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VAPORIZATION AND MELTING OF MATERIALS IN FUSION DEVICES

A. M. Hassanein, G. L. Kulcinski, and W. G. Wolfer

Fusion Engineering Program, Nuclear Engineering Department
University of Wisconsin, Madison, WI 53706, USA

High energy fluxes on first wall materials and other components are encountered in
magnetic fusion devices, particularly during hard plasma disruptions. A model to pre-
dict evaporation and melting is described which contains a formulation of the evapo-
ration kinetics based on transport theory results. The effect of vapor shielding is
evaluated under the assumption that plasma ions slowed down in the vapor dissipate
their energy in an isotropic manner. Specific results on melting and evaporation are

given for 316 SS, Mo, and graphite.

1. INTRODUCTION

Intense heat fluxes on limiters, the plasma
chamber wall, on divertor plates, and neutral
beam dumps will be encountered in magnetic
fusion devices. Of particular concern are uni-
polar arcing, run-away electrons striking the
lTimiter, and plasma dump following a hard dis-
ruption. The energy deposited on part of the
first wall during a plasma disruption in the
next generation of fusion devices such as FED
and INTOR is of the order of 300 MJ, and the
deposition time is estimated to be between 1 ms
and 100 ms. As a result, the energy or heat
flux may reach values from 10 to 1000 kW/cm2.
Melting and evaporation of first wall and Timi-
ter materials may then occur.

It is therefore important to evaluate the amount
of material evaporated from the exposed material
surfaces for two reasons. First, the evaporated
atoms may contaminate the plasma with high-Z ma-
terial. Second, both evaporation and melting
will contribute to the first wall erosion in
addition to erosion from sputtering if plasma
disruptions occur repeatedly.

Previous estimates of the evaporation of first
wall materials were based on models valid either
for slow or intense evaporation. The former has
been developed by Behrisch [1,2], and it is
based on the assumption that the energy expended
in both melting and evaporation is negligible
compared to the energy conducted into the ma-
terial, Therefore, one simply solves a heat
conduction problem with a fixed surface bound-
ary. The time-dependent surface temperature so
obtained is used to compute the evaporation rate
into a vacuum according to the vapor pressure
relationship.

A model for intense evaporation as developed b
Andrews and Atthey [3] was applied recently [4
to plasma disruptions. Here, it is assumed
that, after a preheat time, evaporation begins
when the surface temperature reaches the boiling
point of the liquid metal determined by the am-
bient vapor pressure. Unfortunately, no clear
definition of an ambient vapor pressure can be

given for the low pressures existing in a mag-
netic fusion plasma chamber.

In fact, the surface temperature is determined
by both the boundary condition as well as by the
kinetics of the evaporation process. The cor-
rect boundary condition entails partitioning of
the incident energy flux into conduction, melt-
ing, evaporation, and radiation. Consequently,
the heat conduction problem is one involving two
moving boundaries, one being the melt-solid
interface, and the other the surface receding as
a result of evaporation.

The kinetics of evaporation establish the con-
nection between the surface temperature and the
net atom flux leaving the surface taking into
account the possibility of recondensation.

A model containing all these features has been
developed and will be described briefly in
sections 2, 3, and 4. A more extensive and
detailed description will be published else-
where. A related approach has recently been
developed by Merrill [5]. However, our model
differs substantially with regard to the ki-
netics of the evaporation process and it also
includes vapor shielding. Results obtained with
our mode! will be given in section 5 for stain-
less steel, molybdenum, and graphite. The im-
plication of these results in the first wall
design of future fusion devices will be pre-
sented in section 6.

2. HEAT CONDUCTION WITH MELTING AND EVAPORATION

If we assume a uniform energy flux strikes part
of the first wall, the heat conduction can be
considered to be one-dimensional.

