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1. Introduction

In the course of the Phase 2A, Part 2 sessions, our efforts have
been mainly devoted to "Low Edge Temperature Divertor Design," and
"Data Base Assessment''.

Design studies of the divertor collector plate were made for the
high recycling and low particle temperature operating conditions. The
conditions are quite attractive for the engineering design, since little
or no sputtering erosion is predicted for high-Z materials at low edge
temperatures. The studies included material consideratioms, configura-
tion, thermo-hydraulic and stress analyses, disruption, lifetime analyses,
and tritium permeation.

The divertor collector plates consist of a water cooled
copper or copper alloy heat sink which is protected by a tungsten tile
bonded to the surface. Two divertor configurations were considered.

One is essentially unchanged from the previous INTOR Eonfiguration.

The heat flux on the inner collector plate was 5 MW/m~. The other is
the one where the plaEe ig further inclined to limit the surface heat
flux less than 2 MW/m“. Tungsten tile thickness was taken to be either
1 mm or 3 mm. The effect of bonding methods on the mechanical character-
igtics of tungsten and copper were discussed.

Thermo-hydraulic and stress analyses were alsc made for the collector
plate with a thin stainless steel layer on it.

Thermal response, melt layer depth, and evaporated thickness due to
a plasma disruption were calculated for the tungsten tile covered by a
thin stainless steel layer. The situation simulates the case where the
stainless steel sputtered at the first wall accumulates on the divertor
surface., Stability of the melt layer was analytically treated with the
aid of hydrodynamic linear stability theory.,

In addition to the studies of the low edge temperature divertor,
trade—off studies were made to examine the use of helium gas coolant for
the first wall, and the advantages of long pulse operation.
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2. Operating conditions

2.1 Common parameters
Common parameters such as plasma performance, operating scenario,

are listed in Tab. 2.1.

2.2 Divertor/first wall
The engineering specifications for the divertor are shown in

Tab. 2.2.

2.3 Limiter/first wall
The operating parameters for the limiter design are presented in

Tab. 2.3.
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Table 2.1 Common parameters

Limiter/divertor
Configuration

Pumping system

Desired lifetime
Coolant

Stage I II
Plasma
Thermonuclear power (MW) 620 620
~power (MW) 124 124
Neutron power (MW) 496 496
Neutron wall loading (MW m™2) 1.3 1.3
Operating senario
Years of operation 3 10
Availability (%) 13.3 25
Cycle time (s) 146 246
Burn time (s) 100 200
Total burn time (s) 8. 7x10° 64%10°
Total cycles 8,7x10" 32x10"
Total neutron fluence (m™%) 3.6x102° %1026
Integral wall loading (MW+a-m~2) 0.3 2.6
Disruptions
(Major disruptions)
Frequency 5x1073 10-3
Disruptions/year 165 32
Total disruptions 495 320
Total energy {(MJ) 290 290
Thermal plasma energy (MJ) 230 230
Field energy (MI) 60 60
Disruption time
Poloidal field (ms) 20 20
Plasma current (ms} 20 20
Thermal energy (ms)
Reference 20 20
Alternate 5 5
(Minor disruptions)
Frequency 1072 5x1073
' Disruption/year 330 160
Total disruptions 990 1600
Total energy to limiter/divertor (MJ) 50 50
Disruption time
Thermal energy (ms)
Reference 20 20
Alternate 5 5
Engineering(all stages)
Plasma chamber surface area (m?) 380

Bottom of chamber

24 gseparately removable
modules each weighing

25 Mg

Compound crycpumps located

below nuclear island

< 2 years. 507% availability

H,0, < 100°
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Table 2.2 TEngineering Specifications for the High Recycling Regime
of the Single~Null Poloidal Divertoer

Quter scrape-off layer and divertor targets

Scrape-off temperature (at the separatrix in

the main chamber)

Scrape-off density (at the separatrix in
the main chamber)

Total power conducted into scrape-off plasma

Peak temperature at target
Power to outer divertor throat {conducted)
Total power to each target

(a) due to kinetic energy of DT plasma

(b) due to recombination of DT ions at
surface

(c) radiation from diverted plasma
(d) radiation from main plasma
Peak power load to outer plate ( *)
Peak power load to inner plate ( *)
Power profile (¥%)

outboard of separatrix

inboard of separatrix

Total ion flow toc each target
Composition - 49% D+, 49% TV, 2% He2 "

Peaked ion flux density ( %)
Flux density profile (%%)

outboard of separatrix

inboard of separatrix

Predicted movement of intersection of
separatrix with the target
(in direction | to magnetic surfaces)

To = 130 eV T4 = 200 eV
6 x 1019 qm~3
80 MW

Te = 20 eV T4 = 20 &V
50 MW
34.5 MW

16.2 MW (peaked)
9.8 MW (peaked)

6.5 MW (uniform)
2 MW (uniform)

18 MW o™ %

14 MW m~2

Quter plate Inner plate
0.03 m 0.035 m
0.0l m 0,012 m

4,5 x 102% g~!

3 x 1024 m=2 g1

Quter plate Inner plate

0,094 m 0.11 m
0.015 m 0.018 m
+ 0.015 m

( *) Target perpendicular to magnetic surface

(%%) Exp~! decay length perpendicular to magnetic surface
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Table 2.2 {(cont,)

Divertor chamber walls

Total charge exchange on all divertor walls 2 MW
Total radiation on all divertor walls 3 MW

Both power load and sputtering by charge
exchanged DT are small within the chamber.
Erosion is due predominantly to helium atoms
backscattered from the divertor target.

Erosion peak — close to the position at
the wall which faces the
intersection of the

separatrix with the target

Peak erosion rate : SS wall
(100% availability) 3-6 x 1073 m a”!

First wall (assessment of uniform conditions)

Radiator 49 MW

Charge exchange 1 MW

Total flux density of charge exchange atoms 5 x 1020 ™2 g~1
Sputtering rate (from SS wall) 2.3 x 10*% atoms m™2 g1
Sputtering by charged particles negligible
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Table 2.3 Heat and particle fluxes for the limiter option
Parameter (Highlizg;;tion) Medium T High T
Alpha heating (MW) 124 124 124
Radiation (MW) 112 40 20
Tons to limiter (MW) g8 45 60
Electron to limiter (MW) 4 15 20
Neutrals to limiter - 20 20
Neutrals to wall (MW) 0,5 4 4
Limiter ion flux (s™!) 6 x 1073 1.25x102% 7.2 x 1022
Limiter neutral flux (s™%) - 4.2 x10%3  4.3%10%2
Wall neutral flux (s™1)% 1.6 x 1023 8.3x10%22 8,6 x10%?
DT ion energy (eV) 45 675 4300
Neutral energy (eV) 20 300 2900
Edge electron temperature (eV)b 10 150 670
Edge density (3" 5x 1917 2.5 %1019 5x 108
e-folding distances (cm)

TemperatureC 2 2 2
Power" 1.5 1.5 1.5
Densityc long long long
a

at each end of the limiter.

b
At the 'point of tangency'.

€ at midplane

The neutral wall flux falls on two 0.5 m,

poleoidal-width, strips
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3. Mechanical configuration

3.1 Limiter

Several configurations of the pumped limiter was considered in
Phase IIA Part 1, and is shown in Fig. 3.1. The curved limiter
relevent to the medium edge temperature is shown in Fig. 3.2. The
heat and particle flux to the curved limiter is shown in Fig. 3.3.
The heat and particle flux to the flat limiter is shown in Fig. 3.4.
Table 3.1 summarizes the heat and particle flux on the limiter plate.

The major difference between the flat and curved limiter is the
heat load at the top surface of limiter. The curved limiter can
reduce the heat load at the top surface in comparison with the flat
limiter. The peak heat fluxes on the top surface are 2.1 MW" and 3
MW/m“ for the curved and flat limiter, respectively. The curved
double-edged limiter is desirable from the view point of the heat
load. The curved double-edged limiter was recommended as the
reference limiter in Phase ITA Part 1. The results of the analysis
for the curved limiter were presented in detail in Phase IIA Part 1.
The present study is focused on the flat double-edged limiter. The
main purpose of this study is to develop a feasible limiter concept
for the flat limiter. The advantage of the flat limiter is that the
heat flux on the plate is not more sensitive to plasma displacement or
deformation. Table 3.2 shows the limiter operating conditions used
for engineering analysis.

The cross section at the top surface of the limiter plate is
shown in Fig. 3.5. The limiter plate is composed of a protective
material, heat sink and supporting strucutre. The protective material
in the form of tiles is brazed to the copper heat sink. Candidate
materials considered for the tiles are beryllium and graphite. The
materials for the heat sink and supporting structure are annealed OFHC
copper and type 316 stainless steel.

3.2 Divertor

3.2.1 Plate
The distributions of heat and particle fluxes on the two divertor

plates are shown in Fig. 3.6 and Fig. 3.7 the fors plate perpendicular
to the separatrix. The inner and oEter plates have the peak heat
fluxes of 14 MW/m® and 18 MW/m® mormal to the separatrix,
respectively.

Two plasma configurations have been considered for the
engineering trade-offs. The first plasma configuration is the same as
the Phase I and Phase IIA Part 1 designs. The second plasma
configuration is based upon the Japanese physics prediction. The
major differences between them are the major radius of null-point (4.8
m compared with 4.6 m) and the angle of outer separatrix line to
horizontal axis (45 ° compared with 60 ° ).

The peak heat flux on the collector plate can reduced by
inclining the the divertor plates with respect to the magnetic field
lines. Different divertor configurations have been considered,
namely:

- at an angle with respect to the Phase Elnagnetic field lines to
limit the peak heat flux to 7 or 5 MW/m

- at an angle with respect to the Paase I magnetic field lines to
limit the peak heat flux to 2 MW/m
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-~ at an angle with respect to the Japanese magnetic field lines to
limit the peak heat flux to 7 or 5 MW/m".

For the Japanese plasma configuration, the major radius of null-
point is smaller than the Phase I configuration, and the region of the
inner divertor plate is reduced. Therefore, it appears to be
diff%CUlt that the inner plate is set to limit the peak heat flux to 2
MW/m“.

The first divertor configuration is essentially unchanged from
the Phase I and Phase I1IA Part 1 design shown in Fig. 3.8. Length of
divertor channel (distance between the null-point and the divertor
target) is over 0.95 m.

In the Phase I design, the angle between plate and separatrix is
30° for the inner plate and 14.5° for the outer one., Under these
geometrical conditions, the maximum heat flux is 7 MW/m“ on the inner
plate as shown in Fig. 3.9.

The difference between the first divertor configuration and the
Phase I design is the angle between the inner plate and separatrix(20°
compared with 30°). Figure 3.10 shows the heat flux distribution on
divertor plate for the first divertor configuration. The maximum heat
fluxes are about 5 MW/m“ on both plates.

The second divertor configuration is shown in Fig. 3.11. The
divertor collector plates are set at an angle with respect_to the
magnetic field lines to limit the peak heat flux to 2 MW/m“. The
angle between plate and separatrix is 8 ° for the inner plate and 6°
for the outer one. Figure 3.12 shows the heat flux distribution on
divertor plate.

The disadvantages of the second configuration would be:
1) short length of divertor channel (about 0.3 m in case of +1.5 cm
movement of magnetic field line)
2) reduction of the pumping capacity for the inner divertor region
3) high sensitivity of surface heat flux for the plasma configura-
tion and displacement, e-folding distance and the divertor plate
deformation.

The third divertor configuration is shown in Fig. 1.13. Length
of divertor channel is about 0.75 m because of smaller major radius of
the null-point. For the inner channel, the plate is placed at
different angles to the field line, namely at the angle of 30° or 20°.
For the outer channel, the plate is placed at angle of 14.5° to the
field line. Heat flux distributions on divertor plate are shown in
Fig. 3.14 and Fig. 3.15.

Table 3.3 summarizes the heat and particle fluxes on divertor
plate. The parametric analysis of the divertor plate has been carried
out in the present engineering study. Table 3.4 shows the divertor
operating conditions used for engineering analysis.

The detailed configuration of the divertor plate is shown in Fig.
3.8. The plate is composed of a protective material, heat sink, and
supporting structures. The protective material considered in the
parametric study is tungsten of 1 mm or 3 mm thicknesses. Two
materials, OFHC copper and copper alloy (Cu-0.6Be-2.5Co) have been
considered for the heat sink material. The supporting structure
material against the electromagnetic force is type 316 stainless
steel. The protective tile is brazed or plasma-sprayed to the heat
sink.

In order to reduce the electromagnetic force in copper heat sink,
the heat sink plate is subdivided into individual cooling channels
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which is circumferentially directed.

3.2.2 Chamber

The current experiments and physics predictions indicate that the
high recycling region is localized very near (10-20 cm) the
neutralizer plate. Furthermore, the measured scrape-off distances are
much shorter on the inside of the separatrix than on the outside.
Thus the region between the two separatrixes past the X point has
little or no plasma, and doesn't play a large role in the recycling of
plasma near the divertor plates. It should be feasible to reduce the
distance between the separatrix and the divertor plates from the
current design value of 1 meter to 50 centimeters or less.

The purpose of this section is to examine the engineering trade-
offs of a reduced size divertor, and to compare with the reference
. design (the long channel length divertor). Power and particle flux
distributions for the reduced size divertor have been assumed to be
the same as the reference design.

Two plasma configurations have been considered for the engineer-—
ing trade-offs. The first plasma configuration is the same as the
Phase 1 and Phase IIA Part 1 designs. The second plasma configuration
(Fig. 3.17) is based upon the Japanese physics prediction.

Length of diverter channel has been taken to be 40 cm for the
reduced channel length divertor. The angles between plate and
separatrix has remained the same as in the long channel length
divertor. Therefore, the peak heat flux is the same as in the long
channel length divertor.

A profile of the divertor region is shown in Fig. 3.18 for the
Phase I plasma configuration. Heat flux distributions on divertor
plate are shown in Fig. 3.19 and Fig. 3.20. The plate is raised from
1.1 m below the null-point to 0.5 m below the null-point. The major
radius of the removable module required for the divertor plate
replacement is shortened from 6.07 m to 5.45 m.

Figure 3.21 shows a profile of the divertor region for the
Japanese plasma configuration. Heat flux distributions on divertor
plate are shown in Fig. 3.22 and Fig. 3.23. The plate is raised from
1.1 m below the null-point to 0.65 m below the null-point. The major
radius of the removable module required for the divertor plate
replacement is shortended from 537 m to 51 m.

Comparison of the reduced channel length divertor with the long
channel length divertor is shown in Table 3.5. The peak heat flux has
remained the same as in the long channel length divertor.

Under the Phase I plasma configuration, the reduced channel
length divertor gives the decrease of 0.6 m in the height of divertor
chamber compared with the long channel length divertor. On the other
hand, the reduced channel length divertor with the Japanese plasma
configuration gives the decrease of 0.45 m. This divertor has the
minimum value in the major radius of the removable module.
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Table 3.1 Heat and particle flux on the medium edge
temperature limiter

curved Flat
double- double-
edged edged
limiter limiter
Total energy to limiter (MW) 60
Ion flux (s71) 1.25 x 102%
Edge electron temperature 150
Composition of ions(average) 477%D,47%T,5%He, 172
Peak heat flux normal to plate
Top surface (MW) 2.1 3
Leading edge (MW) 1.1 1.1
Peak ion flux normal to plate
Top surface  (m 2s™1) 2.7 x 1022 4.8 x 1022
Leading edge (m_zsml) 3.8 x 1022 4.8 x 1022
Electron temperature on plate
Top surface (eV) 140 80
Leading edge (eV) 25 25

Nuclear heating

Be (W/cc)
Cu (W/ce)
SS (W/ee)

15

12
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Table 3.2 Limiter operting conditions used for
engineering analysis

Heat loads (MW/mz)

Peak, front surface 3
Peak, leading edge 1.1
First wall 0.12
Particle fluxes (m—zs—l)
lons, middle of limiter 5 x 1022
lons, leading edge 5 x lO22
CX, first wall 2 x 1020
Engineering
Limiter configuration Flat, double-edged limiter plate
Plasma side material of
limiter plate
Material Be C
Thickness (mm) 10, 20 5, 10
Bond type Brazing
Heat sink of limiter plate Cu
sS

First wall
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Table 3.3 Heat and particle flux on divertor plate

Peak energy flux to divertor plate normal
to separatrix

cutboard (MW/mz)
inboard (MW/m?)

