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Simple Solenoid Geometries
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Introduction

The purpose of this work is to verify that ANSYS can correctly
predict the magnetostatic behaviour of a simple solenoid. Some of the
ANSYS solutions presented here can be compared with closed form
calculations to assess their accuracy. This work also allows familiarity to
be gained with the model generation and post-processing of 3-d

magnetostatic problems.

Problem Description

Two problems were solved.

1. Thin solenoid 16m long, 10.526 m dia, NI=28e amp-turng, no iron.
(Fig. 1a)

2. Thin solenoid, dimensions and current density as above, with 3 meters
of iron radially outside of the coil, and three meters at each end. The
iron was given a relative permeability of 10000. This was an effort to

simulate an "infinite mu” solution. (Fig. 1b)

Closed Form Solution

The closed form solutions for the central field and the end field for
the air-only case is given in Appendix A. The central field predicted for
the ironless coil is 1.84 T. The field at the ends is predicted to be 1.04



T. The central field for the ”infinite mu” iron case was not calculated,
but it is known that the iron should increase the field by approximately

10% and increase it’s uniformity in both axial and radial directions.

Finite Element Models

A finite element model representative of those used in this analysis is

shown in Fig. 2. It consists of a wedge of three dimensional ANSYS
multi-field solid elements, STIF5. This element can have up to 6 degrees
of freedom, namely, three structural translations, temperature, voltage and
magnetic scalar potential. Only the magnetic scalar potential was used in
this work. Although the problem could have been solved using the 2-d
vector potential element STIF13, it was felt that since the final analysis
will be three dimensional it was advisable to learn how the 3-d analysis
works.

The coil itself was not represented by finite elements. It was
represented by NL-source input, which is the ANSVYS terminology for a
current source input through the noun-linear property tables. This input
locates the center of the coil, its axial and radial dimensions, it’s angular
orientation relative to the global coordinate system, it’s current, and the
number of integration points used in the Biot-Savart integration for the
source countribution to the H-field.

When ferromagnetic materials are not present, the only contribution
to the B-field is the current source contribution. It is possible then to
construct a mesh with elements only along the region of interest. When
the magnetic potential degree of freedom (which is only relevant to
ferromagnetic materials) is set to zero on all nodes, the result is a
numerical integration of the source comtribution for each element in the
mesh and a virtual suppresion of the finite element calculation. This gives
a very economical mesh if the region of interest is small. This techunique
was used fo refine the air-only solenoid model to improve the agreement

with the closed-form solution.



All models exploited the axisymmetry of the structure by including
only a wedge of elements across an arbitrary 10 degree angle. The initial
models of the air-only case did not exploit the midplane symmetry,
however, because the application of symmetric boundary conditions was

not well understood.

Results

1. Air-Ounly Solenoid

Two meshes were run for the air-only case. The first mesh used
elements which were 1 m on a side, and included air both inside the
solenoid and for a distance of 2 m outside both radially and axially. The
current source was given 10 integration points axially and 2 integration
points radially. The axial component of the central field for this case is
plotted in Fig. 3. Table I is a printed listing of this component. Both
the plot and the listing are easily generate with the ANSYS POST1
post-processor. The central field is seen to be s maximum of 1.70 at the
center of the solenoid. This agrees to within 8% with the closed-form
result of 1.84 T. The tabulated values show sa slight oscillation in the
field at the center. Discussions with experts at Swanson Analysis indicate
that this is probably because this model used too few integration points
along the axis of the solenoid. It is recommended that the number of
integration points along a given direction be twice as great as the
number of elements along that direction. In the ajr only case, the ratio
of integration points to elements along the axis was only 5/8 In later
models this was change to the recommended 2/1 ratio.

The field at the end was 0.65 T, which does not compsare well with
the 1.08 T predictated by the hand calculation.

In an effort to refine the solution n second air-only mesh was
generated which consisted only of air elements .25 m on a side down the
centerline of the solenoid. The number of axial integration points in the

source was increased from 10 to 32, and the magnetic potential degree of



freedom was set to zero at every node. The results for this case were a
central field of 1.837 T and an end field of 1.07 T. This is very good
agreement with the closed form solution. Fig. 4 shows a plot of the axial
component of the central field along the axis , and Table II gives a

printout of the this component.

inite Mu” Irom

This model exploited both the axial and midplane symmetry. The
number of integration points was increased as discussed above for the
refined air-only solution. The central field is shown in Fig. 5. The field is
a nearly uniform 2.21T along the entire axial length of the magnet. This
is an increase from the air-only solenoid of 30%, which is somewhat more
than expected.,

Fig. 6 is a plot of the total B-field magnitude and direction. The
large B-field values in the iron next to the source are said by Swanson
to be the result of insufficient mesh refinement near the source. Fig. 7
shows the total H-field magnitude and direction, and as expected shows

the H-field in the solenoid to be very uniform.

;;(:\i

There are several issunes which must he investigated in order tc
generate accurate results everywhere in s 3-d magnetostatic model. One of
the most important appears to be the relationship between mesh
refinement and integration points for highly permeable iron regions near
the current source. Another is the extent of universe required fto assure
that the boundary conditions do not impose unrealistic constraints on the
problem.

There are other analysis and post-processsing features to be
examined. For example, there is force information available for the STIF5
elements which needs to be examined. Also, the inclusion of "real” iron
means B-H table input and a fully non-linear iterative solution which can
be cpu intensive. We are in the process of "creeping up” on the real
multi-coil, non-axisymmetric real iron case with a series of simplified
problems which will give us useful design information and an

understanding of the finite element process,
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