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Abstract An ITER torus cryo-pump housing (TCPH), which encloses a torus cryo-pump, is
connected to a vacuum vessel (VV) by a set of associated double bellows. There are complicated

loads due to two different operating states (pumping and regeneration) and foreseeable accidents

with the cryo-pump. This paper describes a thermal-structural coupled analysis of the present

TCPH according to the allowable stress criteria of RCC-MR, in which the worst cases and outcomes

of various load combinations are obtained. Meanwhile, optimization of the structure has been

carried out to obtain positive analysis results and an adequate safety margin.
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1 Introduction

The international thermonuclear experimental reac-
tor (ITER) is a torus-shaped double-wall structured
tokamak. At its lower level, there are 8 ports for the
torus cryo-pumps (Fig. 1) attached to the TCPH which
are positioned and welded directly to the cryostat wall
once they are installed in the tokamak pit.

Generally, the TCPH has the following functions [:

a. supporting the torus cryo-pumps;

b. connecting the cryo-pumps to the torus vacuum
in the VV;

c. providing cryo-pump regeneration with adequate
volume;

d. providing tritium confinement and a primary vac-
uum boundary;

e. and providing RH docking compatibility for re-
mote handling maintenance of the cryo-pump.

Owing to complicated operating conditions, the im-
pact produced by both the temperature and pressure
boundary should be taken into account in consider-
ing different operation states. As a result, a thermal-
structural analysis of the TCPH is crucial in making its
design feasible and acceptable.

2 Design of the TCPH

To provide tritium confinement and a primary vac-
uum, double metal seals have been utilized on the
bolted connection between the torus cryo-pump and the
TCPH. Meanwhile, the mating flange on the TCPH
shall match the dimensions and tolerances consistent
with the cryo-pump flange. The surface unevenness

Fig.1 Eight locations for cryo-pump at lower ports

required in the seal region is assumed to be 0.8 pm,
while perpendicularity to the axis should be less than
0.09 mm, by which the main vacuum seal will be bet-
ter protected. The VV port extension and the TCPH
are welded together by two co-axial cylindrical bellows
to create the torus vacuum boundary. To achieve the
purpose of separating the pump interior from the main
vacuum, there is a valve on the cryo-pump which has
two opposite cases during normal cryo-pump operation:
one is when the valve is fully open; the other is when
the valve is fully closed. When the valve is fully open
the temperature of the pump is very low. The inte-
rior is connected to the VV to pump the gas mixture
to achieve sufficient vacuum. When the valve is fully
closed it is time for regeneration, with the tempera-
ture of the pump becoming high. Intermittent regen-
eration of the TCPH requires an isolated space from
the main vacuum and warming of the pump interior.
During this time the interior is open to the regenera-
tion vacuum to regenerate the pump. The TCPH has
been designed to maintain a regeneration volume of
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6.5 m3, which includes the attached piping and cryo-
pump volume itself to achieve the purpose of keeping
adequate volume. The remote handling flange is de-
signed for indispensable remote handling procedures,
which include removal of the regeneration pipes and
the pump itself, and special pockets have been added
to the TCPH, making it compatible with the above
operations 2. Fig. 2 illustrates the relative position
of important components and the relationship among
cryostat/ TCPH/cryo-pump assembly.

Poloidal rib

Valve

Double bellows

Toroidal rib

Cryostat wall

Fig.2 Cross section of a cryostat/TCPH/cryo-pump as-
sembly

3 Finite element (FE) analysis of
the TCPH

3.1 Description of the FE model

An isometric view of a 3D ANSYS FE model is shown
in Fig. 3. The geometric model includes the TCPH,
1/18 segment of the cryostat with poloidal and toroidal
reinforce ribs, the front flange for remote handling, and
the simplified cryo-pump model. In thermal analysis,
the FE model includes 620819 nodes and 137416 ele-
ments, in which CONTA174 and TARGE170 elements
have been used to establish the contact between the
TCPH and the cryo-pump to better simulate thermal
conductivity, and the others consist of solid 90 and solid
87 elements. Accordingly, the elements are switched
to solid 186 and solid 187 in structural analysis, while
MASS21 is added to simulate the dead weight of the
pump B4,