Peak ion flux to divertor plate normal
to separatrix

outboard (m~2s™1)
inboard (m~ 257 1)
Inclination of divertor plate to separatrix
outboard
inboard
Peak energy flux normal to divertor plate
outboard (MW/m?)
inboard (MW/m?)
Peak ion flux normal to divertor plate
outboard (m'is—l)

inbgard : (m2s-1)

18

14

7 x 1022

7 x 1023

14.5°

20°(30°)

4.5

7(4.8)

1.8x1023

3.5(2.4)x10%3

60

80

1.9

2.0

7.3x10%2

9.7x1022
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Table 3.4 Divertor operating conditions used for engineering analysis

Engineering

Plasma side material

Material W

Thickness (mm) 1, 3

Bond type Brazing, plasma spraying
Heat sink material Cu, Cu-0.6Be-2.5Co
First wall material | Ss

Inclination of divertor plate to separatrix
Qutboard 14.5° 6°

Inboard 20° 8°

Heat loads (MW/m?)

Peak, Collector plate surface 5 2

First wall 0.1 0.1

Particle fluxes (m_zs“l)

Ions, Middle of collector plate 2.4% 102 9.7 x 1042

CX, First wall 5x 102° 5x 1020
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Heat flux distribution perpendicular to the

separatrix at the location of the collector plates
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Quter plate -

Inner plate

Distance (cm)

Fig. 3.7 Purticle flux distribution perpendicular to the

Separarrix at the locationm of the collecdor plates
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Diverter throat region
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Fig.3.8 Profile of the divertor region in the Phase 1 design
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Divertor throat region
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Inner colléctor plate

Fig.3.11 Profile of the divertor region for the peak Heat

load of 2 MW/m?

The plasma configuration is unchanged from the

Phase 1 design.
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Divertor throat region

5.3
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Fig.3.13 Profile of the divertor region in the Japanese

plasma configuration
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Fig. 3.17

Equilibrium poloidal field configuration for the reduced

channel length divertor
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Divertor throat region
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Fig.3.13 Profile of the divertor region for the reduced

channel length divertor

The plasma configuration is unchanged from the

Phase 1 design.
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Diverter throat region
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3.21 Profile of the divertor region for the reduced

channel length divertor

The plasma configuration is based upon the

Japanese prediction,
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4. Materials considerations
4.1 Structural materials

4.1.1 Physical and mechanical properties

Pure copper and a copper alloy (Cu-0.6Be—2.5Co) were considered
as the heat sink. Type 316 stainless steel was considered for the
support strucuture.

Physical and mechanical properties are given in Table 4.1. The
tensile and fatigue properties of OFHC copper and Cu—06Be~-2.4Co are
presented in Table 4.2 to Table 4&.5. The strengthes in the
as-received and the annealed conditions are compared in these tables.
Copper and the copper alloy lose the strengthes due to annealing.

The room temperature fatigue curve of pure copper under the
strain control condition is shown in Fig. 4.1. Figure 4.2 shows the
fatigue behavior of OFHC copper at 300 C in high vacuum.

4.1.2 Irradiation properties
(1) Neutron irradiation data on mechanical properties of copper

Fig.4.3 shows the effect of irradiation on mechanical properties
of copper, indicating that sharp increase of tensile and yield
strength and decrease of elongation in high neutron fluences.

Under the fusioen reactor operation at 620 MW, the first wall
compfgents are exposed to fast neutron flux of 6x10 n/m“.sec, and
9x10 n/m in 6 months. Copper—made components may suffer severe
mechanical property degradation in such high fluence regime. However,
high fluence data are not available at this time. It is to be
investigated wgzther high fluence elongation can be extrapolated from
the present 10 n/m? data, as shown by the curve in Fig. 4.1.3.

(2) Swelling

Swelling appears at temperatures between 0.35 Tm (=202 C for Cu)
and 0.35 To (= 473 C%D and aximum.value of V/V is 0.3-0.5% at 0.45
Tm (= 337 C) at 5x10 n/c , as shown in Fig. 4.4.

welling is represented as a function of fluence up to 1020
n/cm®. At swelling peak temperature, 335 C, swelling may reach as
high as 10%Z at the irradiation up to 102 n/cm if void swelling is
assumed to be proportional to (fluence)o'75 However, 1f the
temperature is mainﬁained Eelow 250 C, swelling is suppressed lower
than 1.9% even at 10 n/cm® irradiatioun.

Copper swelling could be ignored by following reasons:

(1) The maximum temperature of the cooling plate is about 200 C.

(ii) The limiter plate has a loose structure to permit a thermal
deformation. This structure will compensate the volume change by the
swelling.

4.1.3 Coolant cowmpatibility
The corrosion of the copper heat sink was assumed in the Phase

IIA Part 1. The major cenclusions are:

(a) The corrosion rates depend on the conductivity and oxygen content
in the water, and the temperature and velocity of water.

(b) The data of water cooled generator indicate that the corrosion of
copper should not be excessive 1if the water condition is
controlled at reasonable levels.

(¢) The corrosion rate of copper may be approximately 0.06 mm/y at
90 ¢ and 5 m/s of water in the conductivity less than 5 S/cm and
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the oxygen content of 2 ppm.
4,2 Plasma side materials

4,2.1 Physical and mechanical properties

Tungsten was considered as plasma side material of the divertor
plate. Physical and mechanical properties are given in Table 4.1.
The elevated temperature properties extracted from PLANSEE bulletin
are shown in Fig. 4.5 to Fig. 4.10.

Low-cycle fatigue of cross rolled tungsten is shown in Fig. 4,2.7
for the as~received and recrystallized material cenditions. Tungsten
in the recrystalized form exhibits the low tensile strength and short

fatigue life.

4.2.2 Irradiation effects
Little is known about the irradiation effects on tungsten. Here,

we only show the relative damage rates and the damage efficiencies
which are obtained at RTNS-II by measuring electrical resistivity at

low temperature ‘.

Damage Rate Damage Efficiency
v 18.01 0.147
Mo -9.47 0.162
W 11.55 0.345
Al 4.18 0.187
Cu 2.48 0.163

Tungsten seems to be unnusual, however furhter work is required
to determine the irradiation effects.

4.2.3 Hydrogen permeation and embrittlement

Solution and diffusion of hydrogen in Tungusten are discussed in
Ref.2. Solubility and diffusion constants are devived from degassing
rates. Comparison to theory indicates that the solubility and fusion
constants are characteristics of interstitially dissolved hydrogen.
Transieng)&nalysis of tritum migration using these values are seen

eleswhere

1) M.W. Guinan and J.H. Kinney, J. Nucl. Mater. 108 & 109 (1982) 95.

2) R. Frauenfelder, J. Vac. Sci. Technol. 6 (1969) 388.
3) K. Ashibe and K. Eblsawa, to be submitted at 6th Int. Conf. Plasma

Wall Interaction, Nagoya, 14-18 May, 1984.
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Property Temp. [°C] Tungsten | Copper | Cu-0.6Be-2.5Co 31688
Thermal Conud. 20 156 366 209 17.5
[(W/m°C] 725 110
Thermal Exp. 20 5.0 16.5 17.6 18.6
[x107% /°C] 300 18.6

500 20.3
Density 20 1.93 8.9 8.75 7.9
[g/cm?]
Elastic Modulus 20 411 129 124 193
{GPa] 100 408 126 188

300 400 116 177

500 392 99.1 159
Tensile Strength 20 1500 210 860 590
{MPa]
Ppisson's Coef. 20 0.31 0.3 0.3 0.3
Specific Heat 20 132 385 377 494
[J/kg°C]
Melting Temp. 3410 1083 103071070 1300
(°ci '

Table 4.2 Tensile properties of OFHC copper
Test t UTsS C.2% YS Elongation
est temp- (MPa) (MPa) (%)

As received 20°C 310 300 18

igocc 280 260 12
200°C 250 230 7
850°Cx30 min

annealed 20°C 220 59 38

100°C 200 59 36
200°C 170 59 36

Datz presented by Furukawa Metals Co., Ltd. in 1976
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Table 4.3 Fatigue of OFHC under stress control condition

Amplitude of stress (MPa)

Test temp. ¥ = 10° N = 10°
As Teceived 20°C 200 190
100°C 199 170
200°C 160 140
850°C*30 min
annealed 20°C 170 120
100°C 150 110 {1)
+200°C 130 98 (1)

(1) Data at 400°C x 30 min annealed condition

Data presented by Furukawa Metals Co., Ltd. in 1876

Table 4.4 Tensile properties of Cu-0.6Be-2.5Co

Test tem UTs 0.2% YS Elongation
P (MPa) (MPa) %)
As received 20°C 860 780 11
100°¢C 820 760 11
200°C 780 720 9
850°Cx30 min
annealed 20°C 240 130 11
100°c 210 120 11
200°¢C 180 120 9

bData presented by Furukawa Metals Co., Ltd. in 1976

Table 4.5 Fatigue of Cu-0.6Be~2.5Co under stress control condition

Amplitude of stress (MPa)

'Test Cemp. N = 10° N = 10%
As received 20°¢C 520 410
100°C 510 400
200°C 490 390
850°C*%30 min
annealed 20°C 200 180
106°C 200 170

200°C 180 120

Data presented by Furukawa Metals Co., Ltd. im 1976

.741 —
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5. Fabrication

(1) Primary Fabrication

Process involved in transforming raw materials inte counsclidated
forms doesn't leaves any special problems except for manufacture of
heavy-section shell conductor material and neutron multiplier
material. These are now designed to be made of 60 mm-thick beryllium
plate which has no manufacture experience. Beryllium plate employed
for shell conductor and neutron multiplier is required to be ductile
from viewpoint of strain under operation.

Above-mentioned beryllium plate is feasible to be manufactured by
the present hot pressing technique. However, it leaved some
uncertainty and concern about its ductility.

It is supposed that such a heavy-section and ductile beryllium
plate can be manufactured by Hot Isostatic Pressing technique which is
considered one of new processes, and it should be confirmed by pilot
production of such a plate.

{2) Secondary Fabrication

Transforming the products of primary fabrication into finished
products consists of fabrication techniques such as plastic work,
precise bending of breeder cooling tube, precise machining of blanket
vessel and others.

Large machining certer with adaptive control system, MD-NC system
and CAD/CAM system, which have been recently applied in aircraft
industry, is available to precise machining of large and thin-wall
blanket vessel. The outline of these systems is explained as follows;

1) Adaptive Control System

Adaptive control system is very useful for machining of large thin-
wall and complicated components, in which machining conditions is
controlled by sensing.

2y MD-NC System

MD-NC system is available in case that machining is repeated for
the works of same size and same dimension such as blanket vessel
units. This system enables machining by numerical control using
master dimensions.

3) CAD/CAM System

NC programming is so troublesome and annoying in numerically
controlled machining of blanket vessel that many a manhour is needed
for programming if done manually. CAD/CAM system is available in
making programming tapes for numerical control from CAD drawing by
computer.

(3) Bonding

Bonding of first wall, shell conductor, blanket vessel wall,
breeder cooling tube and so on are respectively important technical
points. And quality assurance of these bonded parts should be
attached much importance to. New processes of these technical points
are shown below.

1) Bonding of First Wall
It is required especially from stringent loading counditions to

_748_
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consider both less deformation due to bonding and joining at low
temperature. From this peint of view, HIP method is potentially
feasible enough to be applied to first wall bonding by large-size
machine. This HIP method is grouped into "deformation welding” which
is called "deformation diffusion welding”. By this method, bonding is
carried out at rather low temperature than by diffusion welding. It
doesn't require precise machining for joint preparation. It should be
considered that chromium oxide precipitation at the grain boundary is
minimized.

2) Bonding of Blanket Vessel Wall
It is desired from viewpoint of less deformation resultant from
welding that heat source of high energy density is applied to bonding
of blanket vessel wall. And-welding joint is not simple for blanket
vessel wall bonding. From above-mentioned points of view, electron
beam welding machine with multi-dimension path control system is
considered to be one of effective element techniques.

3) Bonding and NDE of Breeder Cooling Tube Joint
Inner bore welding of butt joint between tube and tubesheet is
most proper method to assure the integrity of welds. Pulse-TIG inner
bore welding will be applied to thig joint. NDE of the welds can be
performed by small-size RI such as 1 Tm( ¢l mm) or micro-focus X-ray
unit.

4) Bonding of divertor plates

Tungsten has been successfully joined to the copper heat sink by
brazing, casting the copper onto the the tungsten, and plasma spraying
of tungsten. Nickel-based solder and silver—base solder have been
used for the brazing. The brazing temperature is up to 950 €. The
brazing process and the casting process require higher process
temperatures which lead to the annealing of heat sink material.

The plasma spraying of tungsten on heat sink can keep at low
temperature through the heat sink. This process will not cause the
annealing of heat sink material. However, the strength of plasma
sprayed tungsten appears to be critical.

The selection of reference bonding method is open, and R & D
program is required.
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6. Thermohydraulics and stress analysis

6.1 Divertor temperature and stress distribution

The parameters and materials used for temperature and stress
calculations of the divertor plate are listed in Table 6.1. Two
surface heat fluxes, 2 and 5 MW/m“, and two tile thicknesses, 1 and 3
mm, and two different materials of heat sink, copper and copper alloy,
have been considered in these calculations.

The thermo-mechanical analysis was also made for the case with
the redeposited 316 stainless steel from the first wall. This case
was considered because of the prediction that material ercded from the
first wall by CX neutrals would be deposited on the divertor collector
plates. The properties of the redeposited 316SS have been assumed to
be the same one as the original 31655, since there are no experimental
data on the properties of redeposited material.

Three dimensional thermo-mechanical calculation were performed
for the collector plate. The geometry used for the analysis is shown
in Fig. 6.1.

Figure 6.2 and Fig. 6.3 show the maximum temperature and thermal
stress variation with surface heat flux for the divertor plate with 1
mm thick tungsten tiles on copper heat sink. Figure 6.4 and Fig. 6.5
show the maximum temperature and thermal stress distribution with
surface heat flux for the copper alloy heat sink.

Temperature and stress distributions in the divertor plate for
the parameters listed in Table 6.1 are shown in Fig. 6.6 to Fig. 6.13.
The maximum temperatures and stresses for two candidate heat sink
materials are summarized in Table 6.2 to Table 6.5.

The brazing process of plasma side material on heat sink will
cause the annealing of heat sink material. The allowable stresses of
the annealed copper and copper alloy (Cu-0.6Be-2.5Co) are 120 and 180
MPa at 200 ¢, respectively. The calculated stresses exceed the ASME
allowable stresses for the annealed copper and copper alloy.
Therefore, the thermal stress will produce the plastic hysterisis in
the brazed heat sink materials.

The plasma spraying of tungsten on heat sink can keep at low
temperature through the heat sink. This process will not cause the
annealing of heat sink materials. The copper and copper alloy have
the high allowable stre%ses if these materials are not annealed. For
the heat flux of 2 MW/m“, the thermal stress of the heat sink does not
exceed the allowable stress. The plasma spraying is preferred to the
brazing from the standpoint of heat sink strength. However, the
plasma sprayed tungsten is expected to exhibit the low tensile
strength. The strength of tungsten appears to be critical for the
plasma spraying.

The surface heat flux of 5 Mw/m2 causes the severe thermal
stresses in the collector plate. The calculated stresses are not
within acceptable limits for the brazing and plasma spraying designs.
Tt is recommended that the high heat flux of 5 MW/m“ is unacceptable
because of the high thermal stress.

Temperature and stress distributions in the divertor plate for
the case with redeposited stainless steel are shown in Fig. 6.14 to
Fig.6.15. Surface heat flux on plate is 2 MW/m“ for all calculations.
The maximum temperatures and stresses for the three plasma side
materials are summarized in Table 6.6. The stresses in divertor plate
are quite sensitive to the redeposition thicknesses of 31688. The
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stresses are increased as the redeposition thickness is increased.
The redeposition of 2 mm of 316S8S results in high stresses in the
plasma side materials, and the redeposition of 4 mm of 3168S results
in severe stresses in both plasma side materials and copper heat sink.

