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Self and mutual inductances of toroidal-field (TF) coils are empirically expressed by linear combinations of
three coil-shape parameters: elongation, aspect ratio, and triangularity, based on their calculation results with the
Neumann formula. A regression function was also obtained for calculating rough values of self-inductances of
toroidal-shape structures such as a vacuum vessel in a Tokamak-type fusion reactor. An analysis for their eddy
currents induced during fast discharge of TF coils is presented for showing as an application example of these

formulas.

© 2020 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: nuclear fusion, demo reactor, toroidal field coil, inductance, eddy current, fast discharge

DOI: 10.1585/pfr.15.1405078

1. Introduction

Analyses for electromagnetic dynamics of TF coils
are required for estimating thermal and mechanical im-
pacts on related reactor structures during their fast dis-
charge in emergency conditions such as loss of supercon-
ductivity (quench) or loss of cyclic symmetry [1,2]. The
most important quantities required for these analyses are
self and mutual inductances of TF coils used in their cir-
cuit equations [3].

The self inductance of TF coil set becomes larger with
increasing its size as in the case of fusion demo reactors [4]
that have enormous magnetic stored energy to be thermally
and safely dissipated during the fast discharge [2]. These
inductances are accurately and numerically evaluated by
the well-known Neumann formula [5]. The Neumann for-
mula, however, requires us to carry out many complicated
line integrals along conductor-current paths distributed in
3D-space.

Estimation of eddy currents induced in toroidal-shape
structures such as a vacuum vessel during the TF-coil fast
discharge is also important for consideration of their struc-
tural integrity and often analyzed prior to structural anal-
yses with a general purpose numerical calculation code
such as ANSYS [6] or a dedicated code for transient elec-
tromagnetic analyses such as EDDYCAL [7]. These elec-
tromagnetic structural analyses are not easy because they
need detailed 3D-modeling of structures and long compu-
tation time and therefore it would be necessary to verify
and understand their results consisted of massive numeri-
cal data by preliminary simple analyses.
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In the simplified analysis for eddy currents, they can
be estimated by setting up circuit equations that include
circuit constants for TF coils and related structures, i.e.,
their resistances, self and mutual inductances. These cir-
cuit constants should also be easily evaluated for conve-
nience from dimensions given in their design drawings.

In this paper, we will present empirical formulas
for evaluating self and mutual inductances of TF coils
and toroidal-shape structures with defining their cross-
sectional shape parameters such as elongation, aspect ra-
tio, and triangularity. For showing an example of applica-
tion of the simplified inductance calculation, we will also
demonstrate an analysis of eddy currents induced in TF-
coil structures and the vacuum vessel in the fast discharge
of TF coils of a fusion demo reactor, JA DEMO [4], for
rough estimations of their thermal and mechanical impacts.

2. Inductance of Toroidal Structure
2.1 General formula

A mutual-inductance between toroidal-shape struc-
tures would be approximated by calculating coupled
toroidal magnetic flux inside their poloidal current center
lines (CCL). The mutual inductance M;; between the i-th
and j-th structures with a volume V; is then estimated from

Mij]j =~ Ni BdS = Ni B(R)deZ

i i 1

HoNiN;1; , o

~ (H; + H)¢i,
2n

with the inductance factor

1 Z(R Z'(R
& = f|()|+| (Rl dR for V; C V;,
H; + H’ i R R
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where [ is the poloidal current, N the number of turns, B ~
toN1;/(2nR) the toroidal magnetic flux density generated
by j-th current, R and Z are radial and axial coordinates
of a point on the CCL, respectively, H the height of CCL
(maximum value of Z) and the prime (‘) denotes quantities
below its equatorial planes (see Fig. 1).

We have Mij = Mj,‘ x (}loN,‘Nj/27T)(H,‘ + Hi/)é:i from
Eq. (1) and the self-inductance L; = M;;. The formula for
calculating the inductance factor & was analytically de-
rived based on the geometry shown in Fig. 1, which is pre-
sented in Appendix A.

