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I. Introduction

Plasma disruptions have been 1long known to be able to deposit large
amounts of heat on the walls or limiters of tokamaks. It is anticipated that
this plasma energy deposition could lead to melting, evaporation and large
thermal stresses in the tokamak first surfaces. Any of these effects could
severely limit the lifetime of the energy absorbing surface in a tokamak
reactor, such as INTOR.(l) Previous studies have addressed the problems of
evaporation and me]ting(Z‘S) and have provided some estimates of first wall
erosion rates. Thermal stresses and plastic deformation of the first wall
have been found to be severe even for the cases where no melting or vapori-
zation of the first wall occurs.(6) The stability of the melt layer under the
influence of the force generated by the eddy currents in the material and the
magnetic fields has been addressed and it has been determined that the reactor
can be designed so that layer is stab]e.(7)

In some of these studies, it has been found that when vaporization of the
metal in the first wall occurs that some of the energy of the disruption is
absorbed in this vapor.(2’5) Hassanein assumed that one-half of the energy by
this vapor is radiated to the wall and found some significant reductions in
the first wall melting and vaporization. Thus, the concept of the self-
shielding vapor layer may be important to tokamak first wall design and should
be analyzed in more detail. The opacity of the vapor may be high enough that
the radiation transport is non-isotropic. The variation of the density pro-
file of the vapor in time and space will lead to a complicated transport of
the energy in the vapor. In this article, calculations are presented of radi-

ative heat transfer in this self-shielding vapor.



The radiative heat transfer in the self-shielding vapor is depicted in
Fig. 1. The first frame shows disruption ions streaming towards the tokamak
wall. Vaporization then occurs and the vapor moves into the plasma. Eventu-
ally, enough vapor accumulates to absorb appreciable amounts of ion energy.
This energy deposition creates a hot region in the vapor which radiates some
of that deposited energy away. The questions addressed in this study are
where does this radiation go and how rapidly is the deposited energy radiated
away.

II. Computational Method

To calculate the radiative heat transfer in the self-shielding vapor, a
simulation computer code developed at the University of Wisconsin has been
used. This code, called FIRE, is a Lagrangian radiation transport hydro-
dynamics code which has been used previously mainly for inertial confinement
fusion applications.(s) In the mode used for these calculations, the vapor

and the radiation are modeled as two "fluids," each with its own temperature.
The radiation "fluid" has a temperature which is proportional to the fourth
root of the energy density of the radiation field. The radiation fluid is
allowed to move through the vapor as predicted by a diffusion model where the

radiation conductivity is related to the Rosseland opacity(g) through
Kp = 1010/poR (cm?/sec) (1)

where p is the vapor density in g/cm3 and op is the Rosseland opacity in
cmz/g. An upper limit is placed on the radiation conductivity so that, in
cases where the Rosseland opacity is very small, radiation will not diffuse

faster than the speed of light. Absorption and emission of radiation by the
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Schematic picture of radiation transport in self-shielding vapor.
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vapor 1is modeled with an energy exchange term between the two fluids. The

rate of energy flow to the vapor from the radiation is written as

Abexchange = “RER - wpEp » (2)

where Ep is the radiation energy density and Ep is the energy density of the

vapor. The plasma absorption coefficient is

wp = Co (3)
and the emission coefficient is

wp = 4 Ty, (4)

where Tp is the local temperature of the vapor and c is the speed of light.
op is the Planck opacity.(g)

The equation of state of the vapor as well as the opacities can greatly
affect radiative heat transfer in the vapor. For this reason, equations of
state and opacities must be obtained for the vapor at the relevant densities
and gas temperatures. A computer code has been developed at the University of
Wisconsin, called MIXERG,(lo) which calculates these quantities and provides
them in a form readable by FIRE. In Fig. 2, the internal energy density of
vaporized 316 stainless steel (12% Ni, 17% Cr, 2.0% Mo, 0.004% C, 0.5% Si) is
plotted against gas temperature and density. There are sharp rises in the
internal energy density at the combinations of vapor temperature and density

at which ionization occurs. The ionization of the vapor is calculated in the



INTERNAL ENERGY DENSITY
316 STAINLESS STEEL

Fig. 2. Internal energy density of vaporized 316 stainless steel versus vapor
temperature and density.



