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Abstract

Features of using capillary porous materials (stainless steel, tungsten, graphite) cooled by liquid lithium for divertor

module of thermonuclear fusion reactor have been considered. Temperature distribution in divertor plate under the

power density of 10 MW/m2 was calculated for steady state and pulsed heat in¯uences. The surface temperature as a

function of power density and dependence of lithium evaporation yield on temperature was evaluated. Thickness of

cover lithium layer with safe porous material against direct pulse heat in¯uence type of plasma disruption (power

density in the range of (1±5)103 MW/m2) was estimated. Concerning the problem under consideration, features of

hydrodynamic and capillary e�ects as well as chemical interaction between lithium and investigated materials have been

discussed. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The extension of researches concerning with experi-

mental thermonuclear fusion reactor (TFR) type of

TOKAMAK caused the importance of the problem of

development of materials which can endure the pulse

heat loading above 20 MW/m2 without plasma con-

tamination of heavy elements. Approximately at the

middle of the eighties so called `sweated' alloys have

been included in the list of considered materials. When

using these alloys the part of heat loading is sunk due to

evaporated components of the material [1±4]. Last time

the new structural solution of the high heat sink problem

due to evaporation of lithium transported to irradiated

surface through capillaries was of some interest [5,6].

In this paper the approach based on the two above

mentioned ideas ± `sweating' alloys and capillaries

cooled by liquid coolant ± have been considered for high

heat loaded components of TFR particularly for di-

vertor. The porous materials being the means of trans-

port for liquid coolant (lithium) and structural base have

been suggested for the divertor construction. The tem-

perature rise of lithium surface and evaporation yield for

di�erent materials, power density and divertor plate

thickness have been calculated for divertor module of

porous matrix with a liquid lithium cover layer. The

three types of heat loading: non-steady state heat in¯u-

ence of beginning stage, steady state heat ¯ux of stable

plasma and high heat pulses of short duration (few ms)

type of plasma disruption [7,8] have been considered.

2. Non-steady state heat in¯uence on divertor module

The scheme of divertor module manufactured using

porous plate (A) of d thickness impregnated by liquid

lithium is presented in Fig. 1. On the plasma faced hot

surface of temperature T the lithium form the cover

layer of thickness d0. On the back side the plate liquid is

streamed by liquid lithium of temperature T0 circulated

in a coolant loop. Heat ¯ux of power density W0 rises

the temperature of free surface of lithium up to maxi-

mum Tm. Then steady state is continued up to heat ¯ux

to be ®nished.

The evolution of temperature pro®le in the porous

material during non-steady state heat is determined by

solving heat conduction equation taking into account

convective heat transfer [9]:

q0c0�oT=ot� ÿ Jc�oT=ox� � k�o2T=ox2�; �1�
where q0 and c0 are volume-approximated density and

heat capacity of the divertor plate material (q0 �Rqini,
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c0 �Rcini, i�Li, A, ni is the volume content of lithium

and material A), c the speci®c heat capacity of lithium, J

the yield of lithium stream through the porous material

(J� n(Li) q(Li)v, where v is velocity of the stream), k is

the e�ective thermal conductivity of divertor plate (k�
Rkini, i�Li, A), x-direction of heat ¯ux, x� 0 and x� d

correspond to free surface of lithium and the back side

surface of the plate respectively (see Fig. 1). It was as-

sumed that surface porosity is equal to volume one and

capillary channels are interconnected.

The numerical calculation of the temperature T(x,t)

was carried out for following initial and boundary

conditions:

T �x; 0� � T0;

T �d; t� � T0;

�oT=ox�x�0 � ÿ�W0 ÿ WV �=k;
�2�

where WV is the part of power density for lithium

evaporation. To determine J� J(T) in Eq. (1) it was

assumed that the yield of lithium stream through the

porous plate is equal to the yield of lithium evaporation

JV � J, and the value JV � JV (T) was calculated using the

formula [10]

JV � aP�T ��2pRT=l�ÿ1=2
; �3�

where a is the coe�cient of evaporation (for assumed

condition a�1 Ref. [10]), P(T) is the vapour pressure, R

is the gas constant, l is the atomic mass of lithium.

