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Engineering data on neutron irradiation performance of tritium breeders are needed to
design the breeding blanket of fusion reactor. In this study, tritium release experiments of the
breeders were carried out to examine the effects of various parameters (such as sweep gas flow rate,
hydrogen content in sweep gas, irradiation temperature and thermal neutron flux) on tritium
generation and release behavior. Lithium titanate (Li,TiO;) is considered as a candidate tritium
breeder in the blanket design of International Thermonuclear Experimental Reactor (ITER). As for
the shape of the breeder material, a small spherical form is preferred to reduce the
thermal stress induced in the breeder. Li,TiO; pebbles of about 170g in total weight and with 0.3
and 2mm in diameter were manufactured by a wet process, and an assembly packed with the binary
Li,TiO; pebbles was irradiated in Japan Materials Testing Reactor (JMTR). The tritium was
generated in the Li,TiO; pebble bed and released from the pebble bed, and was swept downstream
using the sweep gas for on-line analysis of trittum content. Concentration of total tritium and
gaseous tritium (HT or T, gas) released from the Li, TiO, pebble bed were measured by ionization
chambers, and the ratio of (gaseous trittum)/(total trittum) was evaluated. The sweep gas flow rate
was changed from 100 to 900cm’/min, and hydrogen content in the sweep gas was changed from
100 to 10000ppm. Furthermore, thermal neutron flux was changed using a window made of
hafnium (Hf) neutron absorber. The irradiation temperature at an outer region of the ‘
Li,TiO, pebble bed was held between 200 and 400°C.

The main results of this experiment are summarized as follows.

1) When the temperature at the outside edge of the Li,TiO; pebble bed exceeded 100°C, the tritium
release from the Li,TiO; pebble bed started. The ratio of the tritium release rate and the tritium
generation rate (normalized tritium release rate : R/G) reached unity when the temperature at the
outside edge of the Li,TiO; pebble bed was kept above 300°C.

2) The sweep gas flow rate did not affect the tritium release from the Li,TiO; pebble bed in the
steady state condition, when the sweep gas flow rate was changed from 100 to 9000m3/m1n (the
superficial gas velocity in the Li,TiO, pebble bed : 0.53 - 4. 8cm/s)

3) Results of in-situ tests with varied hydrogen contents in the sweep gas showed. that
the hydrogen partial pressure in the sweep gas had an effect on tritium release from the Li,TiO,
pebble bed.

Keywords: ITER, Fusion Reactor, Blanket, Tritium Release, