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Abstract

This paper examines the accuracy and calculation speed for the magnetic field computation in an
axisymmetric electromagnet. Different numerical techniques, based on an adaptive nonuniform grid,
high order finite difference approximations and semi-analitical calculation of boundary conditions are
considered. These techniques are being applied to the modeling of the Variable Specific Impulse
Magnetoplasma Rocket. For high-accuracy calculations, a fourth-order scheme offers dramatic
advantages over a second-order scheme. For complex physical configurations of interest in plasma
propulsion, a second-order scheme with nonuniform mesh gives the best results. Also, the relative
advantages of various methods are described when the speed of computation is an important
consideration.

1. Introduction

Computing the axisymmetric magnetic field generated by the current in a coil is a numerical problem
frequently encountered in the mathematical modeling of plasmaflows, charged particle beams|[1, 2, 3],
and other areas of physics. The problem can be approached in a variety of ways involving numerical
integration methods as well as finite difference, finite volume, finite element, or other numerical
methods for solving partial differential equations. All methods produce results, which may trade off
computational speed for accuracy. The results depend very much on the order of approximation, the
use of uniform or nonuniform grids, and other factors. For steady state solutions, the numerical
approach may be different than for those solutions involving time dependence.

One important area of interest involves the study of plasma behavior in the Variable Specific Impulse
Magnetoplasma Rocket (VASIMR) engine [4]. This new space propulsion concept is being studied at
the Advanced Space Propulsion Laboratory (ASPL) of the NASA Johnson Space Center in Houston,
Texas. Numerical simulation data are a crucial element of this research. They alow us to accurately
predict system performance before developing costly experimental test equipment. In addition,
numerical modeling is helpful in the design of plasma heating schemes and understanding plasma
behavior inthe VASIMR.

A number of factors direct requirements on code accuracy and computational speed. For example, the
measurement accuracy of magnetic field with most available laboratory instrumentation is about 0.1%
[5, 6]. Furthermore, magnetic coils can only be positioned with a limited degree of precison. These
experimental realities limit the relative error, which can be experimentally verified to about 0.001. On
the other hand, simulating plasma instabilities and other more complex dynamics may require a high-
accuracy numerical solution. Such accurate solutions may also be useful in developing plasma control
algorithms for an operational device. Still another important issue pertains to solver speed, as the
complex iterative mathematical modeling of a magnetoplasma thruster requires multiple fast
recal culation of the magnetostatic problem.

Finite difference and finite volume methods are widely used for solving the magnetostatic problem [7-
9]. In previous publications, researchers have approached the problem in Cartesian coordinates. We,
in turn, use a cylindrical coordinate formulation, assuming axia symmetry, and explore a high-order
finite volume approximation. In addition, we anayze and describe the effects of uniform vs.
nonuniform grids with respect to accuracy, computational speed and robustness. The results are
presented in the context of the VASIMR described briefly in the next section.



2. VASIMR system

The VASIMR system is a high-power-density magnetoplasma rocket, which is capable of rea-time
exhaust modulation for optimum performance. In the system, shown in Figure 1, hydrogen plasmais
created, heated, and expelled through an open-ended magnetic configuration to provide modulated
rocket thrust. The genera magnetic structure of the VASIMR is that of an asymmetric magnetic
mirror, comprising three linked magnetic stages. The present system preserves azimuthal symmetry.
The magnetic configuration of the VASIMRLI combined with its approach to plasma generation,
heating, and acceleration[] results in a unique engine whose theoretical performance far exceeds that

of present-day rockets[10, 11].
RADIATIVE COOLING PANEL SUPERCONDUCTING ELECTROMAGNETS

N
LIQUID HYDROGEN /
IIII||I|||||IIIIIIIIII| e

-
—Y
\NJECTION 1>
SYSTEM || [

FWD END CELL

_
COND/SUPPLY / J 7 w/
[
HELICON ANTENNA ICRF ANTENNA T
ARRAY
SECONDARY GAS
COND. EQUIP.
\—ﬂn CELL
AFT END I
POWER COND./SUPPLY
RF

POWER COND./SUPPLY
POWER ELECTRICAL POWER POWER COND.
SUPPLY EQUIE:

Figure 1. The VASIMR system.
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Figure 2. Projected design of the first spaceflight low-power VASIMR thruster.

A ampler variaion of the VASIMR systemisshown in Figure 2. In this configuration, the exhaust and heating
cdls are merged to provide a Smpler geometry, abeit with some limitations in performance. This smpler
VASIMR will be used in the firg flight experiment envisioned to demondrate this technology. Denoted the
“radiation and technology demondgtrator” (RTD), this experiment is currently the subject of consderable
theoretical and experimenta study.

An experimentd evauation of the VASIMR performance is being conducted in a laboratory device which
uses ample liquid nitrogencooled copper magnets.  These units are integrated into a vacuum structure by
placing them in sainless stedl enclosures, which can withstand the atmospheric pressure forces. The coils are
attached to a structura pacer, which provides diagnostic and view port access. While this magnet assembly
would be unsuitable for spaceflight, the resulting magnetic field closdy resembles that of the actua RTD flight
experiment and can be comfortably studied in the laboratory. Figure 3 shows a composite trimetric view of
the present experiment configuration with an actua photograph of the device.



vacuum tank

Figure 3. Trimetric view with an actual photo of the present VASIMR configuration at the ASPL.

3. Thefundamental magnetostatic problem

The magnetostatic problem is a steady state case of two vector Maxwell equations:

N"=B=r, B=N"A, 1)

where B is the magnetic induction vector, mis the magnetic permegbility, r isthe current densty and A isthe
magnetic vector potentid. This paper is devoted to the fast and accurate calculaion of B for a specified
azimutha current dengity r in the specia case of cylindrical symmetry and constant magnetic permesbility m
In that case, the magnetic vector potential A, written in the cylindrical coordinate system (r, g 2), hasonly an
azimutha nonzero component: A = (0, Aq(r, 2), 0) and the problem (1) can be rewritten in the following form:

Sr—=—-—=1(r,z)=mr, (r,2)T W (2)

where u(r, 2) = r Ay(r, 2) isthe magnetic flux, shown in Figure 4, and Wis a computational domain.

4



(7.2

u(r,z)= éﬂBzdS I
S?’

k

Figure 4. Definition of the magnetic flux u(r, 2).

Theoretically, the azimuthal component of the magnetic vector potential for the magnetic field
generated by a coil with arbitrary cross section can be computed by numerically integrating the
following analytical formula over the coil cross section ¢ [12]:

B 4p(r,2) v sfg O 2 _ 4rr'
Ag(r,z)—uJIT\/;%l 2E< Egﬂrdz, s (T r Y +(z42 ) (3)

where K and E are full elliptic integrals of the first and second kind, respectively [13]. If the number
of grid points and the number of numerical integration points are large, then the computational time
can be excessive. In order to reduce computationa time, equation (2) is solved in a gridded domain
using finite difference (FDM)), finite element (FEM), or finite volume (FVM) methods. In some cases,
numerical integration of equation (3) is still useful for calculating the magnetic potential over a much
smaller domain, such as for determining boundary conditions.

4. Solution strategy

In order to solve the magnetostatic problem of equation (2) in a computer we need to discretize it from
its partial differential form into a system of algebraic equations using an approximation technique.
Furthermore, the computational domain, shown in Figure 5, must be discretized also into a mesh of
nodal points. Let ustake on the domain discretization first.

4.1 Domain discretization

For simplicity, we consider a single coil with rectangular cross sectionc={Ry < r < R, Z; < z< Z3}
in the rectangular computational domain Q = {0 < r < Rs, Zo < z< Zz}. Since the cail is symmetric
with respect to z = 0, the computational domain can be reduced by half to Q= {0<r <R3, 0< z< Z3}
with a boundary condition du/dz = 0 a z= 0, based on symmetry. Another boundary condition, u= 0
at r = 0, follows from the definition of u(r, 2).



