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The Edge Localized Mode coil is the key component to prohibit the phenomena of disruptive instability 
occurring in the edge of Tokamak plasma. The coil is made of Stainless Steel Jacketed Mineral Insulated 
Conductors. And the different pieces of conductor are connected by joints. During the normal operation 
of Tokamak device, the joints will be shocked by the electromagnetic and thermal loads. Thus, it is ne-
cessary to perform the mechanical analysis to verify whether or not the ELM joint has sufficient safety 
margin to resist the impact of the coupling field. To get the load boundary conditions for the mechanical 
analysis, the electromagnetic and thermal analysis are launched first. Then the obtained temperature and 
electromagnetic force density are inserted into the mechanical analysis model. And the equivalent stress 
is calculated subsequently. The analysis results indicate there is stress intensity. To mitigate the stress 
intensity, the local structural optimization is employed. Finally, the stress evaluation is carried out based 
on analytical design. The assessment results demonstrate the optimized model has sufficient safety mar-
gin to withstand the shock of multiple loads. 
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 Introduction 

The quasi-periodic relaxation of transport barrier 
will be formed during the low mode to high mode 
transition, which will lead to a disruptive instability 
occurring in the edge region of Tokamak plasma, na-
mely Edge Localized Mode (ELM) [1-3]. To suppress 
the phenomena of ELM, nine sets of coil with the 
shape of picture frame are designed and arranged in 
the toroidal direction of vacuum vessel. Each set of 
ELM coil is comprised of the upper, equatorial and 
lower coils positioned in the poloidal direction. The 
operating environment of ELM coil is severe in terms 
of strong radiation and high temperature, which 
precludes the use of organic insulating materials. The 
feasible mineral insulation is compacted Magnesium 
Oxide (MgO) powder, which is housed by Inconel 
625. To guarantee adequate lifetime, the Copper-
Chromium-Zirconium (CuCrZr) alloy is used as con-
ductor to carry the large current. Thus, the final ELM 
coil is the Stainless Steel Jacketed Mineral Insulated 
Conductors (SSMIC) [4-7]. The inner diameter of Cu-
CrZr is of 33.3 mm. The thickness of CuCrZr, MgO 
and Inconel 625 are 6.35 mm, 2.5 mm and 4 mm re-
spectively. The ELM coil is winded by several pieces 
to form six turns. The different pieces of conductor 
are connected by joints. The joints are classified into 
two different types based on the shapes, namely the 
straight and arc joints as shown in Fig. 1. 

 

Fig. 1 The ELM joints 
 
The straight joints are used to connect the coil 

body and feeders. The arc joints are used to form the 
six turns of coil body. And we mainly focus on the arc 
joint in the paper. In the joint region, the two different 
pieces of conductor are packed by a 200 mm-long In-
conel 625 sleeve with the thickness of 3 mm. The two 
ends of the sleeve are welded with the jacket. The thic-
kness of the impacted MgO in the joint region is 6.5 
mm. The butt brazing scheme is selected to connect 
the inner CuCrZr joint. Before the brazing, a 1 mm-
thick and 10 mm-long copper ring is installed at the 
interface to improve the brazing performance [8]. The 
design lifetime of joint is twenty years without main-
tenance during the period. Thus, the requisite reliabi-
lity of joint is needed under multi load cases during 
normal operation. The loads that ELM joints need to 
bear are mainly the electromagnetic force and the 
thermal loads. The thermal loads include the Joule 
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heat and plasma irradiation. In the paper the electro-
magnetic force will be calculated first. Then, the tem-
perature caused by Joule heat and plasma radiation is 
analysed subsequently. Finally, the obtained electro-
magnetic force density and temperature field is applied 
as boundary condition to perform the mechanical ana-
lysis. 

