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Abstract

A heat-transfer model for studying the temperature build-up

in graphite blankets for fusion reactors is presented. In essence,

the computer code developed is for two-dimensional, nonsteady heat

conduction in heterogeneous, anisotropic solids with nonuniform in-

ternal heating. Thermal radiation as well as bremsstrahlung radia-

tion boundary conditions are included, numerical calculations are

performed for two design options by varying the wall loading, brems-

strahlung, surface layer thickness and thermal conductivity, blan-

ket dimensions, time step and grid size. Mfl\ 1 I

introduction

One area of interest in the fusion reactor program for mag-

netically confined plasmas is the development of minimum radioac-

tivity, or simply, minimum activation blankets. Blankets make up

the region outside the vacuum wall surrounding the plasma. The

purpose for the blanket is to convert the kinetic energy of the

high energy neutrons which are due to the fusion reaction to heat

as well as breed tritium from the lithium contained in the blanket.
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While a number of minimum activation blanket concepts have

been proposed, operating life is limited by radiation damage to
2

several years at 1 MW/m first wall loading. At Brookhaven Na-

tional Laboratory, on the other hand, minimum activation blanket

designs [1]* are being investigated which reduce the radiation

damage to the blanket coolant-system by an order of magnitude or

more compared with previous designs, as well as permitting blan-

ket operating lives up to 30 years—the life of a reactor.

The basis for reducing the radiation damage is to impose a

graphite screen between the plasma and the blanket coolant struc-

ture. Figure 1 depicts one possible design configuration. To

reduce the impurity concentration to the plasma, the graphite

surface temperature (T ) is limited to 2300°K. The graphite
s

surface in the various designs is shaped to keep T <2300 K by

radiant heat transfer alone. This is accomplished by introduc-

ing a low-conductivity surface-layer of araphite, (e.g., pyro-

graphite or a graphite fibrous mat). This necessitated the de-

velopment of a heat-conduction code with thermal radiation as

well as bremsstrahlung radiation boundary conditions.
Physical Description of Proposed System

Heat enters the surface of the graphite blanket via: (a)

bremsstrahlung radiation, (b) neutron-gamma reactions within the

graphite, and (c) neutron deposition energy. In turn, most of

the energy deposited on and in the graphite by bremsstrahlung,

neutrons, and gamma rays is radiated away from the surface to a

sink, (e.g., a portion of the blanket surface conventionally

constructed of low temperature [600°] materials cooled by helium).

The balance, deposited inside the blanket, is either (a) stored

during the plasma burn and then removed by direct cooling when

•Numbers in brackets designate References at end of report.



the reactor shuts down (Figure 1), or (b) radiated to a secondary

blanket with coolant tubes (Figure 2). Both cases are considered

in this study.

Governing Equations

For our system we consider a small but finite rectangular

element of unit-depth fixed in space. Applying the first law

of thermodynamics to the system and relating the rate of heat-

flow through an area of the element by Fourier's law, the two-

dimensional finite difference equations for nonsteady heat con-

duction and with nonuniform internal heat-generation may be

written as
4 dT.

1

where K. . = : . In the present notation i represents
13 lii + ii
13 lii

the nodes surrounding the node of interest, j; (for reference

see Figure 3a). Heterogeneous, anisotropic solids are admitted

in the formulation; (i.e., at each node thermal properties may

be temperature dependent and, in addition, the thermal conduc-

tivity may be orientation dependent). The interface condition

for nodes surrounding the node of interest is specified by main-

taining continuous thermal flux at the boundary.
dT.i

For unsteady heat conduction the time derivative, -T~ is

made discrete by introducing the forward difference expression

dT. T.. (NEW)-T. (OLD) T.n+1-Tn „.

dt " At * At

Xn addition, the left hand side of Eg. (1) is assumed to be

evaluated at the "old" time (i.e., at time n). This results in



the standard explicit method; the temperature at time n+1 is an

explicit function of the known temperatures and internal heat

generation at time n. Eq. (1) can now be written as

p 4 -I

Eg. (3) must be modified to account for boundary conditions.

While the computer code has been developed for such geome-

tries as depicted in Figures 1 and 2, in Appendix A we only con-

sider the finite difference formulation of the boundary condi-

tions for the physical case in Figure 1.

The computer program is written entirely in FORTRAN IV and

consists of four principle routines to handle data input, radi-

ant view factor determination, step-by-step solutions of the

heat balance of all nodal points, and print-out of final results.

Data input has been simplified to the maximum extent possible

while maintaining a large degree of flexibility in the specifics

of the structure being analyzed. Eighteen node-types have been

identified and constitute the basic building blocks used to de-

scribe the structure. At the present time, the system consists

of a grid containing 500 nodes and up to 61 radiant streams to

a given surface node. These figures may be increased.

