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Abstract: The China Fusion Engineering Test Reactor (CFETR), a superconducting magnetic confine-
ment tokamak fusion reactor, will develop a high-performance torus cryopump to pump torus plasma
exhaust gas. The inlet valve is one of the key components of the cryopump, and it is used to isolate
the cryopump from the plasma for regeneration, to control the pumping speed of the cryopump,
and to operate as a pressure relief valve in case of a failure, such as the cryopipe breaking inside the
cryopump chamber. This paper presents a novel inlet valve. Ensuring that the design of the inlet
valve meets the above requirements will be a challenge. In order to verify the reliability of the inlet
valve, its critical components are analyzed and optimized by the Finite Element Method. The effect of
the stroke of the inlet valve on pumping performance is then estimated by the Monte Carlo Method,
and the pressure profile in the whole flow field is studied to predict the cryopump’s behavior. Finally,
the seismic capacity of the optimized inlet valve is analyzed, and the mechanical performance of the
inlet valve is shown to meet CFETR design criteria. These design and analysis results will provide
technical support and references for the development of the CFETR torus cryopump.

Keywords: CFETR; torus cryopump; Monte Carlo simulation; finite element analysis

1. Introduction

Fusion energy, which is a viable and sustainable energy source, has become a research
hotspot regarding nuclear power. Magnetic confinement fusion is one of the most promising
ways to achieve controlled thermonuclear fusion, and its feasibility has been preliminarily
verified. The China Fusion Engineering Test Reactor (CFETR) is a superconducting mag-
netic confinement tokamak fusion reactor, which is used to generate self-sufficient fusion
energy and address the gaps between the experimental reactor and the Demonstration
Power Plant (DEMO) [1,2]. The missions of the CFETR are to demonstrate steady-state
burning plasmas and produce a fusion power of >1 GW; the fusion energy gain factor (Q),
which is the ratio of fusion power produced in a fusion reactor to the power required to
maintain the plasma in a steady state, Q > 10; the tritium breeding ratio (TBR), which is
the ratio of the rate of tritium produced in a fusion reactor to the rate of tritium burned in
plasma, TBR > 1; and a neutron dose requirement of 50 dpa (displacements per atom) [3,4].
To attain these goals, it is necessary to carry out a long pulse plasma discharge, which poses
a severe challenge to the CFETR torus vacuum vessel pumping system. A cryopump has
significant advantages, such as high pumping speed, non-pollution, and a simple structure,
and is generally considered to be the main form of the torus vacuum pump of the future
fusion reactor [5].

The development of high-performance cryopumps is a burgeoning area of research
around the world. Y. Li et al. [6] evaluated the behavior of an HL-2M in-vessel cryopump
with the Monte Carlo method. The results showed that the pumping performance was
strongly influenced by the conductance of the divertor. H.]. Lee et al. [7] demonstrated the
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in-vessel cryopump of the Korea Superconducting Tokamak Advanced Research (KSTAR)
for particle control. The structural analysis on the cryopump was performed by ANSYS. S.
Mukherijee et al. [8] studied the pumping speed of a liquid nitrogen-cooled cryopump by
Molflow+ for different sticking co-efficient values and the influence of different geometric
conditions on the nitrogen pumping speed. Ranjana Gangradey et al. [9] developed a test
cryopump applied to Steady-state Superconducting Tokamak-1 (SST-1). They estimated
the heat load on the liquid nitrogen bath and the structural loads on the base plate with
six supports by ANSYS. M. Kovari et al. [10] predicted the pumping performance of a
compound cryopump in the transition regime with the Monte Carlo Method. The results
indicated that the behavior of the pump can be accurately simulated.

The current commercial cryopump cannot meet the requirements of the torus vac-
uum vessel pumping system, such as pumping speed and capacity, neutron shielding,
installation space, and operation and maintenance, so it is urgent to design a suitable
cryopump for the pumping system. A novel high-performance torus cryopump (TCP) used
for CFETR is designed by Chinese Academy of Sciences (ASIPP). The sub-components
of the cryopump can be primarily divided into the inlet valve, the pump casing with the
main flanges, the cryogenic circuits including the charcoal coated cryopanel assembly, and
the thermal radiation shield assembly. The design of the pumping system is based on
nine identical TCPs that are located on direct extensions of the lower ports of the vacuum
vessel [11], as shown in Figure 1. TCP is used to pump hydrogen isotopes, helium ash,
and impurity gases produced by plasma burning through the divertor slots to regenerate
fusion fuel, and to provide high vacuum pumping during other operation phases, including
evacuation during dwell periods between plasma discharges, wall conditioning, bakeout,
and leak testing [12]. Therefore, an integral inlet valve is designed to fulfil the operation
requirements of the TCP. The inlet valve should have the following functions:

