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ABSTRACT

Circular coils in toroidal fusion devices can be subjected to in plane bending moments resulting
from the interaction of the current with the inhomogeneous magnetic field. To take into account the
support of the coils both externally through the in plane structure (a central cylinder), and internally
through the out of plane structure (the coil forms a toroidal assembly which can take up the net
inward force by a reaction in the toroidal direction) the coil is modelled as a circular beam on elastic
foundation. From the solutions for a single force acting on such a beam, we derive the formulas for
an arbitrary cos nf variation of a distributed force. The general system is solved by Fourier expansion
of the in plane loads and cxternal reaction forces. The fraction of the net inward force reacted by
the central cylinder and by the intercoil structure can be varied continously, and a minimum for the
bending moments is found for a particular value of this fraction (depending on the aspect ratio, the
stiffness of the coil, and the intercoil structure). It is suggested that the best way to optimize the design
of the toroidal coils is to choose the coil shape such that within other constraints the circumferential
length is minimal. To minimize the moments one should optimize the design of the center support
cylinder, the design of the out of plane structure and especially the distribution of the reaction force

between both. Only a small fraction (=~ 20% ) of the net inward force should be taken up by a central

cylinder.
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INTRODUCTION

Except for some notable exceptions, like the spheromak aqd the torsatron most toroidal systems
have, as one of their basic components, magnetic coils that provide the main toroidal field. These
magnets make up a rather large fraction of the total system cost, both the conductor and magnet
structure being significant cost items, and therefore large efforts have gone into optimizing their
deéign.

There have been basically two approaches.

One approach considers the coils separately, neglecting the out of plane structure, and optimizes the
shape of the magnet to reduce bending moments. The first analysis by File, Mills, and Sheffield (1]
which used a filament in a simplc 1/R field, supported by a central cylinder, was later further refined
by taking into account the finite thickness of the coils [2] and the ripple in the toroidal ficld [3,4]. An
attempt to consider not only the coil shape as the primary design parameter but also proper design of
the center support structure in order to minimize in planc bending stresses, was presented by Ojalvo

and Zatz [5].

A sccond approach has been to model the coils, together with the out of plane structure as a con-
tinuous rotationally symmetric shell. Gray, et al. approximated the shell by a membrane [6]. Bobrov
and Schultz [7] used Reissner shell theory to analyze orthotropic shells of finite thickness and pointed
out that choosing the shape of the coils so as to minimize bending stresses may not be the optimum
stratcgy. The reason is that the additional circumferential length needed to give the coil its bending

free shape may more than outweigh the material savings resulting from its bending free properties.

Because of the intrinsic difference in the two approaches, cach approach has tended to con-
centrate on a different way to support the net inward force resulting from the magnetic load. A central

column is necessary to take the net force when the coils are considered separately while the shell




approach is casiest wh_cn onc assumes this force to be compllctcly taken up internally. The importance
to distribute appropriately the load between both a shell structure and a central cylinder was evident
from the design of the toroidal ficld coils for TFTR [8]. M'ontgomery [9] has pointed out that the
natural bending free shape depends strongly on the way the coil is supported. It is thus imﬁortant to
have a model that can include both the cffect of the out of plane structure as well as the reaction of a

central column in taking up the net inward force.

In this report an approach is presented that can achieve this. The coils are considered separately,
but the effect of the out of plane structure is included by modeling the coils as a beam on elastic
foundation. The model is thus more complete than the first approach, and contrary to the second,
allows us to give different properties to the coil and the out of plane structure. With this model we
have investigated the continuum between the net centering force being taken up completely internally
(through the reaction of the elastic foundation) or being takén up completely by a central column, It
is shown that there is an optimum distribution of the reaction force between the reaction brovided by
the central column and the internal reaction. At this optimum the bending moments are minimum.
This, together with the previous approaches, suggests that the best way to optimize toroidal coils
would be the following: the coil shape is chosen such that within other constraints (plasma shape,
ripple requirements) the circum férential length is minimal; the design of the center support and of the
out of plane strucutre, and the distribution of the force between both are then optimized to minimize

the moments.

