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This report includes electromagnetic analyses for ITER shielding blanket modules,
fabrication methods for the blanket modules and the back plate, the design and the
fabrication methods for port limiter have been investigated. Studies on the runaway
electron impact for Be armor have been also performed.

Electro-magnetic analysis has been carried out for the shield blanket module to evaluate
the effect of the slot on the first wall. Two models are applied to the analyses for stainless
steel shield block of the #7 and the #9 module. The depth and the number of slots are
simulated by changing the resistivity of the slotted SS. The relation between the reduction
of electro-magnetic force and the increase of the resistivity are evaluated, and the number
and the depth of slot are proposed.

The fabrication procedure for shield blanket module has been proposed using multi-layered
HIP process. The shield modules are divided into several pieces in order to machine them.
The pieces are machined for the grooves of cooling tubes, then bent to shape 3-D curved
shaping. It is necessary to assemble them precisely for bonding by HIP at the same time.
Issues are pointed out for the fabrication.

Fabrication procedure of the double wall back plate has been developed associated with

machining procedure and welding concept. Welding jigs and fixtures, and the heat

+  Department of ITER Project

++ Office of ITER Project Promotion
*  Hitachi, Ltd.

*% Kawasaki Heavy Industry, Ltd.



JAERI-Tech 98-055

treatment condition of back plate sectors are also plesented for the assembly. The welding
concept for connecting the rib to the inner wall is discussed and it is concluded that the
through wall e-beam welding which needs less machining time is the most efficient welding
method. The back plate shrinkage and deformation for splice plate welding are astimated.
For the reference port limiter design, a compact support structure in the equatorial port and
alternative vertical plate designs have been proposed. The support system meets the
alignment and the support requirement under the electro-magnetic impulse loads. As to the
vertical plate design, bolt connection between FWs and a vertical plate and bolt assembly of
vertical plates are designed from the view point of fabrication. The fabrication procedures of
the vertical plate is also discussed for low cost fabrication.

The thermal response of the First wall Be armor to the volumetric heat generation due to
the runaway electrons impact is investigated. Using the energy deposition density, i.e. the
volumetric heat generation due to the runaway electrons the maximum temperature and the

melting region at the Be armor are also calculatged.

Keywards : ITER, Blanket, Sheild, First Wall, Runaway Electron
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1 . Introduction

This report was presented for ITER shield blanket design. ITER design has
been performed during CDA (Conceptual Design Activities) and EDA ( Engineering
Design Activities). For EDA design work, The report includes electromagnetic
analyses for shield blanket modules, fabrication methods for the shield blanket
modules and the back plate, the design and the fabrication methods for port limiter,
and studies on the runaway electron impact for Be armor.

Electro-magnetic analysis has been carried out for the shield blanket module to
evaluate the effect of the slot on the first wall in order to educe the electro-magnetic
force. The fabrication procedure for shield blanket module and the back plate has
been developed associated with machining procedure and welding concept. The
designs and fabrication methods of port limiter which is located in equatorial port
have been proposed.

The runaway electron effects on First Wall with Be armor were parametrically
investigated by thermal analysis.
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2. Objectives

The objective of this report is to perform mechnical design and analysis to further
advance the current reference design of the shield blanket system. The shield
blanket system is intended to remove the surface heat flux from the plasma and
from bulk heating by the neutrons and to protect the superconducting coils and
other ex-vessel components from excessive nuclear heating and radiation damage.
The current design for the shield blanket features mechanically, hydraulically
attached modules with beryllium first wall.

1) Electromagnetic Analysis

Perform electromagnetic analysis to define the electromagnetic forces in the shield
blanket modules based on the current reference shield blanket system. Perform 3-D
eddy current and EM load analyses incorporating the blanket modules, the back
plate and the vacuum vessel with external coil systems and plasma. Examine futher
the effect of slots on EM load reduction.

2) Module Fabrication Procedure

Develop detailed module fabrication procedure, including fabrication methods to be
applied and fabrication route of the blanket modules for the current reference shield
blanket system. This study is to incorporate penetration holes in the module for
front-access hydraulic connection and disconnection.

3) Back Plate Fabrication Procedure

Develop detailed back plate fabrication procedure based on the current reference
shield blanket system. This study is to incorporate the double-walled back plate
configuration and reinforcement ribs at the outboard region. '

4) Port Limiter Design
Develop port limiter design, including study of fabrication route.

5) Analysis of Run-Away Electron Effects on theFirst Wall

Perform 3-D run-away electron analysis for the referance first wall. Perform 2-D
termo-mechanical analysis to obtain temperature and stress responses during run-
away electron bombardment events.
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3. Electromagnetic analysis of Shield Blanket Modules

Electromagnetic analysis has been carried out for the blanket modules to investigate
the effect of the slot on the module surface.

3.1 Analytical Conditions

The effects of the slot depth and number from the FW surface to the DS-Cu were
evaluated by induced current and electromagnetic forces. The analyses have been
carried out for #7 module because of maximum radial moment, and for #9 module
because of maximum radial pulling force. The analysis conditions are as follows:

Model Box-Shell, Torus 1/2 Sector(9°)
Code EDDYCAL
Parameter

Number of Slot 1, 10, 20 (per module)

Depth of Slot 0, 5, 15 (for Type I)

0, 10, 50 (for Type II)

The analysis model and parameters are shown in Figs. 3.1-1 ~ 3.1-3 and Tables 3.1-1,
3.1-2.. The 3-D shape modules were modeled by shell elements.

