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Structural design and study on fabrication and assembly of the cryostat thermal
shield for International Thermonuclear Experimental Reactor (ITER) has been
conducted.

The cryostat thermal shield is attached to cover the cryostat inner wall in order to
reduce the radiation heat loads applied to the superconducting coils operation at 4
K. The thermal shield consists of low-emissivity foils which are passively cooled and
shield plates which are actively cooled with low temperature helium gas. The foils
are multi-lavered assembly and are attached on the both surfaces of the shield
plates. The material of the foils are silver coated 304 stainless steel, polyimide or
polyester. The silver coated stainless steel foils should be adopted to the foils at the
locations where radiation dose is over 10 MGy. The route of coolant pipes for the
shield plates is designed so as to keep the surface temperature of the shield plates
below 100 K.

This report describes the detailed design of the cryostat thermal shield, and

outlines the fabrication and assembly procedures.

Keywords : ITER, Cryostat, Thermal Shield, Thermal Insulator, Low-emissivity Foil

This work is conducted as an ITER design study and this report corresponds to 1996 ITER Design
Task Agreement on * Cryostat Thermal Shield Detailed Design * (§91TD31(D314)).

* Ishikawajima Harima Heavy Industries Co.
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1. Introduction
1.1 Background and Objectives
1.1.1 Background

The cryostat is a single walled vacuum chamber that is at room temperature. A thermal shield
is needed to block thermal radiation from the cryostat interior wall and surfaces of structures between
the cryostat and the machine, so as to reduce heat load to the super-conducting coils to approximately
2.5kW.

The thermal shield must be capable of remote removable and replacement, and must be able
to withstand the cumulative neutron and gamma dose expected over the life of machine. It must be
robust enough to accommodate occasional strikes from in-chamber remote handling equipment, and

must be strong enough to resist loads from gravity, seismic, and electromagnetic sources.

1.1.2 Objectives

The ultimate objective of this task is to perform the detailed design of the cryostat thermal
shield including cost estimate. Pursuant to this objective, the scoping of options, exploring thermal
shields in use elsewhere, selection of design concepts for the cryostat inside wall and for connections
between the cryostat and the machine, and detailed design of components, will be conducted.

During these activities, close coordination with the ITER cryoplant design will be continued.

1.2 Technical Outline of Task

The thermal shield is consist of actively-cooled surfaces, passive low-emissivity foils, or a
combination of these. The preferred coolant, when used, is helium gas. It is desired to keep the
lowest temperature of the low emissivity surfaces above 78 K so as to avoid condensation of air from
leaks. The thermal shield should be designed using an expected end-of-life thermal emissivity of 0.2,
with allowance for improved performance at lower emissivities. Panel sizes must be small enough
to allow remote replacement. In particular, it must be possible to accommodate relative motion
between the vacuum vessel port and the cryostat wall, and be able to accept infrequent fault

temperatures as high as 300°C, and normal operating temperatures as high as 200°C. With a total
shield area of approximately 7000 m? including port extensions, the average heat flux to the cold mass

must be no more than about 0.35 W/m2.

1.3 Task Description
1.3.1 Scoping
This task will establish the general configuration of the cryostat thermal shield. Preliminary

work to date suggests that the cryostat wall and vacuum vessel port extensions will be covered with

_1—-
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metal panels cooled by helium gas in circular tubes, while other surfaces will be covered with passive
insulation. The purpose of the scoping phase is to either confirm or negate this starting point and
suggest alternate configurations. The assessment of thermal shields adopted for other applications
should weigh significantly on the design choices. Scoping will also include thermal-hydraulic
analyses including optimal coupling with cryoplant so as to minimize electricity consumption
consistent with high reliability and equipment redundancy. Piping layoﬁt and manifold placement are

also included in this task.

1.3.2 Concept Selection and Detailed Analysis and Design
Specific shield options will be selected in this task and analyzed in detail with emphasis on
maximizing reliability and minimizing cost and electrical power and cryogen consumption. Design

study drawings will be prepared to evaluate fabricability, assembly/installation and cost.

1.3.3 Detailed Design
Fabrication drawings will be prepared during this phase in sufficient detail for full

fabrication and for estimating costs.

1.3.4 Cost Estimate
A detailed cost estimate is drawn up based on the fabrication drawings. The effect of site

location will be included where possible.
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2 Design Conditions

(1) Scope of thermal shields
Scope of the thermal shields in this task are as follows:
a. Cryostat thermal shields
(a) Cylindrical shell thermal shields
(b) Upper cover thermal shields
(c) Lower cover thermal shields
b. Port thermal shields
(a) Upper port thermal shields
(b) Equatorial port thermal shields
(c) Divertor port thermal shields
¢. Gravity support thermal shields
Figure 2-1 shows the arrangement of these thermal shields.

(2) Limitation of heat load
Table 2-1 shows the targets of heat load limitations.

Table 2-1 Heat load limitation
Item Target
Sum of 300K—80K heat load >120kW
Cryostat thermal shields >45kW
Port thermal shields in baking >75kW
Sum of 80K —4.5K heat load >2.5kW

(3) Cooling condition

The shield plates are forcibly cooled by gaseous helium supplied from three pairs of
the valve boxes. Table 2-2 shows the coolant condition.

able 2- ant
Item Condition
coolant gaseous helium
inlet pressure 1.8MPa
inlet temperature 80K
overall pressure loss , <0.1MPa
maximum temperature of shield plate <100K

Control valves to distribute coolant to each path of the heat transfer tube on the
thermal shields are set into the valve boxes.

(4) Thermal shield structure

a. The thermal shields consist of metal plates kept at 80K by gaseous helium and are

thermally isolated by multi-layer boards or multi-layer insulation set onto both of
warm surface side and cold magnet side

b. The thermal shields should be removal panels and should be maintained by remote
—_ 3 —
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handling tools.

c. The thermal shields can be prevented from neutron damage in their life-time.

d. The thermal shields have enough mechanical strength against the electro-magnetic
force during the operation.

e. Some ports may be heated up to 300°C, so that the thermal shields can be heat-
resistant up to the temperature. ,

f. Seismic force to be considered are 0.2G in horizontal direction and -0.2G in vertical
direction.

g. The helium leak rate should be lower than IO-wPaom3/s.

(5) Radiation dose
Based upon the results of the dose rate analyses conducted by JAERI, the radiation
dose condition were set up for each of the thermal shields as shown in Table 2-3.

[able 2-3 Radiation dose
Portion Radiation dose (MGy)
Cylindrical 10(vicinity of the NBI ducts),
shell 0.1(other portion)
Cryostat Upper cover 1(overhead of the NBI ducts),
0.1(other portion)
Lower cover 0.1
Upper )
ports
Ports Equatorial 1
ports
Divertor 1
ports
Gravity . 0.1
supports
(6) Nuclear heating rate

Based upon the results of the nuclear heating rate analyses conducted by JAERI, the
nuclear heating rate were set up for each of the thermal shields as shown in Table 2-4.
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Table 2-4 __ Nuclear heating rate
Portion Neutron heating rate (W/cc)
Cylindrical | 5x10>(vicinity of the NBI ducts)
shell 5x10*(other portion)
Upper 1x107*(vicinity of the NBI ducts)
Cryostat cover 1x107(other portion)
v | 1’
Upper 1x10™*(vicinity of the NBI ducts)
ports 1x 107 (other portion)
Ports Equatorial | 1x1 oj(vicinity of the NBI ducts)
ports 1x107(other portion)
Divertor | 1x10~(vicinity of the NBI ducts)
ports 1x10"*(other portion)
Gravity L 1x10°
supports
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3. Thermal shield design description
3.1 General concept

Based on the design outputs in FY’96, the thermal shield design has been performed
considering the structural modification of the cryostat itself, improvement of thermal
insulation, reduction of tube-bore, and so on. To keep structural integrity of the thermal
shields in seismic events, the shield plates should be fumished for the warm surface
directly by stiff supports. The detail is attached at the end of this section.

Figure 3-1 and Figure 3-2 show a bird’s-eye view of typical thermal shield and main
components of the shield, respectively.

a. Structural modification of the cryostat
From the double-wall shell structure, the cryostat cylinder was modified to a single-
wall shell stiffened by T-shaped ring. According to this modification, the thermal shields
of the cylindrical portion are also changed to be supported from the stiffeners. So, the
spans of each thermal shield are equal to those of stiffeners.

b. Thermal insulation
As the cumulated dose reaches to 10-MGy, the thermal insulation in the vicinity of
the NBI ducts should be modified to the reflecting plates made of type 304 stainless steel
from the conventional MLI blanket made up of polymer films.
Table 3-1 shows the thermal insulations designed for each thermal shield.

Table 3-1 Thermal insulati each t al shield
Portio Thermal insulation to be adopted
orion Cross section including NBI ducts other cross section
. 1. range .of 2m from edge of the NBI duct; MLI blanket
Cylinder reflecting plate (polyester)
2. other portion; MLI blanket (polyimide) Y
Cryostat 1. outer §1de of upper port; MLI blanket MLI blanket
Upper cover (polyimide) (polyester)
2. inner side of upper port, MLI blanket (polyester)
Lower cover MLI blanket
MLI blanket (polyester) (polyester)
Upper .. MLI blanket
ports MLI blanket (polyimide) (polyimide)
Ports Equatorial L MLI blanket
ports (polyimide)
Divertor : .. MLI blanket
ports MLI blanket (polyimide) (polyimide)
Gravity Gravity ' MLI blanket
supports supports MLI blanket (polyester) (polyester)

c. Heat transfer tube
The heat transfer tube on the shield plates was modified from a circular arrangement
to a zigzag one because of EM-force reduction at the coil quench. Also, the tube-bore
was reduced (smaller than 34mm in outer diameter) to eliminate bellows expansions in
the crossover tube.

d. Structural Improvements
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(a) Reduction of heat leak
i.  Surface of the shield plate itself and both sides of each reflecting plate are silver-
deposited to reduce their emissivity.
ii. The supports connected to the ring plate and warm structure are modified to be as
slender as possible.
(b) Mechanical interface
i. Basically, the ring plate should be set up to the supports closely. However, to
keep structural integrity of the supports subjected to thermal shrinkage of the
shield plate, some loose-jointed mechanisms should be applied to the interface
between the ring plate and the supports.
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Study on the thermal shield suspended by rods (Appendix 3.1)

This paragraph shows a structural integrity assessment for the cryostat cylinder thermal
shield suspended by rods.

(1)Structural feature
According to the JCT drawings, the thermal shield is suspended by approximately
1.5m-long rods from the cryostat inner wall with spherical joints at both ends.

(2)Natural period of the structure
The natural period of the suspended thermal shield can be calculated as

T=2x L_ 27r,’-1'—5 = 2458(s).
g 98

The peak response period of the seismically isolated tokamak pit is estimated as 2s ~
3s. Therefore, resonance between the thermal shield and the pit will occur.

(3)Stress in the structure
By using the formula for circular rings described in the reference, the bending stress
that occurs in the toroidal space frame at seismic event is evaluated as follows:

bending moment M ;=WeR/n=23,642x18/1=135,459Nm
where, W=23 642N and R=18m.

modulus of section 7=15%x150/6=5,625mm’

bending stress o,=135,454,032/5,625=24 08 | MPa

allowable limit 1.5kSm=1.5x1.2x138=248MPa

The stress is much larger than the allowable limit. Some damping devices are
assumed to be feasible to reduce the stress. However, the conventional dampers cannot
be applied because of the following problems.

i. activation of oil in the case of passive dampers

ii. uncontrollableness at loss of electric source or pressurized air in the case of active

dampers

[Reference]“Formulas for Stress and Strain”, Roark and Young, McGrow-Hill Book
Company

(4)Conclusions
Structural integrity of the cryostat cylinder thermal shield suspended by rods in
seismic events is studied. The results can be summarized as follows:
1. Natural period of the thermal shield is in resonant region with the tokamak pit.
ii. Bending stress that occurs in the thermal shield is much larger than the allowable
limit.
As stated above, the concept of suspended thermal shield is not consistent with the
design requirement. Therefore, the thermal shields should be fitted up with stiff supports
to the warm surface.
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3.2 Thermal insulation

As shown in the dose rate analyses conducted by JAERI, there is a higher dose region of
up to 10-MGy around the NBI ducts including the ducts themselves. The multi-layer
insulation (MLI) made of polyester or polyimide cannot be used in this region any more.
Therefore, multistory reflecting plates made of type 304 stainless steel should be applied to
the portion. In this section, study on thermal insulation consisting of multistory reflecting
plates are presented.

(1) Location
The reflecting plates are applied to the following location:
i. the NBI ducts themselves (three ducts)
ii. the cryostat cylinder at the vicinity of the ducts

(2) Material
i. reflecting plates type 304 stainless steel
with silver-coating to reduce the emissivity
.. spacers GFRP(S-glass)
iii. bolts and nuts GFRP (S-glass)
“GFRP” means a glass fiber reinforced plastics.

(3) Structure
a. Insulation
Considering dimension of a vacuum
furnace of the deposition equipment, the size

of the reflecting plates should be limited to wl_ag\\ bolt hole
approximately 500mmx500mm. The e X o\
thickness of the plate is 0.3mm, that is the o | °
minimum thickness of the cold forming plate \° °
made of type 304 stainless steel. Y °
As shown the figure on the right, the plates (—— S0 N
are overlapped each other. ° . . ° o
To reduce the emissivity, the plates should
be silver-deposited. The emissivity of silver- : o o o SV
deposited surface is estimated to be 0.012 at
300K (Reference; Cryogenic Engineering 500
Handbook). Factor of two is multiplied, so
that the emissivity can be set up to 0.025. n 1

This emissivity is about one half of the
aluminum-deposited surface.

Figure 3-3 shows a concept of the insulation consisting of the reflecting plates.
The thermal shield equipped with the reflecting plates should be installed at the same
surface with the adjacent thermal shield equipped with the MLI blanket. As the heat
leak from the thermal shield with reflecting plates seems to be larger than that with
the MLI blanket, the heat transfer tube on the shield plate should be arranged more
closely to equalize the heat leak as much as possible.

. Fixtures

The fixtures consists of spacers, bolts and nuts machined from laminated plates

made of GFRP. Dimension of each component is as follows:
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i. spacers 7mm in inner diameter, 10mm in outer diameter and

6mm in height
ii. bolts M6 with $6mm shaft
iii. nuts Mé

(4) Heat flux calculation method
Radiation heating rate from warm surface at To(K) to cold surface at T (K) is

_T4

T4
= - 1
0 =0 4. Py M
gc/ gh

Sum of radiation between the reflecting plates and conduction from the fixtures is,

sor -m-

+1
Q=04 17_11 + ] T, =T.)
gC

Where, m, Ag, Ac and [ are the number of the fixture, the surface area of the
reflecting plate, the sectional area of unit fixture and the length of unit spacer,
respectively. € is the emissivity and o is the Stefen - Boltzmann constant.

Generally, emissivity of metal surface becomes smaller as temperature becomes
lower. In this task, emissivity of the reflecting plates was set up to one at room
temperature to make the design conservative. Heating rate through the i-th layer Q; (for
j=1-N-1) are equal to Q. Summing up the equation (2) from j=1 to j=N-1,

1 T'-T,) A-m-A
Q—ﬁ o- A4, y_l*' ; (5-1,) 3)
gC
From numerical calculation using
the equation (1) and (3), heating rate A. AR
Q and temperature To can be  reflecting plate \ Ty
obtained. Then, temperature at each I -

of the reflecting plates can be
obtained from the equation (2). fixture
Finally, the heat flux is defined as q=

Q/Ag.