MODEL

The coil is considered as a circular ring of isotropic propertics, with an applied load given by the

interaction of the coil current I and the toroidal magnetic field B, for which we take a simple 1/R

variation

In this formula N is the number of coils. With R == R, 4 acos 8, where R,, is the major radius of the




geometric center of the ring and a its radius (Fig. 1), we can write this as

_ 1 uNI 1
P(o)“‘z 27R, 1+ # cosf

or
p(0) = P, —— )
° 14 ecosd .
with
1 NI - _a
Po = 3 2R, ande—-Ro.

The fact that the coil is part of a three dimensional structure is taken into account by assuming a

reaction force on the coil proportional to its displacement
fIN/m) = ky (2)

where f is the reaction force per unit length and y the displacement in the minor radial direction.
The reaction constant k can be chosen appropriately to model a very strong interaction (Alcator Bitter
plates, where it would not at all be appropriate to consider cach coil separately) or a very weak one (if
the coils are not wedged and no part of the net inward force is taken up in the toroidal direction we

can even take k = 0). Notc that here k is assumed to be constant and the model can also be used for
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Figure 1 Modecl for a toroidal coil.




a coil that would be supported at its periphery by springs which would give a reaction proportional to

the displacement.

Two different models are used for the central column, cither a concentrated force or a distributed
force. The distribution of the reaction between the elastic foundation, modeling the out of plane

structure, and the central cylinder can be varied continuously.

The solution is derived from the known solutions of a circular ring on an clastic foundation,

subjected to a concentrated force P (Fig. 2).

From [10] we have
y= 4:; ; 1( %‘;_f — Acosh ag cos ¢ -+ Bsinh ag sin ﬂ¢)
M= _&(.l_ - Asinh a¢ sin ¢ + Bcosh a¢g cos ﬂ¢)
2 \ 2

0= —g[(aA — BB)cosh agsin f¢ + (A + aB)sinh a cos 5]

P{n?—1 . .
N==> — Asinh a¢ sin ¢ — Bcosh a¢ cos f¢
2\ m?

where
rik
n= El +1
— /n—=1
2=V
_Jnt1
A= 2
A= acosh an sin B -}- Bsinh ar cos Bn
n(sinh2a7r -+ sin’ ﬂvr)
B= asinh ax cos 81 — fcosh arsin Bx 3)

1)(sinh2a1r -+ sin’ ﬁw)

These results, which give y(@) for a force applicd at ¢ = =, can also be considered as the
displacement y at  for a force at ¢ (Iig. 3). If we take the force to be P = ¢(¢) rd¢ and perform

the integration we can find the displacement at ¢ = = for a distributed force £(4). It can further
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Figure 2 Decfinition of angles, moments and forces. Also shown is the dis-

placement y for a point force P.

be generalized by making the reference axis not vertical, but at an angle v (Fig. 4). Still measuring
¢ from this refcrence axis we can get the displacement at an arbitrary location, for an arbitrary

distribution of the force, and more particularly for

o _ rd¢
P==rlrdt = =P s 19 79
We thus have
h —Po r 2a . .
y(¢) = / [T ecosm -9 1 9) X 1opE] X (1rn2 — Acosh a¢ cos f¢ + Bsinh a¢ sin f¢)

—x
In order to perform the integration we expand 13555 in Fourier serics as follows.

First use

_ =1 —ecosl -+ €? cos?8 — ¢ cos? 0 + €% cos?0. ..

1+ €ecosd




then write the powers of cos™ 8 in terms of cos nd. . . to obtain

1 __ G =
1+ ecosd 2 +n§l Gn co8
with
| o , €t n- 2 ‘
Gn = ;)(_l) on—1+2i C( nti ) (4

The series to calculate the coefficients a,, (summation over 1) converges rapidly, each term being a

factor

€(nt2i+1l)nt+242)
4 (n4i+1)E+1)

smaller than the previous one.

Figure 3  Solution at  for force P at ¢.

