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The KSTAR vacuum vessel, the enclosed volume of which is about 110 m3 , has a total of 72 ports
that must be equipped with demountable seals, The vacuum vessel is designed for bake-out up to
130◦ by using pressurized hot water and for a base pressure of 1.33 × 10−6 Pa. The leak rate for
each seal must be less than 1 × 10−11 Pa · m3 /s and the seal must be compatible with vacuum
vessel base pressure of 1.33 × 10−6 Pa after bake-out. Trypack r is an energized spring metal seal
which consists of an inconel spring and two envelopes surrounding it, and has lower compression
load and higher recovery rate. Trypack r is therefore being widely applied for ultrahigh vacuum,
aerospace, semiconductor, and spent nuclear fuel storage applications. In this sealing test, various
tests such as compression-decompression cycles, stress relaxation, and a thermal cycle test have
been carried out to assess the applicability of Trypack r for the large and non-circular ports in the
KSTAR.
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I. INTRODUCTION
The KSTAR tokamak [1] being constructed at the National Fusion Research Center has a toroidal vacuum
vessel that will provide the environment for studies of
nuclear fusion reactions. The vacuum vessel is a doublewalled structure located within the bore of toroidal field
[2] coils and consists of inner and outer shells, leaf spring
style supports, and various types of ports which are horizontal, vertical, and slanted ports with bellows as shown
in Fig. 1. The internal volume of the vacuum vessel, including a total of 72 ports, is about 110 m3 [3], and the
vessel material is SA240-316LN. The vacuum vessel is designed for bake-out up to 130◦ by using pressurized hot
water [4] and for a base pressure of 1.33 × 10−6 Pa. The
leak rate for each seal must be less than 1 × 10−11 Pa ·
m3 /s [5] and the seal must be compatible with vacuum
vessel base pressure of 1.33 × 10−6 Pa after bake-out.
The seals are required to withstand an accumulated radiation dose [6]. These requirements lead to the decision
to use metallic seals.
The Conflat seal made out of metal is widely applied
to small circular flanges and is commercially available.
Therefore, in the KSTAR vacuum vessel the Conflat seal
will be adopted in the slanted port. However, this seal
is not suitable for a large and non-circular shape such as
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the horizontal and vertical ports of the vacuum vessel.
The energized spring metal seal that has higher recovery rate by means of an inconel helical spring can be
considered as a candidate for the large and noncircular
shape. Trypack r [7] is an energized spring metal seal
which consists of an inconel spring and two envelopes surrounding it and has lower compression load and higher

Fig. 1. Isometric view of the vacuum vessel.
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Fig. 3. Load versus deflection curve.

Fig. 2. Configuration of Trypack r for the KSTAR.

recovery rate.
In this work, various tests such as compressiondecompression cycles, stress relaxation, and a thermal
cycle test have been carried out to assess the applicability of Trypack r to the vertical and horizontal ports of
the vacuum vessel.

II. SEAL AND TEST SETUP
Trypack r shown in Fig. 2 is made by Nippon Valqua
Industries and is the same type of seal as the Helicoflex,
generally called a spring-energized elastic metal seal, but
differs from the Helicoflex being in the form of an endless
torus spring by spot welding (Nippon Valqua JP1341242)
[8].
The sealing principle of the spring-energized elastic
metal seal is based on the plastic deformation of the
outer envelope, which is more ductile than the flange
materials. Therefore, the outer envelope can be made
of various metals such as copper, aluminum, nickel, or
silver. In this test, aluminum was selected. A range of
section diameters is available; for a groove depth of 6
mm in the KSTAR, a section outer diameter of 7.0 mm
was selected.
All tests were performed on two small-scale models of
Trypack r with circular and rectangular types. The circular type of 176 mm outer diameter is for compressiondecompression cycles and a stress relaxation test. The
rectangular type of 583 × 377 × R77 mm is for the thermal cycle test. The flanges for the test are made of stainless steel 304L, mechanical properties of which are like
those of SA240-316LN.
Sealing performance is greatly influenced by the surface roughness of the flange and the scratch condition.
According to the manufacturer, the recommended roughness of the flange surface for Trypack r is in the range of
0.8 ∼ 6.3 S with all scratches or tool marks perpendicular to a leak path. The surface roughness of each flange
was measured with the surface roughness tester model
Tokyo Seimitsu Handysurf E-35A.