6.2 Limiter temperature and stress analysis

The parameters and materials used for temperature and stress
calculations of the limiter plate are listed in Table 6.7. Thermo-
mechanical analysis has been done for the top surface of the flat
limiter. Two plasma side materials, beryllium and graphite, were
considered in this analysis.

Three dimensional thermo-mechanical calculation were performed
for the top surface of limiter plate. The geometry used for the
analysis is shown in Fig. 6.16.

Temperature and stress distribution in the limiter plate for the
two plasma side materials are shown in Fig. 6.17 to Fig. 6.20. The
maximum temperatures and stresses for the two plasma side materials
are summarized in Table 6.8 and Table 6.9. The maximum temperature in
20 mm thick beryllium tile is 651°C. The maximum temperature in 10 mm
thick graphite tile is 609°C, and may be in the severe range of the
chemical sputtering. The stress intensity in the copper heat sink 1is
below the 3 Sm limit for all cases.

The sputtered first wall particles will deposit on the leading
edge of the limiter plate. The redeposition from the 31688 first wall
will cause the high stresses in the leading edge of the plate. The
erosion/redeposition and the thermo-mechanical analysis for the
leading edge should be made.

6.3 Alternative coolant for first wall, divertor and limiter

6.3.1 Thermal-hydraulic evaluation for helium-cooled first wall

Relatively low pressure and low temperature water has been chosen
in the INTOR reference design as the coolant. This choice is
considered to be reasonable, for temperature of the wall should be
kept relatively low (<450°C}, and no electricity will be generated in
INTOR. Water has been used in many conventional plants and has good
heat transport capacity. The choice of helium gas as coolant for
first wall gives good neutronic performances, such as high tritium
breeding ratio and high 14-MeV neutron transmission rate for testing.
And detritiation from helium gas is relatively easier than from water
coolant. Thermal—-hydraulic performances of helium gas, however, are
inferior to those of water. In this task, preliminary, thermal-
hydraulic analysis has been carried out for helium-cooled first wall
in INTOR, and the feasibility of helium~cooled first wall design in
INTOR is discussed in this report.

(1) Conditions for analysis

First wall configuration discussed in this report is shown in
Fig. 6.21. Material of the wall is type 316 stainless steel. Plasma
side of the wall is the armor zone for erosion during the reactor
life. Grooved armor was chosen to reduce thermal stress within the
wall. Coolant in rectangular channels behind the armor zome flows in
poloidal direction. Structurally, the first wall is separated from
the blanket vessel from the view points of blanket vessel integrity
and maintainability of the first wall when it would be damaged. The
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wall is supported from the blanket vessel by hook-shaped support
structures.

Model for the analysis is shown in Fig. 6.22. The thickness of
the plasma side wall and the height of the coolant channel were
represented by "t" and "h", respectively. In this analysis, the
surface heat load and the heat deposited in the wall were assumed Lo
be transported to the coolant through only the plasma side surface of
the coolant channel.

The heat load conditions of the INTOR first wall are summarized
in Table 6.10. Poloidal divertor option and pump limiter option are
considered as impurity control systems in INTOR design. The poloidal
divertor option was assumed to be chosen for the impurity control
system in INTOR. This table shows that the heat flux through the
coolant channel surface is about 29 W/cm® for both inboard and
outboard first wall.

The density of gaseous coolants such as helium will remarkably
change with pressure. Although helium has bettter thermal~hydraulic
performances in high pressure, lower pressure Is desirable from the
structural view points of the first wall and reactor cooling systems.
Coolant pressure was chosen as a parameter in this analysis,
therefore, and changed from 1 MPa to 7 MPa. Low coolant inlet
temperature is desirable to keep the wall temperature low and to get
good heat transport performances. A value of 100°C was chosen as
coolant inlet temperature considering the cooling systems design.
Coolant temperature rise should be chosen as small as possible to keep
the wall temperature low enough, otherwise large temperature rise is
required to reduce coolant velocity and pressure losses. Therefore,
outlet temperature was changed from 150°C to 300°C in this study.

Coolant flow area was also chosen as a parameter, and the height
of coolant channel was changed from 3 mm to 15 mm. From the view
points of structural integrity and the wall temperature limirtation,
small value of the channel height should be chosen, but large one is
required to keep the pressure loss acceptably low.

A length of 5 m was assumed as the coolant channel length of
first wall. A value of 0.03 was used as friction factor in this
analysis in consideration of roughness on the coolant channel surface.

Table 6.11 shows the conditions used in this study. A parametric
study for helium-cooled INTOR first wall has been carried out with
these conditions.

(2) Results of study
1) Temperature rise within the first wall
Figure 6.23 shows the temperature rtise within the first wall.
This figure indicates that the temperature rise within outboard first
wall is 136°C and that within inboard first wall is 151°C.
2) Maximum temperature of the first wall
Maximum tempetrature of the first wall can be estimated by adding
this temperature rise within wall (151°C) to film temperature drop and
coolant outlet temperature. Obtained results are shown in Figs. 6.24~
6.27. It is required to keep the maximum temperature of the first
wall lower than 450°C in INTOR. Problem about thermal stress does not
occur, because the stress is relieved by grooving.
3) Coolant velocity
Excessive coolant velocity will cause a problem of vibration. In
this study, it is assumed that the coolant velocity should be kept

— 52_
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less than 100 m/s. Results about coolant velocity are also shown in
Figs. 6.24 ~6.27.
4) Pressure loss

Only friction loss in the coolant channel of the first wall is
considered as pressure loss in this analysis. Figs. 6.24 ~ 6.27 show
the results. Pressure losses in inlet and outlet headers etc. should
be considered in detail, however, a value of 0.3 MPa is assumed as the
limit of friction loss in the channel of the first wall in this study.

(3) Discussions and conclusions

Acceptable design ranges according to the results of preliminary
analysis and the limits of thermal-hydraulic performance described
above are shown in Figs. 6.28 ~6.31. These figures indicate that no
acceptable ranges exist for coolant pressure less than 1 MPa. When
coolant pressure is higher than 3 MPa, helium-cooled first wall can be
designed, and the higher coolant pressure brings the larger acceptable
design range. The effect of coolant velocity on coolant pressure is
considerably large.

Low pressure and narrow coolant channel should be chosen for the
structural integrity of the wall. It is considered, therefore, that
the following conditions are appropriate.

i) Coolant pressure ~3 MPa
ii) Height of cooclant channel ~8 mm
iii) Coolant outlet temperature ~220°C
iv) Coolant inlet temperature ~100°C

This analysis revealed that the design of first wall with helium
gas as coolant can be practicable from the thermal-hydraulic view
points. Detail investigation is required to adopt helium-cooled first
wall for INTOR.

Heat load to the divertor {or limiter) plates is about ten times
as large as that to the first wall. It is considered, therefore, that
helium cooling for the divertor {or limiter) is difficult.

6.3.2 Comparison of the performances of water-cooled and helium-
cooled first wall .

The performances of helium-cooled first wall described in the
previous section are compared with those of water—cooled first wall.
Neutronic performances and effects on coolant detritiation systems are
also discussed qualitatively. Results of this investigation are
summarized in Table 6.12. The concept of water—cooled first wall
discussed here is that suggested in Japanese contribution to INTOR
Phase I.

Helium-cooled first wall is inferior to water-cooled first wall
from the view point of structural integrity, since helium gas as
coolant requires higher pressure and larger temperature rise than
water. Therefore, countermeasures of stresses due to these causes
should be required.

Thermal-hydraulic perforemenaces are expected to be satisfactory
for both helium—cooled and water-cooled first wall. Helium-cooled
first wall, however, is suffered severer conditions. The largest
problems of helium-cooled first wall is large pumping power. In this
investigation, the power needed to pumping helium gas is between 10 to
20 percents of thermal power of first wall.

Tritium breeding ratio and l4-MeV neutron transmission rate for
material testing of helium-cooled first wall are higher than those of
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water—cooled first wall.
Capital cost of detritiation systems for helium coolant is

expected to be lower than that for water. More tritium release,
however, may occur from helium coolant system due to more coolant

leakage and higher temperature than water coolant systemn.
Further investigation is required to select the coolant for first

wall, in consideration with total reactor design.

Table 6.1 Parameters and materials used for temperature and stress

calculations of the divertor plate with tungsten tiles

Surface heat flux 2, 5 MW/m®

Nuclear heating rate

W 19 MW/m’
Cu 10 MW/m®
31688 8 MW/m?

Coolant temperature

Inlet/Outlet 50/80°C
Coolant velocity 7 m/s
Heat transfer ccefficient 3.2 x 10* W/m*°¢C
Interface conductance Infinite
Tile thickness (W) 1, 3 mm

Heat sink material

Material Cu, Cu-0.6Be-2,5Co
Thickness 20 mm
Support structure thickness (316S8S) 20 mm




JAERI —M 85— 075

Table 6.2 Temperature and thermal stress of divertor plate with 1 mm

thick tungsten tile (Heat flux = 2 MW /m?)
Plasma side cladding
Material W
Allowable stress, 3Sm (MPa; gog (L)
Heat sink
Material CFCu Cu~-0.6Be-2.5Co
Allowable stress, 35m {MPa)
As received 250 780
Annealed(2) 120 180
Maximum temperature
Plasma side cladding (°C) 194 228
Beat sink (°C) 178 214
Maximum stress intensity
Plasma side cladding {MPa) 292 468
Heat sink (MPra) 227 381

(1) value at 730°C

(2) Values at 200°C after annealing (850°C x 30 min)
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Table 6.3 Temperature and thermal stress of divertor plate with 1 mm

thick tungsten tile (Heat flux = 5 MW /m?)
Plasma side cladding
Material W
Allowable stress, 35Sm (MPaj) 800(1)
Heat sink
Material OFCu Cu-0.6Be-2.5C0
Allowable stress, 3Sm (MPa)
As received 250 780
Annealed(?) 120 180
Maximum temperature
Plasma side cladding (°C) 352 438
Heat sink (°c3 317 403
Maximum stregs intensity
Plasma side cliadding (MPa) 695 981
Heat sink (MPa) 534 813

(1) Value at 730°C

(2) Values at 200°C after annealing (850°C * 30 min)
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Table 6.4 Temperature and thermal stress of divertor plate with 3 mm

thick tungsten tile (Heat flux 2 MW/m?)
Plasma side cladding
Material W
Allowable stress, 3Sm (MPa) 800(1)
Heat sink
Material OFCu Cu-0.6Be-2.5Co
Allowable stress,.3Sm (MPa)
As received 250 780
Annealed(2) 120 180
Maximum temperature
Plasma side cladding (°C) 223 258
Heat sink {°Cc) 181 216
Maximum stress intensity
Plasma side cladding (MPa) 295 382
Eeat sink (MPa} 300 426

(1} Value at 730°C

(2) Values at 200°C after annealing (850°C x 30 min)

a— 57i
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Table 6.5 Temperature and thermal stress of divertor plate with 3 mm

thick tungsten tile (Heat flux = 5 MW/m?)
Plasma side cladding
Material W
Allowable stress, 3Sm (MPa) soo(D)
Heat sink
Material QFCU Cu-0.6Be-2.5C0
Allowable stress, 3Sm (MPa)
As received 250 780
Annealed(2) 120 180
Maximum temperature
Plasma side cladding (°C) 424 509
Beat sink °C) 318 405
Maximum stress intensity
Plasma side eladding (MPa) 588 795
Heat sink {(MPa) 585 898

(1} Value at 730°C

(2) Values at 200°C after annealing (850°C x 30 min)

_— 58 —_



JAERI —M 85—075

Table 6.6 Temperature and thermal stress of divertor plate with 1 mm

thick tungsten tile on copper heat sink (Heat flux = 2 MW/mz)

Redeposition of 31658
2 %) 4 o3

No erosion(l)

Plasma side cladding

Material W

Allowable stress, 3Sm (MPa) 800(4}

Heat sink
Material 0FCu
Allowable stress, 3Sm (MPa}
As received 250

Annealed 120

Maximum temperature

Redeposited laver (c*) — 424 656
Plasma side claddeing (c®) 194 195 195
Heat sink (c*) 178 178 131

Maximum stress intensity

Redeposited layer (MPa) — 665 555
Plasma side cladding (MPa) 292 856 1460
Heat sink (MPa) 227 255 639

{1) No net erosion of surface material
(2) Redeposition of 2 mm of 316SS from the first wall

{3) Redeposition of 4 mm of 316S8S from the first wall

{(4) vValue at 730°C
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Table 6.7 Parameters and materials used for temperature and stress

calculations of the limiter plate

Surface heat flux (MW/mZ) 3

Nuclear heating rate

Plasma side cladding {MW/mB) 8
Heat sink (Cu) (MW/m3) 15
Support structure (8S) (MW/m?) 12

Coolant temperature

Inlet/outlet (°Cy 50/80
Coolant velocity {(m/s) 7
Heat transfer coefficient (W/m?°C) 3. 4x10"

Plasma side cladding

Material Be C
Thickness {mm} 10,20 5,10
Heat sink thickness (Cu) {zmm ) 10

Support structure thickness
{S8) {(zm) 490

Note: Heat flux of top surface
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Table 6.8 Temperature and thermal stress of limiter plate with
beryllium tile on copper heat sink

(Heat flux = 3 MW/m%)

Plasma side cladding

Material Be
Thickness (wm) 10 20
Allowable stress, 35m (MPa) 300

Heat sink
Material OFCu
Allowable stress, 3S5m (MPa) 120

Maximum temperature
Plasma side cl%dding °c 409 651
Heat sink (°cy 176 N 179
Maximum stress intensity
Plasma side cladding (MPa) 200 215

Heat sink (MPa) 97 106

Table 6.9 Temperature and thermal stress of limiter plate with
graphite tile on copper heat sink

(Heat flux = 3 MW/m?)

Plasma side cladding

Material : C
Thickness (trm) 5 10
Allowable stress, 38m (MPa) 20

Heat sink
Material : QFCu
Allowable stress, 3Sm (MPa) 120

Maximum temperature
Plasma side cladding (°c) 390 609
Heat sink °c) 175 176
Maximum stress intensity
Plasma-side cladding (MFa) - 20 20

Heat sink (MPa) 60 60

. 61_
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Table 6.10 Heat Load Conditioms of INTOR First Wall

- Divertor Option -

OUTBOARD INBOARD
Surface Heat 13.6 W/ em? 11.6 W/em?
Volumetric Heat 13 W/em® 13 W/em?
Wall Thickness 11.7 mm 13,5 mm
Heat Flux to Coolant Channel 28.8 W/cm? 29.2 W/cm?

Table 6.11 Conditions for Parametric Survey

of Helium Cooling

Type of First Wall

Material of First Wall

Thermal conductivity:

Coolant

Pressure

Intet Temperature

Qutlet Temperature
Coolant Channel Width
Coolant Channel Length
Heat Flux to Coolant

Friction Factor

Grooved Separated Wall

( see Fig. 9.6.3-1 )
Infinite plate was assumed
in this analysis.

