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1. Introduction

Thermal and structural design study of a tritium breeding blanket
with a lead layer is profitable since it is shown by the neutronics
calculation that a large value of tritium breeding ratio is attainable
when lead is employed as a neutron multiplier. The followings are
required for a blanket structure design from the stand point of
neutronics.

(l) In order to multiply neutrons effectively by (n,2n) reactions in a
lead layer the position of a lead layer should be as near teo the plasma
as possible so that attenuation of neutron flux and softening of
neutron energy spectrum due to materials placed between plasma and lead
layer are sufficiently small. The volume fraction of cooling tube and
coolant in the lead layer shcould be minimized since they also soften
the neutron spectrum in the lead layer.

GD Neutron moderator in or at the rear of a breeding region is neces-
sary to induce °Li(n,a)T reactions effectively with the multiplied
neutrons by the lead layer.

‘The following general features are also necessary for a tritium
breeding blanket of a Tokamak fusion reactor.

69 Radiation heat flux from plasma and nuclear heat deposition due to
neutron and gamma-ray should be removed sufficiently.

@ Tritium produced in a blanket must be quickly extracted from the
blanket.

Gﬁ Blanket vessels and cooling tubes should be stiff enough to endure
inner pressure, dead welght, thermal stress and electromagnetic force.

GD Blanket must have enough shell effect for controlling positional

instability of plasma.

Another restriction is imposed to the deéign of INTOR blanket.
The temperature of structural material in INTOR must be below 150°C to
moderate various structural problems such as material damages due to
neutron irradiation. In this report, we try to propose a tritium
breeding blanket with a lead layer which satisfles the above

requirements.
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2. Configuration of blanket structure

Blanket assembly consists of twelve modules which can be withdrawn to
a radial direction from bays between toroidal field coils for repair and
maintenance of a reactor. Each module is formed with six blanket rings
joined with connecting bolts as shown in Fig.Z.1. The cross
section of the ring is shown in Fig.2.2 which is called "Tube in Shell
Type'". Both blanket vessel and cooling tubes are made of Type 316 stain-
iess steel.

Helium gas is prefered rather than light water for cooling the vessel
wall in order to prevent the moderation of neutron energy. The pressure

and velocity of the gas are 50 ata and 55 m/sec, respectively. A lead

‘laver is placed at the rear of the front wall of the vessel and cooled by

light water.

The ccoling tubes of the blanket shell are arranged horizontally(
toroidal direction}, while the coolant in Li,0 and lead flows in poloi-
dal direction.

In order to minimize the volume fraction of cooling tube .and coolant
in the leaa layer, the diameter of cooling tube must be as small as
possible. The selection of 10 mm for the inner diameter of the tube may
be realistic considering its fabrication. The arrangement of cooling
tubes in lead layer is determined so that the maximum temperature of lead
is  below 250 °C.

Between the lead laver and Li;0 region a partition plate made of
stainless steel with alumina coating on it is placed for thermal insulaticn.

The pitches of cooling tubes in Li,0 region are selected so that the
temperature of Li;0 becomes sufficiently high and tritium will be easily
purged by helium gas. A water layer is placed at the rear of Li;0 region.
It reflects neutrons and slow down their speed for easy absorption of

neutrons by bLi.

Volume fraction of eiement in the blanket is summerized in Table 2.1.

Tritium breeding ratio of 1.44 is obtained by one dimensional nReutronics

(L

calculation using these values Molybdenum is assumed as a cooling panel

material instead of aluminium in the neutronics calculation.

(1) Private comunication Y. Seki , et al.
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Table 2.1 Volume ratio of each element

Structure {omponent Zone number Thickness Yolume ratic of each element }
T !
|
Cooling panel i 13 AL(60%},Void (40%) l
|
Front wail II 10 $5(70%),Void{307) l
ITI 58 PH{91T},55( 7%} ,H,0( 3%} i
. 2 |
Lead region -— 1
v 52 Pb(92%),S55( 62),H20( 20 l
1
Partition plate v 4 55(532),A1203(a7z) ;
VI 36 14,0(58%) ,S5{11%) ,H,0( 62),Void(257) i
VII 46 Lizo(elz),ss( 9Z),H20( 4%),Void (26X} _}
Lithium oxide VIii 64 LiZO(EJZ),SS( BZ),HZO( 2%) ,Void (272} l
regicn
X 8s L1,0(647),55¢ 72),H,0( 1%),Void(26%) i
x 115 L120(327.’),SS(122).320(421).Void(142) J
Back plate X1 40 s5(l00%) (
|
|
S 1
]
I1I IV |[vii VID VIIZ X X X1
Zone number ... -
ﬂ | i T i i ] [
L v
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3. Thermal analysis

Thermal analysis has been carried out to decide arrangements of

cooling tubes in blanket. In the case of the lead layer, thermal effect

of gap produced between lead and stainless steel cooling tube is taken

into account.