III. TESTS
1. Compression-decompression cycle test

The compression-decompression cycle of an energized
spring metal seal such as Trypack r or the Helicoflex seal
is characterized by the gradual flattening of the compression curve, but the decompression curve, which is distinct
from the compression curve, is the result of a hysteretic
effect and permanent deformation of the spring and envelope.
The two points defined as sealing thresholds are shown,
i.e. in the compression phase Y0 , which is the minimum
load to be applied to reach the required sealing performance, and in the decompression which is the minimum
load to be applied to reach the phase Y1 which is the
minimum load to be maintained on the seal in order not
to fall below the required performance [9]. Fig. 3 shows
the principal characteristic curve of the energized spring
seal by the compression-decompression cycle test.
The compression-decompression cycle test was performed at room temperature. Trypack r of 176 mm diameter and a spacer 6 mm high were installed on the
bottom flanges of 220 mm diameter with surface roughness of 2.11 S and 2.43 S respectively. After the test
setup was completed, the vertical downward load by using the loading machine AUTO GRAPH AG-500KND
was gradually applied up to metal-to-metal contact with
the spacer and flange surface, and then released. At this
time, the linear load and deformation were measured step
by step with three dial gages. Also, the helium leak rate
was measured at each loading level, and the leak detector
was a ULVAC model DLMS-33A with a ultimate pressure of 1.3 × 10−3 Pa and sensitivity of 1 × 10−12 Pa
· m3 /s. Fig. 4 shows a schematic diagram of the experimental setup. To ensure repeatability of the results,
three tests were performed under the same condition.

2. Stress relaxation test

The long-term performance of a seal depends on the
stability of the material under service conditions. To
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Fig. 4. Schematic diagram of the experimental setup for
compression-decompression test.

Fig. 5. Schematic diagram of the experimental setup for
stress relaxation test.

T [N · m] =
evaluate the long-term performance of Trypack r , the
stress relaxation test was carried out under isothermal
condition at 130◦ .
Trypack r of 176 mm diameter was installed between
the top and bottom flanges of 220 mm outer diameter
with surface roughness of 2.09 S and 1.73 S respectively,
and then the 12 bolts of M20 on the tightening flange arranged in a circle were tightened with the same torque to
apply a uniform compressing force along the sealing line.
The seal was compressed to reach metal-to-metal contact
with the tightening flange and 12 supports, and this testing apparatus is designed for the seal to be compressed
to 1 mm. The configuration for the stress relaxation test
is presented in Fig. 5.
The seal was heated to 130◦ through the use of a heating coil, and this temperature was maintained for 500
hours. Throughout the test, the temperatures were monitored with thermocouples placed along the flange. The
variation of linear stress was measured with a load cell for
500 hours after the temperature was stabilized at 130◦ .
Also, the helium leak rate was measured every 100 hours.

3. Thermal cycle test

To evaluate the sealing performance of Trypack r under thermal cycles, the leak tightness of the seal was
tested in the thermal range between room temperature
and 130◦ , by performing 20 cycles. In this test, the rectangular seal of 583 × 377 × R77 mm was used with the
same shaped flanges of 679 × 473 with a groove depth of
6 mm, and the surface roughness of the top and bottom
flanges was 6.28 S and 6.54 S respectively. After the seal
was installed between the two flanges, the 44 bolts of
M16 on a flange arranged in a rectangle were uniformly
tightened with a torque wrench to target torque. This
tightening torque to reach metal-to-metal contact can be
simply calculated by the following approximation equations:
W = Y · l,