Following the geometry of Figure 5, the above domain can be discretized as follows. Let h" and h* be
mesh steps for the mesh:

0 =0 0 2 =0

0 _ U -

0 n=r+h 0 7 =2+h

H r=n+h H z=zn+h

S r3=rp+hy S =7+h

U : U :

%Nr =IN-1thy %Nz =7y, th

Finally, let us define anew array ujj such that u;; = u(ri, z) at each node of the rectangular grid.
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Figure 5. Defining the computational domain Q for the axisymmetric single coil with rectangular cross
section ¢ and generating a rectangular grid for the problem. Here N, =9, N, = 8.

4.2 Equation discretization

After the computational domain is discretized, the second step is to approximate equation (2) into a set
of agebraic equations with respect to u;. We explore two techniques to do this. Thefirst oneisa9-
point, finite difference, fourth-order on uniform grid (9FD4U) approximation. The complete details of
the derivation are described in Appendix 1. The result is the following system of algebraic equations
with respect to ujj:

PO U; — PLU_y; = P2U; i — P Uiy — PA U uy — PO UL g

. . (4)
= P6;U_y = P7Uy o~ P8 UL, = FO, i1=2,.N, -1, j=2,.N,-1,

where the coefficients and right-hand side formulas are given by:
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Figure 6 shows stencils for the 9-point and 5-point schemes described in this paper.
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Figure 6. 9-point and 5-point stencils with local numeration of the nodal points.

A similar 9-point finite difference scheme for the Poisson equation in Cartesian coordinates is well
known [7-9]. However, such schemes have not been investigated thoroughly for partial differential
eguations in cylindrical coordinates asin our case.

The efficient use of this method has some limitations. For example, its accuracy is greatly reduced
when using a nonuniform mesh. Also, the grid aspect ratio (h,/h;) must be close to unity as described
in equation (19) of Appendix 1. Further still, use of a uniform mesh requires the computational
domain size to be comparable to the characteristic dimension of the magnet. In such cases it may be
necessary to calculate non-zero boundary conditions, using analytical formula (3). This may not be
convenient, when computing field values over much larger domains or when computing field
contributions due to internal plasma currents.

The generalization of the high-order discretization using finite volume approach is described in
Appendix 2. Appendix 3 discusses fast and accurate ways to derive boundary conditions by numerical
integration of analytical formula (3). The results of the investigation of the 9FD4U method will be
presented below after we discuss a second approach.



While the 9FD4U method has grid uniformity limitations, a simpler scheme using a 5-point stencil is
available. This method does not suffer from previous mesh uniformity restrictions and yields faster
solutions due to the reduced computational load. These benefits, however, come at the expense of
accuracy. We have compared the relative advantages and disadvantages that each method offers and
present these results in tabular form in Table 1. We now describe the 5-point scheme in detail.

We will use the name “5FD2N" to refer to the 5-point finite difference second-order on nonuniform
mesh technique, which can be presented by the following system of algebraic equations with respect to
Uij-

PO Ui — PLjUi—1,j = PZj Ui j-1 ~ P3jUi+1,j ~ P4jli j+1 = G, 1=2,..N -1, j=2,.N;-1, ()

where the coefficients and right-hand side formulas are given by:

4 hf—y +hf
PGj =3 pkj, Pl = ——~— =P34,
k -1/ 2h-1 @)
Ry +h _(H_g+R)(hfy +hf)
p2j =————=p4 j-1, f0; = fii.
= Wy J-1 j 2n ij

The scheme has been previously used [2]. One advantage of this method is that the matrix of the
system for any mesh steps is less dense than one for the 9-point scheme and the system (6-7) has a
solution for any grid. Another advantage is that using a nonuniform mesh allows the use of a large
computational domain without sacrificing the minimal mesh size and keeping computational error
small. Furthermore, using a nonuniform mesh allows the use of very large domains. This in turn
permits the boundary condition u = 0 to be used instead of the more computationally expensive
numerical integration of formula (3).

Both numerical approximations are compared below.



Features\ Methods

9FD4uU

SFD2N

1) Approximation
accuracy

fourth-order: k= 4

second-order: k= 2

2) Sparsity of the
matrix

9-diagonal

®

5-diagonal

©

3) Mesh requirements

Required uniform mesh with
h,/h, in some range.
Composition of uniform
meshes introduces
increasing error

Nonuniform mesh works as
good as uniform, when |hi—
hi+1]=0(h)

4) Computational
domain

Because of 3), domain
cannot be very large

Because of 3), mesh can be
large

5) Boundary conditions

Because of 4), BC needsto
be calculated using
numerical integration of
anaytical formula

For large computational
domain, BC can be zero
without introducing big
error

6) Iterative solver

Because of 3), matrix does

Because of 3), the matrix

performance (number not have big condition may have a big condition
of iteration) number, hence the solver number, hence the solver
needs fewer iterations needs more iterations
7) Number of Because of 2), each iteration @ Because of 2), each iteration @
arithmetic operations requires more arithmetic requires fewer arithmetic
per iteration operations operations

8) Applicability to
currents in acomplex
geometry

Because of 5), itisvery
difficult to use the method
for non-rectangular coils or
plasma currents

Because of 5), thereisno
problem using the method
for non-rectangular coils or
plasma currents

9) Inclusion of the
current source in the
domain

If the currents sourceis
inside the computational
domain, the error may be
large

®

Inclusion of the current
source into the domain does
not increase the error

©

Table 1. Comparison of the 9-point finite difference fourth-order on uniform grid approximation with 5-
point finite difference second-order on nonuniform mesh approximation. Symbols & and © are used to
show pros and cons for each scheme.



One of the important features of approximation methods, compared in the Table 1, is accuracy. In
general, accuracy refers to how close the numerical solution approaches the exact one. We choose to
measure the accuracy by bounding the difference between these two solutions to some constant times a
power of the step size. Thisisexpressed by

max | u; —u?(r;,z; ) ks Cmin(h)* = O(h¥), (8)

where the analytical solution u®* can be calculated from formula (3). The value of k refers to the order
of the numerical error, or order of accuracy. The higher the value of k, the more accurate the solution
becomes. In order to find a value of k, one can proceed with the full numerical and analytical
evauation of the left-hand side. However, it has been shown [2] that the k value can be obtained
without requiring this lengthy approach, by using a qualitative anaysis of the numerical
approximations. Using this method, the value of k is found to be k = 4 for the 9FD4U scheme. For
4FD2N, if a quasi-uniform grid is used, i.e. |hi — hi.a| = O(h?), then k = 2. k = 1 for both schemes,
when an arbitrary uniform grid is used.

4.3 Solving the algebraic system

Both finite difference schemes represent the partial differential problem (2) by a system of linear
algebraic equations. The 9FD4U agebraic system is presented in (4) and the 5FD2N in (6). The
resulting linear algebraic systems can be represented by a matrix of the form:

An U = . ©)
Such algebraic systems can be solved either by direct or iterative methods [2, 14].

The resulting linear algebraic systems, presented in this report, are solved by the fast iterative implicit
incomplete factorization method [14 - 15]. The stop criteria for the iterative process of calculating uy,"
isthe following inequality:

| fi = Ahuhn

m <e =101, (10)

The number of iterations n(g) depends on the computational domain and grid and normally is between
20 and 40.

5. Numerical experimentsfor a single cail

5.11D tests

A number of numerical experiments were performed to test the accuracy of the numerical methods.
The first and ssimplest corresponds to the infinite solenoid representing the 1D solution. The solution
results are shown in Appendix 4. The error for the 9FD4U scheme is virtually zero. For the SFD2N,
the error is very small and decreases as h”>. The second and more interesting set of tests is shown
below and corresponds to a single coail of finite size.
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5.2 Coil complexity

The complexity of solving a magnetostatic problem for afinite rectangular cross-section coil is affected
by the coil aspect. This is so because the mesh must be compatible with the coil shape. From the
mesh-generation point of view, it is difficult to discretize the computational domain for a very thin,
very narrow coil or a coil with a very small hole, as illustrated in Figure 7. In general, a nonuniform
mesh is preferable when dealing with a difficult coil.

Difficult coil Easy coil
Hole too small Too thin Too narrow

Figure 7. Difficult vs. easy coils from the mesh-generation point of view.