2.2 Shape parameters of toroidal structure

We define the following parameters as being used for
a Tokamak plasma to express the poloidal cross-sectional
shape: elongation x = H/a, aspect ratio A = R/a, and
triangularity § = (E — Ry)/a, where Ry, is the radius at
which Z = H, R = (R + R;)/2 the major radius, a = (R —
R;)/2 the minor radius with R; and Ry being the inboard
and outboard radii, respectively, (see Fig.1). Using the
defined parameters and the height H, we inversely obtain
these radii as Rp = a(A+1), Ry = a(A—1), Ry = a(A - 9),
and R = aA with a = H/x.

The TF coil shape (or its CCL) is usually expressed
by six arcs in its design[8], as shown in Fig.1. For a
limiting case of the shape being vertically symmetric with
0, = n/2 — 0 and 83 = 7/2 in Fig. 1, radii and center co-
ordinates of these arcs are given with parameters «, 0, A,
H, and the arc angle 6, as

Ri=H cos 6, +L(s'in01 -1 ’
cosb +sind; — 1
(cos01—1+tsin91)

R,=H
2 cosf) +sinf; — 1

R3 = RM —R1 = H(l —6)/K,

———]

"R, | Ru Ro

—

: TF-Coil CCL

| /‘ ",

' 2}

] '9' R,

: (R, )|

: (ReZa) |0,

(R 2 N o, R,
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Fig. 1 Shape definition of TF-coil CCL in poloidal cross sec-
tion, which is usually consisted of 6 arcs.

Ry =Ro - Ry = (H/K)A + 1) = Ry, Zuy =0,

R = Rei + (Ry — Ry)cos b1, Zp = (R — Ry)sin 6,
Ri3 =Ry, andZs3 =Z, + Ry — R3,

where ¢ = (1 +9)/«k.

Note that ¢ < 1 and Ry > H because R; should
be greater than R, and then 6, is inversely estimated by
2tan"'[(R;/H - 1)/(R,/H — 1)] — n/2 for a given radius R,
of outboard curvature, which gives 8, — 0 for R} — oo
with R2 - HL = RO - RM.

The cross-sectional shape of toroidal structure is thus
defined by parameters «, J, A, and 8 and therefore the in-
ductance factor ¢ can be expressed as a function of them.
We carried out a regression analysis with randomly gener-
ating 10° sets of parameters in ranges of 1.5 < k < 2.0,
1.5<A<20,022<6<0.5and 0 < 6;(°)/90 < 0.7 and
obtained an empirical formula for £ as

& = cotek+csd+calA+canA® +c(01/90)+&, (2)

with ¢p = 4.933, ¢, = 0.03728, ¢s = 0.06980, c4y =
—3.551, ca4p = 0.7629, and ¢y = —0.06298. The standard
deviation of the relative error £/& was then estimated to be
0.12%.

2.3 Self inductance of TF coil set

We calculated the self and mutual inductances of TF
coils with the Neumann formula for the following various
values of parameters: « = 1.5, 1.6 and 1.7, § = 0.2, 0.35
and 0.5,A = 1.5, 1.6 and 1.7, and 6,(°) = 40, 50 and 60, all
of which totally give 81 parameter combinations and CCL
shape variations shown in Fig. 2 for H = 9.3 m.

In this calculation, we set geometrically imaginable
current cross-sectional area (i.e. winding pack, WP) shown
in Fig. 2 (b) to take its finite size into account, which would
affect especially on estimations of the self-inductance

10 Current center
8+ — X
6 - 4
4 4
-~ 2r- 7
E of ]
N 2+ i
-4 + - \
-6 | 4 Coil case | -
-8 B Winding pack \
\
-10 Cross-sectional area
(0] 20 of TF coil current
(a) (b)

Fig. 2 Current center lines (CCL) for calculating inductances,
(a) CCL shape variations for used value ranges of param-
eters , 0, A, and 6y, (b) Inner-leg cross-sectional structure
around CCL of TF coil, which is drawn only by roughly
satisfying geometric constraint for each calculation case
and plural conductors are distributed within the shadow
region for the inductance calculation with the Neumann
formula.
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value of a single TF coil and the mutual one between adja-
cent coils. The typical sensitivity (0L/L)/(dw/w) of the self
inductance L of the TF-coil set was estimated for the frac-
tional size change (6w/w) of WP to be ~5% in the toroidal
direction and 6 - 9% in the radial direction.

