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Abstract

Modular stellarator coil systems with reactor dimensions are
described. They comprise 5 field periods (F.P.) with 4 to 10 twisted
coils within each. Preference is given so far to a data set of 10
coils/F.P.. The coil configuration is optimized with respect to the
magnetic field (B, rotational transform 4) and with respect to the
available space for the blanket. Technical constraints of super-
conducting NbTi coils are satisfied. The forces, mechanical stresses
and deformations are calculated and suitable support concepts for the

ceils are investigated.
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1. Introduction

This study investigates the feasibility of a modular stellarator coil
system on the basis of the WENDELSTEIN VII-AS configuration. This
advanced stellarator is described in detail in /1, 2, 3/. In the
previous study /4/ the coil configuration of WENDELSTEIN VII-AS was
scaled up to reactor dimensions, but without optimizing the plasma
parameters for reactor application. The aim for that investigation was

to identify technical problems of the modular coil system.

In the following, parameters of the magnetic field in conjunction with
the geometric reactor dimensions are reconsidered. In view of plasma
confinement and particle diffusion the mean minor plasma radius is
increased to r = 1.6 m and the mean major plasma radius to

Ro = 25.5 m. This gives a plasma aspect ratio of 15.9. The combined
blanket and shielding thickness is taken as 1.70 m, which is close to
the value used in /5/. For the coil housing, a radial thickness of

0.1 m is added.

The calculation of the topology of the modular coil system starts from
a current layer on a chosen torus. This current layer is obtained
numerically /6/ from the magnetic topology, which is described by a
sum of DOMMASCHK potentials /7/. Discretization of the current layer
leads to coils of finite extent. Recalculating the magnetic field of
these coils establishes the required degree of approximation of the
original magnetic topology. The toroidal excursion of the twisted
coils is comparatively small if the torus is chosen not too far
outside of the "last" magnetic flux surface and if the coil aperture

is adapted to the shape of the flux surfaces /1/.



2. Optimization of the coil system

The present basis for determining reactor-size advanced stellarator
coil configurations is the modular coil set of WENDELSTEIN VII-AS with
a total of 40 + 5 twisted coils, 5 being of special large aperture to
provide experimental access. Regarding the number of coils per field

period two different cases are considered:
- 10 coils per field period
- 4 coils per field period.

With 5 field periods around the torus circumference, this makes a

total coil number of 50 and 20, respectively.

The cross-section, current density, mean radius and ellipticity of the
coils are varied in both cases. Care is being taken to ensure that the
distance between the inner side of the coils and the plasma boundary
layer is at least 1.8 m. The total coil current is chosen such that a
field of Bo = 5.3 T is produced on the plasma axis (with one
exception). The choice of this value of B0 is determined by the

maximum field on the coils which is limited to 9 T.

Characteristic data for a total of 8 different configurations is
presented in Table I. The values for the magnetic fields, the
induction coefficients, and the force densities are computed with the
EFFI code /8/; the rotational transform angle and the field ripple are
computed with the GOURDON code /9/. It is furthermore ensured that the
degree of "drift-optimization", characterising WENDELSTEIN VII-AS as
an advanced stellarator, is not degraded by the changes made from
WENDELSTEIN VII-AS towards the reactor-size coil topology /10, 11/.

Some of the cases investigated are discussed below.

Figs. 1 and 2 show top views of the modular coil sets of the con-

figurations ASR2510 and ASR254E with 10 and 4 coils/F.P. In both cases
identical values of the coil current density j = 6.86 MA/m2 and the

magnetic induction B - 5,3 T are established by proper choices of the




radial and lateral coil dimensions, h and w, resp.. Although the coils
shown in Fig. 2 are more massive, they clearly separate and thus could
allow an easy scheme of reactor maintenance, i.e. the demounting of
each coil by a purely radial motion appears possible. In an effort to
lower the maximum induction at the conductor a square cross section is
chosen for the coil at ¥ = 36°.