5.3 Deriving an exact solution and calculating the numerical error

The first test was considered for the “easy” coil “c1” with across section ¢ = [0.5, 1] x[-0.5, 0.5] and a
current density corresponding pp = 1. The solution for this problem is plotted in Figure 8.

15

O Numerical
—— Analytical

15 I . . . I I I |
-2 -1.5 -1 -05 0 0.5 1 15 2
z 4

Figure 8. A magnetic field near an “easy” coil. Left: magnetic field lines (contour lines for the magnetic
flux u(r, 2)). Right: axial magnetic field, calculated numerically and analytically alongr = 0.
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To study the accuracy of the two methods, the numerical solution was compared with a known
analytical solution calculated on the symmetry liner = 0 by the formula

2 _ 2 ]
R+VR+(2-2) 0 )

R +RZ+(2-2,)°

R, +{RE+(2-2,)’
R +R+(z-2,)

-(z-2,)In

0
B2(0,2) =P [z-7,)In
2 g

where current density p is assumed constant in the coil. The following maximal and point-wise
relative errors on the symmetry line were observed:

B3(0,2,) - B}(0.,2))
BZ(0,z )|

S=maxo,(z);  04(7)= (12)

max
J

where B"(0,2) is the numerical solution calculated from the numerical magnetic flux solution u" at the
symmetry liner = 0, according to the scheme described in Appendix 5.

0

107 E T T T T T T
107 3
hagnetic fisld B
107 e 5
54 x 64 mesh
10 i werent experimental requirements

Figure 9. Magnetic field B, (red line) and relative errors & of the magnetic field B for the single cail “cl1”,
calculated on the symmetry liner = 0 by 5FD2N (blue lines) and 9FD4U (green lines) methods using three
different mesh sizes: 64 x 64, 128 x 128 and 256 x 256.
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5.4 Finitedifferencegrid

The first comparison of accuracy of the two methods considers the dependence of the relative error on
the grid size. Thisisshownin Figure9.

Two families of error plots corresponding to 5FD2N and 9FD4U methods are shown in blue and green
color, respectively. In each family three mesh structures were used, including 64 x 64, 128 x 128 and
256 x 256 grid points. Several features of Figure 9 merit discussion.

The second-order non uniform-mesh method 5FD2N is generally less accurate but has more constant
error aong the domain. The fourth-order uniform-mesh method 9FD4U produces more accurate
solution but shows diverged error over the computational domain.

In al cases, the error decreases with increasing grid size in accordance with theoretical predictions.
For example, the second-order 5FD2N method makes the maximal relative error 6 decrease by factors
of 4 as 0.003, 0.0008 and 0.0002, when the grid step size h is divided by 2. On the other hand, the
fourth-order 9FD4U method makes the relative error & go down by factors of 16 as 8.-10°, 5.-10°, and
3.107, when the grid step size h is divided by 2. The strong discontinuities in the error plots are due
to several factors, such as the behavior of the analytical solution and its derivatives, the choice of grid
and the method used. The use of afully adaptive grid will tend to smooth out these irregularities. This
is beyond the scope of this paper.

One can see that, to meet the current experimental requirements on accuracy of 10, the scheme
5FD2N should be used with a 128 x 128 mesh. For the same requirements, the 9FD4U method can be
used with a 64 x 64 mesh. This shows an advantage of the 9FD4U (uniform) method when the
magnetostatic problem is solved for an easier coil.

Mesh configurations for both methods, as applied to an easier coil, are shown in Figure 10. The 2D
nonuniform mesh in Figure 10 (b) is a product of two nonuniform 1D meshes. Each of them is fine
next to points of singularity: edges of the coil and the symmetry line r = 0. It was created
independently in the r and z directions, as described in Appendix 4 for the 1D case.

05

-05

05 1 15 2

a) 9rp4u b) SFD2N

Figure 10. An example for the uniform (a) and nonuniform (b) finite difference meshesfor “cl1” coil.

13



5.5 Domain size and boundary conditions

In the above calculation, the size of the computational domain: Q = {[0, 8] x[-8, 8]} was chosen to be
about ten times the size of the coil. The requirement is particular to the magnetoplasma thruster
design. If the magnetic field needs to be calculated only near the coil, the computational domain can
be much smaller, simplifying the problem considerably.

Choosing an appropriate domain size is related to choosing appropriate boundary conditions. As
mentioned earlier, there are two ways of handling boundary conditions. First, a semi-analytical
formula given by equation (3) can be used to compute the field value at the boundary for both
methods. Second, the magnetic potential is assumed to be zero at the boundary, which is a good
assumption for alarge domain.

In the first approach, formula (3) requires the use of a numerical integration technique described in
Appendix 3. Convergence of the boundary condition calculation method is presented in Appendix 6.
This method works well for both 9FD4U and 5FD2N schemes, when the current source is given as a
coil with small cross section.

For the large enough domain, the 5FD2N method can work efficiently with zero boundary conditions.
This property allows it to work efficiently for problems with complex current source terms, such as
plasma currents, when the first approach based on formula (3) cannot be used. The accuracy of the
5FD2N scheme with zero boundary conditions is demonstrated below. The 9FD4U scheme is taken
out of comparison there, because alarge computational domain with adifficult coil requirestoo large a
uniform mesh.

Since an exact solution may not be small on the boundary points close to the coil, the use of a small
domain with zero boundary conditions could be a source of the error. On the other hand, a large
domain could be an error source as well, if the grid istoo coarse. The optima domain size depends on
the coil geometry and can be found from numerical experiments. The dependence of the numerical
error from the domain size R; and coil geometry for the fixed number of grid points is presented in
Figure 11.

14



zero boundary conditions R

Pl

semi-analytical
s boundary conditions 4

| | 1 1 |
1 ) 10 30 100

Figure1l. Maximal relative error of the 5-point scheme 5SFD2N, as a function of the domain size R;. 2D
calculations of the magnetostatic problem for “c1” and “c2" coils were performed, using semi-analytical
and zero boundary conditions. For each Rs, the nonuniform mesh 128 by 128 was built to minimize the
relative error for 1D problem.

Let’s analyze the error for the “easy” coil “c1” and the long-shaped “difficult” coil “c2” with cross
section ¢ = [0.049, 0.053] Xx[-0.2, 0.2], shown in Figure 11. The use of the semi-analytical boundary
conditions provides less error, especialy for the small domain size R;. Use of zero boundary
conditions produces a big error for the small domain size. Also, for sufficiently large domain size, the
error would grow, because the grid becomes coarse. The zero boundary conditions yield a minimum
error corresponding to some “optimal” value for the domain size Rs.

Since the coil “c2” has a smaller and thinner cross section than “cl”, the optimal domain size is
different. While the total number of mesh pointsisfixed at 128 by 128, the plots have minimums at R;
= 50, 4 = 0.0003 for coil “c1” and Rz = 8, 6 = 0.0002 for the coil “c2”. These numerical tests
demonstrate the robustness and good performance of the 5FD2N scheme for solving the magnetostatic
problem for adifficult coil.
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6. Numerical experimentsfor a multi-coil system

Our ultimate test demorstrated in this section corresponds to the multiple-coil sysem involved in the
magnetoplasma thruster.  This system conssts of rectangular cross-section coils of different shepe. Thisis
why our magnetostatic solver needs to work well for avariety of coil geometries.

In practice, the usud problem conssts of computing the magnetic field of the st of various coils of different
sizes and placed at varying distances from one another. Fortunatdly, the principle of superposition applies and
the totd fidd of the coil system is the sum of the fidds of separate coils. In doing o, the Sze of the
computational domain and the number of mesh-points can be decreased dramaticaly. Asshown in Figure 12,
a nonuniform mesh has singular points &t the coil edges; hence the number of Sngular mesh pointsis bigger for
the multi-coil system. By bresking up the magnet into sngle coils, the number of sngular mesh points is
greatly reduced.

@_ e e e e e e il

Figure 12. Illustration of the principle of superposition. The magnetic field for the multi-coil system
(top) can be calculated as a superposition of the magnetic fields of each individual coil (bottom). Sample
nonuniform meshes are shown for the 5SFD2N method.

