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ITER, the first fntegrated fusion nuclear experimental reacter, will be
equipped with tritium breeding blanket to produce tritium required for the
ITER operation, in ﬁhich annual tritium consumption will reach 6 kg.

All participanﬁs (Japan, the EC, the USA and the USSR) in the TITER CDA
(Conceptual Design Activity) have conducted conceptual design of TITER blan-
ket (cooling water temperature £ 100°C) utilizing their own technology bases.
Because of superiority of currently available data base and technelogy,
solid breeder blanket has been selected as the first option among many pro-
posals including the solid breeder blankets, the liquid metal blankets and
the aqueous lithium salt blankets.

This report describes the results of the following design and analytical
studies on the Japanese proposal of Li;O pebble type blanket: 1) blanket
structural concepts, 2) neutronies, 3) thermal-hydraulics, 4) mechanical
characteristics, 5) tritium recovery process and tritium inventory, and
7) fabrication and assembly technology.
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1. Introduction

The following primary design goals in the ITER Conceptual Design
Activity (CDA) can be achieved by incorporating a tritium breeding blanket:
- achieve a net tritium breeding ratio as close unity as practicable
- operate at an average neutron wall loading of about 1 MW/m?
- achieve an average fluence of at least 1 MiWa/m? and uup to 3 MWa/m?
— be compatible with an overall machine availability of at least 10 %
with a goal of reaching about 25 % in the Technology Phase

- tolerate accident condition with passive safety

Three major blanket concepts (solid breeder, liquid metal breeder and
aqueous—-salt breeder) proposed by four parties (Japan, the USA, the EC and
the USSR) have been studied in the three-year CDA. The sclid breeder blan-
ket concept has finally selected as the first option for ITER with the LiPb
breeder concept proposed as an alternate., As the solid breeder candidates,
Lis O or ternary ceramics such as LiAl0y, LipZr03 and LiySi0y have been care-
fully evaluated. Ali blanket concepts employ an austenitic steel (Type 316)
structure with low temperature (£100°C) water coolant. The criteria for the
design and selection of ITER blanket were performance capability, reliabili-

ty, R&D requirements, reactor relevance and benefits, safety, and cost con-

siderations.

This report summarizes Japanese contribution to the design and analyti-
cal works of TTER breeding blanket, The Japanese proposal has been devoted
to the evaluation of pebble bed concepts of the solid breeder blanket, that
are mixed pebble bed occnfiguration of breeder/multiplier and separated pebble
bed configuration (so-called layered type) of breeder/multiplier. As the
reference materials for breeder and neutron multiplier, Li;0 and beryllium
(Be) have been selected, respectively, Enrichments of 5Li are natural
abundance for the mixed type and 50 % for the layered type. In respect to
the layered type, another concept composed of Lij0 pebble and beryllium
block was only preliminary studied, This concept has a compromised configu-
ration between Japanese reference blanket (Ii»0 pebble/Be pebble) and the US
blanket concept (Lip0 block/Be block).

In all layered concepts, coolant channels are incorporated in the

beryllium layers which also have a function to provide the desired tempera-

ture gradient between water coolant (60-100°C) and breeder layers.

_1._
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Temperature control of the breeder in the layered concepts can be achieved
by varying the thicknesses of breeder/multiplier layers. For the mixed
pebble bed concept, coolant channels are incorporated in the tritium breed-
ing zone, and the temperature control of the breeder is achieved by varying
the thickness of helium gas gap between breeder/multiplier pebble bed and
coolant tubes. Advantages of the layered concept are the separation of
tritium breeding zonme and coolant channel, reduction of possible compatibi-
lity problem between the breeder and multiplier, and the reduction of
beryllium swelling due ta its lower operating temperature (<500-600°C).
Potential advantage of the mixed pobble bed concept is the possibility of

utilization of natural Li,0 due to its expected high tritium breeding perfor-

mance.
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2. Executive Summary

Japanese design efforts of ceramic breeder blankets have been con-
centrated on the two types of the pebble bed blankets;(l) Layered breeder/
multiplier pebble beds, and (2) Mixed breeder/multiplier pebble bed.

Major design features of two blankets are summarized below.

2.1 Materials Selection

For both type of‘blankets, lithium oxide (Li;0) and beryllium (Be)} were
chogen as reference materials of breeder and neutron multiplier, respectively.
They are both used in the form of small pebbles (= lmm diameter). The
advantages of using small pebblés are;

(1) good toughness against thermal cracking

(2) good predictability of thermal performance (e.g. thermal conductiv~-

ity of pebble bed)

(3) space preparation for volumetric expansion due to swelling

(4) easy packing process of pebbles into blanket box

According to the ITER specification, Type 316 stainless steel and low
temperature/pressure (£ 100°C/1.5 MPa) light water were chosen as structural

material and coolant, respectively.

2.2 Layered Pebble Bed Blanket

The concept of the layered pebble bed blanket is shown in Fig. 2.2.1.
The major design parameters are summarized in Table 2.2.1. The first wall
integrated with the blanket has rectangular coolant channels which are

oriented toroidally and poloidally for the outboard and the inboard blankets,

respectively.

In the blanket box, beryllium pebble packed layer and Li, 0 pebble pack-
ed layer are alternately arranged. Packing ratio of 60 % is expected for
both of Liy;0 and beryllium layers. The enrichment of ®Li of 50 % is provided

to obtain effective tritium breeding for this configuration.

Cooling panels with rectangular coolant channels are located in the
beryllium pebble packed region and oriented in the poloidal direction. The
Lio0 pebble layer is clad by 1 mm thick stainless steel to avoid direct

contact with beryllium pebbles. The beryllium layer also works as a thermal
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resistant layer between Lio0 and water coolant, The minimum temperature of
Lis0 is maintained to be high enough for in-situ tritium recovery by adjust-
ing the beryllium layer thickness., On the other hand, the maximum temperature
of Liz0 is kept low enough to maintain its integrity by adjusting the thick-
nesses of Li?0 layer. Thicknesses of Li?0 and beryllium layers increase in
the radial direction to accommodate the attenuation of nuclear heating rate
in the blanket. The thicknesses alse vary in the poloidal direction to
accomnodate the poloidal variation of the neutron wall loading. Thus the
total thickness of the blanket module varies in the poloidal direction.

The minimum thickness of the blanket is 56.2 cm including the first wall and
the back wall at the midplane, and the maximum thickness is 86,3 cm at the

top/bottom ends of the blanket.

Calculated temperatures of Liz0 during the normal operation of the
Technology Phase are within the range of 450 to 800 °C, which satisfy tem-
perature limits for Li,0 (400 - 1000 °C) and leave a margin for accommcdat-
ing ~20 % power increase. Beryllium temperatures calculated also for the
normal operation of the Technology Phase are in the range of 100 tc 700 °C.
The optimization of layer thicknesses will be required to lower the maximum
temperatures of Li,0 and beryllium because larger accommodation to power
variation will possibly be needed, and high temperature of beryllium may

cause compatibility and swelling problems.

Local tritium breeding ratios are calculated to be 1.35, 1.46 and 0.54
for the outhoard midplane, the outboard top/bottom and the inboard midplane,
respectively. HNet tritium breeding ratio is estimated to be 0.8 based on
these local values taking into account of the poloidal neutron wall load

variation and the coverage loss due to ducts and blanket side walls.

Tritium generated in Li,;0 breeder is recovered by low pressure (0.1 MPa)
helium purge stream with protium swamping. Tritium inventory of the blanket

in the Technology Phase was estimated to be around 120 g.
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Table 2.2.1 Design parameters of the layered pebble bed blanket

INBOARD OUTBOARD
BREEDER
MATERTAL: Li, 0
FORM: Pebble (60% PF)
GEOMETRY : : < 1Imm diameter
MASS (MT): _ ~3 ~90
TEMPERATURE (°C) WINDOW: 400 - 1000
PHYSICS PHASE )
MIN./MAX. TEMPERATURE {(°C) DURING
NORMAL OPERATION: ' S A
120% NORMAL OPERATION:
150% NORMAL OPERATION:
TRITTUM INVENTORY (g): )
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: 450/700 450/800
120% THE NORMAL OPERATION: ~500/800 ~500/900
150% THE NORMAL OPERATION: NA
TRITIUM INVENTORY (g): 9.2 117
MULTIPLTER
MATERTAL: Be
FORM: Pebble (60% PF)
GEOMETRY; ' ' < 1lmm diameter
MASS (MT): ~8 ~185

TEMPERATURE (°C) WINDOW:
PHYSICS PHASE
MIN. /MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: NA
1207 NORMAL OPERATION:
1507 NORMAL OPERATION:
TRITIUM INVENTORY (g):
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Table 2.2.1 (Cont'd)

INBOARD OUTBOARD
THCHENOLOGY PHASE
MIN,/MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: ~100/500% ~100/700®
120% THE NORMAL OPERATION: ~100/600% ~100/8007
150% THE NORMAL OPERATION: NA
TRITIUM INVENTORY (g) FOR 51000 DT PULSES: NA

CLAD MATERIAL FOR BREEDER ‘ 31685

MIN./MAX. THICKNESS (mm): 1
MASS (MT): ~4 ~45
TEMPERATURE (°C) WINDOW: <500 &% *
PHYSICS PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION:
120% NORMAL OPERATION:
150% NORMAL OPERATION:
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: 400/600% 400/680%
120% NORMAL OPERATION: 450/700% 400/780%
150% NORMAL OPERATION: NA

NA

STRUCTURE MATERIAL (COOLANT CHANNELS,
SIDE WALLS, AND FIRST WALL) 31688

TEMPERATURE (°C) WINDOW: <400
MASS (MT): ~97 ~500
PHYSICS PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: 60/200%* 60/300™"F
1207 NORMAL OPERATION: NA
150% NORMAL OPERATION: NA

will be lowered by optimization of layer thickness

with radiative-cooled tile

%#% at local high hiat flux region of 0.6 MW/m® with radiative-cooled file

Temperature limits for non-structural component should be reconsidered

_6.ﬁ
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Table 2.2.1 (Cont'd)

INBOARD OUTBOARD
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: 60/170 60/170
120% THE NORMAL OPERATION: NA
1507 THE NORMAL OPERATION: NA
BLANKET/SHTELD COOLANT
MATERIAL: A H,0
FLOW DIREGTION: Poloidal
IN/OUT TEMPERATURE (°C): 60/100
IN/OQUT PRESSURE (MPa): 1.5/1.3 1.5/1.2
MIN, /MAX. VELOCITY (m/s): <3.,5 <3.5
TRITIUM PERMEATION RATE (Ci/D): NA
PUMPING POWER (MW): NA
BREEDER HELIUM PURGE GAS
IN/OUT PRESSURE (MPa): 0.11/0.10  0.11/0.10
FLOW RATES (mol/s): 0.31 2.79
INLET Ho(H0),%: 0.817(1lvpm), 0.817(1lvpm)
MAX./AVE. OUTLET HT(HTO) PRESSURE (Pa): 15.5(0.82) /- 15.5(0.82)/-
H/T RATIO: 100 100
PUMPING POWER (kW): NA
GEOMETRICAL DETATLS
FW/BLANKET RADIAL THICKNESS (mm)
MIDPLANE: _ 15/150% 15/562%
TOP/BOTTOM: 15/TBD 15/863%
LAYER DIMENSION IN THE RADIAL DIRECTION
MIDPLANE: : See Fig.2.2.1 See Fig.2.2.1

% 1 including first wall and back wall
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Table 2.2.1

TRITIUM BREEDING PERFORMANCE
NUCLEAR DATA BASE:
TRANSPORT METHOD:

MIDPLANE/TCP OR BOTTOM LOCAL POLOIDAL TBR:

NET ESTIMATED TBR:
NET TBR BASED ON 3D CALCULATION:

NUCLEAR EEATING (MW)
TOTAL NUCLEAR POWER
PHYSICS PHASE:
TECHNOLOGY PHASE:

BREEDER POWER DENSITY (MW/m®)
MIN./MAX. AT MIDPLANE:
MIN./MAX. AT TOP/BOTTOM:

MULTIPLIER POWER DENSITY (MW/m®)
MIN./MAX. AT MIDPLANE:

MIN, /MAX, AT TOP/BOTTOM:

DECAY HEAT AT SHUT DOWN (MW):

(Cont'd)

INBOARD OUTBOARD
JENDL3
1-D SN
0.54 1.35/1.46
0.8
NA

NA

1.5/18
0.7/8

1/24
0.06/19

1.4/3
0.62/1.3

0.17/4
0.02/1.8

NA
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2.3 Mixed Pebble Bed Blanket

The concept of the mixed pebble bed blanket is shown in Fig. 2.3.1.
Major design parameters of the blanket are summarized in Table Z.3.1. The
first wall integrated with the blanket has rectangular coolant channels
which are oriented toroidally and poloidally for the outboard and the

inboard blankets, respectively.

Homogeneously mixed Li,0 and beryllium pebbles are filled in the blanket
box. The mixing ratio of Li20/Be is optimized to be 1/3 for tritium breeding
performance. Packing ratio of pebbles is expected to be 60 %. With this
configuration, suffiecient tritium breeding performance is obtained without

8Li enrichment., Therefore Liy0 with natural Iithium is used as the breeder.

For the outboard side module, breeding region in the blanket is polo-
idally separated into three zomnes by intermediate coolant plenums as shown
in Figs 2.3.2 and 2.3.3 in order to accommodate the poloidal variation of the
neutron wall loading. -For the outboard center module, the blanket is origi-
nally divided into two parts; the top part and the bottom part as shown in

Figs 2.3.4 and 2.3.5, and no blanket exists at the midplane.

To remove the heat generated in the breeder/multiplier pebble bed and
keep LipC temperature below the allowable maximum temperature, circular
cooling tubes oriented poloidally are arranged according to the attenuation
of nuclear heating rates in the blanket. To keep 1ip,0 temperature above the
allowable minimum temperature, thermal resistant layer (He gas gap) is pro-
vided around the cooling tubes and on the blanket box wall by liner tubes or
liner wall. Thickness of the gas gap is varied poloidally and radialiy (1

to 3 mm) to accommodate the variation of nuclear heating rates.

The minimum and the maximum allowable temperatures for Liy0 are 400 °C
to achieve in-situ tritium recovery and 1000 °C to maintain the material
integrity, respectively., On the other hand, a nominal temperature range is
considered to leave a margin for accommodating power variations of the
reactor, i.e., 450 — 700°C as a design target. Temperatures of beryllium
would be the same as those of Li,0, which are within the range of 450 to
700 °C. Temperature of the liner (3165S) would be around 500°C during the

normal operation.
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Calculated temperatures of Li,0/Be pebbles during the normal opera-
tion of the Techmology Phase are in the range of 400 to 820 °C for the
present configuration. The temperature spectrum in the blanket is shown
in Fig., 2.3.6. Since the calculated temperatures (which satisfy the
allowable temperature range) go bevond the nominal range, further optimi-

zation of placing cooling tubes and gap widths is required.

