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Thermal cycle tests for mockups of breeder pebble beds of ITER breeding blanket have
been carried out to investigate their thermo-mechanical behavior with the interaction between a
pebble bed and a breeder rod containing the breeder pebbles.

The mockups have been designed to demonstrate a part of the “Breeder Inside Tube (BIT)”
structure of ITER breeding blanket. Candidate material pebbles of LiTiO3 was applied as breeder
specimen, and Al pebbles were applied for simulating the neutron multiplier of Be pebbles.
These pebbles have been packed in test tubes by using a vibration machine. Tested configurations
were single layer mockups with Li,TiOs single diameter packing and binary packing beds, and
double layer mockups with Li;TiOs / Al single diameter packing and binary packing beds. In
order to clarify the deformation performance of breeder tube, two different thickness of the breeder
rod were also tested: one for nominal condition and another for acceleration test. Pebble bed of
Li,TiO; is heated with an electric heater, which is equipped at the center of the breeder rod,
simulating the temperature profile by volumetric heating of breeder pebbles. The outside of a
breeder rod in a single layer mockup and the outside of the outer tube in case of double layer
mockup is cooled by water. Temperature of the breeder beds has been controlled by a power input
of the heater. After the thermal cycle tests, the internal dimensions and local packing fraction of
mockups have been examined by using an X-ray CT device.

As the result, no significant change of packing fraction was observed after five thermal
cycles with maximum heater temperature of 600 °C. Any bulging of the breeder rod or any
cracking of the pebble has not been observed. A soundness of the typical structure and breeder
pebble bed of ITER breeding blanket against thermal cycles was confirmed.

* Present Affiliation : Hitachi, Ltd.
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1. Introduction

Thermal cycle tests for mockups of ITER breeding blanket have been carried out to
demonstrate the soundness of packing of breeder and multiplier pebbles from the aspect of
thermo-mechanical behavior with the interaction between a pebble bed and the breeder rod
containing the breeder pebbles. ITER breeding blanket design is based on the concept of “Breeder
Inside Tube (BIT)“ blanket, as shown in Fig.1-1 [1]. Since the operation of ITER is pulse
operation, the breeder and multiplier pebble beds are to be heated repeatedly. The difference of
thermal expansion rate of pebbles and container material may cause the stress or space between
pebbles and container.  If pebbles are fully packed close to theoretical packing fraction of 74% in a
perfect tetrahedral geometry of single size pebble and are assumed to be induced about 0.1%
thermal strain in a rigid rod, the thermal stress in the pebble bed would be greater than the rupture
strength of pebble material itself. In an actual pebble bed with packing fraction of around 60 to
65%, pebbles have compliance or ability to move to accommodate volume changes to some extent.
However, it is difficult to predict the behavior of pebble bed by analyses, especially a local behavior
of pebbles, because of lack of database and analysis model development of thermo-mechanical
behavior of pebble bed in a container. From such view points, mockups were manufactured in
order to demonstrate a part of the ITER BIT blanket, and subjected to thermal cycle tests.

Breeding material of Li,TiO3 was packed as a pebble bed in a breeder rod, and Al pebbles
ar¢ used to simulate neutron multiplier Be. Pebbles are packed in the mockups by using a
vibration machine. The tested mockups are single layer mockups with Li;TiOs single and binary
packing beds, and double layer mockups with Li;TiO3 / Al single and binary packing beds. Two
different thickness of the breeder rod wall have been tested: one for nominal condition and another
for enhancement test to identify the effect of the thermal expansion stress of pebbles to the wall.
Li,TiOs pebble bed was heated with an electric heater, which is equipped at the center of the
breeder rod. In case of single layer mockup, outer surface of the breeder rod was cooled by
ambient temperature water. In case of double layer mockup, outer surface of the outer tube was
cooled by ambient temperature water. The temperature of the breeder is controlled by the
thermocouple at the middle point of the heater to 600 °C by the power of the heater. The set
condition of the breeder temperature (600 °C) was derived to induce the thermal strain of about
0.3%. After the thermal cycle tests, the test mockups were observed by X-ray CT (Computerized
Tomography) scanning technique to clarify the following critical issues of the pebble bed:
1) Change or localization of the packing fraction or a fragmentation of the pebble bed
2) Failure (bulging or a buckling) of the breeder rod or outer tube
3) Thermal ratcheting effect in the pebble bed and progressive incremental inelastic deformation of

the breeder rod.
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2. Test Mockups

