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Electric model of the

vacuum vessel of ZEPHYR

Introduction

The magnetic fields necessary for the operation of ZEPHYR
will induce large eddy currents on the different tokamak
components. These eddy currents will disturb the plasma equi-
librium field and will interact mutually and with the exter-
nal magnetic fields, imposing electromagnetic forces on the

different components.

In the case of the vacuum vessel, these electromagnetic forces
greatly exceed the atmospheric pressure load, while perturba-
tions of the equilibrium field are mainly caused by the eddy
currents flowing on the TF coils. It is therefore necessary

to determine precisely the eddy current distributions on the
vacuum vessel and the TF coils during the design phase of the
experiment because of their decisive influence on the level

of mechanical stress on the vacuum vessel and on the vertical

stability of the plasma during its adiabatic compression.

Various methods of calculating eddy current distributions have
recently been developed, but their accuracy will not be high
for such complicated structures as the vacuum vessel or the

TF coils of ZEPHYR, because of the limited computer storage

capacity or the approximations made.

More exact results can be achieved in a shorter time with an
electric model of the tokamak system. By transforming the
scales of time and space in an adequate manner just so that
the material constants, all currents and all electric and mag-
netic fields in the tokamak system can be measured on the
model. These transformation theorems are derived in the first
section, while their applications to the vacuum vessel are

described in the second one.




I. Electric similarity theorems

The similarity theorems were derived from Maxwell's equations,

which can be written as
—
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j = conduction current,
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jqy = rot M = magnetization current,
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The capacitive current will be neglected in eq. (1) for measur-
ing timesat<<é )

1 = dimension of tokamak system,

c = velocity of light

defining therefore an upper limiting frequency Wg=g¥§.

The conduction current can be separated into three parts:

=3t Ir t+ Jer

inductive jL = ﬁ/g with rot&#ﬁ

ohmic jr =% /e with rot#,=0

"capacitive" Jjo¢ , flowing in condcutors,

allowing for div (js + jé) = 0 at the interfaces between conduc-

tors and media.

Denoting all quantities belonging to a separate tokamak compo-

nent (vessel, TF coil...) by an index K, the transformations of

time, coordinates and resistivities can be written as

model original
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The desired transformation of the different current distribu-

tions j, jy and jc in the components K is given by

. '
b (1) = ?«‘wa(%f/%) (6) .



Using this statement for the transformation of current di-
stributions, the transformation of the magnetic field can be

derived from Biot-Savart's law

Llomt)=fte 2 [ dag 5l m ) AT S (o
V [/rr-»)y“/ P ‘4 (7)
je'x =Jg * Imk
By using egs. (6),(7) and (5) the magnetic field on the elec-
tric modelszan be calculated:
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The transformation law of the magnetic field can be derived
from egs. (7) and (8):
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The magnetic flux through a closed loop in the component m of

the electric model is given by
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Equation (2), integrated along a closed loop in the component

m of the tokamak system, yields

wn

which can be written by means of gL[/W,Z‘)‘-' $ann 'JQ_['YY, 4 as
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(10a).

A similar relation yields for the model
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Inserting egs. (5), (6) and (9a) in eq. (10b), one gets
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The first similarity theorem can easily be derived from egs.
(10a) and (11) by comparing the coefficients with the same
index, yielding
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and hence
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(12)
Inserting eq. (10b) in eq. (10a) yields the transformation law
for the electric field fl

Yl t): 2 g . E5)
o) (13).

The same relation is valid for the fiehiffv as can be shown
with egs. (3), (6) and (12):
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A second similarity theorem can be derived from the transform-

ation law of the capacitive current

}cf[’”:t) =9 ke (g/%)

which can be written as for linear media as
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By reason of the continuity of the tangential component of f
at the interfaces between conductors and media eq. (13) is

valid and can be inserted in eq. (14) with the result

2
a’=1n

(15)
For linear media, the transformation of the dielectric sus-
ceptibility can easily be derived from eqgs. (14) and (13)

) >
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Similarly, the transformation of the magnetic susceptibility
<>

XM can be derived from
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With the definition M (w,t)=Xy (% @r,t) one gets together with
eq. (9a)
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Using eqgs. (12) and (15), the general similarity theorem can
be written as

(17).