Local tritium breeding ratios are calculated to be 1.45, 1.49 and
0.57 for the cutboard midplane, the outboard top/bettom and the inboard
midplane, respectively. Net tritium breeding ratio is estimated to be 0.8
based on these local values taking into account of the poloidal neutron

wall load variation and the coverage loss due to ducts and side walls.
Tritium generated in Li,0 breeder is recovered in the low pressure

(0.1 MPa) helium purge gas with protium swamping. Tritium inventory in the

blanket was estimated to be about 260 g.
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Table 2.3.1 Design parameters of the mixed pebble bed blanket

INBOARD QUTBOARD
BREEDER

MATERTAL: Li,0 Liz 0
FORM: Pebble(60% PF) Pebble(60% PF)
GEOMETRY : i Imm diameter (mixed with

multiplier pebbles®)
MASS (MT): ) ~3 ~f 0%
TEMPERATURE (°C) WINDOW: 400-1000

PHYSICS PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATTON: b NA
120% NORMAL OPERATION:
150% NORMAL OPERATION:
TRITTUM INVENTORY (g): J
TECENOLOGY PEASE
MIN./MAX, TEMPERATURE (°C) DURING

NORMAIL OPERATION: 450/820 450/820
1207 THEE NORMAL OPERATION: 450/950 450/950
150% THE NORMAL OPERATION: NA
TRITIUM INVENTORY (g): 18 240
MULTIPLIER
MATERIAL: Be Be
FORM: Pebble(60% PF) Pebble(60% PF)
GEQOMETRY : < lmm diameter (mixed with
breeder pebbles™)
MASS (MT): ~9 ~130
TEMPERATURE (°C) WINDOW
PHYSICS PHASE
MIN./MAX, TEMPERATURE (°C) DURING ]
NORMAL OPERATION: L NA

120% NORMAL OPERATION:
150% NORMAL OPERATTION:
TRITIUM INVENTORY (g):

* L1i,0/Be = 1/3 (volume fraction)

%% Mass estimation does not include loss due to ducts and test modules

—12-
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Table 2.3.1 (Cont'd)

INBOARD OUTBOARD
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPFRATTON: 450/800 450/800
120% THE NORMAL OPERATION: 450/950 450/950
150% THE NORMAL OPERATION: ' NA
TRITTUM INVENTORf (g) FOR 51000 DT PULSES: NA

LINER MATERIAL FOR HELIUM GAP 31658
MIN./MAX. THICKNESS (mm): 0.5/1.0
MASS (MT) ~5 ~32
TEMPERATURE (°C) WINDOW: < 500%%%*
PHYSICS PHASE
MIN, /MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION:
120% NORMAL OPERATTON:
150% NORMAL OPERATION:
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: <500 <510
120% NORMAL OPERATION: NA <590
150% NORMAL OPERATION: NA

NA

STRUCTURE MATERTIAL (COOLANT CHANNELS,
SIDE WALLS, AND FIRST WALL) 3168585

TEMPERATURE (°C) WINDOW: <400
MASS (MT): ~94 ~730
PEYSICS PHASE |
MIN./MAX. TEMPERATURE (°C) DURING
NORMAL OPERATION: | 60/200% 60/300%*
120% NORMAL OPERATION: NA
150% NORMAL OPERATION: NA

ats

* with radiative-cooled tile
%% at local high heat flux region of 0.6 MW/m with radiative-cooled tile

*%% Temperature limits for non-structural components should be reconsidered.
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Table 2.3.1 (Cont'd)

INBOARD OUTBOARD
TECHNOLOGY PHASE
MIN./MAX. TEMPERATURE (°C) DURING
NORMAIL OFPERATION: 60/170 60/170
120% THE NORMAL OPERATION: NA
150% TEE NORMAL OPERATION: NA
BLANKET/SHIELD COOLANT
MATERTAL: H20
FLOW DIRECTION: Poloidal
TN/OUT TEMPERATURE (°C): ' 60/100
IN/OUT PRESSURE (MPa): 1.5/1.48 1.5/1.4
MIN, /MAX., VELOCITY (m/s): <1.5 <3
TRITIUM PERMEATION RATE (Ci/D): NA
PUMPING POWER (MW): NA
BREEDER HELIUM PURGE GAS
IN/OUT PRESSURE (MPa): 0,101/0.10 0.101/0.10
FLOW RATES (mol/s): 0.31 2.79
INLET Hz (H20), %: 0.817(tvpm) 0.817 (1vpm)
MAX./AVE. OUTLET HT (HTO) PRESSURE (Pa): 15.5(0.82)/- 15.5(0.82)/-
H/T RATIO: 1G0 100
PUMPING POWER (kW): NA
GEOMETRICAL DETATLS
FW/BLANKET RADIAL THICKNESS (mm)
MIDPLANE: 15/150% 15/600™%
TOP/BOTTOM: 15/150% 15/600%%
TUBE DIMENSIONS AND ARRANGEMENT
MIDPLANE : See Fig.2.3.1 See Fig.2.3.1

% Including first wall and 30 mm thick back wall
#% Including first wall and 50 mm thick back wall
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Table 2.3.1 (Cont'd)
INBOARD OUTBOARD
TRITIUM BREEDING PERFORMANCE

NUCLEAR DATA BASE: JENDL3
TRANSPORT METHOD: 1D SN
MIDPLANE/TOP OR BOTTOM LOCAL POLOTDAL TBR: 0.57/- 1.45/1.49
NET ESTIMATED TBR: 0.81%

NET TBR BASED ON 3D, CALCULATION: NA

NUCLEAR HEATING (MW)
TOTAL NUCLEAR POWER
PHYSICS PHASE:
TECHENOLOGY PHASE:

NA

BREEDER POWER DENSITY (MW/m3)**
MIN./MAX. AT MIDPLANE: 2.5/6 0.4/8.5
MIN./MAX. AT TOP/BOTTOM: 1.1/2.7 0.2/4.2

MULTIPLIER POWER DENSITY (MW/m°)
MIN./MAX. AT MIDPLANE: refer to breeder power density

MIN./MAX, AT TOP/BOTTOM:

DECAY HEAT AT SHUT DOWN (MW): NA

* without carbon armor

%% yolume-averaged value considering volume fraction

(Liy 0-RBe-5S-H,0)
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COOLAMT MAHTFOLGS
BLANMEY OUTLET

BLANKET TMLET

FIRST WALL [HLET,QUTLET |
FIRST WALL TMET/GUILET 7
SHIELD OQUTLET

Fig.

2.3.2 Poloidal division of outboard side module for the

mixed pebble bed blanket
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COPLANT TUB

TTE

%/ COQLANT PLENUM
COQLANT (H: O)

Fig. 2.3.3 Manifeld concept for poloidally divided outboard
side module of the mixed pebble bed blanket



JAERI-M 91-133

COOLANT MANIFOLDS
i aldilolllaio
BUANMET DUTLET

BLANKET [MLET
FIRST WALL IMLET/OUTLET |
FIRST WALL TMLET/QUTLET 2

{—_l-— SHIELD OUTLET
A

I SHIELD [MLET

|

' i
1] SHIELD OUTLET
BLANKET “INLET SHIELU]lINLET
BLANKET QUTLET N <FIRST WALL INLET/QUTLET 2
FIRST WALL INLET/QUTLET | COOUANT MANIFOLDS |
——

Fig. 2.3.4 Elevation view of outboard central module {mixed
pebble blanket)



JAERI-M 61-133

(oInpow TeIjuad pirogine) s3deduos MmoTJ lueToon pue BUIpTOJTUBK ¢*¢g°z 'ST14

QUOZ PIRNYS T 1IBAL 1531

e SR

- 3
Ay G d
. o :
A
N

suoz Zuipaalg




(%)

Percentage

JAERI-M 91-133"

400 500 600 700 800

Temp('C)

Fig. 2.3.6 Temperature spectrum in the mixed pebble bhed
blanket
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3. Materials Selection

Type 316 stainless steel has been selected as the structural material
in terms of its abundant data base with experiences of fission reactor
operations. Low temperature (S 100°C) and low pressure (1-1.5 MPa) water

coolant has been chosen with respect to reliability of the reactor.

As for the breeder, ceramic materials have been selected as the first
option for TTER. Thermophysical properties of ceramic breeders are summa-
rized in Table 3,1 [1]. Thermal conductivities and tritium release charac-
teristics of these materials are also shown in Figs 3.1 and 3.2, respective-
1y [1]. Among these ceramic breeders, lithium oxide (Li> 0) has the highest
thermal and tritium release performances as seen from the Table and the
Figures, which are very important in the blanket design in order to have a
wider design window and quicker in-situ tritium recovery. Tritium breeding
ratio (TBR) will be similar for all ceramic materials as long as they have
5Li enrichment and are used with a neutron multiplier. An attractive feature
of Li;0 is that there is-a possibility to achieve encugh TBR without 6Li
enrichment due to its highest Li atom content among the ceramic breeders.
From above viewpoints, Li,0 has been selected as the breeder material in the
design below. A qualitative comparison of Lip0Q properties with other can-
didate ceramic breeders, data base status and key R&D needs for Liz0 are

discussed in Appendix.

To obtain high TBR, the use of a neutron multiplier will be required.
Condidates for the multiplier are beryllium (Be) and lead (Pd). Due to the
higher atomic number density, the lower threshold energy of (n,2n) reaction
and the higher melting temperature which brings a wider design window, the

former has been chosen,

A pebble form of £ 1 mm in diameter has been considered for both the
breeder and the multiplier based on the following attractive features:
- Prevention of thermal cracking of the materials which will signifi-
cantly affect breeder temperature control.
- More predictability of thermal performance (effective thermal conduc-
tivity) in the breeding zone than solid block concepts that have
thermal contact conductances between solid blocks of breeder/multiplier

and liner/clad walls.
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. Space preparation for volumetric expansion due to irradiation swelling
of the breeder and the multiplier.

. Easier fabrication; atmospheric control will be required during fabri-
cation in order to prevent reactions of Liy0 and moisture, and possibly
of Be and air. Pebbles will be filled into the blanket at the very
last stage of the fabrication, thus problems accompanying with the

atmospheric centrol will be eased.

On the other hand; a block form of the multiplier will lead to a simpler
design of a blanket if the thermal contact conductance is kept high enough
and well-predicted. The number of breeder /multiplier layers and the
blanket thickness required to acﬁieve encugh TBR could be reduced due to
higher thermal conductivity of Be block than that of a pebble bed. Therefore
a concept using Be blocks also as a thermal resistant layer between the

breeder and coolant is investigated in this design study.

Reference

[1] D.L.Smith et al., U.S. contributions to the ITER Blanket Homework Task
of Winter 1990 Session, ITER-TN-BL-5-0-1, Jan.-Mar. 1990
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Table 3.1 Thermophysical properties of ceramic breeder materials

(80% dense and 90% °Li enrichment)[1]

Property Li,0 L1510y, LipZr(s LiAl0,
Li-6 Density, g/cm? 0.587 0. 346 0.235 0.172
Tmelt, C 1432 1255 1616 1610
Tphases °C none 655 1100 none
(Av]vo)phase’ % none ' 0 +13 none
Thermal Conductivity 3.54 1.73 1.43 1.92

at 600°C, W/m-K

Thermal Diffusivity 0.857 0.419 0.341 0.679

at 600°C, mm?/s

Thermal Expansion 1.50 1.38 0.57 0.64

at 600°C, 7% '

Tpin (°C) for l-day 320 400 320 525
Tritium Residency Time (+ 25) ( 25)
In-Reactor Volume high intermediate low low
Change(a)

Incompatibility and Li high intermediate low low
Mass Transport a)

Activation and Afterheat(a) low intermediate high intermediate
Mechanical Response(a) intermediate poor good intermediate

{(a) - relative ranking.
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4. Mechanical Design of First Wall/Blanket/Shield

Three types of blankets have been considered as mentioned in Chapter 1.
However, mechanical designs for segmentation into modules and integration
with first wall/shield are basically common to all three blankets. The
former is described in Sectiom 4.1 and the latter in Section 4.2. Internal
structures and major design parameters of individual blanket are represent-
ed in Section 4.3, Brief conclusions derived from this study of mechanical
design are summarized in Section 4.4. Among three types of blankets studied,
the mixed pebble bed and the layered pebble bed concepts are proposed as
reference designs in Japanese contribution. The pebble and block concept is
considered as a compromised design of Japan and US blankets for ITER and

only preliminary investigated here.

4.1 Blanket Segmentation

Outboard blanket is equally divided into three modules per sector, thus
48 modules in the full torus. Side modules extend poloidally the full length
of the outhoard region while a central blanket is divided into an upper and
lower modules. Test modules and other service penetrations are located at

midplane in the central blanket position,

Inboard blanket is equally divided into two modules per sector, thus 36
modules in the full torus. One module consists of three submodules which
are joined in terms of simpler assembly and maintenance, but insulated
electrically with each other to reduce electromagnetic force during plasma
disruptions., All inboard modules extend poloidally from the top of the lower

divertor plate to the top of the reactor.

4,2 Integrated Design of First Wall/Blanket/Shield

4.2.1 oOutboard module

Figure 4.,2.1 shows the shape of outboard blanket modules. They are box
structures in which the first wall, blanket and shield are all integrated.
Figure 4.2.2 shows the cross-section of a side module at midplane. The firét
wall is made of stainless steel (S%) with rectangular coolant channels of
5 mm ¥ 10 mm, The thickness of the first wall is 15 mm; front SS layer is
3 mm thick, and rear SS layer 7 mm thick. The coolant channel is oriented
toroidally. Each alternate coolant channel 1s connected to an independent

cooling loop, thus a double cooling circuit is prepared for the first wall
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in order to increase reliability under a LOCA in one cooling circuit. The
flow of water coolant through a channel is designed to be in an opposite
direction to those of adjacent channels. (During the ITER joint work from
July to November, 1990, it was agreed that the influence of a single cool-
ing circuit on reliability would not be so much different from that of a
double cooling circuit taking into account of complexities of configurations
and systems for the double cooling circuit. Therefore, a single cooling
circuit will be pursued for the first wall in the next design work,)
Manifolds of the indepeﬁdent first wall coolants are located behind a mani-
fold of breeding zone coolant, which is located behind the breeding zone.
The manifolds are oriented poloidally and vary in radial width from 30 mm

(minimum) at midplane.

A shield zone is defined as a region behind the first wall manifolds.
It consists of SS plates to obtain enough shieldinng performance and to
separate cooling passages of inlet and outlet manifolds, In all manifolds
for the first wall, blanket and shield, SS stiffening plates are placed to
withstand the water coolant pressure of 1.5 MPa. Holes ére drilled into

each stiffening plate.

The concept of the upper and lower central modules are similar to that

of the side module described above.

Elevation views of outboard side and central modules are shown in Figs
4.2.3 and 4.2.4, respectively. Cooling connections are prepared at the top
for side and upper central modules. Coolants of the breeding and shield
zones flow downwards from the top through their inlet manifolds, turnm at
the bottom of modules, and flow upwards through the breeding and shield

zones. Coolants of the first wall also flow downwards from the top through
inlet manifolds, toroidally through the first wall coolant channels, then
upwards through outlet manifolds. Cooling connections for the lower central
modules are prepared at the bottom as shown in Fig. 4.2.4, Coolants for the
breeding and shield zones flow upwards through each zone, turn at the top of
modules, and flow downwards through their outlet manifolds. The concepts of

the manifolds and coolant flows are illustrated in Figs 4.2.5 and 4.2.6.

Layouts of coolant pipes at the top and on the bottom are shown in Figs

4,2,7 and 4.2.8, respectively., Sizes of the coolant pipes from each module
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are summarized in Table 4.2.1.

Passive coil in the form of 5 mm thick copper plate is attached to upper
and lower portions of side modules, and also to upper and lower central
modules. The copper plates are on the inside at the first wall and on the

outside on the other three sides as shown in Fig. 4.2.9.

4.2.2 Inboard module

An elevation view and the cross-section at midplane of the inboard
module are shown in Figs 4.2.10 and 4.2.11, respectively, An inboard sub-
module is a similar box structure -to those of outboard modules, in which the
first wall, blanket and shield are integrated. One inboard module consists
of three submodules assembled by welding or bolting in the back region, i.e.

shield zone.

The first wall consists of S8 plate with rectangular coolant channels
of 5 mm ¥ 10 mm. The thickness of the first wall is 15 mm with 3 mm thick
front S$S layer and 7 mm thick rear SS layer. A double coecling circuit is
also prepared for the first wall, (As mentioned above, a single cooling
circuit will be employed in the next design.) Flow direction of the first
wall coolant is, however, poloidal due to the limited inboard space to pro-

vide coolant manifolds for toroidal cooling.

Manifolds of the blanket and first wall coolants are also oriented
poloidally and located behind the breeding zone, Detail concepts of mani-
folds are shown in Figs 4.2.12 through 4.2.14, All coolants for.the first
wall, blanket and shield flow downwards from the top through their inlet

manifolds, turn at the bottom, and flow upwards through each zone.

Three submodules are fully integrated at the upper recess region;
virtually their manifolds are integrated into one cooling passage for each
zone, Figure 4.2.15 shows the concept of submodule integration. Piping
layout at the top for inboard modules is indicated in Fig. 4.2.16 based on

the numbers and sizes of pipes summarized in Table 4.2.1.
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Fig. 4.2.1 Outboard blanket modules
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Breeding Zone First Wall 1 First Wall 2 Shield Zone

Fig. 4.2.5 Manifolding and coolant flow concepts for outboard
side module (mixed pebble bed blanket)
AL
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reedin

Fig. 4.2.6 Manifolding and coolant flow concepts for outboard
central modules
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Fig. 4.2.7 Coolant pipes layout of outboard modules at the
top (view A-A in Figs. 4.2.3 and 4.2.4)
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Fig. 4.2.9 Attachment of passive coil
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Fig. 4.2.10 Elevation view of inboard blanket (mixed pebble
bed blanket)
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Fig. 4.2.11 Cross—-sectional view of inboard blanket at midplane
{mixed pebble bed blanket)
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BREEDING REGION

Fig. 4.2.12 Coolant manifolds at the top of inboard blanket
(detail D in Fig. 4.2.10)
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Fig. 4.2.13 Coolant manifolds at the top of inboard blanket
(detail F in Fig. 4.2.12)
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Fig. 4.2.14 Coolant manifolds on the bottom of inboard blanket
(detail E in Fig. 4.2.10)
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Fig. 4.2.15 Integration of inboard blanket submodules (section

Fig. 4.2.16 Piping layout for inboard modules at the top (view
C-C in Fig. 4.2.10)
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4.3 Blanket Concepts

4,3.1 Mixed pebble bed blanket

A concept of the mixed pebble bed blanket for an outboard module is
shown in Fig. 4.3.1. The breeder—out of-tube (BOT) concept is adopted for
this design. Homogeneously mixed pebbles of Li, O breeder and Be multiplier
are filled in the box structure., Both pebbles of Li,0 and Be are in the
form of small spheres of which the diameter is £ 1 mm. The mixing ratio of
Li»0/Be is optimized to bé 25/75 % for this design. The homogeneous mixture
of the breeder and the multiplier leads to an unnecessity of ®Li enrichment
to héve good tritium breeding performance, or capability to obtain high
tritium breeding ratio (TBR) when 511 is enriched. Design packing fraction

of pebbles is conservatively chosen to be ~60 %.