In order to investigate the region around one breeder in the ITER BIT blanket, two types of
test mockups have been prepared. One is single layer mockups, which have simple geometry of
the breeder rod and aims at the demonstration of the mechanical interaction between the breeder
pebble bed and the breeder rod, by elimination of the outer pebble bed which simulates the neutron
multiplier bed. The other mockup is a double layer mockup, which includes the outer pebble bed
of Al in the outside of the breeder rod. This test was performed to investigate the effect of the
outer pebble bed on the deformation of the breeder rod.  The photographs of appearance of the test

mockup with vibration machine are shown in Fig. 2-1.

2.1 Test Mockup for Single Layer Test

A layout of the mockup for single layer test is schematically shown in Fig. 2-2. The
single layer test was planned to demonstrate thermo-mechanical interaction between the breeder
pebbles and the breeder rod. Li;TiO3 pebbles were packed in the breeder rod by using a vibration
machine. Li;TiO; pebble bed was heated with the electric heater, which is equipped at the center
of the breeder rod. The outer surface of the breeder rod was cooled by ambient temperature water.
The temperature of the heater was controlled by a thermo-couple equipped on the sheath of the
heater at the center of the breeder rod. Strain gages were attached on the outer surface of the
breeder rod in order to measure strains of the breeder rod.  For the enhancement of thermal stress
effect by pebble bed such as bulging of the breeder rod, a rod with thickness of 0.2 mm was tested
as well as the nominal rod with thickness of 1.0 mm.

Test parameters are shown in Table 2-1. The single layer test was carried out to
investigate the soundness of Li;TiO; pebble bed and the breeder rod, on which cyclic thermal
strains were loaded. Two kinds of thickness of the breeder rods made of SS316L was selected.
The breeder rod with thickness of 1.0 mm is for nominal case and the other has the reduced
thickness of 0.2 mm for an enhancement test, which clarify the effect of expanding force caused by
the thermal expansion of Li,TiOs pebble bed. The temperature of heater was controlled at 400 °C
for the nominal case and at 600 °C as the accelerating test condition. The temperature of 400 °C
for the nominal case was selected in order to simulate the same thermal strain of the pebble bed as
ITER condition shown in section 4.3. X-ray CT images of the mockups were recorded before and
after thermal cycle test in order to evaluate dimension of the breeder rod and packing density
distribution in the breeder pebble bed, which represents effects of the thermo-mechanical
interaction on the pebble bed and the breeder rod. The effect of vibration on the change of the
packing fraction was also tested. The mockups were vibrated at a frequency of 30 Hz and
amplitude of 1 mm for 5 minutes during each cooling period. The characteristics of the utilized
vibration machine are known in elsewhere [2]. Single layer mockups packed with Li;TiO3 single
size pebble (2mm¢) and binary packing bed of 2mm¢ and 0.3mm¢ were tested.
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2.2 Test Mockup for Double Layer Test

The schematic structure of the test mockup for double layer test is shown in Fig. 2-3. The
test mockup for double layer test consists of two pebble bed layers, which are a breeding material
layer and a neutron multiplier one. Li;TiO; pebbles were packed in the breeder rod as the
breeding material, and Al pebbles are used for simulating the neutron multiplier Be. Li;TiO;
pebble bed was heated with an electric heater, which is equipped at the center of breeder rod. The
outer surface of the outer tube, which was filled with Al pebble, was cooled by ambient temperature
water. The temperature of the heater was controlled by a thermo-couple equipped on the sheath of
the heater at the center of the breeder rod.  Strain gages were attached on the outer surface of the
breeder rod in order to measure strains of the breeder rod.

Test parameters are shown in Table 2-1. The objective of the double layer test is to
observe the effect of the neutron multiplier pebbles packed around the breeder rod. The breeder
rod (1.0 mm thickness) was made of SS316L. The thickness of the outer tube was 3 mm. The
temperature of heater is controlled at 500 °C to simulate the same thermal strain of the pebble bed
as ITER condition shown in section 4.4. X-ray CT images of the mockups were recorded before
and after thermal cycle test to evaluate the effects of the thermo-mechanical interaction on the
pebble bed and the breeder rod.