 The loads calculation for ELM joint 

2.1 The electromagnetic force calculation 

The electromagnetic (EM) force will be induced 
due to the interaction of ELM coil current and ba-
ckground magnetic field derived from the device mag-
net system and plasma current. The plasma current va-
ries with the operation stage. The magnetic field rea-
ches peak value at the scenario of End of Burn (EOB). 
Thus, it is chosen to carry out the electromagnetic ana-
lyses. The magnetic field is calculated based on the 
method of Magnetic Vector Potential (MVP) by using 
the software ANSYS Maxwell. The plasma current 
and background field coils are simulated by current 
source [9] in the equivalent calculation model shown 
in Fig. 2, which is helpful to simplify the analysis mo-
del. The simulation result of magnetic field is presen-
ted in Fig. 3. The maximum magnetic field of upper, 
equatorial and lower ELM coils are 4.67 T, 4.84 T and 
4.64 T respectively. Thus, the joint of equatorial ELM 
coil is selected conservatively to carry out the 
following mechanical analysis. 

 
Fig. 2 The equivalent magnetic calculation model for in vessel 

coil 

 
Fig. 3 The magnetic field of ELM coil 

Once the magnetic field at the joint has been calcu-
lated. The electromagnetic force could be calculated 
based on Ampere’s law. The current flowing through 
ELM conductor is 15 kA per turn. Assuming the 
current direction is anti-clockwise. The average mag-
netic density on the joint is 4 T. Thus, the correspon-
ding electromagnetic force density is about 60 KN·m-

1. And the direction of Lorentz force is perpendicular 
to vacuum vessel wall as shown in Fig. 5. Where BT 
represents the toroidal magnetic field. Cause it is para-
llel with the current, it will not generate electromagne-
tic force on the joint. BP is the poloidal magnetic field. 
Since it is perpendicular to the current direction, it is 
the main magnetic field that induce the large electro-
magnetic force. The length of every joint conductor is 
1.135 m. Therefore, the corresponding electromagne-
tic force on the inner CuCrZr copper conductor is 
68.1 KN.  

 

Fig. 4 The direction of electromagnetic force on the equatorial 
ELM joint 

2.2 The thermal loads calculation 

The thermal loads that ELM coil needs to bear are 
Joule heat and nuclear heat. The peak current flowing 
through ELM coil is 90 kA. The electrical resistivity of 
ELM conductor is 2.71 μΩ·cm. Then the Joule heat 
could be calculated based on the formula listed in 
equation (1). The calculated Joule heat density of ELM 
joint is 2.95 MW·m-3. Concerning the nuclear heat, its 
distribution is approximately constant in the toroidal 
direction. While the nuclear heat attenuates exponen-
tially in the direction perpendicular to the vacuum ves-
sel wall. And the attenuation eigenvalue is about 0.14 
m. Then the nuclear heat arrived at joint region could 
be calculated according to the formula presented in 
equation (2). The calculation result indicates the peak 
nuclear heat occurs at the top surface of clamp facing 
the plasma. Then it decreases gradually along the 
height direction of clamp. For the six-piece con-
ductors, the nuclear heat distribution is different with 
position. The nuclear heat is relatively higher for the 
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outer exposed conductor. While the conductors at the 
two ends wrapped by clamps are hardly affected by 
plasma irradiation. Thus, the nuclear heat is smaller. 
The detailed distribution of nuclear heat is shown in 
Fig. 5.  
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Where: 
r …Electrical resistivity of CuCrZr conductor 

at 100°C [μΩ·m], 
I …Peak current flowing through the CuCrZr 

conductor [A], 
A…Cross-sectional area of CuCrZr conductor [m2], 

1q …Joule heat on the ELM joint [W·m-3], 

2q …Nuclear heat on the ELM joint surface 
[MW·m-3], 

r…Distance along the radial direction [m]. 