The full magnet fidd of the low-power VASIMR thrugter is shown in Figure 13. Table 2 specifies the various
magnet parameters.
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Figure 13. Magnetic field for the 14-coil magnetoplasma rocket configuration.
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N Ry R Z1 Z> J Section Sample nonuniform mesh

1 |01068 | 01108 |002 |004 |2000.0

2 |01028 | 01068 | 002 |006 | 40000

3 |01004 | 01028 |002 |012 |eoooo | Helicon
magnets

4 |0098 |01004 (002 |016 |8000.0

5 |0095 |0098 |002 |018 | 120000

6 |0005 |0145 |03075 | 03525 | 1100000 | SNoKe ‘
magnet

7 10095 |0101 |039 |053 |420000

8 |0101 |0103 |045 |053 |8000.0

9 |0103 |0105 |047 |053 |eo000 |'CRH
magnets

10 0105 |0107 |049 |053 | 4000.0

11 0107 |0109 |051 |053 | 2000.0

12 0113 |0117 |053 |061 | 16000.0

13 |0117 |o12s |o057 |oer |160000 | Maanetic
nozzle . s

14 |0125 |0.145 |059 0.61 20000.0 | .

Table 2. Description of the multi-coil magnetic configuration considered for the RTD VASIMR thruster
shown in Figure13. HereJisthetotal currentin each coil. The current density function pin each coil is
computed as p=J/ (R, — Ry)(Z, — Zy).

The uniform and nonuniform meshes used are demonstrated in Figure 14. For the 9FD4U method, the
computational domain was chosen as the union of two rectangles: 0 < r < 0.075,-0.1< z< 0.7and 0
<r<1,0.7< z< 3. Such domain includes the area where plasmaflow is observed. Since “difficult”
coils require too-large uniform meshes, the uniform-mesh domain excludes the coils. A piece-wise
uniform grid with 16 x 72 points is used for the first subdomain and the grid with 240 x 64 pointsis
used for the second one. The 5FD5N method used nonuniform mesh with 100 x 300 grid points on the
domain[05] x[-5,5].
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Figure 14. a) Sample uniform meshes used for the 9F D4U method (top half of the picture); area around
coilsisnot covered by the 9F D4U method; b) sample nonuniform mesh used for the 5FD2N method (bottom
half of the picture).

The accuracy of both methods is demonstrated in Figure 15. It has been found that there is about the
same level of the numerical error for both methods, which is below the current experiment
requirements of 10°%. The numerical error for the 5SFD2N method with nonuniform mesh is closer to a
constant than the error for the 9FD4U method with uniform mesh. The uniform mesh error is higher at
areas corresponding to a larger magnetic field. Also, the uniform mesh error has a discontinuity at the
interface boundary of sub-meshes.
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Figure 15. Relative error of the magnetic field for the set of 14 coils calculated on the symmetry line by
5FD2N and 9F D4U methods.

7. Computational complexity

The computational complexity involved in the solution of the problem generally implies requirements
on computer memory and speed. For some applications these resources may be limited. Hence the
proper choice of computational method is determined in the context of the full engineering problem.
To illustrate this point, we examine the tradeoffs in complexity as functions of the computational error
for the ssmple coil shown in Figures 8 and 10.

First, let us discuss computer memory requirements. One of the most efficient available iterative
solvers, the iterative implicit incomplete factorization method (IMIF9, [14]), requires the use of a
memory volume P = Tay N; N, where Tay is the number of 2D arrays used by the approximation
method. The size of arrays is equal to the number of mesh points of N; N,. The 9FD4U method uses
Tav = 12 arrays, and the 5FD2N method uses Tay = 9 arrays. Therefore, using double precision, a
conventional personal computer with 128 MB of RAM should be able to handle the problem aslong as
the mesh does not exceed 1000 x 1000 points.
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The requirements on computer speed are a bit more complicated to evaluate, as they depend on the
number of iterations in addition to the mesh size. An approximate formula for the number of
arithmetic operations Q, required by a numerical method to get a solution with given relative error 9, is
given by Q= Uar n(&) Ni(J) NAJ). Uarisanumber of arithmetic operations used by a method, per one
iteration, per one mesh point. 9FD4U method implies Uar = 45 and 5SFD2N method implies Uar = 21.
n(g) is the number of iterations required to get numerical solution with an error less than &. The
iteration error & has to be much less than the relative numerical solution error 4. One can use the
following simple relation: & = &. As numerical experiments show, the number of required iterations
n(s) is between 20 and 40 for the iteration error & = 10°.

The mesh size for the fourth-order 9FD4U method is bounded by a numerical error as N, < O(3Y4), N,
< O(3Y%. For the second-order 5FD2N method, the mesh size is defined by the relation N, < O(5?),
N,< O(5Y3). All this makes the Q(8) dependence to be quite complicated. Rather than attempting to
evaluate this expression, a set of numerical experiments has been performed for a simple coail (cl).
The results are plotted on Figure 16. The number of arithmetic operations is measured in million float-
point operations (MFlops).

-2

N=3 2 4.th order approzmation for uniform mesh 9FD4 U
I nd orderapproximation foradaptive mesh SFD2HN
1 | N=32N : ]
-4
1o L
=
=]
(o)
Lk
-5
1oL
-6
1oL
-7
10 1 1
-1 0 1 2
10 10 10 10

MFlops

Figure 16. Numerical error dvs. number of arithmetic operation Q needed
for magnetic field calculation in c1-domain.
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From thisfigure, if oneisinterested in high accuracy, the 9FD4U method is faster, whereas if accuracy
is less important, the SFD2N method is more desirable. As pointed out earlier, these results are
dependent on the complexity of the coil structure. For arelative error close to the current experiment
requirement of 6 = 0.001, the 9FD4U and 5FD2N require about the same number of arithmetic
operations for the “easy” cl-coil problem considered here.

However, the second-order scheme using nonuniform mesh is a better tool for calculating a magnetic
field for more complex problems. One such complex problem is a multi-coil system including
“difficult” coils, when the magnetic field has to be calculated next to the coils. Another complex
magnetostatic problem is solving for the magnetic field in the presence of internal plasma currents,
where no semi-analytical solution for the calculation of boundary valuesis available.

The total computational cost of calculating magnetic field must include the cost of computing the
boundary conditions, when they are calculated by the numerical integration of formula (3). For smple
coil geometries, the numerical calculation of the boundary magnetic field requires many fewer
computations and gives much less error than finite-difference solvers. Thisis why the computational
complexity of boundary condition calculation does not affect the overall complexity of the magnetic
field calculation.

8. Conclusion

This paper demonstrates advanced computational techniques for an accurate computation of the
magnetic field of an axisymmetric electromagnet. These techniques involve the adaptive and uniform
grids, second- and fourth-order approximations, and use of a semi-analytical calculation of the
boundary conditions. The comparison analysis has been conducted for two approximation methods:
the fourth-order 9-point finite volume scheme using uniform mesh (9FD4U) and 5-point finite
difference scheme on adaptive nonuniform mesh (5FD2N). The approximation method of choice
depends on the complexity of the current sources (coils), specification of the computational domain for
finding the magnetic field, computational accuracy requirements, and available computational
resources.

For achieving the accuracy imposed by our experimental requirements, both 9FD4U and 5FD2N
methods have about the same computational complexity. If higher accuracy is needed, the fourth-order
scheme 9FD4U will have dramatic advantage over the second-order method 5FD2N. The 5FD2N
scheme is the best tool when the computational domain has to be of the large size or there is no semi-
analitical method for boundary values calculation. Such a case exists when the presence of internal
plasma currents affects the overall magnetic field. The numerical methods described in this paper have
been applied for solving an e ectrostatic problem, which is a part of the extended mathematical model
in the magnetoplasma rocket simulation [2].

Numerical predictions of the field generated by an axisymmetric electromagnet are also being applied
to experimental investigations of the VASIMR system in the laboratory. The magnetic field contours
shown in Figure 17 are outputs of this predictive tool. Actual photographs of the plasma show plume
divergence as predicted by the code.
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Figure 17. Magnetic field in the present VASIMR configuration calculated by the numerical code
together with superimposed photographs of plasma source and plasma exhaust. Magnetic field linesare
plotted for the area with a plasma flow, as well as the magnetic field strength contour lines. The bottom
part of the figure demonstrates a 1D plot of the axial magnetic field along the symmetry line.