Two models are applied to the analyses. One has the element thickness of 20 mm on
the plasma-side shield block (called Type I) which corresponds to the distance from
FW to the first row of cooling tube. The other has the element thickness of 100 mm
(called Type II) which corresponds to the skin depth for the 50 ms plasma
disruption. The depth of slots are simulated by changing the resistivity of the slotted
316SS. The numbers of slots per module are 1 and 20, except for the slot depth of 15
mm for Type I because of the CPU time limit.
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Table 3.1-1 Materials and Thickness of Blanket Structural Components

Component Material Thickness

Blanket

First Wall DS-Cu 5mm

Shield Block (Plasma Side) SS316 20mm (Type I)

100mm (Type II)

Side Wall SS316 100mm

End Wall SS316 100mm

Top/Bottom Plate SS316 100mm
Back Plate

Inner Skin SS316 50mm

Outer Skin SS316 70mm
Vacuum Vessel

Inner Skin SS316 40mm

Outer Skin SS316 40mm

Table 3.1-2 Plasma Disruption Conditions

Plasma Current 2IMA

Major Radius 7.90m

Minor Radius 2.90m

Decay Time 50msec

Decay Mode Centered Disruption

Blanket Thickness 0.40m
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3.2 Analytical Results

3.2.1 Results of analyses for Type I cases

The model of Type I has the element thickness of 20mm on the plasma-side shield
block which corresponds to the distance from FW to the first row of cooling tube.

3.2.1.1 Results for #7 module

The induced currents, the electro-magnetic forces on the side wall and the pulling
forces on the first wall for the #7 module are shown in Figs. 3.2.1-1~3.2.1-3. The
horizontal axis of these figures is the relative resistance normalized by the first wall
resistance without slot. The equivalent circuit of the first wall with slot is shown in
Fig. 3.2.1-4. The resistivities of DS-Cu and 316SS had been used from the value of
the ITER Material Assessment Report (IMAR) and the temperature at the first wall
was assumed to be 250 °C.

The induced currents and the electro-magnetic forces decreased with the increase of
the number of slots. In the case of normalized resistance of 6.5, which corresponds
to the slotted first wall at every cooling channel, induced currents and shearing
forces decreased to about 20 ~ 50% of that of no slotted first wall by extrapolation of
exponential functions.

The pulling forces on the first wall depends on the current in DS-Cu of the first wall
and they reduces two order less than of no slotted first wall in the case of the slot
depth of 15mm into SS. In case of one slot, the induced current on side wall became
about 75% of that of no slotted first wall even if the slot depth is 15mm. In case of 20
slots, the induced current is about 50% if the slot depth is 15mm. As the number of
slot increases, the deep slot is required to reduce the electro-magnetic force

The value of normalized resistance vs. slot depth is shown in Fig. 3.2.1-5. The
increase of normalized resistance is small at the slot depth of more than 5 mm, as
the number of slot increases. When normalized resistance is about 5 or more, the
induced current and electro-magnetic force decrease to less than 50%. It is difficult to
slot around the front access holes. 50 slots is required to reduce the electro-magnetic
force to 50% with the slot depth of 2 mm into SS. 10 slots is enough to reduce the
force to 25%.

3.2.1.2 Results for #9 module
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The induced current and electro-magnetic force on side wall of #9 module are
shown in Figs. 3.2.1-6 and 3.2.1-7. In the #9 module, the induced current to poloidal
direction appears due to the change of the magnetic field caused by plasma current,
because the external shape of plasma does not match with the poloidal curvature of
the first wall surface. A current pattern in the first wall of the #9 module is an eddy
shape and the gradient of the induced current to the poloidal direction is observed
on side wall.

Induced current and pulling force on the DS-Cu of #9 module first wall decreased
with increasing the slot depth. However, reduction of the induced current and the
electro-magnetic force are small, and they increase in the case of many slots because
of the addition of the induced current in poloidal direction in the shield block.
Slotting is not effective to reduce the electro-magnetic force on the #9. Slotting
should be limited only in the effective module for cost reduction.

3.2.2 Results of analyses for Type II cases

The model of Type Il has the element thickness of 100mm on the plasma-side shield
block which corresponds to the skin depth of 50 ms plasma disruption.

3.2.2.1 Results for # 7 module

The induced currents, the electro-magnetic forces on the side wall and the pulling
forces on the first wall for the #7 module are shown in Figs. 3.2.2-1 ~ 3.2.2-3. The
induced current in 316SS is several times larger than that of Type [, although that in
DS-Cu is a little bit lower. That is because the shield block elements are thicker and
their resistance is smaller than those of Type L.

In the case of one slot, the induced current to the toroidal direction in DS-Cu does
not decrease much with increasing the slot depth in SS. For the slot depth of more
than 50 mm the induced current decreases in DS-Cu. As the number of slot
increases, the deep slot become effective for the induced current reduction.
However , even if first wall are slotted in depth of 10 mm at every all cooling
channel(normalization resistance 2.15), the reduction of electro-magnetic force is

only 20~30% by extrapolation of slot depth.

The electro-magnetic shearing force decrease to about 50% in the cases of slot depth
of 0 and 10 mm. The shearing force in a side wall is the summation of that of the
shield block region and the first wall region. The shearing force is proportional to
the radial distance between elements that cross the magnetic field. Current

_9_
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reduction of the first wall DS-Cu is larger than that of the side wall of shield block.
The distance between DS-Cu element and SS shield is larger than that of Type I
Those effects made the electro-magnetic shearing force small.

Although the induced current in DS-Cu decreases, the pulling force increases in the
elements. The deep slot makes it difficult for the induced current to flow into a
shield block. The flow pattern of the induced current is the circulation in DS-Cu
elements. The pulling force becomes large by the interaction between the induced
current and the poloidal/toroidal magnetic field. For a lot of slots , the increase of
the pulling force is not much because of canceling the force between adjacent slots.

The increase of normalized resistance (see Fig. 3.2.2-4) becomes small with the
increase of the number of slots. Induced current and electro-magnetic force decrease
to 20~30% at the normalized resistance of 2. The normalized resistance saturates at
the depth of about 10 mm and the number of slot of 30. It is acceptable that the
number of slot is 10 ~20 and the depth is 2 mm same as Type L.