 

Fig. 5 The distribution of nuclear heat on the equatorial 
ELM joint 

2.3 The temperature calculation of ELM joint 

To avoid overheating, the ELM coil is cooled by 
water with inlet temperature of 100℃ . The water 
velocity and convective heat transfer coefficient are 8 
m·s-1 and 34820 W·(m2·K)-1 respectively. The con-
vective heat flux is calculated based on Newton-coo-
ling equation [10]. The detailed fluid-solid coupling 
analysis of coolant water and CuCrZr inner surface 
could be referenced from the references [11-12]. For 
the convenience of temperature calculation, the 
nuclear heat and Joule heat are treated as inner heat 
source. Then the thermal analysis degenerates to heat 
conduction. And the temperature could be could be 
calculated based on equation (3). The detailed tempe-
rature is calculated by ANSYS. The finite element mo-
del is shown in Fig. 6. The nuclear and joule heat are 
inserted as inner heat source. The temperature distri-
bution is obtained by thermal solution. The highest 
temperature of CuCrZr conductor is 101.17℃. The 
temperature distribution of jacket and supporting rail 
are presented in Fig. 7 and Fig. 8. respectively. 
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Where: 
T …Temperature of ELM joint [℃], 

, ,x y z…Three components under Cartisan coor-
dinate system [m], 

…Inner heat source [MW·m-3]. 

 

Fig. 6 The finite element model of ELM joint 

 

Fig. 7 The temperature distribution on the jacket 

 

Fig. 8 The temperature distribution on the ELM joint 

 The thermal-electromagnetic-structural 
coupling analysis and structural opti-
mization 

3.1 The coupling field analysis 

To verify the reliability of ELM joint under multi-
load cases, the mechanical analysis is launched. The fi-
nite element model is the same as Fig. 6. But a few 
simplifications were made. For instance, the thread 
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connection components were excluded and the fillets 
of rails were ignored [13]. For the sake of distributing 
Lorentz force conveniently, the methods of sweeping, 
area mapping, multi-zone and size controlling are 
adopted to mesh the solid model. The sum number of 
element and node are 113300 and 2135000 respecti-
vely. The contact interfaces between components are 
simulated by using the element type of CONTACT 
174. And bonded contact is imposed on these inter-
faces. The symmetric boundary condition is applied at 
the joint two ends. And the rails are bonded to the 
inner vacuum vessel wall. The outer vacuum vessel 
wall is fixed. The temperature field is imposed by rea-
ding into it from the thermal analysis result file. The 
electromagnetic force is applied on the node in the 
form of volumetric force. Finally, the equivalent stress 
is extracted through executing the solution module. 
The detailed stress distribution is presented in Fig. 9, 
10 and 11. The maximum equivalent stress is 306 MPa, 
which occurs at the rectangular corner of the suppor-
ting rails. And the maximum equivalent stress of jacket 
and CuCrZr conductor are 170 MPa and 38 MPa re-
spectively. The peak stresses are located near the mid-
dle region of the components. Since the regions bear 
higher nuclear radiation than that at the two ends.  

 

Fig. 9 The equivalent stress on CuCrZr conductor 

 

Fig. 10 The equivalent stress on jacket 

 

Fig. 11 The equivalent stress on ELM joint 

3.2 The structural optimization of supporting rail 

The above mechanical analyses show that stress in-
tensity occurs at the corner of the supporting rails. In 
order to mitigate stress intensity, the fillets with diffe-
rent radii are tested for the corner. If the radius of fillet 
is set as 5 mm, the maximum stress will fall down from 
306 MPa to 275 MPa. If the fillet radius is increased to 
10 mm, the maximum stress will decrease to 227 MPa. 
The detailed equivalent stress on the supporting rail 
are presented in Fig. 12. Furthermore, if we set the 
fillet radius as 12 mm, the maximum stress will decre-
ase to 213 MPa. To more conveniently compare the 
stress variation under different fillet radius, the diffe-
rent kinds of stress are extracted and listed in table 1. 
It indicates that increasing fillet radius is an effective 
solution to decrease stress intensity. 

