) an in illttistraled in i'iK- 3-

Titc dejuar^ vave function i(f<:a]iK9t ion for ̂  i^
!saae t̂>at of an ovcr-r.impiif icatton of the 3ci«aS
ease which aighl show an exponential itKrcsSo ijsruJ
(Jccrpasp of htfat J'ius durins? tho cyc le Hovevftr*
at luta r.i3fiR, a aijuare wave functionality siioald t>e
»<£<;.•;.-talc. Airtwal values for lito incident hpat fl«s
q aav tic tiptpreSiu'd tiy <l«sig« linijatlons oi the oa-
ic r i^ i s H3pi$ in thp fir!3l «al i . For exaaple. the
tftagniiuiit' of q cm% bo part ial ly control to»l tiy chattft-
itiB the ammnt tsj' f i rs i va!I swrfai'p ^rca for a given
ascmns of heat produced (Jui'iHs; the cycle.

Cv trtwgfulng_ f/jwattwa and Bowntlarv Conditions

The itilloving parsial differential equadoa

(TOE) applicable to unsteaily s la te , two-diocnaioaal

heal eoaducIion was used for both aat.vtrials.

ST

(1)

i » 1,2 (for both mc

An .idblent teaperatwre (T«) p<}uaj to ttw ;mJl(
Hthiwo leaperaturc is amsuswi} for ihc in i t ia l ron-
dition j t t " 0. four boundary eoatHlions are ap-
plied to posiltiatiB specified on Fig. 2S:

1. Incident heat fins at the inside surface
(sec Fig. 3)

at y • 0 (J - 0), a l l *

(2)

2. topcraturc dependent figs with contact

resistance at thu outside surface

at y » 0 (j - 0). all x

- k i (§) - h ( T - v f °>
where h is on effective heat transfer coef-

ficient applying to the oolton lithlun

blanket and any solid liners that tnigh*. be

used.

3. Continuous flu* a\6 f^jscratuie at the ln-

serfaee

at s - Ll/2 (i 1 1 ) . a l l >•

(s) •«(s) (4)

H. Kero fluK condition nt centerllncs of aa-

I and 2 via syoaetry

at r. - 0: (I - (5)

( £ ) -•<*>
Jn solving £<j. (1> to jjenerate teraper.icure pro-

files as functions of tiisc, a dioensicmless teapera-

lurc u wan defined as

(7)

and finiite difference equations were written to ap-
;>roxjra.-ut' the- I'll};. Appendix A contains a tabular
presentation of these equation-1;. A detailctl descrip-
tion of the finite differ* ice fornulatlon of the
boundary conditions is presented in Appendix B. An
Alicrnatin>! Direction lnplicit (ADI) schene was used
to solve the .-.ysten of eijudtions (see Appendix C).
HH' advantages of an inalici ' : rather than explicit
lichenc shottld be useful in conserving machine line
ami in adding to the flexibiltlty of the code.

In tlie exprt'ssio.i ki or q i;he i •> 1 or 2 depending
on ulwJt material xt i s .



The trldiagonal algorithmand acomplv 'e listing of 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, LI and L2, becoae ouch small-

er Chan the thickness of the wall in the y-dltection

Y . the code reverts to a unidirectional (y only)

calculation of temperature profiles with area aver-

age physical properties used. Any combination ot

incident heat flux and Internal hjat generation

terms can he used. The outside boundary condition

(all x, y- Tfwall at j»J) 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 night be present.

The interface condition (at i»Il) can be speci-

fied by either of two procedures (see Appendix B):

1. Criteria of continuous flux at the boundaiy

-«(©- -« (S) • (4)

2. Criteria of continuous flux and an oper-

able PHE at the boundary.

In ising the code, large time st«ps should be

avoided s-ince they can cause inaccuracies as well as

instabilities because of the pulsed boundary con-

dition and the Interface tetueen materials 1 and 2.

At least 10 time steps for each pulse comprise the

upper limit, i.e., for a 10 ma (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 tfcne 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 (Hb) - alumina (Al,0 ) nidial com-

posite was selected since it is currently under

consideration as a first wall composite material,

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). Although actual sizes have not been

specified for a real operating system, a prototype

exppflmental design utilizing anodized aluminium

washers (0.0254 -jn thick Al with approximately 0.0005

cm of anodized coating) is currently under construc-
2

tion by Phillips and associates. 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/cm" 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 { -0.01am). 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. an average electron temperature

of 25 keV was selected to define the heat generation

function. During the rest period, approximately 10Z

of the instantaneous pulse heat flux will Impinge on

the inside surface of the wall with no distribution

within the wall (H(y) = 0 ) . As a first approximation

a constant value was used during the entire rest per-

iod (see Fig. 3). In order to meet the Lawson

criterion a 10% duty cycle corresponding to a 0.01 s

pulse and a 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

16 cal/cm 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 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

MATERIAL PROPERTIES(*)

Conductors (1)

Niobium, Nb

Molybdenum, Mo

cal/(cm s K/cm)

0.158

0.350

g/cm3

8.57

10.20

cal/gK

0.0736

0.0630

cm Is

0.250

0.545

Insulators (2)
Alumina, a-AljO. ">.034
Beryllia, BeO 0.835

k-therraal conductivity p-density

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

3.96

3.00

0.198

0.50

0.0434

0.0557

C -heat capacity o-thermal diffusivity

o

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., 41st Ed.
(1962).

3. "Thermal Physical Properties of Matter," Vols. 1-2 Eds. Touloukian, Powell,
Ho, and Klemens, Plenum Publ. Corp., N.Y. (1970).

AI203 kT, = 25 keV

/ fdy a 70% of energy
0 absorbed internally

0.2 O.4 0.6 O8
Distance (yUcm)

1.0 1.2

Fig. 4. Heat distribution function for AI2O3 for
pulse period (original data Ref 3 kTe-
electron temperature of the plasma).

demonstrate calculational feasibility rather than
propose a definitive design.

B. Temperature-Time Excursions for a j
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 al l examined.

A tvpical temperature-time excursion for seven
consecutive pulses (for complete parameter specifi-
cation see Table III, Run 1) Is presented in Fig. 5.
Several i=atures of the graph are apparent.

1. There are no inherent instabil it ies in the
ADI solution.

2. The outside surface t^aperatures, AT(O,J),
AT(I1,J), and AT(I2,J),do not increase due to

2
the large value of h * 14 cal/cm s K used.

3. The interface AT(I1,O) Is between the maxi-
mum excursion in the A 1

2 ° 3 layer (AT(0,0))
and the minimum in Nb layer (AT(0,0)).

4. The inside surface temperature for either
material Nb or Al_0_ does not relax to what
i t s init ial level was before the pulse,
hence there is a continuous increase in A T
which should approach steady-state condi-
tions after a temperature profile of suf-
ficient magnitude has been established



TABLE II

SYSTEM PARAMETERS INVESTIGATED

1. Duty cycie

2. Incident heat flux

t • .01 8 T •• .09 s

q± (pulse period) 0.1-1.0 kw/cm2 (-23.82 - 238.2 cal/cm2 a)

q± (rest period) .01-.1 kv/era2 (-2.382 - 23.82 cal/cm2 s)

3. Heat distribution/generation function H(y)

separate functions for Insulator (2) and conductor (1) during pulse

and rest mode utilized

A. Heat transfer coefficient h - .14-14 call cm a K

outside surface-combined resistance of backing material and liquid

lithium

5. Bulk temperature T_ - 600eCa

6. geometrical parameters

wall thickness Ywall » 1 cm

conductor thlckiu'ss LI • .01-1 cm
Composite

Insulator thickness L2 • .0005 - .1 cm

7. Equation solution parameters

grid sizes 4x1 - .0005 - .05 cm

Ax2 - .0005 - .005 cm

Ay • .01 - .02 cm

time steps At - 10 - 2000 us (10~6 s)

Keally arbitrary, uidterlal limitations will set the upper bound.

to conduct away the total energy deposited

during the pulse and rest periods.