2.3 Pebble Specification

Specifications of pebbles used for the thermal cycle tests are shown in Table 2-2.
Photographs of the appearance of Li;TiOs of 2mm and 0.3mm diameter are shown in Fig. 2-4 (a)
and (b), respectively.
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3 Test Procedure

The test procedure is shown in Fig. 3-1.  Pebbles were packed in the breeder rod by
using a vibration machine. A method applied to pack binary pebble in the rod is as follows: first,
pebbles of 2 mm were packed by using the vibration machine and constrained with a plug with smal
holes at the top.  Then the second size pebbles of 0.3mm sphere were packed gradually with
small amount of butches through holes prepared in the plug. The diameter of the holes is designed
to be 1 mm so that the smaller pebbles can go through but the larger ones are constrained. As the
first pebbles were constrained in the breeder rod with a spring force on the plug, they cannot move
even when they were vibrated. Vibration conditions are summarized in Table 3-1. Net packing
fractions were measured by weight of packed pebbles. Also the packing fraction distribution was
measured by the permeation rate of X-ray by the treatment of the X-ray CT image data.

The temperature of the pebble bed was regulated by a power of heater controlled by
temperature of the heater at the center of the breeder rod.  Figure 3-2 shows achievable maximum
heater temperature as a function of heater power. The heater power about 500 W/m is needed to
reach the maximum temperature of 600 °C.  After the thermal cycle test, the X-ray CT device was
used to observe the change of the rod shape and the packing fraction distribution in the pebble bed.
As the final check, the mockup was disassembled for observations of the pebbles fragments.
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4. Analyses of Thermal Strain
4.1 Thermal Strain of Breeder with Uniform Volumetric Heating Source
If a volumetric heating source in the breeder rod is assumed to be uniform, a temperature
distribution in the breeder rod is estimated by the following equation,
T(r)=Tumax-q" 1°/(41) 4.1)
If the radial elongation of the rod induced by the thermo-mechanical interaction between the

pebbles and the rod is negligible, a thermal strain of the breeder pebble bed is calculated as follows;

AL/L={(aBr(Tm-To)-oss(Tw-To)) 4.2)
,where Ty, is a mean temperature of the breeder given by:
Tu=(Tmax+Tw)/2 4.3)

The temperature of the breeder rod varies, depending on the position of the breeder rod in
the ITER breeding blanket structure [3]. In order to make a rough estimation for the thermal strain
in the ITER condition, the temperature of the breeder rod was assumed to be constant at 350 °C. A
calculation result of thermal strain of the breeder pebble bed is shown in Fig. 4-2 as a function of
the maximum temperature of the breeder. The thermal strain of the breeder in the ITER condition

is estimated to be about 0.18 % when the maximum temperature is 550 °C.

4.2 Thermal Strains of Breeder and Neutron Multiplier with Uniform Volumetric Heating Source

If the volumetric heating rate in the breeder rod is assumed to be uniform and that in the
neutron multiplier to be negligible, temperature distributions in the breeder pebble bed and the
neutron multiplier pebble bed in a cylindrical geometry are estimated by the following equations.

For the breeder,

T()=Tmax-q""(1*/4) X1 4.4)

ATi=q"”’(Ri*/4)A 4.5
For the neutron multiplier,

T()=Tuw1-(q’/2) A1 In(1/R;) (4.6)

@ =nRG” 4.7)

ATz= (q’/27) Az In(Ro/Ry) - 4.8)

If the radial elongation of the rod induced by the thermo-mechanical interaction between the
pebbles and the rod is negligible, the thermal strains of the breeder and the neutron multiplier are

given by the next equations.

For the breeder,
€ p=BR(Tm1-To) - 0ss(Tw1-To) 4.9)
For the neutron multiplier, .
env=0nM(Tmz-To)+0ss(Tw1-To) "R1/(R2-R1) -@s2(Tw2-To) *Ro/(R2-Ry)  =emmememmeeeees (4.10)

, where T and Ty are the mean temperature of breeder and the mean temperature of neutron
multiplier, respectively. Each value is defined by the following equation.
Tm1=(Tmax+Tw1)/ 2 (4.11)
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Tawz=Tw1-(Tw1-Tuz)/ In(R2/R;) (R22/(R2>-R%) In(R2/R;)-1/2) 4.12)
Calculation results of thermal strains of the breeder and neutron multiplier are shown in
Fig. 4-3 as a function of the maximum temperature of the breeder, as the wall temperature is
assumed to be constant at 350 °C as described in section 4.1. The thermal strain of the breeder in
the ITER condition is estimated to be about 0.18 % when the maximum temperature is 550 °C.