3.2 Materials and standard

TPCH has to be manufactured in 304L stainless steel
in accordance with its design requirements, consider-

Plasma Science and Technology, Vol.14, No.11, Nov. 2012

ing the possible temperature distribution appropriately.
Various material properties depending on temperature
are listed in Table 1 °l. In this paper, RCC-MR is
taken as the criterion for assessing the reliability of
the TCPH. RCC-MR is the design and construction
standard for mechanical components, applicable to the
ITER Safety Important Component (SIC) in the design
and manufacture phase. The ITER loading conditions
are categorized into four classes from I to IV depending
on their probability of occurring, which correspond to
levels A, C and D in RCC-MR (6],

Fig.3 FE model of a cryostat/TCPH assembly

3.3 Boundary conditions (BC)

As 1/18th is modelled for the FE analysis, symmet-
ric BC is applied to both sides of the cryostat; symmet-
ric BC implies that in-plane rotations and out-of-plane
translations are zero. The bottom of the cryostat is set
as a fixed support to constrain all the degrees of free-
dom (DOF) to prevent any unconstrained movement.

3.4 Load condition [

3.4.1 Thermal analysis loads

Heat transmission between the TCPH and cryo-
pump has to be confirmed by thermal analysis consid-
ering the following thermal loads:

a. Uniform temperature of cryostat/TCPH/cryo-
pump assembly is kept at 25°C.

Table 1. Material properties of 304L stainless steel

Temperature Density Young’s modulus Poisson’s ratio Mean thermal expansion Thermal conductivity
CC)  (kg/m?) (GPa) (x107,1/°C) (W/m°C)
20 7930 200 0.3 15.3 14.28
50 7919 197 0.3 15.5 14.73
100 7899 193 0.3 15.5 15.48
150 7879 189 0.3 16.2 16.23
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b. The variation of temperature on the cryo-pump
casing is between 93°C (T,) in pumping operation and
127°C (Ty) in “water-like” 470 K regeneration mode.

c. 5 MW/m?K is taken as a convection factor be-
tween the TCPH and its environment, which is a con-
servative estimate when there is no apparent wind flow-
ing.

d. Radiation between the casing and housing face is
considered to be surface to surface radiation, and the
emissivity of both surfaces is assumed to be 0.4.

e. The thermal load generated by neutron radiation
is negligible, considering the long distance and multiple
shielding between the VV and TCPH.

3.4.2 Structural analysis loads

a. Thermal load

The temperature distribution obtained in the ther-
mal analysis is taken as the inputs to carry out the
subsequent structural analysis.

b. Gravitational load (DW)

The gravitational load due to the weight of the
TCPH and cryostat with reinforced ribs is 45604 kg,
while the weight of the cryo-pump is 8000 kg.

c. Pressure load

There are 4 kinds of pressure to be considered: in-
ternal to the cryostat (P,,), external to the cryostat
and the TCPH (P.), the pressure between the casing
and housing (Pgap), and the pressure in the cavity of the
TCPH (P.,). Asshown in Table 2, all the complex pres-
sure conditions have been considered and corresponding
categories have been identified after comparison.

d. Maintenance force (F)

The maintenance force when the cryo-pump plug
transfer cask operates should be considered, which is
about 200 kN along the radial direction.

e. Electromagnetic load

Either during a plasma vertical displacement event
(VDE) or a plasma major disruption (MD), the elec-
tromagnetic load is so small that it can be neglected.

f. Seismic load (SL)

Seismic load (SL) will be obtained after the modal
analysis as shown in Table 3, where SL-1 corresponds
to an event with a probability in the order of 1072 per

year, while all the safety related structures, systems,
and components are functional after an SL-1 event
without special maintenance; SL-2 corresponds to an
event with a probability in the order of 10™* ~ 1076
per year, while gross damage to the affected systems or
components has been made; nevertheless, the facility
maintains the specified minimum safety function.

