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ABSTRACT
Techniques used to generate grids for edge fluid codes such as B2 from
numerically computed equilibria are discussed. Fully orthogonal, numeri
cally derived grids closely resembling analytically prescribed meshes can be
obtained. But, the details of the poloidal field can vary, yielding signifi
cantly different plasma parameters in the simulations. The magnitude of
these differences is consistent with the predictions of an analytic model of
the scrape-off layer. Both numerical and analytic grids are insensitive to
changes in their defining parameters. Methods for implementing nonorthogonal boundaries in these meshes are also presented; they differ slightly from
those required for fully orthogonal grids.
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I.

Introduction

Until recently, the only method available for generating computational
meshes for use in the B2 edge plasma fluid code has been an analytic conformal mapping technique. Although the resulting grid is fairly smooth and
computationally robust, it is difficult to obtain an exact match to an exter
nally computed equilibrium. Furthermore, the effort required to specify the
parameters in the algorithm prevents new meshes from being generated as
frequently as needed. These concerns have led us to develop procedures for
deriving B2 grids directly from numerical equilibria; this work is similar to
that performed earlier. "
Simulations of Burning Plasma Experiment (BPX; formerly the Com
pact Ignition Tokamak) using B2 with an initial numerical' grid did not
match those resulting from a corresponding conformal map mesh, despite
the fact that the two grids were based on the same equilibrium. Initial im
provements to the numerical mesh generation procedure gave rise to B2 runs
which did not converge under the same conditions as did the previous cases.
These difficulties led us to investigate more closely the techniques used to
generate B2 numerical meshes and to examine the differences between them
and the corresponding conformal map grids.
The first step in the mesh generation procedure is carried out by a sep
arate code; we will not consider charges to it here. Instead, we will focus
on the manner in which B2 interpolates its mesh from the preliminary grid
computed in this first step. In Sec. II, we will demonstrate a method for
obtaining a grid that is as close to the corresponding conformal map mesh
as possible. Despite the visual similarity of the grids, differences persist in
the resulting B2 simulations. These originate from small variations in the
equilibria represented by the two grids; an analytic scaling for the peak divertor heat flux in terms of geometrical quantities provides a good description
of these variations. We consider in Sec. Ill the sensitivity of B2 results to
changes in the parameters used to define the grids. For typical parameters,
little sensitivity is found. The need to accurately incorporate the material
boundaries of fusion devices leads us to consider also meshes which are not
fully orthogonal. We demonstrate in Sec. IV how the techniques of Sec. II
can be altered to properly treat these grids. Finally, we present in Sec. V
our conclusions.
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II.

