@ e Technalogy
I

JP0650381

Applicability Assessment of Plug Weld to ITER Vacuum Vessel
by Crack Propagation Analysis

Junji OHMORI, Masataka NAKAHIRA,
Nobukazu TAKEDA, Kiyoshi SHIBANUMA,
Hiromi SAGO* and Masanori ONOZUKA*

Plant System Group
Tokamak Device Group
Fusion Research and Development Directorate

March 2006

Japan Atomic Energy Agency | HZAEREFHAHI0RI Rt




AL R—MI B AR F e RS RS R BN TUTL QO AHFE R M EE T,
ALR— OB —HE2EE BRI T AT TRICBRAVWEDbE TV,
T319-1195 FKIKIAIRETAR BHEAT 8 5 BR2-4
A ARF A 7B R a8 DR AUEIE s A oui il G Sk
Tel.029-282-6387, Fax.029-282-5920

This report was issued subject to the copyright of Japan Atomic Energy Agency.
Inquiries about the copyright and reproduction should be addressed to :
Intellectual Resources Section,
Intellectual Resources Department
2-4, Shirakata—shirane, Tokai—mura, Naka—gun, Ibaraki-ken, 319-1195, JAPAN
Tel.029-282-6387, Fax.029-282-5920

©OH AJRF 42 BH 28 6k% ) Japan Atomic Energy Agency, 2006




JAEA-Technology 2006-017
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Vacuum Vessel by Crack Propagation Analysis
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(Received January 27, 2006)

In order to improve the fabricability of the vacuum vessel (VV) of International
Thermonuclear Experimental Reactor (ITER), applicability of plug weld between VV
outer shell and stiffening ribs/blanket support housings has been assessed using crack
propagation analysis for the plug weld.

The ITER VV is a double-wall structure of inner and outer shells with ribs and
housings between the shells. For the fabrication of VV, ribs and housings are welded to
outer shell after welding to inner shell. A lot of weld grooves should be adjusted for
welding outer shell. The plug weld is that outer shells with slit at the weld region are set
on ribs/housings then outer shells are welded to them by filling the slits with weld metal.
The plug weld can allow larger tolerance of weld groove gap than ordinary butt weld.

However, un-welded lengths parallel to outer shell surface remain in the plug weld
region. It is necessary to evaluate the allowable un-welded length to apply the plug weld
to ITER VV fabrication. For the assessment, the allowable un-welded lengths have
been calculated by crack propagation analyses for load conditions, conservatively
assuming the un-welded region is a crack. In the analyses, firstly allowable crack
lengths are calculated from the stresses of the weld region. Then assuming initial crack
length, crack propagation is calculated during operation period. Allowable initial crack
lengths are determined on the condition that the propagated cracks should not exceed
the allowable crack lengths.

The analyses have been carried out for typical inboard straight region and inboard
upper curved region with the maximum housing stress. The allowable initial cracks of
ribs are estimated to be 8.8mm and 38mm for the rib and the housing, respectively,
considering inspection error of 4.4mm. Plug weld between outer shell and ribs/housings
could be applicable.

Keywords: Fusion, ITER, Vacuum Vessel (VV), Plug Weld, Crack Propagation
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1. Introduction

The ITER main vessel is a large torus-shaped, double-wall structure of inner and outer shells
with stiffening ribs and blanket housings between the shells to give the required mechanical
strength and separate the shells. The basic vessel design is an all-welded structure.

Toroidal and poloidal ribs are used to reinforce the vessel structure. Each blanket module is
attached directly to the VV by a set of four flexible supports located symmetrically with respect
to the module center. The flexible supports are mounted in housings that are recessed inside the
vessel and structurally integrated both with the inner and outer shells.

All weld joints within the VV are to be of the full-penetration type and most weld joints have
conventional configurations in the reference design. Ribs and housings are welded to outer shell
from outer shell side after welding to inner shell. Butt weld and ultrasonic testing of the joints
have been proposed in the reference design. The groove gaps of the butt weld are about 2mm for
manual weld and less than 1mm for automatic weld. By welding outer shells, weld deformations
of the outer shells seem to be produced due to heat deposition of a lot of weld joints. Precise
adjustment of groove gaps is to be required for welding outer shells.

In order to improve the fabricability of outer shell welding, plug weld joint has been proposed.
The plug weld is that outer shells with slit at the weld position are set on ribs/housings then outer
shells are welded to them by filling the slits with weld metal. The plug weld can allow larger
tolerance of weld groove gaps than ordinary butt weld. However, un-welded lengths parallel to
outer shell surface remain in the plug weld region. It is necessary to evaluate the allowable
un-welded length to apply the plug weld to ITER vacuum vessel fabrication. In order to assess
the applicability of plug welding, the allowable un-welded lengths have been calculated for
operation conditions by crack propagation analyses, conservatively assuming the un-welded
region is a crack. The analyzed regions are a typical inboard straight region with ribs/housings
successively located and an inboard upper curved region with maximum housing stress.
Additionally the allowable crack lengths perpendicular to outer shell surface, which are defects

in weld metal, have been also assessed.
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2. Structure of ITER vacuum vessel and plug weld

2.1 Structure of ITER vacuum vessel [1]

The ITER main vessel is a large torus-shaped, double-wall structure with shielding and cooling
water between the shells. The vessel consists of inner and outer shells, ribs, shield structures,
splice plates for field joints, and mechanical structures on the inner and outer shells to support
in-vessel components and to support the vessel weight, shown in Fig.2.1.-1. The main
parameters of the VV are summarized in Table 2.1-1.

The double-wall structure of the main vessel is made of SS 316L(N)-IG with stiffening ribs
between the shells to give the required mechanical strength and separate the shells. The inner and
outer shells are both 60 mm thick plates and the stiffening ribs mainly 40 mm thick plate. The
basic vessel design is an all-welded structure. Although the VV is a double wall structure, the
inner shell serves as the first confinement barrier. The minor and maximum radii of the main
vessel are 3.2 m and 9.7 m respectively, and the overall height is 11.3 m. The total thickness of
the double-wall structure is typically in the range of 0.34-0.75 m, shown in Fig.2.1-2. The inner
and outer shells and stiffening ribs between them are joined by welding. These ribs also form the
flow passages for the vessel cooling and baking water. Water flowing in the space between the
shells is required to remove the nuclear heat deposition and also performs a shielding function.
Toroidal and poloidal ribs are used to reinforce the vessel structure. 40 mm thick plate is mainly
used except a poloidal rib at the toroidal center of the 40° sector, which is 60 mm thick plate to
provide sufficient strength of the vessel shells.

Each blanket module is attached directly to the VV by a set of four flexible supports located
symmetrically with respect to the module center shown in Fig 2.1-3. The flexible supports are
mounted in housings that are recessed inside the vessel and structurally integrated both with the
inner and outer shells. The inner shell continues around the housing as the first confinement

barrier.

2.2 Design of plug weld

Fig 2.2-1 shows the cross-section in inboard area. All weld joints within the VV are to be of the
full-penetration type and most weld joints have conventional configurations in the reference
design. For the welding of inner shell, the layout of the housings/keys allows the electron-beam
welding of these components to the shell and radiographic testing as non-destructive testing

(NDT) of the weld joints. It is because the inner shell is the confinement barrier.

_2_
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For the welding joints between outer shell and rib/housing, butt weld and ultrasonic testing of the
joints have been proposed in the reference design, shown in Figs.2.2-2 and 2.2-3. The groove
gaps of the butt weld are about 2mm for manual weld and less than 1mm for automatic weld. By
welding outer shells, weld deformations of the outer shells seem to be produced due to heat
deposition of a lot of weld joints. Precise adjustment of groove gaps is to be required for welding
outer shells.

In order to improve the fabricability of outer shell welding, plug weld joint has been proposed.
Figs.2.2-4 and 2.2-5 show the plug weld joint between outer shell and rib, and between outer
shell and housing. Outer shell with grooves are set on ribs and housings and welded to them
using the grooves. The groove gaps of the plug welds can be larger than those of the butt weld.
However, un-welded regions remain in the plug weld, shown in Figs.2.2-4 and 2.2-5. It is
necessary to evaluate the allowable un-welded length to apply the plug weld to ITER vacuum

vessel fabrication.