4.3 Thermal Strain of Breeder in Test Condition of Single Layer
When a breeder pebble bed is heated at the center with a constant linear heating rate, a
temperature distribution in the breeder is calculated by the following equation.
T()=Twi-q’/27A In(r/R,) (4.13)
If the radial elongation of the rod induced by the thermo-mechanical interaction between the

pebbles and the rod is negligible, a thermal strain of the breeder is calculated as described as

follows. ‘
AL/L=oprATer+ass1ATw1R1/(R2-R1)-ass2ATwzR2/(R2-R1) (4.14)
ATgr=Tms-To 4.15)
ATw1=Tw1-To (4.16)
ATu2=Taz-To 4.17)

T, -M (4.18)
J:: rdr

(T 1 ‘Twz) Rz2 1 |
T,=T,, - X% -In(R,/R,))-—= 4.19
m = w1 In(R, /R,) R22 ~ R12 n(R,/R,) > (4.19)

The calculation result of a thermal strain of the breeder is shown in Fig. 4-4 as a function of the
maximum temperature of the breeder, as the wall temperature is kept to be constant at 30 °C. At
400 °C, the thermal strain of the breeder becomes equal to that of the ITER condition, 0.18 % .

4.4 Thermal Strains of Breeder and Neutron Multiplier in Test Condition of Double Layers
When a breeder pebble bed is heated at a center with a constant linear heating rate,

temperature distributions in the breeder and the neutron multiplier are calculated by the next

equations.

For breeder layer,
T(r)=Tw1-q’/2nA In(r/Ry) (4.20)
AT1=q’/2 A In(R2/R1) 4.21)

For neutron multiplier,
T(r)=Twz-q’/2 ®A3 In(r/R2) (4.22)
AT2=q’/2 A3 In(R3/Rz) (4.23)
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If the radial elongation of the rod induced by the thermo-mechanical interaction between the
pebbles and the rod is negligible, the thermal strains of the breeder and the neutron multiplier are
given as follows.

Thermal strain of breeder:

e8r=aBR(Tm1-To)+ As1(Twi-To) R1/(R2-R1)- ass2(Tw2-To) R2/(R2-R1) (4.24)
Thermal strain of neutron multiplier:
env=ONM(Tm2-To)+ 0s2(Twz-To) R2/(R3-Rz2)- ass3(Twa-To) Rs/(R3-Ra) -- (4.25)

, where, T4 and Tps are the mean temperature of breeder and the mean temperature of neutron

multiplier, respectively. Each value is defined by the following equations.
Tuns=Tw1-(Tw1-Tu2)/I(R2/R1)(R2*/(R2*-R*)In(R2/R1)-1/2) (4.26)
Tumz=Tuwz-(Tuz-Tus)/In(Rs/R2)(Rs*/(R3*-R2°)In(Rs/Rz)-1/2) 4.27)

where, aggr is the thermal expansion coefficient of breeder Li;TiO3 [/K], ass1 is the thermal

expansion coefficient of heater sheath (Inconel 600) [1/K], ass2 is the thermal expansion coefficient
of breeder tube (SS316) [1/K], and asss is the thermal expansion coefficient of cooling wall
(SS316) [1/K], and Ty is the room temperature [K].

Calculation results of thermal strains of the breeder are shown in Fig. 4-5 as a function of
the maximum temperature of the breeder, as the outer wall temperature is kept to be constant at 30
°C. At 470 °C, the thermal strain of the breeder becomes equal to that of the ITER condition,
0.18 % .
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5. Test Results
- 5.1 Initial Packing Fraction of Pebble Bed