( see Fig. 9.6.3-2 )

Type 316 Stainless Steel

18.2 W/mK
Helium Gas

1 - 7 MPa

100 °C

150 - 300 °C
3.0 - 15,0 mm
5m

2,9 % 10° W/m?
0.03
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Table 6.12 Comparison of the Performances of Water-cooled
and Helium-cooled First Wall

Coolant water helium
Pressure 1 MPa 3 MPa
Inlet/outlet Temperature 50/90 °C 100/220 °C
Structural Material type 316 35 type 316 SS
Maximum Temperature of First < 450°C < 450°C
Wall (~360°C)
Coolant Velocity <6 m/s <100 m/s
Pressure Losses ~0.3 MPa ~0.2 MPa
~0.,2 MW ~16 MW

Pumping Power

Tritium Breeding Ratio relatively low relatively high
14-MeV Neutron Transmission Rate low high
Coolant Detritiation Systems high low
{Capital Cost)

Tritium Release from Coolant low(?) high(?)
Systems
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Fig. 6.2 Maximum temperature of divertor plate

with copper heat sink
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Heat flux g [MW/mZ]
Fig. 6.3 Maximum thermal stress of divertor plate

with copper heat sink
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A
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®
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x
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AN armor-heat sink
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A
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Heat flux q [MW/mZ2]

Fig. 6.4 Maximum temperature of divertor plate
with copper alloy heat sink
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Fig. 6.5 Maximum thermal stress of divertor plate
with Cu~0.6Be heat sink
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Fig. 6.6 Temperature and stress distribution of divertor

plate with 1 mm thick tungsten tile on copper

heat sink
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(a) Temperature distribution
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A
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Fig. 6.7 Temperature and stress distribution of divertor plate
with 1 mm thick tungsten tile on Cu-0.6Be heat sink

(Heat flux = 2 MW/m®)
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Fig. 6.8 Temperature and stress distribution of divertor plate
with 1 mm thick tungsten tile on Cu heat sink

(Heat flux = 5 MW/m?)
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Fig. 6.9 Temperature and stress distribution of divertor plate
with 1 mm thick tungsten tile on Cu-0.6Be heat sink

{Heat flux = 5 MW/m?)



JAERI — M 85-075

243°
181°C
R : y
3 4 E:WEJ '] '
[RERNARARNSE |
55 B W
(a) Temperature distribution
295MPa{W
300MPa{Cu) _

\ /

5SS

(b) Stress intensity (2t1)
distribution

Fig. 6.10 Temperature and stress distribution of divertor plate

with 3 mm thick tungsten tile on Cu heat sink

(Heat flux = 2 MW/m?)
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Fig. 6.11 Temperature and stress distribution of divertor plate
with 3 mm thick tungsten tile on Cu-0.6Be heat sink

(Heat flux = 2 MW/m?)
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Fig. 6.12 Temperature and stress distribution of divertor plate
with 3 mm thick tungsten tile on Cu heat sink

(Heat flux = 5 MW/m®)

_75 —



JAERI -M 85— 075

T

S8 Cu—~0. 6Be

(a) Temperature distribution

795MPa (W)
398MPg (Cu-Be}

S5

(b) Stress intensity (271)
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Fig. 6.13 Temperature and stress distribution of divertor plate
with 3 mm thick tungsten tile on Cu-0.5Be heat sink

(Heat flux = 53 MW/m?)
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Fig. 6.14 Temperature and stresé distribution of divertor
plate with 1 mm thick tungsten tile on copper
heat sink
(Heat flux=2MwW/m?, thickness of redeposition(SS}=2mm}
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Fig. 6.16 Limiter plate geometry used for thermal
hydraulics and stress analysis
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Fig.6.17 Temperature and stress distribution at the
top surface of a medium edge temperature
limiter with 10 mm thick beryllium tile on
copper heat sink
(Heat flux = 3 MW/m?)



x SAP x SAP =

651°C

— oy

jm e
[ a— CL

i

|
118
Be

JAERI - M 85—-075

S5

|
l
!
-
T
Temperature distribution
106Mpz (Cu)

(&)

SS

215MPa (Be)

(21)

distribution

(b)

Stress intensity

Temperature and stress distribution at the top

Fig.6.18

surface of a medium edge temperature limiter

with 20 mm thick beryllium tile on copper heat

(Heat flux = 3 MW/m?)

sink



JAERI —M 85—075

¥ Gys

u dHS

390°C
175°C
|
I ‘l
|
| ml
T l,.-:l' s & B b g ( i
_‘____CU . SS -'1l- Cu C
{(a} Temperature distribution
| N 60MPa (Cu}
- T ""' \fl:i:‘:?:?__“r:-h'_"_,.——/ P AN — WZ}-—-‘:/j —
PR A= ]
T — 0 T P
e e N T A Vi
!Tj T NN MQ Bigs
L__cu SS Cu ]

20MPa (C)

(b) Stress intensity (2t1) distribution

Fig.6.19 Temperature and stress distribution at the top
surface of a medium edge temperature limiter
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sink (Heat flux = 3 MW/m?)
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Fig. 6.22 Model for thermal-hydraulic analysis
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7. Electromagnetics

Japanese effort on electromagnetics was concentrated on

"Transient Electromagnetics”, Group C.
No work has been performed for Group A.
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8. Disruption

Plasma disruption gives rise to a intense surface heating on the
first wall and limiter/divertor. Several computer codes capable of
accommodating the effects of melting and vaporization have been
developed and applied to predict melt and vaporized layer thickness
for the INTOR disruption conditions. In the Phase I1IA Part 1 report,
calculated results for various materials have been well summerized.

The reference disruption conditions are as follows.

o Peak energy flux

divertor plate : 230 J/cm2
first wall : 170 J/cm
o Time for energy deposition : 20 ms, 5 wms (alternative)

8.1 Thermal response

In this report thermal response of the divertor wall covered with
thin stainless steel layer 1 um and 1 mm thick are presented. This
situation simulates the case that sputtered stainless steel of the
first wall uniformly deposits on a tungsten armor of the divertor

plate.
Calculations were made for t following conditions.
o Energy flux : 230 J/cm
o Disruption period : 5 ms and 20 ms
o Thickness of 316 S : 1 ym and 1 mm
o Initial temperature : 200°C

Calculated results are summerized in Tab. 8.1. Temperature
traces as a function of time are plotted in Fig. 8.1 - 8.2. Melt
layer thickness is plotted as a function of time in Figs. 8.3 - 8.4.
Figs. 8.5 — 8.6 show vaporized thickness.

Following conclusions are obtained.

1. Tungsten does not melt for either of the conditions.

2. Melt layer and vaporized thickunesses increase with increasing
thickness of the stainless steel.

3. In the case of 1 ym deposition layer, the 53 layer completely
melts for 5 ms disruption. Thus if all the melt layver 1is lost,
stainless steel cannot accumulate on the tungsten surface thicker than
1 um.

4, Judging from these results, a certain deposited thickness exists
which melts completely for 20 ms disruption.

8.2 Liquid metal kinetics
8.2.1 Tollmien—-Schlichting and Marangoni Instabilities

1. Introduction
It is difficult to solve a stability problem of melt layer
following a plasma disruption. The difficulty includes:

1) Melt layer appears suddenly and changes its thickness rapidly with
time in the course of the plasma disruption. The melt layer exists
only in a short period. So, we should treat a full unsteady problem
although hydrodynamic stability theory has not yet been established
for each an essentially unsteady flow.

2) Once the melt layer forms, the liquid free surface may become wavy
due to the instability of the melt layer. As a result, the
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resolidified surface will not be flat. This means that the liquid-
solid interface between melt and solid layer is believed to be flat
only for the first disruption, and the interface will be wavy for the
following disruptions. Thus the stability analysis becomes more
complex even if we treat only a quasi—-steady layer.

3) Even if we consider the quasi-steady melt layer and the flat
interface, we cannot treat analitically nonlinear evolution of waves
on the free surface of the liquid with arbitrary amplitude.

Because of these reasons, only one way to estimate the stability
of the melt layer is full numerical treatment. Before we resort to
numerical calculations, it is helpful to understand the outline of
characteristics of these phenomena qualitatively. In this report, we
investigate the linear stability of the melt layer in a idealized
fashion. ’

There is only one investigation on this stability problem.
Wolfer and Hassanein (1982) has dealt with this problem following
Feldman's analysis (1959). Feldman considered the stability of the
melt surface on an ablating body on re—entry into the atomsphere. 1In
his analysis (and also in Wolfer and Hassanein's analysis), next five
assumptions have been made.

i) There is no basic flow; that is an undisturbed state is at rest.

ii) Body forces act on the liquid layer in the vertical directiom.
iii) An undisturbed state is steady.

iv) Temperature is constant across the liquid layer.

v) Deformation of free surface is neglected.

Under these circumstances, the stability problem to be solved is
reduced to the Rayleigh-Taylor (RT) instability problem. Consider the
case that the liquid layer is above the solid layer. 1f a body force
acts in the downward direction, the liquid layer is stable and this
liquid-air configuration is called the stable stratification. On the
other hand, if a body force acts in the upward direction, the liquid
layer is unstable and is called unstable stratification. Based on the
RT instability analysis, we can have only the above information.
These results are in the sense of the asymptotic stability criteria.

Wolfter and Hassanein considered the practical stability
criteria; i-e., they regarded that asymptotically unstable
configuration could be mainained if the final deformation of the free
surface is small compared with the thickness of the first wall. And
they considered that the RT instability is dominant in comparison with
the Tollmien-Schlichting (TS) instability; namely, the travelling wave
instability.

For the real melting phenomena, above five assumptions do not
always hold. TLet us reconsider the significance of these five
assumptions. First, the depth of the liquid layer changes very
rapidly. A quasi-steady approach is invalid when the time scale of
the evolution of the liquid layer is comparable with that of the
growth of disturbance. Second, by considering the temperature
gradient across the liquid layer and the deformation of the free
surface, we can have stable stratification even if the body force acts
in the upward direction. This indicates that the assumptions iv) and
v) should not be made. Finally, in these stable stratified state, the
TS instability plays an essentlial role. Therefore, the above five
assumptions are not necessarily placed.

In this paper, we remove the four assumptions 1), ii), iv), and
v). The third assumption still remains because hydrodynamic stability

794 j—
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of an unsteady flow is a difficult problem and canmnot be treated
satisfactory today.

As we show in the following sections, the RT problems will be
changed into the TS and the Marangoni instability problems because the
temperature dependency of the surface tension plays an essential role
in our analysis.

2. Mathematical Formulations
2.1 Physical Configuration

As is shown in Fig. 8.7, we consider that the 1liquid layer is
above the solid layer. :

The body force g, which is the vectorial sum of the gravity and
electromagnetic forces, acts in the inclined direction with an angle
of ¥ with respect to the vertical direction. Coordinate x is the
horizontal direction along the solid surface, y is the vertical
direction and z is perpendicular to them. The direction of the
coordinate system is taken such that the components of the body force
are (g sin vy, —g cos Y, 0).

Because of non-zero x—-component of g sin Yy, basic flow U(y)
exists in the x direction at an undisturbed state.

We denote t the time, v the kinematic viscosity, ©Othe density, p
the pressure, T the temperature, d the height of the liquid layer, the
deformation of the free surface, T, the temperature in the air, and Ty
the temperature at the solid surface.

2.2 Basic Flow

In this paper, we neglect the buoyancy effect in the liquid layer
because it is very thin. Let Newton's law

-k %E - k(T - Ta) (2.1)
y

be satisfied at the liquid-air interface (free surface), whree k is
the thermal conductivity of the liquid, h the heat transfer
coefficient at the free surface.

Governing equations for velocity (v) and temperature field are

div vy =10 (2.2)
av ' 1 2.3
T + (vegrad)v = o grad p + VAv + g (2.3)
oT
o + (vegrad)T = kAT (2.4)
3% 3% 3f
where A = 3E;z+~§§24~322 ,k is the thermal diffusivity.

By considering that u = U(y), v=w =0 and T = T(y), we obtain
the basic flow as follows.

a=v?! 42 sin v [ (2.5)

=)
1
r| =
Ca
ol
p—
-
<1
I
£1
[l
o
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p = Pa + pg(d - y) cos Y; P = Pa at y=d ,
— T_
T =Ts - By, p - s = 1a)

{k — hd)

We will take % \)_‘d2 g siny as the characteristic velocity and d as
the characteristic length.

2.3 Disturbance Equations
By substituting (v, p,T)T = (v, p,T) + (V,jp,T)T into eqs. (2. 2)—
(2.4) and by llnearlznlg we obtaln the disturbance equations for v, P
and T. By eliminating 1,% and p, we have two disturbance equations.

9 ~ 3 ~ w oV 20 _

—Bt Av + U—ax Mv - U B—X - VA v = 0 .
a7 T A

Bt U TR

where primes indicate differentiation with respect to y.

2.4 Boudary Conditions (BCs)

At free surface y=d +£, surface tension S should be balanced

with the stress tensor s;;-
From balance equations, we have four BCs at y=d.

8% . » "
-p Vv (by = *é‘};'j) v + 0BAsE UAsz =0 .,

3 ,u R 22 LBV Y
Pl + U gy — 30viz = Vo]l 50— ol 55
4 o[Vl = - g cos v 146+ S AT E= 0
D BX g Y 2 szg_ L]
9T
kg * hT - hBE = i

I 13
Ve T U

and at y = 0, we have

-~

$ = 5v/oy =T =0
B 2 2 -
where Azz%%g‘f-gg-z, _—(T)T Tf! Sg = S( Tg J, Te the

temperature of the liquid layer at the free surface, Tf = Ts -~ Bd, Te=
Tf - BE + Tg, S the surface tension as a function of T.
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7.5 Non~dimensionalization

For non-dimensionalization, (dx¥*,dy*,dz*)=(x,y,z), de®/U=t,
Upv*=¥, U U*=U, 8%Bd=T, n*d=£, where U,= LWd%g ein Y where used.
Quantities with an asterisk are non-dimensional numnbers.

Then the following six non—dimensional parameters appear; nzamely,
R=Uod/\), the Reynolds number; P=V/k, the Prandtl numberg;dﬁ*l= AL the
Marangoni number; N.=g.d., crispation number; Ng= -QSS—, the Weber
numer; and B=hd/k, the Biot numbert.

2.6 Normal Mode Analysis

Now we introduce two-dimensional Fourier decomposition. This
mode corresponds to a traunsverse roll:

(v, gr, )T = (¢, ® )T explut* + iox*). (2.16)

we obtain the following set of ODEs:

L2 yiou@?- ad)y~1au-R"I@%-£)2]9= 0 (2.17)
[+ioU-(PR) "L (D2-o®) 1@ = ¢ , (2.18)
with BCs:
at v =1, (0% +a®) o+ neEr) (@ -m=0 , (2.19)

[w+ 10U + 32r7L - R'1D2}D¢ - iaU'®

- [1euRTY - NN PR TIRT? cos ] o2y + v lplr2ofu = 0, (2.20)

(D+B® - BH=0, (2.21)

(w+ ioU)H = ¢ , (2.22)
and at y=0,

b=Dp= @ =0 (2.23)

where D = d/dy.

Equations (2.17)-(2.23) consits eigenvalue problems. TFor given
Tg» T, and vy, the quantities R, P, M, N5, N_, and B are uniquely
determined. And for given real &, wis obtained as discrete
eigenvalues. The maximum value of the real part of wgives the linear
growth rate. Basic flow is stable for w, < 0, unstable for u, > 0,

and marginally stable for w, = 0, where . = Rew.
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3. Numerical procedura

Because the main flow velocity U(y) is invelved in the equatioms
(2.17)-(2.23), it is impossible to analytically solve the eigenvalue
problem. Here we solve the equations (2.17)-(2.23} by using the
Collocation method {(Pseudo-spectral method) to obtain w in the
following form as an eigenvalue for a given set of parameters (o,

R,P,M,NG,NC,B):

N
(9, @)T= z ((bn’@n)T Tn(y), Tn(y) = cos(n cos~ly); N>1. (3.1)

n=0

Here Tn(y) is the Chebyshev polynomials.

By substituting Eq.(3.1) 1into Eqs.(2.17) and {2.18) at each.
Collocation point and by applying the BCs (2.19)-(2.23) using the
Lanczos'tau method, we can write the eigenvalue problem in the next
form.

AD = wB P . (3.2)

Eigenvalue @ can be solved by the QR method for complex
coefficients.

Here n=0,1,2,3,....,N, because {9, @))T is asymmetric. We
truncated the terms at N=24.

We checked some typical results with the ones cobtained by
Shooting method.