3.1 Optimum arrangement of cooling tubes in lithium oxide layer

Thermal calculational model is shown in Fig.3.1. Temperature

distribution around the coolant brought about by heat generations due to

neutron and gamma ray are given as follows.

2

q, T, ba

9z 2 2
- = = e - + 0n —=
T3 TZ 4A2 (r3 rz ) 2}2 1 rz
2 2
q, 2 2 9,13 - (q ~ Q)1 T
- = = — - + - - —_—
T~ T 4A, (ry =7y) 2h, tn T,
T, -T, = ~1 {q.(r2-12) + q (£Z-D)}
17 % T 2ar, EPREE T RS
where,
T, coolant temperature ~70 °C
T, : temperature at the inner surface of cooling tube
T, : temperature at the outer surface of cooling tube

T, : temperature at the radius rj ~1200

q; : heat generatiocn rate in s.s ceoling

°C

tube

q, : heat generation rate in lithium oxide

A, : thermal conductivity of stainless steel
A, : effective thermal conductivity of lithium oxide
r, : inner radius of cooling tube

r, : outer radius of cooling tube

r; : equivalent radius of the cell cooled by the cooling tube

o : heat traansfer coefficient

(3.1)

(3.2)

(3.3)

Nuclear heating rates as shown in Fig.3.3 obtained by neutronics calcula-

tion is used in this analysis. If T, and T; are set to be constant we

can obtain the relations between pitches of cooling tubes {r3) and heat
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generation rate. Figure 3.4 shows the result with coolant temperature of

70°C and the maximum Li,0 temperature of 1200 °C.

Optimum arrangement of cooling tubes in lithium layer is decided as
shown in Fig.2.2.

The lowest temperature of LiZO may be required to be higher than 400°C
from the stand point of tritium recovery. When temperature of ocuter surface
of cooling tubes (TZ) is below 400°C sleeves around the tubes with helium gaps

between them may work to make the lowest temperature of LiZO above 400°C,

3.2 Optimum arrangement of cooling tubes in lead layer

Lead layer in blanket will be fabricated by pouring the liquid lead
into the blanket vessel with the cooling tubes made of stainless steel.
Thermal stress will be caused by the difference of thermal expansions
between lead and cooling tube in a process of solidification of lead.
Maximum stress in lead is 7.2 kg/mm? and -32 kg/mm2 in stainless steel
tube. Cracks will be produced in the lead around the stainless steel
tube, since the ultimate strength of the lead is about 2 kg/mm’. When
temperatures of cooling tube and lead rise from room temperature to
operating temperature, gaps might be caused between cooling tubes and
lead.

Temperature rise of lead layer around the tubes is about 150 °C during
normal operation and the width of the gap becomes about 20 pm: The gap
is expected to be filled with helium purge gas. Thermal calculational
model with helium gap between lead and cooling tube is illustrated in

Fig.3.2, Temperatures around the coolant are given as follows.

- _ qZ 2 2 qz 3 T
T,~Tg = 4X, (rs-—rg) + 24, * An rg (3.4)
9z r
- S N A 82
Tg T, ZAg (rj rg) in :, {3.5)
q: 2 2 4, (r§ r;) + qzri Tz
Ta=Ty = - o0 (r;-1]) + 7, *in ;? (3.6)
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_ 1 2 2 2 _ 2
-7 = 20r, {q, (=5 - rg) +q,(r; -1}
where,
(T : coolant temperature ~70 °C

temperature at inner surface of cooling tube
: temperature at outer surface of cooling tube
Tg : temperature at inner surface of lead
temperature at rj, ~250 °C
q, : heat generation rate in stainless steel cooling tube
q, : heat generation rate in lead

¢{ X, : thermal conductivity of stainless steel

Ay thermal conductivity of lead

Ag : thermal conductivity of helium gas

inner radius of cooling tube

r, : outer radius of cooling tube

inner radius of lead

r, : equivatent radius of the cell cooled by the cooling tube

o : heat transfer coeffiicient

(3.7

The relation between pitchés of cooling tubes and heat generation rates

in the lead layer is obtained as shown in Fig.3.5 by the same process as

jin Li,0 region. Arrangement of cooling tubes in lead layer is determined

as shown in Fig.2.2.