Reference
[2-1] ITER DDD 15, Vacuum Vessel, September 2004
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Table 2.1-1 Main VV Parameters

ITER-FEAT

Size

- Torus OD 19.4m

- Torus Height 11.3m

- Double Wall Thickness 0.34-0.75 m

- Toroidal Extent of Sector 40°

- Number of Sectors 9

- Shell Thickness 60 mm

- Rib Thickness 40-60 mm
Structure Double-wall structure

- Inboard Straight Region Cylindrical

- Inboard Top/Bottom Double curvature

- OQutboard Region 4 Facets/Sector
Resistance

- Toroidal 7.9 nQ

- Poloidal 4.1 uQ
Required Leak Rate < 1x10™ Pam™/s

Surface Area / Volume (Main Vessel)

- Interior Surface Area 850 m?

- Interior Free Volume (excluding IVC* 1090 m?
volume)

- Interior Total Volume (including IVC* 1600 m®
volume)
Materials’

- Main Vessel and Double-wall Port SS 316L(N)-IG
Components

- Primary In-wall Shielding SS 304B7 (inboard) and

SS 304B4 (outboard)

- Ferromagnetic Insert Shielding SS 430

- Single wall port components and Connecting S8 304
Ducts

- Fixing/supporting components Grade 660 or/and

(including fastening bolts) Alloy 718

(Inconel 718)

Mass (without water)

- Main Vessel (without shielding) 1611t

- Shielding 1733 ¢

- Port Structures 14871t

- Connecting Ducts 2941t

- Total (not including water) 5124t

* ; In-vessel components (IVC)

GISCR W -11-16 WL
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3. Load conditions and combinations

Load conditions and combinations are shown in Table 3.-1[3-1]. The events producing
electro-magnetic loads are major disruption(MD), vertical displacement event(VDE) and toroidal
coil fast discharge(TFCFD). The event producing thermal load is nuclear heating. Stress analyses
have been carried out for each load condition separately. The stresses for the load combinations
are obtained by the summation of the stresses of the each analysis results. For the number of
cycles of crack propagation analyses, operation events are grouped as follows, VDEII(MDII) of
3180 cycles, VDEII+ TFCFD of 101cycles, VDEIII of 1 cycle and thermal stress of 30000cycles,

shown in Table3 .-1.

Reference

[3-1] ITER DDD Load Specification, July 2004, P7.

Table 3-1 Load conditions and combinations

- Cat. | Load Combination | No. of cycles | No. of cycles for Static allowable
crack propagation stress
MDI 3000(A) Sm (Membrane)

I MDI+TFCFD 50(B) 1.5Sm (Bending)
VDEI 150(A) 3Sm (Thermal)
VDEI+TFCFD 50(B) 3 (Buckling)
MDII 15(A) 3180(A)

II VDEIIL 15(A) (=3000+150+15+15)

VDEII+TFCFD 1(B) 101(B) 1.2Sm (Membrane)

III (=50+50+1) 1.8Sm (Bending)
VDEIII 1(C) 1(C) 2.5 (Buckling)
Thermal stress 30000(D) 30000(D)

Numbers of cycles used for crack propagation analyses are obtained by the summation

of (A), (B), (C) and (D) events.
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4. Evaluation method of plug weld applicability
4.1 Evaluation method

Plug weld has un-welded region in the welding between outer shell and housing/ribs. Although it
is too conservative that the un-welded region is considered to be a crack, it is treated as a crack
for the application assessment. In order to evaluate the allowable un-welded length, crack
propagation has been analyzed for the un-welded lengths of housings and ribs of VV. Fig.4.1-1

shows the evaluation flow of the allowable initial crack length.

(1) Crack modeling

Plug welds of housing and ribs are modeled by a cylinder and a plate with a crack, respectively.
(ii) Load condition

The loads on the plug weld are calculated from operation conditions.

(111) Calculation of critical crack length

ITER VYV shells are made of ductile austenic steel. The fracture mode of the VV is considered to
be plastic collapse. The critical crack length (a,) is determined by plastic collapse load.

(iv) Assumption of initial crack length: ag

(v) Calculation of crack propagation to obtain final crack length: a¢

The final crack length (ar) is obtained by crack propagation calculation. The final crack length
(ap) is compared with the critical crack length a,. When ar is equal to a,, failure of the plug weld
is assumed to occur.

(vi)Allowable initial crack length ,
The allowable crack length is calculated by subtracting the crack propagation length caused by

one operation cycle from the critical crack length (a,).
4.2 Crack modeling

For plug weld with un-welded region, conservative assumptions have been performed for the
welding of ribs and housings. Plate with double edged infinite crack is applied to the plug weld
of ribs, shown in Fig.4.2-1(a). Circumferentially cracked cylinder is applied to the plug weld of
housings, shown in Fig.4.2-1(b). Plate with a infinite surface crack is applied for the crack
perpendicular to outer shell in the welding region, shown in Fig4.2-1(c) and (d). Tables 4.2-1 and

4.2-2 summarize the crack modeling and dimensions.
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4.3 Critical crack length

4.3.1 Crack model of plug weld for rib

The critical crack length (a,) is calculated by plastic collapse load. The plastic collapse load is

defined as the load condition that the stress of the plate with the critical crack reaches the flow

stress including safety factors.

For the rib, crack model of plate with double edged infinite crack is applied, shown in Fig.4.3-1.

Under combined loading of axial force (F) and moment (M), shown in Fig.4.3-2, from

equilibrium of the force and the moment, following formulas are obtained,

Equilibrium of axial force

F=2bz;07¢ ¢))

2
Equilibrium of moment M = b(-z— A JO’ ; )

Where,

b: rib thickness
h=t-2a t : rib width
a : crack length

—S'—g_ =F, Fo, My : applied load

m

S% =M, SF,,, SFy: safety factor
b

or : flow stress

o= (Sy+Su) / 2 = (184 + 462) /2 =323 MPa

Sy : yield strength (SS316L(N)-1G 184 MPa, 100°C)

Su : ultimate strength (SS316L(N)-IG 462 MPa, 100°C)
SFm : safety factor for membrane stress (=2.7) [4-1]
SFb : safety factor for bending stress (=2.3) [4-1]

4.3.2 Crack model of plug weld for housing

For housings, crack model of circumferentially cracked cylinder is applied, shown in Fig.4.3-3.
Axial forces and moments are loaded on housings. Both the membrane and bending stresses are

considered as the membrane stress because the consideration is conservative and the bending

stresses of housings are not dominant from the results of stress analyses.

Circumferentially cracked cylinder for the housing
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I

O-m f le (3)

where Ry : diameter of the cylinder
a : circumferentially critical crack length

Om . membrane stress

(e}

m

SF

o, G, : applied load

SF : safety factor for membrane stress(= 3) [4-2]

4.3.3 Crack model for surface crack

For surface crack of welding region, elliptic crack is assumed, shown in Fig.4.3-4. The surface

crack is perpendicular to outer shell surface. The crack would be assumed not only in plug weld

region but also in butt weld region.

o*m=0'f(l—Z—Z:] “

where a, ¢ : crack depth and a half length
t : plate thickness (outer shell)
b : thickness

4.3.4 Calculation procedure of critical crack length

From the stress analyses of the typical inboard area, the critical crack lengths are calculated as

follows;

(1) Define the evaluation cross section for calculating the critical crack length
For the ribs, the evaluation cross sections for calculating the critical crack lengths are shown
in Fig.4.3-5(a). When plug welding is applied to the cross section, un-welded lengths exist on
the both sides of the rib. For the housings, the evaluation cross sections are shown in
Fig.4.3-5(b). The stresses in evaluation cross section distribute in toroidal and vertical
directions. Therefore two directions of stress distributions are considered to calculate the
critical crack length for the housing.

(2) Estimate membrane and bending stresses in the evaluation cross sections
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From the results of stress analyses for the typical inboard region, membrane and bending
stresses are obtained by linearization in the evaluation cross section. The mean stress
corresponds to the membrane stress, and the linearized maximum stress corresponds to the

membrane plus bending stress.

(3) Calculate critical crack length

Using formulas (1), (2), (3) and (4), critical crack length can be calculated for ribs and
housings, respectively. For ribs, axial force F and moment M in the evaluation cross section
are obtained by the membrane and bending stresses from the stress analyses. For housings,
using formula (3) circumferentially critical crack length can be calculated assuming
membrane plus bending stresses are membrane stresses. For surface crack, critical crack
lengths are calculated for three cases of stress to apply; safety factor multiplied membrane
stress, safety factor multiplied combined stress (membrane plus bending stress) and
membrane stress plus safety-factor multiplied bending stress.

If the critical crack length exceeds 75 percents of rib/housing thickness, the 75 percents of

rib/housing thickness is assumed to be the critical crack length [4-2].

4.3.5 Crack propagation analysis

Crack propagation is calculated by stress intensity and crack growth rate.