4, Numerical results

For probable disruption conditions, the values of the 5ix nog-

dimensiona} parameters_ are R=14.466 sin ., P=1.6x10"", B=10" ",
- _ -5 A 180
Ng=t+3.5x10 7, N.=7.48x10 -, where Y=1gp

A combination of these values gives ill-posed boundary
conditions; that is, one term in each of the BGs (2.17)-(2.23) becomes
extremely large compared with the rest of the terms, which leads to
large numerical errors. The difficulty was alleviated so much by
changing the value of B to 1072, And the value of B was found to
affect the linear amplification factor only slightly. The factors for
B=10""7_and B=10"" agreed to the third figures. Thus we used the value

-3 .
of 10 for the Biot number. . 1 e ,

A dimendional number of wy = Wy Uo/d==§v"ldg(sin1—60'wr is plotted
against y' in Fig. 8.8, where ' the maximum amplification factor.
Hereafter dimensional numbers are used for practical convenience.

The value of (i, decreases monotonically with v decreasing from
90°, and seems to asymptotically approach to a constant value with
¥+0. It should be emphasized that travelling waves on a surface of a
liquid layer following downward along a vertical wall are found to be
most unstable in the present results. This contrasts striking with
the results of Wolfer and Hassanein. They predicted that these waves
were more stable than the other waves.

An amplification factor is of the order of 102 and Y '-dependence
is relatively low. N

From the present results, we can plot eWTAT againsty' in Fig.
8.7 which At = (tres -t) as a parameter, where T. . is the time
elapsed between the beginning of melting and the end of
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resolidification.
We employ 5 ms and 2 ms for
For = 2 ms, initial unevenness of the solid surface would be

amplified by 1.3 times for one disuption. This means that thousands
times of disruption could make the unevenness enormarously large.

Of course we cannot apply the linear stability theory to such
large amplitude disturbance, but the present analysis suggests that it
is doubtful for the first wall to be kept sound when expesed to many
times of disruption. It is required from the safety point of view
that the amplification factor be negative. And to lower the
amplification factor, it is necessary to make the absolute value of
the Marangoini number small.

In the above discussion, no consideration is made on unsteadyness
and nonlinearity of the phenomena. Changing thickness of the melt
layer with time would promote instability. Instead of stability for
parallel flow which is treated here, stability for vertical flow, such
as the stability of a free surface of fluid layer on a porous wall
subject to emission or suction might be taken into account.

For a practical application, soundness of the first wall against
different kinds of instabilities including liquid—-solid and liquid-
vapor interfacial instabilities under evaporation, condensation,
melting, and resolidifying should be studied both theoretically and
experimentally.

Table 8.1 Behavior of Divertor Surface during Major
Plasma Disruption

Divertor armor Tungsten

Redeposited Material type 316 Stainless Steel
Redeposited Thickness 1 um 1 mm
Exposed Energy Flux 2.3 MI/m?

Disruption Time 5 msec 20 msec 5 msec 20 msec
Maximum Surface Temperature 2530 K 1680 K 2950 K 2080 K
Maximum Melt Laver Thickness 1.0 um NM* 110 um 65 um
Vaporized Thickness 0.2 um - 7.2 ym | 0,02 um
Melting Duration 4.9 ms - 11,0 ms 12,3 ms

* No melting occurs,
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9, Sputtering erosion/Redeposition

A code for calculation of sputtering and redeposition is now
being developed at JAERI. Results will be available in the next

Phase.

— 108 —



JAERI —M 85-075

10. Lifetime analysis

The plasma performance, reactor operating scenario, disruption
conditons are given in Table 10.1 and Table 10.2. The lifetime of the
plate has been estimated by the erosion of plasma side material and
the fatigue life.

10.1 Divertor

The divertor collector plates have been assumed to be set at an
angle with respect to the magnetic field lines to limit the peak heat
flux to 2 MW/m*“ and 5 MW/m“. In the case of the heat flux of 2 MW/mz,
the angle between plate and separatrix is 8% for the inmer plate and
6° for the outer one. In the case of heat flux of S'MW/mZ, the angle
between plate and separatrix 1s 20° for the imner plate and 14.5° for
the outer one.

The plate is comosed of a protective material of 1 mm of 3 mm
thick tungsten, heat sink of copper and copper alloy, and supporting
structure of 316855.

Table 10.3 shows the erosion rate of divertor plate. The
estimated erosion rate does not include the effect of the redeposition
of the sputtered impurity ilons.

The estimated lifetimes of plates with the copper and copper
alloy heat sink are shown in Table 10.4 and 10.5, respectively. The
desizn fatigue curve with the safety factor of 2 on strain range or 20
on life is employed. The stress range used for evaluating the
lifetime is the result from elastic analysis. There are many cases
that the stress range exceeds the 3Sm limit. The real fatigue lives
for these cases are shorter than the estimated life shown in Table
10.4 and Table 10.5, and will be evaluated exactly if plastic analysis
is used.

As shown in Table 10.4, the fatigue life of the copper heat sink
with tungsten tiles is very short. The peak heat flux is needed to be
reduced to increase the fatigue life. The lifetime due to erosion is
long for the tungsten tiles.

Table 10.5 shows that the copper alloy heat sink has the long
fatigue life for the heat flux of 2 MW/m“®. Fatigue life estimates
have been made for the copper alloy with non-annealed material
conditions. The plasma spraying may satisfy this condition. However,
the plasma sprayed tungsten will provide the quite short fatigue life
if tungsten is in the recrystallized condition. The lifetime is
reduced to about 0.02 year (10° cycles) for a 1 mm recrystalized
tungsten under the heat flux of 2 MW/m*. Further studies are needed
to estimate the accurate lifetime for the plasma sprayed collector
plate. _
The collegtor plate lifetime appears to be short for the heat
flux of 5 MW/m%. The peak heat flux of 5 Mw/m2 may be unacceptable
from this standpoint.

10.2 Limiter

Table 10.6 shows the erosion rate of limiter plate at the top
surface. The estimated erosion rate does not include the effect of
the redeposition of the sputtered impurity ions. The sputtered first
wall particles will not deposit on the top surface of the limiter
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plate, because the 31685 exceed unity at incident particle energy of
400 eV. However, the sputtered first wall particles will deposit on
the leading edge of the plate.

The lifetime of the limiter plate has been estimated by the
erosion of plasma side material and the fatigue life of copper heat
sink. The estimated lifetime are shown in Table 10.7.

The limiter plate of copper heat sink has the long fatigue life
for all cases. However, the lifetime due to erosion is unacceptably
short if the effect of redeposition of the sputtered impurity ions is
not considered.

10.3 First wall

Table 10.8 shows the first wall operating conditions, The
surface heat flux is 10 W/cm* and the nuclear heting is 13 W/cm”. The
first wall is composed of Type 316 stainless steel.

Erosion of the first wall could occur by physical sputtering and
disruption. Table 10.9 shows the physical sputtering yields for
stainless steel at 100 eV. Table 10.10 shows the wall thickness
required to last for the full reactor lifetime under the reactor
operating conditions. For the disruption, it has been assumed that
the entire melt layer is lost. If the melt layer Is stable, no
erosion occurs during the disruption, and the thickness necessary for
the first wall is only 6.9 mm to last for the full reactor lifetime.

Temperature distribution in the first wall is shown in Fig. 10.1,
and thermal stress in the wall is shown in Fig. 10.2. The fatigue
lifetime of the first wall has been estimated by using the design
fatigue strain range for 31685, as shown in Fig. 10.3. Figure 10.4
shows the allowable first wall thickness as a function of fatigue
life. As the plate erodes, the peak stress levels are reduced.
However, the effect of the reduced stress is not included in this
analysis because of the uncertainty of the erosion rate.

As shown in Fig. 10.4, the wall thickness required for the full
reactor lifetime exceeds the allowable thickness. On the other hand,
the wall thicknesses required for Stage (I and II) or Stage III
operation does not exceed the allowable thickness. Therefore, it
would be necessary to exchange the first wall at least once.

10.4 Benefits of long pulse operation

The purpose of the task is to determine quantitatively the
advantages of long pulse operation to the first wall and divertor.
The reactor operating parameters and disruption coundition are
presented in Table 10.11. All other operating parameters has been
taken to be the reference parameters from Phase IIA.

10.4.1 Divertor ‘ ‘

Table 10.12 shows the divertor operating conditions used for
comparison of the reference operation and the long pulse operation.
The peak heat flux has been taken to be 2 MW/m®. The divertor plate
has been assumed to be composed to a protective material of 1 mm thick
tungsten, heat sink of OFCu copper, and supporting structure of 3168s.

The lifetime of the divertor plate has been estimated by the
erosion of plasma side material and fatigue life of copper heat sink.
Table 10.13 shows the estimated lifetime of plate. The estimated
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erosion rate by sputtering does not include the effect of the
redeposition on the plate of the sputtered impurity ioms.

The burn time per year in the long pulse operation is the same as
in the reference operation, as shown in Table 10.11. Therefore, the
lifetime due to erosion remains the same as in the reference
operation. In the Case 2, the lifetime due to erosion is 0.7 year for
the plate with 1 mm thick tungsten tiles. The effect of the
redeposition will extend the lifetime of plate.

The long pulse operation has the advantage of much fatigue life
compared with the fatigue life in the reference operation. For the
long pulse operation, the fatigue life of heat sink is 3.3 year in the
Case 1, and 1.6 year in the Case 2.

10.4.2 First wall

The first wall operating parameters for the long pulse operation
remain unchanged from the reference values shown in Table 10.8. Table
10.14 shows the wall thickness required to last for the full reactor
lifetime under the reactor operating conditions. For the disruption,
it has been assumed that the entire melt layer is lost.

Temperature distribution in the first wall is shown in Fig. 10.5.
Figure 10.6 shows the allowable first wall thickness as a function of
fatigue life. As the plate erodes, the peak stress levels are
reduced. However, the effect of the reduced stress is not included in
this analysis because of the uncertainty of the erosion rate.

As shown in Fig. 10.6, the wall thickness required in Case 2 of
the reference operation exceeds the allowable thickness. Therefore,
it would be necessary to exchange the first wall at least once. On
the other hand, the wall thickness required in the long pulse
operation does not exceeds the allowable thickness. For the long
pulse operation, the lifetime of the first wall is expected to be more
than the full reactor lifetime.

10.5 Conclusions
The lifetime has been analysed for the divertor plate, the

limiter plate and first wall. The lifetime in the reference operation

are:

{a) The divertor plate will have the unacceptable lifetime under the
heat flux of 5 MW/m“. The peak heat flux should be reduced to
increase the fatigue life. Further studies are needed for the
accurate lifetime estimation and the election of reference
bonding method.

(b) The limiter plate of copper heat sink has the adequately long
fatigue life for the beryllium and graphite tiles. The lifetime
due to erosion is umnacceptably short if the effect of
redeposition is not considered.

{(¢) The first wall is composed of Type 316 stainless steel. If the
melt layer is stable, the thickness with an allowance for erosion
of first wall is only 6.9 mm, and the first wall is expected to
survive the reactor lifetime in terms of fatigue damage
accumulation. Using the assumption that the entire melt layer 1is
lost, the first wall has to be replaced at least once.

The lifetime of the divertor plate and the first wall has been
analysed for the long pulse operation, and has been compared with that
in the reference operation. The advantages of the long pulse
operation are:
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The fatigue life of the divertor plate is 5 times longer than
that in the reference operation. For the long pulse operation,
the fatigue life of heat sink is 3.3 year in the Case 1, and 1.6
year in the Case 2.

The lifetime of the first wall is expected to be more than the
full reactor lifetime. On the other hand, it would be necessary
to exchange the first wall at least once for the reference
operation of Case 2.
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Takle 10.1 Common operating parameters

Stage I i jiid
Plasma
Thermonuclear power (MW) 620 620 620
a-power (MW) 124 124 124
Neutron power (MW) 496 496 496
Neutron wall loading (MW.m™?) 1.3 1.3 1.3
Operating scenario

Years of operation : 3 4 8
Availability (%) 13.3 25 50
Cycle time (s) 146 246 246
Burn time (s) 100 200 200
Total burn time (s) 8.7x10° 25.6x10%  103x10°
Total cycles 8.7x10%  12.8x10*  51.5x10%
Total neutron fluence 1.5%x1028 5.5%x1028 22.1%10%8
Integral wall loading (MW.a.m—2) 0.3 1 4,2
Disruptions
(Major disrupticns)
Frequency 5%10-3 10-3 10-3
Disruptions/year 165 31 62
Total disrupticns 495 124 496
Total energy (MJ) 290 290 290
Thermal plasma energy (MJ) 230 230 230
Field energy (MI) 60 60 60
Disruption time

Poloidal field (ms) 20 20 20

Plasma current (ms) 20 20 20

Thermal energy (ms)

Reference 20 20 20
Altemate 5 5 5
{Minor disruptions)
Frequency 10-2 5x10~3 5%1073
Disruptions/year 330 155 310
Total disruptions 390 620 2480
Total energy to limiter/divertor 50 50 50
{MJ)

Disruption time
Thermal energy {(ms)
Reference 20 20 20
Altemate 5 3 5
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Table 10.2 Divertor/limiter disruption characteristics

Peak energy density (J.cm™2) ®

MAJOR DISRUPTIONS

Case 1l: divertor case

First wall 170
Divertor plate . 230
Case 2: high load to limiter

First wall 35
Limicer 533
Case 3: reasonable load to limiter

First wall 170
Limiter _ 270

MINOR DISRUPTIONS

Case 1: divertor
Divertor plate 170
Case 2: limiter

Limiter 170

%X The area of the limiter blade or divertor collector plates

is about 50 m?.
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Table 30.3 Erosion rate of divertor plate

Stage I o m

Operating conditions

Particlie flux on plate (m™*s™ ")

Case l(l) 1.0x10%3

Case 2 2.4x1023
Electron temperature on plate (eV) 35
Duty cycle : (%) 59 82 82
Availability . () 13.3 25 50

Erosion rate of tungsten(z) {mm/y)
Case 1 0.3 Q.7
Case 2 : 0.3 1.7_ 3.5

(1) Inclination of divertor plate te separatrix
Case 1: 6° {(outboard), 8° (inboard)
Case.2; 14.3" {outboard), 20° (inboard)

(2) Self sputtering and redeposition is not included.

Table 10.4 Lifetime of divertor plate with copper heat sink for stage III

operation

1 mm thick 3 mm thick
tungsten tiles tungsten tiles

case 11} case 2 (1) Case 1 Case 2

Life due-to erosion

Erosion by sputtering  {mm/y) 1.4 3.5 1.4 3.5

Life (y) a.7 0.3 2.1 0.9

Fatigue life of heat sink

Heat flux (MW/m?) 2 3 2 5
Stress range (MPa) 227 534 300 585
Life (¥) 0.35 0.02 0.11 0.02

{1) Inélination of divertor plate to separatrix
Case 1: 6° (outboard), 8° (inboard)

Case 2: 14.5° (outboard), 20° (inboard}
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Table 10.5 Lifetime of divertor plate with Cu-0.6Be-2.5Co0 heat sink for

stage III operation

1 mm thick
cungsten tiles

3 mm thick

tungsten tiles

Case l{l) Case 2(2)

Case 1 Case 2

Life due to erosicn

Erosion by sputtering (mm/y) 1.4 3.5

Life {y) 0.7 0.3

Fatigue life of heat sink

Heatr flux (MW/m?) pd 5
Stress range {MPa) 381 813
Life(?) o 3.2 no. 2

1.4 3.5
2.1 0.9
2 5
426 898
1.6 ~ng, 2(3)

(1} 1Inclination of divertor plate to separatrix
Case 1: 6° (outhoard), 8° (inboard)

Case 2: 14.5% ({outboard), 20° (inboard}

(2) Using the fatigue curve under stress control conditiomn for the

as-received material (not annealed)

(3) Assuming that number of allowable cycles under 0.6% strain range

is 10* cycles.

