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The design of the breeding blanket in ITER applies pebble bed breeder in tube (BIT)
surrounded by multiplier pebble bed. It is assumed 0 use the same module support
mechanism and coolant manifolds and coolant system as the shielding blankets. This work
focuses on the verification of the design of the breeding bianket, from the viewpoints which is
especially unique to the pebble bed type breeding blanket, such as, tritium breeding
performance, tritium inventory and release behavior and thermo-mechanical performance of
the ITER breeding blanket. ‘ )

With respect to the neutronics analysis, the detailed analyses of the distribution of the
nuclear heating rate and TBR have been performed in 2D model using MCNP to clarify the
input data for the iritium inventory and release rate analyses and thermo-mechanical analyses.

With respect to the tritium inventory and release behavior analysis, the parametric
analyses for selection of purge gas flow rate were carried out from the view point of pressure
drop and the iritium inventory/release performance for Li;TiOs breeder. ‘The analysis result
concluded that purge gas flow rate can be set to conventional flow rate setting (88 I/min per
module) to 1/10 of that to save the purge gas flow and minimize the size of purge gas pipe.
However, it is necessary to note that more tritium is transformed to HTO (chemical form of
water) in case of Li,TiO3 compared to other breeder materials.

With respect to the thermo-mechanical analyses of the pebble bed blanket structure,
the analyses have been performed by ABAQUS with 2D model derived from one of eight
facets of a blanket module, based on the reference design. Analyses were performed to
identify the temperature distribution incorporating the pebble bed mechanical simulation and
influence of mechanical behavior to the thermal behavior. The result showed that the
maximum temperature in the breeding material was 617 °C in the first row of breeding rods
and the minimum temperature was 328 °C in the seventh row of breeding rods. The
temperature range in the Be pebble bed region ranges between 141°C and 503°C. The
temperature ranges of breeder and multiplier pebble beds were certified to be acceptable from
the view points of material and functional soundness.

In conclusion, the analyses performed in this study showed the justification and
possible improvement on the design of the ITER breeding blanket, from the view points of
tritium breeding performance, tritium release performance and thermo-mechanical
performance.

Keywords: Breeding Blanket, ITER, Pebble Bed, Breeder in Tube, Tritium Breeding
Performance, Tritium Inventory, Tritium Release, Thermo-mechanical Performance
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1. Introduction

Breeding blanket of ITER aims at production of tritium as fuel supplement in the
later operation period of ITER, replaced to the shielding blanket modules in outboard region
with no design modification to the current ITER design. In a reference design concept, a
module of the breeding blanket is divided into 8 facets to reduce eddy current in case of
VDEs. Breeding blanket of ITER applies the pebble bed type breeder and muitiplier to
reduce the thermo-mechanical degradation by cracking concerned to occur in solid block
materials. The basic design concept of the breeding blanket of ITER applies pebble bed
breeder in tube (BIT) surrounded by multiplier pebble bed. Since the breeding blankets is
planned to replaced to the shielding blanket with mimmal modification of the interface, it is
designed to be compatible to the same module support, coolant manifold connection,
electrical strap, and coolant condition as those of the shield blanket. In the case of the
breeding blankets, helium purge gas is additionally needed for recovery of tritium. However,
the design of helium purge gas manifold has not been performed. This work intend to
clarify the flow rate requirement to the helium purge gas. With respect to the structure
design, sketches of basic configuration have been already proposed, however, the
thermo-mechanical integrity has not been analyzed, vet. This work focuses on the
verification of the basic concept of the breeding blanket, from the viewpoints of tritium
inventory and release behavior, and thermo-mechanical performance of the ITER breeding
blanket. Prior to the above mentioned analyses, a neutronics analysis has been performed to
clarify the trittum generation rate and nuclear heating rate, which are indispensable input
conditions for the analyses. This analysis work has been performed as a part of the
ITER-EDA Design Task (TA No. :N 91 TD 05 FJ, Task ID No. :D461-JA, "Shield Blanket
Design II").
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2. Evaluation of TBR and Nuclear Heating Rate Distribution by MCNP
2.1 Objectives
In the analyses of tritium inventory control and two-dimensional thermo-mechanical
performance, the information of TBR distribution and nuclear heating rate in two-dimension
was indispensable. This section clarifies the information on nuclear beating rate and tritium
breeding ratio by using Monte Carlo Neutral Particle (MCNP) code with two dimensional
model] which represents one of eight facets of a breeding blanket module.

2.2 Analysis Condition

(1) Calculation Model

The reference structure of a breeding blanket module is shown in Fig. 2-1[1]. A
module consists of 8 facets and a backing plate. The backing plate provides the interface
connection with the flexible supports, coolant manifolds and purge gas manifolds. Figure
2-2[1] shows the configuration inside the facet. It consists of two unit cells separate by a
cooling panel. Each unit cell consists of 14 breeding tubes which are packed with the
breeder pebbles. Unit cells are packed with neutron multiplier pebbles. The calculation
model of unit facet is shown in Fig. 2-3. The mode] was generated to represent half part of
unit facet. In the calculation model, Be pebble bed and SS side wall were divided into
pieces of 5 - 13 mm dimension. Calculation models of the breeder tubes packed with
breeder pebbles are shown in Fig. 2-4 and 2-5. There are two types of breeder tubes which
have different diameters. The breeder tubes packed with breeder pebbles were divided into
four parts in radial direction and angular direction of the tube, as well as the surrounding Be
pebble bed. The boundary conditions are perfect reflection at up side, bottom side, right
side and left side. The height is assumed 1 m.

(2) Neutron Source

Figure 2-6 shows the configuration of the neutron source and the location of the
facet of the blanket module. Neuiron source was assumed to be generated uniformly in a
line which is assumed to appear at the center of the plasma. The distance between the
neutron source and the Be armor surface is 223 cm. Neutron wall loading is 0.78 MW/m?,
which is given by the design condition of ITER. ’
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Breading Gell

Module No.11

Fig 2-1 Isometric View of the ITER Breeding Blanket [1]
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Fig. 2-2 Cross Section of the Breeding Cell of the ITER Breeding Blanket [1]




JAERI-Tech 2003-058

Plasma side

Be Armor ~Shit=1.5mm
(Bmny2)
Breeder tube
- #21
#12 #22
#13 ~ #23
#14 . -~ #24
#15 e #25
3 [ pe— 26
#17 - #27
Shield Block
SS:H20-8:2

hickness=30cm

Fig. 2-3  Analysis model of MCNP calculation
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Fig. 2-4 Evaluation element division for
breeder tube type 1 (radius =4 mm)

Fig. 2-5 Evaluation element division for breeder tube type 2
( radius = 6.5 mm)
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Fig. 2-6 Neutron source setting condition and configuratibn of the unit
facet modeled in this study
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2.3 Results

(1) Nuclear Heating Rate
Figure 2-7 shows the distribution of nuclear heating rate of SS, H,O and Be pebble
bed as the function of the thickness of the facet. Material data are as follows.