(1) Itisolates the cryopump from the plasma for regeneration by closing the inlet valve;

(2) It controls the pumping speed of the cryopump by adjusting the inlet valve opening;

(3) It operates as a pressure relief valve in case of a failure, such as the cryopipe breaking
inside the cryopump chamber.

8400 mm

Vacuum vessel

Divertor

Torus cryopump

Lower port

1776 mm

Figure 1. Vertical cut view of lower port of the vacuum vessel from the divertor to the torus cryopump.

This paper will describe the design principles and the structural design, analysis, and
assessment for the inlet valve in detail. The results will provide a theoretical basis for the
design of a CFETR torus cryopump.
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2. Structure Design of the Inlet Valve

The space and geometry requirements on the installation must be taken into account
when the inlet valve is designed. The inlet valve is composed of a valve disc, a valve
shaft, and a pneumatic actuator assembly. An overview of the inlet valve is represented in
Figure 2.

Valve disc Valve shaft Slide bearings Pneumatic actuator

E Front bellows Back bellows Valve shaft extension

‘ 3400 mm

Figure 2. Overview structure of the inlet valve of torus cryopump.

2.1. Valve Disc with Its Sealing Part

In order to isolate the cryopump from the vacuum vessel for regeneration, the seal
at the pump inlet has to meet the leakage requirements of 10~* Pa-m?/s at 5 kPa and
1073 Pa-m3/s at 100 kPa inside the cryopump [13]. The structure of the seal ring affects
the sealing performance between the valve disc and the front flange. With the wide range
of requirements, a spring-loaded metal double seal ring mounted onto the front flange,
including static and dynamic seals, is used. A schematic diagram of the seal at the pump
inlet is shown in Figure 3.

Figure 3. Schematic diagram of the seal at the cryopump inlet. Valve disc (1); front flange (2); spring
loaded all-metal double seal ring (3).

Its high sealing force is only provided by the valve disc itself, so it is necessary to design
a suitable valve disc and evaluate its structural strength. Combined with the requirements
of a high-performance cryopump and previous testing, the diameter of a valve disc made
of austenitic stainless steel SS316L is required to be at least 840 mm and the height of it
set to 178 mm. Although the diameter and height of the valve disc are determined, the
performance of it can be varied with different types and thicknesses. In order to study
the effect of the shape of the valve disc on structural stress and deformation, four types of
valve discs are designed. In Figure 4, (a) is a rectangular valve disc, (b) is a fillet valve disc,
() is a stepped valve disc, and (d) is a disc-shaped valve disc. The structural analysis of the
valve disc will be discussed in Section 4.1 to find the optimal design scheme.
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Figure 4. Four types of valve disc. Ty is thickness of the valve disc. Rectangular valve disc (a); fillet
valve disc (b); stepped valve disc (c); disk-shaped valve disc (d).

2.2. Valve Shaft

The valve shaft is fixed on the valve disc using bolts for mechanical attachment and
supported by two slide bearings which are operated in a controlled atmosphere to avoid
high wear due to a lack of lubricant for reciprocation. Since the valve shaft needs long-
stroke reciprocating movement, the bellows should be able to work under the conditions of
variable loads, large displacement, and a large number of cycles [14]. The bellows assembly
is composed of two edge-welded metal bellows, V-shaped, in a series connection that is
used for the valve shaft sealing and displacement compensation.

To avoid the impact of the temperature change of the valve disc on the pumping
performance of the cryopump, a high-temperature nitrogen channel used to control the
temperature of the valve disc at about 300 K is installed in the center of the valve shaft [15].
Considering the space limitation, the inner diameter of the valve shaft is set to 80 mm, and
the outer diameter of it does not exceed 140 mm. The structure of the valve shaft directly
affects the deformation of the valve disc, and its excessive deformation can lead to the
sealing failure of the inlet valve. Therefore, the bending deflection of the valve shafts with
different thicknesses is calculated in Section 4.2.

