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ABSTRACT

A cesc f ixture for simulating plasma d i s r u p -
t i o n s , comprising two coaxia l cy l inders , has
been designed for use with Argonne*s electromag-
n e t i c t e s t f a c i l i t y FELIX. A pulsed power
supply drives a half cycle s ine wave current of
10° A through the t e s t f ix ture generating f i e l d s
of « 2 T and f i e l d changes of 6 < 1250 T s " 1 .
The coaxial s tructure i i 140 ca long, has an
outer cyl inder with an OD of 78 ca and an inner
cyl inder with an 0D of 8 .3 ca . I t Is surrounded
by the FELIX solenoid f i e l d of 1 T. This
proposed upgrade of the FELIX f a c i l i t y should be
useful for testing the effect of plasaa
disruption on First Hall-Blanket-Shield (FWBS)
structures; a future upgrade of the solenoid
field to 4 T will allow to simulate reactor
conditions even better.

INTRODUCTION

In a magnetic fusion reac tor , the plasaa
current nay be severa l a i l l i o n aaperes and the
associated magnetic field completely penetrates
the component parts of the FWBS. A plasma d i s -
ruption causes the field to collapse with very
large values of B and correspondingly large
electromagnetic effects, These conditions can be
approximated relatively inexpensively with
pulsed currents in a coaxial test fixture which
is placed on axis of a dc solenoid f ie ld . At
Argonne National Laboratory, an experimental
test faci l i ty FELIX provides a 1 T solenoid
field In a usable volume of 0.76 a3; a future
upgrade of the dc power source will increase
this field to 4 T. This paper describes the
design of a coaxial test fixture and pulsed
power supply to be used with FELIX. Figure 1
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Fig. 1 FELIX with Coaxial Test Fixture
AKork supporced by U.S. Dept. of Energy.

TEST FIXTURE

-1-



i l l u s t r a t e s the arrangement of the t e s t fixture
in FELIX. It should be mentioned that It Is
Impractical to simulate plasma disruptions with
dc currents. For example, a 500 kA dc power
supply with a 500 kA, 10 w , turn-off c ircui t
would cost approximately two Bi l l ion do l l ar s .

SIMULATING THE EFFECT OF PLASMA DISRUPTION

A pulsed sinusoidal f i e ld can penetrate the
FWBS structure provided i t s frequency i s s u f f i -
c ient ly low. In eddy current problem, It i s
customary to aske use of the skis depth S which
extends froa the surface to a depth where the
f i e l d strength has a value of e (36.85) of the
f i e ld on the surface. I t s value I s :

(1)

0.4 * x IO"8 (fl a cm"1) ,

where

p • r e s i s t i v i t y (u a cm) ,

U - relative permeability ,

f » frequency (Hz) .

Skin depth values for copper (p « 1.73 » Q cm)
and stainless steel (p » 72 u 2 ca) are given in
Table I for three frequencies.

TABLE 1: Skin Depth in ca

f(Hz) Copper Stainless Steel

25
50

100

1.32
0.936
0.662

3.54
6.04
4.27

By choosing a frequency and material, skin depth
values ranging froa 0.66 ca to 8.54 ca can be
selected. This range should accommodate many
designs for modeling FWBS component parts and
lialtera.
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Fig. 2 Coaxial Test Fixture



A. Coaxial Test Fixture where

The coaxial test fixture shown In Fig. 2
has an Inner cylinder made fro> commercial
copper pipe of 8.25 ca 00 and 1.S9 ca wall
thickness. The outer cylinder haa an 00 of 78
ca and a wall 0.50 en thick. The concentric
cylinders are 140 en long and enclose a volume
of 0.64 m . The cylinders ace joined together
at one end by an annular conductor; the other
ends are connected to the power supply. The
magnetic field Is confined to the voluae between
the cylinders. FWBS components to be tested are
located inside the coaxial fixture and supported
either froa the fixture or through holes In the
outer cylinder. Access holes for Instrumenta-
tion leads, etc. are provided through the field
free center hole of the Inner cylinder or
through holes In the outer cylinder. An insu-
lated gap in the end plates and cylinders
reduces eddy currents when the FELIX solenoid
field rises to its desired value within approx-
imately 3.5 s. The azlmuthal magnetic field, B,
In the test fixture decreases with Increasing
radius, r, (B - 0.2 I/r for B in Tesla, I in
uegamperes, and r In aeters). The rate of
change of the field, ft, increases with fre-
quency, f, (8 » 2 i f B). A peak current of 10
A produces fields of 2 T and 0.57 T at radii of
r » 10 cm and r - 35 cm, respectively; the cor-
responding B values at 25 Hz are 314 T s and
89.5 T s"1, and 1256 T a"1 and 358 T a"1 at 100
Hz.

