
VBy acceptance oC this article* the t
publisher or recipient acknowledges •

; the U.S. Government's right to > *• -I ,
: retain a nonexclusive, royalty-free I

license in and to any copyright j *
; covering the article. TRANSIENT 3-D EDDY CURRENT IN MULTIPLE CONDUCTORS

H. T. Yeh _
Fusion Energy Division CL--G O V

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

ABSTRACT

A computer program has been implemented to model the transient eddy

current in multiple thin conductors. This program allows for holes and

multiple materials and has symmetry options built in. For cases with

known solutions, the program has been checked for spatial and temporal

profiles of the eddy current-. • Examples are given for the eddy current

induced in a cross, a plate with holes, a bent platp an aluminum plate

coil case, a plate with two materials, multiple plates, etc.

INTRODUCTION

In tokamak-type fusion devices, pulsed magnetic fields are present.

The induced eddy current affects the heat input and mechanical loading

in the magnet and first wall. Its magnetic field also affects the

plasma stabilization. The conductor geometry (coil case, first wall,

etc.) can be regarded as thin shells or plates with large angle bends.

In our earlier program, a large portion of the computational effort was

used to meet the boundary condition (no current flows out from the
2

conductor). For improvement on efficiency, lumped circuit approximation

is very attractive because the eddy current is assumed to flow in a •

network that is consistent with the conductor geometry. However, to

remove the arbitrariness in artificially preassigning the direction of

the local eddy current, some kind of averaging is required to interpolate

the actual eddy current from the current obtained in the network problem.

OUTLINE OF METHOD

Wire Mesh Problem

A conductor in the form of a thin surface is modeled as a mesh of

quadrilateral elements. If we assume that the eddy current is constrained

to flow along the mesh, the original problem is replaced by a wire mesh

problem, which can be solved by Kirchoff's rules.
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If there are 9. lines, m loops, and n nodes in the mesh, it can be

shown by actual construction that

m + n = I + 1. (1)

If holes are present, each hole is counted as one loop. At each node

the algebraic sum of current that flows into each node is 0. There are

n - 1 independent node equations. Therefore, there are just m independent

line currents to be determined by m loop equations.

Loop Current Problem

Instead of solving for line current, it is more convenient for

setting up the inductive and resistive matrix elements in the circuit

equation to solve for loop current. A loop current is assumed to flow

in each nonoverlapping loop. There is also one loop current per hole.

If all loop currents flow in the same sense (e.i., as determined by the

right hand rule from the outward normal vector of each element), then

the line current is the difference between neighboring loop currents.

As seen in Ref. 2, the rate of field change at the centroid multiplied

by the area of each element is used to determine the inductance matrix

between loops and the voltage induced by the external field. The

resistance of each side is taken to be the resistance of the two components

in parallel, if two elements compose this side. The cross-sectional

area associated with the resistance of each of the components is determined

by twice the volume of the triangular plate formed by the side and the

centroid of the element divided by the length of the side. The factor

of 2 is related to the fact that there are two components of eddy current

in each plate; each component is represented by two sides.

After the wire mesh problem is solved, the current density in each

element is assumed to be constant at twice the average of current density

in four sides. The factor of 2 is again due to the fact that there are

two independent components in the current density.

Symmetries, Holes, and Multiple Materials

The thickness and conductivity are assumed to be uniform in each

element, but they may differ from element to element. Options of

rotational symmetry are built in for both a single continuous conductor



and multiple conductors. Because holes may be large, they may be modeled

into many elements to avoid error in flux calculation. The inductance

and resistance matrix obtained are then reduced in order by assuming

that all loop currents in each element of the same hole are the same.

Computer Programs

Computation proceeds in five steps. First is mesh generation; next

is computation of the field at the centroid of the elements. Then

inductive and resistive matrix elements are computed and the inverse of

the inductive matrix element obtained. Next, the circuit equation is

solved by the Runge-Kutta method. Last, eddy current profiles are

plotted. The program is run interactively on a time-shared PDP-10. A

typical run for a case with 100 elements and 250 nodes takes about 5 min

CPU, mostly in computing and inverting matrix elements.