A series of temperature profiles are presented

in Fig. 6 for the conditions of Run i (Table III).

in this case, heat was deposited on the insiile sur-

face of the Nb layer during both pulse and rest

periods and on the inside surface of the A12O3 layer

during the rest period. The heat distribution func-

tion given in Fig. 4 was used for *12°3 during the

pulse period. One can see a marked reduction in the

temperature excursion of the ̂ 2°3
 l ay e r caused by

distributing the heat. All three profiles, at the

center lines of materials 1 and 2 and the inter-

face, are uniform in shape and magnitude for the

three times given. This effect is also Illustrated

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

cal conditions,except in Fig. 8 no heat distribution

was used (H(y)'g - 0).

The magnitude at the outside surface effective

heat transfer coefficient has a significant effect

on predicted temperature-time excursions (see Figs.

7a and 7b). With h » 0.14 calf cm s K to approx-

imate anticipated thermal resistances, the outside

wall temperature has increased by > 60K over the

bulk lithium value in 30 pulses. This AT will, of

course, continue to increase until steady-state con-

ditions are reached.



TABLE 111

TABLE III (SECTION A)

SUMMARY OP RESULTS fOR COMPOSITE/PULSED CASE*

Geoaetry

Run Conductor (1) Insulator L2 Vwall

Total
Incident Flux

co Ms cal/cm s K
Rest
Period

Pulse
Period

kW/cm* kW/cm

1

2

3

4

5>9

6
•7

a+io

Niobium
Kb
Nb

Nb

Mb

Nb

Nb

Nb

Nb

Molybdenum
Ho

Conditions fixed

Alumina
M2°3
W2°3
W2°3
A1 2 O 3

W2°3
«2°3
A1 2 O 3

W2°3

Beryllla
BcO

for a l l runs: T
P

1.0

0.01
1.0

1.0

1.0

1.0

1.0

1.0

1.0

- 0.01 s

0.1

0.0005
0.1

0 .1

0 .1

0 .1

0.1

0.1

0.1

r r '

1 .0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.09 e.

0.

0.

0.

0.

0.

0.

0 .

0.

0.

,05

,0005
05

05

05

05

025

05

05

0.005
0.00005
0.005
0.005
0.005
0.005
0,0025
0.005

0.005

0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.02

0.02

1000
1000
1000
1000
1000
100

200

1000

1000

14

34

14

14

0.14
0.14
0.14

r.u

0.14

0.01
0.01
0.01
0 .1

0 .1

0 .1

0 .1

0 .1

n . l

1.0

- . 0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

TABLE III (SECTION B)

SUMMARY OF RESULTS FOR COMPOSITE/PULSED CASE3

Y.f

Run

1

2

3

4

S+9

6

7

S+10

Heat

Conductor (1)
Pulse Period

Hpl(y)

0

0

0

0

0

0

0

0

0

Distribution Functions utilized0

Conductor (1)
Rest Period

Hrl(y)

0

0

0

0

0

0

0

0

0

Insulator (2)
Pulse Period

Hp2(y)

0

0

0

Hp2(y)

Hp2(y)

Hp2(y)

Hp2(y)

0

Bp2(y)

Insulator (2)
Rest Period

Hp2(y)

0

0

0

0

0

0

0

0

0

Inside

iT(x-0
y»O,t«

K

370

260

250

360

650

650

650

600

Surface (Plasm

ar(x-n,
» ) y-O.t-")

K

460

260

320

351

640

640

640

695

a Side)

ATCx-12,
y-O,t- <»)

E

490

260

380

348

640

643

640

810

Outside
Surface

AT( <x>,
y-Ywall,t»

K

- 0

- 0

- 0

- 0

300

300 d

300d

300

unldirec
tlonal
(y only)

Ttefer to noaeviclature section (Appendix F) and Figs. 1-2.

Extrapolated to™time.

CRefer to section IIC and Figs. 3-4.

Equivalent to run 5.



320

AT(0,J).
/AIUI.J1.ATII2.J)

130000 260000 390000 520000 650000
Time(/isec)

Fig. 5. Temperature-time excursions for a Nb
(lcm)/Al-0, (0.1 cm) composite at six loca-
tions. For parameter specifications see
Table III, Run 1, and see Fig. 2 for geo-
metrical grid locations.

Fig, 7. Effect of outside wall heat transfer coeffi-
cient h on temperature-time excursion for a
Nb/Al-0, composite. For parameter specifi-
cations see Table III, Runs 4(?a), 5(7b).

250

200•IV
ISO

Nt/AI2Oj
t of conductor (I) (X«0>

- V

0.01 see

Nb/AI203

I n t e r f a c e i X " I I )

\ ** ̂  .201 »ee

" - - , 1.01 ses

0.01 sec

..Plosmo side
t I H

Nb/JAI2O,

H of in«ulel«r(2KX*IS> -

- \

o.z at o.6 o.e IJO O 0.2 0.4 0.6 as 10 0 0.2 0.4 0.6 c.s 1.0

Fig. 6. Approximate temperature profiles T » f(y) at various times (2.01 s - 21 pulses, 1.01 s - 11 pulses,
0.01 s - 1 pulse). For parameter specifications see Table III, Run 5 and see Fig. 7b for tempera-
ture-time excursion.



vhere AT =
(net heat transferred/time)

kl/Y.

p TP + qr V Yw
(Tp + Tr) kl

AT » temperature rise after the 1st pulse
r at (0.0)

AT,
(net heat transferred/time)

TP + "r V
(Tp + Tr)h

2 2
For the case of a 1 kW/cm (238.2 cal/s cm ) pulse

and a .1 kW/cn2 (23.82 cal/s cm2) heat dump,

Fig. 8 Effect of heat distribution function on the
temperature-time excursion of an Nb/Al^Oj
composite. For parameter specifications
see Table III, Run 8.

c. Approach to Steady State

As steady state is reached, the tt<sperat.ure

profile at any position along the composite will

stabilize except in the vicinity of the inside sur-

face where it is continuously pulsed. This behavior

was observed in a preliminary study of heat frans-
1

fer effects.
.. 2,

for a 1-ctn wall x (<U,0,; = 23 s and

and because an additional thermal
2

Because the thermal time constant

L/a is large compared to a cycle time of 0.1

B, e.g.

Tu(Mb) = 6 s

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

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 AT equivalent to

steady-state heat transfer through the wall and the

AT. caused by thermal contact resistance at the out-

side surface onto the AT caused by the pulse it-

self. For instance, at the center line of the con-

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

is given by,

ATa - 287 K

AT = 90 K

AT, - 333 K .

Therefore,

0,0 710 K

From Table III, one can see that excursions of 6S0 K

are typical for these conditions (Runs 5,6,and 7).