II. Electric model of the ZEPHYR vacuum vessel

The vacuum vessel of ZEPHYR is composed of double-walled
thick shell sectors and single or double-walled bellow

+)

sections ', using Inconel 625 as wall material everywhere.
The easiest way to get reliable results about the behaviour
of eddy currents on such an evolved structure will be by
measurements in an electric model of the vacuum vessel.
During the first design phase, it is sufficient to know

the chief eddy current distributions on the vessel during
the different time varying phenomena and the influence of

the main openings on the eddy currents.

Since the wall thickness of the proposed vessel is much
smaller than the radii of curvature at any surface location,
the real vacuum vessel can be approximated by single-walled
flat shell sections which represent the shell sectors and
the bellows sections. Measurements in a corresponding
single-walled model of the vacuum vessel will therefore
yield sufficiently accurate results as a basis for the
design and the stress analysis of the vessel structure.
Towards the end of the design phase, when the main vessel
geometry is fixed, a more accurate electric model should

be built to allow the study of vessel components and open-
ings with diameter smaller than the vessel thickness.

The single-walled vessel approximation is composed of
shell sectors with the equivalent thickness d§==2'ds,

ds = single-shell thickness of the original vessel,

and bellows sections with an equivalent thickness in the

toroidal direction dbu and in the poloidal direction d

bv

+)

Such a vessel concept will be favoured if the tape-wound
toroidal-field magnet is used. The decision whether single
or double-walled bellow sections will be used depends
mainly on the tritium safety restrictions imposed by the

Government.
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b thickness of single real bellows,

._.l
]

b real toroidal length of single bellows,

=
|

= toroidal length of bellows sector.

For the model of the vacuum vessel of ZEPHYR, the geometry

factor a was chosen as
a = 0.2

to get a sufficiently high geometric resolution of the
current measurements and to limit the mechanical outlay

for the model. It can be seen from eq.(17) that for an
exact electric model there exists only one transformation
factor for space, time or frequency and for every conductor
material used.

In most cases, these conditions cannot be fulfilled altogether.
For instance, the "toroidal" thickness dbu cannot be diminished
by a factor 0.2 in the model because it is not feasible. But
simplifications are possible in the case of "thin" shells

or "thin" conductors and flanges, i.e. the thickness of

the shell of the transverse dimensions of the conductor are

small compared with the radii of curvature.

The ratio of resistivity to thickness can be transformed for

a "thin" shell by a unique factor K =‘§ +):
254, <
= = et 20)
d a
+)

and for a "thin" conductor by K' = 3% :
a

i 28 21
) - &) o

+) Equations (20) and (21) mean the correct transformation

of the time constant of each current mode on the vessel,
even if the individual resistivities and geometric dimen-
sions are not transformed correctly.




withaPF

cross-section of this conductor (or flange),

d thickness of "thin" shell,

s

which offers (over a certain range of operation) one additionally

resistivity,

independent variable for the "thin" shell and two independent

variables for a "thin" conductor or flange.

It is not necessary to consider eq.(15) for the investigation
of magnetic field diffusion through the vessel because of
the low upper frequency limits, even for a hard plasma dis-
ruption. But it should be kept in mind that by using only
eq. (12) the capacitive currents on the original vessel
are not transferred accurately to the vessel model. The
mismatch between the accurately transferred capacitive
current jz and the capacitive current jz' transferred by
eq. (12) only is given by

.+’ £&f L +)

dc =2 ¢ ) (22)
If it is intended to measure the currents or magnetic fields
in an electrical model by magnetic probes and Rogowski coils
in the frequency domain, it would be desirable to raise
the frequencies as high as possible to increase the probe
measuring sensitivity. For a given geometry factor a it is
possible, by using only eq. (12), to choose a time factor 12
which is smaller than {1 :

£N'<D

This frequency increase will only be limited by eq. (2) ,
e.g. the capacitive current j:' should be much smaller than

the measuring error of the vessel currents.

+) Equation (22) is only valid when (a2/112) =1 +§ with
JE]<< 4+ e.g. 3. << (G + Ig)-




The poloidal cross-section and a top view of the electric
model for the ZEPHYR vacuum vessel with double-walled
bellows sections are shown in Fig.1. The model of the
bellows sections will consist of 1.5 mm thick stainless
steel, simulating the toroidal resistance, while the
smaller poloidal resistivity will be simulated by poloidal
flanges with correspondingly increased thickness. This
approximation of the bellows geometry should yield good
accuracy, but a proof of the results by using two accurate
models of a bellows section should be done later. The
materials and wall thicknesses o of the shell and bellows
sections of the model, together with its transformation

constants, are listed in Table 1.