The temperature distribution in the plate for stainless

steel±20 vol.% Li and W±20% Li has been calculated for

thickness d� 1 mm and d� 4 mm under power density

W0� 10 MW/m2. In Fig. 2 the temperature distribution

in the plate for W±20% Li for thickness d� 1 mm under

power density W0� 10 MW/m2 are presented as an ex-

ample. In both cases the temperature in the plate of 4

mm thickness becomes steady not later than 4 s after

heating begins. For the 1 mm thickness plate this time

was of one order smaller. For both materials the steady

state distribution of temperature is linear. The maximum

temperature Tm of lithium surface for porous tungsten

plate was 150° for d� 1 mm and 250° for d� 4 mm

lower than for porous steel plate. This fact results from

the higher thermal conductivity of tungsten. Corre-

sponding estimations for a divertor module of porous

graphite (graphite±20 vol% Li) show results similar to

those in Fig. 2 with numerical data being between values

corresponding to W±20% Li and steel±20% Li.

So calculations have demonstrated rapid stabilisation

of thermal state under considered heat conditions for

selected materials.

3. Steady state heat in¯uence

The balance equation for steady conditions may be

presented as follows:

W0 � WC � WT � WV ; �4�
where WC is the power density spent to heating lithium

when it streams through the divertor plate from the cold

(T�T0) to the hot (T�Tm) one, WT power density sunk

Fig. 2. Temperature distribution in divertor plate for W-20

vol% Li (d� 1 mm) compositions for di�erent time under power

density W� 10 MW/m2. (1) t� 0.01 s, (2) t� 0.05 s, (3) t� 0.1 s,

(4) t� 0.2 s.

Fig. 1. Model scheme of a porous divertor plate cooled by

liquid lithium. (1) Plate, (2) lithium in cooling loop, (3) lithium

cover layer, (4) heat ¯ux, (5) evaporating lithium.
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due to heat conduction, WV is the power density for

lithium evaporation. In steady state when the tempera-

ture distribution is linear (see Fig. 2) the addenda in the

right-hand side of Eq. (4) may be presented as follows:

WC � cJ�T ��Tm ÿ T0�; �5�

WT � k�Tm ÿ T0�=d; �6�

WV � HJV �T �; �7�
where H is the heat of evaporation of lithium and as

assumed above JV (T)� J(T).

Substituting Eqs. (3), (5)±(7) to balance Eq. (4) we

can solve it and determine the temperature on the sur-

face of the divertor plate Tm as a function of incident

power density. Corresponding numerical calculations

have been carried out for three types of porous materials

impregnated by liquid lithium: tungsten, stainless steel

and graphite. Calculation results for three di�erent

thickness of W±20 vol.% Li divertor plate are presented

in Fig. 3. When the surface temperature is below 600°C

the curve Tm(W0) is linear. When the surface tempera-

ture is higher than 600°C the curve is found to deviate

from the straight line: because of Lithium evaporation

the temperature rise decreases with the increasing of W0.

This fact is noticeable for steel whose heat conductivity

is lowest [11]. So as heat conductivity of tungsten is

highest the surface temperature of tungsten plate was

signi®cantly smaller than ones of steel and graphite

under the same power density.

To estimate the velocity of the lithium stream

through the porous material the calculation of evapo-

ration yield as a function of temperature was carried out

using the formula Eq. (3). The estimations show that at

T� 600°C evaporation yield is of �2.3 g/s per square

metre. This value increases approximately by one order

of magnitude with a 100°C increasing of temperature.

The velocity of the lithium stream through 20% porous

material at 600°C to compensate the loss is given by

V� JV /q(Li)n(Li) �23.5 lm/s and shows a sharp in-

crease with temperature increasing.

The numerical estimation based on Eq. (1) for po-

rous tungsten and graphite plates of 1 and 4 mm

thickness shows that increasing lithium velocity even up

to a few mm/s will not in¯uence the temperature distri-

bution in the plate. Signi®cant decrease in surface tem-

perature are found at velocities above V� 0.01 m/s.

Realisation of such velocity of coolant stream through

porous capillary channels seems to be impossible.