(5) Heat flux calculation results
Figure 3-4 shows the relationship between number of the reflecting plates and heat
flux. The number was set up to fifteen to keep heat flux approximately 2W/m?, which
is almost the same as that of the MLI blanket. Figure 3-5 shows temperature at each
plate in the case of fifteen layer reflecting plates.

(6) Integrity of GFRP bolt
Structural integrity of the GFRP bolt can be confirmed as follows:
i. dead weight of the reflecting plates
w=15x(0.5x0.5x0.0003)x7900x9.8=87N—>100N
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ii. number of bolts n>5

iii. moment arm length L=6x(15-1)+0.3x15=88.5mm—100mm

iv. bending moment M=(w/n)(L/2)=(100/5)x(100/2)=1000Nmm

v. sectional modulus Z=n6/32=21.2mm>

vi. bending stress oy=M/Z=1000/21.2=47.2MPa

vii. allowable limit 1.5kSm=1.5k(Sw/3)=1.5x1x(1200/3)=600MPa
(Criterion; ASME B&PV Code, Sec. VIII, Div.2)

(7) Supports
Number of the supports made of Ti-6Al-4V is four for the thermal shield equipped
with the MLI blanket. As for the thermal shield fitted up with the reflecting plates, six
supports are required to keep their integrity.

(8) Estimation of the heat leak

a. Heat leak through the insulation
heat flux; q=2W/m2
surface area of insulation; A=8.42m’
~.Q1=qxA=2.0x8.42=16.9W/shield plate

b. Heat leak from the support made of Ti-6Al-4V
mean thermal conductivity; k=5.63W/mK""
length of the support; L=130mm
sectional area of the support; A=250mm’
~.Q=kAAT/L=5.63x0.00025x%(300-80)/0.13=2.4W/support

Thermal conductivity of Ti-6Al-4V is linearly dependent on temperature such as

A=00177T+22672 (W/mK) for temperature range of 80K < T < 300K.
Therefore, the mean thermal conductivity of the alloy is,

A=

00

[

0 =563 (W/mK).
300-80

c. Heat leak from non-insulated portion

4 4 4
heat flux; g=o—" =5678x108 x—20 =80 _ji1ew/m?
+

AL AN __300°-80*

AR Yoo2s* Yos™)
thermal shrinkage(300K—80K, type304SS); et=0.29%
total surface area of non-insulated portion; A=3x(0.175 x0.25)=0.132m’
shrinkage of insulation; A’=[1-(1-e7)*JA¢=[1-(1-0.0029)*]x8.12=0.047m"
= Q3=q(A+A”)=11.16x(0.132+0.047)=2.0W/shield plate

d. Total heat leak

As shown in Table 3-2, heat leak of the thermal shield with reflecting plates is about
1.3 times larger than that with the MLI blanket.
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Table 3-2 Heat leak of insulati

heat leak throug!\ insulation from support from non-!nsulated total
itself portion
insulation gWim’) | QW) qW) QW) | gW/m’) | QW) QW)
Reflecting 2.0 169 24 14.4 11.16 2.0 333
plates
MLI 1S 129 24 9.6 .16 | 40 26.5
blanket

; Thermal shrinkage of the MLI blanket is estimated e1=1.4%, that is an
average of e1~1.6% and €1 ~1.2%.

(9) External heating

a. Nuclear heating
According to analytical results carried out by JAERI, heat flux at cryostat cylinder
thermal shield due to neutron and y-ray can be estimated as shown in Table 3-3. Here,

heat flux is defined as the product of nuclear heating rate and thickness of the shield
plate.

Table3-3  Heat flux due to nuclear heating

nuclear heating rate | thickness of shield heat flux
insulation (W/cc) plate (mm) (W/m?)
Reflecting 5x10° 3 15.0
plates
MLI 4
blanket 5x10 3 1.5

b. Joule heating
Heat flux of Joule heating due to the coil quench can be estimated as 0.5W/m>
referring to the EM-force analyses conducted in FY’96. Because the heat flux is

absolutely small, the effect of Joule heating on necessary mass-flow-rate of coolant
seems to be negligible.
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plates
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3.3 Arrangement of heat transfer tube

To keep the shield plate temperature lower than 100K, suitable arrangement of the heat
transfer tube on the plate was studied using finite element analyses (FEA). The cryostat
cylinder thermal shield is selected as a typical one. Both of the thermal shield equipped
with the MLI blanket and that with the reflecting plates are analyzed.

(1) Analytical conditions
Table 3-4 shows the analytical conditions with brief summary of the results. The
parameters of FEA are as follows:
1. Arrangement of heat transfer tube on the shield plate
ii. Type of the thermal insulation (MLI blanket or reflecting plates)

able 3-4 1 itions with judgment
arrangement of overall heat | thickness of
No heat transfer type of thermal transfer the shield | . d t
' tube on the insulation coefficient plate judgmen
shield plate (W/m’K) (mm)
1 two-turn good
2 three-turn MLI blanket good
3 two-tum 457 3 NG
4 three-turn Reflecting plates NG
5 four-turn good
(2) FEA model

Specifications of the FEA model are as follows:
i. two dimensional model of unit thermal shield plate
ii. schematic figure of the model; refer to Figure 3-6
ili. boundary condition; adiabatic condition at each edge of the plate
iv. tube size; OD¢$34.0mm, t3.0mm
v. FEA program; ANSYS

(3) Temperature distribution analysis method

a. Type of analyses
i. steady state temperature distribution analysis

b. Heat inputs
Followings are heat inputs considered in the analyses. Table 3-5 shows each heat

flux. In Figure 3-6, the points to set the following ii and iii are also indicated.

1. heat leak through insulation (uniformly distributed heat flux)
ii. heat leak from support (concentrated heat flux)
iii. heat leak from non-insulated portion (locally distributed heat flux)
iv. nuclear heating (uniformly distributed heat flux)
v. Joule heating (uniformly distributed heat flux)
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- m f ux
type of thermal
insulation MLI blanket Reflecting plats
heat input
i. heat leak through insulation 15 20
(W/m?) : :
ii. heat leak from support 12 12
(W/point) ) )
iii. heat leak from non-
insulated portion (W/m?) 1.2 1.2
iv. nuclear heating
v. Joule heating
(W/m?) 0.5 0.5
uniformly distributed heat flux
[i +iv +v] (W/m?) 33 40.5
locally distributed heat flux
] (W/m?) 11.2 11.2
concentrated heat flux [ii] 12 12
(W/point) ) )

As the heat flux will be distributed to the adjacent plate, half of heat flux
described in 3.2-(8)-b was set up to the analyses.

¢. Coolant condition

i.
il.

bulk temperature of the coolant; T=80K
overall heat transfer coefficient; U=457W/m?K (refer to 3.5.1 -e -(d))

d. Thermophysical properties
Table 3-6 shows thermophysical properties of type 304 stainless steel.

temperature(K) item property
thermal conductivity 9.5
(W/m K) ’
9 specific heat
- 80~100 (J/g K) 0.2
density
(ke/m’) 7920

(4) Results of temperature distribution analyses
Temperature distribution obtained by the analyses are shown in the following figure.
Here, “HTT” means the heat transfer tube arranged onto the shield plate.

i.
il.
iii.
iv.
V.

MLI blanket, two-turn HTT Figure 3-7
MLI blanket, three-turn HTT Figure 3-8
Reflecting plates, two-turn HTT Figure 3-9
Reflecting plates, three-turn HTT Figure 3-10
Reflecting plates, four-turn HTT Figure 3-11

From these results, followings can be confirmed.

i.

Hot spot temperature on the shield plate equipped with the MLI blanket is 86.7K
for two-tumn HTT arrangement and 84.0K for three-turn arrangement. Two-turn
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for two-turn HTT arrangement and 84.0K for three-turn arrangement. Two-tumn
HTT arrangement is applicable to keep the shield plate lower than 100K.

ii. As for the reflecting plates, the hot spot temperature is 115.3K for two-turn
arrangement, 101.5K for three-turn arrangement and 96.1K for four-turn
arrangement. Therefore, four-turn HTT arrangement is required to keep the shield
plate lower than 100K.

1. Hot spots appear at the edges in the long side direction where HTT is not
arranged.  So, HTT should be arranged as closely as possible to the edges of the
shield plate.

(5) Stress analyses
Stress analyses due to the temperature distribution were carried out under following
conditions. The FEA program applied is ANSYS.
Case-1 MLI blanket, two-turn HTT arrangement
Case-2 Reflecting plates, four-turn HTT arrangement
a. Boundary condition
Following boundary conditions are defined at the mechanical interfaces to the

support.
long side direction (X); elastic support
short side direction (Y); free

vertical direction (Z); constraint
The spring constant defined to the long side direction is estimated by following

manner:
3x118000x(50><53 )
K:3€]: 3 /12 =84N /mm
L 130
b. Mechanical properties
Table 3-7 shows mechanical properties of type 304 stainless steel.

able 3-7 echanica 1es of type304
temperature (K) item property
modulus of longitudinal 200
elasticity (GPa)
80~100 Poxss?fj ratio 0.3
linear expansion coefficient -6
(1/K) 13.3x10

c. Analysis results
Figure 3-12 and Figure 3-13 show stress intensity distribution of the shield plate
under each of the cases. Unit of the stress intensity is N/m’. From the results,
maximum stress intensity including supposed error as indicated “SMXB” in these
figures are as follows:
Case-1 11.7MPa
Case-2 19.3MPa
As the stress intensity is classified into the secondary stress, the allowable stress limit
is 3Sm=414MPa. The stresses appear in the shield plate are sufficiently lower than the
allowable stress limit. The short side direction of the shield plate, e.g. the stiff axis of the
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support, should be free to prevent higher stresses. Therefore, a loose-jointed mechanism
is required at the interface between the ring plate and the supports in the short side
direction.
Maximum in-plane deflection of the shield plate as indicated “DMX” in Figure 3-12
and 3-13 are as follows:
Case-1 9.4mm
Case-2 9.3mm

(6) Conclusions
Suitable arrangement of the heat transfer tube (HTT) on the shield plate is studied
using FEA. The conclusions obtained are as follows:

i.  For the thermal shield equ1pped with the MLI blanket, two-turn HTT arrangement
can be applied.

ii. For the thermal shield equipped with reflecting plates, four-turn HTT
arrangement should be required.

iii. To mitigate hot spot temperature, HTT should be arranged as closely as possible
to edges of the shield plate especially in the long side direction.

iv. The stress intensity due to the temperature distribution is sufficiently lower than
the allowable stress limit. However, the short side direction of the shield plate
should be loose to prevent higher stresses.
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Fig. 3-6(2/2)  FEA model of the thermal shield
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3.4 Crossover tube between adjacent thermal shield

The crossover tube between adjacent thermal shield is subjected to forced displacement
by thermal shrinkage of the shield plate. Stresses appear in the tube was analyzed and the
integrity was assessed.

(1) Configuration of the crossover tube
The crossover tube consists
of two 90° bending pipe and a
180° bending pipe. The radius
of curvature of the bending Site welding joint
pipe is three times as long as

the outer diameter. Shop welding joint
Due to following design /\, — /(
The

180° bending tube

90° bending tube

requirements, piping elbows =;-—RLE———"L rmal shield plate
standardized by JIS were not G-He flow /é/
applied to the crossover tube.

i. reduction of pressure loss (APx<R)

ii. reduction of stress index (C<R)

iii. elimination of welding joints

(2) FEA model
i. three dimensional beam model
ii. tube size; OD34mm, t3mm
iii. radius of curvature; 102mm
iv. matenal; type 304 stainless steel
v. FEA model; refer to Figure 3-14
vi. FEA program; SAP

(3) FEA conditions
Forced displacement of 4.4mm at #5-point is subjected in X-direction under constraint
at #1-point for all degree of freedom. Mechanical properties of type 304 stainless steel
are tabulated in Table 3-7. '

Thermal shrinkage of typical shield plate in the short side direction is estimated
as 5=1500x0.0029=4.35mm.

(4) Stress evaluation method
Using stress index, C, prescribed in ASME B&PV Code, Section III, Class-1 piping,

stress intensity were evaluated. As the stresses are classified into the secondary stress, the
allowable stress is equal to the shakedown limit, 3Sm. For type 304 stainless steel, the
limit can be estimated as 3x138=414MPa.

23 )
; The stress index, C,, of a pipe bend is estimated as C,=1.95/h . Here, h is the

flexibility characteristic and can be obtained as h= tnR/rz. The symbols, t.oR, 1,

are the nominal thickness, the bend radius and the mean radius of the pipe,
respectively.
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| (5) Results
Evaluated stresses are tabulated in Table 3-8. In the middle plane of 180°-bending
tube, e.g. #3-point, the stress intensity is multiplied by the stress index, C, =1.66.
The maximum stress intensity, 280MPa, is lower than the corresponding allowable

stress limit. Therefore, structural integrity of the crossover tube without any bellows
expansions can be confirmed.

Table 3-8 Stress intensity evaluation results
point evaluated stress intensity allowable stress limit
CZXO-nom (Mpa) 3Sm (Wa)
#1 211.4
#2 30.6
#3 280.0 414
#4 304
#5 2114

(6) Conclusions
Structural integrity of crossover tube not equipped with bellows expansions was
confirmed by FEA.
The outside diameter of the crossover tube considered in this stress analysis is ¢34mm.
For a smaller crossover tube, stresses that appear in the tube will be lower than above
mentioned results. This can be easily understood by considering a simple model. ~ Stress

at the fixed end of a cantilever-pipe subjected to forced displacement at the tip of the
EDS

2 .

pipe is o= 3 Here, o, E, D, & and L are the stress, modulus of longitudinal

elasticity, outside diameter, forced displacement and pipe length, respectively. From the
equation above, stress is directly proportional to the outer diameter and inversely
proportional to a square of the pipe length. Therefore, smaller tube is more advantageous
to keep integrity of the crossover tube.
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3.5 Detailed design description of thermal shield

In

this chapter, detailed design outputs of each thermal shield based on structural

integrity, heat leak and cooling performance are presented. As for the electromagnetic force
and the Joule heating that occur in the shield plates at the coil quench, the results analyzed
in FY’96 were used, because the subdivision and the thickness of the shield plates are
almost the same as previous analyses. "

3.5.1 Cryostat cylinder thermal shield
a. Design concept

1.

1i.

i1i.

Iv.

vi.

Vii.

The thermal shields should be furnished for each stiffening ring of the cryostat
cylindrical shell with the supports and the ring plates,

To the interfaces between the ring plate and the supports, a loose-jointed mechanism
should be applied not to prevent thermal shrinkage of the shield plate, especially in
the stiff axis of the support.

The heat transfer tube should be directly welded to the shield plate at the cold
magnet side.

The heat transfer tube made of type 304 stainless steel is 34mm in outer diameter
and 3mm in thickness.

Basically, the insulation fitted up to the shield plate is the MLI blanket. However,
the multistoried reflecting plates should be applied to the vicinity of the NBI duct.
Each reflecting plate and the shield plate should be coated with silver to reduce their
emissivity.

The thermal shields equipped with reflecting plates should be installed at the same
surface with the adjacent shields equipped with the MLI blankets.

Zigzag arrangement in vertical direction should be applied to the heat transfer tube
on the shield plates.