SS : SS(316L(N)-IG, 0.0858749atom/cm-barn)
HO0  :H0(0.9 giem®)
Be : FW armor tiles = 1.85 g/em’,

Neutron multiplier pebbles = 100%TD, 63%PF
In Fig. 2-7, black keys represent the nuclear heating rate values of SS tubes of the breeder
tubes and Be pebbles near by the breeder tubes. Correlation equations by exponential
function for each materials except for Be armor tiles are shown as follows.

SS 1y =224 + 5.85xexp(-(x-2.4 )/14.6)
H,O  1y=-0.30+ 6.10xexp(-(x-2.95)/19.2)
Be :y=0.08 + 3.03xexp(<(x-2.6 )/16.5)

, where surface of the Be armor tile in plasma side is x = 0 cm. The extrapolated value for
Be armor by using the correlation above agreed with the calculated value by MCNP within
5 % deviation if the difference of the density was incorporated.

Figure 2-8 shows the calculated value of the breeder pebbles in the breeder tubes.
The density of Li;TiOs 100%TD is 3.38 g/cm’. The applied pebble density is 83%TD,
63%PF. Average nuclear heating rate of breeder pebbles in each breeder tubes are 40, 33, 30,
29, 26, 18, 17 MW/m3, at Tube #17(27), #16(26), #15(25), #14(24), #13(23), #12(22),
#11(21).

(2) Tritium Breeding Ratio

Table 2-1 shows the summary of the distribution of the tritium breeding ratio (TBR)
by tube numbers. TBR values show well averaged distribution by applying larger size of the
breeder tube at the rear part of the facet where, neutron attenuation tends to decrease. Total
TBR in a facet was estimated 1.003.
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Table 2-1 TBR
°Li Li total

#11 7.872E-02 5.744E-05 7.878E-02
#21 8.178E-02 5.715E-05 8.184E-02
#12 6.549E-02 5.078E-05 6.554E-02
#22 6.894E-02 | 5.051E-05 6.899E-02
#13 5.850E-02 | 4.479E-05 5.855E-02
#23 6.265E-02 | 4.452E-05 6.269E-02
#14 5.646E-02 | 3.950E-05 5.650E-02
#24 6.020E-02 | 3.916E-05 6.024E-02
#15 5.112E-02 3.216E-05 5.115E-02
#25 5.453E-02 3.180E-05 5.456E-02
#16 8.990E-02 | 6.839E-05 8.997E-02
#26 9.603E-02 | 6.793E-05 9.610E-02
#17 8.668E-02 5.297E-05 8.673E-02
#27 9.122E-02 5.291E-05 9.127E-02
Total 1.003E+00
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Fig. 2-8 Calculated value of nuclear heating rate in the
breeder pebble beds




JAERI-Tech 2003-058

2.4 Conclusions
By the MCNP calculatlon essential information of nuclear heating rates distribution
and TBR distribution are clarified, which are the most important design information for the
tritium inventory control and thermo-mechanical analysis.

(1) Nuclear heating rate correlation equations are,

SS  :y=224+585xexp(-(x-2.4 )/14.6)
H,0  :y=-030+ 6.10xexp(-(x-2.95)/19.2)
Be  :y=0.08+3.03xexp(-(x-2.6 }/16.5)

(2) Average nuclear heatmg rate of breeder pebbles in ¢ach breeder tubes are 40, 33, 30, 29,
26, 18, 17 MW/m’, at Tube #17(27), #16(26), #15(25), #14(24), #13(23), #12(22)
#11(21)

(3) Tritium breeding ratio distribution by the breeder tubes are clarified. Total TBR of a
facet was 1.003.
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3. Tritium Inventory and Release performance Analyses
3.1 Introduction
Optimization of purge gas flow rate is mainly related to two aspects, pressure drop
and tritium inventory and release behavior. Larger flow rate of purge gas results smaller
tritium partial pressure in purge gas and smaller inventory, however, causes larger pressure
drop of purge gas flow. In case of limited size for purge gas supply tube, quantitative
evaluation of purge gas flow rate is necessary from both points of view.

3.2 Analyses Condition

The value of TBR and the temperature change in the breeder tubes are the primary
information for optimization of purge gas condition. Figure 2-1 and 2-2 in previous chapter
show the schematic structure of the ITER Breeding Blanket for obtaining the necessary
information about Tritium Breeding Ratio. Calculation was performed by MCNP by using
the calculation model shown in Fig, 2-3 in the previous chapter. Calculated values of TBR
are summarized in Table 2-1 in previous chapter. With respect io the temperature
distribution in breeder tubes, the major information of temperature distribution from the
thermo-mechanical analyses is that temperature range of the breeder tubes are 350 - 600 °C, -
showing peaking temperature at the center of the tubes (see section 4.3).

3.3 Analyses Procedure
(1) Pressure drop
Pressure drop in a packed bed in lower range of Reynold's number than 10,
Kozeny-Carman equation [2] is available as follows.

2
AP =%—8)—*puudmb,f ------------- (3-1)
» where € is a bed porosity, u is the viscosity[Pa s],u is a superficial gas velocity [m/s], L is the
bed length [m], dpetore is the pebble diameter [m]. Viscosity of helium gas is formulated as
follows,
1= (3.4351E-09T° - 1.5089E-05T° + 5.2277E-02T + 5.542 1E+00)x10° [Pas] --- (3-2)
, where T is the absolute temperature [K].
Pressure drop in a tube in lower range of Reynold's number than about 4000 can be
estimated by laminar flow equation.
Re=Dgpeuip/pt (3-3)
, where Re is the Reynold's number, Dy is a tube diameter [m], u is the velocity [m/s] pis
the density of the fluid [kg/m 1, u is the viscosity of the fluid [Pa s].
AP=4f(pp*/2)Y(L/D)  wememmmmmen (3-4)
, where, L is the tube length [m] and f is Funning's friction factor, which is expressed by the -
following equation.

f=16/Re (3-5)

(2) Tritium release and inventory :
Investigation of tritium release and inventory characteristics in various candidate
breeder materials has been performed by many investigators. The investigation clarified
that tritium release and inventory characteristics consists of complicated combination of
diffusion in solid grain, humidity adsorption on surface, gas-liquid exchange reaction on the
grain surface with adsorbed humidity and exchange capacity in solid [3]. Nishikawa et al.
integrated many mass transfer steps to the model, by which tritium release behavior can be
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'~ calculated as the function of water humidity, H, swamping concentration, purge gas velocity
and temperature for major candidate breeder pebbles [4].

a) Inventory characteristics

Diffusion [3]