2.3. Pneumatic Actuator

The position of the inlet valve is controlled by the pneumatic actuator. As a result, a
double-acting pneumatic actuator and a control system that is used to control and monitor
the position of the pneumatic actuator within a limited time are developed. The actuator
should fulfill the following requirements. Figure 5 shows the diagram of the valve actuator
control circuit.

(1) The actuator shall interlock with the inlet valve so that one is allowed to open with
any significant pressure rise within the pump chamber;

(2) It provides the power that moves the inlet valve back and force to regulate the inlet
flow between 0 and 100%;

(3) The maximum time for complete opening or closure is no more than 10's;

(4) The inlet valve can be moved with an accuracy of 1 mm;

(5) It limits the exhaust noise of the actuator to acceptable level < 75 dB;

(6) For the operation at CFETR, about 30,000 cycles without maintenance are expected.
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Figure 5. Process flow diagram of the control system of the pneumatic actuator.

3. Simulation Methods
3.1. Mechanical Analysis of the Inlet Valve

When the cryopump is in the regeneration stage, the pump inlet needs to be sealed
with the inlet valve. The effect of the shape and thickness of the valve disc on its mechanical
performance was estimated by ANSYS.

When the cryopump is in the pumping stage, the inlet valve is moved to open the
pump inlet. In order to make the bending deflection of the inlet valve meet the design
criteria, the structure of the valve shaft needs to be optimized.

The theoretical basis for the mechanical analysis of the inlet valve is the dynamic

balance equation:
[MJ{u"}y + [CH{w'} + [KH{u} = {E(5)} M

Here, [M] is the mass matrix; [C] is the damping matrix; [K] is the stiffness matrix;
{u"} is the acceleration vector; {u'} is the velocity vector; {u} is the displacement vector;
{F(t)} is the force vector.

3.2. Estimation of the Transmission Probability
3.2.1. Design Target Function

The probability of collision between gas molecules and the inlet valve determines the
pumping capacity of the cryogenic pump to a large extent; therefore, the structure of the
inlet valve plays an essential role in the pumping performance of the cryopump. Based on
the TCP operating environment and requirements, the effect of the stroke of the inlet valve
on pumping speed is explored.

The basic design equation for calculating the actual pumping speed S, is shown in

Equation (2) [16].
Sa= ¢Sy= cA\/RT/(21tM) )

where S, and S; denote the actual pumping speed and the theoretical black hole pumping
speed, m3/s; ¢ denotes the capture coefficient; A denotes the inlet cross-section, mZ%; R
denotes the gas constant; T denotes temperature, K; and M denotes mass of the gas being
pumped, g/mol.

The capture coefficient which depends on the structure of the cryopump and the
interaction of pumped gas with cryogenic adsorption surfaces is expressed as:

111
T wtp! 3)
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Here, w denotes the total transmission probability and Ps denotes the sticking probability.

In order to carry out a sound and balanced design for the inlet valve and study the
parameters affecting the performance of the cryopump, a numerical analysis shall be
performed with the Monte Carlo Method for the gas flow through the vacuum duct into
the cryopump. Compared with theoretical calculation, numerical analysis is more suitable
for calculating the transmission probability of complex geometries [17,18].

3.2.2. Physical Model

The physical model of the cryopump is simplified to reduce the computational com-
plexity, and the model is as shown in Figure 6. The vacuum duct represents a cylinder with
a diameter of 1.5 m and a length of 1.5 m. During the pumping phase of the cryopump,
exhaust gas with a constant throughput flows to the pump through the vacuum duct. The
gas molecules will interact with other molecules and walls until they are trapped on the
cryogenic surfaces of the pump [19].

\

Exhaust gas \,
from torus

Figure 6. The physical model of the cryopump. Inlet valve (1); thermal radiation shield (2); cryopan-
els (3); louver baffle (4); pump casing (5); vacuum duct (6).

3.2.3. Gas Flow Model

Gas flow regime in the vacuum duct and cryopump is mainly molecular flow, so the
gas flow model is simplified as follows.
Newton'’s laws of motion are used to calculate particle trajectories.

d( dq\ _
The particle velocity is given by:
_dq
0= it 5)

Particles scatter according to Knudsen’s law.
vy = csinf 6)

vy = ccosf 7)

“" 1

c¢” is sampled from the following function:

3/2 2
o=\ (i) 7oo(ir) ®
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where c is the particle speed, 8 is the angle between the particle velocity and the wall
normal, the subscript x is the tangential component of the velocity and y is the normal, p(c)
is the probability density, and kp is the Boltzmann constant.