Comparing Numerically and Analytically Generated
Grids

The procedure for generating a B2 grid from a numerically computed
equilibrium consists of two pieces. The first is carried out by a separate
code. This routine begins by reading a file containing the MHD equilibrium
information, namely, the values of the magnetic flux on a mesh in physical
R (the major radius) and Z (height with respect to the tokamak midplane)
space. Individual flux surface shapes are determined from these data, and
the X-point, if present, is located. Coordinate surfaces perpendicular to the
flux surfaces are set up. Finally, material boundary specifications are taken
into account. If nonorthogonal grids are desired, the perpendicular surfaces
near the target boundary are pushed back along the field lines until they
conform.
The R and Z coordinates of the 1 < ix' < ax' (along flux surfaces) by
1 5= iy' 5: ay (across flux surfaces) points comprising the preliminary grid
are written to a file. In addition, the components of the magnetic field vector
BR, BZ and B$ (toroidal) at each grid point are recorded.
The second piece of the grid generation procedure is carried out at the
start of B2 and begins with the reading of the file containing the preliminary
grid. The B2 code interpolates from this (usually very fine) grid a somewhat
rougher version on which the actual calculations will be done. The grid
indices for the final computational mesh range over 0 < ix < nx + 1 (0 <
iy < ny + 1). The values of nx and ny are input when B2 is run.
Two steps are required to generate the final B2 grid. First, the integer
indices of the input grid must be mapped onto on a real interval using some
continuous function. Second, the integers labeling the final grid must be
mapped onto the same interval. Then, simple interpolation techniques can
be used to determine the R, Z, and B values at each of the final grid points.
Note that the two mapping functions need not be related.
A good mesh should have a smoothly varying spacing between grid points;
there are some indications that numerical calculations are more well-behaved
under these conditions. Since smoothness is one of the virtues of the ana
lytically derived conformal map mesh and since we are attempting to match
as closely as possible the B2 results it yields, we endeavor to duplicate in the
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numerically generated grid the x and y spacing of the conformal map mesh.
At this point, we define x and y more precisely. We denote by x the
poloidal distance along a fixed reference flux surface and by y the distance
along some reference line in the perpendicular direction. We design the
numerical grid interpolation procedure so that it will yield x and y arrays
that closely match those of the analytic grid. For a symmetric double null
geometry, we define the functions mapping ix' and iy' of the preliminary
mesh on to the real line as the distance along the separatrix, i'(ix'), and the
distance along midplane relative to the separatrix, y'(iy'), respectively.
The second step in generating the final B2 grid makes use of a general in
terpolation procedure (also employed in producing the conformal map grid )
which smoothly interpolates a function between two points with specified first
derivatives at each end. The interpolation function is actually a composition
of three functions. The most basic element is
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Furthermore, /i„ rp is monotonic if /£, j ' , and ft — A all have the same sign.
We divide the x array into two pieces, one above the X-point and one
below. Likewise, the y array is divided into two sections, one inside the
separatrix and one outside. In defining the interpolation functions for x,
we take from a BPX conformal map mesh the values of 1 at each endpoint
of the two segments; these become the u„ and v values in Eq. (5). We
also note the widths Ax of the first and last zones, Ax„ and Ai(, of each
segment. All of these lengths are rescaled to match the corresponding lengths
in the preliminary numerical mesh, allowing this BPX conformal map mesh
to serve as a general template for all numerically generated symmetric double
null grids. Of course, these length parameters can be altered to match those
te
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of some other reference mesh. We use in Eq. (5) f'(v ) = Ax nx ,
and
/'(ut) = Amnion, where nx„, is the number of grid points used in the
reference conformal map. For points in the first half of the final B2 grid
(ix < nx/2), the parameters for the segment above the X-point are used. In
the second half, the segment below che X-point provides the v and »j. An
analogous procedure provides the two interpolation functions needed for y.
Completely defining the final B2 grid is a somewhat involved procedure
since all cell corners and cell centers must be specified. As B2 goes through
this process, it requests the R and Z coordinates corresponding to each
"(ix, iy)" pair (which are not necessarily integers) it requires. Values for x
and y are obtained for this pair from the interpolation functions described
above. By comparing these x and y against x'(ix') and y'(iy'), the nearest
ix and iy from the preliminary mesh can be identified. The R and Z
coordinates are then determined by a simple 2-D linear interpolation schsme.
The interpolation information is used again to set the values of the three
components of B.
We show as an example the complete B2 scrape-off layer mesh for a
standard BPX equilibrium in Fig. 1. An enlargement of the region near the
divertor is shown in Fig. 2; this should be compared with the corresponding
plot for the analytic conformal map mesh, Fig. 3. Note that the parameters
defining the conformal map were set so as to match as closely as possible
the same numerical equilibrium upon which the preliminary grid is based.
The total width in y for the two grids is different (this can be altered in
the preparation of the preliminary mesh); nonetheless, the two meshes are
visually similar.
We now begin to compare the two grids on a quantitative basis. One of the
important geometric quantities in scrape-off layer physics is the connection
length
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where x is the distance in the poloidal plane along along a flux surface and
B is the poloidal magnetic field. A related parameter appears in analytic
descriptions of scrape-off layer behavior,
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For example, the Barr model predicts that the peak heat flux q