The 5FD2N method is currently used operationdly to desgn an experimentd configuration of the VX-10
device at the ASPL. For given eectromagnet geometries and current vaues, the magnetic field is caculated
and plotted (Figure 17), as well as contour lines for the magnetic field strength. The present code dlows the
determination of the electromagnet currents needed to generate a required magnetic field. Another important
application of the magnetodtatic solver based on the 5SFD2N method is a salf-conastent smulaion of plasma
flow inthe VASIMR.
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Figure 18: Local numbering used in the compact 9-point finite difference scheme (17) and two boxes
around mesh node (4, j), used in finite volume discretization (21).

Appendix 1: Compact finite difference scheme of the fourth order

Our goal is to derive the compact finite difference approximation of equation (2) of the fourth order
at the uniform grid with mesh steps h; = h,, h7 = h, (here “compact” means that only the closest to
the central point mesh points are included into the stencil for approximation). To get this, we define
the scaled one-dimensional (1D) differential operator

~ 1 0 10u
Lw=-Lu=———— 13
= orr or (13)
and its three-point approximation with the following property:
(g, = & (M m i B =) o R g o (14)
T R Ti—1/2 Tit1/2 T 127 ’

where 7,41/ = (r; 4+ 7i4£1)/2. The validity of this relation can be checked by Taylor expansion.
From (14) and similar definition of another 1D difference operator
1 h?

(Lhu)i; = 72 (2uij — wij—1 — Wi j41) = (Lou — éLﬁum +O(h*) (15)

IS ]

we have the following nine-point scheme of order O(h?):

(Liu);; = |rLPu + Llu — f—Q(hzingu + h2LM L)

Z7j
1 -
= fij = 7o UhILEf + WELE )i+ O(hY). (16)

The validity of this relation is proved by the direct substitution of the expansions (14), (15) in (16)
and using the original equation (2) for the terms of the second order. The function f is required to
have bounded fourth derivatives.

Let us introduce the local numbers for the nodes of the nine-point mesh stencil in accordance with
Figure 18. Then we can write the resulting grid equation of the mesh point (¢,7) in the form

8
p0;juo — > phijur = f0ij, (17)
k=1
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where the coefficients and right-hand side are given for r; > 0 by the following formulas derived by
multiplication of 1D finite-difference operators:

8
p0i; = > phkiy,
k=1

1 2
P 6h72«7‘i+1/2( hg) Prit1,
2ij = 25ty (18)
p 5, T 3}@(47‘22 _ h%) h% 27‘22 =p 2,7—1>»
7o = 1 (1+1)_ s e
Plig = 127;44/0 h2 W2 = POij—1 = POit1,j—1 = PO,
1. T
foi,j = fiJ - _[ (fiJ - fi—l,j) + (fiJ — fi-l-l,j) + 2fi7] _ fi,j—l _ fi,j-l—l]-
12775 1y2 Tit1/2

All the coefficients (18) are positive under the conditions
2/7 < h2/h? < 5. (19)

If we have the Dirichlet condition on all of the boundary 9§ of the computational domain u|,q, = ¢(r, 2)
(the simplest case is ¢ = 0), then an algebraic system of linear equations (17), (18) can be rewritten
in vector-matrix form

Apun = fr,  un =A{ui;},  frn = {10}, (20)

where Ay is a symmetric and positive definite matrix for an arbitrary ratio of the mesh steps. Ay is
a Stieltjes type matrix, i.e. it is monotone (Af:1 > 0, see [14] for example) only under the conditions
(19). The convergence rate O(h?*) of the error of this scheme can be proved in the Euclidean or
maximum norms by usual techniques, like it was done in [7, 8].

The generalization of the high-order discretization using finite volume approach is described in
Appendix 2.

Appendix 2: Finite volume approximations

Using direct finite-difference approximations, it is impossible theoretically to get high-order accuracy
if the functions u and f don’t have smooth enough derivatives.

So, our second approach consists of constructing the finite volume scheme for the piece-wise smooth
function f. The approach is based on the approximation of the integral equation obtained by formal
integration of the differential equation (2) and coincides with the fourth-order equation (16) in the
case of a uniform grid and a smooth function f.

A similar finite-volume scheme for the Poisson equation in Cartesian coordinates can be found in
[8, 9]. Such schemes are not investigated thoroughly for partial differential equations in cylindrical
coordinates.

In accordance with [9], we introduce the small and big boxes around the (7, j) mesh-point:

Vi,j = {Ti—hi_l/QSTSTZ'—I—hZ’/Q, Z]‘—h]‘_l/QSZSZ]‘—I—h]‘/Q}, (21)

Vi, = {7‘2'—1 <r<rig, zjm1 <2< Zj-|—1}

and denote their boundaries by 5; ; and S, ; respectively, as shown in Figure 18.
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Let us integrate by parts the left side of equation (2) over the volume

1 Z]+1/218 Ti+1/218

Uu Uu
_ — i+1/2 J+1/2
/ T(LTu—I— Lu)dV / . 87‘|T’ 1/2d z+ / ol E 1/2d7‘
Vij Zj—1/2 Tio1/2

and consider the linear combination with a weight parameter 0 < w < 1 of the integral relations for
the small and big boxes

Lj=w / 1S+ (1—w / ["ds = w/ Lard=+ (1 / Lardz. (22)
63 Si; Vij
1 1
Here I™ is the projection of the vector [ = ([,,1,) = (——?, ——gu). We assume also that some
ror’ roz

jumps of function f are possible only at the grid lines r = r;, z = ;.

To approximate equation (22), we introduce sub-volumes V! Vil = 1,2,3,4 which are the

7 ]7 1 ]7
result of subdivision of V; ; and Vi,j by the grid lines into four parts:

— —l
U Vi Vi =UVi
We define corresponding fluxes IZ{]« through the sub-volume surfaces Szl,j and gi}j:

4
lij = U Iz'l,j (23)
=1

and write with the help of (22) the necessary relation for { = 3 in more detail (right upper sub-volumes
forr>r;, 2> z;):

Zj+1/2 Tit1/2

(3) 10u Ju dr
-7 =w / ;5|¢+1/2d2 + / $|j+1/27
2541 Ti41
10u 1du Jdu Jdu dr
v | [ (gt gt at [ (G gtln) S| (24)

Additional terms with the integrals over the “internal” boundaries between sub-volumes are included
here to improve the approximation of the derivatives. It is important that in the sum (23), additional
terms annul because of the continuity property of the solution and its fluxes.

Then by applying the simplest quadrature formulas and the linear interpolation of the terms under

3)

the integrals, we can write the flux I;”/ as some linear form of four values w;:

1) = p00; jug + p03; jus + p0d; jus + pOS; jus. (25)

If the fourth-order vector ©® = (ug, us, ua, ug), whose components are the values of the solution in

the vertices of the finite volume VZ(]), and vector TV = (IéS),I:gS),If),IéS)), whose entries are the
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“partial” fluxes around corresponding nodes (for example, Ié?’) = IZ»(E) from (24)), are introduced, then
one can write in vector form the following relation between them:

p00;, p03;; p04;; pO8;;
A0 = | P30 P33 p3di; o p38i,
’ p40; ; p43;; pidi; pa8;
p80;; p83;; p84;; p8Y;;
Here the fourth-order symmetric matrix A®) (pkl;; = plk; ;) can be called the local balance matrix
by analogy with the local stiffness matrix of finite element methods, introduced in [16].
It is easy to show that the elements pk; ; of the “global” balance matrix Ay, from system (17), (20)
can be written via the entries of local balance matrices by the formulas

7 = 4@z (26)

p0;; = p00;; + p33i—1; + pa4ds j—1 + p88i—1j—1, Pp3i; = pli; = p03;; + p08; 51, (27)
plij = p2ij = p0di; + p38i—1, p8i,j = PTij = pbij = pbi; = p08;;.