Diffusion in solid grain results the distribution in the grain it self. This distribution is easily
integrated and gives the inventory of diffusion. 4

G4} . E 6) (3.
- 60DT > DT _DO exp(RT) (3 6)7 (3 7)
Ip: residence time of tritium due to diffusion inventory [s]

Gr : tritium breeding rate [mol/s]

dp : grain diameter [m]

Dr: diffusion coefficient of tritium in the single crystal of breeder materials [m%/s]

D,: pre-exponential factor of diffusion coefficient [m?¥s]

Ep: activation energy of diffusion coefficient [kJ/mol]

R: gas constant [kJ/mol K]

T: absolute temperature [K] -

I

Absorption [3]
In case of Li;O, LiOH formation and eventual absorption of humidity occur. This
phenomenon is peculiar to Li,O. The temperature dependency is negative.

n E
O = Casolrar exp(E"T—b—) (3-8)

Qab: absorption inventory of tritiated water [mol(water)/mol(breeder)]
Qapo:Pre-exponential factor of absorption capacity

Pyat: partial pressure of water in gas phase [Pa]

Eqp: Activation energy of absorption capacity [kJ/mol]

Adsorption [5], [6], [7]
Humidity adsorption on grain surface is the major inventory factor. In case of Li,TiOs, 2
different kinds of adsorption were observed.

pd

E
=0 P "Aexp(=4), A=
Qad QadO wat Xp( RT) d,

Q.q: adsorption inventory of tritiated water [mol(water)/mol(breeder)]
Qudo:Pre-exponential factor of adsorption capacity

Pyat: partial pressure of water in gas phase [Pa]

Eaq: Activation energy of adsorption capacity [kJ/mol]

A: relative surface area of grain [mz/mol(breeder)]

dy: grain diameter [m]

ps: breeder material density [mol/m’]

6

........ (3-9), (3-10)

Exchange capacity [4], [8], [9], [10]
In case of LiAlO,, there detected exchange reaction in high temperature, where
humidity adsorption is negligible.
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Qexs4 CXP( )
Oex = (3-11)
1+ QexB exp(—ﬁ)

Qex: exchange reaction inventory of breeder material [mol(tritium)/mol(breeder)]
Qexa , Qexs Pre-exponential factor of exchange capacity

Eexa , Eexp : Activation energy of exchange capacity [kJ/mol]

A: relative surface area of grain [m*/mol]

Isotope exchange between gas phase and adsorption phase [8], [9], [10]

Isotope exchange between gas phase and adsorption phase is assumed to be expressed by the
following equations.

Hy(gas) + T2O(solid) = T,(gas) + H,O(solid) (3-12)
H,0O(gas) + T,O(solid) = T,0(gas) + H,O(solid) (3-13)

In the exchange reactions (3-12) and (3-13), concentrations of Hy(gas), T»(gas), H,O(gas) and
T,O(gas) are calculated as half values of H atoms and T atoms of hydrogen molecules and
water ‘molecules in gas phase. Reaction rate coefficients have been determined by the
experiments as follows

Fren = Kt exp( ) | Ko = L, =22x10"  [m/s] (3-14), (3-15)
Kpg S kpez? Qo = ka . @, =1 (3-16), (3-17)
kFaxl
kFexl > kngZ . aex = 1 H a;x = kFexl (3"18), (3-19)
kFex2

a : equivalent distribution factor defined by Egs. (3-16) - (3-19). [-]
krex1 : apparent exchange reaction rate constant for reaction defined by Eq. (3-12). [m/s]
krex2 : apparent exchange reaction rate constant for reaction defined by Eq. (3-13). [m/s]

In case of absorption, exchange reaction by gas phase H, molecule is negligible. Thus, Otex
is infinite and oy’ = 1 and Tritium inventory is expressed by

P
Oz = Cus P”" (3-20)

Total

Qab,r : tritium inventory by absorption. [mol(tritium)/mol(breeder)]
Pr0 : partial pressure of T,0 in gas phase. [Pa]

Prowr : total partial pressure of water in gas phase. [Pa]

Tritium inventory by adsorption is expressed by

P,

Quar =Cua P_”Q‘_‘—?; (3-21)
La2 | o
o

ex

a,

Qaq,7 : tritium inventory by adsorption. [mol(tritium)/mol(breeder)]
Py : partial pressure of H, in gas phase. [Pa]

Exchange capacity inventory is expressed by
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PT2O

PHZ + Total PTotaI
(44 a

er ex

Qex,T : tritium inventory by exchange reaction. [mol(tritium)/mol(breeder)]

Qeer = O (3-22)

Thus, total inventory is summed up as

Qo = Op + Qur + Qoir +Qery  mmmmmmmmmmmmeee (3-23)
Qrotal : total tritium inventor. [mol(tritium)/mol(breeder)] ' ‘

Conventionaly, tritium inventory was transformed to the residence time which is the ratio of
Tritium inventory and the tritium production rate in each irradiation test.

J _ Oroar _ QD +0Qur +Qoar + Qur
Total — GT GT
Irotss : total tritium residence time. [s]

(3-24)

b) Transient tritium release [4], [11]
Microscopic expression is derived by the surface reaction rate expression as follows.

u X, (325)
ﬁP = Kp o8, X (3-26)
o .
P o,,QtH =—Kp X3 ~ Kot X, (3-27)
07
Iy é,QtT =—Kp 0a Xy + Kpapd X, (3-28)
x, =, - G éK:g“ X: (3:29)
utlr
X, =Py, - & e * f Téo)QT (3-30)
nter
X3 =Py~ Pazo (3-31)
X4 =Pryo~Prso (3-31)
On = Ot + Crars T O (3-32)
Or = Orat +Oroass + Ores (3'33)

Transient behavior of the pebble bed is calculated by the equation of continuity for the
chasing components as following equations.

o P é’ Q, ﬁ P

u =0 3-34

o"x é‘t at (3-34)
P; : partial pressure of i component in gas phase [Pa]
Q : holdup of i component in breeder pebble [mol(i)/mol(breeder)]
t: time {s]
x : location by length from the inlet of the purge gas in flow direction [m]
u: superficial gas velocity [my/s]
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p : bed packing density [mol(breeder)/m’]
av : geometrical specific surface area [m%m°]
K : equilibrium constants of hydrogen isotopes of gas to liquid exchange reaction

To tritium release and inventory transient for pebble bed breeder, all equations are to be
solved numerically. In this work, the differential equation was derived by implicit
differentiation and solved iteratively by improved Eurer method. Table 3-1 summarizes the
parameters clarified in references [2] to [14]. Equilibrium constants for gas to liquid
exchange reaction of hydrogen isotopes are given by reference [15].