Test components are placed into the fixture
by removing the annular conductor (end struc-
ture) after the compression nuts have been re-
moved from its periphery. This end structure
slides over oultlple contact bands, located in
11 circumferential grooves of the inner cylin-
der. Contact bands are also used to connect the
outer cylinder to Its flanges by means of bolts
and nuts. The balance of the coaxial component
parts are silver brazed together. The trans-
mission line uses bolts, electrically insulated,
for good electrical contact by compression to
the fixture terminals as Illustrated in Fig. 2.

1. Magnetic Forces: The magnetic
field produced by the current flowing through
the coaxial cylinders will act upon the current
tcself. These magnetic forces will exert pres-
sure on the outside of the inner cylinder,
tending to shrink it, and pressure on the Inside
of the outer cylinder, tending to expand It.
Expressed in kg cm , these pressures are:

F. - 0.2162 x IO"8I2

1 0

0.2162 x 1 0 - 1 '

b(a + b)2
(2)

I » current In cylinder (A),

a » 0.5 ID of Inner cylinder (cm),

b - 0.5 OD of Inner cylinder (ca),

a1 - 0.5 ID of outer cylinder (ca),

b1 - 0.5 OD of outer cylinder (ca).

For a current pulse of 1 x iO A, the forces and
stresses on components of the coaxial structure
are given in Table II for the dimensions shown
in Fig. 2.

Table II: Magnetic Forces and Stresses
on Coaxial Structure

Structure

Outer
cylinder
77 ca ID

Inner
cylinder
8.3 ca 0D

Hall
Thick
cm

0.5

1.59

F In

kg ca- 2

F out

,. -2

1.0

108

Outer terminal
cylinder
8.9 ca 10 0.64 78

Stress

-2

84

272

534

2. Electrical Characteristics: The
Inductance of coaxial cylinders Is:

2» ( 4 )

where

^SJjk , (3)

- 0.4 IT x 10"9 (H en"1) ,

1 - length of cylinders (ca),

b - ID of outer cylinder,

a • OD of Inner cylinder.

For the dimensions of Fig. 2, the Inductance of
the test fixture Is 0.63 uH, the inductance of
the coaxial cylindrical conductors is 1.5 x 10
H »~l and for the parallel plate transaission
line is 0.7 x 10 H a . The total circuit
Inductance Is approximately 0.7 uH; the ohmlc
resistance approximately 15 uH.
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For a half sinusoidal peak current of
1 x 10° A of 25 Hz, 5G Hz, and 100 Hz, Che peak
voltage on the transmission line Is 110 v,
220 V, and 440 V respectively. The current and
voltage uaves on the Cransalsaion line to the
coaxial test fixture are shown In Fig 3.

4 4 0

4 4 0 u

Fig. 3 Current and Voltage Waveforms

on Test Fixture

every discharge. Pulsing energy i» stored sett
economically In capacitors operating at approx-
imately 10 kV. For operation at a constant
capacitor voltage and with a fixed value of
capacitance, the turns ratio of the transformer
•ust be changed when the operating frequency Is
changed. In Fig. 4, the transformer primary
windings are shown connected in series for 25 Hz
operation. With a positive charge on capacitor
bank C a positive half cycle current pulse Is
Initiated by turning on thyrlstor Sj. At the end
of this pulse, the capacitor voltage Is nega-
tive. Via logic circuits switch Sj is now
transferred to the negative high voltage (HV)
power supply which charges the capacitor bank to
Che saas but negative HV as was used for the
positive pulse. The next current pulse is
negative, initiated when thyrlstor S 2 is being
turned on.

The resonant frequency of the circuit Is:

The current at any tine Is given by;

-!£ .-«.!„« .

(5)

(6)

B. Power Supply

Alternating half cycle sine wave current
pulses are applied to the coaxial test fixture
by the capacitor discharge circuit of Fig. 4.

TRANSMISSION COAXIAL
LINE TEST

FIXTURE

Fig. 4 Pulsed Power Supply and

Discharge Waveforms

Capacitor bank C is charged through a resistor
Rj. To prevent saturation of the transformer
iron, the capacitor charge Is reversed after

The asgnltude of Che current peak i s ;

The tine t to the current peak i s ;

S-ir«-"lS.

(7)

(8)

where

a / 2

R
° "TT '

L - total circuit inductance reflected
to the transformer primary in henries,

K - total circuit resistance reflected
to the transformer primary in ohas.