The breeder temperature is maintained within a nominal range which 1s
less than the allowable one (400-100°C) in order to have an accommodative
capability to power variations. To remove heat generated in the blanket and
keep the maximum nominal temperature of the breeder, circular cooling tubes
oriented poloidally are arranged according to the nuclear heating rates
attenuating in the blanket. To keep the minimum nominal temperature of the
breeder for effective tritium recovery from the blanket, helium (He)} thermal
gap is prepared around the cooling tubes and also inside the blanket walls.
The gap widths are 1-3 mm around cooling tubes, 2 mm behind the first wall
and 8 mm in front of the back wall at midplane. The thickness of outboard

blanket is 60 cm including 15 mm thick first wall and 50 mm thick back wall.

To accommodate the dimensional change and the distribution of wall
loading in poloidal direction, an outboard side module blanket is poloidally
divided into three sectioné as shown in Fig. 4.3.2. The lengths of upper
and lower sections are the same as those of upper and lower outboard central
modules shown in Fig. 4.3.3, respectively, A concept of the coolant mani-
fold between the poloidal sections in outboard side module is illustrated in

Fig. 4.3.4. A coolant tube arrangement in the blanket at top region is shown

in Fig. 4.3.5.

For inboard blanket, the same concept as that of -the outboard blanket
ig applied. However the thickness of the blanket is reduced to 15 cm includ-

ing 15 mm thick first wall and 30 mm thick back wall as shown in Fig. 4.3.6.
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An elevation view of an inboard module is shown in Fig. 4.3.7. Poloidal

division, such as for the outboard side module, would not be needed for the

inboard blanket.

Major design parameters of the mixed pebble bed blanket are summarized
in Table 4.3.1. Details of performances and characteristics will be mention-

ed in Chapters below.

4,3.2 Layered pebble bed blanket

A concept of the layered pebble bed blanket is shown in Fig. 4.3.8.
The BOT concept is adopted for this blanket. The breeding region consists
of Be pebble bed interleaved with Li0 pebble bed layers and cooling panels

oriented poloidally.

Diameters of Liz0 and Be pebbles are both £ 1 mm. The enrichment of
611 of ~50 % will be required for effective tritium breeding performance.
Six breeder pebble layers clad by 1 mm thick stainless steel are installed
in the blanket. The gas gap between coolant and Li;0 breeder is not employ-
ed in this blanket since the Be pebble zone works also as a thermal resistant
layer between them. Thicknesses of Li»0 and Be layers are increased in
radial direction according to the attenuation of nuclear heating rates in the
blanket, and also vary in poloidal direction in order to accommodate the
distribution of neutron wall loading. Thus the blanket thickness varies in
poloidal direction with the minimum thickness of 56.2 em (including 15 mm
thick first wall and 50 mm thick back wall) at midplane. Figure 4,3.9 shows
the configuration at the top/bottom of which the thickness is increased to
86,3 cm including the first and back walls. Poloidal division of an outboard
side module, such as for the mixed pebble bed type blanket, will not be re-
quired for this blanket. The cooling panel consists of stainless steel with
rectangular coolant channels of 4 mm x 30 mm. The coolant panel has a uni-
form thickness of 10 mm from top to bottom; front and rear layers are both
3 mm thick. For the inboard blanket, the same concept can be applied as

shown in Fig. 4.3.10,

Major design parameters of the layered pebble bed blanket are summariz-
ed in Table 4.3.2. Details of performances and characteristics will be

mentioned in Chapters below.
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4.3.3 Pebble and block blanket

A concept of the pebble and block blanket is shown in Fig. 4.3.11.
The BOT concept is also applied to this blanket. Two layers of Li,0 pebble,
which are clad by 1 mm thick stainless steel, are embedded in a Be block
zone., The breeder layers have a uniform thickness in poloidal and also in
radial directions. On the other hand, the thickness of the Be layers
varies both in poloidal and radial directions in order to accommodate the
attenuation of muclear heating rates in the blanket and the poloidal dis-

tribution of neutron wall loading,

Temperature differences between coolant and the breeder, which is
required for in-situ tritium recovery from the blanket, are maintained by
choosing appropriate thicknesses of Be blocks. In addition to that, density
of Be blocks is reduced in radial direction to have less thermal conductivi-
ty in the region of reduced nuclear heating, i.e. back region, and to pre-
vent the blanket from being too thick. The densities of Be blocks are 85 %
of density factor (DF)Vin the front two rows and 65 % DF in the last two
rows in this design. Manifolds of He purge gas are prepared at both toroi-
dal ends of the breeder layer. The cooling panel consists of stainless
steel with rectangular coolant channel of 3 mm X 30 mm, The total thickness
of the cooling panel is 9 mm; front SS layer is 3 mm thick and rear SS layer

also 3 mm thick.

Major design parameters of the pebble and block blanket are summarized
in Table 4.3.3. Performances, especially neutronics and thermal perfor-

mances, of this blanket will be discussed in Chapter 6 and Section 7.3,

respectively.

4.4 Conclusions

Mechanical configuration including module segmentation, integration
with first wall/shield, and internal structures of three blanket concepts
have been studied. All three blankets can be incorporated into ITER basic
machine with the following individual features. The mixed pebble bed blan-
kef, especially outboard side module, needs to be subsegmented into three
poloidal sections in the blanket box to accommodate the poleidal distribu-
tion of wall loading. 1In the layered pebble bed blanket, thicknesses of

Li,0 and Be pebble packed layers should be varied in poloidal direction for
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accommodating the wall load distribution. The pebble and block blanket
should also have varying thicknesses of Lis0 packed layer and Be block.

For all blankets, a critical issue is to investigate and incorporate stiff-
ening structures to withstand electromagnetic forces during plasma disrup-
tion and support structures of cooling channels (and Liz0 pebble packed
layers). For the pebble and block blanket, it should be required to se-=
cure heat transfer (enough thermal contact) between the clad of Li20 pebble

packed layer and Be block, that reveals to be very difficult as discussed

in Section 7.3.
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Table 4.3.1 Major Design Parameters of Mixed Pebble Bed Blanket

Breeder : Lis0
Form : pebble (£1 mm diameter)
Density : 85-95 % DF
®Li enrichment : natural

Neutron multiplier : Be
Form : Pebble (£1 mm diameter)
Density : 100 % DF

Pebble mixing ratio : Lip0/Be = 25/75

Pebble packing fraction : 60 %

Cooling channel : Poloidal circular tube
Quter/inner tube radius : 15/13 mm

60 c¢m outboard, 15 cm inboard
including first wall and back wall

Blanket thickness

.

Temperature control of breeder : He gap and cooling tube arrangement
Gap width : 1-3 mm around cooling tube
Breeder nominal temperature : 450-600 °C

Accommodation to power variation: 20 Z increase

Tritium breeding ratio*

Outboard local : 1.45 at midplane
1.49 at upper and lower sections
Inboard local : 0.55 at midplane
Outboard net : 0.73
Inboard net : 0.08
Total net : 0.81
Coolant : water
Inlet pressure : 1.5 MPa
Inlet/outlet temperature : 60/100 °C
Velocity + £ 3 m/s (outboard), <1.5 m/s (inboard)
Pressure loss : € 37 kPa (outboard), <20 kPa (inboard)
Tritium recovery : He purge gas
Purge gas flow rate : 240 Fm3/h
Pressure : 0.1 MPa
Pressure loss : 0.8 kPa
Hydrogen addition : 0,01 % (B/T = 100)
Tritium inventory in Breeder : 470 g

% without carbon armor
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Table 4.3.2 Major Design Parameters of Layered Pebble Bed Blanket

Breeder
Form :
Density
6Li enrichment :

Clad thickness

Neutron multiplier - :
Form :
Density :

e

Pebble packing fraction

.

Cooling channel

Panel thickness

.

Channel size
SS thickness :

Blanket thickness ’ .

Temperature control of breeder :
Breeder nominal temperature :
Accommodation to power variation:
Tritium breeding ratio™

Outboard local

Tnboard local H
Outboard net H
Inboard net

Total net

Coolant
Inlet pressure :

Inlet/outlet temperature

% without carbon armor

H L120

pebble (21 mm diameter)
85-95 % DF
50 7%

: 1 mm

Be
pebble (51 mm diameter)
100 % DF

- 60 %

poloidal cooling panel
with rectangular channel

: 10 mm

4 mm x 30 mm
3 mm front layer, 3 mm in rear layer

56.2 cm outboard midplane

86.3 cm outboard top/bottom

15 cm inboard midplane

including first wall and back wall

thickness of Be pebble bed layer
450-600°C

25 # increase

1.35 at midplane
1.46 at upper and lower sections

0.54 at midplane
0.72

: 0.08

0.80

water

1.5 MPa

: 60/100 °C
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Table 4.3.2 (Cont'd)

Tritium reéovery : He purge gas
Purge gas flow rate : 250 Nm?/h
Pressure : 0.1 MPa
Pressure loss : 10 kPa

Hydrogen addition 0.01 % (H/T = 100)

Tritium inventory in Breeder : 93 ¢
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Table 4.3.3 Major Design Parameters of Pebble and Block Blanket

Breeder + Lis0
Form : pebble (21 mm diameter)
Density : 85-95 % DF
®Li enrichment : 95 %
Clad thickness : 1 mm
Pebble packing fraction : 60 %
Neutron multiplier : Be
Form : block
Density -+ 85 7% DF in front region
65 % DF in rear region
Cooling channel : toroidal cocling panel

with rectangular channel

Panel thickness 9 mm

Channel size 3 mm X 30 mm

3 mm front layer, 3 mm rear layer

S8 thickness

Blanket thickness : 51.5 cm outboard midplane
including first wall and back wall

thickness of Be block

Temperature control of breeder

Tritium breeding ratioc

OQutboard local : 1.31 at midplane
(with 2 em thick carbon in front of blanket)
Coolant 1 water
Inlet pressure : 1.5 MPa
Inlet/outlet temperature : 60/100 °C

He purge gas

Tritium recovery

0.1 MPa
0.01 % (H/T = 100)

Pressure

Hydrogen addition
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COOLANT MANMIFDLDS
BLANKET OUTLET
BLANKET INLET
FIRST WALL IMLET/OUTLET t
FIRST ¥WALL IMLET/OUTLET 2
' SHIELD OUTLET

SHIELD INLET

Fig. 4.3.2 Poloidal division for outboard side module of the
mixed pebble bed blanket
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Fig. 4.3.3 Poloidal segmentation of outboard central modules
(mixed pebble bed blanket)
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Fig. 4.3.4 Manifold concept for poloidally divided outboard
side module of the mixed pebble bed blanket
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HEGION FOR
OIVERTOR LOCKING SYSTEM
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Fig. 4.3.7 Elevation view of inboard mixed pebble bed blanket
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4.3.10 Layer arrangement in the layered pebble bed blanket
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Fig. 4.3.11 Concept of the pebble and block blanket (cross-
sectional view of outboard side module at midplane)
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5. Fabrication and Assembly of First Wall/Blanket/Shield

Fabrication and assembly procedures of the mixed pebble bed blanket
and lavered pebble bed blanket have been preliminary investigated, which
are described in Sections 5.1 and 5.2, respectively. A pebble production
method of ceramic breeder which is one of key technologies for the fabrica-

tion of pebble type blanket is shown in Sectiom 5.3.

5.1 Mixed Pebble Bed Blanket

Fabrication proceduré of the mixed pebble bed blanket is shown in Fig.
5.1.1. The blanket is divided into four main parts; 1)first wall and side
wall (including copper shell and wall liner), 2)cooling tube bundle (includ-
ing tubesheets and plenum box), 3)back wall and top/bottom wall (including
wall liner), 4)breeder and multiplier pebbles. They are assembled after

those parts are fabricated or produced and tested separately.

Two bent plates and rectangular tubes are bonded by three-dimensional
joint technique by HIP to form the first wall/side walls of the top, middle,
and bottom units (see Fig., 5.1.2). The copper shell plate is fixed to the
inner surface of the first wall and outer surface of the side wall by braz-
ing, explosion bonding or diffusion bonding. Then protruding spacer pins
are attached to the inner surface of the first wall/side wall (or copper
shell), Wall liner plates for breeder temperature contreol are attached on
the protruding spacer pins except internal plenum region by spot welding or

mechanical attachment (see Fig. 5.1.3).

The back wall and the top/bottom walls are fabricated in the same manner
as the first wall. Openings for breeder/multiplier pebble packing are

provided in the back wall,

Tube bundle is composed of double walled cooling tubes and tubesheets.
The tubesheet is the part of inlet/outlet headers or internal plenums (see

Fig. 5.1.4). It also functions as spacer for cooling tubes.
The first wall/side wall and the tube bundle are assembled by welding

the first wall/side wall and the internal plenum box (see Fig. 5.1.4 and

5.1.5)., Finally, the back wall and the top/bottom walls are welded,
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Before breeder/multiplier pebbles are packed in the blanket vessel.
pressure and leak tests of the vessel and cooling tubes will be conducted

with the openings for pebble packing being closed temporarily.

The breeder/multiplier pebbles are packed from the openings in the

back wall on a shaking table in inert gas atmosphere (see Fig. 5.1.6).



JAERI-M 91-133

po3oTdwoy ————

JOUTT TTea
30 jusuyoe)ly

SuTpTaM 4q

JUTT Joj Jadeds —— [Tays Jeddoo Butzelq

Jo uawyde}ly

19yueTq poq =279qead pexIw a2yjl 1oy 2anpacoad uorjedTaqed [°T°¢ 8714

dutyoed s1qqed
101
s3utuado 3s07)

1597 Yyee]/8anssal]

SuTpTom g4 £q aTpunq

Aq JBUTT []eA——— JBUT] JOJ JoOudS

aqny) pue s3Tun JTem— | Jo juauyoe}3y J0 juswyoelly

SPIS/3SIT] AUT[quasSY

Je8ysaqny

01 xoq wnuad JOo —
TTeA BpTS JO BUIpTap

g2T7qqed 3uTyoe] aTqqaed Jar1driTnu/Japsadyg
3uTpTsa ods 3utprea £Lq
H——— Ag J2UTT TTeM JauiT Joj Jsoeds Tien woyrjog/dol
J0 juswyIelly J0 jusuyoelly
Sutplos jods sutprem Aq

TTes Yoeyg

BuTpTom saqnj 3UTJ000
DIl 4£q Buip[es ——— peTTes aqnop jo aTpung aqnj
3199Yseqny-o3-aqn} SuTpusq FeosTuBRyOdY
dIH £q saqny Jensuelosd
TTes epIs/1sary —— pue saje]d J7eM Jo—— TTeM SPIS/TIe4 1SI1]

Jo 8ututofl (-¢ Sutpuag TesTuRyISl



JAERI-M 91-133

1013u00 2anjeiadwol I9pedlq XoF STIEM
J9MuUBTq uUo PPUYdEIIR I2UTT Jo jdaouon ¢ 1'¢ *814

3 [—JojRTnSUT

v

(19d) TeTIo3eR WwRTpRT

dutpTay

b

ATTRUDT30UN JO Bpen Jaoedg

Jaoedg

yijed jueToo)

/

7

11
N

Taued JoUT]

{8uTzRIg) Ties 3saig

JBUTT a03 Jaoedg T1exs 9pIS/TiEM IRJITJ

sjTun [TEM SPIS/TTEM
15113 Jo ovanpoooad Jurrquessy Z°T1°6¢ 314

0000000
UY0RU0U

[#1quassy 11om 35213,

SUlpUGE .wcﬂcmnuus;




JAERI-M 61-133

wnuayd
jue1o00 TRUILIUT Jo Jdaduol ¢ 1°¢ '914

91pung agni pue
T9ss3A 19UBRTq JO BULTqWassy 4°1°¢ *8T4

duipTas jeag

\

(O "H) 1N¥100D

j98ysaGn ] 19)u] mad

WNR3T4 INYIDO0D

BurpTer a3oq Jauu]

nup wonog

ma3

3TUN DGOy

W

J8nL 1NVIQOD

wn SPPn

winusid feuajy)

X0q WNLBD|d—t
!
'

TR APPIK
]

'
|

a|pung aqn |

— 64 —



- JAERI-M 91-133

Blanket vessel

1 Openings
N ©

Fig. 5.1.6 Opening in back wall of blanket vessel for pebble
insertion
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5.2 Layered Pebble Bed Blanket

Fabrication procedure of the layered pebble bed blanket is shown in
Fig. 5.2.1. The first wall/side wall part is assembled in the same manner

as the pebble bed blanket except that the liner wall is not necessary in

this blanket.