3.2.2.2 Results for # 9 module
The analyses results for the #9 module are shown in Figs. 3.2.2-5, 3.2.2-6. Induced
current and electro-magnetic force increase except in the first wall DS-Cu. This
reason is similar to that of Type I. Slotting is not effective to reduce the electro-
magnetic force for #9 module.
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RCu

Rss-siot

Rss.cap Rss-sid Rss-Gap

Fig. 3.2.1-4 Equivalent Circuit for Slot Resistance
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3.3 Conclusions

To verify the effect of slotting between the first wall cooling channels for electro-
magnetic force reduction, electro-magnetic analysis had been carried out with
parameters of the number of slot and the slot depth.Two analytical models are
applied to the calculations using Box-Shell element. One has the element thickness
of 20 mm on the plasma-side shield block (called Type I) which corresponds to the
distance from FW to the first row of cooling tube. The other has the element
thickness of 100 mm (called Type II) which corresponds to the skin depth for the 50
ms plasma disruption.

As aresult, the following conclusions were obtained.

a.) In both case of Type I and Type IJ, slotting on the first wall become effective for
the #7 module, but it is not effective for the #9 module.

b. Realistic solution is number of slot of 10 ~20 with the depth of 2 mm for both case
of TypeIand Il

c. For the case of Type I, the reduction of electro-magnetic force is more than 50%,
but that is 20~30% for Type IL. In actually, considering the current distribution
inside the shield block, the electro-magnetic force reduction by slotting seems to be
that of Type II.
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4, Module Fabrication Procedure
4.1 Fabrication Procedures

The 11th shield blanket module, shown in figure 4.1-1, is investigated because
of smallest curvature on the module surface. The flowchart of fabrication
process for the shield blanket module is shown in figure 4.1-2

4.1.1 Fabrication of First Walls

In the first wall of the shield blanket, the cooling pipes of stainless steel(SS) are
located inside the copper of the heat sink. The first wall is fabricated by
connecting two copper plates and SS pipes. Grooves for setting the cooling
pipes are machined on copper plates, and the SS pipes are set on the grooves.
Ends of the first wall module (top and bottom of the module) have SS plates in
order to connect the shield block. These components are bonded by hot
isostatic pressing (HIP).

The 11th module have two curvatures in the toroidal and the poloidal
direction. To shape the curvature in the toroidal direction, the first wall is
divided into several parts in toroidal direction. The curvature in the poloidal
direction is shaped by bending of the first wall parts (copper plates and SS
tubes). Around of the front access hole, grooves and pipes should be curved to
avoid the hole. Front access holes are drilled after HIP bonding. The
fabrication procedures of the first wall are shown in figure 4.1-3~4.1-7.

4.1.2 Fabrication of Shielding Blocks

A shielding block is fabricated by SS forged or rolled material. The 11th
shielding module have 3-D curved surface and curved cooling channels
around front access holes. It is difficult to shape the curvature by bending and
drilling process only. The shielding block is divided into 5 parts.(see figure 4.1-
8) for machining.

The fabrication process of shielding block is similar to that of first wall. The
divided shield block is machined for cooling channel grooves. The groove
depth in the parts of A~C change to shape the curvature in the poloidal
direction. The curvatures in the parts of A~C are shaped in the toroidal

direction by bending and in the poloidal direction by machining, respectively.
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Pipes for the cooling channel are bent in the toroidal curvature. The toroidal
curvature in the part of D is shaped by machining. After the shaping, the
grooves for the cooling channel in the middle part are machined and the
cooling channels in the back side are made by drilling. After assembly of
cooling pipes and the shield blocks, they are bonded by HIP process. The
fabrication procedures of a shield block are shown in figure 4.1-9~4.1-14.

4.1.3 HIP processing

HIP bonding is applied for bonding the first wall to the shield block at same
time. The assembly of all the module components before HIP processing is
shown in figure 4.1-15. As the preparation of HIP process, the interface
between SS plates and shield block/cooling pipes at upper and lower ends of
the first wall are welded to seal, respectively. The interface between shield
blocks, and the interface between cooling pipes and blocks are also welded to
seal. The other interfaces are sealed by welding of canning. After that sealing,
the module is bonded by HIP process. The conditions of HIP should be tested
by previous R&Ds.

4.1.4 Machining after HIP bonding

After HIP process, the canning is removed, and cooling headers and external
shape are formed by machining. Holes for the flexible joint are machined
after Be armor bonding. The covers for headers are welded after machining.
The detailed process are shown in figure 4.1-16, 4.1-17.

4.1.5 Bonding of Be Armors

Finally, Be Armor is bonded by HIP on the first wall surface. After
preparation for HIP process, Be tiles are arranged to fit the curvature of the first
wall surface, and the canning material is welded. After HIP process, the
canning material is removed, and machined the holes for flexible joint.

The detailed procedure is shown in figure 4.1-18.

4.2 Problems for Module Fabrication

It is possible to apply the procedure to any module basically. However, R&D is
necessary to fabricate the all shield blanket module. Issues are listed as
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follows:

1) Bending process of cooling pipes around front access hole

The allowable bending curvature of circular pipe is about 3 times lager than
that of pipe diameter. But the curvature by current design is less than that
limit. The deformation of pipe cross section due to bending should be
checked, and also the investigation of bending process is required.

2) Shaping of interface of shield block parts for HIP bonding

The shaping of shield block parts with curvature should be examined to match
the interfaces in the poloidal direction.

3) Multi-layered HIP bonding process of shield block

The assembling of shielding parts, seal welding of the bonding interfaces before
HIP process, and inspection method for bonded interfaces after HIP process
should be examined.

4) Molding method of canning material

Canning plate should be fit to 3-D forms of modules. Forming method for 3-D
curved canning plate should be examined.