3.4 Analyses Results
(1) Pressure drop _

Table 3-2 shows the example of the flow rate plan in case of limiting tritium partial
pressure to 1Pa for one facet of the ITER breeding blanket. Total flow rate for one facet is
11 //min and the pressure drop in the breeder tubes (80 cm length, 1mm Li,TiOs pebble 63 %
PF) ranged 0.005 to 0.014 MPa. Total purge gas flow rate for one module consists of 8
facets. Figure 3-1 shows the tritium partial pressure and pressure drop in the breeder pebble
packed tubes and pressure drop in the purge gas supply pipe, for which dimensions are
assumed Smm inner diameter and 1 m length. Calculation of pressure drops was done by
Egs. (3-1) - (3-5). As can be seen from this figure, conservative purge gas flow rate setting
(T partial pressure limitation to 1 Pa) will result pressure drop of 0.014 MPa by breeder
tubes and 0.003 MPa by supply pipe. Both pressure drops seem not to cause major purge
gas flow problem. In case of setting tritium partial pressure to 10 Pa, pressure drop of each
part is almost negligible. Thus, the point of justification is the tritium inventory and the
tritium release.

(2) Tritium inventory and release behavior

Figure 3-2 shows the comparison of tritium inventory for major candidate breeder
materials as a function of temperature. Calculation was done by Eqs. (3-6) - (3-24). Any
breeder material shows relatively small inventory of less than a few hours of residence time
in the expected temperature range of 350 - 600 °C. Comparison showed that Li;TiOs has the
smallest inventory. Figure 3-4 shows the typical estimation results of tritium release
behavior, calculated by Eqgs. (3-6) - (3-34). The calculation was done for tube #11 at typical
average temperature of 500 °C with purge gas flow rates of 0.4 and 0.865 I/min.
Temperature transient behavior was assumed to be the same as the FDR breeding blanket,
since the basic materials and geometrical configuration is similar. As can be seen from this
figure, HTO fraction is larger than HT fraction even though 100 Pa of H, is assumed to be
added. This is caused by smaller exchange reaction rate as can be seen from the Table 3-1.
At the end of 400 sec burn, tritium release seems equilibrated in tube #11. In the rear
location of breeder tubes, nuclear heating is relatively small. As can be seen from Fig. 3-3,
tritium release behavior depends on temperature change. Thus detailed thermal response
should be checked further to examine when the equilibration will be achieved totally.
Peaking of HTO release is observed in the estimation. This is caused by the temperature
increase. Immediately after burn starts, temperature is still low and generated tritium is
stored in the solid phase. By temperature increase, tritium inventory decreases and tritium
equilibrium partial pressure increases exponentially, as can be seen from Fig. 3-2. Therefore,
if the temperature increase is rapid, discharge rate of tritium from the solid phase increases
rapidly. Thus, tritium partial pressure in the gas phase shows the peak and then settle down
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to the equilibrium.

Peaking of the HTO release is one of the points to be clarified, because the
maximum conceniration of tritium is an important design requirement io a tritium recovery
system in the down stream. Figure 3-4 shows the peaking partial pressure and time as the
function of total flow rate. In case of 8.7 //min total purge gas flow rate, pressure drop is
negligibly small, however, HTO peaking will appear at 0.05 hour afier plasma burn to 5.5 Pa.

As mention in section 3.2, breeder tube temperature ranges from 350 - 600 °C.
Equilibrated HT/HTO fraction is naturally influenced by temperature. Figure 3-5 shows the
temperature dependence of the HI/HTO partial pressure in case of 0.86 /min flow rate purge
gas with 100 Pa Hy, for typical breeder tube of #11. Incorporating the temperature profile in
the radial direction of breeder tube, about 1:1 is estimated for HTO:HT in this case.

HTO:HT ratio is also influenced by H, addition. Figure 3-6 shows the effect of H,
partial pressure at 500 °C, 0.86 //min.  As can be seen from this figure, 4000 Pa H2 addition
will improve the HTO:HT ratio to about 0.05. Figure 3-7 shows the effect of exchange
reaction rate coefficient to HTO:HT ratio in the helium purge gas with the flow rate of 0.86
I/min with 100 Pa H, addition at 500 °C. In this figure, equivalent values of other breeder
material are also marked to show the importance of exchange reaction rate. As can be seen
from this figure, high HTO:HT ratio in the case of Li,TiO; is caused by the smaller value of
the exchange reaction rate coefficient. In this analysis, the value of exchange reaction
coefficient was applied from very small number of experimental data in low temperature (2
experimental points at 100 °C). Further investigation by irradiation test by using fission
© reactor is waited.

3.5 Conclusions
This analysis is concluded as follows.

(1) Pressure drop of the purge gas is small enough or negligibly small to find space for purge
‘gas tubes in the current ITER design.

(2) Tritium residence time is estimated as small as 0.01 hour, which means tritium release
behavior reaches steady state fast.

(3) Chemical form of tritium released in purge gas is estimated 1:1 HTO:HT, which is
relatively high HTO fraction compared to other breeder material, because of small value
of exchange reaction rate coefficients. Further observation and justification of this
value is needed by irradiation test using fission reactors.
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Table 3-1 Parameters for major candidate breeder materials by Kyushu University Group
(Values are compiled from references [3] to [14].)

DT=Do*exp(E/RT) [m*/s] Qad1=Qo*Abet*P n*e |Qad2=Qo*Abet*P"n*e |Abet
xp(E/RT) [mol/mol] |xp(E/RT) [mol/mol] |[m%g]

Do E kJ/mol [Ref Qo n  |EkJ/mol Qo n  |EkJ/mol
Li,O 1.091E-8, -79.47|[11] 8.3E-8| 0.75] 23.45] --- — - 0.145
LipZrO; | 1.728E-9| -76.93|[11] 6.3E-6; 0.5 10.7 --- — --| 0.145
LisSi04 | 2.066E-11]  -44.09|[11] 1.2E-6| 0.5 13.8] --- — ---|  0.145
LiAlO, | 2.357E-9] -91.17|[11] 2.6E-7 0.5 322 --- — --=  0.145
Li,TiOs | 1.000E-5 -104/[13] 1.5E-7| 0.5 13.4| 32E-7| 0.5 10.6] 0.145

Qab=Qo*P"n*exp(E/RT) Qex=A*Abet*exp(Ea/RT)/(1-++-B*exp(Eb/RT)

[mol/mol . [mol/mol]

Qo In E kJ/mol A Ea B Eb

) kJ/mol kJ/mol

Li,O 9.07E-3| 0.667 -58.62 — --- — ---
LiyZrQs| - --- — — --- — ---
LisSiOy|  --- --- --- --- --—- — -
LiAlO, --- - — 2.7E-15 144| 2.2E-12 144
Li;TiO5]  --- --- — 3.7E-21 174.6] 1.1E-16 174.6
(R=8.31451E-03 kJ/molK, av=6/d(pebble))
‘ Kfex1=Ko*exo(E/RT) [Kfex2 [m/s] Kfad=Ko*exp(E/RT) |S densM g