In practice, instead of implementing these formulas, it is preferable to assemble the global matrix
Ap in an element-by-element technique which can be presented by the following pseudo-code for each

sub-volume Vilj :

p0; ; := p0; ; + p00; ;, PO0;11,5 := p0ig1,; + p33; 5,

P0; 511 := p0; 541 + p44i j,  pOipt 11 := POig1 j41 + P88, 5,

p3ij == p3ij + p03i P3ij1 i= P3ij1 + pA8i, (28)
phij = pdij + p0dy;, Pivi; = phivr; + p38i,

P8 = p&;; + p08; ;, Pl 1 := Pl 41 + p34i 5.

It is possible to use different approximations of the integrals in (24). We apply quadratures which

follow from the linear interpolation of the functions under the integral over the surface of Vi It

3 3h;
I = wq oWy — Wi1,5) + Wij1 — Wit1,j41]

8h;7‘i+1/2
1 hr hr
__ I i — . 7 i _ 1 i— U 29
+16h§ [(mﬂ/z) (it1,; = itrj41) + ( Yit1/2 7‘¢+1/2) (uij —u ,J+1)H (29)
; Yi
(1 —w) |5 j — Wig1,j + Wijr1 — Uig141) + +i/2(um‘ — Wi g1+ Uig1,; — Ui, 41) | -
h; Ti41/2 hj

Here the values 7,1/, are defined from the condition that the entries pk; ; of the global matrix Ay,
which are assembled via the elements pkl; ; of the local balance matrices by the formulas (25) — (28),
coincide with the coefficients (18) of the compact finite difference scheme of order O(h?) in the case
of uniform grid and w = 16/15. This condition has the recurrent form

hi +hi_y hi,

+1 .
- » IN, = , 1=DN,,...,1 30
T +1/2 +1/2 rN+1/2 (30)

Yi—1/2 =

and provides the following formulas for the entries of the local balance matrix:

1 [ 5w\ k7w hY] 15w\ Vig1/2

03, = p48; : = 1-— —f———2—<1——) ,
PUS; 5 = pao;y ris1/2 ( 8 ) ht 16 h;_ 16 hf
9w\ Vit1/2 1 w Al ( 7w) h?

04;; = p38;; = (1— — - T6he %)l
p »J p »J ( 1_6) h;; TZ'_|_1/2 [1@ h;; —I_ 8 h;”

1 Tw\ b ow ! 15w\ Yig1/2

08, = p34; ; = - — )2+ —= (1——) ,
PUS{ ;= Poityj T2 ( 3 ) h;ﬂ + 16 hf + 16 hf

pO0; ;= pO3;j + p0di; + p08i ; = p33s; = pddi; = p88, 5,  phli; = plky.
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The approximation of the right-hand side of equation (22) can be made in a similar cell-by-cell
approach, so the value f0;; from (20) is assembled as

P00 = FO 4+ B+ B (31)

Here the following “local” terms are defined from the numerical integration on the sub-volume VZS’)

6) _ (1 3w o 8 —Tw Tipij — Tig1Pit1, o W Rz 32
fols = [0 = e = =5 Tit1/2 + 0y = pigen) [BERS, (32)
3 _ [ Bw, 8 =TwW Tiy1Piy1 — TipPij o Wb 33
fsi; [( 4 )Pit1,j 16 T2 + Pit1, Pz+1,]+1)] il (33)
@) _ [ 3wy 8= TW il TPkt | T 34
52 = (0= S piim = = " +pigen = pi)|BERS,(34)
3 3w 8 — Tw Tiy1Pit1,j+1 = TiPij+1 vy
1= la- Pt — —p - Pt piprisn — pign)| RS, (35)
Ti41/2

where p; ; = f(ri,z;)/r; at the line of jump corresponds to “own” sub-volume. It is easy to check
that formulas (31)—(35) provide for w = 1S the term f0;; from (18) in the case of a uniform grid.
One remark: in fact coefficients in (18) in Appendix 1 differ by the multiplier (1 — 2w) (A + h?_,)
(hZ +h3_y)/4, which is the “weighted” cell volume.

These formulas provide the symmetry of the local balance matrix A®) and global matrix Ap. The
values 7,419 are positive for the quasi-uniform grid. For the general nonuniform grid, the approx-
imation of this scheme is of order O(h) only and the matrix Aj is monotone under strong enough
conditions for the ratio of the mesh steps (19).

Appendix 3: Computation of boundary conditions

It is known [12] that the magnetic field of a single current ring for the unit magnetic permeability is
given analytically by the following formulas for the axisymmetric azimuthal component of the vector
potential A and r- and z-components of the induction vector B:

Ag(r,z) = % T?/ [(1 — %) K — E] , &0 = o T/);L:_T;Z e (36)
N 2J (r'"2 47?2+ (2 - 2')? K
B.(r,z) N CE A [(r’—r)Q—l—(z—z’)?E I]v (37)

r2) = 27 (M == (=2
Bz( 9 ) \/(T/+T)2‘|‘(Z_Z/)2 [(r/_r)2+(2—z’)2 E+I] . (38)

Here 7’ is the ring radius, J is the ring current, 2z’ is the coordinate of its center in cylindrical coordinates
r, z and K, E are full elliptic integrals of the first and second kind respectively (see [13]), for which
the following series are valid:

1 1\?2 1-3\? 1-3-5)\?2
oo o (U)o (B0 i (L2 s
: 2[+<2)8+<2-4)8+2-4-6 SRR
1 1 /71N\%2 2 /1-3\? 3/1-3-5\2 4 /1-3-5-7\2
o G L G N el A NI ) i _(7) 64|
a7 L(z) +3(2-4)8+5 516) " Ti\sres) T
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By the definitions of s, £ and K, it is possible to show that A(0,z) = B,(0,z) = 0.
The computation of the magnetic field generated by a coil with arbitrary cross section can be made
by numerical integration of analytical formulas (37), (38) over the coil cross section

CI{0<R1<7‘/<R2, Z1<Z/<Z2}. (39)

The following formula, which can be obtained from (36), is used to compute the boundary values
of the solution:

Ry 75 9
u(r, =) = ,0//\/(7‘ St (2= ARPM()dr Y, M(s) = %(1 - DK - %E (40)
Ri1 74

where pis a uniform current density and the coil cross section is the region Ry < v’ < Ro, 71 < 2/ < Z3.
For the underintegral term M (s?), the following series can be derived via the expansion for full elliptic
integrals K, F:

1\%1 1-3\2 2 1-3-5\2% 3 >
M(s?) = s* l(—) -+ (—) — s 4 ( ) st 4. ] = Z cpstt?P. (41)
2) 8 2.4) 12 2-4-6/) 16 =

Instead of M(s?) we use a calculation of its approximation for s < 1:

M,(s*) = Zn: cpst TP, (42)

p=0

To understand the convergence rate of M, (s?) when n — oo, the values of

$2 — (1+ (7’—7")2+(2—Z')2)_

4rr!

can be estimated for (r,z) at the boundary of the computational domain (r = R3 or z = Z3) and
(7, 2") from the coil cross section (39) by the following inequality:

-1 -1
R3 — Ry)? (73— 7Z1)?
2 o |y Hs = Ra) (o E=2)° _
S _max{( + 1R Ry , + ARaR,

For example, if R3 > 3R, and Z3 — Z; > 2R,, then s? < 0.75. So, if the domain boundary is away
from the coil, then the value of s? decreases and the error of approximation of M(s?) by M, (s?) for
the fixed n is improved. More exactly, the cutoff error €, can be estimated by the following relation:

oo oo
€, = M(Sz) _ Mn(SQ) — Z Cp84+2p < Cn_|_184+2(n+1) 2821 < Cn+184+2(n+1)/(1 _ 82).
p=n+1 =0

Our computational strategy is a mixed one and consists of numerical integration with respect to
r’ by the simplest central rectangle quadrature rule