3.3. Boundary Conditions and Settings
3.3.1. Mechanical Analysis of the Valve Disc

The main settings are as follows:

(1) The sealing surface of the valve disc is set as fixed support, and the contact surface
between the valve disc and the valve shaft is set as force surface;
(2) The sealing force is 150 kN;

3.3.2. Mechanical Analysis of Valve Shaft
The main settings are as follows:

(1) The surfaces of the slide bearings are set as fixed support;

(2) The contact type between the valve shaft and the bearing is set to friction, and the
friction coefficient is 0.01;

(3) Gravity.

3.3.3. Estimation of the Transmission Probability

During the pumping phase of the cryopump, deuterium (D,), the representative gas of
the exhaust gas, is selected as the research object [20]. The simulated settings are as follows:

(1) The expression of transmission probability;

The transmission probability describes the number of D, molecules adsorbed on the
cryogenic surface divided by the number of D, molecules from the intake surface. The
formula of transmission probability is expressed as:

W= lim 2 ©)

N—co
Here, W is the transmission probability, A is the number of D, molecules adsorbed on
the cryogenic surface, and N is the number of D, molecules from the intake surface.
(2) Temperature;

The temperature of the cryopanels is 4.5 K, the temperature of the thermal radiation
shield and the louver baffle are 80 K, and the temperature of the injected gas is 300 K.

(3) Gas throughput;
The gas throughput is 100 Pa-m3/s.
(4) Sticking coefficient.
The value of the sticking coefficient for D, is 0.8.

3.3.4. Seismic Analysis

The CFETR torus cryopump is classified as a key fortification device according to
GB50011-2010 (Chinese standard). In order to study the seismic capacity of the inlet valve,
a preliminary seismic analysis must be carried out. In this study, the seismic acceleration of
Hefei, a city in China, is selected as the design input as shown in Table 1. It is required that
all devices can be put into operation again without special maintenance and testing under
the seismic load.

Table 1. Seismic acceleration of Hefei.

X Direction Y Direction Z Direction

342 m/s? 3.00 m/s? 2.29 m/s?




Energies 2023, 16, 3107 8of 17

Dynamic balance equation of earthquake acceleration excitation is expressed as:

u" (t) + 2wnu’ () + wpu(t) = —ug(t) (10)

where
wn=1/ X a1
- chwn (12)

Relative displacement, u(t), is given by:

- w\/iigz /Ot ! (T)e=rE=) sin [wnﬁ(t - T)}dT (13)

Here, u(t), u'(t), and u” (t) are the relative displacement, velocity, and acceleration
of the particle to the ground; ug(t) is the acceleration of ground motion; wy, is natural
frequency; k is the seismic horizontal influence coefficient; m is the particle mass;  is the
critical damping ratio; ¢ is damping.

3.4. Grid Independence Investigation

The grid independence was carried out. Figure 7 shows that the maximum deforma-
tions of the valve disc are calculated with different grid numbers under the same boundary
conditions. It is seen that the simulation results are hardly affected when the grid number
exceeds 800,000. Therefore, a grid model with 857,538 cells was used for calculations.

—~ 10104

1.005 1

1.0004

0.9954

0.990 4
[===Maximum deformation

Maximum deformation (mm

0.985

0.0 40x10°  8.0x10°  1.2x10°  1.6x10°

Grid number
Figure 7. Grid independency investigation (maximum deformations with different grid numbers).

3.5. Validity of Calculation by Monte Carlo Method Investigation

Since the transmission probability of the inlet valve is studied with the Monte Carlo
(MC) Method, it is necessary to investigate the validity of the MC calculation. A tube is
selected as the research object, with one end as the adsorption face and the other end as the
desorption face. Under the same boundary conditions, the transmission probabilities of
tubes with different length (L) and radius (R) ratios are calculated with the MC Method
and Clausing integral equation [21,22], respectively.