The pebble bed was packed by using a vibration machine. The frequency of 30Hz and
the amplitude of 1Immp-p were applied to all cases except for Al pebble of ¢0.1mm. The charts of
the weight of pebble, the gap between the plug and the edge of the rod and the packing fraction are
plotted by vibration time in Fig. 5-1 through Fig. 5-4. Figure 5-1 shows the vibration time of
Li;TiOs of ¢2mm. The packing fraction of 62% to 65% is obtained in vibration time of 30 min to
180min. The packing behavior of Li>TiO3 of ¢0.3mm is shown in Fig. 5-2. The packing fraction
of 18% to 20% have been obtained in about 1 hour. The packing behavior of Al pebble of ¢lmm
is shown in Fig. 5-3. The packing fraction of 64% was obtained in 5 min. Also, it was observed
that the packing fraction gradually increased to 64.5% in SO min. The packing behavior of Al of
¢0.1mm is shown in Fig. 5-4. This case exhibits the most difficult packing behavior to take 700
min and to be finally required the higher frequency of 50 Hz. The summary of the packing
fraction and the vibration time is shown in Table 5-1. In the case of the single size pebble bed, the
packing fraction of 62% to 65% is obtained for both of Li,TiO; and Al pebbles. In case of
binary packing, the secondary pebble packing fractions of 18 to 20 % were added to those of single
pebble beds.

The X-ray CT devise was used to measure packing fractions, and the results of initial
states were shown in Table 5-2 and in Fig. 5-5. Cross-sectional X-ray CT images were taken at
upper, middle and lower parts of the mockup as shown in Fig. 5-6 and Fig. 5-7. Packing fractions
of pebble bed were evaluated with these images by comparing the average density in the breeder
rod to the material density of pebble itself. The packing fraction of the bottom shows the slightly
higher than that of the upper case. The packing fraction measured with the X-ray CT device
shows lower than that of the weight method.

5.2 Change of Packing Fraction Caused by Thermal Cycle Test

The gap between the plug and the edge of rod was measured after each thermal cycle as
shown in Fig. 5-8 in order to get information for a change of the packing state. The rapid sinking
of the plug was observed in test No. 1, 2 and 3, after the first thermal cycle and the changing ratio
became smaller in the following cycles. The sinking of the plug of 1 mm corresponds to the
change of the packing fraction of 0.25%. Therefore, the change of the packing fraction calculated
from the sinking of the plug becomes to be 0.1% for test No. 1 and 2. The sinking of the plug in
the test No.3 was larger than that of others due to the vibration applied between the thermal cycles.
The changes of the packing fraction measured by X-ray CT method are shown in Fig. 5-9 and
summarized in Table 5-2. No significant change of the packing fraction was observed for every

case.
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5.3 Strain of Rod Induced by Thermal Cycle

The temperatures of the heater and the rod were measured with thermo-couples. The
strains of the rods are measured with strain gages attached on outer surface of the rods. Typical
data of the strains and the temperature in test No.1 and No.2 are shown in Fig. 5-10(a) and (b),
respectively. The results of the measured temperatures and strains are listed in Tables 5-3, 5-4 and
5-5 and shown in Fig. 5-11 through 5-17. Figure 5-18 shows the comparison of the effects of rod
thickness and the packed density (single or binary pebble bed) on the strain, where strains after the
first thermal cycle are also shown. The strain of the breeder rod in test No.1 is about 60x10°,
which corresponds to the temperature increase of 4 degree. The temperature of the breeder rod
increased to about 10 degree as shown in Fig. 5-10(a) and table 5-4. Therefore, the strain of the
breeder rod in test No.1 is induced mainly by temperature rise of the rod. The interaction between
the pebbles and the breeder rod is considered to be negligible. ~ On the other hand, the strain of the
breeder rod in test No.2 showed 350x10° at the middle and 280x10° at the upper and the lower
positions. The strain at the middle was higher than those at the upper and lower positions, because
the temperature of pebbles at middle was higher than other positions, as can be seen from Fig. 5-12.
The thermo-mechanical interaction between the tube and the pebble bed could expand the breeder
rod in test No.2 because of the thinner rod thickness of 0.2 mm. The expansion of 0.035% of the
middle is still within an elastic strain range. After the temperature cool down, the strain of the
tube returns to the initial condition as shown in Fig.5-10 (b), which shows the second thermal cycle.
The dependency of the strain of the breeder rod on the number of the thermal cycles was shown in
Fig. 5-19. The increase of the strain was not observed in the course of the thermal cycle progress.
This shows the expansion of the breeder rod induced by the thermo-mechanical interaction
remained within the elastic range of the breeder rod, even though the accelerating test condition was

applied on the breeder rod.