[m/s] [m/s] [g/m’]

Ko E kJ/mol Ko E kJ/mol
Li,O 8.55E+3 -143 2.2E-4| 0.025 -18.26/ 2.024E+6|29.88125
LiyZr0O; 1.6E+2 -121 2.2E-4| 0.025 -18.26) 4.153E+6| 153.0994
LigSiO4 | 1.84E+3 -134 2.2E-4| 0.025 -18.26) 2.393E+6| 119.8273
LiAlO, | 1.84E+3 -134 2.2E-4| 0.025 -18.26, 2.614E+6|65.92575
Li, TiO; 5.0* -121 2.2E-4| 0.025 -18.26| 3.435E+6, 109.78

*reference [13]

18 —
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Table 3-2 Conventional purge gas setting by limiting T, partial pressure to 1 Pa

Tube . Superficial | Volumetric
Tube # | Radius | T Production rate velocity velocity | Pressure Drop
fem] |[g-T/s/g-Li20/min]| SV [cm/s] | V [l/min] DP [Pa]
#11 0.4 1.5644E-08 28.39 0.8563 1.119E+04
#21 0.4 -1.6251E-08 29.50 0.8896 1.163E+04
#12 0.4 1.3014E-08 23.62 0.7124 9.313E+03
#22 0.4 1.3700E-08 24.86 0.7499 9.804E+03
#13 0.4 1.1625E-08 21.10 0.6364 8.319E+03
#23 0.4 1.2449E-08 22.60 0.6815 8.909E+03
#14 0.4 1.1220E-08 20.36 0.6142 8.029E+03
#24 0.4 1.1962E-08 21.71 0.6548 8.560E+03
#15 0.4 1.0158E-08 18.44 0.5560 7.269E+03
#25 0.4 1.0834E-08 19.66 0.5930 7.753E+03
#16 0.4 1.7866E-08 3243 0.9780 1.279E+04
#26 0.4 1.9083E-08 34.64 1.0446 1.366E+04
#17 0.65 6.5222E-09 11.84 0.9428 4.667E+03
#27 0.65 6.8634E-09 12.46 0.9921 4.911E+03
Total 10.9014
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4. Thermo-mechanical analysis of the breeding blanket ﬁth pebble bed
4.1 Introduction
The design of the breeding blanket of ITER-FEAT, a ceramic-breeder, water-cooled
breeding blanket, has been developed to be replace with the outboard shielding blanket in
later operation period of ITER. The design is based on modular design similar to the
shielding blanket modules. The design concept of the breeding blanket modules have been
selected to be compatible with shielding blanket where the attachment method to the vacuum
. vessel, the maintenance procedure, and the water coolant parameters are the 'same for both
blankets [15]. Figure 4-1 [16] and 4-2 [16] show isometric views of the outboard No.11
breeding blanket. The breeding blanket has ~8 separated breeding cells welded to the shield
plate. Total thickness of the breeding blanket is 450mm. The radial thickness of the
breeding cell and the shielding plate are ~265mm and ~185mm, respectively.
This chapter clarifies a preliminary thermo-mechanical analysis for the breeding
blanket, which have been performed in the case of normal operation at beginning of life. A
2D model of the breeding cell in outboard module No.11 was used to evaluate the

temperature and stress distribution in the components.

4.2 Conceptual Design of Breeding Blanket

The breeding blanket module (outboard No.11) has 8 breeding cells embedded in
beryllium with three coolant panels used to cool the module. Figure 4-3 shows the isometric
views of the breeding cell [16]. The breeding cells are welded to the shield plate at the top
and bottom area. The dimension of the breeding cell is ~170mm (toroidal) x ~850mm
(poloidal) x ~265mm (radial). The cross section of a breeding cell is shown in Fig. 4-4. In
a breeding cell, the breeder rods are arranged in two toroidal rows. Each breeding tube is |
composed of a type 316LN stainless steel with the breeding materials in the form of pebbles.
All the space between the breeding tube and surrounding structure is filled with beryllium
neutron multiplier in the form of a single pebble packing bed. The first wall consists of 13
mm thick 316LN stainless steel plate with built-in rectangular coolant channels 4 mm x 10
mm separated by ~ 5 mm walls. A 10mm beryllium is used as armor material to protect the
first wall from the plasma interaction. The cooling panels inside the blanket module are

similar to the first wall but are only 7mm total thickness and have 4mm x 4mm coolant
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channels separated by 1.5 mm thick walls. In this study, lithium titanate (Li,TiO;) has been

selected for the breeding material.

4.3 Analysis Condition

(1) Analysis Method and Code

The modified Drucker-Prager/Cap piasticity of ABAQUS [17] code is applied to this
analysis because this model can treat hydrostatic plastic compression of the pebble bed. As
shown in Fig. 4-5, the constitutive equation of the cap model can handle the two yield
surfaces expressing the features of pebble bed. In the region bounded by the two yield
surfaces the pebble beds show elastic behavior. During the EDA for 98-ITER, a
thermo-mechanical analysis for the breeding blanket have been performed by using the
modified Drucker-Prager/Cap model [18]. The analysis results using the cap model
qualitatively represent well the pebble bed mechanical behavior observed in the experiment,
i.e. hydrostatic plasfic compression and stress - strain curve due to shear failure [18].

Therefore, the same analytical method and model were applied to this study.

(2) Arnalysis Model and Conditions

Unit cell of outboard No.11 breeding blanket was provided for this analysis. As
shown in Fig. 4-6, 2D toroidal-radial model with plane strain elements was applied to this
analysis. The generalized plane strain condition is desirable but unavailable for the coupled

temperature-displacement analysis at present [18].

(3) Input data for Analysis
1) Thermal Load
The following thermal load conditions are considered in this analysis.
- Surface heat flux on FW armor : 0.SMW/m’
- Radial distribution of nuclear heating in Beryllium : see Fig. 4-7
- Radial distribution of nuclear heating in SS316LN : see Fig. 4-8
- Nuclear heating in breeding material (Li,TiOs) : see Fig. 4-9

Nuclear heating distribution in the breeding cell was analyzed by using Monte Carlo

transport code. The analysis conditions are as follows.
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- Neutron wall load : 0.78 MW/m? (outboard mid-plane module)
- Be pebbles : Single size, 100%TD, 63%PF
- Li,TiO; pebbles : Single size, 83%TD, 63%PF

2) Cooling Parameter
Cooling flow in the breeding blanket is shown in Fig. 4-10 [16].
- Coolant : Water, 100°C (Inlet), 3MPa (Inlet)
- Heat transfer coefficient, 4
: FW Cooling Channel : /= 24970W/m’K
; Cooling Plate : 4= 10540W/m’K

3) Effective thermal conductivity of Be pebble bed

Effective thermal conductivity of the single size Be pebble bed is calculated from the

latest experimental data [19]. Fig. 4-11 shows the relationship between compressive

stress and effective thermal conductivity of single size pebble (diameter = 1mm) bed

- [19]. The present data exhibit a nonlinear dependence between thermal conductivity

and compressive stress. The temperature effect is not very remarkable. Therefore, the

average line in Fi g. 4-11 is applied to the effective thermal conductivity of the Be pebble
bed.