é

Figurc4 'The reference axis now becomes tilted at an arbitrary angle 1.
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For the Fourier series also, only a few terms are necessary as the Icading cocfficient of a,, is 7,%"_1

Performing the integration tcrm by term finally yields

v(9) = — (228 x % x 2m— () + Bota())

7n?
My) = Po” (_;i X % X 27 + Ashs(y) +Bchc(1/))) '

Qy) = ”"'(( A— ﬁB)ch8(¢)+(ﬂA+aB)shC(¢))

N(p) = _Bef("mzl X 7 X 21 — Ashs(1) —Bmc(¢)) (5)
where
che(y) = / cosh a¢ cos 8| — + E apcosn(r 49 + ¢)] d¢
—_— n=1

= E [[a2 T —n) ( — n)cosh ax sin B7 cos ny -+ asinh ax cos 87 cos mp)

+ T F (,(13 g ((,B -+ n)cosh ar sin # cos ny + asinh ar cos B cos nt/))] (6)

I have defined
a, =ay for n #%0
a, = % for n=0.
Similarly

o) = [ snhapsin 6¢[E dcosn(r + § + )

n=0

—_

= 2 , [[a‘ (; g (acosh ansin 7 cosny — (§ — n)sinh ax cos 87 cos m/z)
n=()
+ o -(~]——————Z-I (acush awsin B cos nyp — (B -+ n)sinh ax cos B cos n¢)] (7)
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x

shc(zp) = / sinh a¢ cos 3¢ 2 a;, cosn(x+ ¥ + @)

— n=0
= ,g, an[ T ﬂ e (—(ﬂ — n)sinh ax cos B sin n4 + acosh a7 sin A7 cos m,b)
1 . . .
+ BT (—l—(ﬂ + n)sinh ax cos B sin ny — acosh ax sin B7 cos nv.b)] (8)

x

chs(y) = / cosh a¢ sin B¢ 2 a;, cosn(x + ¥ + ¢)

— n==0

oo

E“ [[a2+(ﬁ—n)21

n=0

(—asinh aw cos 7 sinny — (B — n)cosh ax sin B sin nv,b)

1
MR

These formulas completely solv_e the problem for the loading forces. For the reaction forces we have

(+asinh an cos fxsin ny + (8 + n)cosh ax sin B sin ntl))] (9)

investigated two cases.

1. A single reaction force applied at @ = 0 or @ = « (Fig. 5). IFor this the formulas (3) can be used

directly.

2. In order to model the reaction of a central column we have chosen a force distributed as
sin® g cosd. The 8th power for the sin term is a compromise. A higher power would give too
peaked a distribution which would then not be significantly different from a single force. For
too low a power we obtain that the effect on the outer section, betweend = —F and 8 = 3

becomes important so that we would not appropriately model a column in the center.

This distribution is plotted in Fig. 6. In order to get the formulas for this case we have followed the
same procedure and cxpanded sin® ‘2’ cos @ according to

sin® g— cosf = —1 + 6 cos? g — 14 cos? —g— + 16 cos® g
= —0.2187 4 0.3828 cos 6 — 0.2500 cos 20 + 0.1133 cos 30

— 9cos® g + 2cos'? )

—0.03125 cos 40 - 0.004 cos 58 (10)




Again term by term integration is performed and in fact the carlicr formulas (5-9) apply, limiting the

sum to n = 5 with a,, taken from (10).

The magnitude of the reaction force (be it the single force or the distributed force) is varied
with a parameter frac that measures what fraction of the total net inward force, due to the magnetic
loading, is taken up by the reaction, the other fraction being taken up by the overall structure. The net

inward force is given by

F—/ —Ppocosf rdd

1+ cos()
= 21rrp,,£[———1———- —1 (11)
‘tvi—e ‘
For the single reaction force we apply
F, = frac X 2m'p01[ ! — l]
€lvVi—e?

to the circular ring at@ = 0 or = .

For the distributed force

= frac X —— 256 l ———1—— —1 sine—a-coso,
19 P & 2

where the cocfficient of sin® % cos @ is such that for frac = 1, the nct outward force exactly equals

the net inward magnctic force.

reaction force at 8=7 reaction force at 8=0

Figure 5 Position of the concentrated reaction.
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RESULTS

Displacements, moments, transverse and tangential forces have been calculated for varying
values of n (related to the stiffness of the structure k through = ff —+ 1), and e (inverse aspect

ratio £ ). Some deformed shapes are shown in Figs. 7 - 9.