Breeder cans in which breeder pebbles are packed in advance are fixed
to the side wall with mechanical attachment (see Fig. 5.2.2). Cooling
panels are also placed in the proper place and are fixed to the side wall

with mechanical attachment. The breeder can and the cooling panel are alter-

nately attached.

The inlet header wall is welded to the cooling panels at the bottom of
the blanket and then the back wall and the bottom wall are welded to the

first wall/side wall.

Beryllium pebbles are inserted from the top of the blanket on a shaking

table.

Finally, the outlet header wall and the top wall are welded to the

blanket vessel at the top of the blanket.
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Fig. 5.2.2 Supporting concept of breeder can and cooling

panel
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5.3 Pebble Production

A rotating-granulation/sintering method has been developed[l,2] to
produce a large amount of small pebbles ( ~1 mm-diameter). Fabrication
process by this method is indicated in Fig. 5.3.1, and the concept of the

fabrication test apparatus is schematically shown in Fig. 5.3.2.

The major process is as follows:

(:) Remove impurities in raw material powder (Li,0) by thermal treatment
under vacuum

() Prepare fine powder from the raw material

(3) Disperse the powder with binder (e.g. ethyl alcohol) in the rotat-
ing/granulation apparatus to produce nuclei of which diameter are
about 0.3 mm

C) Extract the nuclei from the apparatus and classify them according to
their sizes

C) Load the nuclei into the apparatus and disperse the powder and the
binder to form 'green pebbles’

C) Sinter green pebbles under vacuum at high temperature

Appearance of pebbles produced is shown in Fig. 5.3.3. Major proper-
ties of the pebble is summarized in Table 5.3.1. Density and integrity of

the pebbles are satisfactory.

Table 5.3.1 Major properties of Lip0 pebbles produced by rotating-

granulation/sintering method

Size 1 mmd

Average Density 91 % T.D.*

Specific Surface Area 0.137 m*/g (BET method)
Average Grain Size 44 um

Compressive Stress 250 kg/cm? at R.T.

* Theoretical density : 2.01 g/cm3_



Fig. 5.3.1 Pebble
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5.4 Conclusions

Basic procedure for fabrications of the mixed pebble bed blanket and
the layered pebble bed blanket are described. TFurther investigations will
be required for incorporating stiffening structures for electromagnetic
disruption forces, effective packing methods of breeder/multiplier pebbles,
supporting integrity and achievable accuracy of placing cooling tubes/
panels, fabrication of large components, and so forth. Especially for the
mixed pebble bed blanket (or blanket with gas gaps for the breeder tempera-
ture control), examinations of fabricability and reliability under thermal

cycling for double-walled cooling tubes and wall liners with precise gap

width should be pursued.

From the test of pebble manufacturing, it can be resulted that the
rotating/granulating technique will be a promising method for mass produc-

tion of small pebbles of ceramic breeders,
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6. Neutronics

In neutronic analysis, tritium breeding ratios (TBR) and nuclear
heating rates are estimated and discussed for three types of blanket, which
are mixed pebble bed, layered pebble bed, and pebble and block blankets.
One-dimensional calculation models (poloidal model) for local TBR's of
these blankets are represented in Section 6.1.1. 1In Section 6.1.2, the
scheme of net {(three-dimensional) TBR estimation from these local TBR's are
discussed based ‘on the experience of net TBR estimation from two-dimensional
TBR's, which was previously established with the following calculations and

evaluations of several effects,

1) TBR by two—dimensionalARZ poloidal model (torus model),

2) effect of port on TBR by two-dimensional XY model,

3) effect of blanket side wall on TBR by two-dimensional XY model,

4) effects of blanket side wall and stiffening rib on TBR by two-dimen-—

sional XY model.

Results of local TBR's, tritium production rate distributions, nuclear
heating rate distributions and net TBR's are represented and discussed in

Section 6.2,

6.1 Calculaticnal Model and Method

6.1.1 One-dimensional cylindrical model

Atomic number densities used in the following calculations are shown in
Table 6.1.1, One-dimensional transport code ANISN is used. Adopted nuclear
group constant set is FUSION-J3[1l] based on JENDL-3[2]. Applied Legendre
polynomial order in scattering cross section and the order of angle dividing

number in space are P5 and the isotropic division of S8, respectively.

For the mixzed pebble bed blanket, local TBR's at the outboard mid-plane,
the outboard top and the inboard mid-plane are calculated by one-dimensional
cylindrical models as illustrated in Figs 6.1.1, 6.1.2 and 6.1.3, respective-
. ly. The number of radial meshes in the first two outboard models are 68 and
that in the inboard model 48. Lithium oxide and beryllium pebbles are mixed
in the ratio of 1 to 3 in each breeder zone. The packing ratio of pebbles

is 60 %Z. Natural lithium is adopted for lithium oxide.
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For the layered pebble bed blanket, local TBR's at the outboard mid-
plane and the outboard top are calculated by one-dimensional cylindrical
models as shown in Figs 6.1.4 and 6.1.5, respectively. The number of radial
meshes in the former is 94 and that in the latter 112, Lithium oxide pebble
layers are sandwiched between beryllium pebble layers. The packing ratio of
each pebble is 60 %. Fifty percent enriched lithium-6 is adopted for

lithium oxide.

Local TBR at the outboard midplane is calculated for the pebble and
block blanket by one-dimensional cylindrical model as shown in Table 6.1.2.

carbon armor is not included in the model. Lithium-6 in lithium oxide is

enriched to 95 7%.

6.1.2 Scheme of net (three dimensional) TBR estimation

When a tritium breeding ratio based on a two-dimensional poleidal model
(RZ torus model), TBRp, is known, a net TBR can be obtained by a scheme shown
in Fig. 6.1.6. In this scheme, three~dimensional effects of breeding region
coverage on the net TBR are considered, i.e., a port effect, F1, a side wall
effect, F2: and a side wall and rib effect, Fp". They were previously eval-
uated for ITER joint work in 1989 as F1=0.914, F2'=0,870 and F"=0.835[3].
The factor F means an outboard fraction of TBR in the two-dimensional poloi-

dal model. With these factors, the net TBR is obtained by the following

equation.
TBR = TBRg x [(1-F) X 0.870 + F X 0.914 % 0,835]
When only local TBR's based on one-dimensional cylindrical models
(poloidal model) are available, TBRgy corresponding to TBR calculated with

two-dimensional model is estimated by a scheme shown in Fig. 6.1.7, which

includes the effect of poloidal distribution of neutron wall loading.
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Table 6.1.1 Atomic number densities used in the calculation

Material Element Number Density
Plasma 241 ~ 246 ’H 7 ~ 12 1.0 x 10710
Carbon 247 ~ 252 C 55 ~ 60 8.023 x 10-°

Fe 151 ~ 156 5.727 x 10=?
Cr 139 ~ 144 1.575 x 10-2
SS 253 ~ 258 Ni 163 ~ 168 9.848 x 107°
Mo 187 ~ 192 1.255 % 107°
Mn 145 ~ 150 1.819 x 10-°

H2 0 259 ~ 264 H 1~6 6.700 % 10-7
0 67 ~ 72 3.350 x 10-?2

_ i 25~ 30 | 5.118 x 1077

Li20 265 ~ 270 "1i 31 ~ 36 6.385 x 10-2
(natural Li) 0 67 ~ 72 3.4484 x 107

b1 25 ~ 30 3.4484 x 10~2

Lis0 265 ~ 270 Li 31 ~ 36 3.4484 % 102
" (°Li 50% enriched) 0 67 ~ 72 3.4484 % 10-2
S 25 ~ 30 6.552 x 10-°

Li20 265 ~ 270 TLi 31 ~ 36 3.4484 x 103
("Li 95% enriched) | 67 ~ 72 | 3.4484 X 1072

Be 271 ~ 276 Be 37 ~ 42 1.236 x 107°
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Table 6.1.2 One-dimensional calculation model for the pebble and

block blanket (cutboard midplane)

Zone Material Th%zi?ess
First wall layer
First wall 316585 0.3
Coolant ‘ Water 0.5
Back wall 31653 0.7
Blanket
Multiplier (1) Be (0.85 DF) 3.4
Clad 31655 0.1
Breeder (I) Li,0 *(0.6 PF) 0.8
Clad _ 31688 0.1
Multiplier (2) : Be (0.85 DF) 7.4
Coolant channel 316SS 0.3
Coolant Water 0.3
Coolant channel 31688 0.3
Multiplier (3) Be (0.65 DF) 7.3
Clad 31688 0.1
Breeder (II) Li>0 *{0.6 PF) 0.8
Clad 31688 0.1
Multiplier (4) Be (0.65 DF) 8.3
Coolant channel 316858 0.3
Coolant Water 0.3
End wall 31655 5.0

% 85 7 theoretical density, 95 % ®Li enrichment

DF = Density Factor, PF = Packing Fraction
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{ NET TBR ESTIMATION SCHEME |

TBR in two-dimensional poloidal model
Inboard TBR frasction
' Qutboard TBR fraction
T Ty ™

TBR=TBRg- [ (1~F) -Fy +F«F,- F,7)

Net TBR __..-71ll--7ll.czz32%7"
-4-F ,: Port effect .
¢ F,=TBR{vith port) /TBR(vithout port)
! =0,7298,70.7987=10,914
' (from 2-D calculaticn)
-----:'-Fz' : Side wall effect in inboard blanket vessel
v Fp =TBR(with side wall)
: S TBR{without side wall)
! =1.282,71.473=0.870
-F 2" : Side wall and rib effect in inboard blanket
F2"=TBR(vith side wall and ribs)
/TBR(vithout side wall and ribs)
=1.230,1.473=10, 835
------------ F : Outboard fraction of TBR in two-dimensional
poloidal medel

Iy

TBR=TBRg: [ (1—F) +0.876+F -0.914-0.835)

+
1
i
1
P
|
]
r
1
'

Fig. 6.1.6 Net tritium breeding ratio (3-D TBR) estimation
scheme

[ TBR ESTIMATION SCHEME }

n .
TBRo=2 [2x-R(4)- {1 (1) TBR(Z)- f .(2)-A Z  cosb ]

e A : Angle between the first wall
B and Z-axis

« ---=A'Z :Mesh width at point Z

E in Z-direction

tomm - m - f :(Z) : Shell coil effect on TBR

at point Z

=} .0 without shell coil

=0.9 with shell coil
----------- TBR{Z) : Local TBR at point Z

by 1-D calculation
-------------- f {(Z} : The first wall neutron loading
at point Z

----------------- ii(z) : Radius from torus axis at point Z

Fig. 6.1.7 TBRO(TBR in 2-D poloidal model) estimation

scheme
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6.2 Results of Calculations and Net TBR Estimates

The local TBR's at the outboard mid-plane, the outboard top and the
inboard mid-plane are computed for the mixed pebble bed, the layered pebble
bed, and the pebble and block blankets with and without carbon armor. In
this section, these local TBR's and distributions of tritium production rate
and nuclear heating rate are represented. Then mnet TBR's of the mixed

pebble bed and the layered pebble bed blankets are estimated.

6.2.1 Mixed pebble bed blanket

Distributions of tritium production rate in the blanket at the outhoard
mid-plane, the cutboard top and the inboard mid-plane are shown in Figs 6.2.
1 to 6.2.3, respectively. These are the results for the blanket with
carbon  armor on the first wall surface. Those without carbon armor are
shown in Figs 6.2.4 to 6.2.6. In these figures, the abscissa and the ordi-
nate mean the distance from the plasma center and tritium production rate

3, respectively.

per one DT-neutron per cm
Figures 6.2.7 to 6.2.12 show distributions of nuclear heating rate in
the same parts of the blanket as those in the calculation of tritium produc-
tion rate. In the first three figures, the distributions in the blankets
with carbon armor are indicated, and those without carbon armor in the
last three. At the outboard mid-plane, peak nuclear heating rates in the
stainless steel first wall with and without 2 cm thick carbon  armor are

15 W/em® and 18 W/cm®, respectively.

Local TBR's obtained are as follows:

With carbon armor - Without carbon armor
Outboard mid-plane - 1.34 1.45
Qutboard top-plane 1.37 1.49
Inboard mid-plane 0.55 0.57

6.2.2 Layered pebble bed blanket

Distributions of tritium production rate at the outboard mid-plane and
the outboard top with carbon armor are shown in Figs 6.2.13 and 6.2.14,

respectively. Those without carbon armor are shown in Figs 6.2.15 and

6.2.16. In these fipures, the abscissa and the ordinate mean the distance
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from the plasma center and tritium production rate per one DT-neutron per

cm®, respectively.

Figures 6.2.17 through 6,2.20 show distributions of nuclear heating
rate in the same parts of the blanket as those in the above calculation.
In the first two figures, the distributions in the blankets with carbon
armor are indicated, and those without carbon armor in the last two.
At the outboard mid-plane, peak nuclear heating rates in the first Liy0

layer for both of the first wall with and without carbon  armor (2 cm

thick) are 25 W/ emS.

Local TBR's obtained are as follows:

With carbon armor Without carbon armor
Outboard mid-plane 1.25 1.35
Cutboard top-plane 1.35 1.46
Inboard mid-plane - 0.52 0.54

The TBR at the inboard mid-plane is estimated from the TBR's with the first
two Lis0 layers of the outboard mid-plane taking into account the same

breeder region thickness (10.5 cm).

6.2.3 Pebble and block blanket

Distribution of tritium production rate in the blanket is shown in Figs
6.2.21. Nuclear heating rates in beryllium, Li»0, 316S8S, and water in each
layer are summarized in Tables 6.2.1 to 6.2.3. The maximum nuclear heating
rates in the first wall (316SS) and Li,0 are 18 W/cm® and 48 W/em®, respec-
tively. Local TBR is calculated only at the outboard midplane without
carbon armor. Contributions of 611 (n,2) and Li (n,n'0) are 1.306 and

0.0008, respectively, resulting in the total TER of 1.307.

6.2.4 Net tritium breeding ratio

Transformation factors from local TBR's to TBRg for the outboard mixed
peBble bed blanket, the outboard layered pebble bed blanket and both type of
inboard blanket are summarized in Tables 6.2.4, 6.2.5 and 6.2.6, respec-
tiyvely. They are hased on the neutron first wall loading distribution re-

presented in Figs 6.2.22 and 6.2.23[4]. With these transformation factors,

TBRp's can be estimated following the scheme shown in Fig. 6.1.7. Then a
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net TBR can be obtained from TBRp's by applying the scheme shown in Fig.
6.1.6. Net TBR's obtained by these schemes are summarized in Table 6.2.7.
From these_resﬁlts, it can be seen that there is no significant difference
between TBR's of the mixed pebble bed and layered pebble bed blankets.
With both type of blankets, net TBR of about 0.8 is obtained without
carbon  armor. The effect of 2 cm thick carbon armor on the net TBR is

to decrease it by 0.05,

For the pebble and block blanket, only local TBR at the outboard mid-
plane without carbon armor is calculated as mentioned above. The local
TBR is 1.31 which is little smaller than those of other two blankets.
However, the nmet TBR of this blanket could be similar to those of other two
because the contribution from the inboard region is expected to be higher

for this blanket than others.
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Table 6.2.1 Nuclear heating rates in Be in the pebble and block blanket

Neutron Wall Lecad : 1.2 MW/m?
Distance from first wall Neutron Gamma-ray Total
(cm) (W/cm?) (W/em?) (W/em?)
First 2.067 4.67 1.13 5.8
layer 3.2 4.20 1,02 5.22
1.5 4,333 3.79 0.943 £,73
6.428 3.20 i 0.807 4,01
Second 7.486 3 2.94 0.762 3,70
layer 8.543 | 2,69 0.729 3.42
L5 9.6 i 2,47 0.716 3.19
' . 10.657 2.25 0.709 2.96
' 11.714 2.05 0.716 2.77 !
12.771 1.86 0.736 2.60
14.721 1.17 0.488 1.66 i
i 15.764 1.09 0.452 1.54 f
Third ; 16.807 1.03 0.422 1.45
layer | 17.850 0.956 0.397 | 1.35
14.2 ! 18.893" 0.892 0,376 j 1.27
1 19.936 0.833 0.359 1.19
; 20.978 0.775 0,344 1.12
23.019 0.67 0.304 0.974
| 24.056 0.624 0.293 0.917
Fourth ; 25.094 0.582 0.284 0.866
layer ; 26.131 0.541 0.278 0.819
| 22.5 ? 27.166 0.502 0.274 0.776 |
i 28.206 0.465 0.271 0.736
' 29.244 0.430 0.271 0.701
30.281 0.394 0.273 0.667

Table 6.2.2 Nuclear heating rates in Li,0 in the pebble and block blanket

Neutron Wall Load : 1.2 MW/m?