The self-inductance of the TF-coil set is then ex-
pressed by L = Loé&y with Lo = (uo/m)(NrrpeNe)*H,
where £y is the inductance factor given by the calculation
with the Neumann formula, N7gc is the number of TF coils
and N that of turns per coil.

We first compared £ given by Eq. (1) to &y for all pa-
rameter combinations, which is shown in Fig. 3 (a). The er-
ror of £ was then within the range of —1.5 < (§—¢&n)/én (%)
< 0.9. Next, we assumed &y =~ £+ A& with Aé = Co+Cik+
Cs0 + C4A and had optimum coefficients Cy = 0.05808,
C, = —0.05846, Cs = —0.02906, and C4 = 0.03008. In
this case the error is reduced to |£ + AE — énl/én < 0.2%
(see Fig. 3 (b)). Here we ignored the dependence of induc-
tance on the arc angle 6, because CCL shapes are hardly
changed for its value range.

We also letéy = & = C'y + C'yk + C' 50 + C’ 4 A with-
out using &, finding optimum coefficients C’y = 3.026,
Cc’, = —-0.03238, C's = 0.1091, and C’y = -1.093,
which gave the error |&' — én|/én < 1.4% (see Fig. 3 (c)).
This evaluation is the simplest method to find rough self-
inductance values without calculating & whereas the sec-
ond one (Fig. 3 (b)) gives very accurate values.

To verify these regression functions (empirical formu-
las), we calculated the self inductance of the ITER TF-coil
set, which is reported to be 17.3 H in Ref. [2]. The ITER
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Fig.3 Comparisons of approximated inductance factors to &y
and mutual inductances to M for all combinations of pa-
rameters, where we assume (a) &y = &, (b) &y = &+ A€
with A = Cop + Cuk + C56 + CpA, (c) éy = & =
Clo+Clk+C's6+C4A, and (d) My ~ M*;, = C” +
C"k+ C"s50 + C" 4A.

TF-coil CCL parameters are evaluated to be « ~ 1.57,
0~ 0341, A =~ 168, 6; ~ 70°, 0, ~ 40°, H ~ 6.31m,
Nrpe = 18, N¢ = 134, and Ly = 14.7H. These pa-
rameter values gave the self-inductance as Loéy = 17.3 H,
Lo&é = 17.2H, Lo(¢é + A¢) = 17.3H, and Lpé&’ = 17.3H.
Thus, we can immediately find the value of self inductance
with the quantity Ly and three TF-coil shape parameters «,
0, and A.

2.4 Mutual inductances between TF coils
Mutual inductances M;; = LoM, withk = |i— Jjl would
also be estimated by equating

Mk X M*k = C”()k + C//KkK + C"5k§ + C"AkA,

where the normalized value M; was found by using the
Neumann formula with the number of TF-coils Nypc = 16
selected for JA Demo design [4], i.e.,i, j = 1-16,0 <
k=1i—jl <8, and Mg = M for k > 8. Table 1
presents optimized coefficients for each k and calculated
values of M*; are compared to My in Fig. 3 (d) for all cases,
where the error was estimated to be |M*k—Mk|/M0 <0.7%,
0 <k<d).

Note that coeflicients for k = 0 presented in Table 1
are not for the self inductance of TF coil set described in
Sec. 2.3 but for a single TF coil.

This result, of course, is not directly applied to TF-
coil designs with Nypc # 16 such as the ITER TF-coil set
consisted of 18 ones. Mutual inductances for Nypc = 18
can be obtained with the following calculation procedure
by assuming that M* is a function of x = k/(Ntpc/2) with
0<k=|i—jl <Nrpc/2,ie.,0<x< 1.

(1) Calculate M fork=0,--- ,Nypc/2 using shape pa-
rameters of concerned TF coils with Nygc = 16.

(2) Find a regression or spline curve f(x) for plots (xg,
M*y), where x; = k/(Nrpc/2) with Nrpe = 16.

(3) Calculate M*, = f(xp) for k = 0, , Nypc/2 with
NTFC = 18.