Table 10.6 Erosion rate of limiter plate at the top surface under

a medium edge temperature condition

Stage I I m

Uperating conditions

Particle flux on plate (m'zs“l) 4. 8x102%

Electron temperature on

plate (e¥) 80

Dut} cycle (%) 69 8z 82

Availability (%) 13.3 25 50
Erosion rate (1)

Be (mm/y) 43 95 190

¢ (mm/y) 43 95 190

(1) In case of no redeposition
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Table 10.8

First wall operating conditions

Total energy to first wall

Surface heat flux

Nuclear heating

Coolant temperature
Inlet/Outlet

Coclant velocity

Heat transfer coefficient

37 MW
10 W/em?

13 Wem?

50°C/100°C
4 mfs

2.5x10% wW/m?°C

Table 10.9 Sputtering yield values for stainless steel
Particle Incident Yield Fraction of Effective Fraction of
energy particle . flux yield vield
(eV) {atmos/particle) (%) (atoms/particle) (%)
100 D 0.004 50 0.002 i3
100 T (0.008 50 0,004 67
100 D+T - - 0.006(1) 100

(1)

Correspends to 2.7%x10-% mm/s

Table 10.10 Wall thickness requirement for the first wall

Over reactor

Stage I Stage II Stage WL .
() Gy (o) e
{mm)
Physical sputtering erosion(l) 0.2 0.9 2.8 3.9
- Erosion during disruption(z) 6.9 1.7 6.9 15.5
Remaing wall thickness 3 3 3 3
Wall thickness required 10.1 5.6 12.7 22.4

Erosion rate = 2.7x10~% mm/s

(L)
(2)

Assuming that the entire melt layer is lost
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Table 10.11 Parameters for the long pulse operation

Case 1 Case 2
Reference burn pulse - 200 3 200 s
Long burn pulse - 1000 S 1000 S
Availability - 25% 50%
Total fluence - 3 MW-a/m? 6 MW-a/m?
Reference # of cycles - 3.3x10%/a 7x10%/a

- 3.3x10° total 7x103

Long pulse # of cycles - 6.6%x10%/a 1.4x10%/a

6.6x10"-total 1.4x10°
Disruptions per pulse - 1073 1673

Table 10.12 Divertor operating conditions used for

comparison of the

reference operation and the long pulse operation
Total power to platé 35.3 MW
(1) 2
Peak heat flux normal to plate 2 MW/m
Nuclear heating W 19 MW/m3
Cu 10 MW/m?
ss § MW/m®
Coolant temperature
Inlet/Outlet 50°C/80°C
Coolant velocity 7 m/s

Heat transfer coefficient

3.2x10% W/m2°C

(1) Collector plates are placed at 6° and 8° to magnetic field

lines at outbeard and inboard locations, respectively.
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Table 10.13 Lifetime of divertor plate with 1 mm thick tungsten tiles

Reference Long pulse

Case 1 Case 2 Case 1 Case 2

Life due to erosicn

Erosion by sputtering (mm/y) . 0.7 1.5 0.7 1.5

Life (y) 1.4 0.7 1.4 0.7

Fatigue life of heat sink (Cu)

Stress range (MPa) 227 227 227 227

Life (y) 0.7 0.31 3.3 1.6

Table 10.14 Wall thickness requirement for the first wall

Reference Long pulse
Case 1 Case 2 Case 1 Case 2
(mm) (mm) (o) {mm)
Physical sputtering erosion(l) 1.8 3.8 1.8 3.8
Erosion during disruption 2) 4.6 9.8 0.9 2.0
Remaining wall thickness 3.0 3.0 3.0 3.0
Wall thickness required 9.4 16.56 5.7 8.8

(1) Erosioﬁ rate = 2.7 x 108 mm/s

(2) Assuming that the entire melt layer is lost
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Fig. 10.1 Temperature distribution in first wall
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Fig. 10.5 Temperature distribution in first wall
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11. Tritium permeation through divertor/limiter and first wall
11.1 Tritium permeation into the primary water coolant

One of the potential source of tritium contamination during the
maintenance period is the spilled tritiated water when the blanket or
limiter modules are disassembled. Tritium concentration level in the
primary coolant strongly affects the size of detrititation sytstem.
Hence the tritium permeation rate is the key parameter to evaluate a
feasible tritium separation method.

The best estimated permeation rate up to the present time is the
steady-state rate of about 250 Ci/day most of which permeates through
the first wall. The amout of permeation through the graphite limiter
is negligible, since the active diffusion in the cocoled limiter plate
is unlikely due to the large activation energy for hydrogen migration.
However, the time to reach the steady-state permeation rate will be
beyond the INTOR mission period, it will be more longer if one takes
the neutron damage traps into account. It is more appropriate to
evaluate the transient-state permeation rate during the plant life
time.

We analyzed the transient-state hydrogen isotopes migrations
using the numerical code, TRIP (Tritium Reemisg%on, Inventory and
Permeation) based on Fickian diffusion equationl_ ) TRIP allows us
to deal with three hydrogen isotopes simultaneously, tritium decay and
an arbitary running mode like a pulsed operation under the following
conditions:

(a) Molecular recombination release and Sievert's law adsorption,

(b) Fickian and thermal (Soret effect) diffusion in bulk materials,
and

(¢) Interaction with material deffect by Willson-Baskes' trapping-
detrapping detrapping model.

For the calculation presented here, we used two sets of data base
and a set of nominal INTOR conditions shown in Table 11.1-11.4.
Though there are still large uncertainties among the experimental
data, data base #1 of the stainless steel first wall is adapted as a
reference because the tritium diffusion coefficients were directly
measured. Graphite as the limiter material has two contradistinctive
data sets, one for mobile tritium atoms and the other for almost
sticked tritium atoms to the implanted site. Therefore the analytical
resulsts based on these data should be carefully applied to the
detritiation system.

Transient-state permeation as a function of continuous operation
time are shown in Fig. 11.1-11.4. 1In comparison with a pulsed mode
operation, tritium migration during the dwell time is found to be
negligibly slow and a 4.1 years continous operation corresponds to
whole INTOR mission period. The results are summarized as follows:
(1) The permeation through the outboard first wall is no greater than

1 Ci/day at the end of INTOR mission even 1f the thinner wall

corresponding to the end of life is used, as shown in Fig. 11.1.
(2) The inboard first wall gives same order of permeation rate to the

outboard first wall.

(3) The data sets of hydrogen diffusivities and solubilities for
stainless steel make difference of permeation rate by factor 4 as
shown in Fig. 11.2. Fig. 11.3 shows that the permeation will
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reduce by one order of magnitude if one uses the molecular
sticking coefficient of =0.5 as insisted in ref. 11. The
molecular sticking coefficient is the most critical parameter
which has strong effects on the magnitude of tritium permeation.

(4) There 1s no permeation through the graphite limiter if one uses
the data set #1. Conversely, for the sef #2 there is a rapid
increase of permeation to the order of 10 Ci/day after 4 years
continuous operation as shown Fig. ll.4. However, the above
break-through may not be achieved if the graphite surface is more
quickly eroded by bombarding hydrogen atoms than implanted with
these atoms. Based on extremely limited data base, 1t is
difficult to obtain more detailed conclusion.

(5) When tritium permeation into the primary coolant during INTOR
mission is under the transient—state, its rate is much less than
that of steady-state level even though there is highly
uncertainty in the graphite limiter.

11.2 Tritium re—emission from the first wall and limiter surface

Another tritium source during the maintenance period is the
reemission of tritium gas which flows into the reactor hall after the
reactor vessel is opened to air.

We used the TRIP code with the same data base shown in Table
11.1-11.4 to evaluate the tritium release rate from the stainless
steel first wall and graphite limiter. It is assumed that the reactor
runs for two year with duty factor 80% and availability 50%, then it
is shut down for the repair or maintenance. In some cases one to
several days baking at 150 C is considered before air is introducted
into the vessel. Results are shown in Fig. 11.5-11.6 and summarized
as follows:

{1} Without baking after the shut down, tritium is released from the
first wall at a rate of 500 Ci/day. When the first wall is baked
at 150 C for 24 hours, the release rate reduces to 10 Ci/day. It
is necessary to bake for more than one week to decrease this
value less than 1 Ci/day.

(2) There is no tritium release from the graphite limiter surface if
one uses the data set #1 at a 150°C baking condition.
Conversely, for the set of #2 the graphite limeter releases more
tritium than the first wall dose. Its release rate exceeds 1500
Ci/day even after 30 days continuous baking as shown in Fig.
11.6. :

(3) If the tritium release from the graphite limiter is negligible,
one c eﬁpect the tritium release of 10 Ci into the reactor ha}%
of 1 n~ per day, in which case room concentration of 10
Ci/m” may be obtainable by less expensive tritium control or
ventilation system.
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Table 11.1 Hydrogen diffusivities and solubilities data base

for the materials of this analysis

(a)
Material | Data Ba D° E Se y Es Ref
(cm /sec) {eV) (atom/cm?®.atm’?) (eV)
@ 2.15x10-2 | 0.59 1.01x1020 0.094 | 4),5)
58 ,
@ 1.20x1071 | 0.61 7.65x10+4° 0.091 | 6)
5D 5.75x102 4.27 4.85x1015 1064 | D)
C
@ 9.90x10~% | 0.5 7.9 x 1020 0.05 8)
Table 11.2 Hydrogen total detrapping energies data base for the

(a)

radiation damage material defect of this analysis

55 C
EL 0.85 2.5
(eV)
(a) from Ref. 8.
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Table 11.3 First wall reference Parameters

Parameter

Reference value

Wall thickness(cm)

Wall area(m®)

Wall temperature(K)
Plasma side surface

Coolant side surface

Out board(BOL) | Out board(EOL) Inboard(BOL}
1.2 0.33 1.4
266 266 114
. 606 438 652
394 387 397

Implantation flux
(atom/cm?*s)

implantation energy(eV)

Depth profile

Reflection coeficient

1.7 % 10 -7, 1.7 % 1018-p‘®)

200

Calculated profile for Maxwellian energy
disribution and cosine angular distribution
for 200 ev D-1/85(a)

0.62(a)

Surface boundary
condition

Molecular sticking
coefficient

Recombination for both sides

Plasma side: ©,=5¥10"7, coolant side: az=0.5

Diffusivity, Solubility

Data Base @)(6)

Heat of Transport(eV)

~0.065(¢)

Trap

Trap concentration

Present: Er = 0.85 ev(d)

0.01 atom. fraction (uniform and constant)

Tritium decay

Included

{a) from Ref, 10
(b) See Table 11,1
(c) from Ref. 6
(d) from Ref., 8§

(e) duty cycle = continnous.
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Fig. 11.5 Reemission rate vs time after shut down (1)
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Vacuum
No further work has been done in the present phase.

Innovative concepts
No work has been done in this area.
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14. Data Base Assessment

14.1 Impurity control and first wall design requirements

The components include the first wall, pumped limiter, and
divertor. These components are subject to high particle and heat
fluxes during normal operation, and they are also exposed to Iintense
surface heating during disruption.

The reference operating conditions are listed in Table 2.1-2.3

14.2 Data base assessment
14.2.1 Review of Phase 0, 1, 2A Assessment

A materials data base assessment has been made in previous INTOR
reports.

Materials assessed were as follows:

¢ Plasmaside materials
e Low-Z : C, Be, B, TiGC, SiC, B4C, BeO
¢ Med-Z : Stainless Steel, V
e High-Z : W, Ta, Nb, Mo

[ Heat sink materials
e Copper alloy
e Zirconium alloy
e Niobium  alloy
e Stainless steel

Properties assessed were as follows:
® DPlasma side materials
e Physical sputtering : o energy—dependent sputtering veilds
o experimental data on light-ion
sputtering for normal incidence
e Chemical sputtering : o hydrogen effects on graphite
o oxigen effects on tungsten
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Arcing
H/He retention/release
Blistering erosion

o hydrogen blistering
e Bulk properties
Thermophysical properties
Tensile properties
Fatigue
Swelling
Low—-Z materials
High-Z materials
Redeposited materials

O C 0O C 00

® Heat sink materials

e Bulk properties

e Radiation effects
o Swelling
o Effects on yeild stress, ultimate

tensile stress, and ductility

o Effect ou thermal conductivity

e Corrosion/compatibility

e Fabrication

14.2.2 Recent Data Base Development
14.2.2.1 Structural materials
14.2.2.1.1 Physical and mechanical properties

Type 316 Stainless Steel, Copper

Pure copper and a copper alloy (Cu-0.6Be-2.5C0) were considered
as the heat sink. Type 316 stainless steel was considered for the
support structure.

Physical and mechanical properties are given in Table 14.1. The
tensile and fatigue properties of OFHC copper and Cu-0.6Be-2.5Co are
presented in Table 14.2 to Table 14.5. The strengthes in the as-
received and the annecaled conditions are compared in these tables.
Copper and the copper alloy lose the strengthes due to annealing.

The room temperature fatigue curve of pure copper under the
strain control condition is shown in Fig. 14.1 Figure 14.2 shows the
fatigue behavior of OFHC copper at 300°C in high vacuum.

Ferritic Stainless Steels _

The alloy development for irradiation performance (ADIP)} task has
been studying the 9-12 Cr dose of ferritic steels to establish the
feasibility of using them in first wall/breeding blanket applicaticns.
The advantages of ferritic steels include superior swelling
resistance, low thermal stresses coumpared to aurtenitic stainless
steels, attractive mechanical properties up to 600°C and a service
history to > 100,000 hr. The perceived issues are the increase in the
ductile-brittle transition temperature (DBTT) with neutron damage, the
compatibility with liquid metals and solid breeding materials, and
their weldability.
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14.2.1.2 Irradiation properties

Type 316 Stainless Steel, Copper
(1) Neutron irradiation data in mechanical properties of copper
Fig. 14.2.2.3 shows the effect of irradiation on mechanical
properties of copper, indicating that sharp increase of tensile
and yield strength and decrease of elongation in high neutron

fluences.

Under the fusion reactor operationm at 620 MW, the first wall
componen&g are;fxposed to fast neutron flux of 6X10°° n/m“. sec,
and 9¥10 n/m% in 6 months. Copper-made components may suffer

severe mechanical property degradation in such high fluence
regime. However, high fluence data are not available at this
time. It is to be inves-tigated whether high fluence elongation
can be extrapolated frou the persent 10 n/m* data, as shown by
the curve in Fig. 14.3.

(2) Swelling

Swelling appears at temperatures between 0.35 Tm (= 202°C
for Cu) and 0.55 Tm (= 473°¢), and m%ximum value of AV/V is 0.3-
0.5% ar 0.45 Ta (= 337°C) at 5%102Y n/cm?, as shown in Fig.
14.4.

Swelling is respresented as a function of fluence up to 1020
n/cm®, At swelling peak temperature, 335°C, swelling may reach
as high as 10% at the irradiation up 1042 n[fm if void swelling
is assumed to be proportional to (fluencefl 5. However, if the
temperature is maintaineg below 250°C, swelling is suppressed
lower than 1.9% even at 10“ n/cm® irradiation.

Copper swelling could be ignored by following reasons:

(1) The maximum temperature of the cooling plate is about 200°c.

(ii) The limiter plate has a loose structure Lo permit a thermal
deformation. This structure will compensate the volume
change by the swelling.

Ferritic Stainless Steel

These steels show the increase in the ductile-brittle transition
temperature (DBIT) with neutron damage, and have excellent resistance
to total swelling to greater than 110 dpa. During irradiation, the
tensile strength of 12 Cr-1 Mo WV and 9 Cr~1 Mo W Nb increase as does
the DBTT. At irradiation temperatures of less than 400°c, the DBTT
increases more than that of higher irradiation temperatures. After
irradiation at 450-300°C in EBR-II to 13 dpa. the DBIT of 9 Cr~l Mo W
Nb does unot change significantly, although after 550°C irradiation in
HFIR to 5 dpa. the DBTT was 90°C. In 12 Cr-1 Mo WV, the DBTT after
13 dpa at 400°C was 125°C. Based on pressure vessel steel data, the
DBTT shift will saturate during irradiation in the 9-12 Cr steels as
the increase in hardness slows.

14.2.2.1.3 Coolant compatibllity

(Copper)

The corrosion of the copper heat sink was assumed in the Phase IIA

Part 1. The major conclusions are:

(a) The corrosion rates depend on the conductivity and oxygen content
in the water, and the temperature and velocity of water.

(b) The data of the water cooled generator indicate than the
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corrosion of copper should not be excessive i1if the water
condition is contrelled at reasonable levels.

(c) The corrosion rate of copper may be approximately 0.06 mm/y at
90°C and 5 m/s of water in the conductivity less than 5 uS/cm and
the oxygen content of 2 ppm.