Distance from first wall Neutron Gamma-ray Total

(cm) (W/ew®) (W/cm?) (W/cm3)
First 5.1 48.2 0.624 48.8
layer 5.3 33.5 0.618 34,1
5 5.5 34,2 0.613 34.8
: 5.7 58.3 0.609 58.9
Second 21.7 39.0 0.303 39.3
layer 21.9 17.8 0.301 18.1
216 22.1 15.4 0.299 15.7
’ 22.3 21.9 0.297 22,2
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Table 6.2.3 Nuclear heating rates In S8 (first wall and clad) and H,O

coolant in the pebble and block blanket

Neutron Wall Load 1.2 MW/HF
Distance from first wall Neutron Gaﬁma—ray Total
(cm) (W/cm®) (W/em) (W/em®)
First wall 0.25 9.18 9.18 18.4
0 1.25 7.36 7.81 15.2
Lis 0 clad 4,95 3.81 7.09 10.9
4.9 5.85 3.56 6,83 10.4
’ Coolant 13.45 1.88 6.09 7.97
; clad 13.3 14.05 "1.74 5.40 7.14
| Coolant 13.675 4,23 0.612 4.84
; 13.6 13,825 4,18 0.611 4.79
Lis O clad 21.55 0.891 3.61 4.50
| 21.5 22 .45 0.801 3.40 4,20
! Coolant 30.95 0.454 2.82 3.27
clad 30.8
Coolant 31.175 1.21 0.297 1.51
31.1 31.325 1.20 0.297 1.50
Back wall 32.626 0.414 2.16 2.57
31.4 37.53 0.201 1.08 1.28
.

Table 6,2.4 Neutron first wall loading distributions and transformation

factor from outboard local TBR's to TBRg of 2-D RZ poloidal

model for the mixed pebble bed blanket

5 AL £ Rt Ap= ap/ Tt
AZ angle between|=AZ/ |wall mean |2nRTALE|348.495% | mid-plane and
(m) the lst wall {cos 0 |loading|radiusi (MW) top or bottom
and z-axis (m) W/m) | (m) transformation
(deg.) factor
0-1 0 1 1.18 | 8.3 | 61.54 | 0.1766 | | 0.3006
1-1.7 20 0.745 1.14 8.1 43,22 0.1240
1.86-3 30 1,316 | 1,01 7.65 | 64.89 | 0.1833 |
3-4 35 1.221 0.81 7.0 43.50 0.1248 || 0.3854
45 35 1.221 0.56 6.3 27.07 0.0777 J
"% Half of the total neutron power = 696,982/2 = 348.495 (MW)
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Table 6.2.5 Neutron first wall loading distributions and transformation
factor from outboard local TBR's to TBRg of 2-D RZ poloidal
model for the layered pebble bed blanket

5 AL £ R | 4p= Ap/ Fy

AZ angle between|=AZ/ wall mean 2rRTALE | 348.495% mid-plane and

(m) the 1st wall |cos @ | loading|radius: (MW) top or bottom

and z-axis (m) (MW/m?)| (m) transformation

{(deg.) factor

0-1 0 1 . 1.18 8.3 61.54 0.1766 |1 0.3495

1-2 20 1.064 1.14 8.1 60.27 0.1729 |

2-3 C 30 1.155 [ 1.01 7.65 | 56.07 0.1609 N

3-4 . 3 11,221 0.81 7.0 43,50 0.1248 || 0.3634

4-5 35 1.221 0.56 6.3 27.07 0.0777 J

% Half of”the total neutron power = 696.989/2 = 348.495 {MW)

Table 6.2.6 Neutron first wall loading distributions and transformation
factor from inboard local TBR's to TBRgp of 2~D RZ poleidal model
for the mixed pebble bed and layered pebble bed blankets

5 AL f R | 2p= Ap/ Fy
AZ angle between|=AZ/ wall mean | 2nRTALE | 348,495% |mid-plane and
(m) the 1st wall (cos 8 |loading|radius| (MW) top or bottom
and z-axis (m) (MW/m2)| (m) transformation
(deg.) factor
0-1 0 1 0.90 3.17 | 20.98 | 0.0602 i)
1-2 0 1 0.78 3,17 | 18.18 i 00,0522 | 0.1608
2-3 0 1 0.58 3,17 | 13.52 0.0388 1y 77
3-3,36 0 0.36 0.40 3.17 3.36 0.00%6 | ;

* Half\bf the total neutronrpower = £96,989/2 = 348.495 (W)



JAERI-M 21-133

Table 6.2,7 Tritium breeding ratio of three types of blanket

"7~ . _blanket type }Mixed pebble Layered pebble | Pebble and
TBR T bed bed block
WITH CARBON ARMOR
local TBR
outboard mid-plane 1.34 1.25 — —
outboard upper 1.37 1.35 - =
inboard 0.55 0.52 —
Net TBR outboard® 0.67 - ‘ 0.67 — =
inboard _0.08 9.07 _ : o
total 0.75 0.74 -
WITHOUT CARBON ARMOR
local TBR
outboard mid-plane 1.45 ; 1.35 1.31
outboard upper 1.49 ; 1.46 —
inboard 0.57 | 0.54 -
Net TBR outhoard#® 0.73 0.72 —
inboard . 0.08 0.08 T
total - i 0.81 0.80 i

* outboard upper blanket with passive shell conductor (5mm thick copper)

_87_
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P = 870 MW
10 Py = 696.989 MW
? R = 60 m
] a = 215 m
97 n(r,z=0) K[95 =  1.982
8] 51951 = 0383
. E — 3
N Shift = 0.255
7 24 Area/2 = 469873 m?
. Iy = 0.742 MW/m
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Fig. 6.2.22 Neutron well loading distribution for the Technology
Phase

In case of 3 divided blanket

1.4+ with plenum for coolant
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Fig. 6.2.23 Neutron wall loading distribution as a function of
the poloidal angle for the Technology Phase
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6.3 Conclusions

Neutronic analyses for three types of blanket have been performed.
Tn these analyses, met TBR's are estimated based on local TER's by one-
dimensional calculations. Tritium production rates and nuclear heating
rates are also computed. From the results of these analyses, the following

conclusions are obtained.

1) Net TBR's of the mixed pebble bed and the layered pebble bed blankets
have no significant difference. They are (.80 without carbon armor
and 0,75 with 2 cm thick carbon armor.

2) Carbon  armor with 2 cm thickness in front of the breeding region
decreases the net TBR by 0.05.

3) The local TBR of the pebble and block blanket without carbon armor is
1.31 which is little smaller than those of other blankets. However, the
net TBR of this blanket is expected to be similar to those of others.

4) At the outboard midplane of the mixed pebble bed blanket, peak nuclear
heating rates in the.first wall stainless steel structure without and
with 2 cm thick carbon armor are 18 W/cm® and 15 W/em®, respectively.

5) At outboard midplane of the layered pebble bed blanket, peak nuclear
heating rates in the first Li,0 layer with 2 cm thick carbon armor are

25 W/em®, which is almost the same as that without the carbon armor.
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7. Thermal Analysis

Temperature distributions in two types of blanket, the mixed pebble
bed and the layered pebble bed blankets, are preliminarily calculated.
Breeder temperature control with a contact conductance between a clad of
Li,0 pebble packed layer and a beryllium block in the pebble and block
blanket is also investigated. Section 7.1 describes analytical medels,
calculational cases and results for the mixed pebble bed blanket. In terms
of Li>0 temperature, permissible power variations are also discussed.
Analytical models, calculational cases, results and discussions of permissi-
ble power variations for the layered pebble bed blanket are indicated in
Section 7.2. Section 7.3 shows. the discussions on breeder temperature
control and thermal stress in a beryllium block in the pebble and block

blanket.

7.1 Mixed Pebble Bed Rlanket

7.1.1 Design process

Since temperature control of the breeder in the mixed pebble bed blan-
ket is realized by the cooling tube arrangement and gap width around the
cooling tube, those two are the most important parameters for thermal design
of this type of blanket. The process of thermal design - is shown in Fig.
7.1.1. Solution is not unique and is achieved by various combinations of
design parameters such as pitch of tubes, gap width, nominal temperature of
breeder and so forth. In the present design, the following assumptions are

taken into account.

(1) A blanket module (outbeard side module) is poloidally divided into three

units in the blanket box. Neutron wall loads applied to them are as

follows:
Upper unit 0.6-0.9 MW/m?
Middle umit 0.9-1.2 (at midplane) - 0.9 MW/m?
Lower unit 0.6-0.9 MW/m?

(2) Cooling tubes are arranged at the point of the lowest wall load in each
unit; 0.6 MW/m? for the upper and lower uﬁits, and 0.9 MW/m? for the
middle unit.

(3) Gap widths are changed in the poloidal direction and also in the radial
direction.

(4) The nominal design temperature range of the breeder is 450-600 °C, while

the allowable operation temperature range is 400-1000 °C (for Lis0).
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Tube arrangement and gap widths are computed with the procedure
indicated in Fig. 7.1.2. Calculated tube arrangements in the selected
poloidal cross-sections are summarized in Table 7.1.1 and described in Figs
7.1.3 and 7.1.4. Schematic views of the tubes and breeder pebbles are

illustrated in Figs 7.1.5 to 7.1.8.

7.1.2 Analytical model and cases

The center part of the blanket cross—-section is modeled as shown in
Figs 7.1.9. Left and right boundaries of this model, which face helium gap
on the first and back walls, are assumed to be at the constant temperature
of 400 °C. Top and bottom boundaries are assumed to be adiabatic. Nomlin-
ear thermal analyses have been performed with this model by the finite
element analysis code, ABAQUS. Thermal conductivity of Lis0 pebble bed
with packing fraction of 60 %, which is used in this analysis, is shown in
Figs 7.1.10 as a function of temperature. Temperature~dependent thermal
conductivity is used also for 3165S. Thermal conductivity of the gap layer
is assumed to be that of helium gas at 0.1 MPa and 250 °C. Emissivity of
316SS in the gap layer is assumed to be 0.6. Nuclear heating rates in the
Lip0 pebble bed and 316SS cooling tube are represented by the following

exponential functions.

- In pebble bed: Q=6,1-Prexp (-0.0544%),
- In 3168S: Q=8.1-P-exp (-0.0465%),

where = nuclear heating rate [W/cm3], P = peutron wall load [W/cmz], X =
distance from the first wall [cm]. Coolant temperature and heat transfer

coefficient are assumed to be 90 °C and 10,000 W/m?K, respectively.

With the model mentioned above, the following six cases are calculated.

Case A: Top part of the upper unit (P = 0.6 MW/m? )

Case Bf Bottom part of the upper unit (F = 0.9 MW/m?)

Case C: Top part of the middle unit (P = 0.9 MW/m? )

Case D: Midplane of the middle unit (P = 1.2 MW/m")
E

1.2 MW/mé)

Case E: Midplane of the middle unit (r

with increased gap width from 1 mm {(Case D) to 2 mm
Case F: Midplane of the middle unit with increased wall load

from 1.2 MW/m? (Case D) to 1.44 MW /m2
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7.1.3 Results and discussions

Temperature distributions of the six cases are shown in Figs 7.1.11 to
7.1.16. Temperatures of almost all region are within the allowable range
(400 - 1000 °C). Temperatures of small area arcund tubes near the back
wall are below 400 °C (Case B, C and D). With wider gap width (2 mm),
temperatures of this area rise ahove 400 °C (Case E), thus further careful
optimization of gap widths are required to keep the breeder temperature
above the lower temperature limit. The maximum temperature is still below
1000 °C even if the wall load is increased by 20 % {(Case F). Further inves-
tigation is necessary to find the optimum design parameters, especially tube
arrangements and gap widths including their poloidal and radial distribu-
tions, to keep the breeder temperature within the nominal design range and to

obtain larger margin for power variationms.
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Table 7.1.1 Tube arrangement in the mixed pebble bed blanket

Top unit (Bottom unit)

Toroidal pitch Distance | Gap
Row Number from F/W i thickness
(mm) L ;
No. | of | liner (mm) | (mm}
| tubes Upper Lower - ! Upper Lower
: (Lower) (Upper) | - (Lower) {Upper)
1 22 34.8 39.1 29.9 3 1
2! 20 37.8 42.8 69.1 | 3 1
3 19 . 39.5 44,9 111.1 | 3 1
4o 18 L 43,3 49.6 156.1 | 3 | 1
5 17 4505 -52.3 1 204.3 | 3 ; 1
6 16 . 50,3 58.6 256.1 | 3 1 1
7 15 L 53.6 62.4 | 312.3 | 3 1
g 13 | 60.5 70.9 | 373.7 | 3 L1 (3)%
9 ' 12 | 64.8 76.3 | 441,8 % 3 1 (3)
L . ) |
Middle unit
Toroidal pitch Distance Gap
Row Number from F/W thickness
of (nm) liner (mm) {mm)
No. - P—
tubes Upper Midplane i Upper ; Midplane
& Lower i & Lower |
1 28 L 32.4 34,9 26.5 2 1
2 | 26 L 35.0 37.7 62.1 2 1
3 i 25 . 36.5 39.3 100.0 2 1
4 23 . 39.7 42.7 140.3 2 1
5 22 i 41.6 44,8 183.2 2 1
6 21 . 43.6 46.7 228.9 2 1
7 19 | 48.2 51.9 277.8 2 1
8 18 - 51.0 564.9 330.6 2 |
9 16 ] 57.2 61.5 388.2 2 (3)% 1 (2)*
10 15 i 61.0 65.6 451.6 2 (3)% 1 (2)*

* Gap thickness must be increased to rise temperature around

cooling tubes.
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Nuclear heating rate

Tube arrangement at the selected

poloidal point

(DSelection of the base
poloidal points

@Noiminal design tempera-
ture of breeder

@Allowable operation temp-
erature of breeder

@ Gap layer thickness
(change poloidaliy and
radially)

®Number of poloidal units

Calculate 2-D temperature distri-

bution at varicus poloidal points

Within the allowable No

temperature ?

Yes

Design completed

Fig. 7.1.1 Flowchart for thermal design of the mixed pebble bed
blanket
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Set breeder zone thickness, blanket vessel width,

Set pebble diameter, packing fractien, beryllium mixing ratio.

Set coolant inlet/outlet temperatures.

Set breeder maximum and minimum(nominal) temperatures.

Set cooling tube diameter, thermal restance layer thickness.

Calculate cooling tube pitch.

Calculate thermai-hydraulic performances.

y

Decide cooling tube arrangements.

Fig. 7.1.2 Procedure for cooling tube arrangement
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He O Li:0 Pebble

SUS316 Coolam(H:0)

Fig. 7.1.5 Schematic view of coolant tubes and breeder pebbles
{plasma side of the upper unit at outlet, tube
outer/inner diameter: 15/13 mm, He gap: 1 mm, spacer
tube thickness: 0.5 mm, inlet/outlet coolant
temperature: 90/100°C)

He O Li:() Pebble

SUS31s Coolant{H:0)

348

X

——

Fig. 7.1.6 Schematic view of coolant tubes and breeder pebbles
(plasma side of the upper unit at outlet, tube
outer/inner diameter: 15/13 mm, He gap: 3 mm, spacer
tube thickness: 0.5 mm, inlet/outlet coolant
temperature: 90/100°C)
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He O Li:0 Pebble

349

Coolant{H.0)

H SUS316

—— X

Fig. 7.1.7 Schematic view of coolant tubes and breeder pebbles
(plasma side of the middle unit at midplane, tube
outer/inner diameter: 15/13 mm, He gap: 1 mm, spacer
tube thickness: 0.5 mm, inlet/outlet coolant

temperature: 70/90°C)
He O Li:O Pebble

SUS316 Coolant(H:0)

12.4 _

Fig. 7.1.8 Schematic view of coolant tubes and breeder pebbles
(plasma side of the middle unit at outlet, tube
outer/inner diameter: 15/13 mm, He gap: 2 mm, spacer
tube thickness: 0.5 mm, inlet/outlet coolant
temperature: 70/90°C)
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A\

Fig. 7.1.9 Geometrical model .
for 2-D finite
element thermal
analysis

<

E 8 T Y I I T

=3

i

> 6 .
©

- |

2 bulk(pl=70%)

(@] -
o 4r /\\
= |
E bulk(pf{=60%) -
& /,————/

£ 2} //
.“2) near wall

© |

ég 0 1 I ] 1 I

W "o 200 400 600 800 1000 1200

Temperature (T)

Fig. 7.1.10 Effective thermal conductivity of
breeding zone (LiZO: 25%, Be:75%,

pebble diameter:lmm)
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7.2 Layered Pebble Bed Blanket
7.2.1 Design process

Temperature control of breeder in the layered pebble bed blanket
is realized by thicknesses of beryllium pebble packed and breeder pebble

packed layers. In the de51gn process of th1s blanket determlnatlon of ©

each 1ayer thlckness,'neutronlcs analy51s to eval e nuclear heatlng rates

and thermal anall?“ 'to evaluate temperatures:o. each mater1a

iterated w1th an'1n1t1al set of each layer thlckness glven as a flrst guess.