P. 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 M - O , *" t h e x~ d i~

rection, .01 cm for Nb and.0005 cm for A1.0,, are

very small compared Co 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 *> -

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, Axl

from .05 to .025 cm and Ax2 from .005 to .0025 cm

and Ay from .02 to .01 cm, and time step At from



?00

160

120

80

1 1 1 1 1 r
Nb/AI203 - simulator size conditions
Unidireclionol AT*f<y)
Area nveroya properties used

\ .

KMOOOO 13000000 260000 520000 780000
Time 1/isec)

Fig. 9 Temperature-time excursion for a
composite having similar dimensions to the
prototype Z-pinch (Fig. 1) . For parameter
specifications see Table I I I , Run 2.

1000 to 200 (j s. Temperature profiles varied by no

more than 5% at equivalent grid locations.

Furthermore, when the composite was reduced to a

single component, e.g., Nb, and a two-dimensional ADI

solution was run, x-direction variation of AT was

less than 0.1" and the temperature-time excursions

were consistent with previous data accumulated for

unidirectional heat flow using an explicit method.

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, our specific application of the ADI

technique did result in instabilities as mentioned

in Sec. H I . 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 As and Ay. Cer-

tain improvements to the stability of the ADI pro-

cedure are obtained if the grid system is converted

to a half-interval system with the interface con-

taining A xl/2 andAx2/2 parts of materials 1 and 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 profiles which are necessary In evaluating the

mechanical and chemical behavior of any proposed

materials.

V. RECOMMENDATIONS

1. Additional materials should be examined,

including, ZrO,, BeO, and other insulating

oxides as well as la, Zr, Mo, and other

conducting metals.

2. Having established anticipated temperature-

time excursions, other properties s-jch as

chemical stability, radiation damage in-

cluding void and helium bubbT? growth,

thermal stressing, and other aspects of

materials compatabillty should be consid-

ered.1'5'6

3. By selecting a range of thermal properties,

dimensions, incident fluxes, and heat dis-

tribution functions, generalized thermal

history charts applicable to pulaed-high-

beta machines could easily be generated for

use in preliminary design work.
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APPENDIX A

FINITE DIFFERENCE EQUATION FORMASISM

Tables A-l and A-2 list the difference equa-

cions utilized by the code. Both sequences of

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

sented. In addition, two different equations ap-

plying at the interface between materials 1 and 2

are included. A complete description of the nomen-

clature employed is given in Appendix F and a par-

tial ona below for Tables A-l and A-2. Tridiagonal

matrix coefficiants are easily determined by re-

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

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

remaining terms. (See Appendix D.)

Nomenclature for Tables A-l and A-2

Al = a3At/(Axl)2 - material J

A2 = a2At/(4x2)2 - material 2

Bl = alAt.'(Ay)2 - material 1

B2 = alAt/(Ay)2 - material 2

Cl = Hl/plC 1TB = heat distribution function (f(y))
for material 1

C2 = H2/p2C 2TB = heat distribution function (g(y))
for material 2

F = [k2Axl/klAx2]

k2A x2al
klAxla2

-2uIl.J

k2Ax2al *[
klAxla2j

k2Ax^.ul1
kl Axla2 J

APPENDIX B

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

I. CONTINUOUS FLUX AND TEMPERATURE AT THE INTERFACE

Both temperature and heat flux must be contin-

uous at an interface assumed to be in good thermal

contact. Using the nomenclature adopted in this

report, this is equivalent to saying that

kl
Axl

(u*
k2 Il+l.j

- u*

Ax2
II,.I (8)

(1) u ^ is continuous

and

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

onal matrix since only the terms u . , uT1 .

UI1+1 i a r e i n v o l v e d- Therefore, by rearranging

Eq. (8), the coefficients a n , b , c , and d^

can be specified as:

11



Difference Equation

begin x-sween

l' "*1.J-"*O.J

• f<»** i.i-2"

TABLE A-l

EQUATIONS FOB COMPOSITE (X-FIRST)

Condition SnnKe

3eft boundary j - 1,...,J-1
•aterial 1 1 - 1,2

Ctanenls

Symetry (no flux)

PDE, inpllctt x

:" <U*

3b.

Il+l.J Interface

Interface

J - 1.....J-1

] - 1 . . . . .J -1
i « II

a. Coat, flux

b. Cont. flux and
PBE apply

ZCl+G)

i . : 1,3 ^ l+i.3 I.J 1 » « t i a l 2 PDF., Implicit X

5. right boundary j - 1 > 1
material 2 1 - 12,12-1

symmetry (no flux)

begin v-sweep (go heat aourca >:era)

- f

•aterlal 1 or 2 1 - 1 . . . . . U - 1 ,
m - 1,2 U + 1. . . . I2-1

J - 0,1

* - 1,2 I - 1 i l - l ,
II + 1.....I2-1
J - 1 J

Inside boundary
(Incident fixed heat
flux)
(q* 5 qr rest tlllR)
(<l* - 1t pulse t l w )

materials X or 2 ex-
cluding Interface and
right & left boundaries.

7b.

un,j

T2Ay2 Il.J+1

8. -k

II, i

•Ayh (

I1.J-D

Interface

a - 1,2

- n
- 1.....J

I - l i i-i ,
U+l... .12-1
i - J-l.J

PDE Implicit y applies
at interface If Rq.
(3b) la used

outside boundary
{ten?, dependent flow
with l iq . aetal heat
tranafer coeff.)

12



TABLE A-2

DIFFERENCE EQUATIONS FOR COMPOSITE (Y-P1RST)

Difference equation Conditions Range

begin y-sweop

1. ta ( u ^ j Ay

ui,3 " 2 ui . j

materials 1 or 2 1 -1 , . . . I l - i , 11+1, inside boundary
••1,? . . . ,12-1 (incident fixed neat

1-1,0 flux)
(<]• -qr for rest time)
(q* ^qp for pulae period)

a • 1.2 i-1 Il-l.U+1, material 1 or 2
...,12-1 (excluding interface
1-1,...,J and left boundaries)

Interface 1 - II applies at interface if
14, (6b) la uaad

( 1 + F ) u u.3

3. to (u^^-u*^,,.,) - 4yh(«*lfJ) i - 1,2 1 - 1....I1-1, 11+1 outside boundary
...,12-1 (temperature dependent
1 - J-l.J flux with liquid metal

beat transfer coeff.)

beRin x-sweep (no heat source term)

«• ""l.3 " u**0.3

5. tj - u*t ., - f (u

*i-i.3 > + T < - i . j

naterlal 1
left boundary

feacerisl 1

1 J-l
o.i
1 . . . . .J -1
l n-i

symetry (no flux)

PDE, implicit x

6a. interface J - l
l - II

a. continuous flux

6b. u*» 5«u* At . Al
f — + 2 (1-KS>

u**Tl 1 + f> u**n.

i-1 J-l
i - II

b. continuous flux
and PDE

aterlal 2 j - 1 J-l PDE, Implicit :
1 - I1+1....I2-1

"i,3

8. u « n ., - a**n_Ui material 2 3 - 1.....J-1 lyaMtry
right boundary 1 " 12-1,12 (no flux)

13



1 +
k2Axl
klAx2

- k2Axl
klAx2

H (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. It' values of A.x2 were
selected such that

kl ~ Ic2
A xl Ax2 (10)

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.