Graphite Blanket Test Case

For the first test case we consider the blanket design

shown in Figure 1. Ordinary graphite is assumed throughout but

a variable is the surface layer, typically 0.5 cm to 1.0 cm,

which may be pyrographite or a graphite fibrous mat. For tritium

breeding, a layer of lithium aluminate (Li A10.) ceramic is in-

serted at the base of the cavity. During cooling the tritium

diffuses to the coolant stream (e.g., helium) and is carried

away for processing. —



An important parameter in blanket fusion studies is the wall

loading (WL). It is defined as the total thermal fusion power

divided by the surface area of the torus, the reactor area which

faces the plasma. That is, we assume a Tokamak device. Being

able to operate at higher wall loadings than lMW/m is signifi-

cant from an economic standpoint, namely, reactor costs. For

example, for a given plasma configuration and set of operating

conditions, the total thermal fusion power is fixed. Reducing

the torus area in proper proportion with increased wall loading

could leave the same total fusion power as with a larger reactor.

In general, what limits the wall loading are the temperatures at
2

which the blanket operates. Various wall loadings above 1 MW/m

are considered in the study.

Bremsstrahlung radiation plays an important role in limiting

the operating temperatures of the blanket. Brookhaven has studies

under way examining means to reduce the bremsstrahlung. Reduced

bremsstrahlung combined with high wall loading is most desirable.

The parameter, Po, a measure of the bremsstrahlung radiation, is

varied in our study. Table I is a listing of the material and

thermal properties used in the investigations.

Computed Results and Discussion

The purpose of this section is to discuss results which dem-

onstrate the feasibility of applying the present heat transfer

model to the design of graphite blankets.

A. Direct Cooling During Shutdown

For this design case the operating time of the blanket is

governed by the temperature build-up in the blanket and subsequent

limiting temperatures. That is, sinse the blanket can absorb en-

ergy for several hundred seconds before limiting temperatures are

reached, several plasma burns or possible one continuous burn can



be accommodated during the blanket heat-up phase without having

cooling until limiting temperatures are reached. Optimum cycles

favor relatively long plasma burns and relatively short cooling

and pumpdown times. Hence the longer the build-up time in the

blanket before limiting temperatures are reached, so much the

better for the graphite blanket concept.

Table II provides a summary of the test runs made. The ef-

fects of wall loading, bremsstrahlung radiation, Fo, surface layer

thermal conductivity, cavity height, time-step, and grid-size

parameters were all examined.

Figure 4 is a plot of the neutron + gamma heat-deposition

rates per unit volume for WL • 1.0 MW/m . These results are for

the case when D. • 50 on. The heat deposition rates for the
A 2

higher wall loadings, 2.0 and 3.0 MW/m , are obtained by multi-

plying the results of Figure 4 by 2.0 and 3.0, respectively.

The effect of grid size was investigated in runs Nos. 1 and

2 by reducing the vertical grid spacing from 2 cm to 1 cm in the

cavity region. Temperature profiles varied by no more than 0.05%

at equivalent grid locations. The effect of time-step was inves-

tigated in run No. 3 by doubling the time-step from 1 to 2 sec

with virtually no change in temperature profiles at equivalent

times.

It is of interest that no stability problems were encoun-

tered even though the explicit method was used. As noted in Ap-

pendix A since a low conductivity surface layer is introduced,

the dominant factor controlling stability are the internal nodes

and not the boundary effects. The internal heating never gets

too large to cause problems. For a system of 300 nodes and a

time-step of 1 sec, computer runs for burn times of 1000 sec were

executed in 22 sec including program compilation.



A series of surface layer temperature profiles are presented

in Figure 5 for the conditions of run No. 1 and runs Nos. 4 to 8.

It is clear that the blanket performance is improved by introduc-

ing a pyrographite surface layer; (i.e., operating times are ex-

tended over a pure graphite blanket). In particular for a wall

loading of 2 HW/m , operating time increases by *>100 sec. There

does not appear to be any temperature problems for the pure graph-
2

ite case at wall loadings of 1 MW/m . Figure 6 emphasizes the

importance or need to reduce bremsstrahlung radiation in order

to successfully operate at higher wall loadings (e.g., 3 HW/m )

for substantial operating periods. The operating time is extended

by over a 100 sec with a 50% reduction in Po.