In this sect1on, the results of thermal analysis for the initial conflgura-

tion by two-d1mens1on 'heat transfer analys1s code with finite d1fference

method, TACfZD are presented.

7. 2 2 Analytlcal model and cases

The follow1ng four'molels are establ1shed for thermal analy51s of the

_layered pebble bed h

have nine layer

bles as shown 1n F1gs 7 2 1 to 7.2. 8

Model_l Tep end of outboard blanket _
.Model.Z Improved thicknesses of regions 1, 2 and 4] frem Model 1
Model 3: Mldplane of outboard blanket

Model 4: Improved thicknesses of region 6 from Model 3

Calculations have been performed for each unit region independently.
Temperature of water coolant is assumed to be constant at 80 °C. Adiabatic
condition is assumed at top and bottom boundaries of the models. Nuclear
heating rates in 3168S, beryllium and Li20 pebble layers are shown in Figs
7.2.9 to 7.2.12 as a function of distance from the first wall. Detail dis-
tributions of nuclear heating rate in Lis0 layers are represented in Figs
7.2.13 and 7.2.14. Thermal conductivities of pebble bed layers used in the
analyses are shown i“lFiS$.792-15 and 7.2.16.. |

With”abcye;analj;i;al"hoaels and assumptions;ffheffblldﬁiﬂégcaeeé;have
been..computed.
Case 1: Top end of outboard blanket (Model 1) with neutron wall

loading of 0.6 MW/m? given as the reference operation
g



JAERI-M 81-133

Case 2: Top end of outboard blanket {(Model 1) with neutron wall
loading of 0,75 MW/m? which is increased by 25 % from
the reference value

Case 3: Top end of outboard blanket with modified layer thick-
nesses (Model 2) with neutron wall loading of 0.6 MW/ m?

Case 4: Top end of outboard blanket with modified layer thick-
nesses (Model 2) with increased neutron wall loading of
0.75 MW/m?

Case 5: Midplane of outbecard blanket (Model 3) with neutron wall
loading of 1.2 MW/mZ given as the reference operation

Case 6: Midplane of outboard blanket with modified layer thick-
ness (Model 4) with neutron wall loading of 1.2 MW /m?

7.2.3 TResults and discussicns

Temperature distributions in the blanket resulted from the analyses are
shown in Figs 7.2.17 to 7.2.22. Detail distributions of temperatures in

individual unit regions are indicated in the following figures.

Figs 7.2.23 to 7.2.28: Case 1 and 2
Figs 7.2.29 to 7.2.34: Case 3 and 4
Figs 7.2.35 to 7.2.40: Case 5
Fig. 7.2.41 : Case 6

For the first guess of layer arrangements at top end of outhoard blan-
ket with reference neutron wall loading (Case 1), almost all Li;0 layers
stay in temperature range of 400 - 600 °C which satisfies the allowable
operation temperature range for Liz0 (400 - 1000 °C). KeepinglLiQO tempera-
tures within the allowable range has no difficulty even with the neutron
wall loading increased by 25 % as shown in Figs 7.2.23 to 7.2,27. Tempera-
tures of the Li,0 layer in region 6 are below 400 °C for both cases,

therefore layer thicknesses in region 6 should be rearranged.

Though the allowable operation temperature range for 1Lip0 is 400 -
1000 °C, it is desirable to keep a narrower range in order to leave a margin
for possible power variations. Figures 7.2.29 to 7.2.34 show temperature
distributions for improved layer thicknesses with the reference and increas-
ed wall loadings. Temperatures of Li,0 are maintained within a desirable
nominal range of 450 - 650 °C except for the region 6. With this nominal

temperature range, wider power variations than -10 % to + 25 % would be
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permitted in terms of keeping Li,0 temperature within the allowable range.
Though layer thicknesses in region 6 still need to be modified, it is expect-

ed that the modification will be incorporated rather easily.

For layer arrangements at outboard midplane, Lip0 temperatures are
maintained within the allowable range with the improved thicknesses of region
6 as shown in Figs 7.2.35 to 7.2.4]1. These temperatures are resulted for

neutron wall loading of 1.2 MW/m?. TFurther modifications and coptimizations

of layer thicknesses, especially in back regions (regions 5 and 6), are

required to leave a margin for power variations.
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LiZO Pebble
i Be Pebble
316 8§
Il Coolant

Region 1 Region 2 Region 3 Region 4 Region 5

lr3l7 1213 16 ! 19 15 20I 25 20 27 ! 3T 30 39 ! 65 50 63

|
50 {mm}

N
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N : N
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N N
N
N R \ \
N Q 3
o \
g
] 55 343 1 1 343 1 1 343 1 1 S(mm)
Fisrt Wall
Fig. 7.2.1 Analytical model 1 (top end of outboard blanket)
1.i20) Pebble
Be Pebble
316 88
(R Coolant
Region 1 Region 2 Region 3 Region 4 Region 5 Region &
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Fig. 7.2.23 Temperature profile in the unit region 1 at outboard
top
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Fig. 7.2.29 Temperature profile in the unit region 1 at outboard
top with modified layer thickness
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Fig. 7.2.31 Temperature profile in the unit region 3 at outboard
top with modified layer thickness
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Fig. 7.2.33 Temperature profile in the unit region 5 at outboard
top with modified layer thickness
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7.3 Pebble and Block Blanket
7.3.1 Critical issues for pebble and block blanket

In the pebble and block blanket, the minimum breeder temperature is
kept higher than 400 °C with beryllium blocks located between cooling
panels and breeder pebble layers., Since the heat transfer coefficient
strongly depends on contact conditions of the beryllium block and the clad
of breeder pebble layer, the change of the contact conditions might cause an
impermissible variation of the breeder temperature, In this study, the
variation was evaluated as the function of the contact conductance between
beryllium block and c¢lad. The beryllium blopk might be also damaged by
thermal stress due to temperature difference within each block. The thermal
stress has been roughly calculated to estimate the integrity of the beryllium

blocks.

7.3.2 Breeder temperature variation due to the change of contact conduct-

ance of beryllium bleck and clad

One-dimensional analytical model of the first breeder layer in the

pebble and block blanket used in this study is shown in Fig. 7.3.1.

The maximum and minimum temperatures of breeder has been evaluated

with the following equations.

Trnin = TeooltATFHAT oA +0T g +AT o +AT g (7.3-1)
Tnax = Teool AT FHAT g ATy +ATp AT +AT 1+8T 5,0 | (7.3-2)
Here, Teool : coolant temperature,
4T¢ : film temperature drop,
ATgg : temperature difference across stainless steel wall of

cooling panel,

ATg] : temperature difference across cooling panel side gap (gap 1),

ATRa : temperature difference across beryllium: block,

ATgo : temperature difference across breeder layer side gap (gap 2),

ATq1 + temperature difference across stainless steel clad of
breeder layer,

AT1,420 ¢ difference of the maximum and the minimum temperatures in

breeder pebble (Li20) packed layer.
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FEach term of these equations is evaluated as follows.

(i) TeooltiTf+ATgg
The surface temperature of the cooling panel is assumed to be 120°C.
(ii) ATpe
QBe , (QLi»0 tLi20 * Qecl tel) )
Mpe = 3 ag, tBe” T  Be tpe = 104°C (7.3-3)
(iii) ATel
Qe1 QLizo tLizo .
Mel = 557 tel? + o o1 = l0°C (7.3-4)
(iv) ATLi,0
Qrizo (
ATy 5 = ——————= tpe2 = 271°C 7.3~5
Liy 0 2 1i,0 Be )
{(v) a’_\.Tgl
Qui,0 thip0 T Q1 tel * UBe tBe
ATg1= 0 {(7.3-6)
gl
(vi) Ang
Quiso tnizo * Qcl tel
ATgy = h (7.3-7)
22
Here, Ape thermal conductivity of beryllium (87.0 W/m/K, at 300 °c,
85 % D.F.),
Aol . thermal conductivity of stainless steel (18 W/m/X),
ATi,0 ¢ effective thermal conductivity of Lip O pebble packed layer
(1.3 W/m/K, 60 % P.F.),
QRe nuclear heating rate in beryllium block (5.3 Mu/m?),
Qel . nuclear heating rate in stainless steel (10 MW/m3),
QLizO nuclear heating rate in Lip0 pebble packed layer (44 MW/m3),
tge : beryllium block thickness (34 mm) ,
tel clad thickness (1 mm),
tri,o ¢ half thickness of Li,0 pebble packed layer (4 mm),
hgq heat conductance of gap 1,
hg2 heat conductance of gap 2.
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The heat conductances of the gaps (hgy, hgp) are affected by heat
conduction of filled gas, heat radiation and contact conductance, Since
the beryllium blocks and clads are deformed due to temperature rise, the
conductances might vary during the plasma operation. Figure 7.3.2 shows
the calculated gap conductance taking only heat conduction with filled gas
(helium of 0.1 MPa) into account. As shown in the figure, gap width of 0.02
and 2.0 mm give 10% and 102 W/m?/K, respectively. Though contribution of
radiation and contact heat transfer have to be added to this conductances,
the conductances are assumed to change in the range of 102 - 10% W/m?/K in

this first step estimation.

The maximum and minimum breeder temperatures calculated as the function
of the heat conductance are shown in Fig. 7.3.3. From the results, the heat
conductance must be controlled in the range of 1000 W/m? /K to 3500 W/m? /K in
order to keep the breeder temperature in the allowable range (400 to 1000°C).
Since the breeder operating temperature should be kept in narrower range to
accommodate to powe£ variations and other uncertainties, the design window
of heat conductance is more limited, From this point of view, the gap width
must be properly controlled around 0.1 mm. On the other hand, heat radia-
tion and contact heat conductance have large uncertainties since the beryl-
1{um block would be deformed during operation as shown in Table 7.3.1.

These results indicate that it is difficult to control the breeder tempera-
ture properly with beryllium block layer. Tt is preferable to use more

insensitive thermal resisitance layer such as beryllium pebble layer and gas

gap.

7.3.3 Thermal stress in beryllium block

The thermal stress generated in the beryllium block has been evaluated
with the following simple one-dimensional plate equation for rather severe

constraint on bending.

E BATge (7.3-8)
2 (1-v)
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here, E : Young's modulus (166 GPa, 300 °C, 85 % D.F.),
B : volumetric expansion coefficient (43.8 * 10-%1/K, 300 °C),
ATpe : temperature difference across beryllium block,
v : Poisson's ratio of beryllium (0.07).

Figure 7.3.4 shows the generated thermal stress as the function of tem-
perature difference across the beryllium block. A thermal stress of 400 MPa
will be generated for the‘temperature difference of 100 °C. Expected tensile
strength of beryllium at 80 % D.F. is shown in Fig. 7.3.5. (The strength of
sintered beryllium block depends on density factor, grain size and fabrica-
tion method. Detail mechanical proberties of the beryllium block are not
known yet). The beryllium block might be broken by the thermal stress dur-—
ing reactor operation since the temperature difference across the block
should be up to 300 °C so as to satisfy the breeder temperature condition
for in-situ tritium recovery. Though the reduction of thermal stress is
expected to some extent because of the existence of surrounding contact gap,
cracks might be initiated in the beryllium blocks resulting in the rise-up
of the minimum breeder temperature. In the sense that smaller size of
blocks is preferable in order to reduce the thermal stress, beryllium pebble
packed layer for the breeder minimum temperature control is one of the candi-

dates to keep the beryllium layer integrity.
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7.4 Conclusions

Preliminary thermal analyses show that temperatures of Li»0 in both type
of blanket, the mixed pebble bed and the layered pebble bed blankets, can be
maintained within the allowable operation range (400 - 1000 °C) for the refer-
ence neutron wall loading. 1In addition , it is expected that narrower Li,0
temperature range specified as a nominal range (450 - 700 °C), that permits
power variations wider than -10 to +25 %, would be assured by an optimization
of layer arrangements in the layered pebble bed blanket and cooling tube

arrangement and helium gap widths in the mixed pebble bed blanket.

In the pebﬁle and block blanket, the gap width between the clad of Li;0
pebble packed layer and the beryllium block must be kept around 0.1 smm to
keep the breeder temperature within above nominal range. To keep the gap in
such a small width is extremely difficult in terms of fabricability and defor-
mation during a reactor operation. Thermal stress during operation has a
possibility to generate thermal cracks in the beryllium block, which signifi-

cantly affect the breeder temperature control,
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8. Stress Analysis

Breeder, neutron multiplier and coolant tubes are contained in the
vessel of the blanket. The front wall of the vessel also plays as the first
wall. 1In Section 8.1, thermal stress due to surface heat flux on the first
wall are analyzed taking into account of the whole blanket vessel, i.e. tem-
perature difference between the first wall and the back wall. Stress due to
inner pressure load are also calculated. For both analvses, two-dimensional
elastic stress analyses have been performed with the finite element analysis
code, ABAQUS, using a model of a blanket cross—-section. Preliminary analy-
ses of the stress due to electromagnetic force during a plasma disruption

are described in Section 8.2.

8.1 Thermal Stress and Internal Pressure on the Blanket Box Structure

8.1.1 Analytical model and conditions

The vessel of the breeding blanket has a box-like structure as shown in
Fig. 8.1.1. Analytical model used in this study is shown in Fig. 8.1.2 tak-
ing a half of the vessel width. With this model, the following cases have

been analyzed.

Case 1 : thermal load only
Case 2 : inmer pressure load only
Case 3 : thermal load + inmer pressure load

Case 4 : thermal load + inner pressure load with stiffening plate

Stiffening plates in the vessel are not taken into account in Cases 1-3
while a stiffening plate is included at vessel center in Case 4. For the
thermal load, wall temperatures are assumed to be uniform at 200 °C in the
first wall, 100 °C in the back wall, and linearly decreasing from 200 °C
to 100 °C in the side wall as indicated in Fig. 8.1.3. As the inner pres-—
sure, 0.1 MPa of the purge gas pressure is taken into account. Boundary con-
ditions for stress analyses are also shown in Fig. 8.1.3. Structural material
of the vessel is type 316 stainless steel, of which mechanical properties used

in the analyses are those at 150°C; Young's modulus is 186 GPa and Poisson’'s

ratio 0.3.
8.1.2 Analytical results

Stress distributions for four cases are shown in Figs 8.1.4 to 8.1.7,

deformations of blanket vessel in Figs 8.1.8 to 8.1.11.
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In Cases 1 to 3 {without the stiffening plate), stresses in the first
wall due to thermal load are sufficiently small, which are about 8 MPa at
both center and corner of the vessel. Maximum stress is about 20 MPa in the
gide wall near the back wall, which is insignificant. The iInner pressure
is dominant for stress and deformation of the vessel. At the center of the
plasma side surface of the first wall, a tensile bending stress of about
120 MPa occurs due to the inner pressure. The maximum stress occurs at the
corner of the blanket vessel, which is about 300 MPa and beyond the yield
strength (260 MPa). The center of the first wall expands about 9 mm due to
the inner pressure. Packing of the breeder and multiplier pebbles and tem-—
perature control of the breeder would be seriously affected by such a

deformation.

The stress and the deformation due to the inner pressure can be reduced
by one or combination of the following measures.
— Increase of the first wall thickness
- Installétion of stiffening plates
— Decrease of the inner pressure of the blanket vessel (i.e., purge
gas pressure)
- Larger curvature of the vessel cormer, especially for reducing
the stress at the corner {(inner R=15 mm and outer R=30 mm in

this study).

In this study, the effects of the stiffening plate and decrease of the
inner pressure are investigated. By providing a stiffening plate at the
vessel center, the stress at the corner is substantially reduced (from 300
MPa to 60 MPa) as seen from the results of Case 4, As for the effects of
decreased inner pressure, stresses will be reduced in proportien to the
inner pressure. TFigure 8.1.12 indicates the expected relation between the
inner pressure (purge gas pressure) and the maximum stress at the corner
based on the results of Case 3 (without the stiffening plate). The maximum
stress can be reduced below the yield stress by the reduction of the purge

gas pressure to less than about 0.04 MPa.
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8.2 Disruption Analysis

8.2.1 Electromagnetic forces on blankets

Tn transient electromagnetic (EM) analysis, the blanket/shield struc-
ture is modeled as a box structure integrated with the first wall and is
analyzed all together at a time. As typical for EM loads during a plasma
disruption, total EM loads on a quarter of an outboard (0B) module are 12
MN and 22 MN in radial and vertical directions, respectively, and those of

an inboard (IB) module are 3 MN and 5 MN in radial and vertical directions,

respectively.

§.2.2 Structural analysis of OB box structure

Simplified structural analysis of the OB module has been carried out
to examine the effects of the support conditions and stiffening ribs on the

stress and deformation of the OB box structure under disruption EM loads.