II. CONTINUOUS FLUX AND TEMPERATURE WITH MODIFIED
PDE AT THE INTERFACE

By utilizing the technique suggested by

Carnahan, Luther,and Wllkes, 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 diaen-

sionlcss temperature at position 11-1 in aaterial

1 can be approximated by a Taylor expansion as

UU-1.J UI1.J II

by solving Eq. (11) for (3 u/3x )JJ-» °«e

/32u\ 2 «

II

l l - l . j

istl (5r)
I i (12)

2 2
llsinr, the finite difference equation for (3 u/3y )
and 3u/3t

(32u/Sy2) S ~ \ [u (13)

' u at new time t + At . (14)

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

(14) can be rewritten as,

(Ax2)2

2
u +

(15)

- Ax2
(16)

Ay 2

A
By substituting Into the differential

4
3xZ

one can develop an expression for 3u/3t *t tht
interface. For «ediu» I, using Eqs. (12), (13),
and U4)

j(a*i) \ \9*/ JĴ -J

&y * j

(19)



Solving for (du/Sx)^-, by defining

6u = uT1 ,
yy n»j

3. (19) becomes

II"

uu,
kl

(Axl) Cl
2al 2(Ay)

2 yy

UU,j " "ll-l.j (20)

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

(18)

k2

klAxl / *
I l . j

klAxlCl klAxl
2 a l 2(Ay)'

- k2Ax2 / *
(u
/ *

t (u II, i - "Il.j

k2Ax2C2 A k2Ax2
6 u yy

-k2 ,
53 lul (24)

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

(21)

Applying die interface condition ol! continuous flux.
vi=,

(22)

We cast use Eq*. (20), (21), and (22) to e l ia i -
natc /3u\ and / ? u \ by Jusi rearranging Eqs./ou\ and ( J u \ by

(20 and (21).

P.tlAxl
[ 2 l 2a24tJ u Il.j

[m * «
iMiS

Sf (25)

t <*
* tAt *•

• iMs? al (26)



where

* 2

al

k2Ax2od 1 / f k2Ax2all
klAxla2 v"4] / [L klAxla2] (27)

' , k2Ax2l / f, . k2Ax2all
1+klAxlJ / I1 +klAxla2j

Equation (26) is similar to the explicit difference
2

equation presented by Arpaci.

For the case of no heat generation, Cl = C2 = 0;

A xl = Ax2 » Axj and only one direction dependence

for u, i.e., Su - 0, u becomes

II,j Ax2

with * - **, C " £ •
(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

tiat:rix,viz.,aI1, b ^ , Cjj, d^, we define the

following quantities.

E =kl'.U '
k2Axl
klAx2 '

_ k2Ax2al
klAxla2

2i]
kla2]

By multiplying the numerator and denominator of the
second term on the right-hand side of Eq. (29)
by kl/k2 and rearranging, one gets,

(33)

(29)

Note that 6uyy - u n > j _ 1 - 2^^ * ^ , + 1 i s
defined at the old time t rather than t + At.

2alAt_ ("il-fl.i

which corresponds to Eq. (7.67) presented by

Carnahan etal. on page 463. If both materials are

the same, al » a2 • a; kl • k2 » k and,

"II.

' (31)

(30)

The first three terms on the right-hand side

of Eq. (32) are used to specify d^, while the

fourth term specifies a ., b ., and c ,, along with

the left-hand side of Eq. (32). Consequently,

-2alAt/2
11 (Axl)2(l + G) (34)

which is in standard explicit form Cor a homogeneous
system.

Using implicit formulation in order to imple-
ment this algorithm in the current ADI code, one can
show that

(Axl) (1 + G)

-2alAt/2(F)
(Axl)2 (1 + G)

(35)

(36)

n.j -n. j

alAt/2
( d x l ) 2

I l - l . j ~ " 11.1 ) + U 11+1.1

(32)

16



* j . At- (Cl + GC2) . A ta l (1 + E) r , . i
d l l uI l , j (I + G) . . . + G) . 2 l-U.J-1 " 2uIl,J uU,J-lj (37)

(in the Madcap code ol = Dl and a2 - D2) •

In the ADI scheme, we also need at» equation to

allow us to implicitly calculate u . . at the inter-

face when sweeping in the y-direction. Since Eq.

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

i = II (interface), it can be rewritten implicit in

y and explicit in x. Equation (26) thus can be re-

structured as

u*u,j+i

, 2alAt/2 f. . k2Axl 1 . fk2Axll
+ ~ T ~ I Lun-i,j ' un,i I1 *visr\ + uu+i,j [kTAxTlJ

W 1 J f lr?A,r? ni 1
. . k2Ax2 al
1 +klAxla2j (38)

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

*

(Axl)2 (1 + G)
fu - ( 1 + F) u + (F)u 1
' A1 1 > J U > j I 1 + 1 > 3 J

, gAt r *
2 A y 2 l - I l . j - 1 " I1.J - " I1.J+1J (39)

a l (1 + E)
(1 + G) ( 4 0 )

_ gAt = a l (1 + E)At
2Ay2 (1 + G)(2Ay 2 )

b 1 + ^ = 1 +
1 1 Ay'1 (1 + OAy'* (42)

At

G)(2Ay'!)

( l + G ) * J^1"1 '] X1»J Il+l»jl II , j (1 + C)

17



APPENDIX C

ALTERNATING DIRECTION IMPLICIT METHOD (ADI)

The implementation of the ADI method as dis-

cussed in Appendix A has been considered by numer-

ous authors (7,9,10,11), and consequently only a

brief discussion is included her':. The ADI tech-

nique when applied to a rectangular grid network

avoids the step size limitations of an explicit

method and also uses a tridlagoual 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

3u
T

would involve iterations using difference equations

of the following form for an (i,j) grid. The x-

sweep [implicit in x] is written as

u , . « value of u. . at t + At/2 (half time step)

** • value of u. at t + At (fu'l time step).

Richtymer and Morton 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 la present [Eq. (1)].

(2) An interface between two materials is
present.

(J) 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

properly formulated. (See Appendix B.) Consistency

for the difference equations has been demonstrated

if the heat source term is introduced at the full

time step, i.e., CAt is introduced in either the x

u 1.1 - u i
At/2

( u 1-1.1- 2 u UH-1.J>

aud the y-sweep [implicit In y] as

- 2 u i , 1 + u i . : m )

Ay2 (46)

(u

At/2
1.1-1 - 2u i . i • u l.J+1

Ay* (47)

where

value of u at tine t

or y sweep and not at both half- t ine step*. Sys-

tematic errors due to this procedure were eliminated

by al ter ing the sweeping sequence to xyyxxyyx . . . .

i a



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.

(48)

[Z] refers either to u. . , j fixed, or u ,

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.