Magnetic vacuum field configurations of these two coil sets are given

in Figs. 3 and 4: For toroidal positions of zero and 1/2 field periods

the contours of several nested magnetic surfaces are drawn. The values
of the rotational transform at the magnetic axis are 4(o) = 0.43 and
0.47, resp.. In the configuration with U coils per field period €(o)
is increased by 10 %. This is due to the two superposed variations of
the coil set, the increased coil cross-section, and the larger gaps

between the coils.
The relative field ripple along the magnetic axis

J; =B = Biin) 7 (Bpax ¥ Buin)
amounts to 1.6 % and 8.5 % for the two cases. In the configuration
ASR2510 the last magnetic surface is at r = 2 m, with tr = 0.45,
whereas ASR254E only allows a minor radius of r = 1.5 m with
4 = 0.35. The ripple along the last magnetic surfaces of these two

r
configurations amounts to d; = 12.5 % and 17 %, see Fig. 5 and 6. The

figures show /B/ versus the length of the field line for about 8 field
periods. The increased values of the ripple within the magnetic
surfaces of ASR25UE is a direct consequence of the lower number of
twisted coils per field period. It also is responsible for the lower
value of rotational transform at the last magnetic surface, thus

causing a negative value of the shear
Jere = (2, -¢) /%,

and a reduction in the quantity

vo= (f@um), - [, ) 7 fam),,



On the other hand the maximum values of j"/jl, which characterize the

degree of "drift-optimization" /12/, the associated improvement factor

2/t6

= (j"/j.L)max ’

as well as the quantities expected as a permissible equilibrium-8 in

an advanced stellarator,

B, =F B8

2
F eq’ ﬂeq = (r/R) fb ,

do not deviate much for the two coil configurations ASR2510 and
ASR254E. Comparing the shapes of the vacuum magnetic flux surfaces at
a toroidal position P- 0 for the two coil sets, the triangularity is
more pronounced in the case of ASR254E. This feature is caused by the
presence of a twisted coil at the azimuth ¥ = 0, whereas in ASR2510

there is a gap between two adjacent coils,

If one splits this particular coil of ASR254E into two halves, each
having half of the current, a local gap at ¥ = 0 is introduced again,
and a magnetic topology is attained in the coil configuration ASR5,
which closely agrees with ASR2510 in shape and size, see Fig. 7, but
has other characteristics more similar to those of ASR25UE, see
Table II.

Regarding the option of 4 to 5 or of 10 twisted coils per field period
we presently prefer a system with 10 coils/F.P.. Although their
maintenance might be more complicated, their smaller magnitude of
field ripple promises a better confinement of the plasma. As will be
shown in sect. 4.1 also the local peak fields at the coils are reduced

in these configurations.

For the systems with 10 coils/F.P. some studies are done towards
obtaining a scaling of the maximum induction BM at the coil surface
with the dimensions and current density j of the coils, but
maintaining the axis value of the magnetic induction at BO =:4543uT

(with one exception, see Table I). The ratio h/w ~2 of radial to




lateral coil dimension is usually kept constant, mainly because of the
limited space between the coils at lower values of j. For comparison
with Fig. 1, the top view of the configuration ASR2510M with a maximum
current density j = 20 MA/m2 is shown in Fig. 8. If this large value
of j would be feasible in coil construction, the maintenance of the
coil system by a purely radial motion of the coils for demounting
would be alleviated by both, the increased space between the coils,
and the reduced coil mass. The coils closed to ¢ = i-720, i=1-5, are

interlocked, however.

For the coil configurations as described above the average coil aspect
ratio amounts to 4.15, which value agreess with the coil aspect ratio
of the twisted coils t) of WENDELSTEIN VII-AS, see /1/. The aperture
(bore) of these coils is elliptic and the ellipticity is identical for
all of them. On the other hand, for the reactor-size coils described
so far, the ratio of coil half-axes b/a changes from values of 1.117
to 1.349 when proceeding in the toroidal direction from Y= 0

to ¥ = 36° = 1/2 F.P..

Further optimization of the coil configuration for this work is
directed towards reducing the toroidal excursions and simultaneously
increasing the value of €. This is done in several steps. They employ
the choice of different torus shapes, recalculation of the appropriate
surface current patterns in order to retain the properties of the
magnetic configuration, e.g. of ASR2510, and then establishing the
contours of the discrete twisted coils. Finally, by increasing the
coil aspect ratio, and also introducing some helicity in the formerly
plane and radially oscillating position of the coil center points, a

new coil data set is obtained.