Table 3. Seismic acceleration affecting the TCPH model
Seismic acceleration (m/s?)
Radial Toroidal Vertical
SL-1 1.42 1.35 5.73
SL-2 4.25 4.06 17.2

3.5 Analysis result
3.5.1 Modal analysis

The modal analysis of the cryostat/TCPH/cryo-
pump assembly has been carried out to estimate the
natural frequencies and the mode shapes of the struc-
ture. The first and second natural frequencies of the
structure are low at 11 Hz and 20 Hz, respectively, and
its first mode shape including the natural frequency is
shown in Fig. 4. Therefore, based on the result of the
modal analysis, the corresponding seismic load is ac-
quired as a consequence of the floor response spectrum,
calculated with the influence of the soil-structure inter-
action and the influence of the building ~111.

B.Modal (ANSYS)
Total Deformation
Type: Total Deformation
Frequency: 11.317 Hz
Unit: m

Time: 11.317

Custom
Max: 0.010693
Min: 0

0.010693
0.0095051
0.008317
0.0071289
0.0059407
0.0047526
0.0035644
0.0023763
0.0011881
0

Fig.4 First mode shape for a cryostat/TCPH assembly

Table 2. Pressure load combinations
Category Pn(MPa) Pe(MPa) Peup(MPa) Poo(MPa) Events
P1&Prr 0 0.1 0 0.002 Normal operation
0.14 0.1 0 0.002 Air or helium ingress inside cryostat
Pir 0 0.1 0 0.15 Safety design requirement
0.14 0.1 0 0.15 Safety design requirement
0 0.1 0.15 0.002 Coolant leakage inside VV
Prv 0.2 0.1 0 0.2 Cooling water and helium inside cryostant
0 0.12 0 0.2 Coolant leakage outside cryostat
0 0.1 0 0.2 Safety design requirement
0.2 0.1 0 0.1 Regeneration pipes broken
0.14 0.1 0 0.1 Regeneration pipes broken
0 0.1 0.1 0 “water-like” 470 K regeneration mode
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3.5.2 Thermal analysis

Steady-state thermal analysis of the cryo-
stat/TCPH/ cryo-pump assembly using the finite el-
ement method has been performed aiming to acquire
the temperature distribution and thermal gradient
on the structure. The minimum temperature of the
TCPH is —13 °C during the cryo-pump’s pumping
stage (Fig. 5(a)), while the maximum temperature of
the TCPH is 99°C during the cryo-pump’s regeneration
stage (Fig. 5(b)). The thermal gradient at the corner
approximate to the flange is much larger 12131,

3.5.3 Thermal-structural coupled analysis

FE modeling results of the TCPH under complex
load combinations have been obtained. It can be seen
that the maximum stress intensity under all load cate-
gories is within the corresponding allowable stress de-
fined in RCC-MR, whether the thermal condition is
considered or not. The maximum displacement due to
deformation is only 3.5 mm (Fig. 6(a)), which can be
ignored when it is compared with the global dimension.
The maximum stress intensity is 274 MPa under cate-

A: Steady-state thermal (ANSYS) (@)
Temperature

Type: Temperature
Unit: °C

Time : 1
Custom

Max: 25

Min: -93.152

25

20.778
16.557
12.335
8.1139
3.8924
-0.32917
-4.5507
-8.7722
-12.994
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gory II, which occurs at the internal rib of the TCPH
(Fig. 7(a)), but there is a 23.8% margin to ensure safety.
However, when there is no thermal load, the maximum
stress intensity is 171 MPa, which occurs at the bottom
of the poloidal reinforced rib of the cryostat (Fig. 6(b)),
and the safety margin is only 5%; therefore, an opti-
mization of the model is needed to obtain an adequate
safety margin '*15], Two poloidal reinforced ribs in
the proximity of the dangerous area have been added
to resist the external force.