4. Pulse heat in¯uence type of plasma disruption

Under power pulse heat in¯uence type of plasma

disruption simulated (power density WP �103 MW/m2

and pulse duration s�few ms) materials not only melt

but e�ciently evaporated [12,13]. In the model we con-

sidered the incident heat ¯ux deposited in both the cover

lithium cover layer and underlying porous material im-

pregnated by lithium. The cover layer would be a safe-

guard enough if all pulse power would be deposited in

the layer and be spent for heating and evaporation of

lithium. In this case the underlying porous material

would not be in¯uenced by undesirable excess heating.

Assuming that all incident heat power during the

pulse duration s is spent in heating and evaporation of

lithium the thickness Z may be estimated:

Z � WP s=q�cDT � H�; �8�

where DT is the di�erence between boiling temperature

of lithium TV � 1336°C and surface temperature before

heat pulse in¯uence. The value Z�Z(WP ) was calcu-

lated particularly for s� 5 ms and DT� 800°C. The

average values of c and q in this range of temperature

were used. Z linearly increases from 400 lm to 0.22 cm

under power density is varied from 103 to 5 ´ 103 MW/

m2. In other words to save the porous material against

pulse heat in¯uence with power density of WP � 5 ´ 103

MW/m2 and time s� 5 ms, the lithium cover layer

thickness should ®t the condition d6 0.22 cm.

It should be noted that this estimation does not take

into account heat conduction into the bulk because of

the small pulse duration. More exact estimations would

gives lower value of critical thickness Z.

Fig. 3. The surface temperature of divertor plate as a function

of power density for W±20 vol.% Li plates of di�erent thick-

ness. (1) d� 1 mm, (2) d� 2 mm, (3) d� 4 mm.
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5. Discussion

5.1. Interaction of liquid coolant with divertor material

Liquid coolant penetrating through the capillary of

porous material step increase self temperature from

T�T0 to T�Tm with intensity of corrosion processes

increasing: dissolving of solid matrix, grain boundary

penetration, forming of intermetallic compounds on

interphase boundary. From this point of view, liquid

lithium is highly aggressive with reference to structural

stainless steels of di�erent sorts under temperature in the

range of 500±600°C [14±18]. However corrosion resis-

tance of steels could be increased due to variation of

alloy composition [17,18].

In thick (d� 4 mm) steel divertor plates under heat

power density of 10 MW/m2 the plasma faced temper-

ature rises to �800°C. Under this temperature the cor-

rosion of steel in lithium and evaporation yield of

lithium are highly intensive. Using more thin plates

(d� 1 mm and d� 2 mm) the temperature can be de-

creased down to 450°C and 650°C under the same power

density. In this case the corrosion would be sharp sup-

pressed and porous stainless steel cooled by liquid lith-

ium may be considered as promising material for

divertor.

Features of interaction between graphite and liquid

lithium are mainly concerned with two factors: dissolu-

tion of carbon in liquid and possibility of forming of

intermetallide Li2C2 [19]. As a rule the dissolving (dif-

fusion of carbon to liquid phase) is dominant in com-

parison with reactive growth of solid intermetallide [20].

Using graphite of 50% porosity the temperature of the

divertor surface under power density of 10 MW/m2 rises

to 500°C for d� 2 mm and to 350°C for d� 1 mm.

Under those temperatures the saturated contents of

carbon in lithium are of 1.3 and 1.0 at.% and at lithium

melt temperature it is of about 0.5 at.%. The possibility

of dissolving of carbon in lithium melt make some dif-

®culties of using the porous graphite as a structural

material. The lithium alloyed by carbon or other com-

ponent may be used as a coolant to reduce the dissolv-

ing. Determination of optimal composition of the

coolant needs special investigation.

Concerning chemical interaction between carbon and

lithium it should be taken into consideration that the

rate of di�usion growth of stoichiometric intermetallic

compound Li2C2 at low temperatures (T < 400°C) is

negligible.