Except in such extreme cases as where more than 50% of the net centering force is balanced by
a single point force on the inside or on>the outside, the transverse force @ is always less than 30% of
the tangential force so that in our discussion we concentrate on moment and tangential force only. It
is helpful to calculate the sum of the tangential force acting on both legs of the coil in the horizontal
midplane, as in Fig. 10. The value of Ny + N, is equal to

__u,,NI2 1+4e€
F= iz IOg(l—e)'

If there were no external force, and the coil had to take the total bursting force acting on it internally

with hoop stresses then the theoretical minimum for Ny would be

4 2 1—e

To within less than 10% (for e smaller than 0.5) this is equal to

UNI? r
| = =

1 R,

Figurc 6 Distributed reaction force.
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Figure 9 Distributed force on the insiden = 2 ¢ = 0.45  frac = 1 (Icft), frac = 0.25 (right).
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which is the value one would obtain assuming a uniform pressure calculated from the current in the

coil and half the magnetic ficld at the center.

The valuc of N normalized for the case where the total reaction is taken up by a central cylinder
(distributed force), is shown in Fig. 11. If the net centering force is taken up internally we obtain the
results of Fig. 12. Except for the cases where more than 50% of the net centering force is taken up by a

single force on the outer leg, the value of Nj / %’:’,—'1 # is always within 25% of 1.

The variation of moments is somewhat more complicated, as it is much more sensitive to ¢, g and
the fraction of the force taken up by an external reaction. Typical values of M/ ’%ﬁ as a function of
n and e for the case of a bucking cylinder taking the total net centering force are shown in Fig. 13.
Figure 14 assumes no bucking cylinder. The variation between no bucking cylinder and a bucking
cylinder taking up all the net centering force is shown in Fig. 15, for fixed e and 5. Figure 16 gives the
same for a single force. Some conclusions can be drawn for the variation of the moments. First, there
is an optimal distribution of the net centering force between the reaction of the cylinder and the part
taken up by the internal structure. The smaller the aspect ratio, the larger the optimal fraction is that
should be taken up by a bucking cylinder. The moments arc usually smaller for a larger aspect ratio,
while a stiffer structure always gives smaller moments for any aspect ratio. By properly choosing the
fractions taken up and the stiffness of the structure, it should be possible to keep M/ Pﬁ’{—a well below

0.02.

Figure 10 "Tangential forces of the horizontal section.
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As both N and M vary (cven though N only varics slightly) we are intcrested in what the
variation of the stresses will be once they are combined. Will stresses due to moments dominate or

need the structure be designed essentially for stresses due to N?

It is important to make the distinction between stresses due to tangential force and stresses due to
moments because they scale differently. And so will the total amount of structural material necessary,

depending on whether it is dimensioned for bending or tangential stresses.

For a tangential force, if the load quadruples (for a doubling of the magnetic field), the cross
section and thus the weight have to quadruple if the maximum allowable stress stays the same. The

structural material thus scales as B2.

For moments, as 0 = %% (where h X b are the dimension of the section of the coil, A being
measured in the radial direction), if the load quadruples the amount of material does not necessarily
have to quadruple. By increasing h, keeping b constant it is possible to keep the same maximum

allowable stress with only twice as much material. The structural material in this case scales as B.

One way of distinguishing between dominance of tangential force or moments is by éomparing

- the actual build & of the coil with §£.

Indeed let

Z

6M
Omaz = — + W

(l—l—%h’{-).

6M r
(149.7).

we call Ry = 0. HICN 1 > o 1t mcans that the normal force aominates, thus giving
If we call 84 = (&), then if & > (B), i that t I force dominates, thus givi

>2z >z >

[

a structural material weight scaling as B%. If & < (4),, the moment dominates and by increasing &
it is possible to have the structural material weight scale as B. Of course this increase of & will be
beneficial up to & = (&), at which point the weight will start to scale as B2, It is also possible that for
reasons of access, or of power dissipation onc would rather not increase h. Then of course weight will
scale as B2. This can be represented schemiatically in Fig. 17. Values of (4)_ are given in Figs. 18 and

19. The negative values of frac are for a single rcaction force at @ = 0 in both figurcs. Positive values
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Figurc 16 Normalized moment as a function of the fraction taken up by a

point reaction,
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Weight A

Figure 17 Scaling of the weight with B, shown schematically.

