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The vertical stability coil is a new set of saddle shaped non-superconducting coil designed for the purpose
of improving the control capability of plasma vertical movement. To avoid the electromagnetic shielding
and enhance the response performance, the vertical stability coil is installed in the inner wall of vacuum
vessel. The subsequent disadvantage accompanying the benefit is that the coil is under severe neutron
radiation. Besides the neutron radiation the coil will also encounter the Ohmic heat once it is energized.
The temperature rising of vertical stability coil is not allowed to beyond the specific threshold to guaran-
tee the reliability of the coil components. Thus, the Ohmic heat and nuclear heat calculation methods
are presented and the detail temperature field is analysed by using ANSYS to check whether or not the
coil can bear the thermal load. In addition, the thermal load will result in the thermal stress. To verify
whether the thermal stress will lead to the structural damage, the thermal-structural coupling analysis is
launched and the stress is evaluated based on ASME analytical design. The analysis results will provide
guidance for the local structural optimization of vertical stability coil.
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of the fact that the upper VS colil is closer to the

1 Introduction . .
plasma, which means it needs to bear more severe ne-

To deal with the characteristic of plasma inherently
vertical instability, a set of saddle-shaped In-Vessel
Coil, namely the Vertical Stability (VS) coil is propo-
sed. In order to improve the response capability, the
VS coil is installed between the thermal shielding blan-
ket and vacuum vessel wall. The coil is composed of
the upper and lower VS coil, which are connected in
series with opposite current [1,2,3,4,5]. The upper VS
coil with the major diameter of 12.199 m and tilting
down angle of 26.1° is arranged at the position of
4.905 m above the fusion device middle plane. The
lower VS coil is located at the position of 2.5 m verti-
cally below the middle plane and the major diameter
and tilting down angle are 15.242 m and 37.8° re-
spectively. Considering the extremely severe operation
circumstance of large dose neutron radiation, high
temperature and strong magnetic field. The Stainless
Steel Mineral Insulation Conductor (SSMIC) is deve-
loped for the coil. The complex SSMIC contains three
different layers, they are the outer stainless steel pro-
tection layer 316N, the middle anti-radiation and in-
sulation layer magnesium oxide and the inner water
cooled hollow copper tube [6,7,8,9]. Besides the con-
ductor components, the coil also contains some affili-
ated fixing and supporting accessories such as spine,
sleeve and clamp. The coil is finally settled at the inner
vacuum vessel wall through the numerous toroidal
arranged supporting rails as shown in Fig. 1. In view

utron radiation compared with the lower VS coil. The
upper VS coil is selected in the paper for the sake of
conservative analysis.

Upper VS Coil

Shielding Blanket

Lower VS Coil .”‘

Fig. 1The geometrical structure of V'S coil

2 The calculation of temperature field

Based on the engineering design requirement of
VS coil, the temperature enhancement caused by ther-
mal load is not allowed to exceed the threshold of
250°C. The thermal load is mainly originated from ne-
utron radiation, Ohmic heat and radiation from other
around components. While the radiation from around
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components can be neglected because of their small
temperature difference with VS coil. The purpose of
thermal analysis is to obtain the detailed VS coil tem-
perature distribution, which will be used as the thermal
boundary for the following thermal-structural
coupling analysis. Note that the plasma contains many
different operation scenarios, the Deuterium-Tritium
(T-D) operation mode is selected in the paper to carry
out the steady state thermal analysis. The peak current
in VS coil per conductor is 60 kA, the generated
Ohmic heat can be calculated as shown in equation
(1). The nuclear heat can be calculated by using the
MCNP code. Since the component of clamp is closest
to the plasma. Thus, it has the largest nuclear heat den-
sity and the value is about 0.7 MWm-3. The nuclear
heat decays in the exponential form along the vacuum
vessel thickness direction, as shown in formula (2)

g :%[W-m-ﬁ], M
g=0-¢ " [MW-m?, @

Where:

P the electrical resistivity of copper conductor at
100°C [p€2'm],

I the peak current flowing through the copper
conductor [A],

A the cross-sectional area of copper conductor
[m?],

O the nuclear heat on the VS coil surface [MW-m-
3
1,

r the distance along the radial direction [m],

A the decay eigenvalue of nuclear heat [m)].
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112991 243218 373446 503672 633900
178105 308332 438559 568786 699014