Table 1 Optimized coefficients for calculating mutual induc-
tances of TF coils.

k=i - C” o C" C” sk C"ak

0 5.605x10-2|-7.381x10-3[4.258%10#|-9.303%10-3
1,15 2.355%102[-1.792x10#]1.079x10-3| -7.924x1073
2,14 1.452x1072| 4.864x10* [6.555%10*(-6.324x10"3
3,13 19.432x103| 5.613x10* |4.417x104| -4.645%1073
4,12 16.397x1073] 5.041x10** [3.185%10**-3.388x10"3
5,11 4.603x1073| 4.307x104 | 2.438x104]-2.559x1073
6,10 ]3.568x1073| 3.734x10 [ 1.992x104-2.050x10"3
7,9 3.032x1073] 3.383x10** [ 1.751x10*#[-1.777x10"3

8 2.866x1073| 3.267x10* | 1.675x10*]-1.691x1073
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Fig. 4 Mutual inductances estimated for ITER TF coils, where
(a) regression curve for plots (xy, M*k) with Nrpe = 16
and M* « calculated for Nypc = 18 and (b) mutual induc-
tances of ITER TF-coils estimated from this regression
curve and those calculated with the Neumann formula.

(4) Calculate the normalized self-inductance L of the TF-
coil set with N’ = N7pc/2
24 = NTFC (M*() + Z(M*l + -+ M*N’—l) + M*N/) .
(5) Calculate mutual inductances with M;; =~ M L/L,
(k = |i — j|), where L is the self-inductance of the TF-
coil set with Nygc = 18.

Figure 4 (a) shows the regression curve for M*; and
estimated mutual inductances for ITER TF coils with
Nyrc = 18, where the relative error & = |M* o — M|/ M, for
i = j was 1.4% in comparison to the value calculated with
the Neumann formula (see Fig.4 (b)). This error magni-
tude of M; that is the self inductance of the single TF coil
is slightly higher compared to the result shown in Fig. 3 (d)
with € < 0.7%.

One of this reasons would be reduction in the cross-
sectional area of the TF coil current (winding pack) when
Nrpc is increased from 16 to 18 (see Fig. 2 (b)). The size
of the winding pack is decreased by ~10% in the toroidal
direction and then L is increased by ~0.5% (see Sec.2.3),
which gives the increment in M, of 1.4% as mentioned
above with taking account the contribution of the self in-
ductance LoM, to L being ~36%.

3. Application

Figure 5 shows an example of conceptual design
drawing for JA Demo [4], which shows poloidal cross sec-
tion of the TF coil and the vacuum vessel (VV). We con-
sider poloidal eddy-current inductions in and their influ-
ences on reactor structures in the case of emergency fast
discharge of the TF-coil current. Eddy currents are as-
sumed to be induced in TF-coil structures, consisted of coil
cases and radial plates (see Fig. 5), and the vacuum vessel.

Circuit equations for solving this problem are written
as

Lljl + Mlzjz + MIOiO +R =0

szz + Mz]il + Mgoio + R, = 0’ (3)

where [ is the current, L the self-inductance, M the mu-
tual inductance, R the resistance, and subscripts 0, 1, and 2
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\ A\
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(0]

\ ot Il
gl

Radial plate
(RP)
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—
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©QO0000DOOOOHOOO,
Q0000000000
©00000000000000

-~ elelolelelo] Q00000
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(co) (wp)
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Fig. 5 Conceptual design drawing of TF coil and vacuum vessel
in JA Demo, where closed line and dots denote roughly
dawn poloidal current center line of each structure.

Table 2 Roughly estimated CCL-dimensions of TF coil, its
structure, and vacuum vessel of JA DEMO.

TF Coil / Structure Vacuum Vessel
Ri (m) 3.55 4.45
R, (m) 15.62 13.09
Ry (m) 7.66 7.88
R (m) 9.59 8.77
H (m) 9.50 7.90
a (m) 6.03 4.45
A 1.59 2.03
K 1.58 1.83
0 0.320 0.26
o1 (°) 48.0 1.0
lccr (m) 51.1 414

denote values of the TF-coil conductor, the coil structure,
and the vacuum vessel (VV), respectively. Initial condi-
tions are 7;(0) = I,(0) = 0 and the conductor current of
the TF coil is assumed to be exponentially decayed with
the time constant 74, i.e. Iy = Ipp exp(—t/1,), where Ipp
(= 83.2kA) is the normal operating current.

