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 Thevirial theorem isthe relation between the kinetic and
the potential energies. The theorem, which is derived only
form the equilibrium, shows that the tension is required to
hold the magnetic energy.

e Using thevirial theorem, we extended and generalized
Force-Balanced Coil which isahelical type hybrid coil of
the toroidal field (TF) coil and the solenoidal coil, and
showed the condition to minimize the stress working in the
coll (virial-limit condition).

 Inthiswork, we extend our theory to arbitrary shape cross
section, and try to optimize the shape of a cross section.
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(Equal Force)
 Theerror field by FBC made

TODOROKI-I
Parameter value  “'thecontrol of plasmadifficult
Toroidal Field 1T > The fOI‘CG Of '[OI’Oi dal
direction was reduced in FBC
Plasma Current 10kA Isit held in stress ?
Time of Discharge 4ms
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e Reduction Error Field

e Estimation of Stress

e Application of Virial
Theorem




£ Virial Theorem o
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. : T: Maxwell stress tensor
J: current density l I odV

B: magneticfield
| Tr(T+s)dv =0
S: stress tensor
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I
g. principal stress

o Positive stress (tension) is required to hold the field.
e Uniform tension is favorable. I |
« Theoretical limit is determined. |91~ 92~ Y3~ §
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R Application to Thin Toroidal Shell
* \We consider the toroidal coil with so large aspect ratio

that toroidal effect is negligible.

e The current distribution is adopted which makes toroidal
surface correspond to both current and magnetic surfaces.

* When torus is axisymmetric, the direction of principal
stresses are (p and 9.

TF Coail (Mgor radius: R, minor radius: a, thickness. Ap)

q 0 Sumation
Stress | - M@l Hol’l 5
167T°RAD 8IT°RAp
212
ntegral | -H%le  wa’l; | Ml
4R 7R 4R
Eneray Hod®lg

4R




- N2 — A
(Ty)

2

N7 + A’log8A-2A°

2
A’log8A- A° —N7

!

o) = :
7+A log8A—-2A
(G,)+(5,) =1

N EI—9 : Pitch of Coall
@

A: Aspect Ratio

A=2
1 A=5

A=10

4

(Gy)=(F,) =%isoptimal in energy.

Virial-L imit Condition



Relations of pitch number
and aspect ratio of Virial-

Limit Coil (VLC) etc.
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* Inthe case of low aspect ratio, 1.5 times
stronger magnetic field is created compared
with traditional TF coll.



Toroidal Effect = r

Equilibrium of Magnetic Pressure and Stress
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u(r) = aj;r' p(r')dr’
T,=——
(r=R)r
pE%—% _ap _ U
21, " r-R (r-R)’

e Distribution of stress in the toroidal shell
with circular cross section iIs derived
analytically by use of magnetic pressure.



Distribution of Stress ==

(large aspect ratio)

« When A=100, distribution of stress is flat.
 There Is no advantage of helical winding.
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(low aspect ratio)
A=2 « When A<10,
L TRC e distribution of stress
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* The solution is only a modification in a case
of a circular cross section.

e R-r*,0 - a,a —a(r): curvature radius



£ 2D Virial-Limit Coil ~ SE1#=
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r =acos(@+Jsing)
Z=kasing

e Searching optimal cross section of Tg=T
with respect to K, o by Simplex method.
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Distribution of Stress
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A=2 e Searching cross section
I with flat stress
distribution in A=2.
e Semi optimal cross
sections with 1.5<k<1.9,
0<0<0.2 arefound in

_ 1.5<N<2.0.
T © Maximum stressis
" N=2.0, k=1.5, 5=0.06 ' reduced to about half
05— = (3.0~ 1.6) compared
0 [rad] with that of circular

Cross section.
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Distribution of Stress

(low aspect ratio)
o e WhenA<lo,
‘ distribution of stress
4 : s important.
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Distribution of Stress
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A=15 e Searching cross section
: with flat stress
e distribution in A=1.5.

N=1
Ineos  © Semi optimal cross

sections with 1.8<k<3.3,
0<0<0.4 are found In

0.5<N<1.0.
g C Maximum Sstress IS
;) - '/2 - n reduced to about half
8 [rad (3.6 1.7) compared
with that of the same

Cross section.



High elongation
and low aspect
ratio make
directions of
VLC winding

become more A=2. N=3, k=1, &=0

vertical and
horizontal in the (C)
outer and the
Inner sides of
torus,

respectively.

A=1.5, N=
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1,k=1.8,0=0 A=1.5, N=0.5, k=3.3, 0=0
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« Therelation of toroidal field and stressis obtained by virial
theorem, which shows that the optimal stress configuration is
uniform tensile stress.

o Shape optimization of apoloidal cross section reduced the
maximum stress to about half, and avirial-limit coil (VLC)
makes 1.7 times stronger magnetic field than TF cails.

e Sincethe configuration of non-circular VLCswith high
elongation and low aspect ratio iIssimilar to that of CSand TF
coll systems of conventional tokamaks, a VL C tokamak reactor
can afford more room for blanket and use other partsin
conventional tokamak reactors with much reduced volume of
colls and their supporting structure.