“viii. Passive insulation without heat transfer tube should be applied to the rids of each

RM-port.

b. Configuration
Figure 3-15 shows the configuration of the thermal shield and arrangement of the heat

transfer tube. s

The shield plate passed through _ Sphz'hne
by a pipe or a duct should be ring plate —p= . e
divided into two pieces at the shield g shield
penetration point as shown in the plate A D) plate
figure on the right. Cover plates . /
should be also set up along the split ring plate
line on the shield plate. penetration of

This is a common concept in pipe or duct
the current thermal shield design. —

circumferential

subdivision of a penetrated shield
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c. Heat leak

Heat leak of the thermal shield is estimated for the typical one with dimension of 1.5
by 5.7 meters.

(a) Heat leak from the support

g=A4-1 ALZ = (0,05 0.005) x 5.63 308 "380 =24

i. MLI blanket 4-pieces/plate  9.6W/plate

ii. reflecting plates 6-pieces/plate  14.4W/plate
(b) Heat leak through the insulation

i. MLI blanket q=1.5W/m? 12.9W/plate

ii. reflecting plates q=2.0W/m* 16.9W/plate

(c) Heat leak from the non-insulated portion (radiation between silver deposited
surface to stainless steel surface)

L' -1, * -80°*
q= —"——1——-5678 x107% x 1 300 18/0 =112W/m*
Jet Ve Yoo2s+ o5
i. MLI blanket 4.0W/plate
ii. reflecting plates 2.0W/plate
(d) Summation of heat leak
i.  MLI blanket 9.6+12.9+4.0= 26.5W/plate
1. reflecting plates 14.4+16.9+2.0= 33.3W/plate

d. Structural integrity

Based upon the criteria prescribed in ASME Boiler & Pressure Vessel Code, Section-
VIIL, Division-2, structural integrity of the major parts is evaluated.

(a) Integrity of the support made of Ti-6Al-4V
Dead weight of unit thermal shield

Shield plate (1.5mx5.7mxt3mm) 2000N
Ring plate (0.25mx5.7mxt15mm-+stiffner) 2000N
MLI blanket (1.5mx5.7mxt12pmx40-layer) 60N
Heat transfer tube (OD34mmxt3mmx25m)  S70N
Total 4630N—>x]1.2—>5600N
safety factor
up

Shield plate with
—k~MLI blanket and
~ heat transfer tube

A >Ring plate | g
_ Bl
Support Sectional profile

i. Stress due to dead weight
Applied force V=5600/2=2800N
Bending moment M=VL=2800x130=364000Nmm
Modulus of section  Zy=5x50%6=2083mm’
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Bending stress o,=M/Z=364000/2083=175MPa
Allowable limit 1.5kSm=1.5x1x298=447MPa
ii. Stress due to seismic force [Horizontal/0.2G, Vertical/-1.2G]

Applied force H=0.2x5600/2=560N [Horizontal]
V=(1+0.2)x5600/2=3360N [Vertical]

Bending moment M;=HL=560x130=72800Nmm {Horizontal]
My=3360x130=436800Nmm [Vertical]

Modulus of section  Zyz=50x5%/6=208mm’ [Horizontal]
Z\v=5x5046=2083mm’ [Vertical]

Bending stress Op = Mu/Z;=72800/208=350MPa[Horizontal]

opv= My/Zy=436800/2083=210MPa [Vertical]

Allowable limit 1.5kSm=1.5x1.2x298=536MPa

iii. Stress due to thermal shrinkage [300K—80K, type304SS]

Thermal shrinkage  8,=(5700/2)x0.0029=8.3mm [long side direction]
Thermal shrinkage  8,=(1500/2)x0.0029=2.2mm [short side direction]
[thermal strain under 300K—80K cooling is -0.0029]

Constraint disp. Ad=0;=8.3mm
Bending stress o,=3EhAS/(2LY)
=3x118000x5x8.3/(2x130%)=435MPa
Allowable limit 3Sm=3x298=894MPa
n
g Drilled
a :'r O Oé,/ rillie
=g
o (¢}
HI
@ «
= g.’. \Loose hall in
= Long side direction ~ short side

(weak axis of support)

iv. Stress due to combined loading
Load combination  thermal shrinkage +(dead weight + seismic force)
Evaluated stress 435+350=785MPa
Allowable stress 3Sm=3x298=894MPa

(b) Natural period of the thermal shield
i. Natural period of in-plane mode

Mass M=F/g=5600/9.8=572kg

Stiffness K=2x(3E/L%)
=2x[3x(1.18x10")x(0.005°x0.05/12)]/0.13’
=167843N/m

Natural period T=2n(M/K)"?=2n(572/167843)"?=0.37s

ii. Natural period of out-of-plane mode

Natural period of a square plate supported two opposite sides can be

estimated as
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a
4 l%—e‘
T = —%ir- pha . free '

(Reference; Harvey, J. Fretscher,

k D c z
J. of Applied Mechanics, 26, Series E, 1959.) % THK: h § o
- -
& o
Density p=7900x(2000+60+570)/2000 = froe =
=10389kg/m’

(The density above is corrected by the added masses
excluding the ring plate)
Flexural rigidity D=Eh’/12(1-v?)
=2x10x0.003%/12/(1-0.3%)
=495N/m
where E, h and v is the modulus of longitudinal elasticity,
the thickness and the Poisson’s ratio, respectively.
Factor k=9.631
Equivalent side length

a=+axbh=+15x57=293m

27 |phat _ 2r \/10389x0.003x2.934
kV D 9631 495

Natural period T

=141s

(c) Integrity and deflection of the ring plate
i. Stress and deflection due to dead weight
Bending moment M=FL/12=5600x5700/12=2660000Nmm
Modulus of section  Zy=(b;h,*+b,h,?)/6h,
=(50x15°+15x2350%)/(6x250)=156362mm’

Bending stress 0, =M/Zy=2660000/156250=17.1MPa
Allowable limit 1.5kSm=1.5x1x138=207MPa
Deflection §=FL*/(384EL)

=5600x57003/[384x200000><19545312]=0.7mm
ii. Stress and deflection due to seismic force
(i) Horizontal direction, 0.2G

Bending stress op,=(0.2FL/12)/Zy

=(0.2x5600x5700/12)/132005=4.1MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection §=0.2FL*/(384Ely)

=0.2x5600x5700%/(384x200000x6415468)=0.5mm
(i1) Vertical direction, 1.2G

Bending stress o,=(1.2FL/12)/Zy
=(1.2x5600x5700/12)/156362=20.5MPa

Allowable limit 1.5kSm=1.5x1.2x138=248MPa

Deflection 8=1.2FL%/(384EL)

=1.2x5600x5700%/(384x200000x19545312)=0.9mm

(d) Integrity and deflection of the shield plate

Stress and in-plane deflection due to the seismic force in horizontal direction
are evaluated as follows:

Applied force F=5600-2000=3600N  (except for the ring plate)
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Uniform pressure q=F/(ab)=0.2x3600/(5700x1500)=0.00084MPa

Bending stress - oy=Bqb*/h*=0.73x0.000084x1500%/32=15 4MPa

Allowable limit 1.5kSm=1.5x1.2x138=248MPa

In-plane deflection  8=aqb*/(Eh?)
=0.14x0.000084x1500%/(200000x3%=11.0mm

¢. Heat transfer and pressure loss

Performance of heat transfer and pressure loss is evaluated. The heat transfer tube
made of type 304 stainless steel is 34mm in outer diameter and 3mm in thickness.

Number of the tube-path is twenty and each path should be arranged at every 18° in
circumferential direction. A heat transfer path cools down eighteen shield plates in all.
Considering a section including the NBI duct, five plates equipped with the reflecting
plates and thirteen plates equipped with the MLI blanket are cooled down by the same
tube-path.

(a) Heat removal of unit tube-path

i. Heat leak
MLI blanket 13x(9.6+12.9+4.0)=13x26.5= 345W/path
Reflecting plates 5%(14.4+16.9+2.0)=5x33.3= 167W/path
Rid of RM-port (passive) 21x0.003x16x(300-80)x1= 67W/path
Summation 579W/path

Total heat leak from the thermal shield of the cryostat cylinder is
20x579=11.6kW.
ii. External heating

MLI blanket 12x(5.7x1.5)x(1.5+0.5)= 206W/path
reflecting plates 5x(5.7x1.5)x(15.0+0.5)= 663W/path
Summation 869W/path
i11. Total removal heating 1448W/path—> 1500W/path

(b) Necessary flow rate of coolant
The necessary flow rate of gaseous helium to keep the shield plates lower than
100K is estimated under the condition that the bulk-temperature rises by 10K and
the pressure drops by 0.05MPa through the path. The assumptions above
correspond to half of the limitation shown in Table 2-2.
Enthalpy drop Ahzhg()K, l.75MPa'h80K, 1A8MPa=487-4'435-2=52-2J/g
Mass flow rate G=Q/Ah=1500/52.2=28.7g/s
Mean velocity in tube u=(G/p)/A
=(28.7x107/9.105)/(0.028%r/4)=5.12m/s
Reynolds number Re =udp/n
=5.12x0.028x9.105/(9.372x10)=1.393x10°
The thermophysical properties of gaseous helium used above are under the
condition of 90K and 1.75MPa.
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(c) Pressure loss
1. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re’>=0.3164/(1.393x10%)°%=0.0164
Pressure loss AP,=A/dx(pu*/2)
=0.0164/0.028x(9.105x5.12%2)=7.20x10MPa/m
ii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K180°X(pu2/2)
=1.015x(9.105x5.12%/2)=1.21x10"*MPa
iil. Pressure loss at a 90° bending tube, AP
Pressure loss AP;=Kggex(pu/2)
=1.301x(9.105x5.12%/2)=6.97x10*MPa

iv. Evaluation .
(1) Shield plate equipped with the MLI blanket (13 shield plates)

APy =N(LxAP+N;x AP, +N3xAP3)
=13x[20x(7.20x107)+1x(1.21x10™)+6x(1.55x10™]
=0.033MPa/path.

(i1) Shield plate equipped with the reflecting plates (/5 shield plates)

AP\rp=N(LxAP;+N,;xAP;+N;xAP3)
=5x[30x(7.20x107)+1x(1.21x10™)+10x(1.55x10™4)]
=0.020MPa/path

(i11) Total pressure loss :
AP=AP\q +AP\grp=0.033+0.020=0.053MPa/path
As shown above, the total pressure loss of the unit heat transfer path at
the cylindrical portion is lower than the target, 0.1MPa.

| (d) Heat transfer performance
Nusselt number ~ N,=0.023R.”*P,’*=0.023x(1.393x10%)"*x0.6939"*=259.1
Heat transfer coefficient
| h=N,k/d=259.1x0.0705/0.028=652.4W/m’K
! Heat resistance of tube thickness
R=t/k130455=0.003/9.3=1/3100m’K/W
Fouling factor h=3000W/m’K
Overall heat transfer coefficient
U=1/[1/h+1/hetR]
=1/[1/652.4+1/3000+1/3100]=457W/m’K
Using the overall heat transfer coefficient, temperature distribution analyses of
the shield plates are conducted as described in section 3.3. In consequence, the
highest temperature, e.g. the hot spot temperature, is evaluated as follows:
(i) the shield plate with the MLI blanket and two-turn HTT
86.7K [temperature rise=6.7K]
(ii) the shield plate with the reflecting plates and four-turn HTT
96.1K [temperature rise=16.1K]
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The thick line shows the centre line of the tube.

G
Yo SSO ’
(S f(/é

outer diameter; 34mm
thickness; 3mm
material; type 304 SS

Dimension list
Point To Point |length(mm)
T - 2 102 o
1~2 - 2~3 204 °

23 - 34 204 -
34 - 45 204 B 6%‘6‘
4~5 - 5 102 430\\
total length (mm) 816

Fig. 3-14 FEA model of the crossover tube

204
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3.5.2 Cryostat upper cover thermal shield
a. Design concept

i. Basically, the concept is the same as the cryostat cylinder thermal shield.

ii. The heat transfer tube to be applied is 27.2mm in outer diameter and 2.5mm in
thickness.

iii. Only the MLI blanket should be applied for the insulation.

iv. Zigzag arrangement in radial direction should be applied to the heat transfer tube
on the shield plates.

v. Passive insulation without heat transfer tube should be applied to the rids of
twenty RH-ports (R900mm) and the center opening for the CS coil removal
(R1000mm).

vi. Spacers made of GFRP should be set up to the gap between the cover itself and
the shield’s support to make the surface flat.

vii. The tube-path on the inner block of the cover should be independent with that on
the outer block for easy removal.

b. Configuration

Figure 3-16 shows the configuration of the thermal shield and arrangement of the heat
transfer tube.

The thermal shield are divided equally into forty segments for the outer block and ten
segments for the inner block. The number of the tube-path for each of the blocks is set
up to roughly equalize the cooling area to that of the cylindrical portion.

Cooling area A=(2x187x30)/20=170m> (as the reference-area)

Necessary tube-path

Outer block  N;=(1 82-7)m/A=5.1 — 10 paths (every 36°)
Inner block N=(7*-1)n/A=1.3 — 2 paths (every 180°)

¢. Heat leak
(a) Heat leak from the support
g=4- IéLz — (0,05 0.003) x 563 x 220 =89
(b) Heat leak through the insulation
q=1.5W/m’
(¢) Heat leak from the non-insulated portion

4 _ a4 4 _on4
Sl Z, ﬁc =5678x10" x - 300 18/0
AR 70025F 70571

= 2.4W /support

=112W | m*

qg=0

d. Structural integrity
(a) Integrity of the support made of Ti-6Al-4V
Dead weight of unit thermal shield

Shield plate (1.5mx2.85mxt6mm) 2000N

Ring plate (0.25x2.85mxt1 5Smm-+stiffner) 1000N

MLI blanket (1.5mx2.85mxt12umx40-layer) 30N

€ X x12
Total 3310N—>x1.2—4000N

i. Stress due to dead weight
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Applied force V=4000/2=2000N

Sectional area A=5x50=250mm’
Tensile stress 6,=V/A=2000/250=8.0MPa
Allowable limit kSm=1x298=298MPa

ii. Stress due to seismic force [Horizontal/0.2G, Vertical/-1.2G]
Applied force H=0.2x4000/2=400N [Horizontal]
=(1+0.2)x4000/2=2400N [Vertical]

Bending moment M =HL=400x130=52000Nmm
Modulus of section ZH=50><52/6=208mm3

Bending stress b 5= My/Zy=52000/208=250MPa[Horizontal]
Allowable limit 1.5kSm=1.5x1.2x298=536MPa
Tensile stress o, v= V/A=2400/250=10MPa [Vertical]

Allowable limit kSm=1.2x298=357MPa

iii. Stress due to thermal shrinkage [300K—80K, type304SS]
Thermal shrinkage  §,=(2850/2)x0.0029=4.2mm [long side direction]
Thermal shrinkage  8,=(1500/2)x0.0029=2.2mm [short side direction]

Constraint disp. Ad=%;=4.2mm

Bending stress oy=3EhAS/(2LY)
=3x118000x5x4.2/(2x130%)=220MPa

Allowable limit 3Sm=3x298=894MPa

iv. Stress due to combined loading
Load combination  thermal shrinkage +(dead weight + seismic force)
Evaluated stress 220+250=470MPa
Allowable stress 3Sm=3x298=894MPa

(b) Natural period of the thermal shield

i. Natural period of in-plane mode

Mass M=F/g=4000/9.8=409kg

Stiffness K=2x(3EL/L?)
=2x[3x(1.18x10"")x(0.005°x0.05/12)]/0.13
=167843N/m

Natural period T=2r(M/K)"2=271(409/167843)"=0.31s

ii. Natural period of out-of-plane mode
Corrected density  p=7900x(2000+30+280)/2000=9125kg/m’
Flexural rigidity D=Eh%/12(1-v})=2x10"'x0.003*/12/(1-0.3%=495N/m
Factor k=9.631

Equivalent side length
d=vaxb=+15x285=20Tm
—4 4
Natural period T= 2—”1 ’ pha_ _ 2x X F 25x0006x 207" _ 0.33s
k D 9.631 3956

(c) Integrity and deflection of the ring plate

i. Stress and deflection due to dead weight
Bending moment M=FL/12=4000x2850/12=950000Nmm
Modulus of section Zv=132005mm3

Bending stress 0,=M/Z=950000/132005=7.2MPa
Allowable limit 1.5kSm=1.5x1x138=207MPa
Deflection 8=FL*/(384ElLy)
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=4000><28503/[384><200000x6445468]=0.2mm
ii. Stress and deflection due to seismic force
(i) Horizontal direction, 0.2G

Bending stress o,=(0.2FL/12)/Zy

=(0.2x4000x2850/12)/156362=1.3MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection 8=0.2FL*/(384Ely)

=0.2x4000x2850%/(384x200000x19545312)=0.1mm
(i1) Vertical direction, 1.2G

Bending stress o,=(1.2FL/12)/Zy

=(1.2x4000x2850/12)/132005=8.7MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection 6=1.2FL*/(384ELy)

=1.2x4000x2850°/(384x200000x6415468)=0.3mm
(d) Integrity and deflection of the shield plate
Applied force F=4000-1000=3000N  (except for the ring plate)
Uniform pressure q=F/(ab)=1.2x3000/(2850x1500)=0.000842MPa
Bending stress 6,=Pqb*/h’=0.73x0.000842x1500%/6’=38.5MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
In-plane deflection  8=aqb*/(Eh’)
=0.14x0.000842x1500*(200000x6°)=13.8mm

e. Heat transfer and pressure loss
The performance of heat transfer and pressure loss is evaluated. The heat transfer tube
made of type 304 stainless steel is 27.2mm in outer diameter and 2.5mm in thickness.
The number of the tube-path is ten for outer block (7043<R<18150) and two for the
inner block (1060<R<6873).