5) Be bonding method

Selection of interlayer material, HIP bonding condition, fixture tools of Be tiles
on the module surface should be examined.
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Fig. 4.1-4 Fabrication of coolant channels for FW
(without front access hole)
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(D Cutting
(1 Cutting

Upper
Lower

Fig. 4.1-5 Top and bottom plate fabrication procedure
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Fig. 4.1-8 Partition pattern of shield block

(Left header side view)




JAERI-Tech 98-055

(Led y) %o0iq pjelys jo uoeouged 6-1't "Oi4

guruiyoe
. 1e1aq N 1teled RN

MO [A JUO0U}

.8
aAouUoY
:::_o.m/@

MO|A 9p|S

]

U UIYORN ¥o01q pasdloy HI-NT9TESS
N

I

guipuag (Bu1171uw)




Bending

Machining(milling)

SS316LN-1G forged block

JAERI-Tech 98-055

<C

Detail

Machining

Fig. 4.1-10 Fabrication of shield block (B, B’ part)
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Fig. 4.1-12 Fabrication of shield block (D part)
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Fig. 4.1-14 Assembly of shield block
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Fig. 4.1-15 Assembly of shield blanket module No.11
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Fig. 4.1-17 Fabrication of coolant headers
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5. Back Plate Fabrication Procedure
5.1 Design Concept

The back plate is a toroidally continuous stainless steel structure with a “horse
shoe” poloidal shape[5.1]. The modules are connected to the back plate by flexible
connectors to transmit the mechanical loads on the modules, hydraulic connectors
for supplying cooling water, and electrical straps to ensure the continuity of the
electrical current path between the modules and back plate. The mechanical
connection make the modules demountable for maintenance using remote
handling tools and techniques.

The features of back plate are as follows:

1)Thickness of inner wall : 50 mm

2)Thickness of outer wall : 70 mm

3)Thickness of the cooling rib : 40 mm

4)The toroidal pitch of ribs : about 500 mm

5) Back plate has flexible housing, center pin and cooling pipes connecting bush for
the attachment of flexible support.

6)The cooling ribs separate inlet and outlet coolant flow.

7)The flexible housings and internal pegs support electromagnetic force and water
pressure.

8)The sufficient internal pegs are added considering the stress distribution.

9)Additional ribs are also provided around port for reinforcement.

Fig. 5.1 shows the back plate structure including these features. The TIG welding is
used between outer wall and rib. The inner wall and ribs are welded using through
wall electron beam welding. After drilling holes for flexible housing, the flexible
housing is attached and welded by TIG welding. These welding structures are also
used in ITER vacuum vessel. However, the incomplete welding structures may still
remain and need more investigation.

The welding concept for connecting the rib to the inner wall is illustrated in Fig. 5.2.
There are 6 option processes being considered. The option 1 is the e-beam welding
in which the procurement of H shaped steel is difficult. The option 2 is the through
wall e-beamn welding (TWEB) which needs less machining time and is the most
efficient welding method. The option 3 is the e-beam welding in which the ribs
need for positioning steps and need more machining time. The option 4 is TIG full
penetrating welding which needs more welding time than the option 3 welding.
The option 5 is the TIG full penetrating welding which may be possible to weld
completely by butt welding. However it needs precise positioning between outer
wall and rib, and that will be more disadvantageous. The option 6 is full penetrating
TIG welding which will need machining process for rib structures. The TWEB
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welding seems to be the most appropriate welding method on the joint of cooling
rib and inner wall.

5.2 Fabrication Procedure

The fabrication steps associated with welding are illustrated in Fig. 53. The
fabrication of the back plate begins with the receipt of plate stock and forging. All the
components of the back plate are constructed by 316 LN stainless steel.

The following fabrication procedure is under consideration.

1) Cut the plate into the appropriate size.
The inner and outer wall are cut in the appropriated size. The rough cut plate
shall have allowances for geometry changes due to cutting and bending
operations.

2) Bend the plate into the required shapes.
Each plate is individually hot pressed into its final 3-D geometry illustrated in
Fig. 5. 4. In case of 2-D shape, the plate is formed by rolling machine.

3) Machine for the module attachment.
The plates are machined into the appropriate geometry and measured for
dimensional information map.

4) Weld cooling ribs.
The cooling ribs are welded to outer walls by TIG welding completely. Non
destructive test(NDT) around welded region is performed. The ultrasonic test
(UT) and penetrant test (PT) will be available.

5) Weld the inner wall and cooling rib.
The inner wall and cooling rib are welded. The through wall electron
beam(TWEB) welding is under consideration. The concept is illustrated in Fig.
5.5.

6) Perform non destructive test(NDT) around welded region.
The inner wall and cooling rib shall be welded completely. The ultrasonic test
(UT) or penetrant test (PT) is available.

7) Weld the connecting components to the inner wall.
The components are welded by TIG welding. The TWEB welding of outer wall
to channel plate and TIG welding flexible housing to inner and outer wall are
illustrated in Fig. 5. 6.

8) Perform non destructive test(NDT) around welded region.
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The inner wall and connecting components shall be welded completely. The
ultrasonic test (UT) or penetrant test (PT) is available. The back plate segments
are completed by the mentioned procedure.

9) Assembly and welding for back plate sector.
The back plate sector consist of three segments. The resultant segments shall be
assembled and welded each other to fabricate back plate sector. The plate
segments are mounted in welding fixtures illustrated in Fig. 5.7, adjusted to
the correct alignment and welded using an automated welding system. The
Narrow Gap TIG welding process are under consideration at this time.

10) Perform non destructive test(NDT) around welded region.
The segment boundary shall be welded completely. The ultrasonic test (UT) is
available. The back plate assembly are measured for dimensional information
map. The back plate assemblies are completed by the mentioned procedure.

11) Weld the inboard and outboard structure to the assembly.
The cooling header, inboard structure, lower inboard structure, outboard
structure and lower outboard structure are welded to the back plate assemblies
for fabricating back plate sectors. These structures are welded by TIG welding.

12) Heat treatment.

The residual stress of back plate sectors shall be removed using annealing heat
treatment after all welding process finished. The annealing heat treatment
conditions are as follows:

Temperature : 880- 90015 C

holding time: 3 hour

cooling condition : Air coolant
The temperature control should be more careful in annealing heat treatment.
Intercrystalline corrosion will be observed when the stainless steel back plate is
kept at the temperature region of 500 - 850 “C for a long time. The stainless
steel also make unstable internal metallic structure when they are heated up to
the temperature of 930 °C for a long time.