For ribs, stress intensity is calculated by the following formulas where membrane stress (om) is

considered as membrane plus bending stresses.

(i) Stress intensity factor for a plate with cracks on both side [4-3]

K; =o,ra-F,, (o <—? < o.sj

where o, =—
" bt

F, = [1 +0.122 cos* (ﬂﬂ L tan (1‘1)
t a t

For housings, the following formulas are applied.

(ii) Stress intensity factor for a cylinder with circumferential crack [4-3]

K; =(Fmo-m+Fbcrb)«/E, [0 <Ri<lj

0

o 4M
» Op =
ﬂRg 7:R3

where o, =

(4)

)
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a
=]
s=l-o
F, =05z (1 +0.5¢+0.375¢2 —0.363¢3 + 0.731;4)

F, =0375s (1 +0.5¢ +0.375¢% +0.313¢3 +0.274¢* + 0.537;5)

(iii) Stress intensity factor for a plate with elliptic crack [4-4]

K; = (o +Hso), |7~ Fy, (0<3<0.8, 0<Z<2, 0<£<0.5] (6)
o t ¢ b
M
where 6, =——, op =—
t bt

Jw =|sec 2 N
U R ETN P

HS =H1 +(H2 —Hl)-sinp¢

where ¢ is the parameter of elliptic crack angle. ¢=0" means surface of crack and
¢ =90°means the deepest point of crack depth.

For a/c <1

1.65
Q=1+1.464-[3)

4
M;=113-009-2
c

0.89

M, =—0.54+
02+2
c

) Y%
My =05- +14-(1-—)
0.65+2 ¢
c
a\? 2
g=l+l:0‘l+0.35-(;) }-(l—sm;é)

5 : 1/4
7 {(ﬁ) -cos? ¢ + sin? 4

[4

a

p=0.2+3+0.6-
c t
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a

H =1-034-2-011.2.
t c !

N

a a
Hz =1+GZI '?+G22 (‘t‘)

Gy =-122-0.12-

a 0.75 a 1.5
Gy =0.55-1.05 [—) +0.47- (—)
c c

For a/c>1

1.65
Q=1+1.464-(£)

c

M1=\/§-(1+0.04-£)
a a

c 4
M2 =02‘(—)
a

¢ 4
M3 =—0,11'(—J
a

2
g=1+|:0.1+0.35-£-(f1—) .(1-sing)’
a

-l/4

a

2
,;,,{(z) sin? g 40574

p=02+<+06-2

a t

' a a 2
Hl =1+G11 '?+G12 [’t—j

2
a a
H2 =1+G21 '7+G22 (‘}‘j

G =—004-041-5
a

c 0.75 c 1.5
Gy, =0.55 —1.93-(—) +1.3s-(—)
a a

Gy =-211-077-2

a
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(iv) Crack growth rate [4-2]

C-17° (AK)"

7

da
—[m/cycle] =
aUV[ cycle]

where C =8.17x107"

m= 3.0
t, = 1000
R = Kumin
Kmax
AK =K. -K_.  (R20)
AK =K (R<0)

The initial crack is assumed to be 0.1mm for the crack propagation analysis.

4.3.6 Determine the allowable crack length

According to crack propagation analyses, the multiple number of total design loading operation
cycles are calculated. The allowable crack length is the crack length corresponding to total
design loading operation cycles minus one operation cycle. The inspection error is assumed to be

4.4mm for UT application [4-5].
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Crack modeling Load condition

Calculation of critical crack length : a,

Assumption of initial crack length :ag <

Calculation of crack propagation

Calculation of final crack length :ar

No

ap = Allowable initial crack length

Fig. 4.1-1 Evaluation flow of allowable initial crack length
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Table4.2-1 Crack modeling

Rib Housing

Crack in un-welded | Plate with double edged Circumferentially cracked

region : infinite crack cylinder

Crack perpendicular to | Plate with a finite surface crack Plate with a finite surface crack

outer shell surface

Table 4.2-2 Dimensions

Rib Housing
Crack in un-welded
t=60 R, =105
region [mm)]
Crack perpendicular to t=60 t=60
outer shell surface [mm] 26 =1000 2b =660 (= 2zR)
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Welded part
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N i | (mitial crack)
{
i
(
|
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Welding part

(a) Rib (Un-welded region) (b) Housing (Un-welded region)

[
!

L] ! |

I
i
Surface crack i | Surface crack
I
y 2c,depth a) i | (lenigth 2c, depth a)
[
(c) Rib (Welding region) (d) Housing (Welding Region)

Fig.4.2-1 Crack Models of Ribs and Housings
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Fig.4.3-3 Crack model of circumferentially Fig.4.3-4 Crack model of plate with a finite

cracked cylinder for housing surface crack for welding region
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Evaluation line parallel

to outer shell

Outer shell
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60 <— | Evaluation line of plug weld
E / (un-welded region)
g
Rib

(a)Rib

Evaluation line parallel to

outer shell

Evaluation line of plug

weld (un-welded region)

%Y i
&
(b) Housing

Fig.4.3-5 Evaluation line for crack analysis
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5. Electro-magnetic and stress analyses of the whole VV structure

In order to evaluate the stresses of the weld regions between ribs/housings and the VV outer shell,
the electro-magnetic (EM) and stress analyses of the whole VV structure have been performed
for load conditions shown in Sec.3.

5.1 Electro-magnetic analyses of the whole VV structure

5.1.1 Analysis model v

A toroidal 20-degree three dimensional model with three port openings has been established in
the EM analysis, shown in Fig. 5.1-1. Shell-element has been used for all components of VV
shells and ribs.

No.1 blanket and No.18 blanket on the triangular support are modeled as the contact points
between plasma and blankets for the calculation of halo current.

5.1.2 Analysis conditions

(1) Material properties

Electrical resistivity of 0.797 uQm for the VV shells at 100 °C was applied taking the
component temperatures at the start of burn into account.

(2) Load conditions
Five load conditions due to plasma disruptions have been considered for the analyses of the VV
structure. The EM loads due to eddy current are as follows;
i) Major disruption II with 40ms linear current decay
ii) Vertical displacement event IIl (VDE) with fast downward plasma movement with 40ms
linear current decay
iii) Vertical displacement event III (VDE) with fast upward plasma movement with 40ms linear
current decay
The plasma disruption scenarios are shown in Figs. 5.1-2~4. The eddy currents of the VV
structures are calculated at the end of the disruptions.
The EM loads due to halo current are as follows;
iv)Vertical displacement event III (VDE) with slow downward plasma movement
v) Vertical displacement event III (VDE) with slow upward plasma movement
vi) TF coil fast discharge with time constant of 11sec [5-1]
The halo currents are assumed to be 0.58*Ip for the slow downward plasma movement and 0.35*
Ip for slow upward plasma movement [5-2]. '
I halo * Pf/I plasma = 0.58
where Pf is toroidal peaking factor of the halo current.

(3) Boundary conditions

The condition of toroidal edges of the VV model is rotational symmetry in toroidal direction. For
halo current of downward VDEIII, the contact points between plasma and blanket modules are
No.1 and No.18 modules. For those of upward VDEIII are No.7 and No.11 modules.
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5.1.3 Analysis Results

Calculated eddy and halo current distributions are shown in Fig.5.1-2 ~ 5.1-7. Table 5.1-1 shows
the EM analysis conditions and VV currents. Halo currents are obtained from the ratio of VV
upper and lower current-pass resistances. The VV currents for VDEIII (Slow, Downward) are
3.2MA and 5.5MA in upper and lower parts of VV, respectively. Those for VDEIII (Slow,
Upward) are 5.5MA and 1.5MA in upper and lower parts of VV, respectively. The eddy current
distribution of TFCFD has been calculated at 1.2sec after TFCFD start. The maximum EM
forces of TFCFD are produced at the time [5-3]. Figs.5.1-8 ~ 5.1-13 show EM forces for the load
conditions. The EM loads of downward VDE Il and TFCFD are understandable compared

with ITER DDD [5-4].

References

[5-1] ITER DRG2 G A0 GDRD 3 01-07-19 R1.0, Chapter2 Page3.
[5-2] ITER DDD Load Specification, July 2004, P21.

[5-3] LSenda, The analysis of TF fast discharge with detail modeling of TF coils, June

2001,JAHT.

[5-4] ITER DDD 15 Vacuum Vessel, September 2004, P113, P119.