scales as
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where B di is the value of the poloidal field at the divertor plate. The
quantities Z,||, G, and B ^ivG~ ' LZ ' provide rough bases for comparing
meshes.
In Table I, we present the values of these parameters for the two grids
in Figs. 2 and 3 along flux surfaces iy = 7 and 15 (ny = 24; separatrix is
the boundary between iy = 6 and 7). It is clear that noticeable differences
persist in the parameters despite the visual similarity of the figures. The
discrepancies in Table I result instead from variations in the poloidal field.
Namely, the equilibria represented by the two grids are slightly different (for
example, this might indicate that the equilibrium described by the conformal
map is not exactly the same as the one from which it is derived).
In comparing the results of B2 runs (with reference BPX parameters )
using the two grids, we find that the scaling Eq. (9) accurately reflects (to
within ~ 5%) the differences in Table I. We conclude that even though
these meshes appear to be very similar, small deviations in the poloidal field
values (particularly near the X-point and divertor plate) can arise, yielding
significant discrepancies in the peak heat flux.
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This point is relevant to comparisons of different numerical equilibria as
we'.l. During BPX operation, the strike point will be swept over the divertor
in order to more evenly spread the heat flux. The consequent differences in
the equilibria are capable of giving rise to noticeable differences in the peak
heat fluxes even when the same core plasma assumptions are used. As an
example, we show in Figs. 4 and 5 equilibria from the beginning and end,
respectively, of the BPX divertor sweep (note the different R and Z scales
in the figures). In both cases, the divertor plate is defined as an orthogonal
surface 15 cm, along the separatrix, from the X-point. In Table II we com
pare the geometrical parameters for these equilibria. The differences here are
smaller than those noted in Table I, but are still significant. Again, B2 runs
performed on these two equilibria using the same input parameters yield val
ues for the peak heat flux which scale reasonably well with
B ji G~ ' LZ
according to Eq. (9). Given the importance of the peak heat flux in eval
uating divertor performance, it would be prudent to carry out B2 runs to
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simulate multiple operating points during a BPX discharge. On the other
hand, the overall uncertainties associated with these calculations could very
well be much larger than these geometric differences.
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III.

Sensitivity to Grid-Defining Parameters

In this section, we examine the extent to which the details of the B2
grid impact the results. One would like to find that the outcome of the
calculations is insensitive to variations in the parameters defining the B2 grid.
For this discussion, we utilize both numerically and analytically generated
grids.
We first consider alterations in the values of Ay on either side of the
separatrix in the numerical grid. In this case, the geometric parameters
listed in Table I do not change noticeably. We assume that the results of
a B2 run would follow suit. Varying the value of Ax above and below the
X-point in both the numerical and conformal map grids does not lead to
substantial changes in the geometric parameters either. B2 runs with BPX
parameters confirm that the simulation results are insensitive as well.
Next, we examine the sensitivity to ny. The value of Ay is varied propor
tionately. Raising ny from 24 to 48 for the numerical grid leads to differences
in BPX plasma parameters at the plate of a few percent (except for the
peak particle flux which changes by ~ 16%). Doing likewise for the conformal map, we again find differences in BPX divertor plasma parameters
of no more than a few percent. We thus conclude that these B2 runs are
reasonably well converged in ny at ny = 24.
Finally, we consider variations in nx with the numerical grid (holding all
Ax values fixed). In Figs. 6 and 7, we show the electron temperature and
density variation along the field line near the plate in several runs of B2
using BPX reference parameters; nx ranges from 16 to 80. It appears that
convergence in nx is rather poor, particularly with regard to the density.
The standard analytic neutral transport model used in B2 employs a
limit on the ion source rate in the two zones closest to the plate (ix = nx — 1
and nx); this limitation is required in general to ensure that B2 can obtain
a solution. If nx is large enough the limit is not exceeded; so, the results
should converge <-<•:, nx —• oo. However, when the limit is in effect, an intrinsic
1
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dependence on the number of grid points is introduced into the problem, and
unphysical variations in plate parameters with nx result, as is exemplified by
Figs. 6 and 7.
For this particular set of parameters, the source rate limitation can be
removed without affecting the ability of B2 to find a solution. We show in
Figs. 8 and 9 plots from such simulations. The code reacts more smoothly
to changes in nx in this case. It is apparent from these plots that nx > 64 is
required to resolve properly the ion source rate near the plate and eliminate
the sensitivity to nx. But, nx = 32 is probably adequate for most applications
when we consider that our understanding of the physics near the sheath is
somewhat incomplete.

IV.