It is found that a temperature drop of about 40 °C is caused in

helium gas layer of 20 jum gap. The relation between pitch of cooling

tubes (2-r3) and heat generation rate in the front wall is alsc obtained

as shown in Fig.3.6. Since nuclear heating rate of the front wall is

10 W/cc the pitch of cooling tube is selected to be 30 mm.



JAERI-M 9250

dpb spb wniay yiim | "dob spb winisy Noysim

japoWws jpuolDinNo|oD jpwliay]l 2'¢ bi4 [opowl |DUODINOIDD [pwaayl ¢ Bid

dob wnijep

%L \ 4

o Y L,

-l 7 oy 2

2\ 4 4

D 7 4] 4

/ “

7 N

N7 7




JAERI-M 2250

Fig.33 Nuclear heating rate in the blankef
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1.D. of cooling tube dy =10 mm
50 OD.of cooling tube d, =13 mm
Length of cooling tube L=1m
Coolant Helium gos
ternperature Te=70°C
velocity U =55 m/sec
510 - pressure P =50 kg/cm?
XY _ pressure drop AP = 2 kg/cm?
2 Max. temperature of front wail Ty = 150°C
o Of
2
]
e
o
£
S
¢4
s == | F
_
g
Q
g O35
b
Odr
005 | 1 1 1 |
0 5 10 15 20 25

Pitch of cooling tube p {cm}

Fig. 3.6 Nuclear heating rate and pitch of cooling tube
in front wall of blanket vessel



JAERI-M 92590
4, Stress analysis

Stress analysis of blanket vessel has been carried out taking into

account of inner pressure of 1 kg/cmz, and thermal stress,

4.1 Maximum stress in blanket vessel due to inner pressure

- Since pressure of tritium purge gas is 1 kg/cm2 and outside of the
vessel is vacuum, vessel should endure the inner pressure of 1 kg/cm?.
Stress of blanket vessel is estimated by assuming that blanket vessel is
approximately a straight tube with a square cross section and rounded
corners as shown in Fig.4.1. Since longitudinal stress is small enough
in comparison with stress in the cross section, it is neglected in this

calculation. Stresses of each position in a blanket vessel are given by
the followings.

{1} At the corner of vessel

M
§§3-= ;5% -~ V2 +n(l-cosy)

N - .
BY =1+v2+ cos¢

M

t 6
he

g =

==

(2) At the straight part

M _ Ma n? %2
Forne li-ra "
Pb Pb 2 al

N—
ﬁ-n+l

B . 4n n-

where, e 2+*n ~in (l+n 3)

M M
—r-%—"—BZ—B-—+(l—/§n

h : thickness of blanket vessel
front wall : 7.5 mm
corner : 10 mm

b : curvature of the cormer

a : length of the straight part
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angle of the corner
inner pressure
: a/b

: membrane force

2 5 o9

Ma,Mp : bending moments at point A and B, respectively

o : stress in vessel

Maximum stresses of corner and straight part are 15.4 kg/mm2 at the point
B and 16.8 kg/mmz at the point A. These stresses corresponds to P +PFy in
ASME Boiler and Pressure Vessel Code Section I, and must be less than

1.5 Sm. Since allowable stress (Sm) of Type 316 stainless steel at 150 °C

is 12 kg/mmz, blanket vessel has an enough safety margin against inner

pressure.

4,2 Maximum stress in blanket vessel due to thermal load

Heat deposition rate in the front wall of blanket vessel is 14 W/cc
as shown in Fig.3.3. Temperature difference between inner and outer

surface of the front wall becomes 43 °C according te following equation.

- 9
AT o
where AT : temperature drop between inner and outer surface of front

wall
thermal conductivity of stainless steel
h : thickness of vessel

q : heat deposition rate in the front wall

Maximum thermal stress in the front wall is estimated to be 10.3 kg/mm*
by using a equation of ¢ = Ea AT / 2(1-v).
Here, E : Young's modulus

v : Poisgon's ratio

a : thermal expansion coefficient

Total stress in the front wall of blanket vessel becomes 27.1 kg/mmz.

This stress corresponds to Pp +Pp +Q in ASME Boiler and Pressure Vessel
Code Section I, and must be less than 3 Sm, 36 kg/mmz. Therefore, blanket
vessel has an enough safety margin against both inner pressure and thermal

load.
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The calculation of stress due to dead weights of lead and lithium
oxide has heen carried out using beam model in which the blanket vessel is
assumed to be straight beam with end supports and uniform load.

Stress of vessel due to the dead weights becomes about 4.8 kg/mm®.

Detall stress analysis against seismic load should be carried out in

future,

a
X A
R
Ms _ frtrettrtt
B \ b
X —d
. b
o .
: ¥
TN
Ma™-/

Fig.4.1 Stress calculational model of blanket vessel
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5. Shell effect of the blanket

Shell effect of the blanket vessel in which a lead layer is

contained at the plasma side has been evaluated in this section.