+) with the exception of the 5 special large coils of

WENDELSTEIN VII-AS. They have a lower coil aspect ratio and a more

triangular shape of their bores.




By an adjustment of the ellipticity of the coil cross section the
desired radial distance A = 1.8 m between the last magnetic surface
and the coil bore is established or even exceeded. Thus we arrive at
the configuration ASR25T7, which represents the present state of the
art. This coil data set and the associated characteristics of its

vacuum magnetic fields are described in the following.

The top view of the coil set (10 coils/F.P.) is shown in Fig. 9. The
current density in the coils is adjusted to j = 9.8 MA/m2 within the
radial and lateral coil dimensions h = 1.4 and w = 1.0 m, resp. Thus a
total coil current of 13.7 MA yields a magnetic induction of

Bo = 5.3 T at the magnetic axis.

The system of nested vacuum flux surfaces is given in Figs. 10-12 for
the three toroidal positions of zero, 1/4 and 1/2 field periods, i.e.
at Y= 0, 18 and 36°. Also shown in the figures are the apertures of
the adjacent twisted coil. The coil bores are of elliptic cross
section. The center filaments of the coils attain ratios of half axes
b/a varying from 0.9 to 1.7 between Y = 0 and ¥ = 36" , at an average
coil aspect ratio 4.76. The centers of these ellipses are situated

along a helical curve RC(P), Zc(?) characterized by

25 (1.016 - 0.028 cos 5¢) /m/
0.15 sin 5 /m/

R, (¥)
Z,(¥)

The radial amplitude of the oscillation exceeds the vertical one.
Furthermore, the orientation of the half-axes oscillates in the

poloidal direction by an angle
90(‘?) = /8 (sin5%+ 0.5 sin 10¥).

This type of torus topology is similar to that used for the twisted
coils of WENDELSTEIN VII-AS, apart from different values of the

constants.
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The values of the rotational transform of ASR25T7, both at the axis
T, = 0.58 and at the edge, €, = 0.61 are considerably increased, in
comparison to the previous reactor-size coil sets, as well as compared
to WENDELSTEIN VII-AS. Care has been taken to avoid a rational value
€ = K/L with values of integers K = 1 and 5 and low values of L < 8.
The aspect ratio of the last useful magnetic surface is R/r = 14.6.
The slightly corrugated shape of this surface is caused by the
vicinity of € = 5/8 at the separatrix. The shear is + 5.2 %, and

v o= - 8.6"!0"u is just marginally negative. As shown in Table II, the
values of j"/jL and of the improvement factor F are comparable to the
previous data sets, if one takes into account the general trend of
configurations of WENDELSTEIN VII-AS type, namely a slight reduction
of the degree of drift-optimization when increasing the rotational

transform, see Fig. 13.

In Fig. 14 the drift-surfaces of passing «-particles (guiding center
motion) are shown, starting at some radial position at ¥= 0. The
velocity direction is parallel (V;) and antiparallel (Vu) to the
magnetic vacuum field direction. The energy is 3.5 MeV and the offset
d&g of the drift surfaces from the magnetic surfaces (normalized by
the LARMOR radius @) varies between 0.8 and 1.5 within the field
period. These values are lower than 1/€ = 1.7 which is expected in a
standard 1 = 2 stellarator of identical rotational transform. As
further demonstrated in Table II also the value of Beq = (r/R)-t02 or
a possible improved value for drift-optimized systems, BF St Beq is
optimum in the configuration ASR25T7. The difficult questions
regarding the value of stability-beta in stellarators are not

addressed at present.