TRIDIAGONAL PROCEDURE
START

The coefficients a,b,c refer to i-1 (j-1), i ( j ) , and
i+l(j+l) 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

Vo
b l z l C1Z2

b i Z i

a Z , b Zn n-1 n n

=

d

d

d

d

0

1

i

n (49)

STOP

19



APPENDIX E

MADCAP V LISTING

*« Jul 7J. 0?26«l1

sec 01 PI** 01

i i i t i i i i i i ;
01.001 "CTK COMPOSITE 1IIAT Fj.ev H03EL*
01.002 'ilrEBKATIMC BIRECtlOy IMPLICIT HCTHOO V3CP*

01.003 "rulaed eaae*

01,00k *lantrople and iioao(*neou* propertlea aaauaad for eaeti aat*rl*I*

OlaOOS 'ticdiflca coa« with cor.tlnoK* mtarraea condition*

C o o * 'Varitbl* SBacillcntlon'

01,007 •? « te«?aratnr«, °e*

01,006

01.009

01,00* »p • ditnalty, «/cr. "

01,00b «n • heti. tnnfXcr coefficient, csl/ea2aac°c*

01,00c «k • tharaal con<n-ctl"'ity. eal/e" aac°C*

oi.ooa »a • tharatl diffualvlty • K/?Cp, c»
2/"«c"

Pl.Ooe *lp • »urn tlaa /or »uia«, Hlcro-»«c*

oi.oof >ir • taat. tlaa, ncro.i.c1

01.010 *»xi . x-alap alec In Material 1*

01.011 ««x2 • x-*top slit in Material 2*

01.012 >>y » y-itep alte'

01.013 >*t • step »H* for tine*

01,01k "Tim- c actual tire, dec*

01.015 '"print • Ir.torv.i between Print* Klcro-»«e"

01,0i» »Yw • Vail thlcttned, ea*

01,017 "11 • cite of aatcirlal 1 elaaant, ca"

01.016 '12 « (lac of «»t<-rl»l 2 aleaent, en*

01,019 •»ub or poftacripts 1 and i refer to tvo alffarent N»t»rl«J«'

Ol.oit * aui> or pofttecrlpt 3 refer* to tvtrace v»lue at lnterfice*
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2* Jill 13 0926*kS
RCC 01 t>»c» 02

i i i t : i i i i i ,
01.01b 'Dlffarlantlal Equation (Recttncuiar coordinataa)*

01

01

01

01

01

01

or
0',

01,

01,

01,

01,

01,

01,

">U
01,

,OtC

,01d

,Ole

,01/

,02O

,021

,022

,023

,02»

,025

02«

02V

018

029

074

02B

•Din»n«loniea« para**t*r**

•C4t • lUt/PCP'

•«4y/R • Incident h»»t flux'

*vhor«i*

*po«t*crlpt« i «na 2 raf«r ve tvo aift»r»nt

•po«i«eript« r and p r***r to reit «na turn p«rloiJ«'

•for «x»>iple»*

• H i * ttie internal h,»t conerttlon tern, i t can take on*

"v4j.u«»i Hri (y)>Ht>Ky),i:r2(y),Hp2(yt*

•tlkewl** /or «i ari.QPI.era.apS'

*u* • dintmclonled t#np«r»tiire at 1/2 t la* »t«pp

"u»» • at»«noionlt»» tcKPerature at eoapiat* tl«« (tap*
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16 *ul 73
Bee 02 r*(« 01

I ! I I I I I I I I I
CJ.001 ' H U I I • en tor trial m i l t«t"

. 02,00? *••»•• 8 - on tor print out it ••eh*

02,003 **anee 3 - on «et cenaratlon tarn* to t«ro*

02,00k *aene« a • on to sat uP Plot**

02.005 ' i n n i - en to terminate to* Itaritlon*

O2,oo« ••ant* a - on to taminttc iteration isg initial piottinf*

02,007 *eenae 7 - on *ak tor n«v print Interval*

02.006 'aanaa < - on to uaa old interface condition 4t It*

02,009 • -kl<4u/«x) m -xjfdu/di) In finite difference ror«*

O2,oaa * off to ua« rodl^iod inverftca condition »V It*

07,000 9 contlnuoua flux ana PBC apply-

02,00c *jf cont, flux and *DE «r« uaaa at tha intarfaca than tba*

02,rod "lniarf.ee la Included in tne y aiiaap*

OJ.ooe 'aenaa s - on to uae harnonie a**n (or intarfaea,*

0!,001 • uff for arltnnatic area avaraCc*

M' 0 1 ( > " 0 1* 110.0 to 110

O^.OM »...b.C»d0 t o ,,0

04,01? Crt>6r2,Cpt,Cp2>Hr*«Hr2,!Ip«,Bp2a ^ f | o

o*.o«3 ».y0 t 0 , 1 0

02,01a "*rr»y taciinacnt tor piotaa

02.01S "»l • M^'f

02,01* *.?i • In.id* aurftce (pla«Ml tar p. rlaa for natcrtal t at (l»i,J*ol*

O2,O<7 "*T2 » in.lde aurfaca <pl»o»») taap, rl«a tor aatarlal 2 at U"12»1,J"o>*

O2,oie **Tj • in.Id* aurface (plaaaa) taap, rlaa at Interface 11-11,3-0)"

02,019 "•!• • nutiiot aurtaca (lltnlun) leap, rlaa for aatariti i (I«I.J-JI*

02,ota 'ATS • outaid* surface (llt&lua) leap, ri't for aatarlal t <l»I2-(,J»JJ*

02.01b **T« • ouiaine sarfaca Illtalu*) tasp, ri»e at interface <l»ll,.1"J>'
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26 Jul 7j 0924*52
8«C 02 P*(« 02

I I I I I I

O2,ota

02.01.

02.0t* o t - , 0

02.020 v • o

02.021 to.*Tlo.M?o.4TJo.m0.A!S0.»T«c - 0

02.022 (200 Ctl»r»ct««-»1 COBp,,CO»P2

02.023 for 1 • 0 to 110

02,02k •l"bl#el«<V*i * °
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02,020 XO 1« •
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U Jvl 73 0J2**SS
Me 03 »«(C 01

• I I I I I I I I I I
03.001 tl 11 •! • 0 » 11/2 Jt (11*191/1 IJ-I

03.002 /a X» • J«

03.003 Tatob • 1000000

03,001 1 / acnaa i la on 'Tr ia l data ««t"

03,00> r a t a conaola t>y • at • x asi • s *x2 • « ay • s •tat>am,aic2,*y

01,00* r*«4 eonsola »y <l( • i 12 • i Yvail • »*• li.ti.if^

03,007 raa4 ecnaol* ty • »«• * ka • x '11(1,112

oj.oot read coocoia ey >epl« « ep2> a 'icpi.cpa

03,00} raatf conaola 6y > pi" x p2 • x *tpi,p2

03,00a raa4 eonaola by • Bl« x D2 • X "«t)1«D2

03,60b raa« cenaola by • h » x*«h

OJ.OOc raa4 ciinaola by *Qrl • x Qr2 • x "

03,004 cant, *«PI » x Gpg • x*( Qrt,Qr2,9Bi,4P2

03,CO* r»*a eoniola by • coift • x C0«P2 • x •icoap«,c«p2

03,001 ra*<] conaola »y •Tprlnt.lalero»aael • x*i TorlcC

03,010 If »na« « i« «•

03.0(1 rtaa conaol. by 'tttop'S't latop

03.012 otnarvlaa 'input data*

03.013 ataioooi »»i-,0S| ax2«,oosi ay,02

03.011 U • i i 1! • ,1 i >v • i

03,01$ ki«,iSti k2»,02t

03,0t« Col".07311 Cp2*,|7a

03,017 |>1*6.S7| p7>3.9«

03.016 01-.2SJ D!«.0i.3k

03,019 b • ,1i

03,0ia sri • 13.«? | Qr; » 23,62

OJ,O!t> «Pt*23«.2l Qr2-23»,2

03,01c CoaPI • ' l i t *
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2« Jill 73 0927*02
Bae 03 f*i* 02