Table 5.1-1 EM analysis condition and VV currents

Analysis case Condition VV current
(HMDII Linear 40ms decay
(2)VDE I (Fast Downward) - Linear 40ms decay
(3)VDE I (Fast Upward) Linear 40ms decay
(4) Halo current VDEIII I halo xPf/T plasma =0.58 | Iupper=3.2MA
(Slow, Downward) I lower=5.5MA
(5) Halo current VDEIII I halo xP{/I plasma =0.46 [ upper=5.5MA
(Slow, Upward) I upward/I downward=0.8 | Ilower=1.5MA
(6) TFCFD . TFC current = 58kA I vv=2.88MA
EM load is calculated at the
time of 1.2 sec after TFCFD

Pf is toroidal peaking factor of the halo current
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EDOY CURRENT DENSITY
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MEAT FLUX ~ MAG MK 1028 11 MR 9. B4ERDS VALUE OPTHOR ACTUAL
FRAME CF REF, RART SBURFACE: TCP

Alm

Fig. 5.1-2 Eddy current in VV at major disruption, t=42.3msec

ELOyY CURRENT DENSITY
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T NESTEP, . 4 T OME: Q. G405
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8. GBDED!
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Fig. 5.1-3 Eddy current in VV at VDEIII (F,D) t=40.5msec
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ECDy CURRENT DENSITY
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Fig. 5.1-4 Eddy current in VV at VDEIII (F,U) t=39.9msec
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SHELL SURFACE: TOP

Fig. 5.1-5 Halo current in VV at VDE HI (S,D)
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ELDY CURRENT CENMSITY
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Fig. 5.1-6 Halo current in VV at VDEIII(S,U)
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Fig. 5.1-7 Eddy current in VV at TFCFD, t=1.2sec
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4

Fig.5.1-8 EM force distribution at MD

1

Fig.5.1-9  EM force distribution at VDE III(F,D)
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Fig.5.1-11  EM force distribution at VDE ITI(S,D)
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5.2 Global stress analysis of the whole VV structure

Stress Analyses of the whole VV structure have been performed in order to find high stress
regions of welding between ribs and housings. Load conditions for the stress analyses are coolant
pressure and EM loads resulted from EM analyses.

5.2.1 Analysis model

The analysis model of the stress analyses is the same as that of EM analysis, shown in Fig.5.1-1,
The VV shells and ribs are modeled using shell elements. The beam elements of housing model
are added to the analysis model.

5.2.2 Analysis conditions

(1) Material Properties ;
Young’s modulus and Poisson ratio of the VV shell material are 198GPa and 0.29, respectively.
The dimensions of beam elements for housing are inner and outer diameters of 152mm and
210mm, respectively.

(2) Load conditions ,

Load conditions for the stress analyses are coolant pressure load, EM load due to TF coil fast

discharge (TFCFD) and EM loads due to plasma disruptions. The stress analysis for each load

condition has been performed separately. The stresses for load combination are obtained by

summation of the analysis results for each load condition. The factors of stresses for load

combinations are shown in Table5.2-1. EM forces of blanket module on housing of + S00kN are

not included in the stress analyses.

Load conditions;

i) Coolant pressure of 1.3 MPa between VV inner and outer shells

i1) Major disruption II with 40ms linear current decay

iii) Vertical displacement event III (VDE) with fast downward plasma movement with linear
current decay of 40ms

iv) Vertical displacement event III (VDE) with fast upward plasma movement with linear current
decay of 40ms

v) Vertical displacement event Il (VDE) with slow downward plasma movement

vi) Vertical displacement event III (VDE) with slow upward plasma movement

vii) TF coil fast discharge (TFCFD) with time constant of 11sec

(3) Boundary conditions

The condition of toroidal edges of the VV model is cyclic symmetry in toroidal direction. For the
support of the VV structure, attached area of the support on the lower port bottom is fixed in all
directions, shown in Fig.5.2-1

5.2.3 Analysis results
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For each load condition, maximum membrane and bending stresses are shown in Tables 5.2-2
and 5.2-3 where oy means the stress along VV outer shell surface. The positive membrane stress
is tensile stress of the weld lines of ribs and housings. Stresses of the bold letters mean that the
stresses are high for each disruption. The stresses due to downward disruption are higher than
those due to upward disruption for toroidal rib. Table 5.2-4 summarized the maximum membrane
and membrane plus bending stresses for each disruption. The locations are shown in Figs 5.2-2
and 5.2-3 for ribs and housings, respectively.

For toroidal ribs, the maximum membrane stress is produced at the side rib of the lower port,
shown in Fig5.2-2(1/3). The rib is not welded to inner shell. The maximum membrane plus
bending stress is produced at the side rib of the lower port and the rib of VV upper part. The
stress distributions are shown in Fig.5.2-4 for load combinations. High stress elements such as
element No.38296 and No.34574 are located at the edge of the toroidal rib and the stress
concentrates at the edge.

For poloidal ribs, maximum stresses are produced in the VV upper part and the side of the lower
port, shown in Fig.5.2-2(3/3) and Fig.5.2-4. The stress concentrates at the edge of the ribs.

For housings, maximum stresses are produced in those of blanket No. 7in the VV upper part,
shown in Fig.5.2-3.

In order to assess crack propagation, detail stress distributions of the weld region are required.
The detail stress analyses have been carried out for the VV inboard region and the upper region,
described in Sec.6 and Sec.7, respectively. The inboard region is selected for a typical VV region
with ribs/housings successively located, and the upper region is for that of the maximum housing
stress.
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Fig. 5.2-3 Location of maximum stress of housingss
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6. Crack propagation of typical inboard region

Detail stress and crack propagation analyses have been carried out in order to determine
allowable crack lengths. In a typical inboard region, as ribs and housings are successively
located, fabricability improvement can be expected by using plug weld. Relatively simple

boundary and load conditions can be set for the stress analyses in the typical inboard region.
6.1 Detail stress analyses of typical inboard region

6.1.1 Analysis model

Fig.6.1-1 shows the analysis region of the inboard stress analysis. Two finite element (FE)
models are prepared for the stress analyses to apply fine meshes for the weld of housings and
that of ribs, respectively. The FE models of housings and ribs in the inboard region are shown in
Figs.6.1-2 and 3, respectively. 3-dimensional solid elements are used in the models. Cracks or

un-welded areas are not included in the models.
6.1.2 Analysis conditions

(1) Load conditions

Load conditions of the stress analyses are summarized in Table 6.1-1. The loads of coolant
pressure, EM loads due to halo currents and TFCFD event, poloidal moments of blanket modules
and thermal load are considered for the stress analyses. For EM loads at disruption, loads due to
only halo currents are included in the analyses because those due to eddy currents are considered

not to be dominant. The load conditions of the stress analyses are shown in Fig.6.1-4 ~6.

(2) Boundary conditions

Boundary conditions are shown in Fig.6.1-7. Symmetric and asymmetric boundary conditions on
the nodes on the vertical boundary planes have been applied depending on the load conditions.
The load cases of coolant pressure and EM load pressure have symmetric boundary conditions.
That of poloidal moments for housing has asymmetric boundary conditions.

For all cases the two horizontal boundary planes are symmetric. All nodes on the z=0 are
restrained in vertical direction. The nodes on the other horizontal boundary plane are coupled in

z direction in order to give a free expansion keeping the plane horizontal.

(3) Material properties



JAEA-Technology 2006-017

Young’s modulus and Poisson ratio of the VV structure material are 200GPa and 0.29,
respectively. Thermal conductivity is 15.1W/mK. The thermal transfer coefficient in cooling
sides of VV shells is 500W/m’K.

6.1.3 Analysis results

Deformations for each load case are shown in Figs. 6.1-8~11. The temperature distributions are

shown in Figs 6.1-12 and 6.1-13. The maximum temperature of inner shell is 220°C. The

maximum temperature point is the gap between blanket modules on the inner shell. The

temperature rise is limited in the inner shell surface. The maximum temperature of housing is

123°C. The deformation due to thermal load is shown in Fig6.1-14.

Tresca stress distributions for each load case are shown in Figs.6.1-15~29. The analyzed load

cases are as flows;

(1) Coolant pressure of 1.3MPa (Figs.6.1-15,16,17)

The stresses of the connection between the VV shell and housing/ribs are concentrated at the

connection corner. Tresca stresses of the plug weld region are around 40 -50 MPa.

(2) TFCFD event (Inner shell: 0.73MPa, Outer shell: 0.87MPa, Figs.6.1-18,19,20)

Stress concentrations are produced at the connection between VV shells and housings/ribs.

Tresca stresses of the plug weld region are around 120 MPa for housing and 40MPa for ribs..