Nevertheless, we conclude the configuration ASR25T7 as being optimized
regarding the magnetic topology, rotational transform, and aspect
ratio, if one depends on a distance & = 1.8 m required for first wall,

blanket, shield, dewar and coil housing.
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Table II: Characteristic Values of Vacuum Magnetic Fields

Configuration ASR2510 ASR254E ASRS ASR25TT

magnetic axis:

ma jor radius Rg /m/ 25.5 25.5 25.5 25.:5
rotational transform to 0.427 0.472 0.463 0.583
induction B, /T/ 5.3 5+3 5=3 D3
ripple do 7%/ 1.6 8.5 10.3 1.8

"last" magnetic surface:

minor radius r /m/ 1.93 1.46 1.75 1.75
aspect ratio R/r 13.2 17.5 14.6 14.6
rotational transform <y 0.447 0.354 0.411 0.613
ripple dr 7%/ 12.5 17.0 1256
shear /%/ +4.8 -2h.9 -11.2 +5.2
yn /%/ -0.8 - 0.2 + 0.3 =0.1
max (Ju/J3y) 2.8 2.2 2.3 2.1-2.2
2reG 4.7 4.2 4.3  3.4-3.3
| - 1.7 1.9 1.9 1.56
Beq = MR o2 /%/ 1.4 1.3 1.5 2.3
BF = F Beq /%/ 2.4 2.5 2.9 3.6
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3. Constraints due to superconductivity

The coils of the reactor-size advanced stellarator configurations
described above are assumed to be superconducting. In order to follow
a conservative approach we choose NbTi at an operating temperature of
4.2 K as superconducting material. This limits the maximum magnetic
induction Bmax in the coil to about 9 T /13/. This value imposes a
major technical constraint on the configurations if the field Bo on
the plasma axis has to be » 5 T. The number of coils per field period
has to be as large as possible, resulting in a thick pack of coils
that makes maintenance difficult. On the other hand, the current
density should not be too high. This is in keeping with the condition
that the current density in the superconductor has to remain below the
critical current density. With NbTi at T = 4.2 K and B = 8.8 T the

8

latter is j = 4.5x10 A/m2 /14/. To ensure cryogenic stability and

stability igrtge safety discharge, the superconductor has to be
embedded in a sufficient quantity of stabilizing copper. The ratio
of the cross-section of the stabilizing material to that of the
superconductor was conservatively estimated at e{z=16. If the
superconductor is assumed to be 2.5 % and the embedding copper
conductor 40 % of the total cross-section, an overall current density
Jj £ 10 MA/m2 is required. Table I shows that the conditions of the
maximum field and the maximum current density are best satisfied in
cdnfiguration ASR25TT7. It therefore serves as the basis for further

consideration of coil engineering.
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4. Engineering considerations of the coil system ASR25TT

As discussed in section 2 the coil system ASR25T7 constitutes an
optimized configuration with respect to essential parameters of the
magnetic field. Furthermore it satisfies technical boundary conditions
best. Fig. 15 shows a field period of the coil assembly from above,
Fig. 16 from the front. It can be seen that coils 3 to 8 can be
removed from the coil assembly by only radial displacement. With the
other coils azimuthal movement is additionally required to remove them
from the assembly. Coils 1 and 10 are subject to comparatively strong
toroidal excursion, they are interlinked with the adjacent coils. In
Fig. 17 coils 6 to 15 are viewed from above, showing that maintenance
of coil 9 to 12 is difficult.

The coil system contains 5 different types of coils. Coils 6 to 10
conform in shape to coils 1 to 5, but the configuration is mirror
symmetric. For the field and force calculations it is sufficient to

consider coils 1 to 5. Figures 18 to 22 show coils 1 to 5 from two

sides. Each coil is subdivided into 48 volume elements (with, in
general case, non-parallel straight boundary lines) similar to the
rectangular general current elements (GCE's) used in EFFI. The volume
elements are consecutively numbered for the 5 coils so that they are

readily identified in the field and force calculations.

4.1 Magnetie field distribution

The field calculations are made with the EFFI code. The value of
current density in the coils is 9.8 MA/mz, and is assumed to be
uniformly distributed over the total coil cross-section of 1.4 m2. The
direction of the current density vector is governed by the alignment

of the GCE's.

The field distribution is calculated by integrating over all of the

current elements according to Biot-Savart /8/:

jd¥ x TdA
]-3.=A£ ./fT (1)
Y
s A l
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where j is the current density, T the vector from the source point to
the field point, dS a line element in the direction of the current,
and dA an area element at right angles to the current flux. Fig. 23
shows the field distribution in the plane z = 0 in the 1st quadrant of
the configuration. The dashed lines are contour lines; they connect
points of equal /B/. The value on the plasma axis is Bo = 5.3 T and
the maximum value in this plane is Bm 2 8.2 T on the inner side of

coil 5. Fig. 24 shows the same field distribution as a 3D plot.