Temperature profiles at 1.5 cm from the surface are presented

in Figure 7 for the conditions of runs Nos. 6 and 7. These tem-

peratures are less than the surface temperatures at the lower end

of the time-scale but become greater than the surface layer as

time increases, within the time governed by the limiting surface

temperature, the internal temperatures never build up to values

which exceed internal breakdown. Temperatures deeper in the blan-

ket are less, of course. Figure 8 is a typical temperature plot

for the blanket. One sees a marked reduction in temperatures in

the lower portions of the blanket in comparison with the surface

region and the effect of thermal radiation exchange between

surfaces. •

Runs Nos. 10 to 12 depict the effect of inc casing the cavity

region. Figure 9 is a plot of surface-layer temperatures for vary-

ing wall loading and is to be compared with Figures 5 and 6 to as-

certain the effect of changing the cavity dimensions. NO notice-

able effect on the surface layer temperature is observed (i.e.,

a thinner graphite screening region does not extend the operating
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plasma burn time). The blanket at equivalent vertical locations,

if anything, tends to run hotter than the case when D. « 50 cm.

A series of surface-layer temperature profiles are presented

in Figure 10 for the low-conductivity layer runs (Nos. 14 to 16).

Physically this might be the case for a fibrous graphite mat.

These results do not include the effect of reduced density in the

surface layer as a consequence of the fibrous mat. The surface

layer is assumed to be 0.5 cm thick. While the temperatures ap-
2

pear to be most encouraging (especially the 3.0 MW/m loading),

Po - 12.75 W/cm (compare with Figure 6} where the burn time is

extended to 500 sec, the results are deceptive. The internal

temperatures in the blanket become too hot, in some instances

2800°K. On the other hand, the thermal conductivity values for

the mat were assumed and may be too low. The density effect must

also be checked. An additional material combination may be a

fibrous mat, pyrographite, and ordinary graphite blankst. Ho cal-

culations have been made for this case though.

Figure 11 (runs Nos. 6 to 8) is a. study of the effect of re-

duced initial blanket temperature with respect to burn time.

While the burn time is extended to 800 sec for a wall loading of
2 2

2 HW/m before limiting blanket temperatures set in, the 3 MW/m

loading is less dramatic. A gain of slightly more than 100 nee

io achieved. Clearly, as low an initial blanket temperature as

possible is desirable.

B. Secondary Blanket with coolant Tubes

This design case differs from Case A in that coolant tubes

are placed at the base of the cavity. Continuous cooling takes

place. The energy deposited in the blanket near the surface is

thermally radiated down the cavity channels between the blocks

to the secondary blanket where it is absorbed by coolant tubes.



Of interest is whether or not a steady-state temperature distribu-

tion is achieved in the blanket structure during a plasma burn.

It was found in our initial test cases that steady-state was not

achieved before the limiting surface temperatures were exceeded.

Table III provides a summary of the test runs made. The ef-

fect of wall loading and bremsstrahlung radiation were examined.

The secondary coolant tubes were assumed to be maintained at the

constant temperature (673 K) during the plasma burn. These were

placed along the base of the cavity and along the cavity walls for

15 cm (see Figure 2). As a first approximation in the analysis,

the surface nodes where the coolant tubes were placed were assumed

to be at the constant tube temperature.

A series of surface layer temperature profiles are presented

in Figure 12. Of interest is that for 2 and 3 MW/m wall load-

ings, approximately the same time is reached before the limiting

surface temperatures sets in as in Case A. The internal blanket

temperatures at equivalent locations cure lower in Case B. Obvi-

ously, additional test runs with parameter variations are to be

made to explore this design further.

In summary, the heat transfer model and computer code which

we have developed provide a useful tool for establishing limiting

blanket temperatures and design information. The code could be

used for other heat transfer applications with thermal radiation

boundary conditions so long as the physical structure can be de-

scribed by some combination of the following node types (all sur-

faces not explicitly mentioned arc conduction faces):

Type Description

1 an interior node;

2 a surface node with radiation at the upper surface;

3 a surface node with radiation at the right hand
surface;



10

Type (cont'd) Description

4 a surface node with radiation at the lower surface;

5 a surface node with radiation at the left hand
surface;

6 a corner node with radiation at the upper and right
hand surfaces;

7 a corner node with radiation at the lower and right
hand surfaces;

8 a corner node with radiation at the lower and left
hand surfaces;

9 a corner node with radiation at the upper and left
hand surfaces;

10 a corner node with radiation at the upper surface
and symmetry at left hand surfaces;

11 a corner node with radiation at the upper surface
and symmetry at right hand surface;

12 a corner node with radiation at the lower surface
and symmetry at right hand surface;

13 a corner node with radiation at the lower surface
and symmetry at left hand surface;

14 an edge node with symmetry at right hand surface;

15 an edge node with symmetry at lower surface;

16 an edge node with symmetry at left hand surface;

17 a corner node with symmetry at the lower and right
hand surfaces;

18 a corner node with symmetry at the lower and left
hand surfaces.