Using the same methodology, new results are ob-
tained to reevaluate the stress intensity distribution.
Both results, before and after optimization, are sum-
marized in Table 4. The new results show that the
maximum stress intensity is 307 MPa, which still oc-
curs at the internal rib of the TCPH (Fig. 7(b)), but
at different locations. The maximum stress intensity at
the location of concern is 138 MPa, which is abundant
under the allowable stress. As predicted, the margin
of concern is 23.3%, which is apparently better than
the previous model. At the same time, safety margins
under some other categories have been reduced, all of
them are not less than 14.7%, which is a desirable out-
come.

A: Steady-State thermal (ANSYS)  (b)
Temperature
Type: Temperature
Unit:
Time: 1
Custom
Max: 126.85
Min: 25

98.886
90.676
82.467
74257
66.048
57.838
49.629
41419
3321
25

Fig.5 Temperature distribution, (a) Low temperature, (b) High temperature

Total deformation
Type: Total deformation
Unit: m
Max: 0.003481
Min: 0

0.003481
0.003094
0.002707
0.002321
0.001934
0.001547
0.00116
0.0007736
0.0003868

(b)

Stress intensity
Type: Stress intensity
Unit: Pa
Custom

Max: 1.708e8
Min: 186.9

1.708e8
1.518e8
1.329e8
1.13%8
9.49e7
7.592e7
5.692¢e7
3.796e7
1.898e7
186.9

Fig.6 Displacement (a) and stress intensity (b) contour under the worst conditions
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Table 4. Results summary of maximum stress intensity

Category Load Stress Allowable Stress Margin  Stress Margin
combination category (MPa) intensity® /100 intensity® /100
(MPa) (MPa)
Category D+Pr P,+Pp 1.58L1=180 113 37.2 115 36.1
1&I1 D+Py+SL-1 146 18.8 126 30
D+Pu+F 139 22.7 125 30.6
D+Pr+F+SL-1 171 5 138 23.3
D+Pi+T, P+ PL+Q 3SL"=360 141 60.8 142 60.6
D+Pi+Ta+SL-1 154 57.2 143 60.3
D+Pu+Ts+F 147 59.1 142 60.6
D+Pr+Ta+F+SL-1 178 50.5 143 60.3
D+Pu+Th 273 24.1 301 16.4
D+Pi+Th+SL-1 274 23.8 305 15.3
D+Pu+Tv+F 273 24.1 304 15.6
D+Pu+Ty,+F+SL-1 274 23.8 307 14.7
Category D+P P+P 1.551M=243 123 49.3 117 51.9
111 D+Pui+SL-1 156 35.8 129 46.9
Category D+Prv P+PL 1.581V=432 132 69.4 118 72.7
v D+Prv+SL-2 251 41.8 175 59.5

Py, is primary local membrane stress, P, is primary bending stress, () is secondary membrane plus bending stress,

Sm is the allowable stress. * represents the results before optimization, B represents the results after optimization

Stress Intensity (a)
Type: Stress Intensity
Unit: Pa

Custom

Max: 2.732¢8,

Min: 92.51

2.732e8
2.429e8
2.125e8
1.821e8
1.518e8
1.214e8
9.107e7
6.072e7
3.036e7
92.51

Stress Intensity

Type: Stress Intensity
Unit: Pa

Custom

Max:3.073e8

Min: 84.933

Fig.7 The maximum stress intensity (a) before optimization and (b) after optimization

4  Conclusion

As ITER SIC, the TCPH shall withstand different
operating loads as well as complicated loads due to ac-
cidental events. To satisfy engineering requirements,
steady-state thermal analysis has been performed by
means of ANSYS software. The temperature distribu-
tion has been obtained. The elastic structural analy-
sis has also been carried out to evaluate the displace-
ment and stress intensity distribution. The results in
all possible load combinations have been summarized;
according to the allowable stress criteria of RCC-MR,
the maximum stress intensities are all under the allow-
able stress, and a safety margin of at least 14.7% is
obtained after modification.
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