Of great importance for the coil technology is the question what
magnetic flux density B prevails in the coils. With NbTi as
superconducting materials this ought not to exceed 9 T. As the maximum
flux density is expected to be at the inner side of the coil, the
program CONTOUR was developed which computes points at the inner side
of the coil (in the centre of the GCE or along the edge of the GCE).

Inner side

® Poi :
of the coil Points at which

the field is
computed

The B field is calculated along this contour. In Figs. 25 to 29 the

values of B and the components are plotted in local coil coordinates
(R, S, T) for coils 1 to 5 as a function of the longitudinal
coordinate of the coils (number of the GCE). In all cases the contour
runs through the middle of the inner side of the coil which faces
towards the magnetic axis. The maximum value of 8.53 T occurs at GCE
217 of coil 5. Calculation of the B field along an edge contour of the

inner side of the coil yields at GCE 6 of coil 1 a still higher value,
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namely 8.73 T (see Fig. 30). Here the maximum flux density occurs
because the coil has strong toroidal curvature in this region. A plot
of the contour lines of B with a cross-section through GCE 6 is shown

in Fig. 31. The value of BM = 9.24 T is uncertain, however, because it
is calculated near the intersection of two GCE's.

4.2 Energy stored in the coil system

The total energy stored in a coil system with n coils is

n

=]

cql
Es =3 - il Te o (2)

~

J=1

where ij are the elements of the inductance matrix and Ij’ Ik are the
total coil currents. If the currents in all of the coils are equal, it
follows that

13 R &
E =51 Jz_; -~ ij . (3)

.

The elements of the inductance matrix are calculated for single turn
coils with the EFFI code:

S p— ¥, +d3,"dA ()
jk T jk A. Ak k J j '
J S. A,
J J

where jk is the current density in coil k, Aj and Ak are the cross-
—
sectional areas of the respective coils, and Vk is the vector

potential due to coil k.

Computation of the inductance matrix with EFFI code is very time-

consuming; in one CRAY-hour about 40 inductance values are determined
for the set of 50 coils. (For comparison: the inductance matrix is a
symmetric n x n, i.e. with n = 50 one has to compute 1275 values.) It
is found, however, that it is possible to deduce the total inductance

from the values of the first matrix elements.
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The total inductance is

n n
L:= > 2. L, . (5)

The numerical values show that the self-inductances of the coils are
approximately equal (because of ?; = const.), and that the sum of
the mutual inductances of one coil is proportional to the self-

inductance of that coil.

It thus holds that

LJJ”LI{R VJ)k ’
ii (6)
L, L., i,k j.
Stweely Vi ks
k)
Substitution in eq. (5) yields
Le(1+c)nl,, (7)

JJ

For n = 50 the factor ¢ is roughly 1, for n = 20 it is about ¢ = 0.35.
These estimations are valid for dimensions of the coil systems

considered above.

In ASR25T7 the first matrix element is obtained to be
L11 = 18.5x10-6H. With eq. (7) the total inductance of the

configuration is then found to be L =#1.85x10-3H. This value can be
compared with the inductance of a ring coil.
According to /15/, p. 282, it holds that

A U F’2
7% Mo - I (8)

L =
ZTTRO 2R

o
With the numerical values of Table I one obtains an inductance of
L = 1.7x10"3H, i.e. there is good agreement. With eq. (3) the total

energy stored in the coil system is found to be ES 2 170 GJ.
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4.3 Magnetic forces

The magnetic forces are also computed with the EFFI code. The force ¥

and the force densities P are given by

F' = (9)

In Figs. 32 to 36 the value oflﬁﬁland the components of F' are plotted

in local coordinates (R, S, T) for coils 1 to 5 versus the
longitudinal coordinate of the coils (number of the GCE). This local
coordinate system determines the orientation of each GCE, where R is

the normal, S the binormal and T is the tangential unit vector.

