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1. Introduction

The impurity and particle control is one of the critical issues to
realize the next generation fusion reactor such as FER, NET, INTOR aﬁd
other large machines L1], Poloidal divertor has been chosen as the
major candidate for an impurity and partlcle control system and many
efforts have been made until now both in experiments and numerical
approach to clarify the divertor behavior,

For modeling of a divertor, there are at least two codes which
deal with the behavior of the scrapeoff and divertor plasma in a two-
dimensional space. They are the PLANET code [2] at PPPL and Braams
code [3]., The former code uses Monte-Carlo method to caléulate neutral
behavior. Both codes can give a realistic modeling of the scrapeoff
and divertor plasma to some extent, The shortcoming of the codes is
that some artificial boundary conditions must be given at the boundary
of the domain of calculation. In other words, it can not treat the
free boundary of the diffusing plasma.

In the actual design of divertor or limiter, it is important to
calculate the radial diffusion process for accurate estimation of par-
ticle and energy deposition on the structures. It is also important to
estimate coupling efficiency of the RF launcher. For this, it is re-
quired to be able to treat the free boundary problem.

To coup with these problems, a two-dimensional time dependent fluid
code has been developed. The code employs the Particle In Cell (PIC)
method [4] for numerical solution of Braginskii transport equation.
Also, neutral particle calculation package by Monte-Carlo method is
available with this code.

A code verificatien or comparison between the predictions with
this code and existing divertor experiments has been successfully per-
formed [5].

This time, using the code, preliminary analyses of divertor and
scrapeoff plasma of the FER has been carried out. In the simulation of
reactor size plasma, it may be important to take into account the be-
havior of impurity ion and neutrals. In this code, Neuhauser's impurity
model has been used for Helium ions.

Another important tasks to be solved in this field are,

(1) compatibility between cold and dense divertor and H mode,

{2) ash exhaust and partiecle contrel,
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{3) recycling rate and redeposition,

and so on. We will refer to these problems in the near future.

2. Modeling of the boundary plasma
2,1 The geometry of the scrapeoff and divertor region

The poloidal cross-section of the D-IIT for example with the domain
of the calculation is shown in Fig. 1, There are three regions to be
considered; core plasma, scrapeoff and diverted plasma and vacuum regions.
In this code, transport of the core plasma is not solved, so, the
prescribed particle flux T and energy fluxes Qg and Q4 for electron and
ion are respectively to be given at the boundary of the core plasma.

In the scrapeoff and diverted plasma region, the fluid equation and
neutral gas transport are to be solved. The orthogonal coordinate ¥ and
z which correspond to the poloidal flux and the poleidal length of the
magnetic line of force are respectively employed for the fluid equations.
The region is divided into small cells (i,j), where i and j denote the
cell number in the z (from i=4 to 44 in this case) and ¥ (from j=1 to 9)
coordinates.

In the vacuum region, only neutral gas transport is solved. The
behavior of the neutral gas is calculated with Monte-Carlo method. The
neutral gas calculation package is called every several tenth of the

fluid calculation time cycle to save computation time.
2.2 Fluid equations

A set of equations for the scrapeoff and divertor plasma is made up
of a continuity equation for the ion density, a momentum conservation
equation governing the parallel velocity vy, a diffusion equation for
the perpendicular velocity vy and energy conservation equations for the
electron and ion temperatures T, and T{. Using the ceontinuity equation
for the ion density, the momentum and energy conservation equations are

written as follows
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where 5, is the volume source of ions. Qg4 is the electron-ion energy
equilibration term. Qpgzq is the radiatien loss. D is the radial
anomalous diffusion coefficient. h; and hy are metric coefficients.
Auxiliary relations are ny=nj'Z4{ where Z{ is the ion charge number, the

total and partial pressures, Pp=Pg+P; and total energy Eg,

3 I - »
Eé’e = ri,e (Ii,e t 7 Vvl
. , 3kT
In the above equation, I is the specific internal energy (I = TZ;).
The poloidal flow velocity vy is calculated as
Vz T VH(BG/BT) > (5)

where Bg and BT are poloidal and toroidal field respectively. Also, the
poloidal heat conduction coefficient k, is related to classical parallel

coefficient according to

Kz = KH(BQ/BT)Z . (6)
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2.3 Numerical method

Numerical method adopted to solve the fluid equations in this code
is the PIC method. The PIC employs both an Eulerian and a Lagrangian
mesh. The resion, through which the fluid moves, is subdivided into a
finite mesh of Eulerian cells which are fixed relative to the observer.
Associated with the center of each cell are a velocity, an intermal
energy, and the total mass of each kind of material. The calculation
develops the history of each of these variables with time. In addition,
the fluid itself is represented by Lagrangian mass points, or particles,
which move through the Eulerian mesh, thus representing the motion of
the fluid.

