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The vertical stability coil is a set of active feedback control coil that is used to deal with the vertical
instability of plasma. To improve the response performance, the coil is mounted in the vacuum vessel,
which denotes the coil-body will suffer from large electromagnetic force from the plasma current and
poloidal field coils. Besides the current flowing in the feeder is nearly petrpendicular with magnetic field
originated from toroidal coil. It implies large electromagnetic force will be generated on the feeder. In
order to withstand the impact from the electromagnetic force, a series of reinforce components are de-
signed and installed on the coil. It is necessary to verify whether or not the coil conductor and auxiliary
components could successfully bear the shock of large electromagnetic force. A three-dimensional mag-
netic field model is built to accurately calculate the magnetic field and electromagnetic force. Correspon-
ding to the magnetic field calculation model, a more detailed me-chanical analysis model is created to
launch the electromagnetic-structural coupling analysis. Based on the stress analysis results, the local
structure of the coil is optimized to decrease the peak stress. The updated model is reanalyzed and stress
linearization is exerted to extract the different kinds of stress on the coil components. Finally, the stress
is evaluated based on ASME analytical design. The evaluation result is helpful to guide the further design
optimization.
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such as the spine, clamp and rail, which are used to fix

I and support the conductor. The coil is finally welded

The plasma in the fusion device is inherently un-
stable. Thus, the In-Vessel coils are proposed to solve
the prob-lem. The In-Vessel coils mainly contains the
Edge Localized Mode coil (ELM) and Vertical Stabi-
lity (VS) coil. And the main function of VS coil is to
improve the vertical stability of plasma. In order to
avoid the magnetic shielding and achieve better re-
sponse performance, the VS coil is mounted in the va-
cuum vessel. The VS coil contains two sets of coil, na-
mely the upper and lower VS coil, which are connec-
ted in series and have the saddled shape as shown in
Fig. 1. In view of the severe operation environment,
the Stainless Steel Mineral Insulation Conductor is
used for the coil [1, 2, 3]. The coil is composed of three
different layers, they are the inner hollow copper con-
ductor, the middle compacted Magnesium Oxide
(MgO) ring and the outer stainless steel. The func-ti-
ons of the copper conductor are carrying the large
current and providing the channel for cooling water.
The MgO is not only a good electrical insulation ma-
terial but also acts excellently at enduring the large
dose of neu-tron radiation [4, 5, 6]. The stainless steel
works as a protection layer to prevent the possible per-
formance degra-dation of MgO. Besides the con-
ductor-body there are also some auxiliary components

to the vacuum vessel wall through the toroidal arran-
ged supporting rail.

Vacuum Vessel
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Feeder

Shielding Blanket

Fig. 17The geometrical structure of 'S coil

Lower VS Coil

Once the coil is charged large electromagnetic
force will be gener-ated on the coil body and leading
out feeders. And the electromagnetic force may result
in the local structural damage. Thus, it is necessary to
carry out the mechanical analysis to verify whether or
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not the current structural design can withstand the im-
pact of electromagnetic force. Note the fact that the
thermal expansion coefficient of vacuum vessel is
smaller than the VS coil, which means the circumfe-
rential compressive force will be generated. The
compressive force is beneficial to inhibit the ex-
pansion of fatigue crack caused by the electromagnetic
force. Thus, electromagnetic fatigue is not studied
here. While the peak electromagnetic force as the
worst load state which will significantly affect VS coil
mechanical performance is analysed in detail in the pa-

per.

2 The electromagnetic analysis

The key of electromagnetic analysis is to calculate
the magnetic field. The magnetic field contains two
aspects. One is from the VS colil self, the other is from
the background field coils and plasma. The ba-
ckground field coils contain the Central Solenoid (CS)
coil, Poloidal Field (PF) coil, Toroidal Field (TF) coil,
Cortrection Field (CF) coil and Edge Localized Mode
(ELM) coil. Since the cutrents of CF coil and ELM
coil are far smaller than other coils. They are not con-
sidered in the magnetic field calculation. For the
plasma, it is equivalent to current block with rectangu-
lar cross section [7, 8]. The magnetic field of ba-
ckground field coil can be calculated based on diffe-
rent equivalent models such as current fillet equivalent
model, discrete N turns current fillet equivalent model
(N is the turns of the specific coil) and current block
model [9]. Where we use the commercial software
ANSYS Maxwell to calculate the magnetic field. And
the Magnetic Vector Potential (MVP) calculation me-
thod is selected due to its succinct simulation model.
The plasma current and background field coil are built
as current source in the finite element model and there
is no need to build the air field [10]. The detailed ana-
lysis model is shown in Fig. 2. The magnitude of mag-
netic field is related with the plasma operation
scenarios. The magnetic analysis indicates the magne-
tic field will reach the peak value at the moment of
End of Burn (EOB). Thus, where we choose the
current of EOB moment to carry out the electromag-
netic analysis. And the calculation result of magnetic
field on the VS coil is shown in Fig. 3. For the conve-
nience of describing the magnetic field. The different
turns of VS coil are labelled as turnO1, turn02,
turn03R, turn03L and turn04 respectively.

