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The magnet system of the Korea Superconducting Tokamak Advanced Research (KSTAR) consists of 16 toroidal field (TF) coils, 4 pairs of central solenoid (CS) coils, and 3 pairs of outer poloidal
field (PF) coils. Each TF coil structure has a height of 4.2 m, a width of 3.5 m, and a toroidal angle
of 22.5◦ . The TF coil generates high electromagnetic loads such as in-plane and out-of-plane forces
during operation, due to the high coil current. A rigid support structure is required to withstand
these loads. The TF coil winding pack (WP) is encased in a structure to enhance mechanical stability. The TF coil structure consists of a case part and a cover part. The two important processes
are insertion of the coil winding pack and the filling of the assembly gap for manufacturing the TF
magnet. In this paper, the requirements and procedures for the assembly of the TF coil winding
pack and structure are presented.
PACS numbers: 52.55.Fa
Keywords: Coil encasing, VPI, TF magnet, Tokamak, KSTAR

I. INTRODUCTION
The magnet system of the Korea Superconducting
Tokamak Advanced Research (KSTAR) consists of 16
toroidal field (TF) coils, 4 pairs of central solenoid (CS)
coils, and 3 pairs of outer poloidal field (PF) coils [1,2].
The sixteen D-shaped TF coil structures are wedged
together along inboard legs to sustain the in-plane centering force. Each inner inter-coil structure (IIS) of the
structure contains three shear keys and three conical
bolts to provide pre-loading in the toroidal direction and
to resist the in-plane and the out-of-plane forces that are
the most critical loads on the TF magnet system [3,4].
The TF coil structure consists of a case part and a
cover part, as shown in Fig. 1. A large assembly clearance is about 5 ∼ 10 mm for inserting the coil into the
structure, since the coils and structure are fabricated
through different manufacturing procedures.
Concepts of alignment between the coil WP and structure are as follows: 1) the same gap between the coil
WP and structure at the inside inboard leg for radial
direction alignment; 2) flatness of the coil WP with respect to the structure for toroidal direction alignment;
and 3) equivalent gap at the inside of the top and bottom for vertical direction alignment. G10 spacers and
glass felt are inserted in the gap. After the alignment
of the coil WP, fiducial points that have information on
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the coil WP location are transferred on the structure to
define the axes of the coil WP. These coordinates are
used for final machining and site assembly. After the
enclosing weld, vacuum pressurized impregnation (VPI)
is performed to fill the space between the coil WP and
structure with epoxy. The epoxy is filled from the bottom of the structure up to the joint box located in the
top of the structure.

II. ENCASING OF COIL WINDING PACK
1. Requirement of TF Coil WP

Dimensional measurements, high-voltage tests, and
flow tests for acceptance of the TF coil WP are performed
before encasing it in the structure. The fabrication tolerance of the TF coil WP is ±2.0 mm. The applied high
voltages for DC and AC insulation tests are 15 kV and
10 kV (rms), respectively. The acceptance criteria of the
test are a leak current of 1 mA during 10 minutes and
1 minute, respectively. The impulse test voltage is 2 kV
for the layer and turn-to-turn insulation test. The flow
test is performed at room temperature with a helium gas
pressure of 8 bars. The difference of flow rates between
the cooling channels should have less than 10 % variation [5–7]. After WP insertion, the TF coil WP should
be aligned within ±1 mm.
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Fig. 2. Process of glass felt packing on bottom surface.
Fig. 1. Configuration of the case and cover part of the TF
coil structure.

2. Coil Winding Pack Encasing Procedure

The encasing procedure of the TF coil WP has the
following 8 steps:
1. Cleaning and leveling of the inner surface of the
case;
2. Preparation of spacers and glass felt on the bottom
surface of the case;

Fig. 3. Process of coil WP insertion into the case.

3. Insertion and alignment of the coil WP;
4. Side gap filling with the spacers and the glass felt;
5. Transfer of fiducialization;
6. Installation of the glass felt at the top surface of
the case;
7. TF cover welding by auto TIG;
8. Welding the joint box cover;
The TF case is machined for dimensional precision of
the inner surface and attached with 14 cooling tubes by
a TIG weld prior to the coil WP encasing procedure. In
the 1st step, the inside surface of the case is cleaned with
isopropyl alcohol and glazed with a separating liquid in
order to prevent bonding between epoxy and the surface
of the case. The bottom surface of the case should be
leveled for precise alignment between the coil WP and
the case. In the 2nd step, G10 spacers with different
thicknesses are installed at 10 positions along the coil
length to achieve optimum alignment of the coil WP.
These are uniformly installed at 10 points on the bottom surface. The area of the spacers is 1,800 mm2 with
width of 30 mm and length of 60 mm. The rest of the
surface is packed with glass felt that enhances mechanical strength and electrical insulation through vacuum
pressure impregnation (VPI). Fig. 2 shows the process
of glass-felt packing on the bottom surface.