caleculation procedures consist of three steps according to the PIC
scheme. In the first step, the Lagrangian method is employed. So,
dropping the transport term in Eg. (1), we calculate the tentative

velocity v, by the folloewing equationm,

Va- v Bg 1 pp (7
i1 7at T 7 By hy ez °
where "~" denotes tentative value owing to neglect of the material

transport, which will be rectified later. v is the parallel velocity
at former step (n-th time step). In this equation, the second term on
the right hand side in Eq. (l) is also dropped at this step because it
is related to particle annihilation and generation. P has been deter-
mined by the equation of state at the former step. The tentative

temperature T or internal energy I is calculated by the following

equations in the same manner as mentioned above,

be [3 o (T - T + 3 L@I2-GM2} st
kTe 5. 3 KT 2
= —V-(pe = v) + vV (De e) + VeV (kTe) = Qei = Qraqd > (8)
Me Me

pi (3 (D + 3 {®2 - GH2)/ae

p-kT- 3 o kT
ikdli g) _ g.v ( efle

mi me ) + V'Kiv (k:i‘i) - Qei - ch ] (9)

= —ge
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b I3 5 (B - T + 1 (@2-GM 21/t
p kT 3 3 D kT -
= V(2 ) + VT () 4+ Vekl¥ (KTo) - Qei - Qead o (8)
Mg Mg
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1
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= _v.(pl_ =) - vV () + Veky¥ (KT5) - Qei - Qex s (9)
m{ m
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where Tg and T} are temperatures at the former step.
Since k,, has a strong temperature dependence, the coupled equations (8)
and (9) are solved by the implicit method.

In the next step, we move the particle in the cell: -

zn+l n

(¢n+l) - (Zn) + (gi;zz) At (10)

In the last calculation step, we rezone the cells (and mass points)
to reintroduce the original mesh distribution. 1In the process, we
repartition the momentum and energy as follows to obtain new spatial
distribution functions without affecting the conservation of these

quantities,

n+l _ m .
M = M* - oStm + f%mN + Spvedt o, _ (11)
L C LMD - 3 om 4SveAt)Y 4 L (v s my) /ML (12)

out n-e N in
o - s w4 sveat)T + 5 (GnZmy) s
out nre N in

1 n _ . 5 ) n+1
+ 5 { (M oétm + Spvedtlve + % (v f%mN)}]/M . (13

The second term in Eq. (1l) denotes the sum of massess of the particles
which have left the cell (i,j). The third term represents the sum of
particles which have entered the cell (i,j) from the neighboring cells.
The last term, S,V.At means the gain of ions in the cell with atomic
process within the time interval At. Summation in the second term in
Eq. (l2) is over those neighboring cells from which particles have

entered the cell (i,j}).
2.4 Boundary conditions of the fluid equations

In the computational mesh shown in Fig., 1, there are three bound-
aries for the fluid equations: surface of the divertor plate, surface
of the vacuum vessel and periphery of the core plasma. At the divertor
plate, following sheath criterion is employed for the parallel fluid

velocity,
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Vi = ‘/(Te + Ti)/pi .

Also, at the divertor plate, V,I, and V,T{ are specified as follows,
a >

- KIIVIITE = YnevnTe L]

Vol = 0,

where ¥ is equal to 1.8 when no secondary electron emission is considered.
At the surface of the vacuum vessel, gradients of the pressure and
temperature are set to zero in this code.
Along the boundary of the core plasma, a prescribed input of par-
ticle and energy fluxes to the scrapeoff layer is inserted. The radial
flow velocity of the particles at the houndary V% is determined by the

diffusion equation Egq. (1) as follows,

where I' is the prescribed particle flux from the core plasma. &y is the
increment of Y. p. is the density of the cell located in the scrapeoff
layer adjacent to the boundary of the.core plasma. The energy fluxes Qg

and Qi across the boundary censist of the following terms,

= - & k B k BB _ 3k B, 1l B B?
Qe = - «g¥y (kTe) + me FeTg = ve e pele * 35 Te Fele + 5 0evy >
- - «} L k BB ,3k B, 1 BB
Qi = - wyVy (kTi)+—IE;FiTi+vC e peTe + 5 o0 TiT1 + 5 P1vy

where v, denotes the velocity of the cell located in the scrapecif layer
adjacent to the boundary of the core plasma. In the equations, Tg and

T? are determined by the difference forms of these simultaneous equations,
In this code, the first three terms on the right hand side of these
equations are taken into account in the first step of the PIC calcula-.
tional step mentioned before. The sum of the remaining two terms, which
means the total energy carried with particle movement, is taken into

account in the third step.
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3. Numerical simulation of the FER divertor plasma

In the simulation of reactor size plasma, it is important to
include the behavior of impurities which arise from the sputtering,
vaporization of the structural material by heat concentration and so on.
The mathematical model of the behavier of impurity ien in charge state
z consists of the momentum conservation equation and the equation of

continuity. The equation are written as follows,
for x impurity ion (Neuhauser et al.)