It should be noted that graphite, unlike steel and

tungsten, has signi®cant advantage: under high power

pulses due to plasma disruption it is sublimated but not

melted and will not reduce the penetrativeness of the

capillary porosity. This fact permits us to reduce the

thickness of lithium cover layer and to avoid undesirable

hydrodynamics e�ects.

Amongst considered porous materials the tungsten is

most corrosion resistant under liquid lithium environ-

ment. The solubility of tungsten in lithium in tempera-

ture range of 650±1150°C is 1.7 ´ 10-11±4.3 ´ 10ÿ6 at.%

[21]. The solubility of lithium in tungsten is also negli-

gible [22].

Temperature calculations show that a plasma facing

surface of porous tungsten plate of d� 4 mm under

power density of 10 MW/m2 is heated up to Tm

� 550°C. For thinner plates (d� 2 and 1 mm) surface

temperature is of 375°C and 280°C, respectively. These

values are highly lower than corresponding temperatures

for porous graphite and steel.

5.2. Hydrodynamic and hydrostatic e�ects

In thermonuclear devices the surface of divertor may

be inclined at di�erent angles to the gravitation vector g0

(see for example the scheme of ITER [23]), so liquid

phase under gravity force may change initial shape and

run down. In this case the cover lithium layer could be

held on the divertor surface by capillary forces of surface

tension only. Gravity force could result in deformation

of the free surface of the liquid phase, non-uniformity of

liquid layer thickness, formation of droplets and falling

down of droplets.

Noted e�ects could reduce the safeguard part of the

lithium layer and promote damage of divertor module

especially under plasma disruption when surface could

be melted [12,13] and penetrativeness of capillary po-

rosity could be reduced. So the e�ects need special re-

search out of the frames of present work. The

preliminary analysis shows that in low gravity condi-

tions being characterised by low gravity vector g� bg0,

where b < 10ÿ3 [24], considered e�ects would be negli-

gible due to dominant part of capillary forces on the

liquid surface. The conclusion is made that use of po-

rous materials with a liquid cover layer in energy sys-

tems at the space apparatus (orbital stations, sputniks

and so on) are promising. In this case the coolant ex-

pense and capillary porosity penetrativeness limitations

would be reduced due to sharp decreasing e�ect of ¯ow

down of liquid.

6. Conclusions

1. The features of capillary porous materials cooled by

liquid coolant being used for divertor modules have

been considered.

2. Using a model scheme of a divertor plate based on

porous stainless steel and tungsten of 20 vol.% poros-

ity as well as graphite of 20 and 50 vol.% porosity the

calculations of temperature distribution have been

carried out for di�erent values of plate thickness un-
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der steady state and non-steady state heat in¯uences

of varied heat power density.

3. When there are no di�erences between evaporation

and penetration yields of lithium, it have been found

that under the heat power density of 10 MW/m2 the

plasma facing surface of divertor plate of 2 mm thick-

ness was heated up to 400°C for W±20% Li, 600°C

for graphite±20% Li and 700°C for steel±20% Li.

4. The evaporation yield of lithium as a function of tem-

perature was calculated. At 600°C the lithium cover

layer loses approximately 2.3 g/s per square meter

and a velocity of lithium penetration through 20%

porous divertor plate should be of about 24 lm/s to

compensate the loss.

5. The thickness of lithium layer which could protect the

divertor surface under direct in¯uence of high heat

pulse types of plasma disruption have been estimated.

Under power densities in the range of (1±5)103 MW/

m2 and pulse duration of 5 ms, the thickness of lith-

ium layer being heated and evaporated was of the

(400±2200) lm.

6. The features of chemical interaction between liquid

coolant and porous material have been discussed in

terms of dissolution and phase transformation pro-

cesses. On the base of this analysis and numerical cal-

culations results the porous tungsten, graphite and

austenitic stainless steel cooled by liquid lithium

could be considered as promising materials for the di-

vertor module of the thermonuclear fusion reactor.

7. It has been noted that in low gravity conditions in

space apparatus the positive role of capillary forces

for the formation of the surface shape of a cover layer

of liquid coolant would be increased signi®cantly,

with the coolant expense and capillary porosity pen-

etrativeness limitations being reduced due to sharp

decreasing of liquid ¯ow down e�ect.
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