(a) Heat removal of unit tube-path

Quter block
i. Heat leak
through the MLI blanket qeA=1.5xn(18.15%-7.043%/10=  132W/path
from the support qeN=2.4x720/10= 173W/path
from non-insulated portion  qeA=11.2x(320/10x0.3)=108W/path
from the rid of RH-port QeN=(27x0.006x16x220)x2= _ 266W/path
Summation 679W/path
ii. External heating
Nuclear heating qeV=100x7(18.15%7.043%x0.006/10=53 W/path
Joule heating 37/10= 4W/path
Summation 57W/path
ii1. Total removal heating 736W/path >  800W/path
Inner block
i. Heat leak
through the MLI blanket q0A=1.5x1t6.7832/2= 109W/path
from the support qeN=2.4x100/2= 120W/path
from non-insulated portion  qeA=11.2x(40/2x0.4)= 90W/path

from the central opening QeN=(21x0.006x16x220)/2= 133W/path
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Summation 699W/path
1. External heating
Nuclear heating qeV=100xn(6.783-1.06")x0.0062=  43W/path
Joule heating 425/2= 213W/path
Summation 256W/path
iii. Total removal heating 575W/path—~  700W/path

The total heat leak from the thermal shield of the cryostat upper cover is
10x697+2x319=7.7kW.

(b) Necessary flow rate of coolant
Quter block
1. Mass flow rate of coolant
Mass flow rate G=Q/Ah=800/52.2=15.4g/s
Mean velocity in tube
u=(G/p)/A
=(15.4x107/9.105)/(0.02227/4)=4.3Tm/s
Reynolds number  Re =udp/n
=4.37x0.0222x9.105/(9.372x10%)=9.425x10*
i1. Pressure loss due to friction in unit tube length, AP,
Friction factor =0.3164/Re*?=0.3164/(9.425x10*)"*=0.0181
Pressure loss AP, =A/dx(pu*/2)
=0.0181/0.0222x(9.105x4.37*2)=7.09x10°MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP,=K50-x(pu*/2)
=1.015x(9.105x4.37%/2)=8.38x10°MPa
vi. Pressure loss at a 90° bending tube, AP
Pressure loss AP;=Koggex(pu’/2)
=1.301x(9.105x4.37*/2)=1.14x10"MPa
v. Evaluation
Total pressure loss ~ AP=LxAP;+N;xAP,+N3;xAP;
=250x(7.09x107)+32x(8.83x107°)+200x(1.14x 10
=(0.044MPa/path
Inner block
1. Mass flow rate of coolant .
Mass flow rate G=Q/Ah=700/52.2=13.4g/s
Mean velocity in tube
u=(G/p)/A
=(13.4x107/9.105)/(0.0222%*n/4)=3.81m/s
Reynolds number  Re =udp/n
=3.81x0.0222x9.105/(9.372x10°%)=8.218x10*
ii. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re**°=0.3164/(8.218x10*°*=0.0187
Pressure loss AP;=A/dx(pu/2)
=0.0187/0.0222x(9.105x3.81%/2)=5.57x10"MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP,=K g0-x(pu’/2)



JAERI-Tech 93-027

=1.015x(9.105x3.81%2)=6.71x10°MPa
vi. Pressure loss at a 90° bending tube, AP;

Pressure loss AP;=Kgg=x(pu’/2)
=1.301x(9.105x3.81%/2)=8.60x10°MPa

v. Evaluation
Total pressure loss ~ AP=LxAP;+N;xAP;+N;xAP;
=220x(5.57x107*)+20x(6.71x107)+120x(8.60x10°)
=0.024MPa/path

As shown above, the total pressure loss of the unit heat transfer path at the
upper cover is lower than the target, 0.1MPa.
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3.5.3 Lower cover thermal shield
a. Design concept

1. Basically, the concept is the same as the cryostat cylinder thermal shield.

ii. The heat transfer tube to be applied is 34mm in outer diameter and 3mm in
thickness.

i1i1i.  Only the MLI blanket should be applied for the insulation.

iv. Zigzag arrangement in radial direction should be applied to the heat transfer tube
on the shield plates.

v. Passive insulation without heat transfer tube should be applied to the rids of four
RH-ports (R800mm).

vi. Spacers made of GFRP should be set up to the gap between the cover itself and
the shield’s support to make the surface flat.

vii. The tube-path on the middle block of the cover with the CS support assembly
should be independent of that on the outer block for easy removal.

b. Configuration

Figure 3-17 shows the configuration of the thermal shield and arrangement of the heat
transfer tube.

The thermal shield are divided equally into forty segments for the outer block, twenty
segments for the middle block and four segments for the central solenoid support
assembly. The ring pedestal block is covered by the gravity support thermal shields, so
this portion is out of the scope for the lower cover’s thermal shield.

The number of the tube-path for each of the blocks is set up to roughly equalize the
cooling area to that of the cylindrical portion.

Cooling area A=(2x187x30)/20=170m’ (as the reference-area)
Necessary tube-path
Outer block  N;=n(18%-12.2%)/A=3.3 —» 4 paths (every 90°)
Middle block with CS support assembly
Np=[r(10.6%-3.0"+64)/A=2.3  — 4 paths (every 90°)
c. Heat leak
(a) Heat leak from the support
g=A-7 éLZ = (005 % 0.008) x 563 x 080 _ 2 43 fsupport
(b) Heat leak through the insulation
q=1.5W/m’
(c) Heat leak from the non-insulated portion
4 _ 4 4 _ 4
q= o—l/i—lg—-—— =5.678x 107" x 1/300 8/0 =112W/m?
ot Je ] Y0025+ Y05~

d. Structural integrity
The stresses that appear in each part of the lower cover’s thermal shield will be
lower than those in the upper cover’s. Therefore, the stress-evaluation for this thermal
shield is omitted.

¢. Heat transfer and pressure loss
The performance of heat transfer and pressure loss is evaluated. The heat transfer tube
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made of type 304 stainless steel is 34mm in outer diameter and 3mm in thickness.

(a) Heat removal of unit tube-path

Quter block
i. Heat leak
through the MLI blanket qeA=1.5 xn(17.563%-12.219%=  750W/path
from the support qeN=2.4x400/4= 240W/path
-insulated ' oN=2 4x400/4= 4Q0W
Summation 1125W/path
ii. External heating
Nuclear heating qeV=10xn(17.563*12219°x0.006= 30W/path
Joule heating 28/4= 7W/path
Summation 37W/path
iii. Total removal heating 1162W/path — 1300W/path
Inner block with CS support assembly
i. Heat leak
through the MLI blanket q0A=1.5><[n(10.5952-3.0022)+64]=5 83W/path
from the support qeN=2.4x(240+32)/4= 164W/path

from non-insulated portion  qeA=11.2x[(100+16)/4x0.4]= 130W/path
from rid of RH-ports QeN=(27x0.006x16x220)x1= _133W/path

Summation 1010W/path
ii. External heating
Nuclear heating qeV=10x7(10.595%3.002%)x0.006=  20W/path
Joule heating 668/4= 167W/path
Summation ‘ 187W/path
1ii. Total removal heating 1197W/path— 1300W/path

The total heat leak from the thermal shield of the cryostat lower cover is
4x1125+4x1010=8.6kW.

(b) Necessary flow rate of coolant
Outer block
i. Mass flow rate of coolant
Mass flow rate G=Q/Ah=1300/52.2=24 9¢g/s
Mean velocity in tube
u=(G/p)y/A
=(24.9x107/9.105)/(0.0222*n/4)=4.44m/s
Reynolds number ~ Re =udp/n
=4.44><O.0222><9.105/(9.372><10'6)=1.208><105
ii. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re’¥=0.3164/(1.208x10%)°%=0.0170
Pressure loss AP, =\/dx(pu’/2)
=0.0170/0.028x(9.105x4.44%/2)=5.45x 10°MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K130ox(pu2/2)
=1.015%(9.105x4.44%/2)=9.11x10°MPa
vi. Pressure loss at a 90° bending tube, AP;
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Pressure loss AP3=Kggsx(pu*/2)
=1.301x(9.105x4.44%/2)=1.17x10*MPa
v. Evaluation
Total pressure loss ~ AP=LxAP|+N;xAP;+N;xAP;
=350%(5.45x107°)+40x(9.11x10)+240x(1.17x10°%)
, =0.051MPa/path
Inner block with CS support assembly
i. Mass flow rate of coolant
Mass flow rate G=Q/Ah=1300/52.2=249g/s
Mean velocity in tube :
u=(G/p)/A
=(24.9x10°/9.105)/(0.028"n/4)=4.44m/s
Reynolds number  Re =udp/n
=4.44x0.028x9.105/(9.372x10)=1.208x10°
ii. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re"*=0.3164/(1.208x10°)**=0.0170
Pressure loss AP, =A/dx(pu’/2)
=0.0170/0.028x(9.105x4.44%/2)=5.45x 10 MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K,30=x(pu2/2)
=1.015x(9.105x4.44%/2)=9.11x10°MPa
vi. Pressure loss at a 90° bending tube, AP;
Pressure loss AP;=Koo-x(pu*/2)
=1.301x(9.105x4.44*/2)=1.17x10"*MPa
v. Evaluation
Total pressure loss ~ AP=LxAP+N;xAP,+N;xAP;
=250x(5.45x107)+29x(9.11x107)+174x(1.17x 107
=0.037MPa/path

As shown above, the total pressure loss of the unit heat transfer path at the
lower cover is lower than the target, 0.1MPa.
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3) Configurat
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3.5.4 Upper port thermal shield
a. Design concept

1. Basically, the concept is the same as the cryostat cylinder thermal shield.

ii. The heat transfer tube to be applied is 34mm in outer diameter and 3mm in
thickness.

1. The MLI blanket should be applied for the insulation. As the ports will be heated
up to 473K at baking of the vacuum vessel, the MLI blanket applied to the ports
should be heat-proof of up to 573K (300°C).

iv. Both sides of the shield plate should be required silver-coating by deposmon or
plating to reduce their emissivity.

v. Zigzag arrangement should be applied to the heat transfer tube on the shield
plates.

The ports will be heated up to 473K at baking of the vacuum vessel. In this
design, the insulation applied to the ports is assumed to be a combination of two kind
of blanket. The inner blanket consists of multistory embossed-films made of
polyimide which are widely used for baking of vacuum components. The outer
blanket is the so-called MLI blanket consisting of crinkled polyimide films, dimpled
polyimide films or plane polyimide films with silk-net spacers. All of the polyimide
films are aluminum-deposited on both sides.

Polyimide is a highly heat-proof polymer. The heat resisting temperature of this
material 1s about 670K. Some of the ports are assumed to be heated up to 573K
during the operation. The insulation made of polyimide is applicable to the ports
because of above mentioned characteristics.

b. Configuration
Figure 3-18 shows the configuration of the thermal shield and arrangement of the heat
transfer tube.

c. Heat leak
Heat leak of the thermal shield is estimated for the typical one with dimension of 1.59
by 1.96 meters, which is corresponding to the shield plate at the bellows cover assembly.
As shown in Figure 3-18, the number of the shield plate and the support made of
titanium alloy is 28 and 64, respectively for a port.

(a) Heat leak from the support
= AT 473-80

g=A4- ZT—(OOSXOOOS) x 7.16 x =55W
5.5x64= 352W/port
(b) Heat leak through the insulation
T¢-T' 473* - 80*
=q, —————= 15X~ =93W / m’
R TR 1Y

A=1.59x1.96=3.2m*
9.3x28x32=  834W/port
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(c) Heat leak from the non-insulated portion

T4 ___T4 14 _ond
g= ol _5678x10° k= 30 _ o3/ m?
1 +% -1 Vst Y51
Ve, " /s, 00257 /05

A=64x(0.175x0.25)+28x[1-(1-0.014%)]x3.2=5.308m’
69.3x5.308=  368W/port
(d) Summation of heat leak
352+834+368=1554W/port
The total heat leak from the thermal shield of the upper ports is
20x1554=31.2kW.

d. Structural integrity

(a) Integrity of the support made of Ti-6Al-4V (1.59mx1.96m=3.2m?
Dead weight of typical thermal shield
Shield plate (3.2m*xt3mm) 750N
Ring plate (0.25x2.12mxt]1 Smm+stiffner) 740N
MLI blanket (4.2m?xt12umx50-layer) 30N
ns X X
Total 1680N—>x1.2—2100N

i. Stress due to dead weight
Applied force V=2100/2=1050N
Bending moment M=VL=1050x130=136500Nmm
Modulus of section ~ Zy=5x50%/6=2083mm’

Bending stress c,=M/Z=136500/2083=66MPa
Allowable limit 1.5kSm=1.5x1x298=447MPa
i1. Stress due to seismic force [Horizontal/0.2G, Vertical/-1.2G]

Applied force H=0.2x2100/2=210N [Horizontal]
V=(1+0.2)x2100/2=1260N [Vertical]

Bending moment Myp=HL=210x130=27300Nmm [Horizontal]
My=VL=1260x130=163800Nmm [Vertical]

Modulus of section  Zxz=50x5%6=208mm’ [Horizontal]
Zy=5x50%6=2083mm’ [Vertical]

Bending stress O 5= My/Z5=27300/208=132MPa[Horizontal]
o v= My/Zy=163800/2083=79MPa [Vertical]

Allowable limit 1.5kSm=1.5x1.2x298=536MPa

iii. Stress due to thermal shrinkage [473K—80K, type304SS]
Thermal shrinkage  §;=(1590/2)x0.0062=5.0mm [fong side direction]
Thermal shrinkage  8,=(1960/2)x0.0062=6.1mm [short side direction]