13) Perform non destructive testtNDT) around welded region.
The assembly and the structures shall be welded completely. The back plate
sectors are measured for dimensional information map. The ultrasonic test
(UT) or penetrant test (PT) is available.

14) Machine back plate side edge for field joint.
The back plate sectors are dressed for field joint welding. All edges of each back
plate sector to be welded are prepared by machining. The machining is
illustrated in Fig. 5. 8.

15) Machine flexible housing — 48—
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The rough machined back plate housing are machined detailed for flexible
support attachment. The resultant back plate sectors are measured for
dimensional information map.

16) Pressure test (PT) and leak test are performed.
The resultant back plate sectors are tested for pressure test and leak test. The
back plate sectors are completed by the mentioned procedure.

5.3 Annealing Process to Remove Residual Stress

The residual stress of back plate sectors shall be removed using annealing heat
treatment after all welding process finished. The annealing heat treatment
conditions are as follows:

Temperature : 880- 90015 C

holding time: 3 hour

cooling condition : Air coolant
The temperature condition should be controlled more precisely in annealing heat
treatment. The inappropriate heat treatment cause trouble as follows:
1) Intercrystalline corrosion
The surplus carbon over the solution limit precipitate in the steel grain boundary
when the annealing temperature is risen up from 500 ‘C to 850 ‘C (especially, the
temperature from 600 °C to 700 C is terrible ) for more than 3 hours. The
chromium carbide is formed around the grain boundary and the intercrystalline
corrosion is caused by the chromium deficiency inside the grain.
2)Formation of unstable metallic structure
The carbon is resolved in the grain when the steel is held at 930 °C for more than 3
hours. The unstable metallic structure is formed by the carbon resolving.

Therefore, the heating time, temperature and cooling rate should be controlled
strictly in the annealing process to remove the back plate residual stress. The large
scale annealing and cooling reactor should be prepared for back plate fabrication.

5.4 Prevention of Welding Deformation

The tolerance control in general has been recognized as a key issue in back plate
manufacturing. The splice plate welding is the most important process in the back
plate manufacturing flow. Many jigs are used for the prevention of splice plate
welding deformation. The stay is used for welding deformation prevention in back
plate sector connecting boundary and shown in Fig. 5.9. The fixing jigs, wedge
shaped jigs and adjusting liners are also used for welding and shown in Fig. 5.10.
The adjusting liners fix the position of welding surface. These jigs are removed after
a temporary welding distance piece is inserted. The distant piece is used for the
welding shrink prevention.
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5.5 Estimation of Welding Deformation

The splice plate welding test has been performed in order to estimate welding
deformation. The test pieces geometry of splice plate are shown in Fig. 5.11. The
welding lines of (1)-(8) are double U groove. The groove angles and root faces of (1)-
(6) are 4 degree x 2 and 2.5 mm, respectively. The groove angle and root faces of (7)-
(8) are 15 degree x 2 and 2 mm, respectively. The measuring points of test piece are
shown in Fig. 5.12. The changes of position for p1-p9 are measured. The number of
welding layer is 9 and 7 fixing jigs are used.

Test result is shown in Fig. 5.13. The shrink deformation of splice plate are
measured in the case of soft, hard and no fixations. These result shows that the back
plate shrink deformation is estimated to be less than 8 mm in toroidal direction and
the angular deformation by welding is estimated to be less than 3 degree.
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Fig. 5.9 Back plate fixing tool “Stay” for welding deformation prevention.
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6. Port Limiter Design
6.1 Support Structure
6.1.1 Design Requirement

Port limiter is located in the equatorial ports for improved maintenability. Support
and alignment system should provide a supporting structure for the limiter under
the EM impulse loads as well as under the steady weight load. The presented design
is based on the following key restrictions, requirements, assumptions.

-Supporting of the limiter under EM loads summarized in Table 6.1[6.1]
-Alignment shown in Table 6.2[6.1]

-Cooling for nuclear heat

-Shielding

-Reliability of the support structure

6.1.2 Conceptual Design

The alignment system have an adjustable geometry in order to provide support at
the required location and orientation of the limiter front surface. The support
system should be set in a shield plug to support the limiter closely. Table 6.4 shows
the comparison of the support system. Worm and gear system is selected to drive
and lock the alignment structure because it is possible to make the system compact .

The scheme of the support structure is shown in Fig.6.1. The support system has the

following adjustable functions.

-Radial translation is provided by the sliding between inner and outer shafts
connecting the center of the limiter.

-Rotations about vertical and horizontal axes are provided by the rotation at the
sphere support of the outer shaft.

The adjustable mechanism for each direction is as follows;

-The inner shaft is driven in the radial direction by ball screw attached at the edge of
the inner shaft.

- Rotations about vertical and horizontal axes are driven by combination of turning-
arm and inner-bushing rotation. Fig. 6.2 shows the alignment mechanism for the
rotation. The square area a-b-c-d are supposed to movable area. The point M and N
are the center of the turning arm and the inner bushing. The initial point O moves
to the point P along the curve R1. Then the point P moves to the point E along the
curve R2. The point O can be moved to any point in the area a-b-c-d. The turning
arm and the inner bushing are driven by worm and worm gear.
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Table 6.3 shows the design parameters of the support structure. The Fig.6.3 shows
the schematic design of support and alignment system. The support mechanism for
EM loads is as follows;

- Poloidal moment of 900kNm is supported by the sphere support and the edge of
outer shaft.

- Radial torque of 220kNm is transmitted to the outer shaft through the square cross
section of the inner shaft. The outer shaft is supported by the eccentricity of the
outer shaft at the sphere support.

- Radial pressure is supported by the sphere support through the ball screw at the
edge of inner support.