The Clausing integral equation for a tube can be expressed as:

w(x) = wo(x) + /OL K(x, x")w(x")dx' (14)
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where )
1, x*+2
wo(x) = = (—— — x 15
1 -15
K(x,x’)zz{l‘xx’][6+(xx’)2} {4+(x—x’)2} } (16)

The transmission probability, W, can be determined by Equation (17).

W= %/OL (2 42— xV/x2 + 4)w(x)dx (17)

Table 2 shows the comparison of the results calculated by the two methods. It can be
seen that the relative errors are about 10~°>, which verifies the rationality of using the MC
method to calculate the transmission probability.

Table 2. The transmission probabilities of cylinders calculated with the Monte Carlo Method and the
Clausing integral equation.

L/R Monte Carlo Clausing Equation MC Relative Error (x10-5)
0.5 0.801265 0.801271 —0.6
1 0.671973 0.671983 —1.0
2 0.514225 0.514230 -0.5
5 0.310526 0.310525 0.1
10 0.190939 0.190942 —-0.3
20 0.109314 0.109320 —0.6
50 0.048475 0.048476 —0.1

4. Result and Discussion
4.1. Finite Element Analysis and Assessment of Valve Discs

Figure 8 displays the stress and deformation distributions of four types of valve discs
in the initial design, which is 840 mm in diameter, 178 mm in height, and 8 mm in thickness,
under the sealing force. For the rectangular valve disc, the maximum stress is about
687.74 MPa located at the neck edge of the valve disc, and the maximum deformation
is about 389.64 mm in the bottom edge of the valve disc. For the fillet valve disc, the
maximum stress is about 425.69 MPa, and the maximum deformation is about 79.65 mm.
For the stepped valve disc, the maximum stress is about 393.88 Mpa, and the maximum
deformation is about 29.02 mm. For the disk-shaped valve disc, the maximum stress is
about 240.56 Mpa located at the bolt opening at the bottom of the valve disc, and the
maximum deformation is about 1.10 mm in the bottom edge of valve disc.

The valve material is SS316L with a tensile strength of 485 Mpa, according to National
Standard criteria (GB/T 3280-2015). Under the sealing force, the rectangular valve disc (a)
is severely deformed, and the maximum stress is far greater than the tensile strength of
the material. In order to reduce the stress concentration of the rectangular valve disc, it is
optimized into the fillet valve disc (b) and the stepped valve head (c). It can be seen that the
maximum stress of the fillet valve disc and the stepped valve head is lower than the tensile
strength of the material, but the deformation exceeds the range of design requirements.
The type of the valve disc is further optimized into a disc-shaped valve disc (d), which
shows that the mechanical performance of the disk-shaped valve disc has been significantly
improved. The maximum stress of the disk-shaped valve disc is far lower than the tensile
strength of the material, but the deformation exceeds the design requirement of less than
1.0 mm. Therefore, the effect of the thickness of the disk-shaped valve disc on its mechanical
performance will be investigated below.
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Type: Equivalent Stress Type: Total Deformation

Unit: MPa Unit: mm
687.74 Max 389.64 Max
611.34 346.35
53493 303.06
458.53 259.76

. 382.12 . 216.47
305.72 173.18

B 22931 £ 12988
13291 86.588

I 76.503 I 43.294
0.097927 Min 0 Min

Type: Equivalent Stress Type: Total Deformation

Unit: MPa Unit: mm

. 425.69 Max 79.649 Max
3784 70.799
3311 61.949
2838 53.099
236.5 44.249
189.2 . 35399

PR PIKCT] B 2655
94.609 17.7

l 47311 I 8.8499
0.013398 Min 0 Min

Type: Equivalent Stress Type: Total Deformation

Unit: MPa Unit: mm
393.88 Max . 29.022 Max
350.12 25.797
306.36 22,573
262.59 19.348
218.83 16.123
17507 B 1280

o 1313 B 9674

S 1=

2 . 3.2247

0.012805 Min 0 Min

Type: Equivalent Stress
Unit: MPa

Type: Total Deformation

Unit: mm

1.095 Max
0.97337
0.8517
0.73003
0.60835
F 0.48668
I 036501
0.24334
I 0.12167
0 Min

Figure 8. Stress and deformation distributions of four types of valve discs in initial design. (a) Stress
(left) and deformation (right) distribution of the rectangular valve disc. (b) Stress (left) and deforma-
tion (right) distribution of the fillet valve disc. (c) Stress (left) and deformation (right) distribution
of the stepped valve disc. (d) Stress (left) and deformation (right) distribution of the disk-shaped
valve disc.