(3) EM forces due to halo current in VDE III (Slow VDE, Inner shell: 2.1MPa, Outer shell:
1.8MPa, Figs.6.1-21,22,23)

The EM force is a pressure from inner shell to outer shell sides. The stress concentrates at the

plug weld region to be around 290MPa. ’

(4) Poloidal moment of blanket at VDEIII (+500kN, Figs.6.1-24,25,26)

Bending stresses due to poloidal moments are produced at the connection between housing and

VV shells.

(5) Thermal load due to nuclear heating (Figs.6.1-27,28,29)

Thermal stresses are limited in inner shell. The stresses of the plug weld region are negligible.
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Table 6.1-1 Load Conditions of Typical Inboard Region

Inboard region

1.Coolant Water Pressure

1.3MPa

2.MDII
Electromagnetic Force by
Eddy Current

not to be considered

Electromagnetic Force by
Halo Current

Inner Shell 0.13MPa

Outer Shell 0.11MPa

3. VDE

Direction of the VDE Downward VDE
Electromagnetic Force by not to be considered
Eddy Current

Electromagnetic Force by
Halo Current

Slow VDE Fast VDE

Inner shell Outer shell | Inner shell Outer shell
VDE III 2.1MPa 1.8MPa 2.1MPax0.6 | 1.8MPax0.6
VDE I 2.1MPax0.75 | 1.8MPax0.75 | 2.1MPax0.45 | 1.8MPax0.45
4. TFCFD
Electromagnetic force Inner shell 0.73MPa
Outer shell 0.87MPa
5. Electromagnetic force from
Blanket Housing Slow VDE Fast VDE
VDE III + 500kN
VDE II + 500kNx0.75
MD II + 500kN

6. Nuclear heating
Nuclear heating

H(x,y,z)=Homax * exp(-ax): [exp(-Ay*)+exp(-Az>)]
x:Distance by Outer shell direction from V/V Inner
shell(mm)

y:Distance by Poloidal direction(mm)

z:Distance by Toloidal direction(mm)
Homax:6.6x10™*(W/mm®)

a:1.28x10%(mm™)

A:1.08x10*(mm™?)

The Housing between Outer Shells in V/V

Housing of gap side existing between Blankets
H=13.18x107 exp(-al* x)

al=1.2x10%(mm™)

Housing of Opposite side to the gap existing between
Blankets

H=9.45x10"> exp(-a2‘ x)

a2=1.13x10%*(mm™)
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Analysis region

Fig.6.1-1 Analysis region of Typical Inboard Region
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Electomagnetic force by TFCFD
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Fig.6.1-5 Load conditions of inboard region
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Fig.6.1-11 Deformation due to poloidal moments of blanket (+500kN)
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Fig.6.1-12 Temperature distribution of VV
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Fig.6.1-15 Tresca stress distribution due to coolant pressure
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Fig.6.1-16 Tresca stress distributions of housing (1) and outer shell
due to coolant pressure (1.3MPa)

Fig.6.1-17 Tresca stress distributions of peloidal ribs and outer

shell due to coolant pressure (1.3MPa)
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Fig.6.1-18Tresca stress distributions in TFCFD event
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Fig.6.1-21 Tresca stress distribution due to halo current in VDEIII
event (Slow VDE)



JAEA-Technology 2006-017

160465

:
{
£

shell

o

d outer

ing an

f housi

ons o

22 Tresca stress distributi

1-

3

6

ig.

°

F

)

alo current in VDEIII event (Slow VDE

due to h

bs and outer shell due to

i

fr

ons o

23 Tresca stress distributi

1~

6

ig.

°

F

=
2
=
73]
e
<
=
&
=
© |
= o
= Nei
W m
=
4=
=
[
-
ot
=
&2
=
=
=



JAEA-Technology 2006-017

185, 185,
1 188
751,84 151
138 RETY
18, 118,
102.4 102,
854 ,@ 854
8550 B8

623 , Bz

v 2249 v 2200,
it Pringe . detad Frings N/mm?
“ % Max 166.2 @Nd 46698 X’ Max $85.2 @Nd 46895
i 2 283 @Nd 79927 Win 2263 @Nd 7827
Housing®
Housing@
Housing®
Housing@

defatdt Frings |
o 1852 @NJ 46595
Min 2.258 @Nd 185276

Fig.6.1-24 Tresca stress distribution due to poloidal moments of
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Fig.6.1-25 Tesca stress distribution of housing and outer shell due
to poloidal moments of blankets (+500kN)

Fig.6.1-26 Tresca stress distribution of ribs and outer shell due to
poloidal moments of blankets (+500kN)
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Fig.6.1-27 Tresca stress distribution due to thermal stress



JAEA-Technology 2006-017

N/mm?

d outer shell

ing an

ibutions of howusi

istr
due to thermal stress

°

28 Tresca stress d

1-

6

ig.

°

F

N
.
.

N/mm?

2

N/mm

bs and outer shell due to

i

fr

istributions o

29 Tresca stress d

1-

o

6

ig.

e

F

thermal stress

73



JAEA-Technology 2006-017

6.2 Allowable crack lengths of plug welds

The allowable un-welded lengths of the plug welds have been estimated by crack propagation
analysis in a typical VV inboard region, using membrane and bending stress calculated in the

previous section.
6.2.1 Allowable crack lengths of plug welded ribs

Table 6.2-1 shows membrane and bending stresses of ribs for load cycles in the evaluation cross
section, shown in Fig.6.2-1. The stresses are obtained by the summation of stress analysis results
for each load condition. The stresses in red cells in Table6.2-1 are used to the calculation of
critical crack length. Applying 4.3.1(1), (2), the critical crack lengths are calculated, shown in
Table6.2-3, where 75 percents of rib thickness is another limit of crack length defined in Rules
on Fitness-for-Service for Nuclear Power Plants ( JISMES NA1-2002). The limits of 75 percents
of rib thickness are smaller than those resulted from collapse loads. Then the critical crack
lengths are determined to be the limits of 75 percents of rib thickness.

Assuming initial crack of 0.1mm, crack propagation has been calculated using stress intensity
factor of 4.3.5(4) and crack propagation rate of (7). Figs.6.2-4 (a) and (b) show the crack
propagation of inboard ribs. The horizontal axis is the multiple number of total design-loading
cycles. Though the crack of the center rib propagates fastest, for even the center rib, the multiple
number of total design-loading cycles to reach the critical crack length is 132.1 cycles which is
fairly large, shown in Fig6.2-4(b). The horizontal axis is the multiple number of total
design-loading cycles which are normalized to be one for the total load cycles during ITER
lifetime operation. For example, one total design loading cycle means total load cycles of
333282 (=3180+101+1+30000) during ITER lifetime operation. Allowable crack lengths of ribs
are summarized in Table 6.2-5. The allowable crack length is the crack length corresponding to
the cycles of total design-loading operation cycles minus one operation cycle. The allowable
crack lengths of ribs are estimated to be 8.8mm and 12.7mm for a side rib and a center rib,
respectively, considering inspection error of 4.4mm. 4.4mm is based on the report that no crack
length which exceeded the lower limit of etror distribution (mean-2c) was found in Verification
Test about Flaw Detection and Sizing by UT at Nuclear and Industrial Safety Agency in Japan
[6-1]. The allowable crack lengths correspond to the allowable un-welded length of plug weld

between outer shell and ribs.

6.2.2 Allowable crack length of plug welded housings
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For housing, the estimation procedure is the same as that for ribs. Table 6.2-2 shows membrane
and bending stresses of housings for load cycles in the evaluation cross section, shown in
Figs.6.2-2 and 6.2-3. The stresses in red cells in Table6.2-2 are used to the calculation of critical
crack length. Applying 4.3.2(3), the critical crack lengths are calculated, shown in Table6.2-4,
where membrane plus bending stress is considered as membrane stress because of the crack
model of circumferentially cracked cylinder.. The limits of 75 percents of rib thickness are larger
than those corresponding to collapse loads. Then the critical crack lengths are determined to be
the limits of collapse load.

Crack propagation has been calculated using stress intensity factor of 4.3.5(5) and crack
propagation rate of (7). Fig.6.2-5 shows the crack propagation of housings. The cracks of the
four housings propagate similarly. Allowable crack lengths of housings are summarized in Table
6.2-6. The allowable crack lengths of housings are estimated to be 39.5mm considering
inspection error of 4.4mm. This means that housings of plug weld with smaller diameter less

than 210mm may be applicable.

6.3 Summary

Allowable cracks for the plug weld between outer shell and ribs/housings have been estimated in

a typical inboard region. Following results are obtained;

(1) Plug weld for welding between outer shell and ribs/housings in a typical inboard region
would be applicable.