5.4 Evaluation of Induced Stress between Rod and Pebble
The stress induced by the thermo-mechnical interaction between the rod and pebble could
be estimated by the following equations. The stress of the breeder rod o; keeps a balance against
the stress of pebble bed .
a=c,D/2t --- (5.1)
, where, D is the diameter of the breeder rod and t is the thickness of the breeder rod. When a

" thermal strain &y is induced due to the temperature rise, it is separated into a strain of rod & and a

strain of pebble bed &,.
En=Et&p - (5.2)
Stresses are expressed asfollows.
ai=E& (5.3)
=Eyty 54)

, where, E;and E,, are a Young’s modulus of the breeder rod and the pebble bed, respectively.

_.9_
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The strain of the rod was about 400x10° in the test No. 2.  This strain results in the stress
to be 76 MPa of the rod and 1.1MPa of the pebble by using the equation (5.1), (5.3) and the Young’s
modulus of SS316L of 190 GPa. The Young’s modulus of pebble bed was estimated to be 0.4GPa
with an initial strain of the pebble bed of 0.1 % by an analytic method [4]. From this estimation,
the stress of the breeder rod in the acceleration test condition is still low as compared with a yield
strength 160 MPa of SS316 at 350 °C. Therefore, the soundness of the tube in the ITER condition

was confirmed.

5.5 Appearance of Pebble after Thermal Cycle Test

Photographs of the pebbles before and after the test are shown in Fig. 5- 20(a) (b) and (c).
An appearance of the pebbles was not changed after thermal cycles test, and also a crack or a
fragmentation was not observed. Therefore these results show that a soundness of the rod and the

pebble would be kept during thermal cycle operation of ITER.
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6. Conclusions
The thermal cycle test of the ITER breeding blanket mockup was carried out and the
following conclusions were obtained.

(1) Pebbles were compressed by a thermal expansion of the pebbles under constraint with cooled
breeder rod and outer tube. But no significant change of the packing fraction was observed with
X-ray CT method.

(2) Any change of an appearance of the pebble was not observed.

(3) A strain of the breeder rod, which is caused by the thermo-mechanical interaction between the
breeder rod and the pebble bed, was negligible even though in case of thinner tube.

(4) A soundness of the breeder rod and the pebbles under thermal cycles is confirmed in simulated
ITER condition.
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Nomenclature

Tmax  Maximum temperature of breeder

Tw Wall temperature

To Room temperature

i Mean temperature of breeder

q' Linear heating power of heater [W/m]
qQ” Volumetric heating rate [W/m®]

aBR Thermal expansion coefficient of breeder, Li;TiO3 [/K] (shown in Fig. 4-1)
Osss Thermal expansion coefficient of tube, SS316L [/K] (shown in Fig. 4-1)
ass1 Thermal expansion coefficient of heater, Inconel 600 [1/K] (shown in Fig. 4-1)

A Effective thermal conductivity of breeder, Li,TiOs, pebble bed in the air; 0.3 [W/m K]
M Effective thermal conductivity of Li;TiO3 pebble bed in He(0.1MPa): 1.2 [W/m K]
A2 Effective thermal conductivity of Be pebble bed in He(0.1MPa): 12 [W/m K]

As Effective thermal conductivity of Al pebble bed in air, 1.0 [W/m K]
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Table 2-1 Test Parameters for Thermal Cycle Tests

temperatures
. breeder outer of heater number | vibrations
snglel | ingle/ binary | 1o | rod D/ | tubeID/ |  surface/ of during
' Thick Thick | cooling wall | thermal | cooling
[mm] [mm] [C] cycles period
, 1 26/1.0 - 400/30 1,5 no
single 2 | 26002 600/30 L5
single layer (92.0mm) ' - * =e
binary 4 26/1.0 - 400/30 1,5 no
(¢2.0/¢0.3mm) | 5 26/0.2 - 600/30 5 no
single
Double layer (¢1.0mm) 6 26/1.0 60/3.0 500/30 1,5 no
(Li2TiO3/Al) binary
(¢1/0.1mm) 7 26/1.0 | 60/3.0 500/30 1,5 no

(*): Xray-CT images were taken after these cycles.

Table 2-2  Specifications of pebbles

Li, TiO; pebble Al pebble
single binary single binary
Diameter(mm) 2 2 1 1
0.3 0.1
Theoretical 3.44 2.70
density(g/cm3)
Density(%TD) 83 100

Table 3-1  Vibration Conditions for Packing Li,TiO; Pebbles.