Treatment of Grids with Nonorthogonal Boundary
Conditions

Thus far we have discussed meshes which are entirely orthogonal. Rarely
is it the case, however, that the field lines in an actual device are normal to
the divertor target plate or limiter. In fact, glancing incidence is common. ' *
In order to allow such situations to be modeled with a minimum of new code
development, an approximate technique for treating nonorthogonal boundary
conditions has been developed.
The additional work required is done primarily in preparing the prelim
inary mesh. As in Sec. II, an orthogonal mesh is first established using the
information from the numerical equilibrium. Additional data describing the
material surfaces in closest proximity to the plasma are specified. We re
fer to the portion of this surface on which the sheath boundary condition
will be established as the target surface. The orthogonal mesh is deformed
by "pushing back" the (formerly) perpendicular grid surfaces along the field
lines (which remain unaltered) until they conform to the shape of the target
surface. The result is that each flux tube has at its end some number of
very narrow (in the direction along the flux surfaces) zones; the number of
narrow zones varies with the grid index along the target. The mesh remains
orthogonal everywhere except in the immediate vicinity (much less than any
distance scale of interest to B2) of this target surface.
The first application of this technique was in modeling the TFTR lim11 1
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iter. The TFTR case is particularly severe in that the field lines are virtually
parallel to the limiter surface near the device midplane. More recently, we
have applied our methoa to fimulations of BPX reference scenarios. Engi
neering specifications for the divertor and limiter shapes corresponding to the
BPX reference equilibria discussed in Sec. II have been obtained and used in
generating preliminary meshes for B2.
However, the procedures described in Sec. II for generating the final B2
mesh fail in this instance. The problem is that in the preliminary mesh,
the distance between the perpendicular surfaces along the separatrix is very
small for the very narrow zones near the target (by design). Some of the
zones in the final mesh must be selected from within this short interval in
order for the nonorthogonality to be properly resolved. There is no way in
general to specify the parameters used in Sec. II to do this effectively.
The grid resolution required for accurate calculation of neutral transport
behavior must also be considered. If the B2 grid is to be used in Monte Carlo
neutral transport calculations, the normal-size zones nea* the target must
be sufficiently close together to resolve the ion source rate profile. Again, the
interpolation functions described in Sec. II do not perform adequately in this
regard.
Our solution to these problems is not too different from that of Sec. II.
Instead of mapping ix' and iy' onto the real line using distance along the
separatrix and midplane, we set up a simple linear map onto the interval
(0,1). In this manner, the densely packed ones near th arget are treated
on an equal footing with those of the orthogonal portior ^ the grid.
In the second step of preparing the final mesh, the interpolation function
along the field lines is defined in three pieces instead of two. The break at
the X-point remains. As before, the function is set up so that n i / 2 of the
grid points fall above the X-point, and n i / 2 fall below. Now, however, the
region between the X-point and the target surface is divided again in two.
This introduces four new variables into the problem.
One of these, the value of the interpolating function at the second break
point, determines where in R and Z space the break point falls. In a divertor
geometry, we locate this break near the separatrix stike point so that the
size of the normal zones in that vicinity can be varied. Another parameter
controls the corresponding value of ix. The remaining two parameters set
13

10

the mesh spacing on either side of the break point. As before, the mesh
spacing just below the X-point and at the target plate can be adjusted. The
latter, however, is not very useful due to the packing of zones required by the
nonorthogonal boundary condition. The mesh spacing above the X-point is
arranged so as to blend as smoothly as possible into the spacing below the
X-point, as was done in Sec. II. One drawback to this revised procedure is
that there is no automatic means of determining these mesh parameters in
general; they must be chosen through a trial-and-error process.
The nonorthogonal BPX mesh corresponding to Fig. 5 is shown in Fig. 10.
Note the reduced spacing bjtweeu orthogonal cells near the intersection of
the separatrix with the target plate. This grid features nx = 64 rather than
the ax = 32 used elsewhere in this paper. An increased number of grids
is required since several zones are essentially "wasted" in setting up the
nonorthogonal boundary condition. The additional zones make up for the
loss, maintaining at least 16 orthogonal zones between the target plate and
the X-point.
Comparing B2 runs with the orthogonal and nonorthogonal grids shown
in Figs. 5 and 10, we find very similar results. This may not be the case,
however, with a Monte Carlo calculation of the neutral behavior. Namely,
with the nonorthogonal grid we expect the neutral density to spread outward
to a greater extent as a result of the inclined plate.

V.

