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ABSTRACT

The behavior of divertor materials during a major disruption in ITER is
very important to successful and reliable operation of the reactor. Erosion
of material surfaces due to a thermal energy dump can severely limit the
lifetimes of plasma-facing components and thus diminish the reactor's
economic feasibility.

A comprehensive

numerical model has been

developed and used in this analysis, which includes all major physical
processes taking place during plasma/material interactions.

Models to

account for material thermal evolution, plasma/vapor interaction physics,
and models for hydrodynamic radiation transport in the developed vapor
cloud are implemented in a self-consistent manner to realistically assess
disruption damage.

The extent of self-protection from the developed

vapor cloud in front of the incoming plasma particles is critically important
in determining the overall disruption lifetime.

Models to_study detailed

effects of the strong magnetic field on the behavior of the vapor cloud and
on the net erosion rate have been developed and analyzed. Candidate
materials such as be_'yllium and carbon are both considered in this
analysis.

The dependence of divertor disruption lifetime on disruption

physics and reactor conditions was analyzed and discussed.

*Work supported by the U.S. Department of Energy, Office of Fusion
Energy, under Contract No. W-31-109-Eng-38.
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1. INTRODUCTION

Disruption damage to plasma-facing materials (PFMs) in a magnetic
fusion reactor is a major concern for safe, successful, and reliable reactor
operation. The intense deposition of energy (10-200 MJ/m2) over short
periods (0.1-3 ms) will cause severe surface erosion and melting of these
components. The exact amount of eroded material is critically important to
reactor design and component lifetime analysis.
machines,

In current tokamak

ITER-like heat loads and disruption conditions are not

achievable. It is theref0re-_ecessary to develop a comprehensive model
that includes all major physical processes occurring during a disruption in
order to correctly

simulate

environments and conditions.

plasma/material

interaction

in reactor

Modeling of the detailed interaction of

plasma particles with the initial ablated material is quite important because
the ablated material provides a much-needed shielding layer that protects
the PFM from the incident plasma particles.

A recently developed comprehensive model [1] has been enhanced
and used in this analysis. In this model, three major modeling stages of
plasma/material

interaction were developed with sufficient detail to

accurately simulate a disruption effect on PFM.

Initially, the incident

plasma particles from the disrupted plasma will deposit part of their energy
on the PFM surface. Models for particle deposition and material thermal
evolution that take into account phase change, moving boundaries, and
temperature-dependent thermophysical properties, etcl, were developed
to predict the behavior of these components• This initial burst of energy
delivered to PFM surfaces from the direct impact of plasma particles will

cause sudden ablation of these materials. As a result, a vapor cloud will
be formed in front of the incoming plasma particles. Shortly thereafter, the
plasma particles will be completely

stopped in this vapor cloud.

Continuous heating of the vapor cloud will ionizel excite, and generate
photon radiation. The initial plasma particle kinetic energy is therefore
transformed into radiation energy.

Comprehensive models for the

hydrodynamics and heating of the vapor cloud that shields the original
surface were developed for the second stage of disruption modeling.
Finally, models for radiation transport throughout the vapor cloud were
developed to estimate {he _'et heat flux transmitted to the facing material.
It is therefore the dynamics and evolution of this vapor cloud that will
finally determine the net erosion rate at the end of a disruption. Figure 1 is
a schematic illustration of the various interaction zones and processes
during the plasma/material interaction that follows a disruption under the
influence of a strong magnetic field. This problem requires the solution of
three moving boundaries: the vapor front, the receding target surface, and
the solid/liquid

interface.

These three

moving

boundaries

are

interdependent, and a complete solution should link them dynamically and
simultaneously.

In this study, detailed effects of the strong _'eactor-environment
magnetic field on the magnetohydrodynamics of the vapor cloud and on
the resulting erosion rate were examined.

A two-dimensional

(2-D)

magnetohydrodynamic model was developed to include effects such as
magnetic field diffusion, friction forces, and Joule heating of the vapor
material. Previous analysis of the effect of a strong magnetic field on the
dynamics of plasma/material interaction were mainly qualitative, used

simple assumptions, and were not integrated dynamically with other
physicalprocesses[2-4]. Candidate PFMs such as berylliumand carbon
were considered in this analysis. Disruptionlifetime of these materials
have been calculated, and dependence on characteristics of the
plasma/vaporinteractionzone and disruptionparameterswere analyzed.

2.

MODELING SUMMARY

2.1 Plasma/Material Interaction

The thermal evolution of the PFM is calculated by solving a timedependent heat conduction equation in one- or multidimensional
coordinates [5].