. 240.56 Max

213.85
187.14
160.44

. 13373

£ 107.02

| 80316
53.609
26.902
0.19461 Min

(d)
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The thicknesses of the valve discs are chosen to be 4 mm, 6 mm, 8 mm, 10 mm,
and 12 mm, respectively. Figure 9 shows the mechanical performance of the disk-shaped
valve disc at different thicknesses. It is found that the maximum stress of the valve disc
decreases significantly as the thickness of the valve disc increases from 4 mm to 8 mm.
From 8 mm to 12 mm, the maximum stress of the valve disc is only slightly affected by the
thickness. The maximum deformation of the valve disc gradually decreases with increasing
thickness. When the thickness is 10 mm, the maximum deformation of the valve disc is
about 0.89 mm, and the maximum stress is about 240.23 MPa. When the thickness is 12 mm,
the maximum deformation of the valve disc is about 0.76 mm, and the maximum stress is
about 240.08 MPa. Both design options meet the design requirements, but as the thickness
of the valve disc increases, its mass will also increase, resulting in an increase in the bending
deflection of the valve shaft. Therefore, the thickness of the valve disc is set to 10 mm. The
above analysis results are shown in Table 3.

270 4 .
! —#— Maximum stress F2.4

—
~—— Maximum deformation | _ £

205 A [~
g £
F20 =
€ 260 2
@ |5 =
g E
- 1
@ 2554 1.6 &
£ <
= 4 14 g
£ 250+ 3
& 12 E
L]
= 245 ‘\ 0 2

<

240 - l——-l‘n Yo

T T
4 6 8 10 12

Thickness of the valve disc (mm)

Figure 9. Maximum stress and deformation of the disk-shaped valve disc at different thicknesses.

Table 3. Maximum stress and Maximum deformation of different types and thickness of valve disc.

Type of Valve Disc

Thickness (mm) Maximum Stress (MPa) Maximum Deformation (mm)

Rectangular valve disc
Fillet valve disc
Stepped valve disc
Disk-shaped valve disc
Disk-shaped valve disc
Disk-shaped valve disc

8 687.74 389.64
8 425.69 79.65
8 393.88 29.02
8 240.56 1.10
10 240.23 0.89
12 240.08 0.76

4.2. The Effect of Thickness of the Valve Shaft on Bending Deflection of the Inlet Valve

Figure 10 shows the maximum stress and deformation of the valve shaft at different
outer diameters under the sealing force. It can be determined that the maximum stress
and deformation of the valve shaft decrease with the increase in the outer diameter of
the valve shaft. Except when the outer diameter is 90 mm and 100 mm, the deformation
of the valve shaft in other design schemes all meet the design requirements, in which
case, it is necessary to consider the effect of the wall thickness of the valve shaft on the
bending deflection of the inlet valve under the gravity. As shown in Figure 11, when the
outer diameter of the valve shaft is greater than 110 mm and the stroke is 450 mm, the
maximum stress of the inlet valve does not exceed 20 MPa, which is below the allowable
stress of the material. When the outer diameter of the valve shaft is not less than 120 mm,
the maximum deformation of the inlet valve does not exceed 0.7 mm, meeting the torus
cryopump design requirements. Considering the space limitation, the outer diameter of
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the valve shaft is set to 120 mm. Figure 12 shows the stress and deformation distributions
of the inlet valve with the valve shaft outside diameter of 120 mm. The maximum stress
occurs at the contact between the valve shaft and the front bearing, about 15.86 MPa, and
the maximum deformation occurs at the outer edge of the valve disc, about 0.68 mm.

160 4 . 1.6
~—#— Maximum stress

140 —¥— Maximum deformation| | | 4

120 1

100 +

0.6
60

Maximum stress (MPa)

0.4

Maximum deformation (mm)

40+
0.2

20 1

0.0

T T T T T
90 100 110 120 130 140

Outer diameter of the valve shaft (mm)

Figure 10. Maximum stress and deformation of the valve shaft at different outer diameters.