Fig. 2 Nuclear heat distribution on 1S coil

During the thermal analysis the Ohmic and nuclear
heat are treated as inner source heat to apply on the
calculation model. Thus, the heat transfer process ma-
inly refers to heat convection and heat conduction.
Since the VS coil is cooled by water, there is heat con-
vection between the copper inner surface and water
coolant [10-12]. The heat transfer can be described by

the following Newton-cooling equation.

q=h-(t,—t,) [W-m?, G

Nu,y = 0.023( 2yos Xy, S
v A

h= Nu, % [W-(m2K) 1], ©)

Where:
9 the heat flux of copper tube inner surface [W-m-2],
h the convection coefficient [W-(m2-K)-1],
t, the temperature of copper tube inner surface [°C],
t, the water temperature [°C]|,
Nu,, the Nusselt number [-],
V' the water flowing velocity [m-s-],
D the hydraulic equivalent diameter [m],
v the kinematic viscosity [m2-s-1],
P the water density [kg'm-3],
C, the constant pressute specific heat [J- (kg °C)1],
A the coefficient of heat conduction [W-(m-K)-1]

Tab. 1 Cooling water properties (1.82MPa, 114°C)

Parameters Value Unit
Heat conduction coeffi- 0.685 W (m-K)!
cient
Specific heat 4240 J (kg K)1
Density 947.8 kg m-3
kinematic viscosity 2.64E-7 m?s!
Velocity 3 kg m-3

102 °C

Inlet/outlet temperature 107 oC

If both the Ohmic heat and nuclear heat are treated
as inner heat source, the heat conduction can be
described as shown in equation (6). To obtain the de-
tailed temperature distribution on VS colil, a represen-
tative 40° model containing feeder is created as shown
in Fig. 3. The finite element model is shown in Fig. 4.
Since the coil body is connected with other fixed com-
ponents through welding, brazing or bolting, the bon-
ded contact is defined at the interfaces. And given the
fact that the coil supporting rails and feeder suppor-
ting brackets are welded at the inner surface of va-
cuum vessel. The bottom surfaces of the supporting
components are set as 100°C. Based on formula (1)
the calculated heat density is 1.02X108 Wm-3, which is
applied on the copper tube as the volumetric heat. By
solving the equations (3)-(5) the calculated coefficient
of heat convection is 16693.24 W-(m?'K)-1. Then, the
nuclear heat as a position related function (shown in
formula (2)) is applied on the coil finite element mo-
del. The reference temperature of turn 03L, turn 01,
turn 02, turn04 and turn 03R are 100°C, 103°C, 104°C,
101°C and 105°C respectively. All the fixation and
supporting components use the material of stainless
steel 316LLN. And the material properties used in the
thermal analysis ate listed in Table 2.
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Where: p/
C the material SpeCiﬁC heat []'(kgOC)’l], VS coil Cross Section \

P the material density [kg'm-3],

u the temperature function related with position and
time [°C],

u, the temperature function in the X direction compo-
nent [°C],

u, the temperature function in the Y direction com-

Feeder

ponent [°C|,

u_ the temperature function in the z direction compo-
nent [°C],

F' the inner heat source [W-m-3]

Feeder supporting bracket

Coil body supporting rail

Fig. 3 The 40°analysis model
Tab. 2 V'S coil material properties under different temperatures

Parameters Stainless steel (3161LN) Copper (C10200) MgO Unit
Temperature 100 200 100 200 - °C
Density 8000 8903 8854 2200 Kg'm?
Elastic modulus 1.92e11 1.83e11 1.14e11 1.10e11 9.6e8 Pa
Poisson’s ratio 0.298 0.300 0.33 0.33 0.3 -
gg:f;fgt of thermal = g 17.2 172 17.59 12.8 106 K-
Coefficient of heat con- 16.6 395 388 2.36 W (m-K)-t
duction

Specific heat 489 523 394 401 940 J Kg'K)!