The magnetic field calculation results indicate the
magnetic field magnitude of the four turns are similar
to each other. Because the conductors are arranged
closely to each other. And the magnetic field mainly
vary along the radial direction. The variation trend of
magnetic field is that it first increases to a certain value,
then begin to fluctuate around the value and finally

quickly decrease to a small value. The increasing re-
gion represents the lead-in feeder. Since the conductor
is gradually approaching the background field coil, the
magnetic field on the feeder increases quickly. The
fluctuation region is corresponding to the toroidal coil
body. The magnetic field in the toroidal direction has
tiny change because of the small distance variation
between the VS coil and background field coil. And
the distance variation is caused by the S bending and
W bending arcs with changing curvature radii. The de-
sign of bending arcs is to prevent the interference
between VS coil and other adjacent components. The
magnetic field decreasing region represents the lead-
out feeder. Since the feeder is gradually off the ba-
ckground coil, the magnetic field on the feeder decre-
ases simultaneously. In addition, the magnetic field of
the lead-in and lead-out feeders is neatly symmetric,
which is because the feeders are closely bound toge-
ther. The minimum magnetic field occurs at the end
of the feeder and the value is about 0.5 T. The peak
magnetic field on the VS coil is about 6.18 T.
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Fig. 3 The magnetic field on the 1S coil

The electromagnetic force is calculated based on
Ampere’s Force Law. The peak current flowing
through per turn of VS conductor is 60 kA, which is
selected to perform the conservative analysis. The

66

indexced on: bttp:/ | www.scopus.com



February 2021, 170l. 21, No. 1

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

current direction is assumed in the anti-clockwise di-
rection. Considering the approximately asymmetry of
the VS coil in the circumferential direction, a 40° mo-
del (shown in Fig. 4) is built to calculate the electro-
magnetic force. The detailed electromagnetic force
density is shown in Fig. 5-9. The results indicate the
electromagnetic force on the coil-body is smaller than
that on the feeder. The electromagnetic force at the
break-out region changes sharply due to the variation
of background magnetic field. And the region near to
the coil-body (small straight segments) has a large an-
gle with background magnetic field, which will lead to
the large electromagnetic force. While the region ap-
proaching the straight feeder (small toroidal arc) is
nearly parallel with the toroidal magnetic field, which
denotes the generated electromagnetic force will be
very small. For the straight feeders, since they are away
from the device centre, the electromagnetic force
decreases quickly, which is constant with the variation
of magnetic field. For the turn01 and turn02, they
have the similar electromagnetic force distribution
owing to the same structure. And the sum electromag-
netic force didn’t have large fluctuation due to the
constant radius in the toroidal direction. For the
turn(3, the steep variation of electromagnetic force is
caused by the break-out structural design and current
feeders. For the turn04, the variation of sum electro-
magnetic force is related with the S-bending structure.
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Turn04 ’

Fig. 4 The different turns of V'S coil (40° model)
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Fig. 5 The electromagnetic force density of turn 01
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Fig. 6 The electromagnetic force density of turn 02
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Fig. 9 The electromagnetic force density of turn 04
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3 The electromagnetic-structural coupling
analysis and stress evaluation

3.1 The electromagnetic-structural coupling analysis

Corresponding to the electromagnetic analysis mo-
del, a 40° mechanical analysis model is built. Besides
the copper tube the remaining coil components such
as MgO, jacket, spine, clamp, gasket and rail are added
in the model. The detailed model is shown in Fig. 10.
The model is meshed with different meshing techno-
logy such as sweeping, mapping and multi-zone. The
high-order element is used to improve the calculation
accuracy [11]. Hexahedron element is selected to
decrease the total elements. The total nodes of the
model are about 9830,000. The boundary condition is
applied as follow: The bonding contact is set between
the conductor jacket and the supporting components.
The bottom surface of rail is fixed. For the bracket
components, their normal displacement and rotation
are restrained. Moreover, the frictionless restraint is
applied at the high and low boundaries of the finite
element model. The electromagnetic force is input
from the above electromagnetic analysis file. The ma-
terial properties used in the structural analysis are lis-
ted in Table 1.