For time periods less than t; (the time to reach
the melting point on the sur?ace), the heat con-
duction equation,
¢ s
Psv s at
must be solved subject to the boundary condi-
tions that T = T0 = constant on the coolant

-V KT =0 (1)



side, and
BTs 4 4
F(E) = -Kg 32 + og(T L v(E) + o(TE - TH) (2)

on the surface facing the plasma. Here F(t) is
the heat flux, o¢(T) is the density, Cs(T) the
specific heat, K (T) the thermal conductivity of
the solid material. The heat of vaporization is
Ly; Tg is the temperature in the solid; T, is
the surface temperature; and v(t) is the veloci-
ty of the receding surface. The velocity stated
simply as v(t) in Eq. (2) is a function of the
instantaneous surface temperature and other ma-
terial parameters and might be more properly
written as v(T,(t)). Furthermore, the radiative
heat transfer ferm contains the Stefan-Boltzmann
constant ¢ and the surface temperature T. of the
cold portion of the first wall. The secnd term
in Eq. (2), which will be discussed shortly in
connection with the evaporation energy loss
rate, is negligible for temperatures below the
melting point.

Once melting occurs, the condensed phase con-
sists of two regions:

a} s(t) < x < m(t) for the melt layer

b) m(t) < x for the solid phase.

where: s(t) is the instantaneous distance Oib
the melted surface, v B
m(t) is the distance of the melted layer
from the surface.

Equation (1) applies again to the solid phase,
b%t the boundary conditions are now that at x =
m(t)

To(M(£),8) = T,(n(t),t) =T (3a)

and

aTz aT

Keaw Imgr) = Ks > Ime) + psten(t)  (30)

where T is the melting temperature, T, is the
tempera?ure in the melt layer, Lf the %atent
heat of fusion, and

w(t) = 42 (4)
is the velocity of the melt-solid interface. In
the melt layer, the heat conduction equation is

aTE
pzc2 -V KT, =0 . (5)

The solution in the melt Tayer must satisfy the
boundary conditions (3) and (4) on x = m(t) and

the condition

aTl
F(t) = -Kl % |S(t) + pJL(TV)LVv(t)

(6)
+ c(Tt - Tg)

on the surface x = s(t).

The solution of these equations in a coordinate
frame moving with the receding surface is con-
tained in the computer code A*THERMAL [6]. A
more detailed description of the solution
methods and the formulation of the problem in
the moving frame will be given elsewhere.

In order to achieve high accuracy for the sur-
face temperature and for the advance of the
melt-solid interface, variable thickness zones
are used. The spacing of the grid points is
chosen to be small near the surface, and in-
creases with increasing depth into the material.

3. KINETICS OF EVAPORATION

The net flux of atoms leaving the surface may be
considered to consist of two parts according to
the equation

J = ng(rv) - 9 (1) (7)

where the first term represents the vacuum
evaporation flux

8T, = @enkT )20 p (1)) (8)

and J.{T.) the recondensation flux of the vapor
with a témperature T.. Here, m is the mass of
the vapor species, % the evaporation coeffi-
cient, and

PS = P° exp (-aH/KT) (9)

is the saturation vapor pressure of the material
characterized by the pre-exponential factor P
and the activation energy for evaporation, aH:

As the material begins to vaporize, the vapor
expands at first freely into the vacuum. In-
itially, the net evaporation f1g6 leaving the
surface is therefore equal to J_7, but it de-
creases thereafter due to recondensation. This
process of recondensation arises from two facts.
First, the density of vapor expanding into a
vacuum retains a finite value for t > 0 in front
of the surface. Second, atoms evaporated subse-
quently from the surface may collide with the
already present vapor phase and be backscattered
towards the surface where they may be



reabsorbed. The fraction of recondensing atoms
will increase as the vapor density and the
spatial extension of the vapor phase increases
with time. However, an asymptotic value of
about 0.2 is reached for this fraction after
about 20 collision times according to the trans-
port calculations by Anisimov and Rakhmatulina
[7]. The collision time 1. for the vapor atoms
is given by

L

T

= 16 /7 na® (kT /m)}/2 (10)
o4

where ra2 is the elastic scattering cross
section for the vapor atoms and n the vapor
density in front of the surface. The latter can
be related to the maximum vacuum evaporation
rate according to

389 = % n = n(kT, /2nm)}/2 (11)

where we used the relation

v = (8T /am) /2

for the average velocity of the vapor species.