The steady thermal analysis results of VS coil are
shown in Fig. 6-8. The temperature increasement
caused by Ohmic heat are shown in Fig. 6-A. The ma-
ximum temperature is 111.9°C, which occurs at the
breakout region of leading out feeder jacket shown in
Fig. 6-B. The temperature of jacket at this region is a
little bit higher than that at the outlet region, which is
due to the heat in the breakout region is mainly taken
away by the supporting brackets. While for the outlet
feeder jacket, not only the supporting brackets but
also the lower temperature inlet feeder is helpful to
carry the heat from outlet jacket away. The tempera-
ture increasement induced by nuclear heat is shown in
Fig. 7-A. The highest temperature is 198.3°C, which
occurs at clamp surface facing the plasma side shown
in Fig. 7-B. Because it is closest to the high tempera-
ture plasma. The result is consistent with the theoreti-
cal calculation. The results also indicate the effect of
nuclear heat is much more significant than the Ohmic
heat. The total temperature rising of VS coil under the
combination of Ohmic and nuclear heat is about
104°C (shown in Fig. 8). And the local highest tempe-
Turn04 rature is about 205°C, which is within the temperature

Fig. 5The current flow of different turns threshold of 250°C.
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Temperature
Type: Temperature
Unit: °C

Time: 1

111.9 Max
111.71
110.41
109.11
107.81
106.53
105.2
103.9
102.6
101.3
100 Min

Temperature
Type: Temperature B
Unit: °C
Time: 1

111.89Max
110.61
109.34
108.07
106.8
105.53
104.26
102.99
101.72
100.45Min

X

Fig. 6 (A) The temperature of V'S coil under Obmic heat. (B) The temperature of jacket under Obmic heat

Temperature

Type: Temperature
Unit: °C

Time: 1

A

198.26 Max
188.39
178.52
168.64

99.532Min

Temperature
Type: Temperature B
Unit: °C
Time: 1

198.26 Max
188.12
177.97
167.83
157.68
147.54
137.39
127.25
117.1
106.96 i

Fig. 7 (A) The temperature of V'S coil under nuclear heat. (B) The temperature of clamp under nuclear heat

Temperature

Type: Temperature
Unit: °C

Time: 1

204.5 Max

110.45
100 Min

Fig. 8The temperature of V'S coil under Obmiic heat and
nuclear heat

3 The thermal-structural coupling analysis
and stress evaluation

3.1 The coupling field analysis

In order to analyse the stress resulted from the
temperature field, the thermal-structural coupling ana-
lysis [13-15] is carried out by using the same finite ele-
ment model of thermal analysis. Some small structures
such as bolts, fillets and weld are neglected for the
convenience of model creation. Due to the complica-

ted geometric structure, multi-kinds of meshing tech-
nology such as sweep, mapping and multi-zone are
adopted and the high-order element is used to im-
prove the calculation accuracy. The total number of
elements 1s 1,540,000 and the node number is up to
9,830,000. Since the supporting rail is welded to the
vacuum vessel. Thus, the fixed restraint is applied on
the bottom surface during the analysis. The feeder
supporting bracket is connected with the vacuum ves-
sel. But it can move in the feeder length direction to
offset the thermal deformation. However, to avoid fe-
eder interfering with other components, the normal
displacement and rotation of bracket are restricted.
The frictionless restraint is applied on the high and
low boundaties to simulate the whole model. The tem-
perature field is input from the result file of thermal
analysis. The equivalent stress of VS coil under ther-
mal load are shown in Fig. 9-10. The maximum ther-
mal stress caused by Ohmic heat is about 90.44 MPa,
which occurs at the break-out jacket. The peak stress
induced by nuclear heat is much higher and the value
is about 345.9 MPa, which occurs at the connection
region of supporting rail and spine. The maximum
stress of VS coil under the combination of Ohmic and
nuclear heat is about 383.4 MPa, which also occurs at
the connection region of supporting rail and spine.
The analysis results indicate the thermal stress in ma-
inly determined by the nuclear heat.
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Static Structural