[thermal strain under 473K—>80K cooling 1s -0.0062]
Constraint disp. A8=3,=5.0mm
Bending stress 6,=3EhAS/(2L2)
=3x118000x5x5.0/(2x130%)=262MPa

Allowable limit 3Sm=3x298=894MPa

iv. Stress due to combined loading
Load combination  thermal shrinkage +(dead weight + seismic force)
Evaluated stress 262+132=394MPa
Allowable stress 3Sm=3x298=894MPa
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(b) Natural period of the thermal shield
i. Natural period of in-plane mode

Mass M=F/g=2100/9.8=215kg
Stiffness K=2x(3EIL?)
=2x[3x(1.18x10")x(0.005°x0.05/12)]/0.13°
» =167843N/m
Natural period =2m(M/K)"?=2(215/167843)"?=0.23s

ii. Natural period of out-of-plane mode
Corrected density ~ p=7900x(750+30+160)/750=9910kg/m’
Flexural rigidity D=Eh*/12(1-V?)
=2x10"%0.003*/12/(1-0.3%

=495N/m
Factor k=9.631
Equivalent side length
a=+Jaxb =+159x196 =177m
Natural period p_2m [phat 2w \/9910 x0003x177° _ o
k D 9.631 495
(c) Integrity and deflection of the ring plate
i. Stress and deflection due to dead weight
Bending moment M=FL/12=2100x1590/12=278250Nmm
Modulus of section  Zy=132005mm’
Bending stress 0p,=M/Zy=278250/132005=2.2MPa
Allowable limit 1.5kSm=1.5x1x138=207MPa
Deflection 8=FL*/(384Ely)
=2100x1590°/[384x200000x6445468]=0.1mm
ii. Stress and deflection due to seismic force
(i) Horizontal direction, 0.2G
Bending stress op=(0.2FL/12)/Zy
=(0.2x2100x1590/12)/156362=0.4MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection 8=0.2FL*/(384EIyn) Ly =MIN(Ix, Iy)

=0.2x2100x1590%/(384x200000x6415468)=0.1mm
(ii) Vertical direction, 1.2G

Bending stress o,=(1.2FL/12)/Zy

=(1.2x2100x1590/12)/132005=2.6MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection 8=1.2FL*/(384EL)

=1.2x2100x1590%/(384x200000x6415468)=0.1mm

e. Heat transfer and pressure loss
Performance of heat transfer and pressure loss is evaluated. The heat transfer tube
made of type 304 stainless steel is 34mm in outer diameter and 3mm in thickness.
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(a) Heat removal of unit tube-path

i. Heat leak
through the MLI blanket 834W/path
from the support 352W/path
from non-insulated portion 368W/path
Summation 1554W/path

ii. External heating
Nuclear heating qeV=21x[(24000x0.3)x1x10*]= 16W/path

Joule heating 6W/path
Summation 19W/path
iii. Total removal heating 1573W/path—> 1700W/path

(b) Necessary flow rate of coolant
i. Mass flow rate of coolant
Mass flow rate G=Q/Ah=1700/52.2=32.6g/s
Mean velocity in tube
u=(G/p)/A
=(32.6x107/9.105)/(0.028"n/4)=5.82m/s
Reynolds number ~ Re =udp/n
=5.82x0.028x9.105/(9.372x10°%)=1.582x10°
il. Pressure loss due to friction in unit tube length, AP,
Friction factor 2=0.3164/Re**=0.3164/(1.582x10°)*#=0.0159
Pressure loss AP 1=k/dx(pu2/2)
=0.0159/0.028x(9.105x5.82%/2)=8.76x10°MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP,=K jggox(pu’/2)
=1.015%(9.105x5.82%/2)=1.57x10"*MPa
vi. Pressure loss at a 90° bending tube, AP,
Pressure loss AP3=K90ux(pu2/2)
=1.301x(9.105x5.82%/2)=2.01x10"MPa
v. Evaluation
Total pressure loss ~ AP=LxAP,+N,xAP,+N3;xAP;
=200x(8.76x107°)+28x(1.57x10*)+168x(2.01x10™)
=(0.056MPa/path
As shown above, the total pressure loss of the unit heat transfer path at the
upper port is lower than the target, 0. IMPa.
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3.5.5 Equatorial port thermal shield
a. Design concept
1. Basically, the concept is the same as the upper port thermal shield.
ii. The heat transfer tube to be applied is 27.2mm in outer diameter and 2.5mm in
thickness.

b. Configuration
Figure 3-19 shows the configuration of the thermal shield and arrangement of the heat

transfer tube.

c. Heat leak
Heat leak of the thermal shield is estimated for the typical one with dimension of 2.53
by 2.27 meters, which is corresponding to the shield plate at the bellows cover assembly.
As shown in Figure 3-19, the number of the shield plate and the support made of
titanium alloy is 12 and 36, respectively.

(a) Heat leak from the support
= AT 473-80

q-:A~A—L—=(0.05x0.005)x7.16x =55W
5.5x36= 198W/port
(b) Heat leak through the insulation
T'-T' 473* - 80" )
=q, ———=15x———=93W/m"
LR 273" — 80°

A=2.53x2.27=3.4m*
93x12x3.4=  380W/port

(c) Heat leak from the non-insulated portion

T * - T * 3* - N 2
qg= O-'_I'Th—"T_,c_' =5678x107° x V,47J 80 =693W/m"
et el ;0025% 70571

A=36x(0.175x0.25)+12x[1-(1-0.014)*]x3.4=2.710m’
69.3x2.710=  188W/port
(d) Summation of heat leak
198+380+188= 766W/port
The total heat leak from the thermal shield of the equatorial ports is
20x766=15.4kW.

d. Structural integrity
(a) Integrity of the support made of Ti-6Al-4V
Dead weight of typical thermal shield  (2.53mx2.27m=5.8m?)

Shield plate (5.8m’xt3mm) 1350N
Ring plate (0.25x2.53mxt1Smm-+stiffner) 890N
MLI blanket (4.2m’xt12umx50-layer) 50N
I D27.2mmx x12m 2
Total 2570N—>x1.2—>3090N

i. Stress due to dead weight
Applied force V=3090/2=1545N
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Bending moment M=VL=1545x130=200850Nmm
Modulus of section  Zy=5x50%/6=2083mm’

Bending stress c,=M/Z=200850/2083=97MPa
Allowable limit 1.5kSm=1.5x1x298=447MPa
ii. Stress due to seismic force [Horizontal/0.2G, Vertical/-1.2G]
Applied forceH=0.2x3090/2=310N [Horizontal]
’ V=(1+0.2)x3090/2=1854N [Vertical]
Bending moment Myu=HL=310x130=40300Nmm [Horizontal]
My=VL=1854x130=241020Nmm [Vertical]
Modulus of section  Zg=50x5%/6=208mm’ [Horizontal]
Zy=5x50%/6=2083mm’ [Vertical]
Bending stress Oy = Mu/Zy=40300/208=194MPa[Horizontal]
Obv= My/Zy=241020/2083=116MPa [Vertical]
Allowable limit 1.5kSm=1.5x1.2x298=536MPa

iii. Stress due to thermal shrinkage [473K—80K, type304SS]
Thermal shrinkage  8;=(2530/2)x0.0062=7.9mm [long side direction]
Thermal shrinkage  8,=(2270/2)x0.0062=7.1mm [short side direction]
Constraint disp. Ad=8,=7.9mm

Bending stress o,=3EhAS/(2L%)
=3x118000x5x7.9/(2x130%)=414MPa
Allowable limit 3Sm=3x298=894MPa

iv. Stress due to combined loading
Load combination  thermal shrinkage +(dead weight + seismic force)
Evaluated stress 414+194=608MPa
Allowable stress 3Sm=3x298=894MPa

(b) Natural period of the thermal shield

i. Natural period of in-plane mode

Mass M=F/g=3090/9.8=316kg

Stiffness K=2x(3EI/L’)
=2x[3x(1.18x10')x(0.005°x0.05/12)]/0.13
=167843N/m

Natural period T=2n(M/K)"*=2n(316/167843)"?=0.28s

ii. Natural period of out-of-plane mode
Corrected density ~ p=7900x(1260+50+280)/1260=9970kg/m’
Flexural rigidity D=Eh*/12(1-v?)
=2x10"1x0.003%/12/(1-0.3%)
=495N/m
Factor k=9.631
Equivalent side length

G=+axb=+253x227 =240m

Natural period r 2 pha' _ 2z ‘[9970 x0003x240° _ oo
k D 9.631 495
(c) Integrity and deflection of the ring plate
i. Stress and deflection due to dead weight
Bending moment M=FL/12=3090x2530/12=651475Nmm

Modulus of section Z\,=132005mm3
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Bending stress op=M/Zy=651475/132005=5.0MPa
Allowable limit 1.5kSm=1.5x1x138=207MPa
Deflection 8=FL*/(384Ely)

=3090x25303/[384><200000><6445468]=0.2mm
i1. Stress and deflection due to seismic force
(1) Horizontal direction, 0.2G

Bending stress 0,=(0.2FL/12)/Zy
=(0.2x3090x2530/12)/156362=0.9MPa

Allowable limit 1.5kSm=1.5x1.2x138=248MPa

Deflection 8=0.2FL*/(384EIym) Iy =MIN(Iy, Iy)

=0.2x3090x2530/(384x200000x6415468)=0.1mm
(i) Vertical direction, 1.2G

Bending stress o,=(1.2FL/12)/Zy

=(1.2x3090x2530/12)/132005=6.0MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection 8=1.2FL*/(384ElLy)

=1.2x3090x2530°/(384x200000x6415468)=0.2mm
¢. Heat transfer and pressure loss
The performance of heat transfer and pressure loss is evaluated. The heat transfer tube

made of type 304 stainless steel is 27.2mm in outer diameter and 2.5mm in thickness.

(a) Heat removal of unit tube-path

1. Heat leak
through the MLI blanket 380W/path
from the support 198W/path
from non-insulated portion 188W/path
Summation 766W/path

ii. External heating
Nuclear heating qeV=6x[(58000x0.3)x1x107]=  123W/path

Joule heating 86W/path
Summation 209W/path
iii. Total removal heating 975W/path—>  1100W/path

000; Factor of two is multiplied by the analytical result conducted in
FY’96 because of volumetric correction for the shield plate.

(b) Necessary flow rate of coolant
1. Mass flow rate of coolant
Mass flow rate G=Q/Ah=1100/52.2=21.1g/s
Mean velocity in tube
u=(G/p)/A
=(21.1x107/9.105)/(0.0222*1/4)=5.99m/s
Reynolds number  Re =udp/n
=5.99%0.0222x9.105/(9.372x10°=1.292x10
ii. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re**=0.3164/(1.292x10°)*#=0.0167
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Pressure loss AP,=A/dx(pu®/2)
=0.0167/0.0222x(9.105x5.99%/2)=1.29x10*MPa/m
iil. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K130ox(pu2/2)
=1.015x(9.105%5.99%/2)=1.67x10“MPaa
vi. Pressure loss at a 90° bending tube, AP;
Pressure loss AP3=Kggex(pu’/2)
1.301x(9.105x5.99%/2)=2.13x10"*MPa
v. Evaluation
Total pressure loss ~ AP=LxAP;+N,xAP,+N;xAP;
=120x(1.29x107)+12x(1.67x107*)+84x(2.13x 10
=(0.036MPa/path
As shown above, the total pressure loss of the unit heat transfer path at the
equatorial port is lower than the target, 0.1MPa.
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3.5.6 Divertor port thermal shield
a. Design concept
1. Basically, the concept is the same as the upper port thermal shield.
ii. The heat transfer tube to be applied is 27.2mm in outer diameter and 2.5mm in
thickness.
iil. As pressure loss per unit port is relatively small, two ports can be cooled down by
a unit tube-path.

b. Configuration
Figure 3-20 shows the configuration of the thermal shield and arrangement of the heat
transfer tube.

c. Heat leak
Heat leak of the thermal shield is estimated for the typical one that dimension is 2.53
by 1.15 meters which is corresponding to the shield plate at the bellows cover assembly.
As shown in Figure 3-20, number of the shield plate and the support made of titanium
alloy 1s 6 and 24, respectively.

(a) Heat leak from the support
= AT 473-80

g=A-2 — =(005x%x0.005) x7.16 x 55w
L 0.13
5.5x24= 132W/port
(b) Heat leak through the insulation
T -T" 473* - 80* )
=q,—————=15x ————=93W/m"
I I Y e Ty
A=2.53x1.15=3.0m’
9.3x6x3.0= 168W/port
(c) Heat leak from the non-insulated portion
T, 4 T 4 4 _ont
g=0——1———=5678x107% x 473 89 = 69.3W | m*
1 + -1 L -+ 1 -—1
/e, /e, ;00257 /05

A=36x(0.175x0.25)+12x[1-(1-0.014)*]x3.0=1.551m’
69.3x1.551= 108W/port
(d) Summation of heat leak
132+168+108= 408W/port
Total heat leak from the thermal shield of the divertor ports is
20x408=8.2kW.

d. Structural integrity
The stresses that appear in each part of the divertor port’s thermal shield will be
lower than those in the equatorial port’s. Therefore, stress-evaluation for this thermal
shield is omitted.

¢. Heat transfer and pressure loss
The performance of heat transfer and pressure loss is evaluated. The heat transfer tube
made of type 304 stainless steel is 27.2mm in outer diameter and 2.5mm in thickness.
(a) Heat removal of unit tube-path
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1. Heat leak
through the MLI blanket 168W
from the support 132W
from non-insulated portion 108W
Summation 408W

i1. External heating
Nuclear heating qeV=6x[(30000x0.3)x1x10>]=  54W

Joule heating 100W
Summation 154W
iii. Total removal heating of unit port 562W

iv. Total removal heating for series cooling

A series cooling path for two divertor ports should be removed
2x562=1124W/path. Considering heat leak through the transfer piping
between the adjacent ports, a somewhat large margin should be taken into
account. Therefore, the total heat removal of the series cooling is set up to
1400W/path. '
030 ; Factor of two is multiplied by the analytical result conducted in

FY’96 because of volumetric correction for the shield plate.

(b) Necessary flow rate of coolant
1. Mass flow rate of coolant
Mass flow rate G=Q/Ah=1400/52.2=26.9g/s
Mean velocity in tube
u=(G/p)/A
=(26.9x107/9.105)/(0.0222°1/4)=7.64m/s
Reynolds number  Re =udp/n
=7.64x0.0222x9.105/(9.372x10°)=1.648x10’
il. Pressure loss due to friction in unit tube length, AP,
Friction factor 2=0.3164/Re"%=0.3164/(1.648x10%)**=0.0157
Pressure loss AP;=A/dx(pu’/2)
=0.0157/0.0222x(9.105x7.64%/2)=1.88x10™*MPa/m
iti. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K180=><(pu2/2)
=1.015x(9.105x7.64*/2)=2.70x10*MPa
vi. Pressure loss at a 90° bending tube, AP;
Pressure loss APy=Kogex(pu?/2)
1.301x(9.105x7.64%/2)=3.46x10*MPa
v. Evaluation
Total pressure loss ~ AP=2[LxAP|+N;xAP,+N;xAPs]
=2[60x(1.88x107)+6x(2.70x107*)+36x(3.46x107)]
=(0.051MPa/path
As shown above, the total pressure loss of the unit heat transfer path to
cooled down adjacent two divertor ports is lower than the target, 0. 1MPa.
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3.5.7 Gravity support thermal shield
a. Design concept

i. Basically, the concept is the same as the cryostat cylinder thermal shield.

ii. The shield plates should be subdivided not to the absorb deflectional behavior of
the gravity support itself.

iii. The shield plates should be also covered the ring pedestal.

iv. The heat transfer tube to be applied is 27.2mm in outer diameter and 2.5mm in
thickness.

v. As pressure loss per a unit gravity support is relatively small, two supports can be
cooled down by a unit tube-path.

b. Configuration
Figure 3-21 shows the configuration of the thermal shield and arrangement of the heat
transfer tube.

c. Heat leak
As shown in Figure 3-21, number of the shield plate and the support made of titanium
alloy is 16 and 36, respectively . The total surface area of the gravity support is 32m”.