The OB box structure is modeled as a simple rectangular prism composed
of shell elements, as shown in-Fig. 8.2.1, with a 1 m square and a 10 m
height. The effects of four kinds of support conditions which are
- rear panel full constraint,
- two lines (both side edges from top to bottom) of rear panel
constraint,
— three lines (both side edges and center from top to bottom) of
rear panel constraint,
- two lines (0 and 400 mm from rear panel from top to bottom) of
side wall, and three kinds of stiffening ribs, i.e. lateral and

two kinds of longitudinal ones, have been examined,

Distributed radial EM loads and uniform vertical EM loads, 10 MN and
10 MN in all, respectively, for a quarter of an OB box structure, are appli-
ed on the side walls. As EM loads on the first wall are much smaller than

those of the side walls, they are neglected in this analysis.

Results obtained by three-dimensional FEM stress analysis are summariz-
ed in Fig. 8.2.2. Lateral and longitudinal stiffening ribs are effective
against the radial and vertical EM loads, respectively. For three cases of

the support conditioms other than '"side wall constraint"”, the effect of the
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support conditions is negligibly small. On the other hand, "side wall

constraint" can minimize the stress down to less than 60 MPa., Distribu-

tions of the stress and deformation are shown in Figs 8.2.3 and 8.2.4%,

respectively, for the case of structural model shown in Fig. 8.2.1 and

"side wall constraint”.
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8.3 Conclusions

From the above stress analyses, the following conclusions can be

obtained concerning to thermal and inner pressure (purge gas pressure) loads.

The inner pressure mainly contributes to the stress and deformation

of the blanket wvessel.

Without a stiffening plate, the maximum stress (300 MPa) at the corner
of the blanket vessel exceeds the yield stress of type 316 stainless
steel, and the maximum displacement is about 9 mm at the center of the
first wall, which would seriously affect the packing of breeder and
multiplier pebbles and temperature control of the breeder.
Installation of a stiffening plate at the center of the blanket wvessel
substantially reduce the maximum stress to below the yield stress,
Even without the stiffening plate, the maximum stress can be reduced
below the yield stress by decreasing the imner pressure down to 0.04

MPa.

As for the EM ioads, lateral and longitudinal stiffening ribs (plates)

are effective against the radial and vertical EM loads, respectively. Among

support conditions examined in this study, the "side wall constraint" is the

most effective to support the blanket vessel and reduce the stresses due to

disruption EM loads.

For further investigation, synergistic effects of thermal, inner pres-

sure and EM loads on stresses and deformations should be taken into account.

Based on this investigation, stiffening/support methods of blanket vessel

should

be developed.
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9. Tritium Recovery/Inventory

Purge gas conditions for tritium recovery and tritium inventory in the
blanket have been evaluated for the mixed pebble bed blanket (in Section

9.1) and the layered pebble bed blanket (in Section 9.2).

9.1 Mixed Pebble Bed Blanket

9.1.1 Tritium recovery condition

Tritium recovery conditions are summarized in Table 9.1.1.

An operating temperature range of breeder zone is assumed to be from
400 °C to 600 °C in this evaluation.‘ The minimum temperature limit has been
determined at 400 °C to avoid excessive adsorption inventory of tritium.
The minimum operating temperature of breeder zone is alsc considered so as

to avoid precipitation of Lithium hydroxide and excessive tritium Inventory.

Swelling of berylliﬁm may become a critical factor to determine the
maximum operating temperature when beryllium pebbles are mixed with lithium
oxide pebbles. Experimental results indicate that the swelling of beryllium
becomes serious above 700 °C{1]. The maximum operating temperature of 600 °C
has been considered also to avoid mass transfer of lithium oxide with a

reasonable margin.

Thermal dissociation of tritiated lithium hydroxide (LiOT), shown below,
is assumed to be a dominating mechanism in the course of tritium release

from the breeder grain surface to purge gas stream.
Li,0(s) + T,0 < 2LiOT(s)

Purge gas flow rate is determined to keep water partial pressure in blanket
atmosphere (sweep gas stream) sufficiently less than water dissociation
pressure in Lip0-H;0-LiOH system at 400 °¢c (~1073 atm)[2]. Purge gas flow
rate is determined also to keep T,0 equivalent tritium pressure in purge gas
stream less than 10=% atm including safety factor against data uncertainty

and coolant water leakage into blanket atmosphere.

Protium gas (Hy) is added into helium purge gas at an atomic mass flow

rate of one hundred times as high as tritium production tate in the blanket
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based on in-reactor tritium recovery tests, which indicate that the addition of
hydrogen isotopes is effective to enhance tritium release from the breeder

and to reduce tritium inventory in the blanket. In-reactor tritium recovery
tests also indicate that the chemical form of tritium released from Lip0 is

95 7 of HT and 5 % of HTO when protium is added at sufficiently high con-

centration[3].

Pressure drop of helium purge gas through breeding zone is evaluated by

using Ergun's equation[4] described below:

ug?L  (1-8) (1-€)u
AP = 150 ——————— + 1.75
Dp £? Dp uf Of
where AP : pressure drop (Pa)

uf : superficial velocity (m/s)

Dp : pebble diameter {m)

L : length of breeding zone (m)
£ 1 void fraction (-)
U : viscosity (Pa-s)

pf : gas density (kg/m*)

Pressure drop evaluated by this equation is 0.80 kPa (80 mmAq) for helium
purge gas at 100 kPa and 673 K flowing with a total (for full torus) flow
rate of 240 Nm®/h through breeding zone packed with 1 mm diameter pebbles

and void fraction of 0.4.

9.,1,2 Tritium inventory

Steady state tritium inventory of the mixed pebble bed blanket is cal-
culated taking pseudo three-dimensional temperature distribution into account.
Tritium build-up mechanisms incorporated in the analytical model are bulk
diffusion of tritium, surface decomposition of LiOT, adsorption of tritium
oxide on Liz20, and solution of elemental tritium in both of Liy0 and beryl-
1ium. The calculation formulae corresponding tritium build-up mechanisms
are summarized in Table 9.1.2, The average tritium generation rate is used
in place of the local generation rate in the calculation because it is pre-
sumed that the difference between them in the inventory estimation is small.
Protium swamping is adopted in the design to reduce tritium inventory in

the blanket. Tritium inventory in the case without the protium swamping is
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also estimated for comparisomn,

Analytical conditions are summarized in Table 9.1.3. The temperature
spectrum in the breeding zone 1s shown in Fig. 9.1.1 based on the result of
two—dimensional thermal analysis and taking the poloidal variation into

consideration.

The estimated tritium inventories in the mixed pebble bed blanket are
shown in Table 9.1.4. Total tritium inventories are 470 g with protium
swamping and 3800 g without protium swamping. As shown in these results,
protium swamping is effective to reduce the tritium inventory in the blanket
since adscrption inventory occupies the major portion of total inventory.
High breeder temperature and low tritium oxide pressure are also effective to
reduce tritium inventory in the blanket. For the mixed pebble bed blanket,
however, increase of the breeder temperature would be unfavorable in terms
of the breeder material compatibility with beryllium. Protium (or deuterium)
addition mentioned above is effective to reduce tritium oxide partial pres-
sure. Increase of pufge gas [low rate can be also useful to reduce tritium
oxide partial pressure. Since tritium inventory in the blanket is very
sensitive to interaction of breeder material with water, accumulation of

data base on the interaction behavior between breeder materials and water

is required.
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Table 9.1.1 Tritium recovery conditions for the mixed pebble bed blanket

Fusion power 1600 MW
Tritium Breeding Ratio 1.0

Tritium Production Rate 6.4 g/h
Nominal Temp. in Breeding Zone 400 - 600 °C
Pressure of Purge Gas 1 atm

Purge Gas Flow Rate 240 Nm®/h
Chemical Form of Released Tritium HT/HTO = 95/5
Concentration of Protium Gas 100 vpm H2
Pressure Drop of Purge Gas 80 mmAg

Table 9.1.2 Calculation formulae for tritium inventory estimation

- Diffusive Inventory[5], Iaf (g/cm®)

G 2
Igp = I
15 o
G : local tritium generation rate (g/cm3—s)

rg : grain radius (cm)
D : diffusion constant (cm?/s)

D = 59.6 exp(-36.9 {kcal/mol]/RT) [Okuno]

Decomposition Inventory[5], lga.c (g/cm3)

G
Idec = 13
k : thermal decomposition rate constant (sec'l)

k = 1.36 x 10%exp (~-28.5[kcal/mol]}/RT) [Kudo]

Adsorption TInventory of Tp0 on Li»0[5,6], I qg (mol/ton)
I,qs = 0.563 exp(13.8[Kcal/mol]/RT) Pp, o+ 8% [Yoshida]
Pr,o : partial pressure of To0 {(atm)

Solubility Inventory of T in Liy0[5,71, TIgo1 (mol/ton)
Igo1 = 13.8 exp(-3.82[kcal/mol]/RT) PT20'5 [Katsuta]

PT2 : partial pressure of T, (atm)

B
Solubility Inventory of T, in Be[5,8], Isgl (mol/ton)

I=7.9 x 10-3exp(0.44[cal/mol]/RT) Pp,0:5 [Jones]
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Table 9.1.3 Analytical conditions for tritium inventory estimation

of the mixed pebble bed blanket

with Hy; Swamping without H, Swamping

Tritium Production Rate 1.53 x 10%g/day
(1000 MW, TBR=1.0)

Purge Gas He + 100 vpm Pure He
Chemical Form of Tritium  HT/HTO = 95/5 T5/T20 = 10/90
Temperature of Breeder 400 - 840 °C (Fig. 9.1.1)
Purge Gas Pressure 1 atm

Purge Gas Flow Rate : 240 Nm3/h

Mass of Li20 69.0 ton

Mass of Beryllium 224 ton

Grain size of Li,0 3% 1075 m

& - SPS —

Table 9.1.4 Tritium inventory in the mixed pebble bed blanket

. Unit @ g
with Hp Swamping without H, Swamping
Diffusion 4.4 x 1071
Decomposition 2.4 x 1071
T,0 Adsorption 4,6 x 107 3.8 x 10°
Ts Solubility in Li,O 4.0 1.9
T, Solubility in Be 3.3 1.5
Total 4,7 x 107 3.8 x 103
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Fig. 9.1.1 Temperature spectrum in the mixed pebble bed blanket
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9.2 Layered Pebble Bed Blanket

9.2.1 Tritium recovery condition

Tritium recovery conditions for the layered pebble bed blanket are
summarized in Table 9.2.1. An operating temperature range of breeder zome
is assumed to leave some margin for power variationms. Tritium production
rate in each Li,0 pebble bed layer is evaluated as shown in Table 9.2.2.

The flow rate of purge gas is determined in the same way as the mixed pebble
bed blanket (Section 9.1:1). Purge gas flows through each layered pebble
bed in parallel. The parallel purge gas flow is divided and independently
adjusted according to tritium production rate in each layer. The purge gas
flow rate designed for each layer is also indicated in Table 9.2.2. Protium
gas is added in the purge gas at an atomic mass flow rate of one hundred
times as high as tritium production rate as described in Section 9.1.1.
Chemical form of tritium released from Li,O is 95 % of ET and 5 % of HTO
when protium is added at sufficiently high concentration also as shown in

Section 9.1.1.

With Ergun's equation[4](shown in Section 9.1.1), FPressure drop of sweep
gas through each Liz0 pebble bed layer is evaluated as indicated in Table
9.2.2. Among the pebble bed layers, pressure drop through the first layer
(nearest to plasma) is 10 kPa which is the highest since the highest gas
flow rate resulted from the highest tritium production rate is required in

the first layer.

9,2.2 Tritium inventory

Steady state tritium inventory in the layered pebble bed blanket is
calculated assuming quadratic temperature distribution in a slab geometry
of the Li,0 pebble bed layer. The analytical model incorporates bulk diffu-
sion of tritium, surface decomposition of LiOT, adsorption of HTO, and
adsorption of elemental tritium except for the interaction of tritium with
beryllium since beryllium pebbles are isolated from Li,0 pebbles by the
stainless steel clad. Analytical conditions are summarized in Table 9.2.3.
Calculation formulae used are the same as those in Table %.1.2. Volume
averaged tritium generation rate in each Li0 layer is used in the calcula-

tion.
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Tritium inventories evaluated for the layered pebble bed blanket are
summarized in Table 9.2.4. Among tritjium build-up mechanisms, adsorption
of HTO dominates the tritium inventory in the layered pebble bed blanket
as same as in the mixed pebble bed blanket. Tritium inventory due to
adsorption of HTO is 87 g which corresponds to 34 % of total inventory.
Bulk diffusion and surface decomposition have little impact on tritium
inventory. Total tritium inventory in the layered pebble bed blanket is 93
g which is lower than that of the mixed pebble bed blanket. (Thermal con+
trol, i.e. cooling tube arrangement in the mixed pebble blanket and arrange-
ment of layer thicknesses in the layered pebble bed blanket, is not optimiz-~
ed yet resulting in higher Li;0 operating temperature in the layered pebble
bed blanket than in the mixed pebble bed blanket. This difference in operat-
ing temperatures between two blankets mainly contributes to the difference
in tritium inventories. Therefore, tritium inventories should be reevaluated

after the optimization of the thermal control in the blankets.)

Table 9.2.1 Tritium recovery conditions for the layered pebble bed blanket

Fusion Power 1000 MW
Tritium Breeding Ratio 1.0

Tritium Production Rate 6.4 g/h
Temperature in Breeding Zone 450 - 600 °C
Pressure of Purge Gas 1 atm

Purge Gas Flow Rate 250 Nm?/h
Chemical Form of Released Tritium HT/HTO = 95/5
Concentration of Protium Gas 100 vpm H,
Pressure Drop of Purge Gas 0.1 atm
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Table 9.2,2 Purge gas flow rate and pressure drop in the layered

pebble bed blanket

Thickness T Prod. Area He Flow Superficial Press.
Layer Rate Rate Velocity Drop
mm g/day m? Nm? /h cm/s kPa
) 36.5 0.463 60 8.75 10.3
10 38.3 0.517 60 7.84 9.3
13 31.5 0.677 50 4,99 5.9
18 23.8 0.944 40 2.86 3.4
27 16.0 1.43 25 1.18 1.4
50 7.3 2.70 15 0.38 1.3
153.4 250
Gaé : Helium
Temperature : 673 K
Pressure : 0.1 MPa

Pebble Diameter : 1 mm

Void Fraction : 0.4
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Analytical conditions for tritium inventory estimation

of the layered pebble bed blanket

Layer Number

Parameter 1 2 3 4 5 6 Total
Liy 0 Mass (ton) 4,75 5.30 6.94 “9.68 14.68 27.65 67.90
Volume (m°)

Packing Zone 4.63 5.17 6.77 9.44 14,32 26.97 67,30

Pebble 2.78 3.10 4,06 5.66 8.59 16.18 40.38

Lis0 2,36 2.64 3.45 4.81 7.30 13.75 34.32
Thickness (mm) 9 10 13 18 27 50
Grain Radius (um) 15 15 15 15 15 15
T Production Rate

(g/day) 36.5 38.3 31.5 23.8 16.0 7.3 153.4
Thax (K) 923 923 973 1023 1123 1123
Tmin (K) 773 773 823 873 923 923
He Gas Flow

Rate (Nm®/h) 60 60 50 40 25 15 250
Pregsure (MPa) 0.1 .1 0.1 0.1 0.1 0.1
Inlet H, (vpm) 1.0x102 1.0x102 1.0<10% 1.0x10° 1.0x107 1,0%x10%

1 1 1 1 1 1

Inlet HyO (vpm)
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in the layered pebble bed blanket

Layer Number

Mechanism 7 2 3 3 5 6 Total
Diffusion L.0x1073 4.2x1073 9.4x10~% 1.6x10™"% 3.1x107° 1.4x107° 9,4x1073
Decomposition 6.8x10=3 7.2x10~3 2.2x1073 5,1x107% 1.3x107% 5.8x107° 1.7x1072
HTO 1 1 1 1 1 1 1

. 1.6x10!  1.8x10t 1.5x10' 1.1x10!' 1.1x10! 1.7x10' 8,7x10
Adsorption
HT Absorption 2.9x10~! 3.4x1071 4.9x1071 7.9x1071 1.4 2.4 5.7
1.6x10! 1.5x101 1.2x10' 1.3x10! 1.9x10! 9.3x10!

Total

1.8x10!

— 176 —



JAERI-M 91-133

9.3 Conclusions

Purge gas conditions and tritium inventories for the mixed pebble bed
blanket and the layered pebble bed blanket have been evaluated. Flow rates
of purge gas are determined to keep water partial pressure in blanket atmos-
phere sufficiently less than water dissociation pressure. Protium gas is
added into helium purge gas at an atomic mass flow rate of one hundred times
as high as tritium production raté in order to enhance tritium release from
the breeder and reduce tritium inventories in the blankets. Pressure drops
of purge gas through the mixed pebble bed and the layered pebble bed blankets

are 0.8 kPa and 10 kPa, respectively, both of which are low enough to be

accepted.