In these local coil coordinates there are only 2 force density
components, the one in the radial (R coordinate) and the other in the
lateral (S coordinate) direction. No forces are exerted in the
longitudinal direction of the coils (T coordinate) because the current
flows in the T direction. The value of the lateral force density
component depends on the extent of the toroidal excursion of the
coils, of its local radius of curvature, and of the vicinity of the

ad jacent coil,

In the following, two coils are considered:

- Coil 1 is characterized by particularly strong toroidal excursion.

- Coil 5 is highly elliptical but only has slight toroidal

excursion.

Figs. 37 and 38 show coil 1, Figs. 39 and 40 coil 5. The radial and

lateral force densities are specified on the GCE's. The largest force
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density occurs on GCE 6 of coil 1 because the lateral force density
component is particularly large here owing to the curvature of the

coil. The maximum force density is 41.2 MN/m3.

The force densities are averaged values (average over the GCE
"macroelement"). The spatial dependence of the force density can be
determined by subdividing the GCE's into "microelements".

This is done with GCE 195 of coil 5 as an example:

IF'l

3
MN / -
[ m]80 microelements

I Dx3

60+ I_Z microelements
| < 3x2
I

TAVE o
macroelement

"o 3

20+ l'_ T i —" = j IFI—22.8 MNIm
Jf ! i >
0 14m T

The force density is largest on the inner side of the coil since the
highest field is present there. Furthermore, it is clear that
subdividing the macroelements into 3x2 microelements is sufficient and
economic regarding the required computational time. Therefore in the

stress calculations with SAP a system of 3x2 microelements is used.

4.4 Analysis of the mechanical stresses

The analysis of the mechanical stress is performed with the SAP V(2)
program system. The coil is subdivided into 288 microelements. Each
element is a 12-node, isoparametric finite element. The magnetic force

densities are converted into nodal forces with the SHAPE program.

The coil is assumed to be composed of superconductor, copper,

stainless steel, and insulation materials and their respective




- 20 -

percentages are listed in Table III. The remaining 10 % are liquid

helium. For the stress calculations a filling factor of 0.8 has to be

regarded equivalent to the amounts of copper and steel.

Superconductor
Copper
Stainless steel

Fibre-glass epoxy

Table III: Material composition of the

2.5 %
40.0 %
40.0 %

7.5 %

coil

A homogeneous material value of the coil's composition is employed for

isotropic stress calculations. The related material constant is

calculated according to the formula in Ref. /4/. The materials are

listed in Table IV,

The coil is externally supported in radial and in toroidal directions.

Elastic padding is fitted between the support structure and the coil.

The material data of the support structure and padding are listed in

Table IV. The geometric data of the support structure and padding is
produced by the program PADDING /16/ as input for SAP.

Material ExszyyzEzz vxyzvyz
5 =sz
/N/m~/

Coil Stainless steel 2x10"] 0.3
Copper (1/2-hard) 1x101] 0.3
Copper-steel 1.5%10 " 0.3
compound

Support Stainless steel 2x1011 0.3

structure

Padding Epoxy 1.2x1010 0.3

Table IV: Material data at 4.2 K.

G =G =G
Xy ¥z ZX

/N/m2/

7.69x10 10
3.85x1019
10

5.77x10

7.69%10 10

4.6 x10°
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The support structures of coils 1 and 5 are now shown in Figs. 41

and 42, respectively. It is the "ring concept" described in Ref. /17/
that is applied. An outer ring is used because there is no space for
support structure at the inner side of the coils. Lateral support is
applied at locations of lateral force densities in the related
direction (see Figs. 38 and 40) in order to achieve that the paddings
are under compression. The thickness of the padding is chosen to be 10
cm. Thus the coil is allowed to expand by some amount, but the side
paddings are still under compression. The maximum value of the
compression stress in the paddings is about 100 MPa. The thickness of

the outer ring is chosen to be 60 cm, see Figs. 41 and 42. The maximum

value of the reference stress (von Mises stress) in the outer ring is
about 50 MPa.

For the support concept it is very important that the support
structure is held at the outside with rigid boundary elements
(stiffness 1017Pa). That means that the outer ring has to be equipped
with additional structure elements. The side structure, which is also
held by rigid boundary elements in the present model, should be held

by mutual support between adjacent coils in a further step.