The vacuum seal between a driving rod of the air motor and the plasma chamber
can be made by bellows, shown in Fig.6.4. The driving mechanism is supported at
the flange of shield plug. Though the driving rod should be lengthened, the

vacuum seal mechanism itself has been usually used for vacuum seal of rotation
rod.
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Table 6.1 Main Alignment Requirement

Degree of Freedom Amount of Movement Accuracy
Translation
Radial +20mm +0.5mm
Toroidal Not Required Not Required
Vertical Not Required Not Required
Rotation about center of limiter

Vertical Axis +0.725° +0.07
Horizontal Axis +0.45° +0.04°
Radial Axis Not Required Not Required

Table 6.2 Electro-magnetic and Weight Load

Type of the Load Value
EM Loads
Poloidal Moment 900kNm
Radial Torque 220kNm
Radial Pressure 0.2MPa
Weight Loads
Weight of the Limiter 137.28kN
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Table 6.3 Design Parameters of Support Structure

(1)Limiter support shaft

- Inner shaft diameter 290 mm
« Shaft length 2500 mm
- Shaft Weight 43 kN
(Inner shaft 16.3 kN, Outer shaft 26.3 kN)
(2)Diameter of sphere support 700 mm

(3)Adustable support structure
« Inner shaft

Driving mechnism Ball and Screw
Driving force Air motor
Torque 1.4 Nm
Rotation speed 900 rpm
All gear ratio 1/19800
Driving velocity 0.015 mm/sec

Amount of movement 30 mm
- Turning arm

Driving mechnism Worm and gear
Driving force Air motor
Torque 1.4 Nm
Rotation speed 900 rpm
All gear ratio 1/26400
Driving velocity 0.204 mm/sec

Amount of movement =13 degrees
« Inner bush

Driving mechnism Worm and gear
Driving force Air motor
Torque 1.4 Nm
Rotation speed 900 rpm
All gear ratio 1/26400
Driving velocity 0.204 mm/sec

Amount of movement =10 degrees
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Fig.6.4 Concept for vacuum seal of rotation rod
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6.2 Fabrication

In the reference design, the port limiter are an assembly of 43 mm thick
vertical plates welded together at the rear section. Alternative port limiter
designs have been proposed here from the view point of fabrication.

6.2.1 Reference Design

Vertical plate of the port limiter is formed by HIPing two stainless plates
with an included cooling tube inserted into a serpentine cooling path,
shown in Figs. 6.2.1 and 6.2.2. The FW is also added by HIPing the water
cooled copper and ~4 mm thick Be layers. The electron beam (EB) welded
rear section forms a continuous hard backing and the ~1 mm gap between

vertical plates is insulated by alumina coating to prevent arcing.

The following points may be proposed to improve the fabrication.
- Alternative low-cost forming of vertical plate
- Easy FW assembly to the vertical plate.
- Easy forming of a serpentine cooling path
- Easy vertical plate assembly to the rear section.

6.2.2 Alternative Design
6.2.2.1 Mechanical Joint of FW

Mechanical joint between FW and a vertical plate is an alternative
structure shown in Fig. 6.2.2.1 and 3. Two FW units with Be tiles are
connected to a vertical plate by brazed pins or bolts.

Merit of the alternative design is that the bonding between armor tiles and
heat sink is easier than that of the reference design because of easy handling
of small FW units. The bonding reliability will be higher and the cost of the
fabrication will be lower. A concern is the heat removal of nuclear heating
for pins or bolts. To improve the thermal conductivity between pins or bolts
and vertical plate, pins or bolts can be brazed to the vertical plate. Brazing
materials should be selected from the view point of the melting point of 350
- 500 °C. Removal methods of pins from the vertical plate are a thermal
method to re-heat pins and a mechanical method to debond the joint.
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Thermal conductivity at brazed pin joint and optimum brazing material
should be examined.

6.2.2.2 Mechanical Joint of Vertical Plate

The cross sections of vertical plate in the alternative design are shown in
Figs. 6.2.2-2 and 4. Bending radius of stainless steel (SS) cooling pipes is large
enough to bend easily. Coolant collectors welded by EB are installed at the
rear side of the vertical plate. Each vertical plate is joined together by bolts to
assemble and disassemble easily. It is also easy for the bolt joint to insulate
between the vertical plates. Only screw area of bolt is brazed to increase
thermal conductivity between bolts and the vertical plate. A1203 is coated
on non-screw area of bolt to insulate between adjacent vertical plates. AIN
spacer is used between the bolt and vertical plate because of the characteristic
of insulation and good thermal conductivity as shown in Fig. 6.2.2-5.

6.2.3 Fabrication method and process
6.2.3.1 Fabrication of heat sink

Two types of fabrication method and process are described as follows.

Type A for heat sink fabrication is shown in Fig. 6.2.3-1. Grooves for DsCu
cooling tubes are machined in a plat heat sink plate. Two heat sink plates
are HIPed with cooling tubes inserted between plates and SS pipes are
bonded at their DsCu pipe edges. Sixteen grooves can be manufactured in
DsCu plates, size of which is 3000 mmL x 15 mmt x 800 mmW due to
production ability. After HIPing, the heat sink plate is cut to 50 mm width
pieces. The heat sink pieces are bent and machined to final shape.

The other fabrication method, Type B, is shown in Fig. 6.2.3-2. A groove
with final shape is machined in a DsCu plate, the size of which is 2600 mmL
x 290 mmW x 15 mmt. A cooling pipe with built-in swirl tape is bent to final
shape and joined SS pipes to the edges. The pipe is inserted between the
plates and HIPed. The HIPed plates are machined to the final shape.

The final shape by Type B can be more accurate than that by type A But Type
B needs high accurate machining to insert curved swirl pipes in the heat
sink, therefore its cost will be higher. As an alternative method of type A, a

straight cooling tube with the width of 50 mm can be HIPed not to cut the
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HIPed plate. Type A is considered to be a reference fabrication method of the
heat sink because of cost.