R m
u(r,z) = p/wn(r’)dr’ + 6 = pthwn(r;) +é6+eD =Ry +(1— l)hc, he = By m I

, (43)
P et 2 m
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or by the Simpson’s quadrature

he . -1
u(r, 2) = p=(wn(rf) + 4wn (1) + 200 (1) + A W) + Gl 1 = Rt : > Uhe, (a)
or by the Gauss quadrature
u(r,z) = phe(crwn(r) + ..o+ cpwn(rm)) + €, + 67(2), (45)

where

Z3
wu(r') = /\/(7‘ P2 (2 — 22 M, (s2)d2,
71

Ry 75
¢ = ,0//\/(7‘ TP (2= 2Pendr'ds < py(Ro + R2)? + (Zs — 202 (Ra — R)(Za — Z1)es
Ri1 74

(1)

with the given integer m. Here ¢/, ¢+ = 1, 2, 3 are the errors of different quadratures. The total error
of such approximation is

€=6, + 6%) =O0(hY 439, i=1,2, 5= max {s(r,7,2,2)},
(r',2") ec,
(r,z) € 00
where v = 2 for quadrature (43) and v = 4 for (44) and can be made as small as necessary with
sufficiently large integers m and n. The optimal Gauss quadrature points r; and the coefficients ¢y

in (45) are defined in [17], for example. The error e&ff) of the Gauss quadrature is estimated by the
(R2 _ R1)2m+1(m!)4 ‘dewn(T/)
Ri<r'<Ry

inequality
[(2m)!]3(2m + 1) (dr’)zm } ’

As for the error ¢,, for s? < 0.75, for example, we have €33 < 4.2-1077, €33 < 9.5- 10712,
To compute w,(r') we use the auxiliary recurrent relations for the following integrals:

egfj) <

dz dz x
qﬁp(ac,t):/m, ¢3($7t):/( x2+t)3:t w2+t

1
¢2p+3($7t) = t(2p + 1) (( 22 ft)zp_l_l + 2p¢2p+1) , p=1,2,... (46)

If we denote now
Ep(rv Tlv z, Z17 Z2) = ¢p(2 - Z27 (T + T/)z) - ¢p(2 - Z17 (T + T/)z)v

then it is possible to write the resulting formula to compute w,(r}):

n

wn(T;) = Z Cp(47‘;r)p+2$2p+3(7‘7 T;, Z, Z17 Z2)7 (47)
p=0

where coefficients ¢, are defined in (41).
The stable computation of w,(r]) is held by using the recurrent procedure. Namely, we define the
new functions

(52p+3 = (4rrl)p+3/2$2p+37 pP= 07 17 AR
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which are computed from the relations

1 Z—Z2 Z—Z1

(7‘—|—7")2
2+ 1 =\ 2 >
P+ 1) ( 54 G2l ) ( 54 EAr )

4rr!

Vare' + 2pdopi1| L B =

P2pt3 = ( 2p+1

and calculate w,(r]) by the formula

2m—1)2
om )

wn(7]) = wp_1 () + ézm—:&ﬁ 1__[1 (

The presented formulas provide high accuracy of computing the boundary conditions for increasing
integers m, n if the value of s? is not very close to unity.

Appendix 4: 1D test

This section describes convergence of finite difference methods of the magnetostatic problem in a
case when the solution depends only on one (radial) variable. Then we can present an algorithm of
generation of 1D nonuniform meshes.

Consider a coil in the shape of the infinite solenoid with internal and external radii Ry and R-
correspondingly. Assume that the coil has an azimuthal electric current with unit density, and the coil
is placed inside an infinite conducting cylinder with radius Rs. The magnetic field for such system is
one dimensional, B = (0,0, B,(r)) and has the following analytical expression:

RQ—Rl—Qd, OSTSRl,
B.(r)={ Ry—2d—r, Ry <r < Ry, (48)
—2d, d= (R} - R})/(6RS), Ry <r<Rs

That solution is displayed in Figure 19.
Corresponding magnetic flux u(r) has the following analytical formula

(@_d)ﬂ, 0<r< R,
_ R R 49
u(r) (f—d)rz—#—?, Ry <1 < Ry, (49)
d(R% — 7‘2), R2 S T S R37

which can be found as a solution to the following 1D problem
———-——=p,u(0)=u(R3) =0 (50)

with a piece-wise uniform current density p = 1 for By < r < Ry and p = 0 otherwise. The coil radii
are Ry = 0.4, Ry = 0.6, and domain size Rs = 1.0 for the field shown in Figure 19.

When the 9FD4U method is used, the computations give zero error (in the sense of accuracy of the
iterative method) both for the uniform and nonuniform grids. It was expected, that the error should
be of order O(h?) because of the discontinuity of the right-hand side and nonuniform grid. In fact,
the error is even better than O(h*).

The application of the 5-point scheme 5FD2N (6) for the boundary value problem (50) with the
same 1D solution, but for different R, provides the following results presented in Figure 20. Here the
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Figure 19: One-dimensional magnetic field for the infinite solenoid with internal radius Ry = 0.5 and
external radius Ry = 1.0. Outside conducting wall is assumed to be placed at Rs = 2.5.
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Figure 20: Relative error of the 1D calculation using 5-point scheme (6) on nonuniform mesh. Ry =
0.49, R, = 0.51, R3 = 1, 3, 10. For each N, and Rs, the nonuniform mesh was built to minimize the
relative error.
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relative error is defined as
odnax, {u(ri) —un(ri)[}
6= . (51)
max {|u(r;)|}

0<r; <R3

The plots show that the error is going down as fast as N2, where N, is the number of grid points.
Also, error is less for smaller domain size R3 due to smaller mesh size.

Let’s describe the algorithm of generating an adaptive nonuniform mesh for the following 1D
domain in radial direction. The computational domain 2 = [0, R3] was divided into five subdomains:
0 = [O,Rl/Q],QQ = [Rl/Q,Rl],Qg = [Rl, (Rl + RQ)/Q],Q4 = [(Rl + RQ)/Q,RQ],Q5 = [RQ,Rg]. The
grid was created to be fine next to singular points: r = 0,7 = Ry and » = Ry. In Q4,05 and Q5 the
grid step size satisfies the following relation: h;41 = hi(1 4 6h), in Q2 and Q4 hiyq = hi /(1 + 6h),
where 6h > 0 is a relative increment of the grid-step. This means that in each subdomain €y, the
length L(§) can be expressed through a number of mesh steps N/ as following:

L(%) = hynin + honin (14 68) + hynin(1+ 6 + - hyin(1 4+ 60N = By (14 60)NE = 1) Jéh.

The 1D adaptive mesh generation has the following three steps.

1) For given N, number of points and for given relative mesh increment 6k, create nonuniform
mesh in the domain Q. This requires us to find 6 unknowns: the number of grid steps in subdomains
N{,Nj, N, Ny, N and the minimal mesh size h;,,;,. The unknowns must satisfy the following 6

equations:
5

humin((1+ 80)NE — 1)/6h = L(Q), k= 1,..5; Y N[ = N, (52)
k=1
The following iteration process works efficiently to resolve the above system:
a) Start with initial guess for N{;
b) Calculate hyi, = L(Q5)6h/((1+ §R)Ns — 1);
¢) Calculate Nj = 1In(1+ L(Qg)6h/min )/ In(1 + 6h) for k =1,...4;
d) Check: if °7_; N/ < N,, then increase NI by one and return to b). If -7_, N7 > N,, then reduce
NI by one and return to b) until convergence.

2) Calculate error ¢ (51) of the numerical solution for the generated mesh, using analytical solution
u(r) (49).

3) Optimize mesh by minimizing the error § with respect to the relative mesh increment éh. It
was found that the function 6(6h) is a convex smooth function with one minimum (see Figure 21),
which can be found using the following iteration process:

a) Start with minimal éh!, maximal 6h* and intermediate §h%: 6h' < &h3 < 6h* and calculate
corresponding errors d1, 83 and d4, using step 2);

b) Calculate another intermediate §h? = v/§h1éh? with corresponding error 6y;

c¢) If 85 > 63, then assign éh! = 6h*, 6h* = 6h? and return to step b), else assign 6h* = 6hl, 6! =
6h3,6h® = 6h? and return to step b).

The described nonuniform mesh in radial direction can be efficiently used for solving 2D problems,
because the 2D solution at the vertical symmetry plane z = 0 behaves similarly to the 1D solution
(48).