(2) Allowable crack length of plug welded ribs are estimated to be 8.8mm and 12.7mm for side
rib and center rib, respectively, considering inspection error of 4.4mm.

(3) Allowable crack length of plug welded housings is estimated to be 39.5mm, considering
inspection error of 4.4mm. This means that housings with smaller diameter less than 210mm

might be applicable.
Reference

[4-1] Application of UT for inspection of pipes etc. in primary loop recirculation system, Nuclear

and Industrial Safety Agency in Japan, July, 2004.
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Table 6.2-3 Critical crack length of ribs

Evaluation Rib thickness | Crack length | Critical crack | Critical crack
cross section of [mm] corresponding length length [mm]
ribs to 75% of rib | corresponding
thickness™* to collapse
[mm] load [mm]

1-3 40 15 17.4 15

2-3 60 22.5 25.5 22.5

3-3 40 15 17.4 15

*7500 of rib thickness is defined as the limit in Rules on Fitness-for-Service for
Nuclear Power Plants (JSMES NA1-2002)

Table 6.2-4 Critical crack length of housings

Evaluation Housing Crack length | Critical crack | Critical crack
cross section of | radius [mm] | corresponding length length [mm]
housings to 75% of | corresponding
housing to collapse
radius®* [mm] load [mm)]
1 44.0 44.0
2 105 78.8 44.0 44.0
3 44.0 44.0
4 44.0 44.0

*750. of rib thickness is defined as the limit in Rules on Fitness-for-Service for
Nuclear Power Plants (JSMES NA1-2002)
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Table 6.2-5 Allowable crack length of ribs

Rib 1. Side rib 2. Center rib 3. Side rib

Thickness [mm] 40 60 40
Critical Crack length [mm] 15 22.5 15
crack Multiple number of total design

loading cycles (MDLC) 303.4 132.1 313.6

Multiple number of total design /
Allowable | loading cycles - 1 (MDLC-1)
crack cycles 3024 131.1 312.6

Crack length corresponding to

(MDLC-1) cycles [mm] 13.2 17.1 13.2

Allowable crack length

considering inspection error

(4.4mm)* [mm] 8.8 12.7 8.8

*4.4mm is based on the report that no crack length which exceeded the lower limit of error
distribution (mean-2¢) was found in Verification Test about Flaw Detection and Sizing by UT at
Nuclear and Industrial Safety Agency in JA.

Table 6.2-6 Allowable crack length of housings

Housing 1 2 3 4

Radius [mm] 105 105 105 105
Critical Crack length [mm] 44.0 44.0 44.0 44.0
crack Multiple number of total design

loading cycles (MDLC) 818.4 841.1 844.0 816.4

Multiple number of total design
Allowable | loading cycles - 1 (MDLC-1)
crack cycles 817.4 840.1 843.0 8154

Crack length corresponding to

(MDLC-1) cycles [mm] 43.9 43.9 43.9 43.9

Allowable crack length

considering inspection error ,

(4.4mm)* [mm] 39.5 39.5 39.5 39.5

*4 Amm is based on the report that no crack length which exceeded the lower limit of error
distribution (mean-2c) was found in Verification Test about Flaw Detection and Sizing by UT at
Nuclear and Industrial Safety Agency in JA.
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Crack Propagation of Inboard Rib
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333282 (=3180+101+1+30000)
during ITER lifetime operation.

Fig.6.2-4(a) Crack propagation of inboard ribs

Crack Propagation ofCenter rib

} | I
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Multiple number of total design loading cycles means total load cycles of
333282 (=3180+101+1+30000)
during ITER lifetime operation.

Fig.6.2-4(b) Crack propagation of inboard ribs
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Crack Propagation of Housings
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Fig.6.2-5 Crack propagation of inboard housings
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7. Crack propagation of inboard upper curved region

From the results of the stress analysis for the whole VV structure in Sec.5.2, high stress regions
for toroidal and poloidal ribs are inboard upper region and the lateral side of the lower port. High
stresses for housings are produced at No.7 and No.8 blanket housings. Therefore the inboard
upper region is selected for detail stress analysis for crack propagation assessment of both ribs
and housings.

7.1 Detail stress analyses of inboard curved region
7.1.1 Analysis model

The inboard upper region for detail stress analysis is shown in Figs.7.1.1-1 and 7.1.1-2. The
region enclosed blue chain line in Figs.7.1.1-1and 7.1.1-2 is the region of detail stress analysis.
The region enclosed bold line is modeled by solid elements and the other regions are by shell
elements. Figs.7.1.1-3 and 7.1.1-4 show mesh patterns of the zooming analysis. In solid element
region, all of the ribs, housings and VV shells are modeled by solid elements. The connection
between of solid and shell elements in the shell-thickness direction is shown in Fig.7.1.1-5. The
node of the shell edge has translations and rotations, while those of solid edge have translations
only. The solid edge node of thickness center is connected to that of shell edge with regard to all
translations. Other solid edge nodes are connected to it with radial and circumferential
translations and connected to adjacent nodes by rigid bars, shown in Fig.7.1.1-5.

7.1.2 Analysis conditions

(1) Load conditions

EM loads of solid elements in the detail stress analysis are converged using volume forces of

elements as follows, shown in Fig.7.1.2-1

(1) Volume forces of tentative solid elements are calculated from the nodal forces in the global
analysis model

(2) The volumetric forces of the elements in the detail analysis are calculated using volume force
of tentative solid elements by interpolation

Thermal load is calculated as follows.

(1) For solid element region; thermal analyses have been carried out using nuclear heating
condition, shown in Fig7.1.2-2.

(2) For shell element regions, temperatures of integration points of the inner shell are inputted

from the results of thermal analyses, shown in Fig7.1.2-3.

—_ 85 e
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(3) For outer shell, ribs and housings, temperature of 105 °C is inputted from the results of

thermal analyses, shown in Fig7.1.2-3.

(2) Boundary conditions

Boundary conditions for coolant pressure and EM load are shown in Fig.7.1.2-4. The conditions
of the edges in toroidal direction are cyclic symmetry. The results of the global analyses are used
for the displacements of the edges in poloidal dircction. Fig.7.1.2-5 shows the boundary
conditions of thermal analysis. The conditions of the edges in toroidal direction are cyclic

symmetry. The conditions of the edge displacements in poloidal direction are sliding.

(3) Material properties

Young’s modulus and Poisson ratio of the VV structure material are 200GPa and 0.29,
_respectively. Thermal conductivity is 15.1W/mK. The thermal transfer coefficient in cooling
sides of VV shells is 500W/m’K. |

7.1.3 Analysis results

For assessment of the detail stress analyses, following items between the results of global and
detail stress analyses are checked;

(1) No difference of the stress distributions

(2) No difference of the displacement distributions

(3) Continuity at the connection between solid and shell elements

From Fig.7.1.3-1 to Fig.7.1.3-5 show the comparison between the results of the global and detail
analyses. Mises stresses and displacements of VV structures are compared in the figures. Overall
stress and displacement distributions agree with the corresponding stress analysis results.
Fig.7.1.3-6 is the temperature distributions for thermal stress analysis. Thermal analysis has been
performed for solid element inner shell and uniform temperature of 105 °C is given for ribs,
housings and outer shell. Fig.7.1.3-7 shows stress distribution and deformations due to thermal
stress. Stresses in outer shell are smaller than those in inner shells. Fig.7.1.3-8 shows the
connection between solid and shell elements is effective in the continuity of the element-edge

angle.

— 86 E—
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Fig. 7.1.2-1(2/2) Conversion of nodal forces in global analysis model to volume forces in
detailed analysis model (User subroutine and special function in MARC

used for force data conversion)
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Heat transfer cond}i&jzbetween - Nuclear heating
shells and coolant: HXY Z)=Homa* exp(-ax) * [exp(-AY ) +exp(-AZ7) ]
“Heat transfer coefficient: X : Radial distance from inner shell surface [mm]
0.005W/mm’K. Y : Poloidal distance from center of crossing gap [mum]
* Ambient temperature : 105°C Z: Toroidal distance from center of crossing gap [mm]
Homax: 6.6x10° fW/lmn ]

a1 1.28x10° [mm ]
A 1.08x10"* [mm ™)

Nuclear heating of support housing gap side

H=13.18x10" *exp(-o1X)
Nuclear heating of support housing center of modules side

H=9.45x10-5" exp (~02X)
0l:1.2x107 [mm"']
02: 1.13x10%[mm™]

Fig. 7.1.2-2 Nuclear heating and heat transfer conditions applied to solid models
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Temperatures of solid element are
calculated by nuclear heating formulas.