Saha or Coronal mode],(ll) depending on what vapor density and temperature are
considered. The Rosseland opacity for 316 stainless steel is shown in Fig. 3,
where it is plotted against the vapor and radiation temperatures for a Fe
vapor density of 2.7 x 1019 cm3. This plot shows that at low plasma tempera-
ture and low radiation temperature the opacity drops in value. The general
decrease in opacity at high radiation temperature, which occurs because of the
v-3 dependence on the photoionization cross section, may also be seen. The
Planck opacity has a similar behavior.

III. Model for Disruption Vapor

The simulation computer code FIRE described in the previous section can-
not model the vaporization of steel off of the tokamak first wall because the
flow is not purely hydrodynamic. Thus, the density profile of the vapor at
the start of the FIRE run must be provided to the code. Indeed, it is assumed
that the heat transfer processes of interest occur more rapidly than does the
motion of the vapor and the density profile of the vapor is taken to remain
constant during the simulation. An analytic model for this density profile of
the vapor at the start of the simulation is discussed in this section.

Assuming that the speeds of the vapor particles leaving the surface are
distributed in a Maxwellian with temperature Tg (the surface temperature of
the wall), the time derivative of the distribution function at time t' of

these particles is

\ m  \1/2 v
soin's(t ) )" el oy

F(vz,t') =n
B'S B'S

] . (5)

Here, Vg is the speed at which the solid or Tiquid surface is moving into the
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Fig. 3. Rosseland opacit{gfor \éaporized stainless steel for a Fe vapor densi-
ty of 2.7 x 10*7 cm™ versus blackbody radiation temperature and
vapor temperature for two vapor temperatures.



wall, ngg 1p is the particle density of the wall when it is a solid and m is
the average mass of a vapor ion. This expression represents the rate at which
vapor atoms are released from the surface at a given time and at a given
velocity. One can determine the rate that atoms leaving the surface will
populate the space between z and z + Az from the surface of the wall at time t
if one assumes that the atoms move independently of each other by integrating
in v, from z/(t - t') to (z + az)/(t - t'). Dividing by Az and taking the
limit as Az approaches 0 gives the time rate of change of particle density at

time t at z due to evaporation at time t':

Az3t,t) = rpapry Pt ot') - (6)

If Vg and Tg are assumed to be independent of time, one can integrate Eq. (6)
with respect to t' and make appropriate changes in variables to obtain an

analytic expression for the vapor density profile at time t:

2

- m 1/2 z°m
n(z,t) = ngy 1pVslom) " B =) » (7)
B'S 2kpT t
s
where E; is the exponential integral,
® -X
_ e

Z

This density profile at a few times after the start of the disruption is
plotted in Fig. 4. Tg has been taken as 2700°K and Vg has been taken as 0.11
cm/sec; both numbers are consistent with Hassanein's calculations for a 650

J/cmz, 10 msec disruption where 1/2 of the ion energy absorbed by the vapor is
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assuned radiated to the wall.(2) The mass of the average steel ion is 9.29 x
10-23 gn and the solid density is 8.5 x 1022 atoms/cm3. Also shown in Fig. 4
are the position of the edge of the plasma nearest the vaporizing wall and the
position of the wall on the opposite side of the vacuum vessel consistent with
a tokamak which could experience a 650 J/cnf disruption.(l)

The rate that material is vaporized off of the wall is governed by the
parameter Vg, which is chosen through a set of assumptions and some extrapo-
lations from other work. Figure 5 shows the thickness of the evaporated layer
-due to 1000 disruptions on a stainless steel wall as calculated by
Hassanein.(3) This thickness is plotted against disruption energy fluence in
J/cm2 for a few disruption durations and for cases where no vapor shielding is
assumed as well as for cases where the vapor protects the wall from half of
the disruption energy which it absorbs. From this figure, one can see that
for 650 J/cm2 of disruption energy over a 10 msec pulse width where vapor
shielding is allowed that 10-3 cm of material 1is evaporated by each dis-
ruption. Notice that for the same case but for no vapor shielding roughly 5
times as much material is vaporized. Vg is plotted against time for a few
duration times under the assumption of no vapor shielding in Fig. 6 for a
disruption energy of 650 J/cmé.  The postulated value of Vg for the case with
vapor shielding has been added which is shown as the cross-hatched region in
Fig. 6. Notice that the area of this cross-hatched region is 1/5 the area
under the 10 msec curve such that it agrees with the results in Fig. 5. Thus,
Vg = 0.11 cm/sec was used from 1 msec to 10 msec after the start of the dis-
ruption and Vg = 0 otherwise.