All thermophysical properties are assumed to be

temperature-dependent.Surface temperaturewas determinedby boththe
boundary conditionsand the dynamics of the evaporationprocess. The
volumetricenergy depositionby the incidentplasma particles is calculated
with detailed models that include slowing-downphysics of both plasma
ions and plasma electrons [6]. Phase transformationof metallic PFM is
taken into account by using detailed models [7]. Kinetic energy of the
incident plasma particles, the photonenergy radiated by the vapor cloud,
vapor-conducted energy, and free-streaming energy (from near-surface
vapor to target material)[1] are partitionedinsidethe PFM intoconduction,
melting,and evaporationenergy.

2.2 Plasma/Vapor Interaction

As direct heating of the PFM continues by the impinging plasma
particles, the surface temperature rises to the point at which significant
ablation begins. The produced vapor leaving the surface will accumulate,
expand, and interact with incoming plasma particles.

The continuous

deposition of energy in the vapor layer by plasma particles will produce
intense bulk vapor heating and vapor ionization. The ionized vapor will
interact with the strong magnetic field, which then limits expansion of the
vapor to mainly along'--find lines.

Additional heating of the original

exposed PFM surface is only from vapor thermal radiation, vapor thermal
conduction, free-energy streaming, and other enhanced plasma radiation
losses [1].

Vapor expansion into the vacuum vessel under the influence of a
strong magnetic field is determined by solving the vapor magnetohydredynamic equations for conservation of mass, momentum, and
energy:
o_p

-E+v.(pv)= o,

(1)

_V
p -_-+ VP -- 0,

(2)

o_E
--_-+ V.(EV)+ P V. V = V. (KVT) + V.Q r + V.Q b ,

(3)

and

I
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where V is vapor velocity, p is density, E is energy, P is pressure, K is
vapor conductivity,Qr is radiationflux, and Qb is the incident particle flux
from the disruptingplasma. All variablesof these equationsare bothtimeand space-dependent. The vapor plasma, once ionized, is assumed to
move freely along magnetic field lines (r-direction),as shown in Fig. 1.
One needs to solve the vapor equation of motionin two directions;along
and perpendicular to divertor surface. The radiation transport equations
are not directly affected by the magnetic field and can be solved in one or
two dimensions.

The vapor equation of motion in a strongmagnetic field environment
can be writtenas
d2r
p_--_ =-V P+ J x B,

(4)

where r is distance along field lines, J is vapor current density, and B is
magnetic flux density. The induced magnetic force J x B acts as a
retarding force to vapor expansion.

This force mainly acts in the

perpendicular direction to magnetic field lines. The magnetic force is
assumedto be composedof a magneticpressureforce, Fro,and a friction
force, Fc, due to the curvatureof the magneticfield lines,where

Fm = _ V B2 ,
_o

and

(5)

1 B2
Fc = m _..,
!_oRc

(6)

where I_o is magnetic permeability and Rc is the radius of curvature of
magneticfield lines. The currentdensity,J, is given by

j=ml VxB.
!_o

(7)

The solution of the m_netohydrodynamic vapor equation of motion
takes into account magnetic field diffusion in the vapor cloud. The
variationof the magneticfield withtime can be writtenas

o_B=_ 1 Vx{E+VxB},
o_t
!_o

(8)

J
E = --,

(9)

and

where _ is vapor conductivity. For a weakly ionized low-temperature,
high-densityvapor-plasma,the conductivityis givenby

a=

4_

nee2

_

(10)

me

where ne is density, e is charge, me is mass of the electron, and '_ is the
vapor plasma collision time. The .=bove equations are solved in 2-D
coordinates,i.e., along and acrossthe magneticfield lines. The solutionis
7

then transformed to the x (along divertor surface) - y (normal to divertor
surface) coordinates, as shown in Fig. 1. Joule heating of the vapor cloud,
which is given by j2/_, is also taken into account in these calculations.

2.3 Radiation Transport

After enough vapor accumulates in front of the incoming plasma
particles, the plasma particles are then stopped in the vapor cloud, thereby
heating and ionizing the cloud. Continuous vapor heating by the plasma
,..,¢..."

-_P •

particles will cause the vapor to emit photon radiation. The plasma energy
is then transmitted indirectly to PFM surfaces through photon radiation.
Therefore, radiation transport plays an important role in determining the
final erosion rate of the PFM and consequently the component lifetime.
The radiation transport equations are solved by the forward-reverse
method [8]. The radiation is composed of two separate fluxes, continuum
radiation and line radiation. The most intense lines are treated separately,
while the less intense lines are combined with the continuum radiation flux
[1,9].