Region modeled by shell elements in FEM

VV inner shell

Temperature of 105°C is fixed for VV inner shell
VV outer shell, ribs and housings

.
- -

.
-
o
.-

Temperature results from
thermal analysis of 3D
solid elements are given to
VYV inner-shell integration

Fig. 7.1.2-3 'Temperature loads for the detail stress analysis
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Fig. 7.1.2-4 Boundary conditions
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Cyclic symmetry condition{

Fixed point
H FoE (Fixed in the toroidal
: direction

90 2

N

Yo
Fig. 7.1.2-5 Boundary conditions applied to thermal stress analysis and stress

analysis on EM forces of blanket to housing
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7.2 Allowable crack lengths of plug welds

For the inboard upper curved region, allowable crack lengths of the plug welds have been
estimated by crack propagation analysis similar to the description in Sec. 6.2. The crack lengths
are un-welded lengths of plug welds along outer shell surface.

The estimation procedure of the allowable crack lengths is the same as described in Sec.6.2. The
evaluation cross-sections of housing and ribs are shown in Fig.7.2-1. Un-welded regions of plug
welds are conservatively assumed to be crack along outer shell.

Table 7.2-1 shows membrane and bending stresses of housings for load cycles. The stresses
surrounded by red lines are used to the calculation of critical crack length. Applying 4.3.2(3) the
critical crack lengths are calculated, shown in Table7.2-2, where membrane plus bending stress is
considered as membrane stress because of crack model of circumferentially cracked cylinder.
The limits of 75 percents of housing thickness are larger than those corresponding to collapse
loads. Then the critical crack lengths are obtained to be the limits of fracture assessment. Crack
propagation has been calculated using stress intensity factor of 4.3.5(5) and crack propagation
rate of 4.3.5(7). Fig.7.2-2 shows the crack propagation of housings. Allowable crack lengths of
housings are summarized in Table 7.2-2. The allowable crack lengths of No.7 housings are
estimated to be 38.6mm considering inspection error of 4.4mm [7-1]. The length is a little bit
shorter than that of an inboard typical housing of 39.5mm.

Table 7.2-3 shows membrane and bending stresses of ribs for load cycles. The stresses
surrounded by red lines are used to the calculation of critical crack length. Applying 4.3.1(1) and
(2) the critical crack lengths are calculated, shown in Table7.2-4. Crack propagation has been
calculated using stress intensity factor of 4.3.5(4) and crack propagation rate of 4.3.5(7).
Fig.7.2-3 shows the crack propagation of ribs. Allowable crack lengths of ribs are summarized in
Table 7.2-4. The allowable crack lengths of ribs are estimated to be 12.2mm considering

inspection error of 4. 4mm. The length is larger than that of an inboard typical side rib of 8.83mm.
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Table 7.2-1 Stress conditions for crack growth evaluation of Housings

(un-welded part of plug weld)

Unit [MPa]
i Cycle
Housing
3180 101 1 30000
M 1.40 137 1.55 -0.55
B 34.72 35.99 43.89 11.08
#7+ ’
M+B 36.12 37.56 45.43 10.53
Fracture assessment stress 112.68(=3x37.56)
M 1.26 1.46 1.32 -0.69
48 B 32.28 33.48 40.35 17.27
M+B 33.54 34.94 41.67 16.58
Fracture assessment stress 104.81(=3x34.96)

M : Membrane Stress

B : Bending Stress

: Applied stress for the crack growth evaluation

Table 7.2-2 Critical and Allowable crack depths of Housing for plug weld
(un-welded part of plug weld)

Unit [mm]
Housing #h7+ [Housing #h8+
(1)Housing radius : 105 105
(2)Crack length corresponding 75% of housing radius* 78.8 78.8
(3) Critical crack length corresponding fracture assessment 432 45.4
(4)Critical crack length (larger length between (2) and (3)) 432 452
(5)Allowable crack depth 43.0 451
(6)Allowable crack depth including sizing error of 4.4mm 38.6 40.7

* 75% of thickness is defined as the limit in Rules on Fitness-for-Service for Nuclear Power Plant (JSMES
NA1-2002)
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Table 7.2-3  Stress conditions for crack growth evaluation of Rib

(un-welded part of plug weld)

Unit [MPa]
Rib Cycle
3180 101 1 30000
M 38.10 40.80 45.10 -12.90
B 5.50 5.80 7.30 0.00
R-1-2 M+B(inside) 32.70 35.10 37.80 -12.90
M+B(outside) 43.60 46.60 52.40 -12.90
Fracture assessment stress M=110.16
B=13.34
M 40.70 43.20 47.90 -15.90
B 2.10 240 2.70 0.00
R-1-3 M-+B(inside) 38.50 40.80 50.70 -15.90
M+B(outside) 42.80 45.60 45.20 -15.90
Fracture assessment stress M=116.64
B=5.52
M 11.20 12.70 12.60 258
B 13.50 13.70 18.10 0.02
R-1-4 M+B(inside) 24.70 26.40 30.70 2.60
- M+B(outside) 237 111 541 2.55
Fracture assessment stress M=34.29
B=31.51

M : Membrane Stress

B : Bending Stress

: Applied stress for the crack growth evaluation
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Table 7.2-4 Critical and Allowable crack lengths of ribs
(un-welded part of plug weld)

Unit [mm]
Rib-1-2 Rib-1-3 | Rib-1-4

(1)rib thickness 60 60 60

(2)Crack length corresponding 75% of housing radius* 45 45 45

(3) Critical crack length corresponding fracture assessment 18.6 18.0 225
(4)Critical crack length (lesser length between (2) and (3)) 18.6 18.0 225
(5)Allowable crack depth 7 16.6 15.9 21.8
(6)Allowable crack depth including sizing error of 4.4mm 12.2 12.2 17.4

* 75% of thickness is defined as the limit in Rules on Fitness-for-Service for Nuclear Power Plant (JSMES
NA1-2002)
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7.3 Allowable crack lengths perpendicular to outer shell surface

Crack lengths perpendicular to outer shell surface, which mean defects of weld metal, might
occur not only in plug weld but also in ordinary butt weld. For the application of plug weld, the
crack propagations have been additionally calculated for the defects of housings and ribs.

For the crack of housings perpendicular to outer shell surface, surface crack is assumed for the
assessment of allowable crack length. Table 7.3-1 shows membrane and bending stresses of the
evaluate cross section. The stresses surrounded by red lines are used to the calculation of critical
crack length. For fracture assessment, several procedures of multiplying stresses by the safety
factor of 3 are assumed; (1)multiplying only membrane stress, (2)multiplying membrane plus
bending stresses, (3)assessment of multiplying only membrane stress plus bending stress, 4)
assessment of membrane stress without multiplying safety factor, (5) assessment of membrane
and bending stresses without multiplying safety factor. The stresses for fracture assessment are
summarized in Table 7.3-2. Crack propagation has béen calculated using stress intensity factor of
4.3.5(6) and crack propagation rate of 4.3.5(7). Figs.7.3-1(a) and (b) show the crack propagation
of housings. Allowable crack lengths of ribs are summarized in Table 7.3-3. The shortest
allowable crack length is 4.7mm of No.8 housing in the case of fracture assessment multiplying
membrane plus bending stresses by safety factor of 3. The case may be too conservative for the
fracture assessment. Except the conservative fracture assessment case, allowable crack is
30.1mm which is enough to weld housings.