Now let us describe the method of generating an adaptive nonuniform mesh in the axial domain.
To do this we use a similar approach as used for the radial grid. Consider behavior of the magnetic
field of a single coil along the middle radius line r = (R 4+ R3)/2. For values of z inside the coil:
z < Zg, radial component B, goes up from zero to its maximal value at the coil edge. Outside the
coil, B, goes down, approaching zero at large z. It is hard to find a 1D magnetostatic problem in
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Figure 21: Minimization of the numerical error with respect to the relative mesh step increment.

Cartesian coordinates with a solution having that behavior, but a solution of the 1D problem for an
infinite cylindrical wire with uniform current behaves in a very similar way:

S 0252,
B(z) = 72 (53)
52 Zy <z < Za,
z

That solution is displayed in Figure 22.
Corresponding magnetic potential A(z) has the following analytical formula

72 _ ;2 72 7
2= 2 +—21n(Z—3), 0<2< 7,
Al@)y=12 ° 2 2 (54)

Z Z
—y (—3) , Zy <2< Za,
2 z

which can be found as a solution to the following 1D Poisson problem

10 [ 0A DA
T 0- (ZE) =5 (0) = 0,4(Z3) = 0 (55)

with a piece-wise uniform charge density function p =1 for 0 < 2 < Zy and p = 0 otherwise.

In formulas (53, 54, 55) we used variable z for the radial coordinate because the formulas are used
to generate an adaptive z-mesh as described below.

The computational domain Q = [0, 73] was divided into two subdomains: ©Qy = [0, Z3],Q =
[Z4, Z3). The grid was created to be fine next to the only singular point: z = Z;. In Q; the grid step
size satisfies to the following relation: h;41 = h;/(1+ 6h), in Qqo: hip1 = hi(1 + 6h), where 6h > 0 is
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Figure 22: One-dimensional magnetic field for the infinite wire with radius Zy = 0.5.

a relative increment of the grid-step. It means that in each subdomain Qy, the length L(€) can be
expressed through a number of mesh steps N/ as following:

L(%) = hynin + honin (14 68) + hynin (14 6R) + o hynin(1 4+ 60N = By (14 60)VE = 1) Jéh.

The 1D adaptive mesh generation has the following three steps.

1) For given N, number of points and for given relative mesh increment 6k, create a nonuniform
mesh in the domain Q. This requires us to find 3 unknowns: the number of grid steps in subdomains
N{, N5 and the minimal mesh size h,,;,. The unknowns must satisfy the following 3 equations:

Pmin(1 4+ 8R)Nk —1)/6h = L(Qk), k = 1,2; N + Ny = N,; (56)

The following iteration process works efficiently to resolve the above system:
a) Start with initial guess for NJ;
b) Calculate hyi = L(Q2)6h/((14 6h)N2 — 1);
¢) Calculate N7 = 1In(1+ L(Q1)0h/hpin)/ In(1 4 6h);
d) Check: if N{ + Nj < N,, then increase NJ by one and return to b). If N{ + N > N, then reduce
NI by one and return to b) until convergence.

2) Calculate error ¢ (51) of the numerical solution for the generated mesh, using the analytical
solution u(r) (54).

3) Optimize the mesh by minimizing the error § with respect to the relative mesh increment dh.
The minimization is done using the same method as for generating the adaptive r-mesh, described
above.
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Appendix 5: Calculation of the magnetic field on the symmetry line

Accurate calculation of the magnetic field B, on the symmetry line requires use of both the fine grid in
the radial direction and the high-order finite difference approximation. Taking into consideration the
zero conditions for magnetic flux: «(0,z) = 0 and the magnetic potential: A(0,z) = 0, the following
analytical formula can be used for computing the axial magnetic field:

r—0 \r Jr

The formula can be approximated be the following second-order finite difference expression:

a . 10u 0%u
B2(0,2) = lim (——) = W(O,z).

2uq
B2(0.2)) = G5 + O(h?), (57)
1
or the fourth-order finite difference approximation:
2 hr + he 2 hr 2
Bh ) — 1 2) L (71) ] h4 ‘

These approximations are derived from the Taylor expansion of u(r, z) near the axis under the condition
u1,; = 0, as well as the smoothness and symmetry property of the solution. Let us note that for a test
function u = r? 4+ ar*, the exact value is B = 2 and its approximations B/ of the second and fourth
orders equal 2(1 4 ah?) and 2 respectively.

Appendix 6: Convergence in the boundary condition calculation

The numerical error of the magnetic field depends on several factors: the distance H = min{Zs —
Zy, R3— Ry} of the domain boundary from the coil, the number m of quadrature points in the numerical
integration (43), the number n of the roundoff in the series (42) and the characteristic mesh-step
(Rs — Ry)/m. We consider the influence of these parameters on the example of the rectangular coil
cl.

We use three variants of the domain boundary at a different distance from the coil. These bound-
aries are defined by the following computational domains (2 ={0<r < R3, 0<z< Z3}):

91§R3:Z322,QQ§R3:Z3I4, 933R32Z3I8.

Here we take into account that, due to the symmetry property of the field for the single coil, the
Neumann boundary condition du/dz = 0 is used at z = 0 and the computational domain includes the
half of the coil for z > 0. We need to distinguish these domains because the value of s* decreases when
the distance H increases. So in the series (42) we can take a smaller number of terms n and decrease
the computational costs. Moreover, the underintegral function in (43) is smoother in this case. So it
is possible to use a smaller number m in the quadrature formulas.

In Table 3 we present the relative errors

5 ¢ ¢ N — ulm) :
6Imax{6]:‘u (R.?)vZ]) Uu (R372])‘}

J ua(R?)vZ])

of the boundary values for different integers m, distances Rs, and sufficiently big n = m. Errors of
numerical integration are denoted by ¢, and é5 for the rectangular quadrature formula (43) and the
Simpson’s quadrature formula (44) respectively. Actually, we define

ua(R3v Zj) = u(m)(Riﬁ Zj)v
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where 77 is the minimal value of m which satisfies the condition

‘U(m)(Rg, z;) — U(m/2)(R3, Z;

) —-13
< €= .
u(m)(Rg,Z]‘) ‘ <e=10

max
J

It means that, in some sense, u(m)(Rg,Z]‘) is an “almost exact” numerical solution at the boundary.

Here 2 = 200, @ = 32 were taken.

m 1 2 4 8 16
Q: 6, | 1.1-107* | 8.2.107°% | 5.7-1077 | 3.7-107% | 2.3-107°
Q: 6, | 0.045 0.011 0.0028 | 0.00069 | 0.00017
Qy: 6, | 27-107° | 1.7-107% | 1.1-1077 [ 6.7-1079 | 4.2-10710
Qy: 6, | 0.038 0.0095 | 0.0024 | 0.00060 | 0.00015
Qs: 6, | 5.6-107% | 3.5-1077 | 2.2.1078 | 1.4-107° | 8.6-10~ !
Qs: 6, | 0.036 0.0091 | 0.0023 | 0.00057 | 0.00014

Table 3. Errors of numerical integration for coil “cl”

The table shows that the error is of order O(m™?) for the central rectangle and O(m™*) for the
Simpson’s quadratures and the last ones give an essentially smaller error. For a big distance H the
quadratures are more precise. Let us note that the calculations using Gauss quadratures provide
considerably higher efficiency. Its error for m = 7 satisfies the inequality ¢, < 107! for all three types
of the computational domain.

Table 4 includes the errors

of the boundary values for a different number of series terms in (42). The quadrature used is Simpson’s
one. Here u*(R3,z;) is the “c-asymptotically” exact numerical solution with m = 200, 7 = 64.

n 2 4 8 16 32
Q| 044 | 0.22 0.072 0.011 5.9-107*
Qy | 0.19 | 0.045 | 0.0034 | 3.5-107° | 8.4.10~°
Q5 | 0.067 | 0.0056 | 5.8-107° | 1.2.107% | 2.0-10~'®

Table 4. Errors of computing the elliptic integrals for coil “c1”

Note that n = 32 is not enough for €y if high accuracy is required.
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