Pebble of 2mm |Pebble of 0.3mm
sphere sphere
Frequency(Hz) 30 30
Amplitude(mm) 1 1
Vibration time (min.) | Longer than 12 Longer than 20
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Table 5-1 Packing Fraction

Packing fraction of single layer mockup

Li,TiO; pebble | Li,TiO; pebble
with ¢2mm with $0.3mm Total
filling | packing | filling | packing | packing
test time | fraction | time | fraction | fraction
No. [min] | [%] [min] [%] [%]
1 28 64 - 64
2 14 64 - 64
3 102 62 - 62
4 50 65 92 18 83
5 180 63 105 20 83
Packing fraction of double layer mockup
inner layer
LizTiO3 pcbble LizTi03 pebble
with $2mm with $0.3mm Total
filling | packing | filling | packing | packing
test time | fraction | time | fraction | fraction
No. [min] | [%] [min] [%] [%]
6 40 64 - 64
7 105 63 120 19 82
outer layer
Al pebble Al pebble
with ¢1mm with ¢0.1mm Total
filling | packing | filling | packing | packing
test time | fraction | time | fraction | fraction
No. [min] | [%] [min] [%] [%]
6 50 65 - 65
7 40 64 710 16 80
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Table 5-2 Initial Packing Fraction and Dependency of Change of Packing Fraction on Thermal

Cycle
FP:ck;r;ﬁ Packing Fraction by X-CT method [%]

Pebble by Initial after 1st cycle after 5th cycle
Test | Materia | Weight* | Uppe Lowe | Uppe | Middl | Lowe | Uppe | Middl | Lowe

No. 1 [%]) Middle | r T e r I e T
1| Li;TiO; 64 56 62 63 56 62 63 56 63 64
2 | Li;TiOs 64 55 63 64 56 63 64 55 63 64
3 | Li;TiO; 62 52 61 60 53 62 61 53 62 60
4| Li,TiOs 83(65) 72 80 78 72 80 80 71 80 80
5| LiyTiO; 82(63) 71 78 78 | - - - 71 78 79
6 | Li,TiO;s 64 53 62 63 54 62 62 52 62 64
Al 65 60 63 63 60 62 61 62 64 63
7 | Li;TiOs 82(63) 69 73 76 71 75 76 70 75 76
Al 80(64) 68 77 78 69 78 79 69 78 79

* Packing fraction of test No.4, 5 and 7 shows total packing fraction of binary pebble and packing fraction of

large size pebble in parentheses.

" Table 5-3 Temperature of Heater Measured at each measurement position in this study

Test No. | No. of cycles 1 2 3 4 5
No.l [Upper 175 171 167 167 167
IMiddle 400 400 400 400 400
ILower 290 276 277 279 282
No.2 |Upper 260 24 256 253 256
IMiddle 600 600 600 600 600
ower 295 208 301 295 302
No3  [Upper 253 247 243 247 242
Middle 600 600 600 600 600
wer 421 433 436 437 441
No4  [Upper 155 157 157 158 157
Middle 400 400 400 400 400
ILower 262 268 27 273 278
No.5  |Upper 216, 218 216 216 216
IMiddie 600 600 600 600 600
ILower 400 417 407 421 422
No.6  |Upper 208 210 212 212 211
iddle 500 500 500 500 500
ILower 351 360 357 357 353
No7 |Upper 190 190 190 190 189
IMiddle 500 500 500 500 500
ower 336, 347 342 344 350

— 15
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Table 5-4 Temperature of Breeder Rod Measured at each measurement position

Test No. | No. of cycles 1 2 3 4 5
No.1 Upper 28 29 28 29 29
Middle 30 31 31 31 32

Lower 23 24 24 24 24

No.2 Upper 44 25 30 30 30
Middle 44 28 30 35 34

Lower 29 21 22 25 24

No.3 Upper 27 30 29 26 26
Middle 30 29 28 28 29

Lower 26 26 28 28 27

No.4 Upper 24 24 25 24 23
Middle 28 26 28 26 26

Lower 22 22 23 23 23

No.5 Upper 26 25 26 26 26
Middle 33 32 32 31 31

Lower 20 20 20 20 20

No.6 Upper 58 52 54 55 55
18 23 23 23 23

Middle 76 75 77 77 77

20 25 25 25 25

Lower 50 55 54 55 55

17 19 19 19 19

No.7 Upper 42 42 42 42 43
24 23 21 22 22

Middle 65 60 61 62 62

26 26 26 26 24

Lower 42 42 42 42 42

19 18 18 18 18

(Note)