EXAMPLES

Rings

The eddy current induced in a circular ring of rectangular cress

section by linear ramping of the current in a small coaxial coil is

determined. One quarter of the ring is modeled by eight elements, four

on the inner side and four on the outer side. One quarter of the hole

is modeled by six elements. The results are compared with the solution

of three lumped circuits, the coil, the inner ring, and the outer ring.

The temporal profiles agree within five percent. A saturated eddy

current agrees to within 0.4 percent.

The spatial distribution of the eddy current induced in a thin

square plate by linear ramping of the current in a small coil aiming at

the center of the plate is also checked with the concentric ring solution

and shown in good agreement for inner rings where the boundary effect is

not important.

Cross

Figure 1 shows the current profile in a cross due to a dipole

aiming at the center of the cross. Four-fold symmetry is assumed. One

quarter of the cross is modeled by 75 elements.

Two-Material Components

Figure 2 shows the current profile in a plate due to a dipole

aiming at its C3nter (four-fold symmetry). There are two components,
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stainless steel (middle) and copper (top and bottom). Sixty-four elements

are used to model one quarter of the plate. Current flows mainly in the

copper. Because of the large difference between the conductivity of

copper and stainless steel, it takes 11 min CPU to solve the circuit

equation on PDP-1O.

Square Plate with Two Holes

Figure 3 shows the current profile in a square plate due to a

dipole aiming at its center (four-fold symmetry). There are three holes

in the plate but only two in one quarter of it. One hundred elements

are used to model both the conductor and the holes.

Aluminum Coil Plate

A vertical pulse coil is placed inside the bore of a large coil

with a horizontal axis. The conductor is embedded in thin aluminum coil

plates; hence, the eddy current is dominated by the component of the

pulse field parallel to the large coil axis. The profile of the eddy

current induced is shown in Fig. 4. Eighty-four elements are used to

model the plate.

Bent Plate

Figure 5 shows the eddy current profile induced in a square plate

by a dipole aiming at its center. One quarter of the plate at right and

at left is bent 90 away from the dipole. The eddy current density in

the bent portion is significantly reduced compared with the plate wit'.i

no bends. One hundred elements are used to model one half of the plate.

Multiple Plates

There is significant coupling in the eddy current between the inner

legs of the coils in a tokamak device due to their close proximity. As

an example, we have computed the loss in a copper plate placed in the

bore of a small twelve-coil toroidal magnet. This loss is the result of

charging the toroidal magnet. The loss per plate is essentially the

same where there is one or four symmetrically placed plates but is

reduced by 20% where the number of plates increases to 30. Thirty-six

elements are used to model each plate.
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DISCUSSIONS

The program implicitly assumes that the effect due to the field

component in the plane of the plate can be ignored. This will not be

the case for the bent plate with holes. An extreme case is that of a

tube; e.g., current can be induced in a doughnut-shaped conductor by

flux change inside the doughnut even though there may be no field line

crossing the conductor surface. We are currently implementing a separate

program to handle the eddy current induced in tube-like geometries.

The interpolation of current density may need to be a weighted

average if the length and direction of opposing sides of an element are

greatly different. In general, it is best to have the mesh closely

resemble equal squares.
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FIGURES CAPTIONS

1. Eddy current profile in one quarter of a cross due to a dipole
aiming at its center (four-fold symmetry).

2. Eddy current profile in one quarter of a two-component plate due to
a dipole aiming at its renter. The top is copper, and the bottom
is stainless steel.

3. Eddy current profile in one quarter of a plate with two holes due
to a dipole aiming at its center.

4. Eddy current profile in aluminum coil plate due to a vertical pulse
magnet.

5. Eddy current profile in one half of a bent plate due to a dipole
aiming at its center.
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Fig. 2. Eddy current profile in one quarter of a two-component plate due to a dipole aiming
at i t s center. The top is copper, and the bottom is stainless s teel .
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Fig. 4. Eddy current profile in aluminum coil plate due to a vertical pulse magnet.
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Fig. 5. Eddy current profile in one half of a bent plate due to a dipole aiming at its center.


