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INTRODUCTION

We have modified the B2 edge-plasma code 1 to include the effects of classical
fluid drifts across the magnetic field lines and plasma currents. This report presents
preliminary results of these effects for the CIT parameter regime.

The basic plasma model described by Braams 1 involves solving the continuity
equation, the parallel momentum balance equation, and separate energy balance equa-
tions for the ions and the electrons. If multiple ion species are present, they are all
assumed to have a common temperature, but their densities and parallel velocities are
solved for using additional continuity and parallel momentum balance equations for
each species. Momentum and heat transport parallel to the magnetic field, B, are
given by the classical collisional theory 2. On the other hand, transport perpendicular
to B is represented by anomalous diffusion coefficients which are adjusted to agree
with experimental measurement:s. These transport coemcients are generally taken to
be constant in radius and poloidal angle, although this is not necessary.

The goal of our work has been to include both the classical cross-field drift terms
and the effects of parallel currents in the equations used in the B2 code. The motivation
for including the cross-field terms comes from simple model calculations a which indicate
that the classical flows can contribute an important asymmetry which may help explain
the transition from L-mode to H-mode con_nement. Radial electric fields which arise

near the separatrix cause E × B poloidal rotation which may also be related to the
L-to-H mode transition through its effect on edge tubulence, a'5 Including the parallel
currents is done to provide a tool for understanding the biased divertor experiments 6 on
DIII-D at General Atomics. Such biasing may provide an effective means of controlling
the asymmetry of the power flow to different divertor plates. Y arthermore, even for
tokamaks with grounded plates, asymmetries drive parallel currents.

THE MODEL

I

Toroidal Geometry

. Because the cross-field drifts depend on the direction of the magnetic field relative
to spatial gradients, care needs to be taken in defining the geometry and coordinate
system. The convention used is that in viewing the plasma poloidal cross-section, the
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magnetic axis is to the left as shown irl Fig. 1. The toroi(tal unit vector, 6¢, is taken
into the pa.per, and the toroidal plasma current is always in this same dirt,ction. Thus,
the poloidal magnetic held, Bp6p = 6¢ × V,_,/R, is directed in the clockwise direction
inside the separatrix. Here, t/, is the poloidal flux function, R is the major radius, and
we Mways take Bf to be positive. On the other hand, for the toroidal magnetic field,
Be&e, Be may be positive or negative. For Be positive, the toroidal field is into the
paper, and the B x VB ion drift is directed toward the upper x-point in Fig. 1. '

We use a right-handed coordinate system with unit vectors (_, eI, ell)' Here ell
is the unit vector along the magnetic field, 6r = V¢/IV¢I is the radial-like direction,

and 6f = ell x 6,. lies in the flux surface. Note that _ always points to the right at
the outer scrap-off layer, but that _f and ell change direction with the sign of Be. The
relationship between the various unit vectors ca±, be summarized as follows:

and

_11= '__p + e¢. (2)

Here B is the magnitude of B and is always positive. T While, transport in both
the el and ell directions have components in the poloidal and toroidal directions, only
the poloidal components will. be used explicitly in the equations here because toroidal
symmetry is assumed. However, toroidal drifts will be calculated as a diagnostic.

Equations for Cross-Field Flows

We use the fluid equations 2 to obtain the cross-field plasma flows. First we consider
the fluid velocities as obtained from the perpendicular ion momentum equation in which
inertia and viscosity are neglected:

0-- V±pi nuE± -t- v± x B- r/zJ ± (3)ne

where Ez is the perpendicular electric field, v± is the perpendicular ion velocity, pi =
nTi is the ion pressure, n is the density, Ti is the ion temperature, e is the magnitude of
the electron charge, J ± is the perpendicular plasma current, and r/± is the perpendicular
resistivity. An anomalous resistivity can be added as we shall mention later. The
perpendicular drifts are obtained from Eq. (3) as

(Ez-Vzpi/ne) x B J± x B
v±= B2 -r/± B2 (4)

0

The perpendicular currents are found by adding the electron and ion momemtum equa-
tions with inertia and viscosity terms neglected. This procedure yields the standard
relation

B x Vzp (5)J± = B2
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where p = p_ + pi is the total plasma pressure. Combining Eqs. (3-4) then gives

(E- Vpi/he) x B V±p
v = - 71±.... (6). B 2 B2 .