For the elastic scattering cross section we may
use the approximation that

a0

where @ is the molecular volume. Then, the
collision time z. is given by ’

1 . 1/3 ,3 ,42/3 ,eq
T 16 vZ = ﬁr Q) Je . (12)
According to the numerical results of Anisimov

and Rakhmatulina [7], the recondensation flux
may be approximated by

J, = 0.2 qu [1 - exp (-t/15)] (13)
so that the net flux is given by
Jt) = ng [0.8 + 0.2 exp (-t/7p)] . (184)

The relaxation time TR to reach, say, 98% of the
full amount of recondensation after 20 collision
times t., is given by

T = 20 1 /20 10 2 10

or
Core 2 et s

Finally, we note that the velocity of the
receding surface is given by

vit) = 2J(t) . (16)

4, VAPOR SHIELDING

The heat flux F{t) on the first wall during a
disruption consists to a large part of the
plasma ions. It is generally believed that a
sheath potential of the order of 10 kV exists at
the onset of the plasma disruption. The plasma
ions will therefore strike the first wall with a
kinetic energy of about 10 keV. The average
range of the plasma ions in a stainless steel
wall is about 7.5 x 1078 m. Because of this
short range, it is indeed appropriate to treat
the energy deposition as a surface heat flux
rather than a volumetric heat deposition.

On the other hand, if a vapor layer of suffi-
cient thickness has been produced, the plasma
ijons will be stopped in this vapor layer rather
than in the condensed material of the first
wall. The vapor layer, in the process of stop-
ping the plasma ions, will be partially ionized,
excited, and heated. Subsequently, the energy
stored in this vapor layer will be emitted in
the form of X-rays, optical radiation, and ther-
mal diffusion of the hot vapor atoms. As a re-
sult, the energy flux of the plasma particles is
converted from a unidirectional one into a more
isotropic one. If we assume in fact that the
converted energy flux has become isotropic, only
one half of the original, unidirectional energy
flux will now strike the part of the first wall
exposed to the plasma disruption.

Accordingly, we have modeled the effect of vapor
shielding in the following manner. If F. is the
magnitude of the initial energy flux, ang R the
range of plasma jons in the condensed phase of
the first wall, a vapor layer produced by the
evaporation of a thickness ax(t) < R will reduce
the surface heat flux to the first wall to the
value of

F(t) = F, [1 - ax(t)/R] + 5 F ax(t)/R
(16)
= F, [1 - ax(t)/R] .

When the evaporation thickness ax(t) > R, then

F(t) =.§ F, - an

The present model for vapor shielding assumes



that the atoms will not be transported prefer-
entially parallel to the surface. The slowing-
down of plasma ions in the vapor implies, of
course, that some fonization will occur. It is
therefore possible that the ionized vapor will
be removed in a lateral direction parallel to
the field lines, so that the vapor density in
front of the exposed surface is reduced. Since
1ittle is known about such a transport mecha-
nism, all calculations were done with and with-
out vapor shielding.

5. RESULTS

The estimated deposition times for plasma dis-
ruption vary widely, but it is generally agreed
that they are on the order of or less than 100
ms. Longer deposition times result in lower
surface temperatures than shorter times. Ac-
cordingly, the present calculations were carried
out for shorter deposition times equal to 5, 10,
and 20 ms, and for energy densities as large as
1300 J/cmi. Furthermore, it was assumed that
the energy is deposited at a constant rate Fy
over the assumed disruption time.
Figures 1 and 2 show the maximum thickness of
the melt layer for stainless steel without and
with vapor shielding, respectively. The thermo-
physical properties are those given in Ref. [8],
and the initial temprature was assumed to be