4) Effective thermal conductivity of Li, TiO, pebble bed
Effective thermal conductivity in the Li,TiO; pebble bed is estimated with the
Schulunder-Zenner-Bauer (SZB) correlation model [20, 21] as shown in Fig. 4-12. The
effect of compressive stress is not considered because there are not sufficient data for the
dependence between compressive stress and the effective thermal conductivity of the
Li,TiOs; pebble bed. The calculation conditions for the SZB correlation model are
shown as follows.
Calculation Conditions :
Li;TiO; Pebble Bed : Single Size Pebble (Diameter = Imm)
SZB Correlation Model  : Contact Area Fraction = 4.9x10°

: Accommodation Coefficient = 0.2
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5) Heat transfer coefficient at near wall elements
The heat transfer coefficient between Li,TiO; /Be pebble beds and the near wall -
elements (SS316LN) was not considered in this analysis.

6) Thermal and Mechanical Properties for Be (Armor) and SS316LN
Thermal and Mechanical Properties for Be (Armor) and 316LN stainless steel are
shown in Table 4-1.

7) Mechanical Data
Mechanical data for the cap model are summarized in Table 4-2. Another
mechanical data for this analysis are shown as follows.
- Young’s modulus
The Young’s modulus for the beryllium single pebble bed was calculated from
experimental data [19]. Figure 4-13 shows the stress-strain dependence measured for a
Be pebble bed with Imm pebbles at ambient temperature [19]. The stress-strain
relationship correlation shown bellow is considered for this analysis.
Young’s Modulus, E (MPa) = 870*Stress™0.65  (Stress : ~6MPa)
The Young’s modulus for Li,TiO; single pebble bed is also calculated from
experimental data [22]. Figure 4-14 shows the stress-strain dependence measured for a
Li,TiO; pebble bed with 1mm pebbles at ambient temperature [22].

8) Cap Hardening Data

- Be pebble bed

Minimum cap position is assumed to be 1 MPa. Another cap hardening pressure is
determined as shown in Table 4-2 based on the inclination of cap hardening line as 1/5 of
Young’s modulus.
- Li,TiO; pebble bed

Miﬁimum cap position is assumed to be 1 MPa.  Another cap hardening pressure is
determined as shown in Fig. 4-15 in which 1st loading and 1st unldading lines are drawn
based on Fig. 4-14.

= %(Gal +20,)= % (1+2k,)0,, = 2.5MPa

,where P : hydrostatic pressure, MPa
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€al, €22 : axial strain (0.0075, 0.005 ; Fig. 4-15)
Cal : axial stress (4.5MPa ; Fig. 4-15)
\Y% : Poisson’s ratio (0.25)
k, : =6/, (0.339 : temporarily assumed to be the same as

that for Al pebbles because of no available data for
Li,TiOs at present)
Evol’ = €22 = 0.005

Since the inclination of cap hardening line is calculated as 500 MPa
(=2.5MP2a/0.005), the hydrostatic pressure is 500 MPa ateyo =1.

9) Shear Failure Data
The shear failure data for this analysis is summarized in Table 4-2. The friction angle
used here is 30.6° for 2D X-Y model with plane strain condition.

4.4 Analysis Results
(1) Temperature Distribution

The steady state temperature distribution in the breeding cell is shown in Fig. 4-16.
Also, temperature distributions in the Be pebble bed and breeding material are shown in
Fig. 4-17 through Fig. 4-19. The analyzed temperature range in each breeding material
(Li;TiOs) is shown in Fig. 4-20. The maximum and minimum temperatures in the
breeding material (Li,TiO3) are summarized for each breeder rod in Table 4-3. The
maximum temperature in the breeding material of 617 °C is located in the 1st breeding
rod and the minimum temperature is 328 °C in the 7th breeding rod. In case that the
lower temperature limit for Li;TiO; pebbles to allow an efficient tritium release is
assumed to be 335-380 °C [23], the analyzed minimum temperature, 328 °C, is slightly
lower than the limit. However, since the heat transfer coefficient between the breeding
rod and breeding material is not considered in this analysis, it is expected that the
temperature of the breeding material would slightly become higher. The temperature
range in the Be pebble bed region ranges between 141 °C and 503 °C. The analyzed
maximum temperature, '503 °C, is almost equal to the maximum temperature limit

(~500 °C) to have a sufficient margin with beryllium/steam interaction in accidental
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situations. Minor modification of the rod arrangement will be needed to maintain

- adequate temperature margins for Be and Li,TiO; pebble bed.

(2) Stress Distribution

The stress distributions in the X (radial) and Y (toroidal) direction for the breeding
cell are shown in Fig. 4-21 and Fig. 4-22. Also the maximum and minimum stress is
summarized in Table 4-4. The stress distributions in thé Li,;TiO; breeder région are
shown in Fig. 4-23 and Fig. 4-24. Tensile stress is found in the most part of the breeding
rod because the thermal expansion coefficient of Li,TiO; is smaller than that of the rod
wall (type 316LN stainless steél). The stress range in the beryllium multiplier is
-6.2MPa~-0.9MPa (X-direction) and -5.8MPa~-1.3MPa (Y-direction) as shown in Fig.
4-25 and Fig. 4-26. High compressive stress is observed in the higher temperature
region, so compressive stresses in the region near the breeding rod and far from the
cooling panel is higher than the other region. . As can be seen from Figs. 4-21 and 4-22,
stresses in the stainless steel (FW, cooling panel, breeding rod, back wall) are estimated
very high, because the plane-strain condition was applied in this analysis. It is desirable
to perform analysis with generalized plane-strain condition or 3D model to obtain more
detailed results.
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4.5 Summary
A preliminary thermal and stress analysis has been performed for the breeding cell of
the blanket module. A Li,TiO; ceramic breeder with beryllium neutron multiplier and
water coolant is tentatively used for this study. The analysis results obtained in this
study are as follows.

(1) The maximum temperature in the breeding material of 617 °C is located in the 1st
breeding tube and the minimum temperature is 328 °C in the 7th breeding tube.

(2) The temperature range in the Be pebble bed region ranges between 141°C and 503°C.
The maximum temperature, 503 °C, is almost equal to the maximum temperature limit
(~500 °C) of Be.