The diffusive term that has been used in the B2 code is represeI tative of a:n anoma-
lous contribution to the last terms in Eq. (6), although it is generally t_tken to be
proportional to Vn rather than Vp.

The B2 code solves the fluid equations in the poloidal plane using the coordinates
(x,v) to correspond to the 6p and 6r directions, respectively. Using Eqs. (1,2,6), one
can write the drift terms explicitly in the (x, y) coordinates as

B¢(0¢ l Opi B¢ Op ) Bp= B--7N + + (7)nc Oy B 2Ox "ff vII

and

Be (0¢ l Opi 1 0pyp) D, Onvr = B-7 _zz -t + r/± + va. (S)ne Ox Be n Oy

Here E = -V¢, and vii is the parallel velocity already calculated in the code. The last
two terms in Eq. (8) have been used previously in the code to represent anomalous
fluxes; Da is the anomalous diffusion coefficient, and va is the maomalous convective
velocity. The values of the D, and v_ used for tokamak edge plasma modeling are
typically sufficient to make the classical terms proport!,onal to r/.Lunimportant.

It should be mentioned that B2 represents the solution on a grid (x0, y0) in which
x0 is the distance along a particular flux surface, and Y0 is radial-like distance normal
to the flux surface at a given value of x (we use the midplane, x=O). Metric factors
(hx,hv) are required to translate to the physical location (x,y). Thus,

0 1 0

Ox h_(z, y) Oxo

and likewise for the y-coordinate.
In addition to ion fluid drifts, we include the cross-field energy flux 2 for both the

ions and the electrons. For the ions, this term has the form

5 nT_
B x VTi (9)qcf - 2 eB _

while for electrons, the overall sign changes to a plus. In terms of the (x, y) coordinates,
we have

5 nTiB¢ OTi (10)
. qcfx = 2 eB 2 Oy

and

5 nTiB¢ OTi (11)' qcyv= 2 eB 2 Ox'

and likewise for the electrons with a sign change.



There are also corrections to the electron energy balance equation owing to the
presence of the parallel current, Jl{ = 77c(t,{ti - _'1{,_),along B. One term is the effect of
Joule heating, and is represented by adding a J. E aource term. The second arises to
account for the difference in the electron and ion velocities in the r'_1_v_!:cte(theat flux.

We use the convention that the parallel velocity used to com, ect el_ergy in both ion and
electron energy balance equations is the ion parallel velocity. Thus, the electron heat
flux in the x-direction has a new term given by °

B (12)

where theterm proportional to c_ (= 0.71 for Z_/] = 1) comes from the thermal force
correction. The current modification given by Eq. (12) generally dominants over Joule
heating for the cases we have studied. There are also corrections to the perpendicular
heat flux from these same effects, but we have neglected them as small for now.

Equations for Electrostatic Potential and Parallel Current

Some of the correction terms we have discussed depend on the electrostatic poten-
tial and the parallel current. These quantities are obtained from two equations: the
inertialess parallel electron momentum equation written in the form

10p_ 0¢ _ OT_ B

0= + (13)ne Ox Ox e Ox

where r/II is the parallel resistivity, and the current continuity equation, V • J = 0,
written as

.(,)B,_x x _JI{ = -V±. J±. (14)

Substituting for J{{from Eq. (13) and for J ± from Eq. (5) then gives an equation which
solve for ¢ in the scrape'off region (SOL) given boundary conditions on the divertor
plates. These boundary conditions come from the analysis discussed in Refs. 7 and 8.

The solution of the potential equation in the core region of the plasma is compli-
cated by the need to impose periodic boundary conditions. If we add an anomalous
perpendicular current to Eq. (5) proportional to (E± + V±p_/ne) as suggested by B.
J. Braams (private communication), the equation lcr ¢ becomes two-dimensional. We
are then able to find a potential in the core region as well. However, the connection
of this ansatz to a physical mechanism needs to be determined, so we shall present
results where the potential is calculated from Eq.(14) in the SOL, while in the core,
the potential is set to the value just across the separatrix in the SOL.