Tab. 1 Equivalent stress of supporting rail under different fillet radius 

Stress (MPa) R= 0 R= 5 mm R= 10 mm R=12 mm Threshold 

Pm 210 161.7 159.2 143.6 191 

PL+Pb 275 185.4 193.3 201.7 286.5 

Q 306 275 227 213 573 
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Fig. 12 The equivalent stress on supporting rail with different fillet radius 

 Stress evaluation for ELM joint  

Two different methods are usually used for stress 
evaluation, namely the routine design and analytical 
design. The routine design is based on the first stren-
gth theory. The evaluation criterion is a little conser-
vative for pressure vessel and tube components. Here 
analytical design is selected, which is based on the 
fourth strength theory. For analytical design, the stres-
ses are classified and accessed with different thre-
sholds [14]. According to types of the external load 
inducing inner stress, the stresses are classified into ge-
neral membrane stress, local membrane stress, ben-
ding stress, peak stress and secondary stress. The ge-
neral membrane stress should be within the design 
stress intensity Sm. The local membrane stress plus 
bending stress are not allowed beyond 1.5 Sm. The se-
condary stress is not allowed beyond 3.0 Sm. Here the 
design stress intensity is determined by the material 
yield strength and ultimate strength. And it equals to 
the lesser magnitude of 2/3 yield strength and 1/2 ul-
timate strength. For ELM joint, it needs to bear the 
external loads such as dead weight, thermal load and 
electromagnetic force. Since the stress induced by 

dead weight is tiny, it is ignored in the mechanical ana-
lysis. The electromagnetic load as volumetric force will 
generate membrane plus bending stress. And the 
corresponding threshold is 1.5 Sm. The Joule heat and 
nuclear heat as thermal load will induce secondary 
thermal stress. And the corresponding threshold is 3.0 
Sm. Note that the design stress intensity is related with 
temperature. The thresholds of joint materials under 
100℃ and 200℃ are presented in Table 2. Conside-
ring the temperature rising of ELM joint, the thre-
sholds at 200℃ are used for stress evaluation. The di-
fferent kinds of stress are extracted through the met-
hod of stress linearization. The maximum secondary 
stress occurs on the CuCrZr conductor is 38 MPa, 
which is far less than the threshold of 435 MPa. The 
maximum secondary stress of the supporting rail is 
306 MPa, which is within the threshold of 537 MPa. 
While the maximum general membrane stress on 
supporting rail without fillet is 210 MPa, which is 
beyond the threshold of 191 MPa. Once the 12 mm-
radius fillet is added, the maximum general membrane 
stress falls down to 144 MPa. There is sufficient safety 
margin. Thus, it is necessary and feasible to add fillets 
on supporting rail to decrease the stress. 

Tab. 2 The stress evaluation criterion 

Stress type 
Stress limit (MPa) 

CuCrZr Inconel 625 
100℃ 200℃ 100℃ 200℃ 

Pm 153 145 218 191 
PL+Pb 229.5 217.5 327 286.5 

Q 459 435 654 573 

 Conclusion 

To verify the mechanical performance of ELM 
joint under multi-load cases, the electromagnetic ana-
lysis is launched first. The analysis indicates the equa-
torial joint bears the highest magnetic field of 4.84 T. 

Thus, it is selected as the representative joint for the 
mechanical analysis. The heat deposition induced by 
Joule heat and nuclear radiation is calculated sub-
sequently. And the peak Joule heat and nuclear heat 
densities are 2.95 and 1.12 MW·m-3 respectively. Then 
the temperature is calculated by imposing the Joule 
heat and nuclear heat into the thermal analysis model. 
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The analysis results show that the highest tempe-
rature occurs at supporting rail with the value of 263
℃. After the electromagnetic and thermal analyses, 
the electromagnetic force density and temperature and 
employed as boundary condition to carry out mecha-
nical analysis. The analysis results show that stress in-
tensity occurs at supporting rail. While after adding 
fillets on supporting rail, the maximum equivalent 
stress will be decreased significantly. Finally, the diffe-
rent kinds of stress on ELM joint is extracted through 
stress linearization. And the stress is assessed based on 
analytical design. It demonstrates that the general 
membrane stress on the supporting rail will be con-
trolled within the threshold after adding fillet. 
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