of frac are for a single force at § = = in Fig. 18, and for a distributed force in Fig. 19. For most
present machines, the reaction force is provided by the wedging action of the nose of the coil or by
a bucking cylindér. If the wedging action of the nose of the coil is considered as taking up the forces
internally in a very local manner on the inside, then our model is not applicable because we have
assumed that the reaction constant k is really constant along the periphery of the coil. Alternatively,
we can view the vault of the coil casings on the inside as a central cylinder that provides a distributed
central reaction on the coils. The model is then applicable and we are thus somewhat in between
the case of a single central force (frac = 0.4 — 1.0 of Fig. 18) and a distributed central reaction
(frac = 0.4 — 1.0 of Fig. 19). The radial build of the coil is usually not larger than h/r = 0.3.
Thus in general we have & <C (%), and moments dominate. If however most of the centering force
is taken up intcrnally by a wcll distributed out of plane structure, without central reaction force or
bucking cylinder, (), becomes small so that & > (&), is casily satisfied, and the structure has to be

dimensioned ecssentially for the tangential force.

Our analysis thus shows that a more solid distributed intercoil structure would be beneficial, It
could take a larger fraction of the inward force thereby reducing the moments in the coil. We can
write down for M/ at the minimum approsimately M/P < 4 Since we had Ao~ 1we
can write () = 94 < 3¢ = 0.15¢. Thus for (&) > 0.15¢, the coil is not dominated by bending

stresses. Presently most of the net centering force is taken up by a bucking cylinder or by wedging

19
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Figurc 18 Valuc of (h/r), as a function of frac for a single force.
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Figure 19 Valuc of (h/r), as a function of frac for a distributed force.
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of the nose of the coils only and M/ &2:3 o § so that (&), = ¢. In order for the coil not to be

dominated by bending stresses it is necessary that & > ¢, which is not fulfilled in most present cases.

It is interesting to note that our model confirms the fact pointed out by Bobrov and Schultz
[7] that circular coils, when taking into account the structure that supports out of plane stresses, are
not necessarily moment dominated. In their model no additional reaction force was included. This
model goes further, in that it shows how circular coils may become moment dominated if most of the
reaction force is taken up by an external reaction (single force or distributed force). It also shows that
there is an optimum in the distribution of the centerihg force between the out of plane structure and a
central bucking cylinder. This optimum, however, contrary to present practice, lies for circular coils in
the direction of having a large fraction of the force being taken up by the out of plane structure. As of
now the purpose of the out of plane structure is mainly to take up torques and overturning moments
resulting from‘ the interaction of poloidal coils with the current in the toroidal coils. Its usefulness in

taking up the net centering force should be recognized.

The fact that the addition of a small central reaction reduées the bending moment in the coils can
be understood qualitatively in the following way. Assume an infinitely rigid circular coil subjected to
the magnetic forces without central support. The net inward force will be taken up through the elastic
foundation by a rigid shift of the coil. It is easy to show that the net load on the cbil then has a cos?4
dependence meaning that the coil tries to deform into an oblong shape. The moment at § = = is such
that it tries to reduce the radius of curvature there. Adding a small outward central reaction has the
opposite effect, thus decreasing the total moment. Recall further that in our analysis we have assumed
k, the reaction due to the out of plane structure, to be constant. A continuous rdtationally symmetric
toroidal shell would have a larger k (stiffer) near # = « than near 8 = 0. How much larger depends
on the aspect ratio. The deformation of the toroidal shell is toward a D shape. The moment atf = «
is then such that it tries to increase the radius of curvature. This is already past the optimum as the

addition of a central reaction would increase this moment.
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CONCLUSION

A simple method has been devised for the analysis of circular beams on clastic foundations
subjected to an arbitrary distribution of in planc loads. By expanding the load distribution in Fourier
components, the method can be applicd to any particular case. Using this method to analyze the
magnetic load on toroidal coils we have shown the importance of the out of plane structure and of
the distribution of the net inward force between this structure and a central cylinder. A more solid
out of plane structure than normally used would be beneficial, as well as a better distribution of this
structure around the coils (wedging of the nose of the coils only is not a good practice). The out of
plane structure could take a larger fraction of the inward force thereby reducing the moments in the
coil. The best approach to optimize tofoidal coils may thus be to choose the coil shape such that
within other constraints the circumferential length is minimal; the design of the center support, the
out of plane structure and the distribution of the force between both are then optimized to minimize

the moments.
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