SIMULATION RESULTS
0

We have modeled two types of configurations to study the effects of with the cross-
field terms and parallel current. One is a double-null divertor of the type planned for
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CIT as sl:own in Fig. 1. We have ..mmla t('.d the outer portion of the divertor to study
up-down a.symnlet.ries arising from the cross-field drifts. Ima.ginary lines (shown as
dots in Fig. 1) are drawn horn la] to t:he flux surfaces through the x-points. These lines

. are taken as reflecting boundaries R)llowing previous CIT cMcula.tions by Bramns and
Stotler, who, by symmetry, only consider the bwer half of the outer scrape-off layer.
The reflecting boundary conditions modify the physics in the vicinity of the x-point,
so for this model, we are only partially describing the influence of the cross-field drifts.
Nevertheless, the model does give insight into the asymmetries causes by the drifts.

The full problem is to include the inside scrape-off layer as well, and apply periodic
boundary conditions in the core region. We have made the first step toward this

proper treatment of the x-point region by considering a single-null geometry as sl_own
in Fig. 2, and applying periodic boundary conditions in the core. These calculations
model typical DIII-D operation. The calculations show the influence of the periodic
boundary conditions and the strong effect that biasing can have on divertor plate
asymmetries.

Double-Null Conflguration_ Outer SOL Only

To model the CIT magnetic field configuration, we use poloidal flux surfaces gen-
erated from a conformal mapping procedure by B. J. Braarns (private communication,
Sept. 1990) for the new R = 2,_3m, B = 9 T CIT design. The flux surfaces in the outer
lower quadrant are shown in Fig. 3. We reflect this configuration vertically, about the
midplane to obtain the outer upper quadrant as weil. We thus include both tt:e upper
and lower divertor plates on the outside, and can study asymmetries. The toroidal
field, B_, is positive, so the B x VB ion drift is toward the upper x-point.

Because no particle or energy flux is allowed to flow across the boundaries through
the x-point, there is a problem with the cross-field fluxes which depend on gradients
along the boundary rather than normal to it as for the other fluxes. Consequently, we
have multiplied the cross-field fluxes by a function which goes to zero smoothly over
the last few grid points before the reflecting boundary. The other choice is to let the
normal fluxes become nonzero at the boundary to cancel the cross-field fluxes. While
both are clearly unphysical, the former method allows convergent solutions while the
latter is more problematic.

We have performed a set of simulations with the cross-field fluxes present to de-
termine the asymmetries that result. The B2 code is run using boundary conditions
on the innermost core f ux surface of cons'_ant density and temperature; the density is
always set at5 x 1019 m -a while the temperature is varied between 250 eV and 500
eV. For the divertor plates, the parallel velocity is set equal to the local sound speed,
and the energy transmission factors for the ions and electrons are set to 2.5 and 4, re-
spectively. The particle recycling coefficient on the plates is taken as 0.97. On all other

• boundaries, zero particle flux boundary conditions are used, and the ion and electron
temperatures are equal to 2 eV. The anomalous density diffusion coefficient is D_ = 1

, m2/s, and a srr,all convective velocity of v_ = -10 m/s is used. If we set v, = 0, the
code has difficulty with convergence. However, doubling v, to -20 rn/s does not change
the calculated profiles by more that _ 20% except very near the wall (y = y,_._). For
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the anomalous energy diffusion coefficients in the y-direction, Xy, = Xy_ = 2 m _/s are
used. The (z, y) grid is taken to have (96,24) cells. The distance betweer, the x-t)oint
and tile plate, Dxp, is 28 cm.

In Fig. 4, we show the results of the total power on tile upper and lower divertor
plates on the outside for a range of core temperatures. The asymmetry shown here
increases with temperature because the cross-field terms increase with temperature
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and because the gradients become steeper. The higher power on the upper plate can
be understood by the fact that the poloidal cross-field energy flux for the electrons
[Eq. (10) with a minus sign] is directed toward the upper plate. The corresponding ion
flux is in the opposite direction, but it does not cancel the electron term because the
electron temperature gradient in the y-direction is larger than that for the ions.