Table 1: Data of the electric vessel model with double

bellows.
bellows section shell sector

a 0.2 0.2

J2 0.3 03

%) 0.65 0.66

at 0.15 cm!’ 0.1 cm

d 0.16 cm?) 1.6 cm
material® stainless steel brass

I 73x 1078 ¥m 5x1078 £ m

€ 120 x 1078 ¥m3) 120x 1078 ¥ .m?)
cross—section of 1.13 cm2 0.25 cm2
flange AF*
alternative 0.4 cm2 0.30 cm2
flanges
1) llb = 2.5

bs

3) resistivity of Inconel 625 at LN, temperature

2) toroidal thickness of double-bellows section




o =

The value of £2 is relatively large, but it is difficult

to lower it further. This would only be possible by raising
the factor (&« /a) and with it the resistivity of the
materials used. The wall thickness cannot be diminished
further owing to mechanical stability problems.
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III. Method of measuring eddy currents

The eddy current distributions in the shell and bellows
surfaces will be determined by measuring the toroidal and
poloidal components of the magnetic fields, which are
tangential to the model surface at the inside and out-

side.

The toroidal eddy current j: can be derived from

ip = <[ Yo, = G, |+ (Hor.- Ha) 7,

and the poloidal current jp from

i AL YT (H - HE )
with

+ + —> g + —»
"éftspr:‘n’p and ‘é =/'/t’7’l

where the index 1 denotes the region outside the vessel

model and the index 2 the inner region of it (see Fig.z).

MIDDLE

Fig. 2




The main reason for building an electric model of the

vacuum vessel will be to evaluate the eddy currents on the
vessel, induced by disruption of the plasma current. To
simulate the plasma current a current will be passed through

a thin conductor along the centre line of the model plasma +).
It is intended to measure in the frequency domain and calculate
the real-time behaviour with the corresponding Fourier
integrals.

At any surface point of the model, the magnetic fields
‘€t1 2 and‘gPt1 2 will be measured simultaneously by four
magnetic probes forming a rectangle. One pair records the
magnetic field at the inside and one pair that outside the
vessel surface.

The axis of the magnetic probes must always be adjusted
parallel to the surface of the model, in the dlrectlons

of nt and np . Since the eddy current components jt and J;
will be measured directly by a differencde method, the in-
fluence of the normal component of the magnetic field on
these measurements can then be neglected. By correct adjust-
ment of the probesin the directions of'gl and ﬁ’, the in-
fluence of the poloidal magnetic field B;, generated by

the model plasma current I;l’ on the measurement of j+

p
can also be neglected.

The influence of B; on the measurement of j1 can be deduced
from Figs. 3 and #. It is mainly the gradient of the tangential
component Bpt of the poloidal field Bp normal to the model
surface, that governs the measuring error of ]t The distance
of the two probes, measuring B;t inside and outside at the
vessel surface of the model, can be assumed to be less than

0.3 cm when the probe diameter is about O.1 cm.

) Forf9 .35, the axis of the plasma current is somewhat
shlfted outwards from the plasma centre line towards larger
major radii. The variation of the electromagnetic force and
eddy currents with the position of the plasma current axis
will be studied separately.
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Figure 5 shows the measuring error of j;’ with reference
to a maximum mean toroidal current<j1> = I;l/l; in the
wall of the vessel model and to a distance of 0.3 cm between
the two B;t probes. It can be seen from Fig.5 that high-
accuracy measurements of j: at the throat of the vessel
model can only be achieved by subtracting the difference
probe signals for I;l without the vessel from the signals
with the vessel model. A second method of increasing the
accuracy will be the use of phase sensitive amplifiers,
while the recording and handling of data will be achieved
with multi-channel transient digitizemrs coupled directly
to a PDP 11 computer. The frequency range and the ex-
pected signal levels are represented in Table 2.

Table 2:
probe difference |current density <3%| equivalent
signal (uv) in the wall (A/m) probe surface
Upper frequency limit »
Vgu= 3X1O5 S—1 95 1 40 x 10
Lower frequency limit -6
Vgy = 1.65x10% g~ 0.05 1 40 x 10

The eddy currents along the poloidal flanges and the toroidal
currents through the vertical symmetry planes of the shell
and bellows sectors will be measured directly with Rogowski
coils. Two small toroidal slits (1x5 mm) in the vessel sur-
face (see Fig.1) allow the fixing of a slotted Rogowski belt,

causing only minor distortion of the eddy current distribution.

3
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