I I I I l I I I I • I

03,Old 0oaP2 • **^2°3 •**11 • * .1* e»l/ca8aac°e "

cj.Ot* Tprlnt • 10060

03.01* Talop m 3000000

03.020 T8 • COO ""C*

93.021 t. > 10000 "Hicro-iac"

03.022

03,023

03,02k

03.025 X» • [(L1/(24X1I • .5)1

O3,02< 12 • II * t(L2/(24X2> * ,59]

03.027 3 > l(ytf/<y « .Sfl

03,02* »v • .oooooi »t 'conversion to «ae froa alere aae*

03,02}

03,02*

03.0J6

O3.02C

0),02d if aaaaa 9 ia on •b»r«onle aa*n>

03,02*

TB '

*P "

*r "

IP -

It «

coo

10000

•0000

l(lp/*tll

M(»p*tr)/*t)J

*v
*l

*2

El

>2

• .000001 »t

• 91l»t/tX1

• B21»t/4XJ*

• oi!*t/iya)

• »2(»t/»y2)
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Bae Ok f»c« 01

I I I I t I I I I I
Ok.OOl ctharvli* 'aMfclwatlc araa avaraga"

Oa,002 fcj • |k

Ok.003 Indax • 1

Ok,00k Bait* > t(.000001 • Tprlnt/tt • ,5)]

Okaoo5 •ltste_raal. ̂ *»s. «eB#*i«.tA!a'ffl'>J!>-i!-**«s-'' as-'SPPiya11 .-•••(Si'.

Oi,HBt it a«naa 3 f ott

04,007 raid card ay *<tf|O|(*« *«lnt(«rrfetl»/raet2,/r«etj(rr*e«4

Ok,oo» M v ears

ok,ou» tor 1 - o to rolnt«

ei.eoa raaa eara by •U«elS*> y1.orSJ.Opi1,Orl1.ap*1

Ot.aob n«« card

ok,ooc Sa«raa • 2

Ok.ooa to • 1

Ok.ooe far j • 0 to i

Ok.OOf J • jiiyl

Ok.010 for i • 10 to Pelnta

Oi.011 If yt » y

Ok.Oia axaeuta l*cran(j

Ok.013 lo • 1

Ok,Oik aitlt fro" loop

Ok,015 ottiarv}*! loop sack

0k,0i6 otharkiaa

0k(oi7 Fracti • 1

Ok,ott rr»ct2 • 1

Ok.019 Fr.ctJ > 1

o».Oi» Fractk • 1

Ok.oie for ] • o <o j
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2* Jul 73 0127*09
R*C Ok f«C« 02

i i t i • i i i i i i
04,01c Hrfj»*P1j»Hr2 ,NPZJ « 0

Ok,Old *coav«r«lon froa percent abcorptlon to B«at#cal/c>'eac •

Ok.Ole for J t u to J

Ok.Oif Hrtj • 9r1-Krlj/iy

Ok,030 Sr2j • qr2»Hr2j/£y

o»,O2l (pi • Qp1>npij/«y

01,022 Bp2j • Qp2«Hp2J/*y

0J.02J 9rl • rr»ct.i»«rt

Ok,02k Qr2 • rr*et2«qr2

01,025 «pi • rractjxQpt

Ok,02* ;p2 " rrtetl>qp2

04,OS? tor 1 • o to 12 •Initial condition «± . • 0«

ok,oat tor j • o to •»

•J4.0JS « ,«« ,»u««, , « 0
1«J I w 1«J

Ok,02a Tla* • o

Ok,O2» •bmin. Of itarttlom for «»cn tla* period at <• n«t to Infinity*

ok,O2c *Cod* ulli proc««a vlt& on* of t«o aleorltnla*"

ok,O2d • I - it x ana y Frorllt* «r» l»pcrt,nt, 2-D ABJ«

0k,02« * 1* uaed vltti ontire h*it aoarec add*« at one*

O4,O2f • naif tla* at«p, Sn« ltaratien aoquonea altered*

Ok,030 • aa Xyvxxyyx in awe«pln| x and y arraya,'

04.031 • s - If corpoalte naa v.ry amall « dlMnalona,*

04.032 * l.«. If 11 and la ar* aaall coapared. to tho*

04.033 • th«rBal sif*u»ion <i«rtn», only tna y direction*

Ok,03k • la uaea In the code, and a unidirectional isi*

Ok,035 * la run with avertce property valuee uaed*

Ok,O3< *T*at for parabolic <zD) or unidirectional dependence*
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•f.frOI

•1,001
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fwal

1
# 1

• I!

1

1

MS*t

t»/*i

*

'/•I

1

> »1

1

if «•*»• * j * t(« «r m»«) * M l»t«t»i ««* l*<j«**l!

•I ,007

ej.oo*
•$,00f C M e* • * l *

•S.30H l» >««»]>l> • t **«S'«»»iie *»j u » i *

OS.OS* I f ! * • • • 2 ' * "e»»»v«r «.• «>i*r«t» tr t« >*}c* »r ran* • * * • *

os.eee * i • «»t

0J,O0< •) • «,]

os,oof «i*«r«ii*»

os.oto «i •

oi.oti «i •

os.ot: «j *

os.ots i t «• i» •»#* *t*t«» «

0$,0U •>•

os.ou t*t j • i t«

0$,0l« t l fn«i>K

«f,o>7 ei

ej.oti e»

0I,0t»

os,oi« ei « ttrt
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I* 3%l It
•«t Of »«•• Ot

I i I I I I I I
•*.OT« «.<*«c*t* ataWia.a

o«,eoj i,r 1 • o u )

e*
**

t a

* »

«* ,

,095

, M *

, * «

,«8»

•09*

e*
0 *

04

e*
c*

0»

o»,

e«

,011
.011

. « «

.01S

,o t .

.01*

,0l»

.41*

far i • » to I I - I • 1 •

If I * U% *«*t#a«»ii»«miq.,i •••tarlal

u i • in %*Ot*'*J •iBV«r«»et'

t( t • III

i tr I • I to J-i

a,act «tk>rvl«a

ot.oei ci • »ri3/(pi«cpi«T§)

if 1 « i t i c * ci

•taar«ta*i e • Ci

If 1 » K

e<.narula«

•taU|»<e,G,«at)

/or J • o to J

oi.oit for J • i to J-i *«acln ef x a««ap*



2* <ful 7 ) 0927O7
l i e 06 »»«• 02

I I I I I I I I I I I

O6,Olc execute eqorieiol

O*.O1« for 1 • « to J1-I

oo.oie execute eafour<l»)c«l,11,0,0,11

o«,oif execute •qvhree<xi,j.ti.ii2,Dt.82.c.c.«(i,ii2,ty,«t,t)

O«,O]O far 1 • II*' to I3-i

O«,OS1 execute •41our|l,1.11,11,O.C.I)

04.022 «x«cutc eq(lve(12)

06.023 execute eiali2i>,e,e,a,I>

0«,02» / o r 1 • 0 to IS

O..OSS U. . 1 # J - Z,

0<(026 •Hl«*lO( v»jue» for u at t fO.It .12i J'O.JUrt t*ei(ne« vie i . C ' e -

06,027 *Tne*e are not uaed in the coaputttlon of yrx.jr.v)*

06.026 u. .o e - «..,<0

O*,O29 u»» , • U«», ,
O.J I**"

0«.02b u . . i a < j . u.. | a . t > ,

0»,02c n «2 * m 'interface vduee at

06,02)1 pnl • <H2«*X|)/(lt1«*XJt

06,02c «»«,, * • ' " l l l u * V
11.0 «
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I* J»t n of rota

» I I I » I I I I I i

•»,«ta i ir I • « *# M

•7,••> tar j • P * • *

S7.00I M !"««* J It

BT,OD« <1 • 8,1

ef (oo» «J • 8|>J

«T,cae tt»*r»i*t

01,as* 41 • «r<

»T,00« 4« • «rJ

07,60/ « • UIIH».«JIJ.J|)/(ll«t.*l

oT.oio •••cut* t<m*io«*><*.k*>ai

67,011 «*r J • I to •»-!