(1)

k·d·W
,
N

(2)

where W is the compressing load [N], Y and l are the
linear load [N/m] and the circumference of the seal [m]
respectively. k is the friction coefficient of the bolt and
nut, d is the outer diameter of the bolt, and N is the
number of bolts. In this test, the manufacturer’s recommended value of T × 1.5 (55 N· m) as applied as the
target torque, which is to prevent the decrease in from
causing a bad effect on sealing performance. In this case,
the maximum stress in a bolt should not exceed the allowable stress of the material. This test was performed
in an electric furnace.

IV. RESULTS
1. Compression-decompression cycles

From the results of the compression-decompression cycle test, we could obtain the principal parameters. The
linear load Y2 is about 300 kN/m, on unloading, there
was a permanent deformation of 0.67 ∼ 0.70 mm, which
is mean value from three dial gages. Moreover, the linear
load Y0 was obtained as 160 ∼ 210 kN/m, and the linear
load Y1 was 10 ∼ 100 kN/m. Table 1 shows the results
achieved.

2. Stress relaxation

The results of stress relaxation tests are presented in
Table 2 and Fig. 6 shows the measured stress relaxation
curve with the linear load on the y-axis and the time
on the x-axis for 500 hours. The curves show a rapid
decrease at the beginning of several tens of hours. The
initial force decreased to approximately 80 % after 500
hours, and the helium leak rate was less than 1 × 10−11
Pa · m3 /s.
From the measured relaxation curve, the stress relaxation rate was obtained by using exponential regression.
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Table 3. Results of the thermal cycle test.

Fig. 6. Stress relaxation of Trypack r at 130◦ .

ted on ln(x) versus y coordinates as shown in Fig. 7,
which can be best observed by taking the logarithm.
On the assumption that the straight-line relationship is
maintained after 500 hours, we can obtain the following
equation:
σ = −1.279Ln(t) + 245.05,

(3)

where σ is the minimum load Y1 to maintain a seal on
the decompression curve. To estimate the lifetime of
Trypack r , it is assumed that σ = 100 kN/m, which is
the worst-case value among the three results. Therefore
from equation (3), the calculated lifetime is 2.04 × 1045
years.

3. Thermal cycle

Fig. 7. Linearized curve to estimate the lifetime of
Trypack r .
Table 1. Results of the compression-decompression cycle
tests.

The helium leak rate was firstly measured at room
temperature and confirmed to be less than 1 × 10−11
Pa · m3 /s. Subsequently, the flange was heated in an
electric furnace.
To accelerate the testing program, the temperature of
the electric furnace was adjusted to 200◦ . In this case, It
took approximately 1.5 hours for the flange to be heated
up to 130◦ . After this temperature had been maintained
for 20 minutes, the flange was cooled to room temperature by fan cooling for six hours. As a result, tightness
was preserved after all the thermal cycles, and the results
are presented in Table 3.

V. CONCLUSION

Table 2. Results of the stress relaxation test.

The characteristic curve appears to be linear when plot-

Tests have been performed to verify whether
Trypack r is applicable for the large and non-circular
ports of KSTAR by using two small-scale models.
From the compression-decompression cycle test, we
could obtain the principal data. In particular, the minimum load Y1 to maintain a seal on the decompression
curve was used as criterion to estimate the lifetime of
Trypack r in the stress relaxation test at 130◦ , and linear load Y2 to reach metal-to-metal contact became the
base to calculate the target torque. It will also be used
as a base to calculate the target torque value for the real
size ports in the KSTAR.
From the results of stress relaxation and thermal cycle
tests, it was confirmed that the leak rate was less than 1
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× 10−11 Pa · m3 /s, and Trypack r has enough lifetime
for KSTAR operation.
In conclusion, the test results indicate that Trypack r
can meet the KSTAR requirements.
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