(a) Heat leak from the support

g=4 I%Z =(0.05x 0.005) x 5.63 x 30080 _ 5 4
2.4x36= 87TW
(b) Heat leak through the insulation
q=1.5w/m’
1.5x32= 48W
(c) Heat leak from the non-insulated portion
4 _ 4 4 4
g= G—I—,T"I—Y;:S.678x10‘3 (300 Z80  _yiewsm?
et e Tl “0025% /057!

A=36x(0.175x0.25)+[1-(1-0.014)*]x32=2.465m’
11.6x2.465=  29W
(d) Summation of heat leak
87+48+29= 164W
Total heat leak from the thermal shield of the gravity supports is
20x164=3.3kW.

d. Structural integrity
(a) Integrity of the support made of Ti-6Al1-4V
Dead weight of typical thermal shield (1.71mx1.98m=3 4Am?)

Shield plate (3.4m’xt3mm) 800N
Ring plate (0.25x1.71mxt15mm+stiffner) 600N
MLI blanket (3.4m?xt12pmx50-layer) 30N
Heat transfer tube (OD27.2mmxt2.Smmx10m) 160N
Total 1590N—>x1.2—>2000N

1018 .686,

_ /798
le
1704
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1. Stress due to dead weight
Applied force V=2000/2=1000N
Bending moment M=VL=1000x130=130000Nmm
Modulus of section  Zy=5x50%/6=2083mm’

Bending stress 6p,=M/Z=130000/2083=63MPa
Allowable limit 1.5kSm=1.5x1x298=447MPa
i1. Stress due to seismic force [Horizontal/0.2G, Vertical/-1.2G]

Applied force H=0.2x2000/2=200N [Horizontal]
V=(1+0.2)x2000/2=1200N [Vertical]

Bending moment My=HL=200x130=26000Nmm [Horizontal]
My=VL=1200x130=156000Nmm [Vertical]

Modulus of section  Zg=50x5%6=208mm’ [Horizontal]
Zy=5x50%/6=2083mm’ [Vertical]

Bending stress Ob 5= My/Zg=26000/208=125MPa[Horizontal]
Ob,v= My/Zy=156000/2083=75MPa [Vertical]

Allowable limit 1.5kSm=1.5x1.2x298=536MPa
ii1. Stress due to thermal shrinkage [300K—80K, type304SS]

Thermal shrinkage  8,=(1710/2)x0.0029=2.5mm [long side direction]
Thermal shrinkage  6,=(1175/2)x0.0029=1.8mm [short side direction]

Constraint disp. A®=8,=2.5mm

Bending stress o,=3EhAS/(2LY)
=3x118000x5x2.5/(2x130%)=131MPa

Allowable limit 3Sm=3x298=894MPa

1v. Stress due to combined loading

Load combination  thermal shrinkage +(dead weight + seismic force)

Evaluated stress 131+125=256MPa
Allowable stress 3Sm=3x298=894MPa
(b) Natural period of the thermal shield
1. Natural period of in-plane mode

Mass M=F/g=1000/9.8=102kg

Stiffness K=2x(3EVL%
=2x[3x(1.18x10')x(0.005°x0.05/12)]/0.13°
=167843N/m

Natural period T=2n(M/K)"*=21(102/167843)?=0.16s

i1. Natural period of out-of-plane mode
Corrected density p=7900><(800+30+160)/800=9777kg/m3
Flexural rigidity D=Eh’/12(1-v%)
=2x10'x0.003%/12/(1-0.3%)
=495N/m
Factor k=9.631
Equivalent side length

a=+axb=+171x198 =184m

Natural period T

kY D 9631 495

27 [pha _ 2z \/9.777x0.003x1.844
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(c) Integrity and deflection of the ring plate

i. Stress and deflection due to dead weight
Bending moment M=FL/12=1000x1710/12=142500Nmm
Modulus of section  Zy=132005mm’

Bending stress op=M/Zy=142500/132005=1.1MPa
Allowable limit 1.5kSm=1.5x1x138=207MPa
Deflection 8=FL’/(384ElLy)

=1OOOx17103/[384x200000x6445468]=0. Imm
ii. Stress and deflection due to seismic force
(i) Horizontal direction, 0.2G

Bending stress cy,=(0.2FL/12)/Z5
=(0.2x1000x1710/12)/156362=0.2MPa

Allowable limit 1.5kSm=1.5x1.2x138=248MPa

Deflection 6=0.2FL*/(384Elym) Liw =MIN(y, Iy)

=0.2x1000x1710%/(384x200000x6415468)=0.1mm
(ii) Vertical direction, 1.2G

Bending stress o,=(1.2FL/12)/Zy

=(1.2x1000x1710/12)/132005=1.3MPa
Allowable limit 1.5kSm=1.5x1.2x138=248MPa
Deflection §=1.2FL’/(384EL)

=1.2x1000x1710%/(384x200000x6415468)=0.1mm

e. Heat transfer and pressure loss

Performance of heat transfer and pressure loss are evaluated. The heat transfer tube
made of type 304 stainless steel is 27.2mm in outer diameter and 2.5mm in thickness.

A tube-path cools down two gravity support’s thermal shields in series.
(a) Heat removal of unit tube-path

i. Heat leak
through the MLI blanket 48W
from the support 87TW
from non-insulated portion 20W
Summation 164W
ii. External heating
Nuclear heating qeV=(320000x0.3)x1x10”= 1w
Joule heating ISW
Summation 36W
iii. Total removal heating of unit port 200W

iv. Total removal heating for series cooling

A series cooling path for two gravity supports will be removed
2x200=400W/path. The total heat removal of the series cooling is set up to

500W/path in this design.
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(b) Necessary flow rate of coolant
i. Mass flow rate of coolant
Mass flow rate G=0Q/Ah=500/52.2=9.6g/s
Mean velocity in tube
u=(G/p)/A
=(9.6x107/9.105)/(0.0222%7/4)=2.73m/s
Reynolds number ~ Re =udp/n
=2.73x0.0222x9.105/(9.372x10)=5.888x10*
1i. Pressure loss due to friction in unit tube length, AP,
Friction factor A=0.3164/Re*>=0.3164/(5.888x10%)°%=0.0203
Pressure loss AP1=de(pu2/2)
=0.0203/0.0222x(9.105x2.73%/2)=3.11x10>MPa/m
iii. Pressure loss at a 180° bending tube, AP,
Pressure loss AP2=K180ax(pu2/2)
=1.015%(9.105x2.73%/2)=3.45x10°MPa
vi. Pressure loss at a 90° bending tube, AP;
Pressure loss AP3=K90»x(pu2/2)
=1.301x(9.105%2.73%2)=4.42x10°MPa
v. Evaluation
Total pressure loss ~ AP=2[LxAP;+N,xAP,+N;xAP;]
=2[190x(3.11x10°)+32x(3.45x107)+198x(4.42x107)]
=0.032MPa/path
As shown above, the total pressure loss of a unit heat transfer path to
cooled down adjacent two gravity supports is lower than the target, 0.1MPa.
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3.6 Summary of detailed design

In this section, design outputs of structural integrity, heat leak and specifications of heat
transfer tube for each of the thermal shields are summarized. Also, heat leak radiated to the
cold magnet is evaluated.

(1) Structural integrity
Stresses that appear in the support made of titanium alloy is tabulated in Table 3-9.
As shown in the table, structural integrity can be confirmed.

Table 3-9 Stress evaluation results for the support
(unit of stress; MPa)
bt loading combation |y DW+SL | DW+SL+TS | Judgment
ortion
Cylindrical 175 350 785 p
shell (447) (536) (894) £00
Upper 8 250 470
Cryostat cover (298) (536) (894) good
Lower 8 250 470 ood
cover (298) (536) (894) g
Upper 66 132 394 o0od
port (447) (536) (894) g
Equatorial 97 194 608
Ports port (447) (536) (894) good
. 97 194 608
Divertor port (447) (536) (894) good
Gravity 63 125 236 od
support (447) (336) (894) g
[NOTES]

1. “DW” means dead weight.

2. “SL” means seismic force, e.g. 0.2G.

3. “TS” means thermal shrinkage of the shield plate.

4. Number in the parentheses means the allowable stress limit prescribed in ASME
B&PV Code Sec. VIII, Division-2.

(2) Heat leak to the thermal shield
Table 3-10 shows a summary of heat leak transmitted from the warm surface of the
cryostat, the ports and the gravity supports to their thermal shields. The results evaluated
can be confirmed to be lower than the limitations.
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Table 3-10 Heat leak to the thermal shield
Item Heat leak Limitation Judgment
Portion (kW) (kW)
Cylindrical shell 11.6
Cryostat Upper cover 7.7 - -
Lower cover 8.6
Subtotal A 2719
Upper ports 31.2
Ports Equatorial ports 15.4 - -
Divertor ports
Subtotal B
Gravity supports C
Total A+B+C

(3) Specifications of heat transfer tube
The size of the heat transfer tube, the number of the tube-path and the pressure loss
are tabulated in Table 3-11. The pressure loss of the heat transfer tube on the shield
plates is approximately 50kPa, that corresponds to half of the target for the overall
pressure loss.

Table 3-11 Specifications of heat transfer tube
Item | Tube size | Number of | Pressure
ODxTHK | tube-path loss
Portion (mm) (---) (kPa)
Cylindrical shell 34.0x3.0 20 53
Upper Outer block 27.2x2.5 10 44
Cryostat cover | Innmerblock | 27.2x2.5 2 24
Lower Outer block 34.0x3.0 4 51
cover | Inner block-"- | 34.0x3.0 4 37
Upper ports 34.0x3.0 20 56
Ports Equatorial ports 27.2x2.5 20 36
Divertor ports 27.2x2.5 10 51
Gravity supports S 27.2x2.5 10 32

T 00 The central coil support assembly is also included here.

(4) Heat leak to the cold magnet

Heat leak due to thermal radiation to t

following equation.

Q:O-'Ac

o))

he cold magnet can be evaluated by using the
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Q; total heat leak (W)
o; Stefen - Boltzmann constant =5.67x10*Wm%K*
T, ; warm surface temperature  (K)

T,.; cold surface temperature =4.5K

g, emissivity at warm surface  =0.05  (Al-deposited surface of the MLI)
€., emissivity at cold surface =1.0  (“black body” is assumed)

Ayp; warm surface area =10000m*

A,; cold surface area =8020m*

The warm surface temperature, T,, can be obtained from the temperature
distribution analyses. According to the results, the highest temperature on the shield
plate is as follows:

i. thermal shield equipped with the MLI blanket; Tw=86.7K
ii. thermal shield equipped with the reflecting plates;  Tyrp=96.1K

Both of the temperature are the results under the condition that the inlet
temperature of gaseous helium is 80K. However, some temperature rise of the coolant
due to the heat exchange should be considered. In this design, bulk-temperature rise,
AT, was assumed to be 10K as shown in 3.5.1-e-(b). The equivalent temperature of
the warm surface can be estimated by weighting the surface area for each kind of the
shield plate. The portion to be applied to the reflecting plates is limited in the
vicinity of the NBI ducts on the cylindrical shell. Therefore, the number of the shield
plate equipped with the reflecting plates is approximately thirty, e.g. five rows by six
columns. The total surface area of the thermal shield equipped with the reflecting
plates, Ayrr, 15 estimated as 30x(5.7x1.5)z260m2.

Therefore, the equivalent temperature of the warm surface, T, 1s

Ti= [(Tavret AT AvreH(Tvm HAT)(An-Anre) ]/ An
= [(96.1+10)x260+(86.7+10)x(A4-260) /Ay
=97K.
Finally, heat leak due to thermal radiation is obtained as

97* —45*

Mo+ (%.05 -1). (802%000)

The result above satisfies the target of the heat leak to the cold magnets, 2500W.

0 =567x107° x 8020 x = 2480
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4. Cooling system design description

This chapter describes the fundamental design output of the gaseous helium transfer
system arranged between three pairs of the valve boxes. In this task, the sizing estimation
for each of the control valves and the overall pressure loss assessment are performed. For
the pressure loss assessment, the arrangements of the transfer piping are designed
considering the location of the valve boxes and structural integrity of the piping itself.
Also, an engineering flow sheet of the cooling system are drawn up.

4.1 Sizing of control valve

The 80K-gaseous helium coolant supplied from the cryoplant is distributed and
transferred to each of the heat transfer tube set up on the shield plates. According to the
JCT’s planning, there are three pairs of the valve boxes for the cryostat thermal shields.
Each of the valve boxes consist of the inlet valve box and the outlet valve box. The inlet
valve box is an adiabatic vacuum vessel contained the control valves and a manifold to
split the coolant. The outlet valve boxes is also an adiabatic vacuum vessel with no control
valves. The later contains only a manifold to join the heat-exchanged coolant.

The opening of each control valve should be controlled by the feed-back signal from the
flow element to keep the required mass flow rate.

(1) Sizing method
The control valve should be selected to fit the following Cv value. The formula is
quoted from the selecting data for the products of TOKO VALEX Co., Ltd..

Cy=2 P.T
313\ AP(P + P,)

where,
Cv; Cv value ()
O: volumetric flow rate of the gas under the normal state~"~(m’/h)
p.. density of the gas under the normal state™ "~ (kg/m3)
T, absolute temperature of the gas K)
AP; pressure drop (=P - P2) (kPa)
P/; inlet pressure (kPa)
P,; outlet pressure (kPa)

: The normal state means 273.15K with 101.325kPa.

(2) Sizing results
a. Characteristic of the gaseous helium
T=80K
0,=0.17625kg/m’
b. Pressure drop

The overall pressure loss should be lower than the target of the limitation, i..
100kPa. . The pressure loss at the heat transfer tube on the shield plates is evaluated
approximately 50kPa shown in the previous chapter.

Considering the pressure loss at the transfer piping and some contingencies, the
pressure drop due to the control valve, AP , should be limited within 10kPa. As the
inlet pressure is specified as P,=1800kPa, the outlet pressure is easily obtained as
P=P,;-AP=1800-10=1790kPa.