We need values of self and mutual inductances to
solve the circuit equations. To find these values, we
roughly drew a (almost handwritten) CCL for each struc-
ture along its contour as shown Fig.5 (indicated by a
closed line and dots), measured its dimensions, and esti-
mated values of parameters «, 6, A, and H, which are pre-
sented in Table 2. Note that CCL dimensions of the TF coil
and its structure have nearly the same values, i.e., H| = H,
&1 = &y and the coil structure and the VV are regarded as
single-turn coils (N; = N, = 1).

Self and mutual inductances of these structures are
written from Eq. (1) by

Lo ~ (uo/m)Ng Hoo,
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Table 3 Inductance matrix M;; for reactor structures of JA
DEMO shown in Fig. 5 (in H).

i\ 0 1 2
0 4.53x101 | 1.47x102 | 9.28x107
1 1.47x102 | 4.80x10¢ | 3.02x10°
2 9.28x103 | 3.02x10° | 3.02x10°

Ly = (uo/mHy& ~ (o/m)Hoéo = Lo/Nj,

Ly ~ (po/m)Ha&2,

Moy = Mo = (po/m)NoHoé&o = Lo/No = L1 No,
Moz = My = (uo/m)NoH2&> = Lo Ny,

and My = My = (uo/mHr6 = Lo,

where Ny = NrpcNe (= 16 X 192) and we assumed or
approximated that coils and structures are symmetric with
respect to their equatorial planes, i.e., H; = H;. The self
inductance of each structure can be evaluated by finding
arc parameters R;, 6;, R; and Z;, (j = 1 - 3) described in
Sec.2.2 and then calculating the inductance factor & with
the equations presented in Appendix A or the regression
function Eq. (2). Table 3 presents the inductance matrix
M;; of the system Eq. (3).

We also need poloidal loop resistances of the TF-coil
structure and the vacuum vessel. The loop resistance of
the coil structure is given by R; = nssrlccr/(Nrrc(S cc +
Sgrp)) = 1.1pQ, where ngs, is the resistivity of SS316
(~0.5 uQm) at low temperature (4.2 K), lccr (= 51 m) the
CCL length, Scc (= 0.94m?) and Sgp (= 0.55m?) are
cross-sectional area of the coil case and the radial plates,
respectively.

The loop resistance of the VV was estimated from the
following poloidal line integral

Ry =nssu VV(ZHR(I)A(I))_Idl~(USSH/Avv)% “4)

to be ~6.6uQ, where nggy is the resistivity of SS316
(0.84 uQm) at high temperature (100°C), A(D)~Ayy (~2 X
60 mm) the VV thickness, and a formula to calculate the
factor ¢ (= 0.94) for a uniform Ayy is given in Ap-
pendix A. The conceptually designed VV is double-walled
and has 20 mm-thick 64 poloidal ribs with a CCL length of
~41 m. Assuming their averaged width is roughly 1 m, we
estimated their total loop resistance to be 27 u that re-
duces the VV resistance from 6.6 u2 to 5.3 uQ.
Equations (3) are rewritten as

i] +gi2+/l]ll = /l()N()IO and j] +I.2+/1212 = /l()N()I(),
where

Ao = 1/74 (= 0.033s7! for 7, = 30s),

0.12 T T
= Approximated —
2 o01p/ I, withoutI, ——
[} /
= f
5 0.08 - .
3
B 0.06 [ T
% ) Peak value 11/ (NoIop)
g D% =0.0177 i
g - 0.0134
’ I,/(Nolop)
0 1 Il +
(0] 20 40 60 80 100
Time (s)

Fig. 6 Time evolutions of eddy currents induced in TF-coil
structure (/;) and vacuum vessel (I,) (red curves) for
74 = 30s, where blue curves show approximated solu-
tions for A, > Ay, Ay, and the black curve denotes I,
calculated by assuming /; = 0, i.e., there is no TF-coil
structure.