80 T T T T T T 1.0
70 4 —®— Maximum stress L35
—d— Maximum deformation
60 4 3.0
504 M2
2.0
40 A

301

Maximum stress (MPa)
Maximum deformation (mm)

20 4

10

90 100 110 120 130 140

Outer diameter of the valve shaft (mm)

Figure 11. The effect of different valve shaft outer diameters on the mechanical performance of the

inlet valve.

Type: Equivalent Stress Type: Total Deformation

Unit: MPa Unit: mm

. 15.863 Max . 0.67486 Max
14101 0.59987
12.338 0.52489
10576 04499

. 8.8131 . 0.37492
70504 029994
5.2878 0.22495
3.5252 0.14997

I 1.7626 0,07.4984
0 Min OMin

Figure 12. Stress (left) and deformation (right) distribution of the inlet valve with the valve shaft
outside diameter of 120 mm at 450 mm stroke.
4.3. Estimation of the Transmission Probability

Figure 13 shows the relationship between the transmission probability of the cryopump
and the stroke of the inlet valve. It can be seen that the transmission probability increases



Energies 2023, 16, 3107

13 of 17

dramatically from O at a 0 mm stroke to 0.181 at a 500 mm stroke, and beyond a 500 mm
stroke, it barely increases with the stroke of the inlet valve. Owing to the limitations
of installation space and structural strength, it is necessary to find a balance between
the pumping speed and the structural strength of the pump; that is, to ensure that the
transmission probability of the cryopump is as large as possible while minimizing the
stroke of the inlet valve. As a result, two groups of models (450 mm stroke and 500 mm
stroke) with relatively large transmission probability and short strokes are selected, and the
structural analysis of ones under normal operating conditions is carried out.

0.20 T T T T T T

W
1

0.05 4 4

Transmission probability
L

— Transmission probability

0.00

0 100 200 300 400 500 600 700 800

Stroke (mm)

Figure 13. Transmission probability of cryopump at different strokes of the inlet valve.

Figures 12 and 14 display the stress and deformation distributions of the inlet valve
mock-up at a 450 mm stroke and a 500 mm stroke, respectively. The computational
parameters are listed in Table 4. The maximum stress of the above two models is far
less than the allowable stress of the valve material of 170 MPa. However, the maximum
deformation of the inlet valve exceeds 0.7 mm at a 500 mm stroke; thus, the maximum
valve stroke is set to 450 mm.

Type: Equivalent Stress Type: Total Deformation

Unit: MPa

. 16.986 Max
15.098

13211
11324
9.4366
7.5493
5.6619
3.7746
1.8873
0 Min

Unit: mm

0.74889 Max

. 0.66568
0.58247
0.49926
0.41605

J 033284
0.24963
0.16642

I 0.08321
0 Min

Figure 14. Stress (left) and deformation (right) distribution of the inlet valve with the valve shaft
outside diameter of 120 mm at 500 mm stroke.

Table 4. The computational parameters of the inlet valve analysis.

Stroke (mm) Transmission Probability Maximum Deformation (mm) Maximum Stress (MPa)
450 0.178 0.68 15.86
500 0.181 0.75 16.99

The pressure profile of deuterium gas in the model has been studied in order to provide
some important information during the operation phase of the cryopump, which can predict
the pump behavior. In Figure 15, the corresponding pressure profile of deuterium gas
along the axial position of the model at the 450 mm stroke is presented. It is noted that
the pressure decreases in the X direction. Because the flow pressure is directly relevant to
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the number of particles, the adsorption on the cryogenic surface results in the decrease in
the number of particles, leading to a drastic reduction in pressure. An extreme example
is when the pressure of deuterium gas will be zero when all particles are adsorbed. The
particle density profile is shown in Figure 16. The pressure profile of the deuterium gas at
different strokes of the inlet valve is provided in Figure 17. It is seen that the deuterium
pressure in the vacuum duct gradually decreases along the axial direction, and the speed of
reduction is related to the stroke of the inlet valve. The larger the stroke of the inlet valve,
the faster the pressure decreases. Moreover, the pressure within the cryopump does not
rely on the stroke of the inlet valve at constant gas throughput and is nearly the same close
to the end of the pump. The pressure of the deuterium gas that is greatly affected by the
adsorption is reduced to the order of 10~* Pa in the cryopump, which meets the pump
operation requirements. The adsorption region is labeled in Figure 17.