For the crack of ribs perpendicular to outer shell surface, assessment procedure is the same as
that of housings. Table 7.3-4 shows membrane and bending stresses of the evaluate cross section.
The stresses surrounded by red lines are used to the calculation of critical crack length. The
stresses for fracture assessment are summarized in Table 7.3-5. Crack propagation has been
calculated using stress intensity factor of 4.3.5(6) and crack propagation rate of 4.3.5(7).
Figs.7.3-2(a) and (b) show the crack propagation of ribs. Allowable crack lengths of ribs are
summarized in Table 7.3-6. The allowable crack is shortest in the case of fracture assessment
multiplying membrane plus bending stresses by safety factor of 3. The case may be also too
conservative for the fracture assessment. Except the conservative fracture assessment case,

allowable crack is more than 24mm which is enough to weld ribs.
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Table 7.3-1 Stress conditions for crack growth evaluation of housing

(welded part in shell thickness direction)

Unit [MPa]
) Cycle
Housing
3180 101 1 30000
M 31.30 29.70 39.40 4.08
B 42.90 40.20 53.00 5.78
#7-M-H-1
M+B(inside) 74.20 69.90 92.40 9.86
M-+B(outside) -11.60 -10.50 -13.60 -1.70
M 44.00 46.80 53.60 -5.98
B 52.80 56.20 64.40 7.52
#7-M-H-2
M+B(inside) 96.80 103.00 118.00 -13.50
M+B(outside) -8.78 -9.08 -10.80 1.48
M 28.80 23.60 30.00 3.15
B 38.30 31.60 40.20 422
#8-M-H-1
M-+B(inside) 67.10 55.20 70.20 7.37
M-+B(outside) -9.58 -8.08 -10.20 -1.07
M 42.00 45.80 49.40 -16.40
B 57.00 62.20 67.60 22.20
#8-M-H-4
M-+B(inside) 99.00 108.00 117.00 -38.60
M+B(outside) -15.00 -16.10 -17.80 5.85

M : Membrane Stress

B : Bending Stress

: Applied stress for the crack growth evaluation
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Table 7.3-2  Stress conditions for fracture assessment of housing (Including safety factor)

(Welded part in shell thickness direction)

Unit [MPa]
Fracture assessment

Housing (1)SFxM (2)SF x (M+B) (3)SF x M+B @M | 5M+B
#7-M-H-1 | 93.9 (=3x31.30) |222.6 (=3x74.20)|136.8 (=3x31.3+42.9)| 39.4 92.4
#7-M-H-2 | 140.4 (=3x46.80) | 309.0 (=3x103.0) | 196.6 (=3x46.8+56.2)| 53.6 118.0
#8-M-H-1 | 86.4 (=3x28.80) |201.3 (=3x67.10) | 124.7 (=3x28.8+38.3)| 30.0 70.2
#3-M-H-4 | 137.4 (=3x45.80) | 324.0 (=3x108.0) | 199.6 (=3x45.8+62.2)| 494 117.0

Table 7.3-3 Critical and allowable crack depths of housing
(Welded part in shell thickness direction)
Unit [mm]
Fracture assessment
Housing | (1)SFxM |(2)SF X (M+B)|(3)SFXM+B| (4M (5)M+B

#7-M-H-1 45.0 % 450 * 45.0* 45.0 * 45.0 *

Critical crack | #7-M-H-2 45.0* 29.3 45.0 * 45.0 * 45.0 *

depth #8-M-H-1 45.0* 450 * 450 * 450 % 45.0%*

#8-M-H-4 450 * 111 450 * 45.0 % 450 %
#7-M-H-1 41.6 416 41.6 41.6 41.6
Allowable crack| #7-M-H-2 375 25.1 375 375 375
depth #8-M-H-1 425 425 425 425 425
#8-M-H-4 345 9.1 345 345 34.5
Allowable crack| #7-M-H-1 372 372 372 372 372
depth #7-M-H-2 33.1 20.7 - 331 33.1 33.1
(Including | #8-M-H-1 38.1 38.1 38.1 38.1 38.1
sizing error) | #8-M-H-4 30.1 4.7 301 30.1 30.1

* 75% of thickness is defined as the limit in Rules on Fitness-for-Service for Nuclear Power Plant (JSMES
NA1-2002)
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Table 7.3-4 Stress conditions for crack growth evaluation of Rib

(Welded part in shell thickness direction)

Unit [MPa]
Cycle
Rib

3180 101 1 30000
M 13.40 -54.20 -77.40 27.50
B 41.00 56.80 31.60 39.00

R-2-1-1
M+B(inside) 54.50 2.16 -45.40 -11.60
M+B(outside) -27.60 -111.00 -109.00 66.50
M 25.50 18.00 33.80 28.70

B 85.50 88.00 100.20 1.60

R-2-5-2
M+B(inside) 111.00 106.00 134.00 27.10
M+B(outside) -59.40 -69.70 -66.00 30.30

M : Membrane Stress

B : Bending Stress

: Applied stress for the crack growth evaluation

Table 7.3-5  Stress conditions for fracture assessment of rib including safety factor

(Welded part in shell thickness direction)

Unit [MPa]
Fracture assessment
Rib (1)SFxM (2)SF X (M+B) (3)SF xM+B @M | 5)M+B
R-2-1-1 82.5 (=3x27.50) | 199.5(=3x66.50) | 121.5(=3%27.5+39.0) | 27.5 66.5
R-2-5-2 86.1 (=3%28.70) | 333.0(=3x111.0) | 162.0(=3%25.5+85.5) | 33.8 134.0
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Table 7.3-6  Critical and allowable crack depths of rib
(Welded part in shell thickness direction)

Unit [mm]
Rib ‘ Fracture assessment .
()SFxM  [(2)SF x (M+B)|(3)SF x M+B M 5)M+B

Critical crack | R-2-1-1 450 * 45.0 * 45.0* 450 * 450 *

depth R-2-5-2 450 * - 0.0 45.0% 450 * 45.0 *

Allowable crack| R-2-1-1 284 28.4 28.4 284 28.4

depth R-2-5-2 33.2 0.0 332 33.2 33.2

Allowable crack| R-2-1-1 24.0 24.0 24.0 24.0 24.0
depth (Including -

sizing error) R-2-5-2 28.8 0.0 28.8 28.8 28.8

* 75% of thickness is defined as the limit in Rules on Fitness-for-Service for Nuclear Power Plant (JSMES

NA1-2002)
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Fig. 7.3-1(a). Crack growth evaluation result of housing

(welded part, crack depth from the surface)
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Fig.7.3-1 (b) Crack growth evaluation result of housing
(welded part, crack depth from the surface)
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Fig. 7.3-2(a) Crack growth evaluation result of rib
(welded part, crack depth from the surface)
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7.4 Summary

Allowable cracks for the plug welds between outer shell and ribs/housings have been estimated

in the inboard upper region. Following results are obtained,

(1) Allowable crack lengths of plug welded ribs are estimated to be 12.2mm considering
inspection error of 4. 4mm. The length is larger than that of typical inboard area of 8.8mm.

(2) Allowable crack length of plug welded housing is estimated to be 38.6mm, which is a little
bit shorter than that of typical inboard area of 39.5mm.

(3) Additionally allowable crack lengths of ribs and housings perpendicular to outer shell surface,
which are defects of weld metal, are calculated for the plug weld application. Those are
24mm and 30.lmm except the too conservative fracture assessment case multiplying
membrane plus bending stresses by safety factor of 3. For the assessment of allowable crack

length, safety factors are important for the fracture assessment.
Reference

[7-1] Application of UT for inspection of p.ipes etc. in primary loop recirculation system, Nuclear

and Industrial Safety Agency in Japan, July, 2004.
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8 Conclusions

Applicability of plug weld has been investigated in order to improve fabricability of ITER

Vacuum Vessel. A lot of ribs and housings should be welded to inner and outer shells of ITER

Vacuum Vessel. Especially, Welding ribs/housings to outer shell, access of weld is limited to the

outer shell side. Moreover, by welding outer shells, weld deformations of the outer shells seem to

be produced due to heat deposition of a lot of weld joints. Precise adjustment of groove gaps is
required for welding outer shells.

Plug weld has advantages to adjust weld grooves comparing with butt weld. For the butt weld,

groove gaps should be adjusted less than 1mm in case of automatic welding. For the plug weld,

outer shell with slits is set on ribs/housings then the outer shell and ribs/housings are welded.

However un-welded region is unavoidable at the edge of welding. The un-welded length can be

conservatively assumed to be a crack. This report describes the assessment of applicability of the

plug weld using crack propagation analyses for typical inboard region and inboard upper region.

The allowable crack lengths are calculated for un-welded region of plug weld along outer shell

surface and defects perpendicular to outer shell surface. Following results are obtained.

(1) Plug welding for welding between outer shell and ribs/housings could be applicable.

(2) For typical inboard region, allowable crack lengths of plug welded ribs are estimated to be
8.8mm and 12.7mm for side rib and center rib, respectively, considering inspection error of
4.4mm. For inboard upper region that is 12.2mm.

(3) For typical inboard upper region, allowable crack lengths of plug welded housings are
estimated to be 39.5mm, considering inspection error of 4.4mm. For inboard upper region that
is 38.6mm. This means that housings with smaller diameter less than 210mm might be
applicable for welding between outer shell and housings.

(4) Additionally allowable crack lengths of ribs and housings perpendicular to outer shell surface,
which are defects of weld metal, are calculated for the plug weld application. Those are 24mm
and 30.1mm except the too conservative fracture assessment case multiplying membrane plus
bending stresses by safety factor of 3. For the assessment of allowable crack length, safety

factors are important for the fracture assessment.
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