The temperature profile of the vapor is certainly important to the radi-

ant heat transfer in the vapor. The most important factor in determining the

10
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Fig. 5. Thickness of material evaporated off of a stainless steel wall by
1000 plasma disruptions both with and without sel f-shielding versus
disruption energy fluence.
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SURFACE VELOCITY(cm/sec)

SURFACE VELOCITY OF STAINLESS STEEL
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Fig. 6. The velocity at which the surface of the_vaporizing stainless
steel wall is eroded due to a 650 J/cm2 disruption versus time.
Velocities are shown for disruption durations of 5 msec, 10 msec and
20 msec for no self-shielding. Also shown is the velocity postulated
for the case with self-shielding and a 10 msec disruption durations.
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vapor temperature profile is the energy deposition profile of the disruption
ions. It's assumed that the disruption ions are 20 keV D and T. The area/
density for stopping these ions in steel is taken to be 5.93 x 10-° g/cm2 =
pRstop‘ Furthermore, it's assumed that the energy deposition is exactly pro-

portional to the particle density; that is,

dE

d—Y‘=C’ pRQpR

1
P stop

(8)

=0, PR & pRStop ,

where E 1is the ion energy, r is the incremental length along the ion's tra-
jectory and R is the length travelled by the ion through the vapor. The re-
quirement that the ions enter the vapor with 20 keV of energy demands that C
is 5.4 x 10711 J-cmz/g. Thus, the deposition profile begins at the edge of
the plasma nearest the vaporizing wall and continues, proportional to the
vapor density up to the point where the ions run out of energy. It is some-
what arbitrary that the ions only begin to deposit energy into the vapor at
the point that was the edge of the plasma before the disruption. As the vapor
moves into the center of the vacuum vessel it will absorb energy from the
plasma ions. This process may be a topic for future study.

IV. Computational Results

The FIRE and MIXERG computer codes have been used to simulate radiant
heat transfer in the vapor described in Section III. Simulations have been
completed in vapor profiles 1 msec and 5.5 msec after the start of the dis-

ruption. The results of these two simulations are summarized in Table I.

13



Table I. Radiant Energy on Tokamak Walls Integrated over 0.1 msec

Time after start of disruption

Maximum heat flux on shielded wall

Maximum heat flux on unshielded wall

Radiant energy in 0.1 msec on shielded wall
Radiant energy in 0.1 msec on unshielded wall

Energy deposited by ions

14

1 msec

5.16 kW/cm?
0.60 kW/cm?
0.64 J/cn?
0.01 J/cm?
6.56 J/cm?

5.5 msec

3.88 kW/cm?
2.41 kW/cm?
0.52 J/cm?
0.30 J/cmé
6.52 J/cm?
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Simulation results for the density profile at 1 msec after the start of
the disruption are shown in Figs. 7, 8 and 9. Figure 7 shows the temperature
of the radiation plotted against distance from the vaporizing surface at
several different times. Thé vapor temperature 1is also shown plotted at
1.0336 msec after the start of the disruption.

The calculation starts with a uniform temperature at 1 msec of 0.25 eV.
The radiation temperature very quickly drops to 0.1 eV as the vapor begins to
radiate. The Rosseland opacity is shown plotted against position in Fig. 8
for the same-times as the radiation temperatures are plotted in Fig. 7. One
can see that for early times the opacity is very low and that it is somewhat
higher near the vaporizing wall. This explains why the radiation temperature
quickly drops and why it is a 1ittle higher near the vaporizing wall.