To = 573°%K. It is seen that melting requires a
minimum or threshold energy density flux. With
increasing energy density, the melt layer thick-
ness rises rapidly, reaches a maximum, and then
declines somewhat. The existence of a maximum
is explained by the fact that vaporization is a
highly nonlinear function of temperature. As
the energy flux goes up, the evaporation rate
increases exponentially, consuming an ever
larger fraction of the deposited energy.
Eventually, however, the evaporation rate will
reach a saturation level at energy fluxes higher
than considered here. In this case, the melt
thickness is also expected to reach a constant
value, and the surface and melt interface recede
at the same rate. Figure 3 shows the thickness
of the evaporated layer for 1000 disruptions.
Whereas vapor shielding had only a minor effect
on the melt layer thickness, it affects the
evaporation by at Teast an order of magnitude.
The insensitivity of the melt layer thickness to
vapor shielding is due to the fact that melting
of stainless steel precedes evaporation by a
relatively large time interval. This is ex-
pected for all metals with a relatively low
melting point. Conversely, refractory metals
with high melting points are expected to benefit
from vapor shielding with regard to both melting
and evaporation. The results for molybdenum
shown in Figs. 4, 5, and 6 confirm this point.
These results were obtained with the thermo-
physical properties given in Refs. [9,10] and
for an initial temperature of Ty = 573°K. Mo,
as compared to stainless steel, requires a
higher threshold energy density for melting to
occur. Furthermore, the evaporation is sub-
stantially less than for stainless steels.
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Figure 1. Stainless steel melting zone thick-
ness with no vapor shield as a function of
energy density.
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Figure 2. Stainless steel melting zone thick-
ness with vapor shield as a function of energy
density.

However, since Mo has a higher atomic number,
small amounts of Mo impurities are detrimental
to plasma stability. For this reason, Fig. 6
shows the evaporation thickness down to 107 cm
per 1000 plasma disruptions, even though these
low values are of little concern to the struc-
tural integrity of a component made of Mo.

Graphite has been considered as a suitable ma-
terial for both limiters and first wall protec-
tion. In its latter capacity, it is expected
that the surface temperature is high before a
plasma disruption. Hence, the calculations for
graphite were carried out with Ty = 1500 K; the



n
(o]

T T T T T T

— NO VAPOR SHIELD
-~= WITH VAPOR SHIELD

STAINLESS
STEEL

o

T T
L2 L1 aag)

To *573°K -
e

T
‘

Loy aggf

EVAPORATION THICKNESS FOR 1000
DISRUPTIONS (cm)
o

/1
TR ! !
400 800 1200

ENERGY DEPOSITED (J/ecm?)
Figure 3. Evaporation thickness of stainless
steel for 1000 disruptions for different energy
deposited.

o
o=

MELTING ZONE THICKNESS FOR
DIFFERENT DISRUPTION TIMES

450 T T T T Y T

MOLYBDENUM
NO VAPOR SHIELD -

a00 |-

3%0 |-

300 -

250 i~

200 -

150 -

100 |~

MELTING ZONE THICKNESS (MICRON)

50 -

° L 1 ! 1 I
o 200 400 €00 800 1000 1200 1400

ENERGY DENSITY (J/em?)

Figure 4. Molybdenum melting zone thickness
with no vapor shield as a function of energy
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thermophysical properties are those given in
Ref. [11{. The results for the evaporation
thickness shown in Fig. 7 were obtained assuming
that the vapor species is monatomic carbon. It
is however known that in the saturated vapor of
graphite at T = 2733, the trimer population is
higher by a factor of 9 than the monomer popu-
lation [12]. Therefore, if we were to assume
that the dominant vapor species is C3 rather
than monatomic carbon, then the evaporation
thicknesses in Fig. 7 would have to be increased
by a factor of /3.
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6. CONCLUSIONS

A model and computer code have been developed to
solve the heat conduction problem with phase
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changes and two moving boundaries, one for the
melt-solid interface, and one for the evapo-
rating surface. This model has been applied to
study melting and evaporation during plasma dis-
ruptions. Results are shown for 316 stainless
steel, Mo, and graphite as first wall materials.
Comparing our results to those earlier reported
[1,2,4,5] we reach the following conclusions:

a) The energy expended in both melting and
evaporation cannot be neglected in the
solution of the heat conduction problem.

b) The temperature dependence of all thermo-
physical properties for both solid and
1iquid phase must be included in the model.

¢) The net evaporation flux reduces with time
and approaches 80% of the vacuum evaporation
flux after 20 collision times in the vapor
phase.

d) Vapor shielding, i.e., the stopping of
plasma jons by the vapor leads to a
significant reduction of the material
evaporated in a disruption.

e) The melt layer thickness is affected bﬁ
vapor shielding only for materials with high
melting points.

f) Significant melting or evaporation occurs
only above a characteristic energy density.
This threshold depends both on the material
and the rate of energy deposition.
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