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ABSTRACT

This paper addresses two important aspects of thermal hydraulics related

to the design of the impurity control system (liraiter and divertor) of the

Fusion Engineering Device (FED) and the International Tokamak Reactor

(INTOR). The first part of the paper Is devoted to the determinafion of

temperature distributions in various combinations of the coating/structural

materials proposed for the limiter/divertor of FED and INTOR. The second part

of the paper describes the analysis of the tangential motion of the melt layer

under the influence of magnetic force during plasma disruption. The results

of both analysis provide inputs to the determination of the life time of the

limiter (or divertor) which is the most critical problem for the Impurity

control system as far as engineering and materials consideration is concerned.

The reference design of the FED/INTOR limiter is a curved, double-edge

liraiter. Parametric analysis of the reference limiter and the divertor were

performed, using an extensive set of material combinations and thicknesses.

The results of the temperature distributions are used as input for the stress

and fatigue analysis and for the determination of the maximum allowable

thicknesses for various materials. The top surface of the limiter and the

divertor is modelled by a slab geometry and the leading edge of the limiter Is

modelled by a cylindrical geometry. The computer code THTB, which is capable

of performing 3-dlmensional calculations, Is used for the parametric

analysis. Only steady-state calculations under normal operation are

performed. The effect of temperature on thermal conductivity and the effect



of radiative heat transfer from the surface of the limiter (or dlvertor) to

the first wall are included. The surface heat flux distributions are obtained

from the plasma engineering calculations and are used as input to the thermal-

hydraulic calculations. The areas investigated are summarized in Table I.

The thermal contact conductance between the coating and the structural

material is assumed to be very large which corresponds to the brazed

condition. Bulk nuclear heating for various materials is also included in the

calculations, but in general, the effect is small compared to the fairly large

surface heat fluxes. Pressurized water with a velocity of 9.2 m/s is used as

the coolant.

Table I. Areas Investigated for the Parametric Analysis
of the Limiter/Divertor

Area Heat Flux Thickness Materials
SurfaceHeat Sink Surface Heat Sink

Divertor/Limiter 2.4 MW/ra 1-50 mm 1.5 mm Be, C, Cu,
Front Surface BeO, Si.C V-15Cr-5Ti

TiC, W

Limiter Leading '1.0 MW/m2,peak 1-30 mm 1.5 mm Be, C Cu,
Edge ^eO, SiC, V-15Cr-5Ti

W

The major results are summarized below:

1. Both structural materials, V and Cu, exhibited fairly low temperatures

(Cu < 200°C and V < 360°C) and are acceptable under the assumed operat-

ing conditions shown in Table I.

2. SiC and BeO have poor thermal conductivities at medium and high temper-

atures which resulted in much higher coating temperatures compared ta

Be with the same thickness. However, this does not imply that Be is

preferred over SiC and BeO since both SiC and BeO have much higher

melting points than Be. Tungsten is a very good coating material from

a purely thermal point of view.



3. At high coating temperatures (which correspond to thick coating

materials), radiative heat transfer becomes Important which resulted in

the reduction of structure material temperature with increasing coating

thickness in the top surface. At the leading edge, the effect of

reduction in heat transfer area radially is controlling, which resulted

in a sharp increase in structural temperature with coating thickness

when it is relatively thin (< 10 mm) and a gradual increase with

coating thickness at thicknesses where radiative heat transfer becomes

significant.

4. For the assumed surface heat flux distributions, the coating tempera-

ture in the top surface is always greater than that at the leading

edge. This statement is also valid regarding the temperature of the

structural material when the coating is thin (< 10 mm). However, when

the coating thickness further increases, the temperature of the

structural material at the leading edge becomes greater than that of

the structural material at top surface and condition at the leading

edge becomes controlling.

t

5. The temperature gradients in the coating materials remain fairly

constant in both the top surface and leading edge in the radial

direction when the coating temperature is fairly low. The temperature

profiles become non-linear when the coating temperature is high (very

thick coating). The temperature profiles in the structural materials

are always linear as a result of the relatively low temperature and

small thickness (1.5 mm) of the structural material. At the leading

edge, the radial temperature gradient is always larger than the

circumferential temperature gradient.

The second part of the paper deals with the tangential motion of the melt

layer during plasma disruption. It is predicted by several models that

formation of a melt layer on the surface of the limiter (or divertor) is very

likely during plasma disruption as a result of relatively large energy density

and short disruption time. The thickness of the melt layer varies with time

and depends mainly on the material of the limiter (or first wall) and the

postulated disruption characteristics (disruption period, peak energy



density). During a disruption, a number of driving forces may cause the melt

layer to move. These forces include gravitational, electro-magnetic, ablation

(impulsive), etc. These driving forces act against the inertia, surface

tension, and viscous forces of the melt layer. The consequence can be quite

different for different forces and the melt layer would move in directions

either normal or parallel to the solid structure. It is important to examine

the extent of the melt layer movement under the influence of various driving

forces and determining which is the dominating mechanism.

The objective of this paper is to provide a simplified analysis of the

tangential motion of the melt layer under the influence of body force so that

the results can be compared with other modes of motion to determine which is

the most critical with regard to the life time of the impurity control

system. As a first approximation, we shall limit the analysis to a melt layer

with constant thickness, constant temperature and therraophysica! properties,

under the action of constant body force. The geometry and the coordinate

system used in the analytical model is shown in Fig. 1. The melt layer is

assumed to have a thickness of % and the body force (F) is parallel to the

interface between the melt layer and solid structure. The body force can

either be gravity or magnetic force. To further simplify the analysis, we

assume that the motion is one-dimensional, and the melt layer velocity (W) in

the z direction is a function of x only f-p- = 0). A closed-forra solution is

obtained and the dimensionless velocity is expressed by a steady-state and a

transient component. The typical velocity distribution in the melt layer is

shown in Fig. 2.

Of particular interest is the displacement of the melt layer up to a

given instant during a disruption. A melt layer usually exists over a period

comparable to that of the disruption (5 ms or 20 ms). After this period, the

melt layer completely solidifies. The key issue is then to determine whether

there is enough time for the melt layer to attain sufficiently high velocities

and cause significant displacement of the material on the surface of the

limiter or the first wall. The calculated results show that the maximum

displacement increases strongly with the magnitude of the body force. For a

typical melt layer thickness of 0.1 mm, the calculated results show that, the

maximum displacement is about 1 mm near the end of a disruption (20 ms) if the

melt layer is under the influence of gravity (F = lg) only. However, if



magnetic forces are present and have a magnitude significantly higher than

gravity (for example, F * 20 g), the maximum displacement can reach as high as

10 or 20 mm during a disruption.

From the results of the analytical model, three critical parameters that

strongly influence the behavior of the movement of the melt layer in the

direction parallel to the solid structure are identified. These three

parameters are the body force (magnetic or gravitational), the thickness, and

the kinematic viscosity of the melt layer. The displacement at any instant

during a disruption increases with body force andmelt layer thickness, and

decreases with increasing viscosity of the melt layer.

Finally, the limitations of the analytical model are discussed and

possible improvements are proposed.
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Fig. 1. Geometry and coordinate system for the melt layer.
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Fig. 2. Dimensionless velocity -vs- dimensionless distance
for various values of dimensionless time.