Details of the use of this code may be found in a report,

"CONRAD: Heat Conduction-Radiation Code" of the Brookhaven Na-

tional Laboratory.
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Appendix A

Figure 13 is a representation of the model geometry studied.

Symmetry is assumed along the western boundary as well as the

eastern, the gap width being assumed negligible. Symmetry is al-

so assumed along the southern boundary.
dT

The western boundary conditio , specified by — " 0, is sat-
sx

isfied by setting T. * T (note Figure 3a). On the eastern bound-

ary — • 0 is satisfied by setting T. * T. while on the southern
ox a T 1 3

boundary where T — " 0, T i3 set equal to T .

The northern boundary experiences radiative energy exchange

with the surroundings. The boundary condition is expressed by

- <JFef T -T JA-POA (la)

where F is the view factor between the element of area A and the

sink area. In our case F * 1.0 since we assume parallel planes

and e, the emissivity of the sink area, is taken to be 0.2. In

other words, it is assumed that the sink area is ••20% of the to-

tal area. T is the surface or boundary temperature of the blan-

ket, and T* is the sink temperature. The plasma is assumed to be

perfectly transparent to thermal radiation. Bremsstrahlung radia-

tion from the plasma to the blanket surface is accounted for via

Po. This mode of radiation is assumed isotropic.

We assume a zero capacitance surface node. Figure 3b is a

portion of the R-C network used in the present formulation. Per-

forming an energy balance on the surface node, we find

Surroundings-—s + q l — ~ s " °* < 2 a )

or
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ear(T*4-Ta
4)A • POA + ^ 2 ( T l - T s ) - 0

Rearranging

Ta " Tl + 2kvA [""^*^ • *>*] . (3a)

we note that T is a function of T. which, of 'course, is an

unknown.

An energy balance on 1 results in

+ PoA + QjAVĵ l + J ^

' <4a>

At this point we assume that T » T., eliminating the additional

step of solving for the surface node temperature. Since T > T*

and Po is positive, we find that the terms in the brackets of

Eg. (3a) can be positive or negative, a function of the wall-

loading as well as the time (i.e., there is a cancelling effect

taking place and at some instant of time the sum may even be zero)•

The approximation which we have made can be improved by reducing

the vertical spacing of the element in which the surface node and

node one appear. This does not produce an unduly small time-step

for numerical calculations since the component of the thermal con-

ductivity in the vertical direction will be small (0.02W/cm°K for

pyrographite or smaller) for the surface layer. This has the ef-

fect of increasing the time-step for the surface layer. Hence

the time-step for the numerical calculations is primarily dictated

by the internal nodes.

A numerical calculation was performed by changing the verti-

cal spacing from 1 cm to H cm for a pyrographite surface layer
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2

and for a wall-loading of 1 MW/m . it was found that the surface-

layer temperatures changed by 0.5% and the internal temperatures

by much less. Consequently, our assumption was deemed adequate

for our design purposes.

For the internal cavity, black-body radiant-energy exchange

is assumed between surfaces. For example referrring to Figure

13, there is radiant interchange between any surface A. and all

surfaces A., , through A , on the opposite side of the cavity.
D "1 J

In addition there is interchange between all surfaces A., through
A,, as well as A , through A . The radiant flux from A. that falls
K m»l M 3
on A., is

V D ^ W D ' ^
where

o
4

, e. « <jT. .

The view factors (and subsequent view factors) have been developed

for the case of two elemental surfaces which see each other. [2]

In addition, from Figure 13 we see that
D2 F 2

cosS m r* and R »ID0 + y.R I * ]

The net interchange between j and j' is

0 cos2e . . /„ 4

the total interchange between j and all j' elements on the oppo-

site side of the slot is then

a - ^ D2 A V (Ti -T-i')A-i' (7a)
S»rj' 2 D2 A j 2 - 2 2 3/2 '

j.-l »°2 yjj'J

which may also be written as
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( 8 a )

where «

f.. i " "j 5 5 3/9 4̂̂ -1 • • (8*>)

In a similar development, the interchange between j and all k and

m elements may be written as

B̂n tx j^V) < 1 O a>

where

f , s.
fjk 2

, s
jk 2 2 + 2 3/2

. y.
im Tin

2 3/2
yjm'

The horizontal distances, x.. and x and vertical distances, y.v

and y. are measured from j to the node in question, k or ra. As

in the case of the northern boundary, we assume that the surface

temperature is the same as the first node temperature in from the

boundary. Referring to Figure 13 and letting node 1 represent any

j node (j"l to J), an energy balance on node 1 yields
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V Tl) + K4

dt ( 1 2 a )

The forward difference expression, Eq. (2), is introduced to
dTi

discretize ~ — and all terms on the left hand side of Eq. (12a)

are evaluated at time n.