The coil WP is raised with a vacuum lifter that has
safety belts to prevent damage due to a vacuum break
during movement. In the 3rd step, the coil WP is inserted in the case with a side gap of 5 mm in the inboard
leg and 10 mm in the outboard leg between the coil WP
and the case, as shown in Fig. 3. Since the outer surface
of the case that will be machined for precision of assembly has a limited thickness margin, the side gap should be
controlled to keep the design values during the coil WP
encasing. Concepts of alignment between the coil WP
and structure are as follows: 1) the same gap between
the coil WP and the structure at the inside inboard leg
for radial direction alignment; 2) flatness of the coil WP
with respect to the structure for toroidal direction alignment; and 3) equivalent gap at the inside of the top and
bottom for vertical direction alignment.
In the 4th step, the coil WP is fixed with 15 spacers
on the inner and outer surfaces to prevent coil movement
during the next procedures. These spacers are wound
with s-glass tape wetted by using an epoxy system to be
cured at room temperature. The rest of the gap is also
filled with glass felt.
In the 5th step, the coordinates of the coil WP are
transferred to the TF structures for the purpose of obtaining the reference coordinates for machining and assembly. The coil WP has 9 fiducialization points that
contain the geometric data of the coil WP. The transfer
of the fiducialization is performed with a laser tracker
system.
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Fig. 4. Process of packing glass felt on top surface.

Fig. 5. Curing cycle for the VPI.

In the 6th step, the upper gap is filled only with glass
felt to prevent the coil WP from deforming during the
enclosing weld. Fig. 4 shows the filling process on the
top surface using glass felt. This process is carefully
carried out to avoid any occurrence of welding defects
due to projection of the glass felt near the welding area
between the case and the cover.
In the 7th step, the welding process of the TF cover
is done with a narrow gap auto TIG welding machine.
Finally, three pieces of the joint box cover plates are
welded. The joint box contains the coil leads and the
cooling lines of the coil and structure.
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Fig. 6. Installation of the TF structure on supporting jig
for the VPI.

Fig. 7. Schematic diagram of the VPI system.

2. VPI Procedure

The VPI process is as follows:
1. Installation of the TF structure on the supporting
jig;
2. Vacuum tightening at the joint box region;
3. Evacuating the TF structure;
4. Epoxy resin injection;
5. Curing;

III. VACUUM PRESSURE IMPREGNATION
(VPI)
1. Requirements for VPI

The same material as the coil insulation, GY282/
HY918/DY073, has been chosen as resin, hardener, and
accelerator for the VPI. The target vacuum pressure of
the VPI is 1 × 10−3 mbar and the target leak rate is less
than 1 × 10−8 mbar l/s. Eighty liters of the epoxy are
filled for 12 hours. The average injection speed is 100 ∼
120 cc/min. Curing is done at 90 ◦ C for 8 hours and at
120 ◦ C for 15 hours as shown in Fig. 5.

In the 1st step, the TF coil structure has one inlet at
the bottom part of the case and two outlets at the joint
box cover. A special supporting jig is used for the VPI.
The TF structure is installed vertically on the supporting
jig during the VPI, as shown in Fig. 6.
In the 2nd step, the gap at the joint box cover near
the coil leads and the helium lines is vacuum sealed with
a silicon type sealant that is cured at room temperature.
The supporting jig is covered with a wooden housing
and a polyethylene cover. To monitor the temperature
of the TF structure during curing, 17 thermocouples are
attached to the surface of the TF structure. In the 3rd
step, a transparent flexible tube with inner diameter of
6.5 mm and outer diameter of 10 mm is used for the

-S266-

Journal of the Korean Physical Society, Vol. 49, December 2006

IV. RESULTS OF ENCASING AND VPI
PROCESS

Fig. 8. Epoxy mixing and injection system for the VPI.

Twelve coils were encased and eleven structures were
finished in the VPI process by the end of August 2005.
The coils were aligned with tolerance of ±0.5 mm and ±1
mm at the side surface and bottom surface, respectively.
The evacuation period was about 4 days.
The vacuum pressure was about 5 × 10−3 mbar. This
is higher than the target pressure, but it is acceptable.
The injection speed was 114 cc/min, and the injection
period was 10 ∼ 11.5 hours. The curing period was 8
hours at 90 ◦ C and 15 hours at 120 ◦ C. After curing,
the structure was cooled by air. The achieved electrical
resistance to ground was more than 10 GΩ.

V. CONCLUSION
Procedures for TF coil encasing and VPI were developed. The fabrication of the TF structures was started
in January 2004. Twelve coils were encased and the VPI
process was performed on eleven structures. The TFstructure fabrication will be completed in January 2006.
Fig. 9. Joint-box part of the TF structure after the VPI.
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epoxy flow. Two mechanical vacuum pumps with capacity of 1,300 l/min are installed at the epoxy inlet and
outlet. The TF structure is simultaneously evacuated
through the inlet and outlet tubes.
Fig. 7 shows a schematic diagram of the VPI system.
The epoxy mixing and injection system consists of two
main tanks, a gear pump, a vacuum pump, a mixer, and
a temperature controller for the tank, as shown in Fig.
8. The epoxy resin and hardener need to be pumped
during the pre-heating at a temperature of 40 ◦ C before
injection to remove the entrapped gas.
In the 4th step, we test the mixing ratio of the resin,
hardener, and accelerator that is 100 : 82 : 0.25 (weight
ratio) before injection. The epoxy is injected for 12 hours
at 40 ◦ C. Evacuation through the outlet is maintained
during injection. Because of the slow speed, the epoxy
wets the glass felt from the bottom without leaving voids
or bubbles.
Fig. 9 shows the joint box part of the TF structure
after the VPI. When the epoxy is filled up to 10 liters
in the inverse tank that is located between the outlet
and vacuum pump, the injection and evacuation process
stops. In order to wet the dry s-glass at the coil leads
and the helium lines that are located at a higher level
than that of the outlet, the inverse tank is pressurized
by more than 1 bar for 1 hour. Curing is executed with
an air heating system as the last stage.
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