Opacity and emissivity data are provided in the form of look-up

tables for a wide range of expected vapor densities and temperatures.

3. ANALYSIS

The models described above, including that for the effect of a strong
magnetic field on vapor cloud hydrodynamics, are implemented in a new
optimized version of the computer code A*THERMAL-S [1].

Thermal

quench time during the disruption is assumed in this analysis,to be 100 I_s.
Calculations for radiation transport and vapor magnetohydrodynamics are

//

/
,/t

/

/'

extended up to 10 I_Sbeyond the disrupti¢n time to realisticallysimulate a
situation where the vapor and the radiation flux cannot immediately
disappear just after the disruption.

D_sruption energy densities of

10-100 MJ/m2 are used in this analysis.

Figure 2 show_ the effect of a 5-T magnetic field on carbon erosion
rate during a 100-1_sdisruption with an energy density of 10 MJim 2. The
inclined magnetic field reduced the erosion rate in this case by about 30%.
The magnetic field keeps the vapor cloud more dense and closer to the
surface, thus more radi_ion is absorbed in the vapor and less radiation is
transported to the PFM surface.

A similar effect is predicted for a

disruption on beryllium, as shown in Fig. 3. The magnetic field reduces
both erosion rate and melt layer thickness by a factor of 2. The resulting
melt layer thickness is much greater than the ablation thickness, which
causes a serious concern if the melt layer is Iont during the disruption due
to the various forces on the melt layer during the disruption [10]. The
magnetic field is found to be more effective in reducing disruption erosion
of beryllium than that of carbon. In fact, where disruption energy density is
high, the magnetic field can slightly increase the carbon erosion rate. This
is mainly because carbon is a better radiative material than beryllium.

Figure 4 shows the vapor front temperature of both beryllium and
carbon vapor during a disruption.

Carbon, being a higher-Z material,

radiates more el,ergy than beryllium, which results in lower vapor
temperature at these disruption parameters.

At higher disruption power

densities, however, carbon vapor front temperature can exceed that of
beryllium due to different radiation physics phenomena.

The higher

radiation rate of carbon (radiation cooling) causes more radiation flux to be
emitted toward the PFM, which in turn causes more material to be ablated.
For the same disruption conditions given in this case, the carbon ablation
rate is about two tothree

times that of beryllium.

Vapor shielding is

generally expected to be more effective in reducing net energy flux to
Iower-Z PFM materials than to higher-Z materials.

Figure 5 shows beryllium vapor density and temperature

in

relationship to normal distance above the divertor plate with and without a
magnetic field. In the a_bsenceof a magnetic field, the ablated material
expands freely - opposed only by plasma particle momentum - in the
normal direction.

Once the vapor is ionized in a magnetic field

environment its motion follows field lines. Because of the oblique angle of
the field lines, vapor expansion normal to the surface is substantially
reduced. As a result, vapor density near the divertor plate is much higher
which tends to provide better shielding to the PFM surface. However, this
higher vapor density tends to increase processes

such as vapor

conduction, turbulence, and instabilities that can substantially increase the
erosion rate. Figure 6 shows the expansion velocity components in the x
and y directions under the influence of a 5-T magnetic field.

Vapor

expansion along the divertor surface is much higher (=40 times) than in
the normal direction.

Initially, the normal velocity is higher because the

ablated material leaves the surface as neutrals in the normal direction and
is not affected by the magnetic field until it is ionized.

Figure 7 compares

beryllium

and carbon

vapor density

and

temperature as a function of normal distance above the divertor plate for
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the same disruption conditions. Carbon vapor has a higher density and
lower temperature, and expands farther in the normal direction, than
beryllium. The higher normal expansion is due mainly to the more
powerfulpressure gradientof the ablated carbon. The lower temperature
is maihly due to the increasedradiationemitted from the higher-Z carbon
vapor. Because of this lowertemperature, carbon vapor expansionalong
the divertorsurface is lowerthan that for beryllium. This is clearly shown
in Fig. 8, where the expansion velocity along the divertorsurface (Vx) is
about 50% of that predictedfor beryllium(Fig. 6).