Fig. 41 shows coil 1, Fig. 42 coil 5, each with outer ring and lateral

support structure. Figs. 43 to 49 show the stresses in the

microelements over the coil circumference for coil 1, Figs. 50 to 56

the corresponding stresses for coil 5. The results of the calculations
show that the "ring concept" appreciably reduces the stress values in
the coil compared with the conventional support /5/. This is due to
the minimization of the bending moments in the coil /17/. The maximum
value of the reference stress (von Mises stress) occurs at GCE 38 of
coil 1 and is about 80 MPa if the filling factor of the coil of 0.8 is

taken into account.

Figs. 57 and 58 show the deflection of coil 1, Figs. 59 and 60 that of

coil 5. Because of the rigid boundary elements the maximum value of

the deflection is only about 1.1 mm.
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5. Conclusions

Modular stellarator coil systems of the WENDELSTEIN VII-AS type with
reactor dimensions are investigated. The coil configuration ASR25TT is
considered as optimized regarding the magnetic topology, rotational
transform, and aspect ratio, if a distance A:-1.8mis required for

first wall, blanket, shield, dewar and coil housing.

The technical constraints with respect to the superconducting
technology of NbTi at 4.2 K are satisfied. Forces and stresses of the
coil system have been calculated using a support scheme which was
proposed in Ref. /17, 18/. This "ring-type" outer support concept with
elastic paddings minimizes the bending stresses within the coils. The
peak value of the reference stress (von-Mises-stress) is reduced to an
uncritical value of about 80 MPa. Further investigations are intended
to optimize the support scheme. Particulary it appears necessary to
investigate the mutual support between adjacent coils. Out of the
scope of this paper are the engineering problems associated with low
temperatures which are required for the superconductivity, and the

transfer of forces across the thermal insulation.
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Contours of constant magnetic flux density

at GCE 6 of coil 1
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Magnetic force density along "macroelements" of coil 1

Fig. 32
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Fig. 33: Magnetic force density along "macroelements" of coil 2
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Magnetic force density along "macroelements'" of coil 3

Fig. 34
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Fig. 35: Magnetic force density along "macroelelements" of coil 4
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Fig. 36: Magnetic force density along "macroelements" of coil 5
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Radial magnetic force density coil 1

Fig. 37:
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Fig. 38: Lateral magnetic force density coil 1
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Radial magnetic force density coil 5

Fig. 39:
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Fig. 40: Lateral magnetic force density coil 5

100 OT1-1r c60H4E3 hSi6h:11 €8°L0°62 AHHI-ddI



|
ﬂ
§°5e=Xl 9'€=Z 1I03"£152HSHY 021°0=S '008-=Xl .onm_m.mmuxlr 9°E=Z 17103 £1524sy

,
|
I
[
I
I
I
I
|
|
|
|
|
|

|
|
I
|
|
|
|
|
|
|
|
|
|
|
|

A',""!I‘\\\\\\\s
Nw 7

(LT T\
e
|

mo1A | opts

““\N-\“.\h\h “\Mﬂx\é. 4 7 \ /
=1t 7
LA A

Fig. 41: Coil | with support structure
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Fig. 42: Coil 5 with support structure
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Fig. 43: Radial stress coil 1 with position of the "microelements

as in the insert
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Fig. 44: Lateral stress coil |
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Fig. 46: Shear stress Opg coil 1
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Fig. 49: Reference stress (von Mises stress) coil 1



Fig. 50: Radial stress coil 5 with position of the "microelements
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Lateral stress coil 5

Fig. 51:
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Fig. 52: Circumferential tensile stress coil 5
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Fig., 53: Shear stress Opq coil 5
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Fig. 54: Shear stress Ogr coil 5
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Fig. 55: Shear stress Orp coil 5
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Fig. 56: Reference stress (von Mises stress) coil 5
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Fig. 57: Deflection coil 1 side view
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Fig. 58: Deflection coil 1 front view
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Fig. 59: Deflection coil 5 side view
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Fig. 60: Deflection coil 5 front view
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