Equivalent Stress A
Type: Equivalent Stress
Unit: MPa

0.44 Max
0.392
0.343
0.294
0.264
0.197

Static Structural B
Equivalent Stress

Type: Equivalent Stress
Unit: MPa

345.89 Max
307.46
269.03
230.6
192.17
153.74
115.31
76.885
38.4

Fig. 9 (A) The equivalent stress under Obmic heat. (B) The equivalent stress under nuclear heat

Static Structural A
Equivalent Stress

Type: Equivalent Stress
Unit: MPa

383.36 Max
340.77
298.18
255.58
212.99
170.4

127.81
85.214
42.62
0.6236™V

Static Structural B
Equivalent Stress

Type: Equivalent Stress
Unit: MPa

56.952 Max
50.631
44.31

37.989
31.668
25.348
19.027
12.706
6.385

0.0638

Fig. 10 (A) The equivalent stress under Obmic heat and nuclear heat. (B) The equivalent stress of copper conductor under Obmric
beat and nuclear heat

3.2 Stress evaluation based on analytical design

The key problem of stress evaluation is to classify
the stress. There are several different classification me-
thods [15]. Where we adopt the ASME VIII-2 Part 5
criterion. Based on the stress generation reason, action
and distribution atea, the stress is classified into pri-
mary stress, secondary stress and peak stress. The pri-
mary stress is further divided into general membrane
stress, local membrane stress and bending stress. The
different stress is evaluated with different threshold.
The specific evaluation principal is listed in Table 3.
Where Sy, is the design stress intensity, which equals
to the lesser value of 2/3 yield strength and 1/2 ulti-
mate strength. The stress caused by thermal load
belongs to the category of secondary stress. Thus, the
maximum stress on the copper tube should be within
the threshold of 90 MPa. The above thermal-structu-
ral coupling analysis shows the maximum thermal
stress on the copper conductor is about 57 MPa and
is lower than the stress limit. That is to say, the copper
tube satisfies the stress evaluation requirement from
the perspective of thermal load. For the components
using 316LN, the thermal stress induced by Ohmic
heat is far smaller than the threshold. However, the
thermal stress caused by nuclear heat is beyond the
stress limit range of 285 MPa and is up to 342 MPa.

In fact, the actual engineering coil model contains fill-
ets, which are helpful to mitigate the local stress con-
centration.

Tab. 3 The stress evaluation criterion
Stress limit (MPa)

Stress type Copper Stainless steel
100°C  200°C 100°C  200°C

Primary mem- 30 28 114 95

brane

Local mem- 45 56 171 143

brane

Membrane 45 56 171 143

plus bending

Secondary 90 84 342 285

stress

4 Conclusion

The Ohmic heat is calculated and applied as volu-
metric heat on the finite element model to analyse the
generated temperature rising. The analysis results indi-
cate the maximum temperature increasement is about
12°C, which happened at the coil break-out region and
the outer layer protection jacket had the highest tem-
perature. The neutron radiation decays along the radial
direction. Thus, the nuclear heat is described by using
the function related with the radius. Since clamp is the
component closest to plasma, it bears the largest dose
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of neutron radiation. And the nuclear heat density is
about 0.7 MW per unit volume. The nuclear heat
function is also applied on the finite element model as
an inner heat source. The thermal analysis shows the
temperature rising caused by nuclear heat is about
98°C, which occurred at the clamp surface of plasma
facing side. The result denotes nuclear heat is the key
factor affecting the temperature distribution of VS
coil. The total temperature rising induced by the
Ohmic heat and nuclear heat is about 104°C, which
satisfies the engineering design requirement. The ma-
ximum thermal stress resulted from Ohmic heat is
about 90 MPa. The maximum thermal stress induce
by nuclear heat is about 346 MPa. The stress evalu-
ation is carried out based on ASME analytical design.
The evaluation results indicate Ohmic heat will not
lead to the structural damage. While under the severe
neutron radiation, the local thermal stress on the coil
is beyond the stress threshold. The coil local opti-
mization is needed in the following work. The transi-
ent thermal fatigue is ignored in the paper. Because the
temperature of vacuum vessel is lower than the VS
coil. Therefore, the compressive force due to the di-
fferent temperature will restrain the expansion of fati-
gue crack.
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