01,0(J 1( ln«.« • )»

07,01 >

07,OU

07,01S

07,0t» e,

07.017 e» ^ ^

07,01* C • lCi(Vll»CJ(l.»ll'lll»iJI

07,011 (KtCUt* «4\«4ll.£,a*,0,C,4V,0l

07,OK •»«cut«

O?,Otb
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•7,

•7.

•7.

™*
01C

Oti

oia

e»j7«ji

t

•?»M0

«T,0JJ t l litt.il •

07

07

07

07

07,

07,

07,

07,

07.

07,

07,

07,

07,

07.

07.

07.

.oa*

,0»»

,oie

,o*»

,01*

.0*/

,0)0

,03»

,03*

,033

03k

035

03*

037

o»»

03»

I

tl

•<

1
l»r

!«•**

•(

I

m

ataar»i*ai

t

•T
1
• 1

tar

m
!M

i«

*•(• et
i i i

t la II

i m • \* i

>•<••**

M.l>«l».l

•a; t*tar*«t a •

*t»»lf*

07,OJ* t l «»n»» k t* an •«•« •» *rr*r* far alattlM*

07,017 • • »•«
07,02*

.tl.

•"it,

,o < T.

t i Kioooooo tuai l • i(Tirlntl)

prtati Jitt

(Ktp t Unaa

pctnti «eT* oBnreiiTt n u t
«Ktp 2 unci
If •od,l(l • t

Prlnti »iwo ataandonti «DI IS tna »»•

Prints •OBl«lr»ctlon»l ADI ly-ealrl*

Prlnti •a*ar*g* preparty valnaa «aa«*
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4* i*\ ? f O M t
Me o< ri(a oi

i i • i i I i i i i I
01,eoi .«*» t ltaa

ot.001 rrlati *a«»t gaaarttlaa ftmctloa* ««r • • ! • • aa« »••«. • •<• •

e*tOO) iv ) a g ti <

ct.ooh Print »y *3*ai! rj"».»» »n»a,»*»»» •

Ct.OOS c«av. ••ra«a,aj*a«

bl.eot

et«eoT • • *

01,00* »rl»t« «•*•

0«.00> atta t ltn*a

oi.oo* (rlnti *cti CBnottn met

ol.oot amp a llna«

0«,00c i f aooalll • i

O»,oo« erjnii ' l i o jl«»n«lon»x *si la tn« rf

0*,00a otkarulae

O«,oo/ ptlnti aonldiractlen»l *DI it aalyl**'

01,010 print* *»v»r»t» property «*lu*« •••<!•

o»,ou tklp 1 lin«

0»,ou If aama ( i» on

0*,0«J prlnti *cont, tlvx lntarx*ce condition*

o»,OH otnarti&ae

os,oi5 prints *eont, tlu> ana ret at Intarftea*

o»,ot» if ttnit 9 i» en

O»,O17 print: *A*rnonlc aaan fcr X at lntar«tce*

0*,0ll otaarvia*

O»,O1» nrinti "»rivnn«tle arat «vara«a tor • at lntar<aeta

06,oia print by * conductor*tI • x laaal»torC2) • ••tOoapl.Coupa

O»,OI6 aklp 1 line

08,01c prlnti •lncioant (lux • K|«T/«yly • o*



14 m ?j

01.01* cant.

k«c 01 »•§• 03

01,0*0 C«M.

ot,ott

0*.01>

Ot.Otl

O(,0t«

01,01$

0(,0»«

0»,0»7

o»,oa»
O*,02t

0«,02<

Ot.Oib

O»,OJe

ot.oaa

I I i
trial »y •

l I I 1 •
»»!•• itrie* «pi-xki»i

•rlnt ijr • r«ft ptrle« «r

•c«l/»«e en**i «rl.4r*

•kt» I lint

orip.v ey ••»!! tktcknaa* |y oirteviont • «),•» e**»Xv

erlnt »y *•!•«•»«• »l*e attarltl I Ix dlr«c<-ion) • *3,*l c»'«li

print »jv ••jatant »lic tstcrltl 2 (« dlraetlonl • xj.«« c i ' m

•kta i U n a

print By *«t • *f »lero.««c "il(1050000*t * iSI]

•rlnt »y *»xi • »».»* ca ••»»»

print by **«S • Xt.xS ca • u x j

print by «»y • xj.Kj ea *!»>

•kip t l»n«

print By •B|At/MtS sxk t*|« l A«

print by •Bj*t/»*»a»x»..*««i A2

crlnt by •D )*t/*y2 •xk,xS*i *t
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U Jill ly 092?+kf
Bee Of »»»• 01

I I I I I I I I I I I
0»,OOI e r l at By 'Djiv/iy

1 •xk.x5*i «J

O»,ooa »nip I line

0»,00J print by 'Pulae tin* • x.xS «*e r*«v t i n • x,x5

01,00k cent. T /iCOgOoO.T /toooooo
p r

09,00$ skip i u n c

0>iO0« print ty •<e>> »»'-»rl»l i k* I),x5 » l / » c c»°c •

O».3O7 cont. «cp» xj.xj e»l/i°c pa xj.xk «/cnJ •

0»,00« cont. *D1> *J,xS e»a/«ec«« kl.epl,P),D1

Of.00* (kip 1 line

0»,oo» orlnt By 'fir Mt«rl»l 2 *" *J.xJ c»l/s«c e>°0 •

09.001) cont, «cp> xj.jtj c»l/g °c p> xj.xj «/ca3 •

Ot.OOc cont. *D2* xj.xi e»2/««c"i «2,Cp2,pJ,D2

09,000 H i p ; iln»»

09,00* print t» * 8 • »J,m affective B«»t tr*n(i«r eoeff, c»I/c»2«c°c

at,Oil «»tp t line

09,010 print t>y 'erics oi«« • ixUaterlkl 1) • xj point*. •

0»,0(t eent. *x(a«t*ri*l at • xj points) by ly • x} potnt»I*m,(I2-I1I.J

09,0ia nex p«te

09,00 print By 'Tine' a Micro.i*c •» 1000000 Il»t

09,01k «i;lp •> line,

09,0)5 print 1 to

0»,0«6 prlnti ft

09,017 prlnti 12

09,010 iklp i lir.A*

09,019 I7« • ((It/;)}

09,01* 177 * l(U'.T2)/2))
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it Jal 73 ©M7*55
Sac 09 P*«* OS

I I I I I I I I I I <
09,01b for i • O t o 4

0»,0ie print «y •**Xi,(,,t*,***»»)7,.'i j,

Of.Old cent. •o .a"*»«"f .a"V»i M . j "V

09.01. eont. " n # j " V » I 7 7 . j " V » l . - i , j " V

09.OU coat. u ]2 j ' t ,

09.020 If aaai. 7 l i en

09.021 r«»d cenaol* by •Tprlntax'i tprlnt

09.022 B«lt» a tl,000001«Tprlnt/*t+.S>l

Of,OM l i atm* 6 i« en

O9,O2t fatop • 0

09.025 If lOOOORO'Tise > Tilop >nd ««n«« * la en

09.026 *plottln( roiitlae*

09.027 for • • 1 te <

09.028 for J • i te v

09.029 if » • II

O9,O2« if a • si

09.02b If B • 31 Ytxls •

09,02c if 3 ^

O9,O2d I f r • SI »»XU • .T5 .