As ions are continually being absorbed by the vapor within 10 cm of the
vaporizing wall, the vapor heats up and the opacity of the vapor in this
region increases drastically. There is always a more rapid drop-off in the
opacity as one moves towards the vaporizing wall than as one moves towards the
other wall. This means that, later in time, more radiation energy should
reach the vaporizing wall. This is shown to be true in Fig. 7, where it can
be seen that the radiation temperature drops to a low level before reaching
the opposite wall. This is further clarified in Fig. 9 where the radiant heat
fluxes on the vaporizing and non-vaporizing walls are plotted against time.
Here it can be seen that the heat fluxes are initially very much the same in
both directions but that after 1.001 msec there are pulses of radiant energy
on the vaporizing wall which are much higher than those appearing on the non-

vaporizing wall.

15
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Similar results are shown in Fig. 10 for the vapor density profile pre-
sent at 5.5 msec after the start of the disruption. Once again, the radiation
heat fluxes are plotted against time and the radiation has been found to be
initially roughly isotropic. As in the case of the vapor density profile at 1
msec after the start of the disruption, later in time the vaporizing wall sees
a higher heat flux than does the other wall.

These results are summarized in Table I. In both cases approximately 6.5
J/cm2 are deposited into the vapor by ions during the calculation. In the
case 1 msec after the start of the disruption, the unshielded wall (that wall
opposite to the vaporizing wall) sees a maximum heat flux one-tenth of that
seen by the vaporizing wall. The difference is not nearly so large 5.5 msec
after the start of the disruption. A similar statement can be made about the
radiant energy in 0.1 msec where the anisotropy is much larger 1 msec than 5.5
msec after the start of the disruption. The degree of anisotropy in the radi-
ation transfer is due to the opacity profile in the vapor. It is not sur-
prising that the opacity profiles are different 5.5 msec after the start of
the disruption than 1 msec after, though the details of why the radiation
transfer is more isotropic at 5.5 msec are not known at this time.

V. Discussion and Conclusions

The results of computer simulation indicated that radiation transport in
the wall material vaporized during a tokamak disruption is not necessarily
isotropic. This is due to the strong temperature dependence of the vapor to
thermal photons. Therefore, the temperature profiles, induced by the depo-
sition of disruption ions in the vapor, can cause opacities which vary greatly
over small distances. Radiation will propagate in the directions where the

opacities are low so the propagation can be very non-isotropic.

19
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In addition to the non-isotropic nature of the radiative heat transfer, a
computer simulation has established that most of the energy deposited by the
disruption ions is radiated away by the vapor within 10 msec. This is shown
in Table II where the energy deposited by the ions, the energy radiated to the
unshielded and shielded walls in 10 msec are given for the density profile of
1 msec after the start of the disruption. The neglect of the hydrodynamic
motion of the vapor is of course not valid when the simulation takes place
over 10 msec. The vapor will move about and the total mass of vapor will
increase greatly over 10 msec. However, since this simulation shows that 98%
of the ion energy is radiated away, one might suggest that, even if the mass
of vapor has greatly increased by 11 msec, the majority of the ion energy is
still radiated away quickly.

These two general results lead to the conclusions that radiation from the
vapor is the major means by which ions late in the disruption may contribute
to vaporization of the wall and that the nature of this radiative heat trans-
fer should be considered carefully. The simulations presented here are not
sophisticated enough to make a definitive statement about the effectiveness of
self-shielding by the vapor. The results in Table I show that radiant energy
densities are higher on the shielded wall than on the unshielded wall, an ef-
fect which would become even more pronounced if multi-dimensional geometrical
effects were considered. However, changes in the density profiles due to the
increased vaporization might increase the self-shielding effect. Another ef-
fect which has been neglected is initial non-uniform temperature profiles in
the vapor. Simulations have been made over 0.1 msec where the initial temper-

ature profile is uniform. Once simulations can be done over 10 msec, the very
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Table II. Radiant Power Density on Tokamak Walls Integrated to 10 msec

Time after start of disruption

Radiant energy in 10 msec on shielded wall
Radiant energy in 10 msec on unshielded wall

Energy deposited by ions

22

1 msec

636 J/cn?
1.53 J/cm?
651 J/cm2



non-uniform temperature profile may lead to very different results from those
shown in Table I.

Several improvements to the simulation code should be made before the ef-
fectiveness of the self-shielding vapor can be determined. The most important
improvement would be self-consistent calculation of the vaporization and the
radiative heat transfer. Another improvement would be addressing the possible
dilution of the plasma by the vapor which could reduce the energy in ions.

These improvements are currently under development.
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