JAERI-Tech 99-027

The volumetric flow rate of the gaseous helium under the standard state can be
obtained as Q=F/p,. Here, the symbol, F, means the required mass flow rate.
c. Required mass flow rate
The required mass flow rate of the gaseous helium coolant that classified into
each of the valve boxes are as follows:
i. Lower cryostat valve box

lower cover,  inner block 24.9(g/s)x4(paths)= 100(g/s)
lower cover,  outer block 24 .9(g/s)x4(paths)= 100(g/s)
gravity supports 9.6(g/s)x10(paths)= 96(g/s)

divertor ports 26.9(g/s)x10(paths)= 270(g/s)
equatorial ports 26.9(g/s)x10(paths)= 424(g/s)

subtotal 990(g/s)

ii. Cryostat cylinder valve box

cryostat cylinder 28.7(g/s)x20(paths)= 576(g/s)
subtotal 576(g/s)

iil. Upper cryostat valve box
upper cover,  inner block 15.4(g/s)x10(paths)= 154(g/s)

upper cover,  outer block 13.4(g/s)x2(paths)= 27(g/s)
upper ports 32.6(g/s)x20(paths)= 652(g/s)
subtotal 833(g/s)
The required mass flow rate of the coolant to be supplied from the cryoplant is
2.4kg/s.

d. Calculated Cv value
The calculated Cv values for each of the control valves are tabulated in Table 4-
1.
e. Designed Cv value
i. Flow rate characteristic
The so-called equal-percentage characteristics as shown in the figure on the right
is considered.
ii. Effective opening range
The effective opening range of the control
valve is set up to be 10%~90%. Namely, the
rated flow can be achieved at the 90% of the
full opening. Considering the equal-percentage
characteristic, the flow rate at the 90% opening
of the total travel is approximately 60% of the
rated flow. Therefore, the designed Cv value
should be multiplied the calculated Cv value by o 100
1.7, i.e. 1/0.6. The designed Cv values for each Flow rate (%)
of the control valves are also tabulated in Table Equal-percentage
4-1.
f. Sizing of the control valve
According to the following design concepts, the control valves are selected using
the designed Cv value.
i. The number of the branch line distributed in the cryostat vessel should be
limited approximately five to ensure the flow distribution.
ii. The size of the control valves should be smaller than 3 to prevent large heat
leakage to the valve box. In addition, smaller control valves are widely used in

>
>

90%

Valve opening (%)_.

Vi 60% \

A

o
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the cryogenic engineering.

Table 4-1 shows the sizing results for each of the control valves.

From the table, twenty-one control valves are required in all. Ten control valve
for the lower cryostat valve box, four control valves for the cryostat cylinder valve
box and seven control valves for the upper cryostat valve box are selected by the
above-mentioned procedure. The outer bore of the control valves are 34.0mm ,
48.6mm or 60.5mm.

The heat leakage from the control valves to the valve boxes are also estimated as
tabulated in Table 4-2. The heat leakage from each control valve is estimated under
the condition that the length of the valve-extension is 500mm or 1000mm and no
thermal anchors are attached to the valve body. The reference data of the heat
leakage are quoted from the general specification of the “T-8800 cryogenic control
valve, TOKO VALEX Co., Ltd.”. As the original data, Qy, are based upon the heat
conduction from 300K to 4K, each of the heat leak data, O, tabulated in Table 4-2
are corrected by the following manner:

~ Asoooo X (300—80)
0, =0 X[ Tngoss X (300-4) |

Where, the symbol, Irh T is a mean thermal conductivity for the temperature

range of T, < T < T,. For type 316-L stainless steel, A, and Ao ATE
calculated to be 12.3W/meK and 10.3W/meK, respectively.
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4.2 Overall pressure loss

The overall pressure loss of the gaseous helium cooling system are assessed considering
the configuration of the transfer piping arranged between both of the valve boxes and the
flow conditions.

(1) Design of the transfer piping
The transfer piping should be designed based upon the following concepts:

1.

1.

1il.

iv.

Vi.

Vil.

Viil.

1X.

x1.

Xil.

The transfer piping outside of the cryostat should be covered by the outer shell, that
is arranged between the cryostat and the valve boxes, to prevent large heat leakage.
The transfer piping inside the cryostat is a single wall piping.

The penetrations for the transfer piping should be set up to the cryostat cylinder.
Three penetrations for the inlet transfer piping and three for the outlet transfer
piping are required.

The transfer piping should be split into each heat transfer tube of the thermal shield.
For good flow distribution, restricting orifices that adjust the pressure loss of each
branch equally should be set up.

The flow distribution elements, i.e. tee-joints for the split and the join should be
arranged between the cryostat wall and the thermal shield.

The transfer piping between the cryostat and the thermal shields should be equipped
with the multi-layer insulation to prevent the radiation heat transmitted from the
warm surface.

To make the in-tube flow stable, the join tee-joints should be located at higher level
than the corresponding split tee-joints in case of the vertically arranged transfer
piping.

The piping should be supported properly to keep integrity and to prevent large
deformation.

To limit heat leakage transmitted from the support structure to the transfer piping,
spacers made of a low conductivity material such as GFRP should be inserted to the
gap between the piping and the structure.

The transfer piping and the support structure should be consistent with thermal
shrinkage of the piping itself.

Bending pipes should be positively applied to reduce number of the welding joints.

Considering the concepts above and the arrangement of the valve boxes, the
configuration of each transfer piping is designed as shown in following figures.

1

1.

111.

Figure 4-1; typical transfer piping arranged between both of the lower cryostat
valve boxes

Figure 4-2, typical transfer piping arranged between both of the cryostat
cylinder valve boxes

Figure 4-3; typical transfer piping arranged between both of the upper cryostat

valve boxes

The bending portions of the transfer piping can mitigate the secondary stress range due
to thermal shrinkage. As described in section 3.4 of this report, the thermal stress range can

3EDS

be evaluated simply as o =C, ST According to the criterion prescribed in ASME

Boiler and Pressure Vessel Code, Section VIII, division 2, the allowable stress limit is 3Sm,
that is the so-called shakedown limit.
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The design stress intensity, Sm, is 138MPa for type 304 L
stainless steel. Because of a simple evaluation procedure,
factor of three or four should be considered as a safety margin.
The thermal shrinkage is estimated as & = ¢, L' for the length, shrinkage

L’. Here, &g is the thermal strain corresponds to 300K—>80K
cooling and is 0.0029 for type 304 stainless steel. —
For example, the vertical portion of the transfer piping for
the cryostat cylinder thermal shields can be assessed as
follows:
B Outer diameter of the piping; D=60.5mm Yy
B Stress intensity of bending pipe; C,=2.30
(t=3.5mm,R=181.5mm)
Modulus of the longitudinal elasticity; E=200000MPa
Accommodation length for the shrinkage; L=4000mm
Length of vertical piping; L’=21000mm

3 x 200000 x 60.5 x (0.0029 x 21000)
Thermal stress range; o= S 40002 =159 MPa
X

The stress range above seems to be too large to keep the integrity of the transfer piping
totally. Therefore, a bending portion is set up to the vertical piping as shown in Figure 4-1.

Figure 4-4 shows the concept of the support structure for the transfer piping. As shown
in the figure, GFRP spacers are inserted to the gaps of the piping and the structure. The
span of the support structure should be set up considering the primary stress due to the own
weight, i.e. gravity force, and the seismic force. According to the following guideline, the
span can be set up.

A pipe with length, /, simply supported at both of the end and subjected to equally
distributed force, f; is considered as a simple model. The allowable span can be assessed as
following manner:

B Maximum bending moment; M=fol*/8
B Maximum bending stress; =B, M/Z
B Modulus of section; Z=n(D,*-D;})/32D,
W Equally distributed force; f=0cpg7t(D02-D,~2)/4
B Acceleration ; o=1 for gravity force,
a=1.2 for gravity plus seismic force
m Allowable stress limit; S<1.5kSm
k=1 for gravity force,
k=1.2 for gravity plus seismic force
M Allowable span; Li<(8ZSIN"*~(2D,Slapg)"”

Where, B, means the stress intensity factor for the primary stress prescribed in the class-
1 piping design criterion of ASME Boiler and Pressure Vessel Code, Section III. The span
of the transfer piping should be shorter than the allowable span. The detailed piping design
including stress evaluation by FEA will be required in future design stage.

(2) Pressure loss estimation for the transfer piping
a. Estimation method
The procedure of the pressure loss estimation for the transfer piping is basically the
same as that of the heat transfer tube described in section 3.5 of this report. The
pressure loss elements to be considered are the friction loss and the shape loss due to
bending pipes, elbows, split tee-joints and join tee-joints. Each of the pressure loss
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coefficients are quoted from “JSME Data Book, Hydraulic Losses in Pipes and
Ducts”.
The procedure to assess the pressure losses of the transfer piping is as follows:
(a) Mean velocity in tube
u=(G/p)/A
(b) Reynolds number
Re = ueD;ep/n
Where, the density of the gaseous helium is p=9. 105kg/m’ and the viscosity is
n=9.372><10'6kg/ms under the condition of 90K with 1.75MPa. Each symbol,
“G”, “A” and “D;”, means the mass flow rate, the sectional area (=nDi2/4) and
the inside diameter, respectively.
(c) Pressure loss estimation for each of the elements
i. Pressure loss due to friction in unit pipe, AP,

Friction factor; 2=0.3164/Re"?
Pressure loss; AP =A\/dx(pu*/2)

ii. Pressure loss at a 90° bending pipe, AP,
Loss factor; Kop==0.95+17.2(R/a)*?°, R=3D,, a=D;/2
Pressure loss; AP2=K90o><(pu2/2)

iii. Pressure loss at a 90° long elbow, AP;
Loss factor; K g=0.95+17. 2(R/a) 1% R=1. SDO, a=D/2
Pressure loss; AP3=Kgx(pu 212)

iv. Pressure loss at a split tee-joint, AP,
Loss factor, Ko refer to the function described in the reference above
Pressure loss; AP4=Kspm><(puz/2)

u” means the upstream velocity.
v. Pressure loss at a join tee-joint, AP
Loss factor Kgin; refer to the function described in the reference above
Pressure loss; APs=Ksinx(pu 212)
“u” means the downstream velocity.
(d) Overall pressure loss estimation
i. Total pressure loss at the transfer piping

Summing up each of the loss elements, the total pressure loss at the transfer
piping, APy, can be obtained as,

AP TPZZ(AP)'):Z(AP j)run pipe+z(APj)branch pipe:

Here, “run pipe” means the main line connect to the valve boxes and “branch
pipe” means the split line connect to each heat transfer tube on the shield plates,
respectively.

ii. Total pressure loss at the heat transfer tube

The total pressure losses at each heat transfer tube, APyrr, are summarized in
Table 3-11.

iii. Total pressure drop at the control valve

The pressure drop due to the control valve, APcy, is assumed 10kPa as
described in section 4.1.

iv. Overall pressure loss of the cooling system

Finally, the overall pressure loss of the gaseous helium cooling system can be
obtained as,

APovcr:_lll =APTP+APHTT +APCV~
b. Results of the estimation
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Table 4-3 shows the results of the overall pressure loss estimation for each transfer
piping. The estimation is based upon the piping configuration shown in Figure 4-1,
4-2, 4-3 and the flow rate condition shown in Table 4-1.

As shown in the Table 4-3, the overall pressure losses can be confirmed to be lower
than 80kPa. The results satisfy the target of the limitation, that is 100kPa, with proper
margin.
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U-shape band ! transfer piping

T-shape beam

(1) single support stud bolt

base plate s
transferpiping/ ~] L

U-shape band

B
GFRP spacer_—1+i
T-shape beam

(2) common support rack

stud bolt

Fig.4-4 Concept ofthe piping support structure
—95—
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Table 4-3 Overall Pressure Loss Estimation of the Cooling System

vaive box lower cryostat valve box cryostat cylinder upper cryostat valve box
outer block of | inner block of gravity equatorial cryostat outer block of inner block of
category portion the lower the lower divertor ports . u the uj
cover cover supports ports cylinder pper pors cm:):“ the upper cover

control valve temporary identification CV1 cv2 CV3,CV4 CVS,CV6 | CV7~CVI0 | CV1I~CV14 | CVIS~CVI8 | CV19. CV20 CcV21

tansfer line’ tube OD (mm) 48.6 48.6 48.6 60.5 48.6 60.5 60.5 48.6 34

run pipe tube thickness (mm) 3 3 3 3.5 3 3.5 3.5 3 3
tube {D(mm) 42.6 42.6 42.6 53.5 42.6 53.5 53.5 42.6 28

{ area (m’) 0.00143 0.00143 0.00143 0.00225 0.00143 0.00225 0.00223 0.00143 0.00062
mass flow (g/s) 100 100 48 135 106 144 163 kil 27
density (kg/m’) 90K. 1.75MPa 9.105 9.105 9.105 9.105 9.105 9.105 9.105 9.105 9.105
velocity (nv's) 7.706 7.706 3.699 6.596 8.168 7.035 7.964 5.933 4.816
Revnolds number 3.189E+05 3.189E+05 1.531E+05 3.428E+03 | 3.380E+05 | 3.657E+05 4.139E+05 2.456E+05 L310E+03
friction factor 0.0133 0.0133 0.0160 0.0131 0.0131 0.0129 0.0125 0.0142 0.0166
press loss (kPam) 0.0845 0.0845 0.0234 0.0484 0.0936 0.0542 0.0673 0.0535 0.0627
pipe length (m) 220 130 200 250 220 210 200 740 130
DP,,. (kPa) 18.587 10.983 4.677 12.101 20.582 11.380 13.463 12.834 8.153
Nierd 14 32 22 12 12 7 7 12 22
pressuer loss coefficient 1.346 1.346 1.346 1353 1346 1.353 1.353 1.346 1.301
DPyoq (kPa) 5.096 11.647 1.845 3.216 4.907 2.135 2.735 2.590 3.022
Nepow 0 ) 0 0 0 0 0 0 0
pressuet toss coefficient 2.492 2.492 2.492 2.519 2.492 2.51% 2519 2.492 2315
DP _pow (KP2) 0 0 0 0 0 0 0 [ 0
Nyt 1 1 1 1 1 1 1 1 1
p loss coefficient 0.06 0.06 0.08 0.16 0.08 0.08 0.08 0.08 0.05
DP,; (kPa) 0.0162 0.0162 0.0050 0.0317 0.0243 0.0180 0.0231 0.0128 0.0053
Nion 4 4 5 5 5 5 5 5 5
(pressuer loss coefficient 1.42 1.42 1.42 2.84 .42 1.42 1.42 1.42 1.42
Q("o) 0.25 0.25 0.2 0.2 0.2 0.2 0.2 0.2 0.5
DP,, (kPa) #1 0.0240 0.0240 0.0035 0.0225 0.0173 0.0128 0.0164 0.0091 0.0375
pressuer loss coefficient 0.24 0.24 0.24 0.48 0.24 0.24 0.24 0.24 0.24
Q(%%) 0.3 0.5 0.4 0.4 0.4 0.4 0.4 0.4 1
DP,, (kPa) #2 0.0162 0.0162 0.0024 0.0152 0.0117 0.0087 0.0111 0.0062 0.0253
essuer loss coefficient 0.2 0.2 0.2 0.4 0.2 0.2 0.2 0.2 0
Q(%a) 0.78 0.75 0.6 0.6 0.6 0.6 0.6 0.6 0
DP,,, (kPa)=3 0.0304 0.0304 0.0045 0.0285 0.0219 0.0162 0.0208 0.0115 0.0000
pressuer loss coefficient 0.18 0.18 0.18 0.36 0.18 0.18 0.18 0.18 0
Q%) 1 1 0.8 0.8 0.8 0.8 0.8 0.8 0
DP,,, (kPa) =4 0.0487 0.0487 0.0072 0.0456 0.0350 0.0260 0.0333 0.0185 0.0000
pressuer loss coefficient 0 0 0.16 0.32 0.16 0.16 0.16 0.16 0
Q°o) 0 0 1 1 1 1 1 1 a
DP,,, (kPa) =3 0.0000 0.0000 0.0100 0.0634 0.0486 0.0361 0.0462 0.0256 0.0000
DP,, (kPa) sub-subtotal 0.119 0.119 0.028 0.175 0.134 0.100 0.128 0.071 0.063
btotal. run pipe (kPa) 23 818 22.766 6.555 15.524 25.648 13.633 16.349 15.507 11.243