Tab. 1175 coil material properties under different temperatures

VS coil Cross Section

\\\_—Thin sh d

VV rail

Feeder supporting bracket

Coil body supporting rail

Fig. 11 The 40° finite element model

Parameters Stainless steel (3161LN) Copper (C10200) MgO Unit
Temperature 100 200 100 200 - °C
Density 8000 8000 8903 8854 2200 Kg'm?
Elastic modulus 1.92e11  1.83ell 1.14e11  1.10el1 9.6e8 Pa
Poisson’s ratio 0.298 0.306 0.33 0.33 0.3 -
g;;;f;fgt of thermal 168 172 172 17.59 12.8 106 K1
goefﬂdem of heatcon- 5 16.6 395 388 2.36 W-(m-K)!
uction
Specific heat 489 523 394 401 940 J Kg'K)t

The equivalent shear stress induced by electromag-
netic force is shown in Fig. 12. The maximum stress is
about 197 MPa, which occurs at the break-out region
and is on the joint sleeve. The stress distribution on
the copper conductor is shown in Fig. 13. The ma-
ximum stress is about 59 MPa, which occurs at the fe-
eder straight segment. In order to mitigate the local
large stress on the feeder, the supporting brackets are
optimized. Firstly, the width of bracket at the break-
out region is increased from 90 mm to 120 mm. Then
two extra brackets are added at the feeder straight seg-
ment as shown in Fig. 14. The stress analysis results
based on the updated model are shown in Fig. 15-16.
It indicates the peak stress on the jacket decreases
about 37 MPa. The stress on the copper conductor
decreases about 10 MPa.

Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

196.98 Max

0017615 Min

Fig. 12 The equivalent stress on the 1S coil
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Static Structural

Equivalent (von-Mises) Stress - Copper
Type: Equivalent (von-Mises) Stress
Unit: MPa

59425 Max
52.824
46,223
39.623

0.0191
0.018386 Min

Fig. 13 The equivalent stress on the copper condnctor

Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

160.31 Max

0.011301 Min

Fig. 15 The stress on the optimized V'S coil

Tab. 2 Stress evalnation of 'S coil components

Static Structural

Equivalent Stress Conductor

Type: Equivalent (von-Mises) Stress
Unit: MPa

49.541 Max
44,041

0.042102 Min

Fig. 16 The stress on the optimized copper conductor
3.2 The stress evaluation based on analytical design

Different methods can be used to carry out the
stress evaluation [12]. Where the stress evaluation is

based on ASME VII-2 Part 5 analytical design. The
stress is first classified into different types based on
the external loads and then evaluated according to spe-
cific threshold. For the electromagnetic load, it mainly
generates the primary general membrane stress, the lo-
cal membrane stress and the bending stress. The ge-
neral membrane stress is not allowed to beyond the
design stress intensity. The design stress intensity for
the copper conductor and stainless steel are 30 MPa
and 114 MPa respectively. The local membrane stress
and bending stress are not permitted to larger than 1.5
times of the design stress intensity. Before launching
stress evaluation, stress linearization is done to extract
the different kinds of stress on the VS coil compo-
nents. The detail stress is listed in Table 2. It seems
that most of the components satisfy the stress evalu-
ation requirements. Except the total stress on the co-
pper conductor is slightly larger than the threshold.
During the engineering fabrication the fillets will be
added on the bracket, which is helpful to decrease the
total stress on the copper conductor.

Copper

Stress type (MPa) rube Threshold Jacket Sleeve Spine Rail Threshold
General membrane 28 30 98 16 45 114
Membrane plus 34 45 143 29 66 171
bend
Total stress 50 45 160 35 67 171

4 Conclusion

The magnetic field calculation results indicate the
coil-body has higher average magnetic field than the
feeder. But not all the magnetic field results in electro-
magnetic force, which is demonstrated by the fact that
the electromagnetic force on the feeder is higher than

that on the coil-body. It also indicates the toroidal field
coil has more contribution on the electromagnetic
force because it is nearer to the VS coil feeder. And
due to the existence of S bending and W bending arcs,
which lead to the electromagnetic force on the coil-
body is not constant along the circumferential di-
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rection. According to the distribution of electromag-
netic force on the feeder, it can be seen the parallel
bonded design of feeder is a good way to counteract
the opposite electromagnetic force. While for the
break-out feeder, it is vulnerable to be damaged owing
to the single feeder structure. The structural analysis
indicates the break-out region should be reinforced.
And by adding extra supporting bracket or increasing
the size of bracket can effectively decrease the equiva-
lent stress. However, based on the analytical design,
the stress on the copper conductor s still a little higher
than the allowable threshold. On the condition that
the size of SSMIC is not allowed to be changed, the
supporting components need to be further optimized
to decrease the stress on the copper conductor. In
fact, during the fabrication process some fillets will be
machined on the supporting components, which is
helpful to mitigate the local stress concentration.
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