Brazing and HIP bonding can be used as bonding methods between cooling
tubes and heat sink plates. Fabrication cost of brazing will be lower than that
of HIP to allow large tolerance between bonded surfaces. These fabrication

methods are composed in following table.

HIP Brazing
Cost No Good Better
Fabricability Good Good
Bonding strength Better Good
Quality assurance Good Good

6.2.3.2 Fabrication of vertical plate

A limiter module of 2560 mmH x 740 mmW x 44 mmt has thirty-six SS
vertical plates. The vertical plate is a bonded structure by HIPed or brazing
to install cooling pipes inside the plate. EB welding or mechanical joint
using bolts are applied to assemble the vertical plates and the rear section.

The reference fabrication method to join the vertical plates is HIP shown in
Fig.6.2.3.3. The vertical plate is machined precisely, and serpentine bent
tubes are placed in the grooves. Bonding interface of HIP may be pressure
boundary of coolant in coolant headers

Another fabrication method is brazing which can allow larger tolerance
between cooling tubes and grooved plate than that of HIP. Fabrication
process using mechanical joint with the rear shield is shown in Fig. 6.2.3-4.
Only the screw area of bolts is brazed to cool the nuclear heating of the bolts.
Shear force due to electro-magnetic forces can be withstand by the protrude

structure of vertical plate shown in Fig.6.2.2.5.
Low-cost fabrication method of vertical plate is casting. Casting needs

neither precise machining nor bonding of serpentine cooling tubes.

Fabrication methods are compared in the following table.
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HIP Brazing Casting
Cost High Low Lower
Fabricability Good Better Much better
Strength of bond- | Better Good No bonding
ing surface surface
Quality assur- Good Good No data
ance, inspection

6.2.3.3 Limiter Module
Total fabrication process of port limiter modules is described here and

shown in Fig. 6.2.3.6.

1) Heat sinks and vertical plates are fabricated by above mentioned method.
SS pipes are welded to both edges of a DsCu cooling pipe in a heat sink.
Other parts, beryllium tiles, and pins or bolts are manufactured and
insulation coating is performed except screw parts of bolts.

2) Beryllium tiles are bonded on the heat sink.

3) Insulation coating in vertical plate surfaces is performed. Insulation
material is AlI203.

4) FWs are jointed to a vertical plate by bolts.

5) After joining of SS pipes at the cooling tube edge, coolant collectors are
welded.

6) Vertical plates are piled up and assembled by bolts.

7) Welding between manifold and cooling pipes is performed.

8) Screws of pins and bolts in a limiter module are brazed at the same time
in vacuum

9) Surface of FW is machined in final curvature.
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Fig. 6.2.2.5 Bolt Joint in Shield Plate
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7. Studies on the runaway electrons effects on FW

The thermal response of the First wall with Be armor to the volumetric heat
generation due to the runaway electrons impact was investigated in this section.
The energy deposition density, i.e. the volumetric heat generation due to the
runaway electrons was estimated by using the EGS4 code[7.1]. This volumetric heat
is used for the thermal boundary condition in analyses of the transient temperature
distribution of FW by FE code ABAQUS.

7.1 Outline of EGS4 code system and its validation

The EGS system([1] is a general purpose package for the three dimensional Monte
Carlo simulation of the coupled transport of electrons and photons. The most
recent and enhanced version of EGS system is called EGS4. The EGS4 code can
simulate the electromagnetic processes, and the transport of electrons and photons
with the energy above a few keV up to several TeV in arbitrary geometry. This
code system provide a stand alone utility program called PEGS code (Preprocessor
for EGS) which can generate the material data such as the cross sections which are
dependent on the energy of electrons and photons.

A comparison of the results with EGS4 and another Monte Carlo code system
called GEANT3[7.2] was performed by Kunugi et. al. [7.3] for energy deposition
distribution in a 10mm thick carbon layer on top of a 50mm thick molybdenum
layer. The incident electron energies from 10 to 300 MeV and the incident angle
from 0.5 to 25 degrees. For both code systems, the results for the peak deposited
energy densities and the deposited fraction in carbon and molybdenum are
compared. The comparisons are summarized in Table 7.1. The calculations of
EGS4 and GEANT3 agree better than 20%.

Table 7.1. Relative difference of the EGS4 and GEANT3 codes results for runaway
electron impact on 10mm carbon on top of 50 mm molybdenum.

code result D [%] AD (%]

Peak energy density in molybdenum 15.6 6.4

Peak energy density in carbon 4.1 14.7

fraction of energy in molybdenum -7.3 5.3

fraction of energy in carbon -9.0 9.5

where, D= Lorom = Eross , AD= ‘KD2> —(D)’ , and E is energy deposition.
GEANT3

7.2 Thermal analyses of the runaway electrons impact on FW
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Analytical conditions of these simulations were summarized in Table 7.2. The
peak energy flux of the runaway electrons reaches maximum at ¢=0, the start of the
runaway electrons impact and then decays with characteristic time zypr and the

movement of plasma wall contacting point along the wall during VDE. The

distribution of the runaway electrons particle was assumed as the following

) .

Here x, is magnitude of plasma displacement along the wall, x,, (=2nRaa)™) is

Gaussian shape;

2
X —xtt t?
nRE(x,t,E)= Cpz €XP —( 32/ VDE) - )cxp(—
X T,p

& |t

effective poloidal length of the distribution and a is the impact angle of the runaway
electrons. The value of Cgr is determined by integrating Eq. (1) with respect to

coordinate, x, time, t and energy E, is set equal to the peak incident energy density.

Table 7.2. Analytical conditions of the runaway electrons impact on FW.