(3) Minor modification of the rod arrangement will be needed to maintain adequate
temperature margins for Be and Li,TiO; pebble bed.

(4) Tensile stress is found in the most part of the breeding tube because the thermal
expansion coefficient of Li,TiO; is smaller than that of the breeding tube.

(5) The stress range in the beryllium pebble bed is -6.2MPa~-0.9MPa (radial-direction)
and -5.8MPa~-1.3MPa (toroidai—direction).
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Table 4-1 Thermal and Mechanical Properties

Temperature | Thermal Conductivity | Thermal Expansion | Young’s Modulus [Poisson’s Ratio
(°C) (W/mK) (x10°/K) (GPa)
20 184.51 1.13 308 0.071
50 176.95 1.19 306 0.07
100 165.30 1.29 304 0.069
150 154.77 1.38 303 0.068
200 145.29 1.47 302 0.067
250 136.77 1.55 300 0.065
300 129.14 1.63 298 0.064
350 122.33 1.70 294 0.063
400 116.26 1.77 288 0.062
450 110.86 1.83 279 0.060
500 106.05 1.88 267 0.059
550 101.75 1.94 251 0.058
600 97.89 1.99 232 0.057
650 94.39 2.03 207 0.055
700 91.17 2.07 176 0.054
800 85.3 2.15 97 0.052
316LN stainless steel
Temperature | Thermal Conductivity | Thermal Expansion | Young’s Modulus | Poisson’s
(°C) (W/mK) (x10°K) (GPa) Ratio
20 13.94 1.59 192 0.3
50 14.37 1.61 190 0.3
100 15.08 1.64 186 0.3
150 15.80 1.67 182 0.3
200 16.52 1.70 178 0.3
250 17.24 1.72 174 0.3
300 17.95 1.75 170 0.3
350 18.67 1.77 166 0.3
400 19.39 1.79 161 0.3
450 20.10 1.81 157 0.3
500 20.82 1.83 153 0.3
550 21.54 1.85 149 0.3
600 22.26 1.87 145 0.3
650 22.97 1.89 141 0.3
700 23.69 1.91 137 0.3
800 25.12 1.93 129 0.3

— 31 —
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Table 4-2 Mechanical Data for Analysis of the Breeding Cell
a) Elastic Constant
Beryllium Pebble Bed Li,TiO; Pebble Bed
Young’s Modulus 2.8GPa ' 1.8GPa
Poisson’s Ratio 0.25 0.25
b) Shear Failure Data
Beryllium  Pebble|Li,TiO;  Pebble
_ Bed Bed
Cohesion, d 0.5MPa 0.5MPa
Friction Angle, B 30.6° 30.6°
Parameter for cap center shift, R 0.5% 0.5%
Initial Plastic Volume Strain, £,,(0) 0** 0**
Parameter for Transition Surface, o 0* 0*
Yield Stress Ratio, K 1* 1*
¢) Cap Hardening Data
Beryllium Li;Ti0s Notes
P (MPa) svolpl P (NlP a) 8volp1
1 0 1 0 minimum cap position
56 0.1 50 0.1 - :
560 1 500 1 -

* : Typical values are temporarily assumed based on the ABAQUS Standard user’s manual.
*# . No initial plastic volume strain is assumed.
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Table 4-3 Results of Temperature Analysis

: Be Breeder(Li, TiOs) Be Structure (SS)
Item |Armor| Ist | 2nd | 3rd | 4th | 5th | 6th | 7th | Pebble [FW,
Row | Row | Row | Row | Row | Row | Row Bed |Breeding Rod,
' Cooling Panel,
Back Wall
Max. 283 | 562 | 593 | 588 | 567 | 529 | 617 | 579 503 503
Temp
0
Min. 242 | 348 | 409 | 411 | 396 | 375 | 347 | 328 141 109
Temp.
&)
Table 4-4 Results of Stress Analysis
" Structure (SS)
Item Breeder (Li;TiOs;)| BePebble Bed | (FW, Breeding Rod, Cooling
' Panel, Back Wall)
Max. Stress| o, 4 4B+5 -9.2E+5 1.4E+8
(Pa) oy 4 .6E+5 -1.3E+6 59E+8
Omises 5.2E+5 2.8E+6 1.3E+9
Min. Stress | o, -3.3E+4 -6.2E+6 -8.2E+7
(Pa) oy 2.4E+5 -5.8E+6 -3.5E+8
O'mises 3.0E+5 1.0E+6 3.3E+8
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Fig. 4-1 Front View of the ITER Breeding Blanket
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Fig. 4-2 Rear Side View of the ITER Breeding Blanket
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a) with rear plate . b) without rear plate

Fig. 4-3 Structure of the Breeding Cell of the ITER Breeding Blanket
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Fig. 4-5 Modified Drucker-Prager/Cap model of the yield surface and
flow potential of the packed bed
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Fig. 4-11 Pebble bed thermal conductivity as a
function of compressive stress in the
pebble bed [19]

3
contact area fraction = 4 Se-3
v Reterance for parameters: accomodation coeff.=0.2
= to be published;
- M. Enoeda, Y. Ohara, N. Roux, A. Ying, G. Piazza and 5. Malang,
E “Effective Thermal Conductivity Measurement of the Candidate Ceramic
- 2 Breeder Pebble Beds By the Hot Wire Method", To be published in the
o= 14th ANS Topical Meeting on the Technology of Fusion Energy, Park
2 City, Utah, 15-19 October 2000.
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Fig. 4-12 Pebble bed thermal conductivity of Li; TiOs [21]
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Fig. 4-13  Stress-Strain curve and effective
thermal conductivity of Be pebble
bed [19]
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Fig. 4-14 Stress-Strain curve of Li;TiO; pebble
bed [22]
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Fig. 4-16 Temperature distribution in the breeding cell
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Fig. 4-17 Temperature distribution in the multiplier pebble bed in the breeding cell
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Fig. 4-21 Distribution of x component stress in the breeding cell
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Fig. 4-22 Distribution of y component stress in the breeding cell
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Fig. 4-24 Distribution of y component stress in the breeder pebble beds in the breeder rods
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5. Conclusions

The analyses performed in this study showed the justification and possible
improvement on the design of the TTER breeding blanket, from the view points of tritium
breeding performance, tritium release performance and thermo-mechanical performance.
Major results are concluded as follows.

(1) The detailed analyses of the distribution of the nuclear heating rate and TBR have been
performed in 2D model using MCNP to identify the detailed tritium inventory and
release rate analyses and thermo-mechanical analyses.

(2) The parametric analyses for selection of purge gas flow rate were carried out from the
view point of pressure drop and the tritium inventory and release control of Li,TiOs
breeder. The analysis result concluded that purge gas flow rate can be set to
conventional flow rate settmg (88 /min per module) to 1/10 of that to save the purge gas
flow and minimize the size of purge gas pipe.