Ay =Ri/Ly = N3R /Ly (= 0.2257") and
X = Ry/Ly = NjRy/(gLo) (~ 1.857")

with g = L,/L; (= 0.62). From these values for this case,
we can say that 4, > A, 4o. If I} > I, the equations
become

I + 41, = )Noly and L, + L1 = 4414,
and then we have approximated solutions

I = 2Nolpp(e™ = e™") /(A9 — A1)
and L= (/11//12)11(<< 11) for Ay > A4, Ay.

Figure 6 shows time evolutions of eddy currents of the
TF-coil structure (/;) and the vacuum vessel (15). We see
that approximated solutions are well agreed with accurate
ones, i.e., the eddy current of TF-coil structure is hardly
influenced by that of the VV and cannot be ignored for
calculation of the latter.

The eddy current in the TF-coil structure generates
Joule heat. Each conductor is heated by the Joule heat g
generated in the radial plate (RP), which is estimated per
unit length by

q = nss.(frel1/No)* /(S rp/Nc) with
Jrp = Srp/(Scc + Srp)(~0.37),

where fzp is the area fraction of the radial plate. For the
peak value of I; in Fig. 6, Joule heat ¢ is estimated to be
1.8 kW/m per conductor for 7, = 30s and 3.3 kW/m for
74 = 205, which would give no small effect on the temper-
ature rising of the conductor in its quench event via heat
conduction through a turn insulation.

The purpose of the calculation of the eddy current in-
duced in the VV is to estimate stresses generated by the
electromagnetic hoop force. The equation for roughly cal-
culating the Tresca stress of the inboard wall is given in
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Appendix B. Using this, we evaluated it for the peak
current of I, to be 56 MPa for 7, = 30s and 74 MPa
for 7, = 20s, which are lower than the allowable stress
(~143 MPa) of the VV material (SS316L).

The estimated Tresca stress of 56 MPa for 7, = 30s,
however, is smaller than that (~100 MPa) obtained by a fi-
nite element analysis (FEA) [9] with nearly the same con-
ditions. One of the reasons is that the FEA excluded the
eddy current (/;) induced in the TF-coil structure in its
modeling, which increases the peak VV eddy current with
a factor 1.32 (= 0.0177/0.0134, see Fig. 6), i.e., the stress
estimated in the FEA should be reduced to 76 MPa. Then
the relative estimation error becomes 26%. This residual
error would be mainly arisen from the VV model shape
drawn in Fig. 5 being quite different from the design draw-
ing of its outboard structure that has maintenance ports.

4. Summary and Conclusions

We have presented a method for easily estimating self
and mutual inductances of TF coils and toroidal-shape
structures, defining their cross-sectional shape parameters.

In Chap. 2, we tried to estimate the self-inductance of
TF-coil set, calculating the toroidal magnetic flux passing
through the cross-sectional area enclosed by its CCL. The
shape dependence of inductances is then expressed by the
inductance factor & of a function of shape parameters: the
elongation «, the triangularity ¢, the aspect ratio A, and the
arc angle 6;, and we obtained its empirical formula by a
regression analysis. This formula would be useful to es-
timate the inductance of a toroidal-shape structure for its
poloidal eddy current analysis.

The inductance factor & was compared to that obtained
with the Neumann formula for the TF-coil set that has
finite-size current-flow areas and a discontinuous structure
in the toroidal direction. We found that & has relative errors
within 1.5% in value ranges of shape parameters treated
in this paper. This relative error was reduced to 0.2% by
adding the correction term expressed by a linear combina-
tion of k, §, and A (without #,). The inductance value with
this accuracy would be sufficient for using in the TF-coil
design and its safety considerations. We also found that
their linear combination directly gives the self-inductance
without calculating &, where the relative estimation er-
ror was within 1.4% for its optimized coefficients. These
empirical formulas were verified by calculating the self-
inductance of the ITER TF-coil set to have its known value
(= 17.3H).