Conclusions

We have discussed in detail techniques for generating from numerically
computed equilibria grids for use in edge fluid codes such as B2. Numerically
derived grids closely resembling those obtained by analytic (conformal map)
means can be produced. But, to the extent that details in the poloidal field
values differ, simulation results vary. These variations are consistent with an
analytic scaling.
We have shown that both numerical and analytic grids are relatively
insensitive to changes in their defining parameters. The most problematic
of these parameters is the number of grid points along the field line. As it
is changed, the mesh spacing near the target sheath is altered. Given that
the plasma parameters (particularly the density) can vary rapidly in this
8
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region, one expects to find some sensitivity to mesh spacing of the plasma
values immediately in front of the sheath. However, as the mesh spacing is
made much smaller than the neutral mean free path, this sensitivity should
diminish.
Finally, we have discussed techniques for implementing nonorthogonal
boundaries in B2 grids. A slightly different mesh generation technique is
required in this case. Although we obtain results similar to those found with
orthogonal grids, we expect greater differences when a Monte Carlo neutral
transport calculation is used.
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Numerical Grid
Conformal Map

iy
7
15
7
15

h
39.4
18.2
27.8
15.3

G
229.
231.
255.
257.

B G-V*L-*<»
0.00151
0.00235
0.00232
0.00312
tAiv

Table I: Geometric scrape-off layer parameters; all units are MKS. Note
that iy = 7 is the zone immediately outside the separatrix; iy = 15 is
approximately one scrape-off width farther out.

Sweep start
Sweep end

iy
7
15
7
15

h

G
239.
241.
250.
254.

37.0
17.4
45.4
19.1

BfAivG

^||

0.00161
0.00242
0.00121
0.00217

Table II: Geometric scrape-off layer parameters for BPX reference equilibria
at the beginning and end of the divertor sweep; all units are MKS.
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Figures
FIG. 1. Mesh for B2 numerically derived from an equilibrium computed for
a standard BPX discharge. This represents the lower, outer quadrant of
the scrape-off layer in an up-down symmetric double-null discharge.
FIG. 2. Enlargement of the divertor region in a B2 mesh numerically derived
from an equilibrium computed for a standard BPX discharge.
FIG. 3. Enlargement of the divertor region in a B2 mesh obtained by the
analytic conformal mapping procedure. The parameters of the conformal
map are determined by comparison with a standard BPX equilibrium.
FIG. 4. B2 mesh numerically derived from an equilibrium computed for a
standard BPX discharge at the beginning of the divertor sweep.
FIG. 5. B2 mesh numerically derived from an equilibrium computed for a
standard BPX discharge at the end of the divertor sweep.
FIG. 6. Electron density near the plate is plotted as a function of distance
along the field line for a flux surface just outside the separatrix (a) (iy =
7; ny = 24) and for one further out into the scrape-off layer (b) (iy = 10).
The number of grid points in the poloidal direction nx is indicated in the
legend. A BPX conformal map geometry is used.
FIG. 7. Electron temperature near the plate is plotted as a function of dis
tance along the field line for a flux surface just outside the separatrix
(a) (iy = 7; ny = 24) and for one further out into the scrape-off layer
(b) (iy = 10). The number of grid points in the poloidal direction nx is
indicated in the legend. A BPX conformal map geometry is used.
FIG. 8. Electron density near the plate is plotted as a function of distance
along the field line for a flux surface just outside the separatrix (a) (iy =
7; ny = 24) and for one further out into the scrape-off layer (b) (iy = 10).
The number of grid points in the poloidal direction nx is indicated in the
legend. A BPX conformal map geometry is used; the restriction on the
ion source in the cells adjacent to the plate is removed.
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FIG. 9. Electron temperature near the plate is plotted as a function of dis
tance along the field line for a flux surface just outside the separatrix
(a) (iy = 7; ny = 24) and for one further out into the scrape-off layer
(b) (iy = 10). The number of grid points in the poloidal direction nx
is indicated in the legend. A BPX conformal map geometry is used; the
restriction on the ion source in the cells adjacent to the plate is removed.
FIG. 10. Nonorhtogonal B2 mesh numerically derived from an equilibrium
computed for a standard BPX discharge at the end of the divertor sweep.
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