transfer line tube OD (mm) 34 34 27.2 27.2 272 34 34 27.2 27.2

branch pipe tube thickness (mm) 3 3 2.5 2.3 2.5 3 3 2.5 2.5
tube [D(mm) 28 28 22.2 22.2 22.2 28 28 22.2 22.2
sectional area (m:) 0.000616 0.000616 0.000387 0.000387 0.000387 0.000616 0.000616 0.000387 0.000387
mass flow (g s) 25 25 9.6 27 21.2 28.8 32.6 154 13.5
veloetty (ms) 4459 4.459 2.724 7.661 6.015 5.137 5.815 4.370 3.831
Revnolds number 1.213E~05 1.213E-05 5.87SE+04 1.652E+05 1.297E+05 1.397E~03 1.582E+05 9.424E-04 8.261E+04
friction factor 0.0170 0.0170 0.0203 0.0157 0.0167 0.0164 0.0159 0.0181 0.0187
press loss (kPa m) 0.0548 0.0548 0.0309 0.1889 0.1237 0.0702 0.0872 0.0707 0.0562
pipe length (m) 2 3 18 10 2 10 3 2 2
DP,,. (kPa) 0.110 0.438 0.557 1.889 0.247 0.702 0.698 0.141 0.112
Nbend 0 s 10 10 4 2 7 0 0
pressuer loss coeflicient 1.301 1.301 1.295 1.295 1.295 1.301 1.301 1.295 1.295
DP, ., (kPa) 0.000 0.589 0.437 3.459 0.853 0.313 1.402 0.000 0.000
Nepow 2 2 8 0 0 3 0 2 2
pressuer loss coefficient 2315 2315 2.291 2.291 2.291 2315 2315 2.291 2.291
DP 5w (KP2) 0.419 0.419 0.619 0.000 0.000 0.834 0.000 0.398 0.306
Noiie 1 1 1 1 1 1 1 1 1
pressuer loss coefficient 0.85 0.85 0.85 1.7 0.85 0.85 0.85 0.85 1.35
DPg; (kPa) 0.230 0.230 0.053 0.337 0.258 0.192 0.245 0.136 0.143
Nicm 1 1 1 1 1 1 1 3 1
pressuer loss coefficient 16.25 16.25 16.25 32.5 16.25 16.25 16.25
D) 0.2 02 0.2 0.2 0.2
DP . (kPa) 0.176 0.176 0.040 0.257 0.197
subtotal, branch pipe (kPa) 0.934 1.852 1.706 5.942 1.556

transfer line. latal. | lotalp Toss &kPa)._ .. 35 28

HTT on shield'plate -{fotal pressure-loss (kPa) - [ & - =36

control valve essure drop (kPay: o o) 10 BN 10

the wholo svstem- overal| prassure loss: (kPay - 77 - 66
limit of the pressure loss (kPa) 100 100 100 100 100
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4.3 Gaseous helium transfer system

Figure 4-5 shows the engineering flow sheet for the gaseous helium transfer system.
The system includes three pairs of the valve boxes, twenty-one transfer lines with control
valves and one-hundred heat transfer tube paths with the restricting orifices. To achieve
good flow distribution to each path of the heat transfer tube, pressure loss adjustments by
the restricting orifices should be required using actual helium circulation as a post-
construction work.
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5. Fabrication and installation sequence

5.1 Shop fabrication
Each of the parts consisting of the thermal shields will be manufactured and sub-
assembled in the vendor’s factory. The productivity of the major parts are studied.

(1) Fabrication of the major parts
a. Shield plate
i.  Cut out the shield plate from a plate made of type 304 stainless steel.
ii. Make holes to be furnished the ring plate, cover plate and insulation blanket for
the shield plate.
iii. Form the shield plate using bending machines or press machines.

cutting drilling forming

b. Ring plate
i.  Cut out two plates made of type 304 stainless steel.
ii. Weld the plates to make a T-shaped ring plate.
iii. Make hales to be connected to the support.
iv. Form the ring plate using bending machines or press machines.
v. Weld stud bolts on the ring plate to set up the shield plate.

 — 3 studs
N ——— P\
cutting 2 plates welding drilling forming and

studs welding
c. Cover plate
i.  Cut out from a plate made of type 304 stainless steel.
ii. Form the cover plate using bending machines or press machines.
iii. Make hales to be furnished for the shield plate.

cutting drilling forming

d. Support
i. Form the support roughly.
ii. Finish the support by machining.
iii. Make hales to be furnished for the warm surface and to fit up the ring plate.

forming machining drilling

As hardness of the titanium alloy is high enough, the machining is generally hard.
Therefore, the material of the machining tools should be a good affinity with the alloy.
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¢. MLI blanket
i.  Produce rolls of the polymer film made of polyester or polyimide.
ii. Deposit aluminum to the both sides of the film.
iii. Make the film to be crinkled or embossed.

The polymer film to be applied to the high temperature ports should be crinkled or
should be embossed at approximately 180°C to prevent the surface from flattening
due to relaxation.

The width of the film should be limited within 2m because of the productivity.
Therefore, some overlaps will be set up in the case of a wider blanket than the unit
width of the film.

f. Parts for the MLI blanket
Thread to bundle the blanket and tag-pins to furnish the blanket for the shield
plate should be radioactive-resistant. For lower dose portion of up to 0.IMGy,
polyester is applicable for their material. However, polyimide should be required at
higher dose portion. The thread made of polyimide is already in use and the tag-pins
made of polyimide can be produced by the injection forming method.

g. Parts for the reflecting plates

(a) Reflecting plate
i.  Cut out the plates from plate made of type 304 stainless steel.
ii. Make holes.
iii. Deposit silver to both sides of the plate in a vacuum furnace.

(b) Bolts, nuts and spacers
i. Machine the bolts, nuts and spacers from laminated plate made of GFRP.

The glass fiber consisting of the GFRP should be a Boron-free type, that is

sufficient radioactive-resistant.

h. Heat transfer tube

The number of the welding joint in the tube assembly is preferred as fewer as
possible to prevent leakage of the coolant. Therefore, the application of a bending
tube with a straight pipe is desirable. The crossover tube to be fitted up to the
interface between adjacent two shield plates should be also a bending tube and is pre-
machined its edge penetrations in the factory. Each welding joint of the heat transfer
tube assembled in the factory is the required liquid penetrant testing (PT).

The followings are the reason why PT is applicable to welding joints of the tube.
The heat transfer tube will be classified into the class-3 piping of the nuclear facilities.
In the governmental notice on welding of the electricity structure, €.g. MITI ordinance
number 81, the magnetic particle testing (MT) or PT is required for butt welding
joints of smaller pipe than 61mm in outer diameter. As the tube is made of type 304
stainless steel, MT cannot be applicable. Therefore, the method of non-destructive
examination to be applied to the welding joints is PT. To the field welding joints, PT
will be also applied.

(2)Assembly
The followings are the sequence of the thermal shield subassembly equipped with the
thermal insulation and the heat transfer tube.

a. Assembly of the MLI blanket
—100—



JAERI-Tech 99-027

i.  Cut out the insulation film.

ii. Stack the films and make a blanket

iii. Saw the blanket by thread.

iv. Put the blanket between two thick films (t=100pum) made of KAPTON™,
v. Bundle the blanket and thick films with the tag-pins.

100pm- =z Tag-pin
MLI blanket { = k thread
O o :.'"'-__ '* i \\\ >

100pm-
KAPTON™ film — >

b. Assembly of the reflecting plate
i.  Put the shield plate on a working table.
ii. Pass the GFRP-bolts through the plate.
iii. Put the GFRP-spacers on the plate.
iv. Put the reflecting plates on the spacer.
v. Tighten the GFRP-nuts after the stacking of the reflecting plates is completed.

GFRP bolt

M6 Silver-deposited shield plate
3y [ 3 o
& = 1
: -4 _ Assembly
? R Procedure

- ) =
GFRP spacer

GFRP )
nut Reflecting plate (type304SS) 15-

Steels
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c. Assembly of the shield unit
i.  Weld the heat transfer tube on the shield plate.
1. Set the cover plate on the shield plate by bolting.
iii. Plate the shield plate with the tube and cover plate.
iv. Furnish the MLI blanket for the shield plate by tag-pins. In the case of the
reflecting plates, the plates are furnished for the shield plate according to the
procedure described in (2)-b of this chapter.

Figure 5-1(1/2) and Figure 5-1(2/2) show the fabrication sequence of the thermal
shield assembly equipped with the MLI blanket and that equipped with the reflecting
plates, respectively.

As a previous step of the silver plating, some treatments on the shield plate are
required to stabilize the coated surface. Also, the inner surface of the heat transfer
tube and the edge penetrations should be masked.
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5.2 Installation and testing procedure

The thermal shield assembly will be packed in closed containers and transported to the
ITER construction site. After the receipt inspection at the site, each thermal shield will be
installed. The opening of the package, the receipt inspection and the assembly work should
be carried out in the assembly hall to prevent the MLI blanket and coated plates from the
adherence of humidity and salt.

The crossover tube will be connected to the heat transfer tube by the butt welding
process. The integrity of the field welding joints should be confirmed by liquid penetrant
testing and helium leak testing. The socket welding process may be also feasible to make
the field welding easy. However, taking into account of the maintenance work with remote
handling tools, the butt welding process is more advantageous than the socket welding
process. For the butt welding joints, the penetrant testing will be regally required as shown
in5.1.

The installation sequence to be considered is as follows:

a. Cryostat cylinder thermal shield
After the completion of the cryostat cylinder, its thermal shields will be furnished for
the stiffening rings. The butt welding of tube and liquid penetrant testing will be carried
out in series. The piping to transfer gaseous helium to the thermal shield from the valve
boxes are also connected to the tube.
b. Port thermal shield
After the installation of the ports, its thermal shields will be furnished for the port-
surface. The butt welding of the tube and liquid penetrant testing will be carried out in
series. The upper port thermal shields are firstly installed and next to the equatorial port
thermal shields and finally the divertor port thermal shields are installed to make the
installation easy. The interfaces of the port thermal shield and the cylindrical shell
thermal shield will be also connected in this stage.
¢. Upper cover thermal shield
After the installation of the upper cover block, the thermal shields will be furnished
for the surface. The butt welding of the tube and liquid penetrant testing will be carried
out in series. The interfaces of the upper cover thermal shield and the cylindrical shell
thermal shield will be also connected in this stage.
d. Gravity support and lower cover thermal shield
After the installation of the tokamak structure, the lower cover thermal shields and the
gravity support thermal shields will be furnished for the warm surface including the
center solenoid support assembly. The butt welding of the tube and liquid penetrant
testing will be carried out in series. The interfaces of the lower cover thermal shield and
the cylindrical shell thermal shield will be connected in this stage. The lower cover
thermal shield and the gravity support thermal shield are also connected each other at the
ring pedestal of the lower cover.

The installation procedure of each thermal shield are as follows:

i Furnish the titanium supports for the warm surface of the cryostat, the ports and
the gravity supports.

ii. Furnish the ring plate for the support.

iii. Furnish the shield plate equipped with insulation and the heat transfer tube for the
ring plate.

iv. Adjust the location of the cover plate.

v. Weld the crossover tube to the heat transfer tube and carry out penetrant testing to
the field joints.
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vi. Measure the leak rate from the field joints using helium gas.
vii. Equalize the pressure loss of each tube-path adjusting their restricting orifices.
In this procedure, circulation of the actual gaseous helium flow is required.

Figure 5-2 shows the installation procedure of the thermal shield.

The supports and the ring plates are permanent components and are basically out of
the scope of the maintenance activity. Therefore, some relaxation-resistant fixtures such
as lock nuts are required as the mechanical interfaces of these parts, because the
connection of titanium alloy with stainless steel by welding is generally difficult.
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5.3 Work schedule

Table 5-1 shows the work schedule of the shop fabrication including packing and
shipping. Table 5-2 shows the work schedule of installation at the site including testing.
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6. Future works and R&D activities

This chapter shows items to be studied and developed relevant to the thermal shield
design.

(1) Performance of the thermal insulation

The ports will be heated up at 473K in the baking operation of the vacuum vessel.
The insulation of the ports should be heat-resisted of up to the temperature. A
combination of the embossed polyimide films as the inner blanket and the crinkled or
dimpled polyimide films as the outer blanket was taken into account as the insulation.
However, there are no experiences of this kind of insulation in past. Therefore, testing
on performance and durability for the combined blanket is required to confirm their
applicability.

(2) Emissivity of the coated surface
The shield plates should be coated by aluminum or silver with a plating process.
Both sides of the reflecting plates should be deposited by silver. Both sides of the
polymer films consisting of the MLI blanket should be also deposited by aluminum. To
confirm the performance and temperature-resistance of these coated surface,
measurements on their emissivity under the actual conditions should be carried out.

(3) Development of the remote handling tools
Because the inside of the cryostat is close enough, the remote handling tools should be
compact and should be multi-joints powered manipulators. Study on maintenance work
of the heat transfer tube with these tools is required. The mechanism-analyses and the
mock-up testing should be included in the study. The holding jigs applied to the
maintenance work should be also developed.

(4) Coupled design with warm structure
In the present task, the warm surface of the cryostat is assumed to be kept at 300K.
However, nuclear heating in the operation and joule heating due to the coil-quench-
incident will heat up the warm structure at higher temperature. Performance of the
thermal shield subjected these heat loading should be also taken into account. For these
advanced design, temperature distribution analyses with joule heating estimation should
be carried out by FEA.
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7. Conclusions

The thermal shield design was performed. The conclusions are summarized below.

ii.

1il.

iv.

Vi.

Vii.

VIil.

For high dose portion of up to 10-MGy in the vicinity of the NBI ducts, the
multistoried reflecting plates made of type 304 stainless steel can be applied as the
thermal insulation in place of the MLI blanket. By the heat flux calculations, heat
leakage through fifteen plates supported by GFRP spacers, bolts and nuts were
confirmed to be almost the same as that of the MLI blanket.

The arrangements of the heat transfer tube on the shield plate were studied using FEA.
From the analytical results, two-turn arrangement for the shield plate equipped with the
MLI blanket and four-turn arrangement for that with the reflecting plates can be
confirmed to be applicable to keep the hot-spot temperature lower than 100K.

The structural integrity of the crossover tube without bellows expansions was studied
by FEA approach. The stresses that appear in the tube were confirmed to be lower
than the allowable stress limit prescribed in ASME B&PV Code.

Detailed design of the thermal shields were performed. The structural integrity, the
heat leakage, the heat removal and the pressure loss of each thermal shield were
assessed. The heat leakage to the 80K thermal shield and that to the 4.5K cold
magnets were confirmed to be lower then their limitations. The pressure loss at each
tube-path can be limited within approximately half of the target. As the design
outputs, the overall configuration with the tube arrangement was drawn for each
thermal shield.

The cooling system including the control valves and the transfer piping were studied to
limit the overall pressure loss lower than the target, 0.1MPa. The control valves in
the valve boxes were designed with suitable Cv characteristics. Finally, the flow
diagram of the cooling system was developed.

The productivity of the major parts and the fabrication sequence in vendor’s workshop
were clarified. Also, the installation and testing procedure at the ITER construction site
were outlined.

The items to be studied and developed relevant to the advanced design of the thermal
shields were listed up.

The overall construction cost including material procurements, shop fabrication,

shipping, installation, inspections and testing were estimated based upon the current
design output.
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