The mutual inductance M;; (1 < i, j £ Nrpc/2) was
also expressed by a linear combination of «, §, and A with
relative errors less than 0.7%. We obtained its optimum
coefficients for each pair of TF coils with Nypc = 16 and
showed that this result can also be applied to the case of
Nrrc = 18 selected for the ITER coil set. A bit of relative
error (~1.4%), however, appeared in the self-inductance
My of a single ITER TF-coil because it becomes thinner

with increasing Nrpc, which increases the self-inductance.

In Chap. 3 we demonstrated an analysis for eddy cur-
rent inductions during the fast discharge of the TF coil set
of JA DEMO, calculating self and mutual inductances of
the TF-coil structure and the vacuum vessel (VV), and es-
timated the peak Joule heat generated in the TF-coil struc-
ture and the Tresca stress in the VV inboard wall. Al-
though the result for the VV stress was not well agreed
with the FEA due to a poor modeling of the VV structure,
this simplified analysis would be useful to verify the anal-
ysis model, understand the result, and make a plan for the
large scale FEA.
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Appendix A Inductance Factor

The inductance factor £ in Eq. (1) is written by

6 Rox 6
1 *Z(R)]
&= ; f dR= ) &,
with Zy(R) = Z + R /1 — (R/R.)?, which becomes
1 T2k \[] —72 R
& (Rk f dr| + |Za 1n(ﬁ)),
e T+ Wy R

- H+H 1k
where wi = Ret/Ri, Tk = (R = Ret) /Ry = cos O, (s =
1,2), with

O =61, 0 =0, 0, =0 +6,, O =6,
Oi=0,+6,+0; =n, and O3 = 6 + 0,.

+

The integral in & is carried out analytically [10] to be

&(H+H)
=Ry ‘[wk sin't+ VI-72+ PiA(T, a)k)]

R
ch ln(ﬂ)
Rk

where A(T, wy) = f

T2k

Tikl,

2

+ with pr = 1 — w;,

_ dr
(T+wk)m

1 1+
—— sin™! ( wkT) for pr <0
VPl T+ Wi
-z for p, =0
= (T + wy) Pe=
L 2(1+ 7w - pe(1 = 1))
n
Pk T+ W
for py > 0.

The quantity ¢ in Eq. (4) that gives the VV loop resis-
tance is also expressed by using A as

dl 1 ————dR
= _  — i
4 56 27R (1) 27rf L+ (dzR) AR
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6
1 T2k d Zs + |2,
_ 1 Zf T L Lo |Zc6l
27 k=1 1Y Tk (T+a)k)Vl—T2 R;
_Xx
21

Tz + | Zsl <

. 3 6

with y = # + Z IA(T2k, wi) — A(T 1, Wil
=1

Appendix B Tresca Stress in VV Wall

The Tresca stress oyy generated in the inboard wall
of the vacuum vessel (VV) by its eddy current I is given
by oyy = |og — 02|, where oy and oz are principal stresses
in toroidal and vertical directions, respectively. Since the
toroidal magnetic field B in the VV wall is given by B =~
ByyiRyy/R, the vertical force Fyy acting on the VV is
estimated by

Fyyz = ByyiRyyil> de/R
= ByviRyvil In(Ryvo/Ryvy),

where subscripts VVI and VVO denote quantities of in-
board and outboard walls of the V'V, respectively. The ver-
tical stress generated in the VV wall is then calculated by

Fyvz
2nAyy(Ryyr + Ryvo)
_ BvviJvviRyvr ln(RVVO)

1 + Ryvo/Rvvi '

Oz =X

Ryvi

where JVVI = 12/(27TAVVRVVI) with AVV being the VV
thickness is the current density and Byy; = uo(ly + I +
I,/2)/(2nRyy;) the average magnetic field strength in the
inboard VV wall.

The radial Lorentz force acting on the VV inboard
wall is approximated by —ByyJyy; and we have

g = —(ByyrJyviAvy)Ryyi/Ayy

= —Byy1JyviRyyi.

using the cylindrical thin shell model.
‘We thus obtain the Tresca stress as

oyy = |og — oz| = {ByyiJyviRyvi,

where g = 1+(Avv— 1) ln[(Avv+ 1)/(Avv— 1)]/(2Avv) with
the VV aspect ratio AVV = (RVVO + RVVI)/(RVVO - RVVI)-
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