In test No.6 and 7 the upper row shows the temperature of the breeder rod, and
the lower row shows the temperatureb of the outer tube.
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Table 5-5 Strain of Breeder Rod Measured at each measurement position ( X 10)

Test No. | No. of cycles 1 2 3 4 5
Test No.1 Upper 17 25 20 23 21
Middle 62 - - 44 41
Lower 20 34 32 33 31
Test No.2 Upper 286 260 188 212 205
Middle 345 471 335 308 232
Lower 274 254 244 396 205
Test No.3 Upper 93 73 - 164 152
Middle 410 465 380 367 308
Lower 226 318 165 285 260
Test No.4 Upper 50 54 45 49 42
Middle 113 128 115 110 107
Lower 80 100 77 72 71
Test No.5 Upper 295 245 210 190 161
Middle 400 480 470 475 475
Lower 370 320 290 280 242
Test No.6 Upper 15 15 14 12 5
Middle 7 0 18 20 15
Lower 35 46 46 44 30
Test No.7 Upper 28 105 102 100 100
Middle 75 22 30 27 28
Lower 57 65 62 58 58
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Shield Plate

Breeder Rods
(containing breeder pebble)

Cooling Plate

First Wall

Fig. 1-1 ITER Breeding Blanket [1]

Photograph of the mockup installed on the vibration Photograph of the mockup prepared for
machine for packing pebbles thermal cycle tests

Fig. 2-1 Appearance of the test mockup
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Fig. 2-2 Test mockup for single layer tests
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Water Channel
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Binary: 2mm + 0.3mm
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Fig. 2-3 Test mockup for double layer tests
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Fig. 2-4(b) Photograph of Li;TiO; of 0.3 mm dia.

21




JAERI-Tech 2002-046

Packing of Pebbles
in Tube

Thermal Cycle and Vibration

_/—\jating Power

L —— 'L Vibration

Number of
Cycles=1or5

Packing parameter:
Packing vibration frequency:30-40Hz
Packing vibration amplitude: Imm

Packing fractions are measured with
1) Weight of packed pebbles
2) CT images

Thermal cycle temperature is
controlled by heating power
cooling water temperature

Vibration frequency:30H z
Vibration time :5min

Deformation of tube is measured with
strain gages

Observation by using of
Xray-CT device

Deformation of Tube
(bulging, buckling, cracking, etc.)
Fragmentation of Pebbles

Change of Packing Fraction

Number of
Cycles >5

Disassembly of Test Mockup for Observation

Fig. 3-1 Test procedure
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Fig. 4-1 Thermal expansion coefficients of the applied materials in this tests
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Fig. 4-3 Thermal strains of breeder and neutron multiplier with uniform volumetric heating source
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Fig. 5-5 Initial Packing Fraction of Pebble Bed Measured by X-ray CT Device
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(c)Bottom

Fig 5-6 X-ray CT Image of Mockup of No.1 Test
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Fig 5-7 X-ray CT Image of Mockup of No.6 Test
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Fig 5-17  Temperature of Heater and Strain of Breeder Rod Measured in No.7 Test



JAERI-Tech 2002-046

500 O Test No.1

Test No. 5 ATest No.2
(Tube wall thickness = 0.2 mm, binary packing) | Test No.4

" /4—.‘ O Test No.5

300 :—;w"’ Test No. 2
(Tube wall thickness = 0.2 mm, single packing)

200 Test No. 4
(Tube wall thickness = 1.0 mm, binary packing)
M
(Tube wall thickness = 1.0 mm, single packing)
A i I3

§ | |

Strain of Tube

0 100 200 300 400 500 600 700

Temperature of Heater [°C]

Fig. 5-18 Strain at each Location of Breeder Rod plotted against Temperature of Heater at the
same Location during the 1st Thermal Cycle

1
600 —O—-Test No.1

~—Test No.2
-4 Test No.3

500 ~{-Test No.4
3 o0 -O—-Test No.5
4 Al
2 " \‘i‘\‘
-
ano
®
(6]

200
=, 8, b
100
O— —0 0
0 L L L 1 1
0 1 2 3 4 5 6

Numbers of Thermal Cycles

Fig. 5-19 Change of Strains of Breeder Rod at Middle Location during Thermal Cycle Tests
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