The profile of the power striking the upper and lower plates for Tc = 500 eV is
shown in Fig. 5a. Note that the eJectron flux (long-dashed line) is particularly enhanced
on the upper pla_e. The width of the profile is about 3 cm on the upper plate and 4.5
cm on the bottom. Also, the profile for the ion flux on the lower plate lower plate has
a irregularity on it that indicates the grid resolution is not yet sufficient. If we increase
Tc even further, the gradients become too steep, and the code does not converge. For
comparison, the power flux for the Tc = 500 eV symmetric case with no cross-field
drifts is shown Fig. 5b. Here each plate receives 31.1 MW.

In order to estimate the expected power to the outer plates for CIT, we use the
following: For 500 MW of fusions power, there is 100 MW of alpha-particle power, of

which 75% is assumed to go to the outer SOL. Splitting this power between the upper
and lower plates gives 37.5 MW per plate, neglecting any loss from radiation. Thus,
the Tc = 500 eV case is in the required range.

Figure 6 shows the radial profiles at the midplane for the Tc = 500 eV case.
The temperatures and potential are given in Fig. 6a. Note that the potential is not
calculated in the core region. The electron temperature falls more rapidly because
of the large electron conductivity along B; the ion temperature follows T, because
of collisional coupling. The density profile in Fig. 6b shows a characteristic slower
decay. Chaalging Va to -20 m/s decreases the magnitude of the density scale length at,
the separatrix by _ 20%, but the density at the wall (y0 = 0.072 m) decreases from
5x1018 m a to2x 1018m 3.

A second effect of the cross-.field drifts is that a significant toroidal velocity develops
while the poloidal velocity remains small. The E x B and diamagnetic drifts from
Eq. (5) both give an ion velocity directed toward the upper plate, in the -el direction.
However, a substantial parallelt velocity develops which results in a poloidal velocity
which is roughly an order of magnitude smaller than the cross-field velocities. If we
let vf_ stand for the cross-field velocity in the _f direction, then from Eqs. (1-2), the
poloidal velocity, vp, is

Be Bp
v, = vf_-- + vii _-. (1_)

What happens is that a positive vii develops to nearly balance the term from vI_. The
poloidal velocity needs to stay small because it is a measure of the particle flux i_to
the plate, which changes little. Since the parallel direction is mostly along the toroidal
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direction, a toroidal drift, results, given by

B, B, (16)., v¢or = -vyc "-ff "4-vii "-ff

Figure 7 shows contour plots of the various velocities in the regions between the x-
r points; the abscissa is the poloidal-like coordinate x0 and the ordinate is the radial-like

coordinate Y0. The separatrix is located at y0 = 0. For reference, the ion-acoustic
velocity at 100 eV for deuterium is about 105 m/s, and the toroid_a velocity near the '
separatrix is about 10%- 20% of that.

These results indicate that the cross-field drifts do not result in a large power
asymmetry on the plates, but before firm conclusions can be stated, parameter varia-
tions need to be made and the treatment of the x-pointregion improved to allow flow
through this region. The asymmetries that do exist will drive parallel plasma currents;
we are just beginning to look at this effect. The potential needs to be calculated in the
core region which also may influence the conclusions.

Single-Null Configuration with Bias Voltage

For the single-null configuration shown in Fig. 2, we have removed the artificial
boundary in B2 that passed through the x-point, which prevented flow near the x-point
in the poloidal direction; the core now has periodic boundary conditions and the private
flux region is continuous. We shall show the strong effect that divertor plate biasing 6
can have on controlling the distribution of power between the inner and outer plates.

For this study, we use a DIII-D configuration with the following input parameters:

Da =2m 2/s Va=-40m/s
X'ye= 4 m 2/s Xyi = 0.2 IT12/s

T_,cor_ = 100 eV Ti.co,._ = 100 eV
n_o,-, = 2 x 1019 m -3 P_,_y¢i, = 0.97

These parameters result in a total power of -,_1 MW striking the divertor plates.. The
(x, y) grid has (32,16) cells, which is somewhat coarse but useful for initial computa-
tional efficiency.

The poloidal current is plotted versus the bias voltage in Fig. 8. Note the rather
sensitive behavior at small voltages. This curve is similar to the I c( tanh(-e¢/_T )
characteristic for a double probe. However, here the situation is more complicated as
the temperatures at the two ends change strongly with Cb. The current in Fig. 8 at
about 50% of the saturation current for both Cb = -t-50 V. We tried running the code
for ¢b = 100 V, but it did not converge.