(3) Thermo-mechanical analyses of the pebble bed blanket structure, by ABAQUS with 2D
model, have been performed to identify the temperature distribution incorporating the
pebble bed mechanical simulation and influence of mechanical behavior to the thermal
behavior. The result clarified that temperature and stress are acceptable from the view
points of materiat and functional soundness.

Additionally, the effect of Be multiplier elimination on total TBR was studied as a basic
parameter study by one dimensional analysis using ANISN. It was estimated that total TBR
decreases 30 % from the total TBR of the ITER breeding blanket with Be pebble.
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Appendix 1
Al. TBR and Temperature Analyses for No Neutron Multiplier Configuration
Al.1 Objectives

A neutron multiplier Be is applied as a pebble bed in the ITER breeding blanket
design. Be multiplier has reactivity with high temperature water and produces hydrogen.
From the safety point of view, the breeding blanket without Be multiplier would have
advantage if tritium breeding performance is not significantly degraded. In this analysis,
tritium breeding ratio (TBR) of the breeding blanket without Be multiplier is estimated by 1D
nuclear analysis for the feasibility study of the blanket design without neutron multiplier Be.

Al.2 Analysis
(a) Geometry '

The reference design is shown in Fig. Al-1. A method of modeling the blanket
design into 1D geometry is shown in Fig. A1-2a. A concept of the design without Be pebble
bed is also shown in this figure. Each layer has a composition with mixed materials. The
composition and thickness of each layer is shown in Table Al-1. The width of Li,TiOs
pebble bed of the design without Be is calculated to be 16 mm as shown in Fig. A1-2b. A
temperature distribution of infinite plain with uniform-volumetric-heating source and cooling
panel is given by ‘

AT=q"a’/2)
Where

q” : volumetric heating rate

a: width of Li,TiO; pebble bed

A: equivalent thermal conductivity of Li,TiOs pebble bed

A is estimated to be 1.1 W/mK by SZB correlation.

IF AT is assumed to be 300 °C and ¢ is to be 10 MW/m®, width of pebble bed 2a results in
16 mm.

(b) Analysis method
Nuclear analyses were carried out by using 1-D Sy code ANISN with the group
constant set FUSION-40 based on JENDL-3. Conditions for 1D nuclear analysis are shown
in Table 3-2. The Li,TiO; is selected as a breeding material and assumed to be binary
pebble bed packed at fraction of 75% for both cases. Be pebble bed is assumed to be
contained as binary pebble bed at fraction of 80%.
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Table A1-1 Composition and thickness of 1D model

| No 1 2 3 4 5| . 6 7 8 9 10
distance from surface(mm) 0 5 8 12 18 28 37 47 56 66|
thicknesg{mm) 5 3 4 6 10 9 10 9 10 9
composition(¥) Be(100) |SS(100) §5(42) 1SS(100) Be(S0) |Breeder(16)|Be(S0) |Breeder(16)|Be(20} |Breeder(16)
Water(58) SS(10) {Be(70) SS(6) Be(70) SS(6) Be(70)
S8(10) \Water(4) {SS(10) Water(4) [SS(10)
Water(4) Water(4) Water(4)
No U 12 13 14 185 16 17] 18 19 20
distance from surface(mm) 75 86| 95] 113, 122] 142.5 166.5 177] 191 205.5
thicknessg{mm) 11 9 18 9 20.5 14 20.5 14 14.5 14
composition(%) Be(80) - |Breeder(16){Be(90) (Breeder(16)|Be(S0) |Breeder(28)|Be(90) |Breeder(28) Be(80) (Breeder(28)
SS(6) Be(70) SS8(6) Be(70) S5(6) Be(58) S$5(6) Ba(58) SS(6) Be(58)
Water(4) |SS(10) Watar(4) |SS(10) Water(4) [SS(10) Water(4) |SS(10) Water(4) {SS(10)
Water(4) Water(4) Water(4) Water(4) Water(4)
21] z
distance from surface(mm) 219.5] 264.5
thicknesgmm) 45 30
composition(%) Be(80) |SS(100)
SS(6)
Water(4)
Table A1-2 Conditions for 1D nuclear analyses
With Be | WithoutBe | Comments
Coolant
Temperature 150°C
Breeder Li;TiO;
Theoretical density 3.44g/cm’
Porosity 15%
Packing fraction binary
2mm : 60%, 0.2mm : 15%
Thermal conductivity 2.1~2.4W/(m-K)
of material
Thermal conductivity 1.1-12*W/mK
of pebble bed
®Li enrichment Natural, 30%
Maximum temperature <1000°C
Neutron multiplier Be
Density 1.84g/cm’
Packing fraction binary -
2mm : 60%
. 0.2mm : 20%
Thermal conductivity 12.6 - 12.7**W/m K
of material
Neutron wall loading 0.78(MW/m®)

* estimated by SZB correlation
** estimated based on FZK experiments at £=0.1%
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Al.3 Results
Neutron flux distributions of the reference blanket and the blanket without Be
'multiplier are shown in Fig. A1-3a and A1-3b, respectively. The reference blanket has the
higher thermal neutron flux than the later blanket because of the neutron multiplier. The
volumetric heating rate of reference blanket and suggested blanket without Be are shown in
Fig. A1-4a and Al-4b, respectlveiy The maximum volumetric heating rate is reached to be
10 MW/m’ in the breeder rod reglon of the reference blanket. In the case of the suggested
blanket it is as much as 8 MW/m®. This means that the 10MW/m® applied for calculating
the width of Li;TiOs pebble bed is suitable. The local TBR of reference blanket and of
suggested blanket without Be are shown in Fig. Al-5a and Al-5b, respectively. The
dependence of TBR on 6Li enrichment is summarized in Table A1-3. The local TBR of the
blanket without Be is produced as much as 0.88 in 30 % °Li enrichment case and can reach
more than 70 % of that of the reference blanket.

Al.4 Conclusion
The breeding blanket design without neutron multiplier Be is proposed and the TBR
is estimated to be about 70% of the reference blanket. The possibility could be remained for
one of candidates as alternatives of ITER breeding blanket if the system safety is considered
to be primary issue.

Table A1-3 Local TBR of reference blanket and of suggested blanket

Natural 30% °Li
enrichment enrichment

Reference blanket °Li 0.94 1.19
Li 0.01 0.01

total -0.95 1.19

Suggested blanket °Li 0.74 0.84
without Be i 0.06 0.04
total 0.80 0.88
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Fig. A1-3b Neutron Flux Distribution of Suggested Blanket without Be
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Fig. A1-4b Volumetric Heating Rate Distribution of Suggested Blanket without Be
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Fig. A1-5b TBR Distribution of Suggested Blanket without Be
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