0»,02« I f a • 61

O9.O2f

0»,OJO Ta.x
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a* Jul It 0927*59

i 1 i i i I
o*.ooi *«a* • • TIKE
0»,002 X«2J • • f- t f | ICI •

0*,003 0<29 • •CeHpOSlTE-PDlSKB CASK*

Oi.ook exacut* cprinticti,2000,1,121

01.005 axacut* c»y.ool(.l .J.S.,1l,U62»,01

0»,00« »j«e«t» c»y«boll,t,».2, t.u,ooi.p1>o>

0»,007 axaeut* eiytabo}(,i ,».o. ,n,coBPa,0|

0»,00a i f Taax <50Q I Ih»» • 500

Ot.oos otn«rvi»«i turn * IOOO

0»,Q0» T»Vop • tOOoOOOxTta*

O».OO6 ex«rut» cactler(0,T«top,0,lntx(0,«0,0,*0)

Oa.Qoc •K«cut» cp

O»,ooa cxacuta rp

0la00« •««eul

O«.OO* cx«eut« G«xt«{O,O,0,t0,S«29,l7>

O«,O1O *x«cut.« c»Xi«(O.O.9O,-1O.t«29,-tO)

0»,011 lor M I t o l

0ls0)2 Sya6 o n

O«,oi3 xor a • o to «

0«.0U 1< n • II Xaxt«a * *tt>

O»,OI5 If n • 21

e«,01« If n • }i

o»«o«7 It n

o»,oi» tj i

O«.o»» if a • «i *»*i% • »**

Oa.Ot* q«2$ » 3

0*<0tt /or n t o to «
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26 Jul ?j 0986*0}

M e o» J>a,a oa
I i I I I I I I I t I

0»,01C •xCCIIts cplct(1000000t,>,Y»Xi«Jl.q«a»)

o«,oia q««j • 2

04,01* «x«c«t( cnuno(ir»toP».02),r»xl«i).,l»,»y»b,0.0)

04,01* axacuta ce»pty(1#k)

04,020 atop «t

6»,0»1 IX (ants 5 la on, stop

Oa,022 *«rocadur*a«

O4.02J *«aon* thru cqalfht i«nertt« eoctrlclanti xor lb» trl<31>(oml aatrlx*

o*,02k * aaonc - Kit B«n^ t>ouna«rj'-»»i«ri»i i (x.atr«etioR) •

04,025 * «at»o - »»t,arl»l 1 or 2, Jrt »t «v«n *t/2*

0«,02« • a«tbrc* - inl«rf,ce conaitlon «l ti (x-oir»ctton)"

0>,037 • agfour - »«t«rl«i i or 3, PDe at odd 4t/2"

O«,OJ« • auflve - riihv ti,ne 6Ound«ry-««tari4l 2 |x-airaetlon) •

04,029 * aaalx • lnald«IPi*aB4l aide DOunCiry (y-etractlorl*

04,024 * cgarvan - Interface condition <rof) for y •««•?•

04,02b • aaalcht - Quvald*, liquid ratal baat tranaxtr eoaff, ly dlr«etlon|'

04,02c *8td aolVca tba Iridtaional S4trlx*

04,021 *la<ran (encrate* a laCra"Clan Interpolation polyneilnal tor'

04,02* •aailfcatlnt dlacrete yaluca or tn« .,»at canaratlon t*m*
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Rac Ob •*(• 01

06,001

Ob,002

06,00)

06,001

06,005

06,006

06.007

. . . I

« . . .

•MosaK) aatar

•wil l 0« uaad"

cqonalniali)

•B-"V"»V

«qtwo(n,».r»«.

(array)u

1 1 1 ) 1 1 1 1 1 1
'Mosaic) aatar«ln«* «itn » 2-0 or unidirectional aolutlon*

« "0
n

0B,00» it !••«• • 1

Ob.ooa

00,00b

oe.ooe

ob.ooa

OB.OOe

Ob,001

Ob,010

Ob,oi l

Ob.012

06.013

ob.ou
Ob,015

Ob,016

Ob,017

06,016

Ob.019

06,Ola

« . . .

»• " n

atharwlaa

* " t Vi .» - J u n. . * u n- i . i i l

* • • n

ew " 'r/l

a.M • CK»t«<«/2> (x)»v

•qtbr»«il l . j,Ki.K2,E1,ll2<C1,C2>aX1

t«rr»y)u.u»

i f aansa t i< on "Continuo

»11 ' "

l>1| • 1»U2«»xl!/(x1»«x2>

c ] ( • -I*!>»«1l/(K1««X2)

dI1 ' 0

o'tharklta 'eontlnuoui f l
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76 Jul ? j 0»2S«11
Bte Ob »»<(• 02

I I I I • I I I
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APPENDIX F

NOMENCLATURE

Variable Specification
2Al = alAt/(Axl)

A2 = o2At/(Ax2)
Bl =
B2 =
Cl =

alAt/(Ay)'
a2At/(Ay)*

Hl/plCplTB

C2 = H2/P1C

C P

C(y)
D or a

Ay

Axl

Ax2
At
AT

F
h

heat capacity, cal/g°C

H(y)/pC T_ designated as Cl or C2
P B 2

thermal diffusivity = k/pC , cm /s

step size in both materials (y direction)

step size in material 1 (x direction)

step size in material 2 (x direction)

full time step

T-Tfl K or °C

k2Axl/klAx2

heat transfer coefficient (liquid lithium,
2cal/cm s °C) '

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

nated as Hrl, Hr2, Hpl, Hp2
desig-

1 1 •

1 2 •

J •

k •

L I •

L2 >

P ;

q o r q 1 •

T ••

number of grid pts in x-directlon material 1
number of grid pta In x-direcdon material 2
number of grid pts In x-directlon material 2
thermal conductivity, cal/s cm'C
size of element in material 1
size of element In material 2

density, g/cm
incident flux on the inside surface
temperature, K or °C

T_ = bulk Lithium temp., K or °C

T = burn time for pulse, U s or m s
P

T = rest time, U s of m s
(T-TB>/TB

i . j

i . j

u = dimensionless temperature

= dimensionless temp. 1/2 time interval

dimensionless temp, full-time interval

Subscripts or postscripts
1-material 1
2-material 2
r-rest period
p-pulse (burn) period
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