A more striking result is shown in Fig. 9 where the power to each plate is given,
together with that provided from the bias supply. The power to each plate can be
varied by a factor of 4, and the power ratio by a factor of 16. Note that a very modest

. bias supply power is needed except at the largest voltages.
The power asymmetry can be explained by the large electron convective heat flux

that arises in response to the bias potential. This additional heat flux can be written
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in the form given by Eq. (12) if one adopts the convention of using the ion velocity
for the remaining electron convective heat flow, (5/2)neTevi. In terms of the poloidal
current density, Jx, the additional heat _ux is,

qxej = 3.2JxT_/e (17)

where c_ = 0.7 has been used. The total power associated with this flow can be
estimated as -3.2IxTe/e, where Ix is the polodial current in Fig. 8. Thus, for Cb = --5
V, Ix _ 2 kA, and for an average value of T, = 50 eV, the extra electron convected
power is -0.3 MW. The minus sign means this power is directed toward the inner plate.
By considering Fig. 9, one can see that this power is of sufficient size, and of the proper
sign, to account for the shift of power to the inner divertor plate for Cb = --5 V.

Finally, we note that the cross-field drifts were left off for the DIII-D cases discussed
above. If we turn on the diamagnetic particle and energy fluxes given in Eqs. (7-8,10-
11), we calculate only _ 10% difference in the results. Presently, the code has trouble
operating with the E × B velocities on, so we cannot make specific statements about
that. Part of the problem concerns the resulting drifts near the x-point and how to
extend them smoothly into the core region. We are presently working on this difficulty.

SUMMARY

We summarize our work to date by the following points:

1. Initial results indicate that cross-field drifts give asymmetries of ,,_ 30% for CIT
parameters assuming 500 MW of fusion power. The asymmetries increase with
power to the divertor plates. ,

2. The results may be affected by the treatment of the x-point region for double-null
configurations which needs to be upgraded by removing the artificial reflecting
boundary as we have done for the single null. We will work on that this year.

3. The cross-field drifts do result in a toroidal rotation velocity in the SOL of --_0.1Cs
while the poloidal velocity is constrained to a lower value.

4. We have demonstrated that a small bias-supply power can control the distribution
of a large divertor power between inner and outer plates for the single null DIII-D
parameter regime.

5. Dominant effect for power control is the additional electron parallel convective
heat flux proportional to Jll"

6. Power distribution control should also be possible for higher power, double null
configurations like ITER or CIT, but simulations are yet to be done. This mech-
anism would provide a powerful technique for correcting asymmetries that arise
from cross-field drifts and unbalanced MHD equilibria.
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7. Calculation of the potential in the core region to give proper E x B drifts remains
to be done.
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FIGURE CAPTIONS

Fig. 1. Poloidal cross section of a tokamak like CIT with double-null divertor (four
plates). The directions of various unit vectors are illustrated.

Fig. 2. Poloidal cross section of the DIII-D tokamak with a single-null divertor (two
plates).

Fig. 3. Poloidal flux surfaces from a conformal mapping by B. J. Braams used to
model the R = 2.6 m, B = 9 T CIT configuration. We rotate these surfaces about the
midplane to obtain the symmetric upper half region as well.

Fig. 4. Total power incident on the outer upper and lower divertor plates for CIT
versus the assumed temperature on the core boundary just inside the separatrix. The
asymmetry is caused by the presence of cross-field fluxes.

Fig. 5. Energy fluxes (total, ion, and electron) versus distance along the divertor plate
for (a), the upper and lower divertor plates with Tc = 500 eV with cross-field fluxes,
and (b), the same case without cross-field terms.

Fig. 6. Midplane profiles of (a), potential, and ion and electron temperatures, and in
(b), the density.

Fig. 7. Contour plots of various velocities in the core, SOL region showing a large
toroidal velocity compared to the poloidal velocity for the Tc = 500 eV case.

Fig. 8. The poloidal current versus bias voltage of the single null DIII-D case with the
core temperature Tc = 100 eV.

Fig. 9. The power to the inner and outer divertor plates versus bias voltage, and the
external power required from the bias supply.
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