Ferritic Stainless Steels

The compatibility of 12 Cr - IM WV with Li and Li;; Pbgy is
excellent and is about 10 times less in flowing Li than for the Al81
316. Recent designs in the blanket comparison and selection study
(BCSS) have shown that the upper temperature limits placed on the
structural materials are primarily driven by corrosion with coolants
and with liquid metal corrosion or elevatied temperature helium
embrittlement (>600°C).

14.2.2.2 Plasma side materials
14.2.2.2.1 Physical and mechanical properties

Tungsten was considered as plasma side material of the divertor
plate. Physical and mechanical properties are given in Table 14.1
The elevated temperature properties extracted from PLANSEE buliletin
are shown in Fig. 14.5 to Fig. 14.10.

Low-cycle fatigue of cross rolled tungsten is shown in Fig. 14.11
for the as-received and recrystallized material conditions. Tungsten
in the recrystalized form exhibits the low tensile strength and short
fatigue life.

Zirconium, Bellium, S§iC
Nosignificant new information has become available for this
material.

14.2.2.2.2 Irradiation effects

Tungsten
Little is known about the irradiation effects on tungsten. Here,

we only show the relative damage rates and the damage efficiencies
which are obtaine% at RTNS-II by measuring electrical resistivity at
low temperature.

Damage Rate Damage Efficiency
Y 18.01 0.147
Mo 9.47 0.162
W 11.55 0.345
Al 4.18 0.187
Cu 2.548 0.163

Tungsten seems to be unusual, however furhter work is required to
determine the irradiation effects.

5ic

" The thermal and electrical conductivities, fracture strength, and
swelling of sintered alpha-phase 5iC and siliconized reaction-bonded
SiC materials were studied before and after irradiation with reactor
neutrons.2 According to the comparison of two kinds of 8iC, the
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deterioration rate of strength of sintered-5iC is shown to be larger
relative to siliconized SiC, under the conditions of 8 X 1020 n/cm2
and 1000K. This effect is most likely due to the presence of boron
in sintered5iC, which will result in the buildup of the gas. The
measurments on swelling AV/Vo of these Sic indicate that the value of
MV/Vois about 1.5% for siliconized Sic and about 2.5% sintered-S§iC.
Thermal duffusivity dependent on temperature for these Sic shows to
decrease largely by neutrom irradiation (7.6 X 10 n/cm“), as well
known. But, the thermal cycling has little or no effect on fracture
strength in these SiC.

14.2.2.2.3 Hydrogen permeation and embrittlement

Solution and diffusion of hydrogen in Tungusten are discussed in
Ref. 3. Solubility and diffusion constants are devived from degassing
rates. Comparison to theory indicates that the solubility and fusion
constants are characteristic of interstitially dissolved hydrogen.
Results are shown in Figs. 14.12 14.19. Transient 3nalysis of
tritium migration using these values are seen eleswhere (4

14.2.2.3 Bonds
14.2.2.3.1 Physical and mechanical properties

Augtenitic Stainless Steels

Austenitic stainless steels have been applied as first wall and
blanket structural materials for the INTOR. For the bonding methods
of these structural materials, electron beam welding (EBW) and
diffusion bonding including hot isostatic pressing (HIP) are expected
to be available. The comparison of these bonding techniques is shown
in Table 14.6. Especially, diffusion—bonded joints have a potential
advantage of mechanical integrity approaching to that of the base
metal. However, there has been surprisingly little study on these
physical and mechanical properties of bonds.

In this section, recent studies of physical and mechanical
properties of bonds for austenitic stainless steels are summarized.
(1} Tensile strength

In the case of fusion welds, tensile strengths of austenitic
stainless steel between room temperature and 600°C are slightly lower
than those of base metal as shown in Fig. 14.20. It is also clear
from this figure that electron beam welds are superior to other fusion
welds.

In the case of diffusion bonding, tensile strength depends on the
bonding temperature as shown in Fig. 14.21. Tensile strength is
reduced drastically as the bonding temperature goes below 1,000°C.
Whereas, the bonding temperature above 1,000°C enables tensile
strength of bonds to be equal to or higher than that of base metal.
At high bonding temperature beyond 1,000°C, however, bonds and base
metal may suffer reduction in properties caused by excessive grain
growth. So that, the optimum bonding temperature should be
established taking the effects of grain growth into consideration.

(2) Creep rupture strength

Creep rupture strength of austenitic stainless steel fusin welds

between 500 °C and 600 °C are lower than that of base metal as shown
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in Fig. 14.2.2.3-3. Creep rupture strength of electron beam welds,
which is superior to that of other fusion welds, tends to approach
gradually to that of base metal with increasing the rupture time.
Creep rupture data of diffusion bonds for austenitic stainless steel
have apparently not been published toc date. However, creep rupture
strengths of bonds by HIP and press rod type are expected to equal to
gr higher than that base metal, if bonding temperature is above 1,000
cC.

Tungsten Copper joints

Tungsten has been successfully joined to the copper heat sink by
brazing, casting the copper onto the tungsten, and plasma spraying of
tungsten.

The data base is inadequate for the bond properties. Development
is needed to establish the data base for the bond properties and the
reference bonding method. Additional development is required for
experimental confirmation of component performance under the
repetition of high heat flux.

14.2.2.3.2 1Irradiation effects

Reports on irradiation effects on mechanical properties of
electron beam welds and diffusion bonds for austenitic stainless steel
have apparently not been published to date although those for such
fusion welds as 5§fEld metal §§C welding have been published.

Table 14.70°) and 14.8(°) show irradiation effects on tensile
properties of stainless steel fusion welds. There is no significant
difference in tensile properties at RT between unirradiated and
irradiated specimens of welds. At 400°C, however, the irradiated
specimen of welds exhibits high tensile strength compared with the
unirradiated one. Decreasing of toughness by irradiation, which is
observed in base metal, is also seen in the welds as shown in Fig.
14.23 . As for the creep rupture life, ng consistent irradiation
effect is detectable as shown in Fig. 14.24(5X

Irradiation effects on mechanical properties of diffusion bonds
are expected to be same as base material because of no structure
change in bonded zone. At any rate, it is hoped to investigate the
jrradiation effects ou mechanical properties of electron beam welds
and diffusion bonds.
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14.2.2.5 Fabrication Development
14.2.2.5.1 Primary Fabrication

Process involved in transforming raw materials into consolidated forms
doesn't leaves any special problems except for manufacture of heavy-
section shell conductor material and neutron multiplier material.
These are now designed to be mode of 60 mm-thick beryllium plate which
has no manufacture experience. Beryllium plate employed for shell
conductor and neutron multiplier is required to be ductile from
viewpoint of strain under cperation.

Above-mentioned beryllium plate is feasible to be manfactured by
the present hot pressing technique. However, it leaved some
uncertainty and concern about its ductility.

It is supposed that such a heav-section and ductile beryllium
plate can be manufactured by Hot Isostatic Pressing techaique which is
considered one of new processes, and it should be confirmed by pilot
production of such a plate.

14.2.2.5.2 Secondary Fabrication

Transforming the products of primary fabrication into finished
products consists of fabrication techuiques such as plastic work,
precise bending of breeder cooling tube, precise machining of blanket
vessel and others.

Large machining center with adaptive control system, MD-NC systenm
and CAD/CAM system, which have been recently applied in aircraft
industry, is available to precise machining of large and thin-wall
blanket vessel. The outline of these systems is explained as follows;

1) Adaptive Control Systems
Adaptive control system is very useful for machining of large,
thin-wall and complicated components, in which machining conditions is

contrelled by sensing.

2) MD-NC System
MD-NC System is available in case that machining is repeated for
the works of same size and same dimension such as blanket vessel
units. This system enables machining by numerical control, using

master dimensions.

3) CAD/CAM Systen
NC programming is so troublesome and annoying in numerically
controlled machining of blanket vessel that many a manhour is needed
for programming if done manually. CAD/CAM system is available in
making programming tapes for numervical control from CAD drawing by

computer.
14.2.2.5.3 Bonding

Bonding of first wall, shell conductor, blanekt vessel wall, breeder
cooling tube and so on are respectively important technical points.
And quality assurance of these bonded parts should be attached much
importance to. New processes of these technical points are shown

blow.
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1) Bonding of First Wall

It is required especially from stringent loading conditions to
consider both less deformation due to bonding and joianing at low
temperature., From this point of view, HIP method is potentially
feasible enough to be applied to first wall bonding by large=size
machine. This HIP method is grouped into "deformation welding” which
is called "deformation diffusion welding”. By this method, bonding is
carried out at rather low temperature than by diffusion welding. It
doesn't require precise machining for joint preparation. It should be
considered that chromium oxide precipitation at the grain boundary is
minimized.

2) Bonding of Blanket Vessel Wall

It is desired from viewpoint of less deformation resultant from
welding that heat source of high energy density is appliad to bonding
of blanket vessel wall. And welding joint is not simple for blanket
vessel wall bonding. From above-mentioned points of view, electron
beam welding machine with multi-dimension path control system is
considered to be one of effective element techniques.

3) Bonding and NDE of Breeder Cooling Tube Joint
Inner bore welding of butt joint betwen tube and tubesheet is
most proper method to assure the integrity of welds. Pulse—TIG inner
bore welding will be applied to this ?oint- NDE of the welds can be
performed by small-size RI such as 1 OTm(¢l mm) or micro—focus X-ray
unit.

4) New Bonding Technology of SiC Ceramics and Metais

Newly developed high grade SiC ceramics {a surprisingly high
thermal conductivity with high electric resistance 5iC, and a high
thermal conductivity with a good electric conductivity $1iC) and
eutectic bonding [EB] method applicable to them have been developed.

The EB technology 1s used successfully for bonding metals to the
SiC eramics interposing a complicant metal layer made of copper-carbon
fiber composite (medium thermal expansion coefficient) between them.
The structure of the bonded material is shown in Fig. 14.25.

Bonding Conditions

Atomsphere : Alr

Heating Temp.: 880°C

(RF 1nd. Heating)

Bonding Pressure : 5 kgf/cm

Press. Loading Time : 1 sec
Results

High Bonding Strength : > 200 kgt/cm?

Applicability to Wide Bonding Area : Up to 2 inches sq.

Low Residual Stress at the Bonding Interface :

Use of Compliant layer (Cu-C Fiber Composite)
Durability under the High Heat Flux: Up to 800 W/em” (under the
water cooling of metal side)

2
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5) Low Pressure Plasma Sprayed Titanium Coatings(g)

Plasma spray process which can produce metal and ceramic coatings
have extensively been employed in a variety of engineering
applications where surface hardness and corrosion resistant property
are important. But, when plasma spray coating is carried out in the
air the plasma jet is mized with a considerable amount of the air. As
a result the surface of the molten metal particles in the plasma jet
is oxidized by oxygen in the air, and the metal oxide film is formed.
The metal oxide causes teh coatings to be porous having the defects
such as the microvoid or microcrack, and lowers the density of the
coatings down to 70%Z 80% of the theoretical value.

However, conventional plasma spraies utilize only the high
thermal energy and the high velocity of the plasma jet.

Tt is worth while to note that the gas In the plasma state is in
excited state where chmical reactions easily take place. Therefore,
it is considered that with the plasma spray process, it may be
possibel to utilize the excited state Ny gas of the plasma jet to
nitride metal powders which are sprayed. For this type of application
it is necessary to prevent oxidization of powders as well as the
control the reaction between N, and the metal powders. LPC process
which can satisfy the above two requirements is considered to be
suitable for this applications and Ti power has sprayed which easily
reacts in Ny with LPC process using Ny as a plasma gas. LFC sprayed
Ti coatings by N;-H, mixed plasma gas are shown to be very dense and
less porous. The hardness of the dese coatings is Hv 800 and by
controlling the ratio of Ti nitride content, very hard and dense
coating is constant at Hv 800 to 450 C.

6) TiC coating

The development of titan carbide (20 m thickness) coated first
wall of which substrates are molybdenum and Inconel 625 has been
carried out . TiC coating onto Molybdenum and Inconel 625 requires
the deposition temperature below 950 °c and 600 °C respectively,
because the recrystallization of Molybdenum and the age hardening of
Inconel 625 occur above the respective temperatures. A new coating
method named TP-CVD of which deposition temperature is below 900 °Cc is
successfully developed for Molybdenum substrate, and another new
coating method named HCD-ARE of which deposition temperature is below
500 °C is also developed for Inconel 625.

It has been confirmed that the characteristics of these TiC
ciated walls satisfy the necessary requirement from JT-60
operation conditions. The data base is shown in Fig. 14.26-14.35 and
in Table 14.8-14.13.
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Teble 14,1 Properties of divertor plate materials
Property .- Temp.[°C] | Tungsten Copﬁer Cu—O.6Bé—2.BCo 316858
Thermal Cond. 20 156 366 209 17.5
IW/m®C) 725 110 :
Thermal Exp. 20 5.0 - 16.5 | 17.6 18.6
[x107° /°C] 300 S 18.6
500 20.3
Density 20 1,83 8.9 8.75 7.9
tg/cm?) :
Elastic Modulus 20 411 129 124 193
[GPal 100 408 126 188
300 400 116 177
500 392 9¢.1 159
Tensile Strength 20 1500 210 860 590
[MPa]
Poisson's Coef. 20 0.31 0.3 0.3 0.3
Specific Heat 20 132 385 377 494
[J/kg°C]
Melting Temp. 3410 1083 10301070 1300
[°C]
Table 14.2 Tensile properties of OFHC
UTS 0.27% Y8 Elongation
Test temp. (MPa) (MPa) (%)
As received 20°C 310 300 18
1peec 280 260 12
200°C 250 230 7
250°Cx30 min
annealed 20°C 220 59 38
100°C 200 5¢ 36
200°C 170 59 36

Dats presented
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Table 14.3 Fatigue of OFHC under stress control condition

Amplitude of stress (MPa)
N = 107 N o= 10°

Test temp.