Tritium inventories in the mixed pebble bed blanket and layered pebble
bed blanket corresponding to steady state are 470 g and 93 g, respectively,
with the protium swamping. (Without protium swamping, the tritium inventory
in the mixed pebble bed blanket increases up to 3800 g.) The dominant
tritium build-up mechanism is adsorption of tritium oxide on Lip0. Protium
swamping is effective to reduce the amount of this adsorption. These tritium
inventories should be reevaluated following the optimization of thermal con-

trol in both of blankets.
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10. Accommodation to Power Load Variation

Since ITER is an experimental reactor, some power variations from the
rated power are foreseen. Even in the rated powers, there is a difference
of about 25% between those of the Physics and the Technology Phases.
Accommodation capability of the blankets to these power variations with

respect to the temperature range of the breeder (Li,0) is discussed here.

The allowble temperature range for Li,O has been dtermined to be 400~
1000 °C (400 °C for enhancing tritium release from the breeder while 1000 °C
for keeping the breeder material integrity). By choosing a nominal operat-
ing breeder temperature range which is narrower than the allowable range,
operations other than the rated power can be permitted. Permissible power
variations are indicated in Figs 10.1 and 10.2 as a function of breeder
nominal temperatures. As seen from the figures, the permissible power
variation can be adjusted by selecting the mominal operating temperatures
of the breeder. For instance, a reduced power variation of -12.5 % will be
permissible in case of the minimum nominal temperature of 450 °C. For in-
creased power variations, 72 % and 46 % of increases will be permissible
in case of the maximum nominal temperature of 600 °C and 700 °C, respec-
tively. From the viewpoint of breeder temperature, a nominal temperature
range of 500 - 700 °C or narrower would be desirable so as to permit the

power variations of =22 % to +46 Z.

As shown in Sectioms 7.1 and 7.2, power variations of 0 % to +20 % and
-10%Z to 425 % are permissible for the present designs of the mixed‘pebble
bed and the layered pebble bed blankets, respectively. Optimizations of
the in-blanket configurations are required to obtain the desirable nominal
operating temperatures and wider accommodation capability to power varia-
tions. In addition, further examinations for the nominal operating and
allowable temperatures of beryllium multiplier and clad material (stainless

steel) are also needed.
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11. Separate First Wall Design for Test Article Containment

A structural concept of a test article containment for engineering
tests of the next generation devices is illustrated in Fig. 11.1. The
container and the test port duct are hermetically sealed by lip seal welding
at the support flange. The inside of the container is under atmospheric
condition. Therefore, the plasma chamber 1s not contaminated even 1f some
trouble, for example, coolant leakage would occur. Replacement and setting

of the test module can be performed without breaking the vacuum boundary

of the reactor.

The container has the same cooling mechanism as major part of the first
wall. The wall of the container is a pile of ribbed panels which have
rectangular coolant paths. The coolant is pressurized water which has the

same conditions as those for the major first wall of the reactor, i.e. 1.5

MPa and 60/100 °C.
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Appendix Material Properties of Li»0 in Comparison with Other Ceramic

Breeders and R&D Needs for Li0

A.1 Role of Material Data Base and Comparison of Ceramic Breeder Properties

Roles of breeder materials are 1) production of tritium by nuclear
reaction with neutrons, 2) transformation from nuclear energy to thermal
energy, 3) shielding of neutrons. These depend on lithium (51.1) denéity
which is determined by sort of ceramic breeder materials and enrichment of
o141, However, the recoveries for tritium and thermal energy are also
related to materials preoperties including tritium.solubility/transport and
thermal properties, physical and chemical stability, and mechanical
properties etc.. Furthermore, such properties are influenced by the

fusion blanket environments, especially irradiation conditions.

The materials database will play an important role In selection
of the optimum ceramic breeder materials for ITER blanket, although the
selection is a design decision based on many factors. The materials pro-
perties as basis for materials selection are 1) Li atom density, 2} activa-
tion, 3) thermal conductivity, 4) melting point/phase change, 5} thermal
expansion, 6) mechanical strength, 7) creep/ductility, 8) chemical stability,
9) compatibility with water, 10) compatibility with structural materials,
11) compatibility with Be, 12) Li mass transfer, 13) tritium solubility,
14) tritium release (transport), 15) irradiation effects on physical pro-
perties, 16) irradiation swelling, 17) irradiation stability, 18) radiation
effects on tritium transport and compatibility. In addition, large-scale
production feasibility, which is not materials properties, should be checked,

since a large amount of breeder materials will be used for the ITER blanket.

Table A.l indicates a qualitative comparison of material properties of
candidate ceramic breeders [1]. To help put Table A.l1 into the proper per-
spective, the rationale behind the rankings is shown in the following.
iithium atom density is relatively straightforward. Li,0 has.the highest
lithium atom density and rates the highest ranking. The three ternary
ceramics are all low relative to the oxide. The reason that their ranking

is "fair" and not lower is that in all of the ITER designs proposed the
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quantity of Be used is much greater than the quantity of breeder and 5Li
enrichments as high as 95% are called for. Under these conditions, the Li
density is nct as significant a parameter as it would be in other reactor
designs. The second category, Large=Scale Production Feasibility, is not,
strictly speaking, a materials performance igsue. However, significant
quantities of ceramic breeder material have been fabiricated in the context
of the materials research program. Based on these experiences, all of the
breeders were presumed to be ranked.as "fair" in terms of large-scale
production feasibility. The term "large scale”™ din the ITER context

refers to 10-20 metric tons.

While activation of the breeder materials may not be a significant
design issue relative to the large quantities of other activated materials
in ITER, a relative ranking was made reflecting the higher activation poten-
tial of LizZr03. Thermal conductivty is an important performance parameter.
For unirradiated material at the same density, LisO has the highest thermal
conductivity. More recent data on LiAl0, suggest that its conductivity 1s
fair and clearly better than earlier estimates indicated. The LiyZr04 rat-
ing remains the same as in pervious years. The major change is the lower
rating for the Li,8i0; for which recent data on relatively phase-pure mate-
rial indicate that its thermal conductivity is even lower than earlier
estimates. The melting points of the four ceramics are all high relative to
the anticipated operating temperatures. Some question was raised about a
possible crystalline phase change temperature of 1100 °C for LipZrOj.

However, experience with this ternary does not substantiate this.

The rankings for mechanical strength and creep/ductility have different
meanings for breeder ceramics than for structural materials. The term
"Mechanical Strength" refers more to the ability of the breeder materials to
withstand differential thermal and swelling stresses and mechanical loads
without cracking. In the case of "Creep/Ductility" high values for these
are considered desirable. The evaluations are based primarily on the perfor-
mance of these materials in in-reactor experiments such as FUBR-1A, as well

as out-of-reactor separate effects tests,

Within the areas of tritium retention and tramsport, LiAl0, was ranked

as poor because of its slow release of tritium at low temperatures.
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This ranking is based primarily on experiments in which several breeders
were irradiated under similar conditions. A useful measure of tritium-
transport performance in these experiments is tritium residency time.

For example, the ITER banket generates about 150 g of tritium per day.

A residency time of one day for the breeder material corresponds to an
anticipated inventory of 150 g. To have less than this inventory, Li,0 and
Li,Zr0; would have to operate at temperatures above ~320 °C, Li,SiO, above

~390 °C, and LiAlO; above ~450 °C.

In the area of radiation effects, LiAl0, and Li;Zr0; have demonstrated
good in-reactor stability in terms of microstructure (e.g., negligible grain
growth and densification), chemical stability, and low swelling. Problems
associated with the other two ceramics are swelling (highest for Lis0) and
transformations (Li,S5i0y -+ Li5;3103). In terms of radiation effects on
tritium transport and compatibility, the ranking of "Key Issue" for all of
the breeder ceramics really refers to the fact that tritium release and com-
patibility have not been dtermined or demonstrated up to the end-of-life
ITER burnups and neutron exposures (in dpa). The shorter-time data availa-
ble do not suggest that these are problem areas for the ceramics. However,
these items will continue to be listed as "Key Issues" until longer-time

data become available to confirm the predictions based on short~time results.

A.2 Critical Issues for Li(

As seen in the description of the previous. section, critical issues for
Lir0 are compatibility with Be, Li mass transfer and irradiation effects on

tritium transport.

One of the proposed ITER blanket designs utilizes pebble-bed form of
mixture of Lip,0 and Be. The anticipated temperature range is 400 - 700 °C
(1000 °C at hot spots). The compatibility would be affected through irradia-
tion-enhanced diffusion by neutron irradiation. At the present stage, there
are limited data for the compatibility between Li,0 and Be both in non-
irradiated condition and during irradiation. The compatibility between 1.i,0
‘and Be in the temperature range 400 - 1000 °C during neutron irradiation is

one of eritical issue for Li,0.

For Liz0, Li mass transfer might be serious in the high temperature
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region of the blanket. The calculation using the present database shows
that if the only source of oxygen in the system comes from Li burnup, then
mass transfer can be minimized by proper control of the purge flow system.
However, these findings need to be substantiated on a component=-scale level
with prototypical temperature gradients. So, Li mass transfer still remains

as a critical issue for Li,O0.

Transport phenomena such as tritium release and compatibility will be
affected by neutron irradiation. The irradiation effect on the transport
phenomena during irradiation may be different from that after irradiation.
Also, the effects would depend on the fluence (burnup)} and neutron spectra,
The data of tritium release under neﬁtron irradiation which were obtained
so far suggest that there is no serious problem in irradiation effects on
tritium release. However, such data were obtained at the low fluence {burn-
up) using neutron spectra softer than those in the ITER blanket environment.
So, irradiation effects on transport phenomena, especially tritium release,
still remain as one of critical issues. Confirmatory data at high fluence
(burnup higher than 5 % and much more dpa) by using neutron irradiation
with hard spectra simiiar to the neutron spectra in the ITER blanket

environment are required.

A.3 Status of Existing Data Base for Li,0

Status of existing database for properties of Li,0 Is summarized in

Table A.2[1], together along that for the other candidates of ceramic breed-

er materials.

Baseline physical properties (density, melting temperature, vapor

pressure, thermal expansion, specific heat) are judged to be reasonably com-

plete.

The database for the mechanical properties (elastic modulus, Poisson's
ratio, tensile strength, compressive strength, bending strength, creep pro-
perties) is more limited than for the other properties. The important
variables in establishing correlations are porosity and grain size, tempera-
ture, and fast-neutron fluence/burnup. More data are needed for the com-—
pressive and bending = strength of Li,0. The mechanical properties are
important in determining whether the ceramic breeder materials will crack

under differential thermal and swelling strain and how much pressure they
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can exert on cladding materials if contact is established. In evaluation

for cracking, bending strength data are useful.

Considerable data of chemical stability/compatibility data (composition/
purity, stability, vapor pressure/transport, compatibility with water, com-
patibility with stainless steel) exist for Li,0. Li,0 has received the
most attention in the area of vapor pressure (LiOH/T) /transport (Li).

In respect of compatibility with Be for Lip0, baseline data and irradiation
data are needed, since one of the proposed ITER blanket design utilizes
pebble~beds of mixture of Lis0 and Be. There is important discrepancy

among the data of compatibility with stainless steel for Li,0. The more

data are needed.

Tritium solubility and transport have been studied in detail for Liz0,
which is the only ceramic breeder material for which tritium diffusion data
have been obtained using the single crystals. The solubility data for Liz0/
H,0Q are quite good and consistent, but the solubility data for the Li?0/H
system are quite scattered. The desorption/decomposition data for molsture
release from LiOH and Li;0 have a factor of 10 scatter. Adsorption, as well
as solubility, needs to be determined more reliably for both the Liz0/Hz and

LizO/HzO systems.

Radiation effects on the physical and mechanical properties, on swell-
ing, on tritium trapping/transport and on He trapping/transport are, in
general, poorly characterized in the'anticipated range of ITER fast meutron
fluence and burnup. Most of the data come from post-irradiation studies of
FUBR-1A samples. While this was a good experiment, it should be pointed out
that it was a closed-capsule experiment with questionable moisture control
which may have had an influence omn the results. In respect of irradiation
effects on tritium transport in Li,0, tritium diffusivity in single crystals
has been determined as a function of thermal neutron fluence. However, it
should be noted that the neutron spectra in the blanket region are much
harder than thermal neutrons (i.e., from fast neutrons to 14 MeV neutrons),
and that irradiation effects due to neutrons in the blanket region could be

different from those due to thermal neutrons.

A.4 Key R&D Needs for Liy0

The proposed ITER designs include those utilizing the pebble bed form of
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ceramic breeder for Li, 0. The effective thermal conductivity of these beds
depends on many parameters (size and density of pebbles, etc.,). The effec-
tive thermal conductivity of the pebble-beds needs to be measured by adjust-
ing the parameters for simulation of the proposed ITER blanket. TIn additiom,
similar data are needed for the Li, 0/Be mixed pebble-bed design. To gen-

erate such kinds of data, an active R&D program is on-going in Japan.

Tn respect of irradiation effects on the thermal conductivity of Liy0,
some data have been generated. The irradiation effects appear to be small,
but there is a great deal of scatter in what amount to these "single data

sets"., Confirmatory data are needed.

For Li; 0, the scatter in solubility/adsorption/desorption data is too
large to allow calculations to be made with confidence at this time. In
particular, consistent data sets are needed for the Li,O/H, system under

anticipated protium and moisture levels,

As described previously, the irradiation effect on tritium release is
one of critical issues. In-situ tritium release studies have been carried
out up to low burnup using thermal or mixed spectrum reactors. In additionm,
the tritium diffusivity in Li,0 single crystals has been investigated as a
function of thermal neutron fluence. Confirmatory data need to be obtained
at high fluence and high burnup using neutron irradiation with hard spectra

simulating the ITER blanket environment.

The mechanical properties data are important in evaluating stress
levels for cracking and pressure levels between ceramic breeder materials
and cladding materials. The properties vary with materials parameters
{porosity, grain size, ete.). More bending-strength data and fracture
toughness data as a function of the materials parameters and temperature are
needed. Furthermore, thermal tests with temperature gradients or changes
anticipated for ITER blanket, which include cyclic pulsed tests, are

desired.

For most of ITER blanket designs, operation temperatures for a signifi-
cant fraction of the ceramic breeder materials are below 700 °C, but the
creep/ductility data for these temperatures are very limited. The data under

in-reactor conditions below 700 °C are needed to predict the mechanical
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response of the breeder/cladding system.

The swelling of the ceramic breeder materials is important from two
perspectives. Swelling is driving force for breeder/cladding contact and
stresses on the cladding. Also, differential swelling within the ceramic
breeder material can cause internal stresses which may crack the breeder.
FUBR-1A experiment has provided the primary estimate of breeder swelling
rates, However, as pointed out previously, FUBR-1A experiment data
are not free from the influence due to questionable moisture control. More
data of swelling by neutron irradiation with hard spectra similating the
ITER blanket environment in the temperature range 400 - 800 °C under well-

controlled moisture conditions are needed.

The chemical stability and compatibility of the ceramic breeder materi-
als are important in establishing upper temperature limits for the bulk of
the breeder and for the breeder interfaces with other materials. Li mass
transfer is one of critical issues for Li0. Component-scale tests for Li
mass transfer of Li,0, which can simulate the ITER blanket system in terms

of temperature gradients, moisture levels and purge flow rate, are needed.

With regard to compatibility, compatibility between Liy0 and Be is a
critical issue. The compatibility under both in- and out-of-reactor
conditions in the temperature range anticipated for TTER blanket should be
examined in detail . The reaction rate between Liy0 and stainless steel,
while apparently faster than the other ceramic breeder materials, could be
gtill reasonably slow at the temperatures anticipated for ITER blanket.
However, there are some informations that the reaction rate depends on the

purity of Li,O. Additional data are desirable to resolve this point.

Reference
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Table A.1 Comparison of properties for various ceramic breeder materials

Li Atom Density
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Table A.2 ITER materials data base assessment for ceramic breeder materials

Ceramic Breeder Materials
. Baseline physical properties

Density

- Melting temperature

- Vapor pressure

- Thermal expansion

- Thermal conductivity

- Specific heat

b

1e)OD)I

AN

. Baseline mechanical properties
- Elastie modulus

- Poisson's ratioc

»
»

ob| DIPce

b

- Fracture strength

- Tensile

- Compressive

- Bending Strength

- Creep properties
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ppO
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144

Chemical stability/compatibility

- Composition/purity
- Stability

- Vapor pressure/transport

- Compatibility

- Water

- Beryllium

- SS
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N IR

pan Chl

Tritium solubility/transport
- Tritium solubility

- Tritium diffusivity

O

O

- Adsorption/desorption properties

oo

>

. Radiation effects

- Physical properties

- Swelling

O

- Creep

- Tritium trapping/transport

- Helium trapping/transport

oo

- Fracture properties
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@8 —— Adequate/good agreement

M — Limited/general agreement
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Single set of data
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