0.15 0.1 0.05 0
T s

Unit: Pa

0 Axial position (mm) 3000
Figure 15. Pressure profile of deuterium gas in the model. X is the axial position.

102! 101 107 10
Tl Unit: 1/m?

0 Axial position (mm) 3000

Figure 16. Particle density profile in the model. X is the axial position.

—— stroke:100|

£.12 —=— stroke:200
stroke:300
0.104 stroke:400
—— stroke:450
E 0.08 stroke:500
= ~— stroke:600
§ 0.06 1 —— stroke: 700
&
~
0.04 Adsorption
0.02 4
0.00 T T T =T Y T
0 500 1000 1500 2000 2500 3000

Axial position (mm)

Figure 17. Pressure profile of deuterium gas in axial position of the model.
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4.4. Seismic Analysis of the Inlet Valve

Under the combined loads of the sealing force and the seismic load, the stress and
deformation distributions of the valve disc are depicted in Figure 18. The maximum stress
is about 243.72 MPa and occurred at the bolt opening at the bottom of the valve disc, and
the maximum deformation is about 0.90 mm and occurred at the bottom of the valve disc.
Under the combined loads of the gravity and the seismic load, the stress and deformation
distributions of the valve disc are depicted in Figure 19. The maximum stress is about
19.49 MPa and occurred at the contact between the valve shaft and the front bearing, and
the maximum deformation is about 0.686 mm and occurred at the outer edge of the valve
disc. It can be seen that the effect of the seismic load on the stress of the inlet valve is 1.45%,
and the effect of the bending deformation on the inlet valve is 1.63%. The safety factor of
the inlet valve under the seismic load is 2.0, and the mechanical performance of the inlet
valve meets CFETR torus cryopump requirements.

Type: Equivalent Stress Type: Total Deformation

Unit: MPa Unit: mm

i 243.72 Max B 0.89919 Max
2167 0.79928
189.68 0.69937
162.66 0.59946

. 135.64 0.49955
108.62 i 0.39964
81.605 029973
54.586 0.19982
21.567 l 0.09991
0.5482 Min 0 Min

Figure 18. Stress (left) and deformation (right) distributions of the valve disc under the combined
loads of the sealing force and seismic load.

Tyvpe: Equivalent Stress Tvpe: Total Deformation
Unit: MPa Unit: mm

. 19.49 Max . 0.68627 Max
17.325

0.61002

15.159 053377
12.994 0.45751
10.828 0.38126

. 8.6625 . 0.30501
6497 0.22876
4.3314 0.1525

I 2.1659 l 0.076252
0.0003008 Min 0 Min

Figure 19. Stress (left) and deformation (right) distributions of the inlet valve under the combined
loads of the gravity and seismic load.

5. Conclusions

This paper shows how the inlet valve, a key component of the CFETR torus cryopump,
is designed, analyzed, and optimized. There are four design options for the valve disc and
the structure of the valve disc is optimized for the best mechanical properties. According
to the analysis results, the disk-shaped valve disc is the optimal design. The thickness of
the valve disc is 10 mm, the maximum stress is about 240.23 MPa and located at the bolt
opening at the bottom of the valve disc, and the maximum deformation is about 0.895 mm
in the bottom edge of the valve disc. In order to prevent excessive bending deflection
of the inlet valve from affecting the sealing performance, the valve shaft is analyzed and
optimized. Its inner diameter and outer diameter are 80 mm and 120 mm, respectively. The
maximum stress is about 15.863 MPa located at the contact between the valve shaft and
the front bearing, and the maximum deformation is about 0.675 mm located at the outer
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edge of the valve disc. In order to study the influence of the inlet valve on the pumping
performance of the cryopump, the transmission probability of the inlet valve at different
strokes was calculated. It was found that the stroke of the inlet valve has little effect on
the final pressure in the cryopump after adsorption, and the final pressure in the pump is
on the order of 10~* Pa. The seismic capacity of the inlet valve was analyzed. The effect
of the seismic load on the stress of the inlet valve is 1.45%, and the effect of the bending
deformation on the inlet valve is 1.63%. The safety factor of the inlet valve under the seismic
load is 2.0, so the mechanical properties of the inlet valve meet the operating requirements.
These verify that the design scheme of the inlet valve is feasible. We hope all the design
and analysis results provide support for investigation of the torus cryopump. A future step
is to benchmark the current analysis results with corresponding experimental data.
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