As received 20°C 200 190
100°¢C 180 170
20C0°C 160 140

850°C%30 min

annealed 20°¢C 170 120
100°C 150 11¢ (1L
200°¢C 130 g8 (1)

(1) Data at 400°C x 30 min annesled condition

Date presented by Furukawa Metals Co., Ltd. in 1976

Table 14.4 Tensile properties of Cu~C.6Be-2.5Co

Test tem UTS 0.2% ¥§ Elongation

s i ora) (MPa) (0

Ag received 20°C 860 780 11
100°C 820 760 11
200°C 780 720 9

830°C>x30 min

annealed 20°C _ 240 130 11
100°C 210 120 11
200°C 180 120 9

Data presented by Furukawa Metals Ce., Ltd. in 1976
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Table 14.5 Tatigue of Cu-0.56Be-2.5Cc under stress control condicion

Amplitude of stress (MPa)

Test temp. N = 10° N = 10°
As received 20°¢C 520 410
i00°¢ 510 400
200°C 490 390
850°C%30 min
annealed 20°¢ 200 180
100°¢C 200 170
200°¢C 180 120

Data presented by Furukawa Metals Co., Ltd. in 1976
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Table 14.7 Tensile properties at 20°C

JAERI — M 85—1075

. T1s Oy, €r Fluence
Material e Y Z’ s T TEotaD)
602 264 68
ATSI304 base 627 614 262 263 73 71
614 264 71
700 472 41
welded 665 680 462 462 31 35
675 473 32
582 239 68 nonirradiated
base 578 579 247 239 63 64
577 230 65
689 505 36
welded 665 680 432 478 31 34
685 497 34
662 372 62 35
ATISI304 base 675 668 194 383 62 62 2,39 8.22x10
674 487 30
welded 684 679 498 492 13 31 2.34 8,05
624 324 65
ATSI316L base 641 632 347 333 57 61 2.01 7.35
693 514 30
welded 683 688 482 498 30 30 2,15 7.72
Table 14.8 Tensile properties at 400°C
. Ti1s ay Er, Fluence
Material MN/m? MN/m? % dpa n/m2(total)
467 136 45
AISI304 base 468 466 159 145 45 45
462 140 46
439 306 14
welded 466 310 18 17
456 296 18 . .
nonirradiated
426 106 40
AISI316L Dbase 432 328 110 117 41 39
427 134 36
476 345 17
welded 480 465 339 330 19 17
439 307 15
508 292 33 o5
AIST304 base 508 508 295 294 33 33 2.39 8,22%20
509
welded 500 505 386 386 16 16 2.34 8.05
465 229 33 ;
AISI316L base 470 467 295 227 14 33 2.01 7.35
520 381 17
welded 596 323 413 397 16 17 2,15 7.72
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Data W {tungsten)
Title Solution and diffusion of hydrogen in tungsten
Auther R. Frauenfelder

The jourmal of vacuum science and techneclogy,

Literature 6(1969) 388
's 9+ kcal
D = 4.1_2><10 ? exp {— gatom ] em?/sec
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Figure 14,12 Diffusion constant for
hydrogen in tungsten.
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Data W (tungsten)
Title Solution and diffusion of hydregen in tungsten
Auther R. Frauenfelder
L The journal of vacuum science and technology,
Literature 6(1969) 388
) L
5 = 2.9f§'g><10"1 exp |- 244 k;;l/gatom Torr.liter/cmaTorrﬁ
Temperature, 7, °K )
2000 1428 1t
I ! I ! [
o H, - Tungsten 7
Fu |\ =
-\S o .. . _
= — -
E
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w
P =
4 L N
3 . .
K s .
10 F_ . ~
L | | 1 L-
4 5 ) 1 s 9

Inverse Temperature, 10‘!1, "

Figure 14.13 Solubility constant
for hydrogen in tungsten.
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Data Graphite
. Hydrogen diffusion and solubility in pyrelytic
Title :
carbon
Auther R.A, Causey, T.S5, Elleman and K. Verghese
Literature Carbon, 17(1979) 323

> 33.3 kecal/mol

S = 5.1x107% ex
RT

0.49

atoms/atoms atm

Deuterium solubility in laminar PyC

. Deuterium Atoms, + - Fressure
Material 5 s s
o "Carbon Atoms o 0 Q Dependence
Laminar - - _
. 5.1 %1078 2.6x107719.9%10-%|=33,325.1| .49%.06
Pyrolytic Carbon
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Fig. 14.14 Deuterium solubility at Fig, 14,15 Deuterium solubility at

at one atmosphere in laminar
pyrolytic carbon as a function
of temperature.
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&

Data Graphite
. Hydrogen diffusion and solubility in pyrolytic
Title
carbon ‘
Auther R.A, Causey, T.S. Elleman and K, Verghese
Literature Carbon, 17(1979) 323
Tritium diffﬁsion results for laminar PyC and
Si-doped PyC(D0 and D are the upper and lower
limits on D as obtained by least squares
fitting)
+ -
Material Do(cmz/sec) Do(cmz/sec) Do(cmzlsec) Q({kcal/mole)
Laminar PyC 3.3 x 102 2.0x 10" 5.4x10% 98.4 * 5,7
Si-Doped PyC 1.1x10"3 3.9 x 1073 3.1x107" 53.6 * 3.5
IO.B I490"C IS(?O’C IZ(?Q'E
] DATA FROM ETCHING EXPERIMENT
YA
o |-
NEHS o)
°% ozl B=332 107 Ex2. [sa.menl}
[ n] RT
167 -
g 1 I 1 | i I
550 57S €00 625 650 675 TOO 725
o
TIK)

Fig.

14.16 Tritium diffusion coefficients in
laminar pyrolytic carbon over the
temperature range 1150-1425°C
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Data Sic
, Hydrogen transport and solubility in nonmetalic
Title ,
solids
Auther T.S. Elleman, L,R. Zumwalt and K. Verghese
\ Proc., Top. Meet. Technol., Controlled Nucl. Fusion
Lit t
tterature Vol. 3-2(1978) 763
MEASURED TRITIUM DIFFUSION COEFFICIENTS
D=D exp(-Q * a)/RT) (cm?/sec)
Material

(S.C.=Singlé Crystal)

Do(cmz/sec) G (kcal/mole) o(kcal/mole) Temp. Range °C

Alo035 S.C.
Al;05 sintered
BeO 5.C.

Be0Q sintered
Lucalox

o SiC S.C.

g SiC S.C.

Al-doped
o= 35iC S5.C,

Al-doped hot-
pressed SicC

SCB glass
¥,05 hot-pressed
Yttralox

Laminar pyrolytic
Carbon

R - Vapor deposited
SicC

Si—-doped pyrolytic
Carbon

Boron Carbide

3.26 57.2 2.4 600-1000
7.35x 1072 43,8 2.5 600~ 900
1,11 x10"2 52,5 4.7 650-1200
7,00 x 10™2 48,5 - 3.6 500~ 950
39.8 41.8 3.2 360- 570
1.09 x 1072 54.9 2.5 700-1300
28.0 65.0 4.1 750-1000
4,04 % 107" 34.0 4.2 450~ 950
0.904 48,2 3.5 500- 800
2.95 % 10" 30.2° 1.2 350- 800
0.431 39.1 4,3 420~ 620
3,87 : 39,5 3.1 350- 600
3.3 x 102 98.4 5.7 1100-1450
1.6 73.6 2,0 900-1300
1.1 %102 53.6 3.6 900-1400
1.1x107° 16.8 1.6  300- 700
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Data 51iC
, Hydrogen transport and solubility in nonmetalic
Title ,
solids
Auther T.5. Elleman, L.R. Zumwalt and K. Verghese
Literature Proc. Top. Meet, Technol. Controlled Nucl. Fusion
Vol. 3-2(1978) 763
MEASURED HYDROGEN SOLUBILITY COEFFICIENTS
g = S0 exp (—Q/RT) Pa(atoms/g)
Pressure Temp
So Q @ Range Range
Material (atoms/g atm.*) (kcal/mole) {(atm.) (°C)
B-Vapor deposited 1.3x 10" -36.9 0.61  .02-1.0 1000-1400
sic
Laminar Pyrolytic 2.6x 103 -33.3 0.49 .02~1.0 1100-1500
Carbon
* .
A1,0; powder 5.9 x 102° 18,1 unknown =~ - 700- 800
* Results for 1l atm. H, partial pressure
) TiC)
, 1800 1300 1200 1000 a00
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Figure 14.17 Deuterium Solubility

in Silicon Carbide and Pyrelytic
Carbon as a Function of
Deuterium Partial Pressure
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Data SuUs 304

Title The diffusivity of tritium in 304 stainless
steel in the temperature range 100° to 300°C

Auther K,F, Chaney and G.W, Powell

Literature Metallurgical transaction, 1(1970) 2356

D

= 1.24x 1072 exp|[- 13200] cm?/sec
1.0x10°7
A\\
1.0x10°8 \‘
AN
: N
E
5 \\
i “1,0x10°° N
g AN
z AN
\
5 \\
10210710 : \_
N
N\

1.8 2.0 2.2 2.4 2.6 2.8 30 3.2
1000/T (<K}

Fig. 14.19 Arrhenius plot of the diffusivity
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Data SUs
Ticle Tritium group report-3

Tritium permeation into the coolant
Auther JAERT

Lit ture "Group D summary report Tritium', INTOR Workshop,
theratu Phase ITA, Session I (1981)

1
S = 6.78x10"2exp(-1094.7/T) STP cc-Tp/cc-steel Torr*
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Metal (Cu, AZ, Ni, etc.)

Cu-Mn Eutectic Solder

Cu-C Fiber Composite |
(Compliant Layer) -

SiC Ceramics

2inéhes

Fig.14.25 The structure of silicon carbide
bonded to metal substrates
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A. Coating Method

Healer
Healer
ARAANANNAAAA
Substrote
Thermoccouple
Tape Heater HeD
H - ; qun
' . oy DP ,:::#-—Ar
| » e b ' + e
CH. Malchi - Lig. N, top 1! {
i DC RF
| : i 0

MFC Cold Trap

Tick . -
habbler
’ : DC
RF
Cenerator - CR,
Fig 14.26 Schematics ol apparatus. Fig 14.27 Schematic view of HCD-ARLE system.

Table 14. 10 Conditon for TiC flm deposition by
HCDL-ARE.

Table 14.9 condition for TiC Film Depesition Distane of source-subste. 450 mm

by TP-CVD. Suhstrate temperature 500°C
[ — e tHollow cathode discharge =30V, 200~300A
Substrate temperature 900% ¢ Substrate bias voltage =200V
Pressure In vessel 2 Torr Ar gas flow rate 20 cefmin (STP),
Hy @ CH, @ T1C1, 77 1 21 @ 2 >99.99%
RF power 100 W CyH; gas flow rate 140 cofmin (STP).
13.56 > 93 0%
. MHz
RF frequency 2.5 m/n Deposition rale 0.3 mn/min
.5 m/hour
beportcton rate . Fianiue 99.7% pore
B. ESCA Spectrum of TiC Film
ESCA Spec of Liner
TiC(23um £ Inconel 62% [by HCD - ARE)
TiC TiC atter &r* eiching
11kA
Xrroy: MK«{
= 20ma
s
e Cts Tic
5
= Tic Ti 2p,,, Ols
: T
S Iler:
HC.
4 N i : PP I
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eV Binding energy leV]
Fig 14.28 ESCA spectra of Ti(28) from 'TiC film. Fig 14.29 ESCA spectrum of the lilm deposited on Inconel 625 liner.
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€C. Outgassing Rate
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Fig 14.32 Evacuation timc vs. outgassing rate curves
obtained for five different materials

Table 14,11 Summary of the outgassing rate of five dilfrrent materials prior to and after 250°C haking

__before baking after baking

TiC /Mo 8.8 - 1o 2.6 - 107"
{TI-CVD}

Tic/Mo 1.8 - 107 orooant
(HCD-ARE]

TiC/Inconel Ve - 10mt §.8 - 107!
(HICD-ARY )

My 1.1 T B IV
Incone!l b Y ] e
[P fsiom4)
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D Emissivity Table 14.12 Lmissivily of TiC coated surface
Sub-
strate Molybdenum Inconel 625
Surlace! Electro-1 11C TiC Chemi- | TiC
condi- |[lytic (HCD- 4 (TP- cal | (HCD-
ting | pol- ARLY | CVIY | ciching ; ARE)
ishing
Emis- [0.075 {0.141 | 0.378 | 0.175 | 0. 142
sivily
E. Mechanical Characteristics
= T T T T T =2 T T T T T
-l C (Substrate ] N O [Substrate ]
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O |Substrate Table 14.12 Mecchanical properties of TiC coated
_—— - Inconel 625
o & |TP-CVD A I .
- 0O |HCD-ARE ~ T8, 0.29, Y.P. | Elangation
c o 1 . {kg/mmn?} {kg/mm?*) (o)
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Fig 14.35 Elongutien of hot rolled pure melybdenum 625 1 _l e

of 20 mm thickness
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Conclusions and Recommendations

In the course of the Phase 2A, part 2 sessions, our efforts have

been mainly focused on "Low edge tegmperature divertor design”, and
"Data base assessment”.

The major conclusions and recommendations are summerized as

follows:

(4A)

Low edge temperature divertor

1)

2)

3)

4)

5)

6)

7)

The geometry of the divertor plate and the divertor chamber
depends on the plasma configuration (the magnetic field lines).
Two plasma configurations. have been considered for the
engineering study. The first plasma configuration is the same
as the Phase I design. The second plasma configuration is based
upon the Japanese physics prediction. More physics Iinformation
is neede to establish the best solution of the divertor
geometry.

Under the Phase I divertor configuration, the maximum heat flux
is 7 MW/m”~ on the inner plate. The maximum heat flux is reduced
to 5 MW/m“, if the inner plate is placed at an angle of 20° to
the field lines. The other divertor configuration has been
considered in order to limit the peak heat flux to about 2 MW/m“.
The angle between the divertor plate and the separatrix is 8° for
the inner channel, and 6° for the outer channel.

The divertor chambers for the long channel length divertor and
the reduced channel length divertor have been compared. The
length of divertor channel has been taken to be 40 cm for the
reduced channel length divertor. The peak heat flux has been
taken to be either 5 MW/m% or 7 MW/m® fot both long and reduced
channel length divertor. The reduced channel length divertor
gives the decrease of 0.45 to 0.6 m in the height of divertor
chanber compared with the long channel length divertor.

The divertor collector plate is composed of a protective
material, heat sink, and supporting structure. The protective
material is 1 mm or 3 mm thick tungsten. The heat sink is pure
copper or a copper alloy, and the support structure is stainless
steel. The protective tile is brazed or plasma-sprayed to the
heat sink.

Stress and fatigue analyses of the %ivertor plate indicate that
the peak heat flux less than 2 MW/m“ is required to reduce the
thermal fatigue stress range to an acceptable level. An
unac%?ptably short lifetime results under the peak heat flux of 5
MW/M“. The plasma spraying is preferred to the brazing from the
standpoint of heat sink fatigue life. However, the strength and
fatigue life of tungsten appear to be critical for the plasma
spraying. ‘

The stress in the divertor plate is quite sensitive to the
deposition thickness of 316 SS. The stress increases with
increasing the deposition thickness. Deposition of 316 SS on the
divertor plate could result in significantly reduced life.

The bulk mechanical property data base for the protective
material and the heat sink is small, and there are greates
uncertainties in the interface bond strength. Further studies
are needed for the accurate lifetime estimation and the selection
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(B)
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of reference bonding method.

Additional studies

8)

9)

10)

The first wall is composed of Type 316 stainless steel. If the
melt layer is stable, the thickness with an allowance for erosion
of first wall is only 6.9 mm, and the first wall is expected to
survive the reactor lifetime in terms of fatigue damage
accumulation. Using the assumption that the entire melt layer is
lost, the first wall has to be replaced at least once.
Thermo-hydraulic analyses were made on a helium-cooled first
wall. The results indicate that a practical design of the first
wall is possible with helium coolant.

Thermal response of the divertor plate covered with thin
stainless steel layer were cslculated for the reference
disruption energy flux of 230 J/em® with the duration of 5 ms or
20 ms.
i) Tungsten does not melt for either of the conditions.

ii) Melt layer and vaporized thicknesses increase with increasing

thickness of the stainless steel.

i{ii) In the case of 1 m deposition layer, the S5 layer completely

11)

12)

13)

14)

15)

melts for 5 ms disruption. Thus if all the melt layer is
lost, stainless steel cannot accumulate on the tungsten
surface thicker than 1 wm.

iv) Judgin from these results, a certain deposited thickness

exists which melts completely for 20 ms disruption.
Melt layer stability was analysed with the aid of the
hydrodynamic linear stability theory. As long as the theory is
applicable, the melt layer is predicted to be unstable. Further
studies are required.
The first wall is composed of Type 316 stainless steel. If the
melt layer is stable, the thickness with an allowance for erosion
of the first wall is only 6.9 mm, and the first wall is expected
to survive the reactor lifetime in terms of fatigue damage
accumulation. Using the assumption that the entire melt layer is
lost, the first wall has to be replaced at least once.
The lifetime of the divertor plate and the first wall has been
analysed for the long pulse operation, and has been compared
with that in the reference operation. The advantages of the long
pulse coperation are:

i) The fatigue life of the divertor plate is 5 times longer than
that in the reference operation. For the long pulse
operation, the fatigue life of heat sink is 3.3 year in the
Case 1, and 1.6 year in the Case 2.

ii) The lifetime of the first wall is expected to be more than the

full reactor lifetime. On the other hand, it would be
necessary to exchange the first wall at least once for the
reference operation of Case 2.
The limiter is composed of either Be or C bonded to Cu heat siunk
and support structural material (316 §5: 40 mm thick). 3-D
thermomechanical calculations were performed for four cases of
10/20 mm thick Be and 5/10 mm thick C. The stress intensity in
the Cu heat sink is below the 35m limit for all cases.
The lifetime considerations for the limiter plate were made in
terms of the erosion and gatigue. The conclusions are that:
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i)

ii)

iii)
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the Be—Cu and C-Cu limiter plates are expected to survive the
reactor lifetime in terms of fatigue damage accumulation,

the consideration of the erosion results in an unacceptably
short lifetime, at most 0.1 y in the case of 20 mm thick Be,
and

further analysis should be made with consideration of the
erosion/redeposition for the leading edge.
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