Parameter value
Energy spectrum exp(-E/Eo)
Eo=12.5MeV
Impact angle, a [degree] 0.01
Peak incident energy density [M]/ m? 10-50
VDE time, wypr [sec] 0.15
Displacement of plasma wall contacting point, x, [m] 0.5

FW model in Fig.7.1 was used for this simulation. This FW model was assumed
to be received the peak incident energy density at the start of the runaway electrons
impact as well as steady state heat flux (0.5MW/m?2) at the surface. The magnetic
field effect on the electrons reflected from the surface was considered in the vacuum
near the surface. The magnetic field assumed to be uniform and one-dimensional.
The material of the armor, heat sink and cooling tube were assumed Be, Cu and
SS316. Coolant water temperature was 140 ©C In these thermal analyses, the
phase changes such as melting and sublimation were not considered. When the
material temperature exceeded the melting or sublimation point, thermal properties

of the materials were estimated at the melting or sublimation point.

7.3 Heat generation inside of FW due to the runaway electron impact
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Fig.7.2 shows the distribution of heat generation inside of FW with CFC armor
due to the runaway electrons in three case of the incident energy density of 10, 30
and 50 MJ/m2. The heat generation is concentrated near the surface in each case.

7.4 Thermal response of FW due to the runaway electron impact

Fig.7.3 shows the temperature profiles at the edge of the surface in case of the
runaway electrons with the incident energy density of 10, 30 and 50MJ/m2. It was
found that the temperatures at the surface in each condition reached the maximum
value after the start of the runaway electrons impact since the electron flux
decreased rapidly with time. In case of the runaway electrons impact with the
energy of 50MJ/m?2, surface temperature exceeded the melting point of Be, 1287 ©C,
because the phase change of material did not considered in these analyses.

Fig.7.4 shows temperature profiles on the edge line of FW with Be armor at 50ms
after the runaway electrons with the incident energy density of 10,30 and 50M]J/m2.
In the thin layer near the surface, large temperature gradient occurred so that the
depth where temperature exceeded the melting point Be was less than 0.5 mm.

7.5 Summary

The runaway electron effects on First wall with Be armor were parametrically
investigated by numerical analysis. The numerical results showed that the
maximum temperature at the Be armor surface exceeded the melting point in case
of the runaway electron impact with the energy density of 50M]/m?2, incident angle
of 0.01 degree and that the depth of the melting region was less than 0.5mm.
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Fig. 7.1. Simulation model of FW with Be armor

for the runaway electrons impact.



JAERI-Tech 98-055

7 105 -l LILAL L) F v rrrrl I LR LA 1 o
E Be armor E
610° [ -
E s F FW model with Be armor -
L 510° Incident angle : 0.01 deg™]
2. - .
& 410° [ 50 MJ/m2 .
5 E\ \ 30 Mum2 ]
o - — 10 MJ/m2 -
o 310° % -
2 - -
% E \ \ ]

a 210 '
A - . \ .
110° | KM\ .

O LLLL 1 L1 L 111l
0.01 0.1 1

Distance from surface [cm]

Fig. 7.2, Distributions of heat generation inside of FW with Be armor
due to the runaway electrons impact with the incident energy density
of 10, 30 and 50MJ/m?2.
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Fig. 7.3. Temperature profiles at the edge of surface in three case of incident energy
density of the runaway electrons, 10, 30 and 50MJ/m?.
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Fig. 7.4. Temperature profiles on the edge line of FW with Be armor
at 50ms after the runaway electrons with the incident energy density
0of 10,30 and 50M]J/m?2.
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8. Summary

Design and analyses have been performed for ITER shield blanket module.
Fabrication methods for the shield blanket module and the back plate also have
been investigated. Studies on the runaway electron impact for Be armor have been
also performed.

Electro-magnetic analysis has been carried out for the shield blanket module to
evaluate the effect of the slot on the first wall. Two models are applied to the
analyses for stainless steel shield block of the #7 and the #9 modules. The depth and
the number of slots are simulated by changing the resistivity of the slotted SS.
slotting on the first wall become effective for the #7 module, but it is not effective
for the #9 module because the plasma shape does not match with the poloidal
curvature of the first wall surface. The number of slot of 10 ~20 with the depth of 2
mm is recommended for the slotted modules.

The fabrication procedure for shield blanket module has been proposed using
multi-layered HIP process. The #11 module is selected for the fabrication model
with 3-D curvature of the surface. The shield modules are divided into
several pieces in order to machine them. The curvature in the toroidal direction is
shaped by bending, and the curvature in the poloidal direction by machining. The
grooves of the cooling tubes is also machined to make the curvature in the poloidal
direction. It is necessary to assemble the module blocks precisely for bonding by HIP
at the same time. Issues are pointed out for the fabrication.

Fabrication procedure of the double wall back plate has been developed associated
with machining procedure and welding concept. The double wall back plate consist
of inner wall, outer wall and cooling rib. The cooling ribs are used for separating
inlet and outlet coolant flow. In addition to the cooling ribs, the internal pegs shall
be added to support electromagnetic force and water pressure. Additional ribs shall
be also provided around port for reinforcement. The welding concept for
connecting the rib to the inner wall is discussed and it is concluded that the through
wall e-beam welding which needs less machining time is the most efficient welding
method. The splice plate welding is the most important process in the back plate
manufacturing flow. The back plate shrink deformation for splice plate welding is
estimated to be less than 8 mm in toroidal direction and the angular deformation by
welding is estimated to be less than 3 degree.

Port limiter design has been performed for the supporting and alignment system.
The support structure has a sphere support to provide the vertical and horizontal
rotation, and a sliding support for radial translation. Worm and gear system with
air motors were applied to support and drive the support structure. As to the
vertical plate design, alternative vertical plate designs have been proposed. Bolt

connection between FWs and a vertical plate makes the Be-tile bonding to the heat
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sink easier than the reference design. The assembly of vertical plates by bolts are
designed from the view point of fabrication. The fabrication procedures of the
vertical plate are also discussed for low cost fabrication.

The runaway electron effects on First wall with Be armor were parametrically
investigated by numerical analysis. The numerical results showed that the
maximum temperature at the Be armor surface exceeded the melting point in case
of the runaway electron impact with the energy density of 50MJ/m2, incident angle
of 0.01 degree and that the depth of the melting region was less than 0.5mm.
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