The incidentplasma energy densityon the ITER divertorplate during
a disruptioncan be >100 MJ/m2. This can occur if the disrupted plasma
depositsits energy only on partsof the toroidaldivertorplate. Because of
the high heat load expected duringnormal operations,and due to design
limitationson the maximumallowablesurface temperature, it is assumed
in this studythat typicalinitialthicknessesof berylliumcoating and carbon
tiles are 3 and 10 mm, respectively. It is further assumedthat 50% of this
initialthicknesscan be sacrificedto disruptionerosionbefore repairof the
berylliumcoating or replacement of the carbon tiles becomes necessary.
Figure 9 shows the maximum allowable number of disruptions for
beryllium and carbon materials at various incident plasma energy
densities. If the beryllium melt layer is lost during the disruption,the
berylliumdisruptionlifetimeis only about 50 disruptions. If the melt layer
is lostas soon as it develops,however,disruptionlifetimecan be severely
shortened. A one-order-of-magnitudeincrease in energydensity reduces
the disruption ablation lifetime by a factor of only --2. This is because
higher incidentplasma energy densitiesare mainlyused to heat the front
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regions of the vapor and only a small fraction of this energy is transmitted
to and deposited on the PFM surface [1].

The effect of plasma particle kinetic energy on erosion thickness is
less importantir_a magneticfield environment. This is mainlybecause of
the oblique angle of incidence of the magnetic field lines (-=20-5°) to the
divertorplatesurface. This substantiallyshortensthe range of the plasma
particles in both the PFM and the ablated material, resulting in more
surface energy depositionratherthan volumetricdeposition[1]. However,
if a sheath potentialis clevelopedduringdisruption,plasma particles can
be acceleratedto much higher energies. The magneticfield helps reduce
the 2-D radiationtransportlossesbecause it confinesthe vapor cloudnear
the surface of the divertor plate• However, this tends to increase the
erosion rate because less radiationescapes to the vacuumchamber away
from the PFM surface [9].

Additionalanalysis is required for several important issues that can
affect net erosion rate and consequentlythe lifetime of the divertor plate•
Uncertaintiesin disruptionparameterssuchas incidentenergy densityand
disruptiontime are very importantin determiningablation rate, melt-layer
thickness,developmentof melt-layer instabilities,and potentialloss of the
melt layer [10]. Vapor thermal conduction with turbulence, as well _s
developmentof vapor instabilities,may significantlyincrease heat flux to
the PFM, resultingin a large increase in erosionrate. Magneticfield edge
effects should be investigated where the ablated material is not fully
ionized and can escape confinement by the magnetic field, resulting in
rruch less shieldingfor the PFM.
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4.

CONCLUSIONS

A two-dimensionalmagnetohydrodynamicmodel is developed to take
intoaccountdetailed interactionphysicsof the vapor cloudwiththe reactor
magnetic field. Included are effects such as magnetic field diffusion,
inducedelectricfield, vapor conductivity,and Joule heating of the vapor.
This model is integratedwith a recentlydevelopedcomprehensive model
that realisticallysolvesthe problemof three movingboundaries,i.e., vapor
expansion,surface recession,and liquidmetal propagationfront. Models
for

material

therrn_l _evolution

with

phase

change,

vapor

magnetohydrodynamics,and radiation transport are dynamically linked,
integrated, and optimized for realistic evaluation of disruptioneffects in
reactorenvironment.

The reactor magnetic field may help reduce erosion rates during a
disruption at lower energy densities. The inclined field, however, will
reduce 2-D radiation transport losses which have the effect of increasing
erosion rates particularlyfor higherenergy densities. Edge effects due to
oblique incidenceof the magneticfield may reducevapor accumulationin
front of the incomingplasma, which has the effect of increasingerosion
rates. In addition,highervapor densitydue to magneticfield confinement
enhances processes such as vapor conduction, turbulence, and
instabilitieswhichall tend to increaseerosionrates.
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FIGURE CAPTIONS

1. Schematic illustration of various interaction processes in a strong
magneticfield duringa disruption.

2. Carbon erosion rate with and without magnetic field effect during a
disruption.

3. Beryllium erosion rate and melting thickness with and without
magneticfield effec"t'-dudng
a disruption.

4.

Front vapor-cloudtemperaturefor both berylliumand carbon duringa
disruption.

5. Effect of magnetic fieldon berylliumvaportemperatureand density.

6. Beryllium vapor expansion velocities along (Vx) and normal (Vy) to
divertorsurface.

7. Beryllium and carbon vapor densityand temperatureas a function of
distance normalto surface.

8. Carbon vapor expansion velocities along (Vx) and normal (Vy) to
divertor surface.

9. Maximum allowablenumberof disruptionsfor variousincidentenergy
densities.
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