5.1 Analytical model

The blanket is assumed to be connected in the poloidal direction
and to be formed with 72 blanket rings in the teroidal directicn. The
electrical resistance of the rip seal between the adjacent blanket
rings is very high, therefore the analytical model devided into 72
blanket rings, which has an electorical insulation between adjacent
blanket rings, is employed to calculate the shell effect.

The cooling panel of Al alloy is attached in front of the blanket
vessel. An effective resistance in parallel circuit of a lead and Al

alloy is employed to calculate the shell effect.

Material Thickness Resistivity
(m) (x 107° Gm)
Al alley 0.013 4.0
Lead 0.10 20.0

Effective resistance : 1.21 x 107°% Q

The Finite Element Circuit Method Code "EDDYTORUS" is employed in

this analysis.
5.2 Analytical results

In order to simulate the positional instability of a plasma, we
swung up and down the plasma which is assumed to be a line plasma and
calculated the time constant from the variations of the mutual induct-
ance for each current mode.

The time constants from the first mode to the tenth were 60 - 38
msec. From the above results, it is estimated that the time constant
in this model will be about 44 msec. This value is near the lowest of
the time comstant (50 - 150 msec) required as the shell effect. Figure
5.1 shows decay time constant and current distributicn of the first

mode. If the blanket is devided into 36 blanket sectors each of which
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SCALE FRCTDRS - % (.14 Y D.i4
UNITS/CHM
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Fig,5.1 Decay time constant and current:;distribution

of the first mode
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is consists of two electrically connected blanket rings, the time

constant will be 85 msec.

6. Alternative design

In front of the blanket a cooling panel is necessary for removing
radiation power from the plasma. Since light water in ccoling panel
deteriorate neutron multiplication effect of lead layer helium gas is
selected as coolant. However, cooling?the pannel with helium gas causes
severe problem in its structural design. Figure 6.1 shows cur alterna-
tive proposal in which cooling panel, vessel wall, lead layer and Lis0
are cooled with heavy water. 1In this case the structural problems will

be moderated significantly. Tritium breeding ratio of this blanket is

calculated as 1.27.
7. Conclusion

The following conclusions are obtained

(1) Tube in shell type blanket with a lead layer is promising. The
volume fraction of structural material in‘thé lead layer can be
small enough to keep the neutron multiplication effect of lead.

(2) The blanket vessel endures inmer pressure, thermal stress and its
dead weight.

(3) The blanket with a lead layer has a reasonable shell effect of

about 50 msec.

This design study is preliminary and the followings should be studied

futher.

(a) Design of support structure including seisemic analysis,

(b) Estimation of the stress due to electro magnetic force accompanied
with plasma disruption. '

(c) Estimation of tritium inventry in the blanket.

(d) Safety analysis including piping rupture.

(e) Detail cooling panel design including its suppoft srructure.
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deteriorate neutron multiplication effect of lead layer helium gas is
selected as coolant. However, cooling the pannel with helium gas causes
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calculated as 1.27.
7. Conclusion

The following conclusions are obtained

(1) Tube in shell type blanket with a lead layer is promising. The
volume fraction of structural material inrth; lead layer can be
small enough to keep the neutron multiplication effect of lead.

(2) The blanket vessel endures inmer pressure, thermal stress and its
dead weight,

(3) The blanket with a lead layer has a reasonable shell effect of

about 50 msec.

This design study is preliminary and the followings should be studied
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(a) Design of support structure including seisemic analysis,
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with plasma disruption. '
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(e) Detail cooling panel design including its support srructure.
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In front of the blanket a coeling panel is necessary for removing
radiation power from the plasma. Since light water in cooling panel
deteriorate neutron multiplication effect of lead layer helium gas is
selected as coolant. However, cooling the pannel with helium gas causes
severe problem in its structural design. Figure 6.1 shows our alterna-
tive proposal in which cooling panel, vessel wall, lead layer and Li;0
are cooled with heavy water. In this case the structural problems will

be moderated significantly. Tritium breeding ratio of this blanket is

calculated as 1.27.
7. Conclusion

The following conclusions are obtained

(1) Tube in shell type blanket with a lead layer is promising. The
volume fraction of structural material inrthé lead layer can be
small enough to keep the neutron multiplication effect of lead.

(2) The blanket vessel endures innef pressure, tﬁermal stress and its
dead weight.

(3) The blanket with a lead layer has a reasonable shell effect of

about 50 msec,

This design study is preliminary and the followings should be studied

futher.

(a) Design of support structure including seisemic analysis.

(b) Estimation of the stress due to electro'mégnetic force accompanied
with plasma disruption.

(c) Estimation of tritium inventry in the blanket.

(d) Safety analysis including piping rupture.

{(e) Detail cooling panel design including its suppoft srructure.

_18_.
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