The resonant frequency of tl.ie circuit Is changed
by changing Che turns ratio of the transfor-
mer. The secondary impedance Is transformed to
the primary by multiplying It by the square of
the turns ratio n. For a capacitor bank of C •
9056 uF, charged to 10 kV and for a secondary



peak current of 10 A, the turns ratio, the peak
capacitor discharge currents and the primary
load Inductance are shown In Table III for an

f

transformer
primary
connection

n

lc
L

25

inIn
a 1 o11 t

80
12.5

4.48

Table III

50

| |

40

25

1.12

100

3 £ £
20

50

0.28

Hz

kA

mH

assured circuit efficiency of 801. Figure 5
.'.llustrates the capacitor current and voltage
vaves.

50

Fig. 5 Capacitor Current and Voltage Waves

1. Hatching transformer and parallel
plate transmission line. A single turn would
appear the simplest solution for the secondary
winding carrying a current of 10 A. However,
this would result in a transformer core weighing
6700 kg. This weight can be reduced to 2500 kg,
resulting in a ouch aore economical transformer
design, with a secondary winding that ><as four
turns. The transformer secondary winding and
the parallel plate transmission line are made
from nine continuous copper sheets in parallel,
each sheet is 750 cm long, 55 cm wide, and
0.0643 cm thick. The .Innermost terminal of the
secondary winding (which is also a part of the
transmission line) Is made by folding first a
sufficient length of each of the nine sheets la
an angle of 90° as Illustrated in Fig. 6. The
four turns are then wound with two layers of
0.036 cm thick mylar sheets as turn insulation.

The primary winding comprises four 20-
turn HV colls which are insulated from each

other for 10 kV. These colls are connected In
•erles and/or parallel to change the resonant
frequency of the circuit as shown in Table
l i t . Independent of the coll Interconnections
each HV coll carries a peak current of 12.5 kA
as can be seen from Table III. Each ZO-tarn
coll has two wter cooled conductors In parallel
so that each 55 cm height coil has only one
layer, and can be wound froa square conductors
0.63 cm x 0.63 cm with a hole of 0.368 ca dia-
meter. With a pulse repetition rate of 1 ppm,
the primary rma current la a maximum at 25 Hz
with a value of 161 A or 80.5 A per parallel
conductor. With a coolant flow of 0.53 l i ter
per minute at an operating pressure gradient of
675 k?a (98 ps i ) , the conductor operates at 63*C
with a weter inlet temperature of 38°C. The
power dissipated per conductor is 911 W for a
total of 7.3 kW in the primary windings. The
turn insulation Is 0.010 ca thick alea tape
wound half-lap. The coll insulation Is fiber-
glass built up to 0.30 ca. The coils are vacuum
Impregnated with epoxy resin.

Figure 6 shows cross sections of the
transformer. The transformer core comprises 8

STRIP F0LDEDrK90°

LV TERMINAL _ ^ j g — ^
CORES

HV
TERMINAL'

I-I9-J

SECTION A-A SECTION B-B

Fig. 6 Transformer Details

cores of grain oriented silicon steel with a
cross section of 174 cm for each core. The
core construction features a distributed gap;
this reduces the core losses by about 30Z and
the magnetizing curreut on the order of 70Z as
compared to C-cores with a butt-gap.

2. Temperature Rise During Pulse: The
temperature rise Is largest during a half cycle
of a 25 Hz sine wave. Its value:

AT
We

(9)

where

AQ - energy dissipated (J),

W - weight (g) ,

c - specific heat (J g"1 *C~l).
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temperature rise during a 25 Hz half cycle
wave of 1 x 10 A peak Is shown la Table IV
Che nujor circuit components.

Table IV: Tenpsracure Rise In °C

Circuit Component A T

Transformer primaries 2.1

Transformer secondary 4.9

Outer coaxial cylinder 0.1

Inner coaxial cylinder 4.5

Outer coaxial transmission line 13.8

COST ESTIMATE

The FELIX facility has two thyrlstor assem-
blies each rated 13 kA, 15 fcV, to turn off Its
dipole coils. Since only the FELIX solenoid
colls will be energized when the coaxial test
fixture is pulsed, these Chyristor switches can
be used to serve as switches Sj and S 2 in the
circuit of Fig. 4. The total cost to simulate a
10 A jlasma disruption in a coaxial volume of
0.64 nr Is estimated as $235,000. A cose break-
down is given below. These costs include design
and fabrication where applicable.

Coaxial test fixture complete

Support structure for test fixture

Transformer cores

Transformer windings including
transmission lines and transformer
assembly

450 kJ capacitor bank complete

Two 11 kV 5 kW power supplies

Auxiliary power supplies, control,
and monitoring circuits Installed

Enclosures, miscellaneous hardware

Contingencies 15 7.

Total

$ 20 K

10

7

35

98

15

10

10

_3JL

$235 K
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