Energy balances for the remaining boundaries result in

m boundary:

j'-l

< IT -T \ + K /T -T \ +
21 ̂ T2 1) 31^ 3 lj

dT.

k boundary:

J

?-x^
3l(T3'Tl) + K4l(T4"Tl) + K5l(T5-Tl)

dT

<13a>

<14a>

where

m boundary:

a. Xliyli A,A.

S j 2 2 2 3/2
* lj1 ylj''
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f m £ Xli'yli' A A., (16a)
V 2 2 2 3/2 * 3

m £ l i l i A
V 2 2 2 3/2 *

*Xlj' ylj''

2
11 A.A (17a)

k boundary:

2 . 2 ^ „
(Xlk + Dl

2 ~liyli A A (18a)
2 2 + 2.3/2 x 3

T T 3 / 1 - A l A i ' (19a>

- , a ^ A A (20a)
lm a ,„ 2 ^ „ 2,3/2 * m

Since the geometry is symmetrical about the center line through

the cavity, only one-half of the geometry need be analyzed. Con-

sequently no energy balance for j' elements are written. The com-

puter code has been developed to account for nonsymmetrical geome-

tries as well.
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Nomenclature

A • elemental surface area

A.., A.. " elemental area, normal to the heat flow into or
•j ] 1 out of an internal element

D. • cavity height

D_ • cavity width

F • view factor

k... k.. « thermal conductivity components

K.. " term defined in Eq. {3)

1... t.. « lengths for nodal spacing, defined in Figure 3a.

L • height of blanket
L, • width of blanket

Po » bremsstrahlung radiation/unit area

Q. « internal volumetric heat generation rate, w/cc

t •* time

At " time-step

T • temperature

T* • sink temperature

AV. * elemental volume, node j

WL • wall loading

e " emissivity

a m Stefan—Boltzmann constant

p.c. * heat capacity (density x specified heat) for node j
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Table I

MATERIAL AND THERMAL PROPERTIES

Graphite

Pyrographite

Graphite Fibrous MatMat

>

0.

1.

0.

\

5

0

005

k
w)cmOK

0.5

0.02

0.005

P

cm

1.9

1.9

1.9

Cal/g°K
0.5

0.5

0.5

J. Fillo, et. •!.



Run

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Surface Layer

Graphite

Graphite

Graphite

Graphite

Graphite

Pyrographite

Pyrographite

Pyrographite

Pyroaraphite

Pyrographite

Pyrographite

Pyrographite

Fibrous Hat

Fibrous Hat

Fibrous Hat

cm

50

50

50

50

50

50

50

50

50

55

55

55

50

50

50

Table IX

SUMMARY OF TEST
Geometry
D2 Ll L2
cm cm cm
10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

74

74

74

74

74

74

74

74

74

74

74

74

74

74

74

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

RUNS
Grid
Ax
cm

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Size
Ay
cm

1

2*

1
2*
2*

2*

2*

2*

2*

2*

2*

2*

2*

2*

2*

2*

Time Step
At
sec.

1

1

2

1

1

1

1

1

1

1

1

1

1

1

1

NL
MW/ffi2

1

1

1

2

3

1

2

3

3

2

3

4

3

3

4

PO
W / c m 2

8.5

8.5

8.5

17.0

25.5

8.5

17.0

25.5

12.75

17.0

25.5

17.0

25.5

12.75

17.0

e

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

0.2

*The vertical spacing, Ay, was maintained at 1 cm for the first 10 cm and then expanded to 2 cm
thereafter.

• I-

o



Kun Surface Laver

1 Pyrographite

2 Pyrographite

3 Pyrographite

Dl
cm

50

50

50

Table

SUMMARY OP

Geometry
D2 Ll
cm cm

10

10

10

74

74

74

Si
10

10

10

III

TEST RUNS

Grid
Ax
cm

1

1

1

Size
Ay
or.

2*

2*

2*

Time Step
At 1
sec.

1

1

1

WL
W 2

1

2

3

Po
W/cm2

8.5

17.0

25.5

e

0.

0.

0.

2

2

2

1
*The vertical spacing. Ay. was maintained at 1 cm for the first 10 cm and then expanded to
2 ca thereafter.

to
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