3 -+ > > > % %
px (o + Ve VIVy = =VPy + Fy + Ry + 8% = 8% Vy ,

at

- > > >
Fx = qxBE + qx{Vyx x B) ,

i+
1

-VP,/eny ,

=¥
I

- > Px
—ox(V = V) /1 — — LoxV(kTe) + BxV(kT4) T ,
it

ay = 0.71 22,

1-u-5/2 22- (11425 - 0.35u1"3)
2.6 - 2u + 5.4u°

8}(:_3

3

o= my/ (mtmy)

where Sp, Spho, Si’e, Ei’e and T denote following meanings,
P n E ) X

Sn : source term in mass conservation equation
Sp ! momentum source term

. ei_Q
Si:s€ . energy source * { Q- cx

E Q¢+ + Qrad

i 3 kT 1 22
Eg?® ¢ Eg =2 =+ V-V

5 5 2 m 2
Ty : Spitzer slowing down time

Temperature of impurity ion is assumed to be equal to that of fuel ion
without solving the energy conservation equation,

The applicability of the code in relation to the combination of the
ion species is summarized in Fig. 2., The code can treat four casés

{((a) ~ (d)) shown in the figure.
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In Fig. 3, calculational mesh for FER reactor is shown. In the
figure, the segments KE, EE, Eﬁ; 5E, EF and f@rcorrespond to the divertor
plate and the sheath criterion is assumed at the place.

Calculational conditions used are as follows,

H

Q Qe + Q; = 60 MW ,

r 1x1022g=1 | 3x1022g-1

i

P

TH2+ = FP x 0,05 ,
e

respectively.

In Fig. 4, T, profiles for particle fluxes of 1x10425~1 and
3x10%225~1 are shown. The maximum temperature in the scrapeoff layer is
approximately 210 eV at the j=8 flux tube. The e-folding length of T,
is nearly 3 cm. T, decreases to approximately 20 eV at the divertor
plate.

Density profile is shown in Fig. 5. Near the plate, n, = 2x10 3
for Tp = 1x10%22g~L1 and ng = 6x10 "ew™3 for Fp = 3x10%2g~1 respectively,
So we can see very high density build up near the divertor plate. The
density around the boundary of the core plasma is roughly 7x1012cm3 for
Ip = 1x1022s71 and 1x1013cm™3 for T, = 3x1022s7L.

In Fig. 6, flow velocity of the fuel lon in the poloidal plane is

P

shown. The flow in the j=9 flux tube which locates nearest to the
boundary of the core plasma in the inboard side scrapeocff layer directs
to the upper stream.

In Fig. 7, flow velocity in the poloidal plane for Hé+ is shown.
Hé+ of the j=9 flux tube in the inboard side scrapeoff layer also go
upstream. The spatial distribution of Hé+ is comparatively uniform in
the poloidal direction (i.e. not localized at the divertor region)} such
as fuel ions,

In Fig. 8 and Fig. 9, time evolution of the total mass and energy
contained in the system is shown. From this figure we can see that after
the 1200 step, mass and energy in the system do not change so distinctly.
These results indicate the steady state is achieved after the step.

In Fig. 10, we show the energy flow into the divertor plate. The

2

peak value at the outside and inside divertor plate is 310 Wrcm™¢ and

220 Weem™2 respectively. As departing from the flux tube j=9 which

locates nearest to the separatrix to j=5 flux tube, Qg and Q% decreases
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rapidly and monotonically in the outside divertor. On the other hand,
the second and third peaks appears in the inside divertor because of
complicated shapes of the plate. In the estimation of the deposited
energy flux, it is to be noticed that ionization energy loss should be
counted in the sum. In this case of Tp = 1x107%5~1 and Qr = 60 MW, the
ionozation energy loss is approximately 0.9 MW in the unit toroidal
length.

Particle flux to the divertor plate rd is shown in Fig. 11. The

positions of the peak values also exist at the j=9 flux tube.

4.  Summary

With a two—-dimensicnal time dependent fluid code for the edge
piasma in a Tokamak, preliminary numerical study has been carried out.

In the parameter of particle and energy flux from the core plasma
to the scrapeoff layer I'p and Qp of Ty = 1x10%425~1 and Qr = 60 MW, the
maximum energy flux to the divertor plate Q% is approximately 300 W/cm?
and 4x101%s~lem™2 for particle flux. Furthermore, ionization loss

energy in the unit toroidal length is about 1 MW/m.
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Fig., 1 The geometry, mesh and definition of
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the {(z-¢) coordinate system.

(om)?| (pT)* (om)?| (pT)* (oT)°| (Tt
@ 6| mp | | omg | omE | gt
(b) (c)
(oT)?| (T)*
K | BE | HET
%0 xt+ xt+| -~ | xtt
(a)
Fig, 2 Combination of the particle species included

in the code.

X denotes the impurity iom.
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8 Time evolution of the total mass in the system.
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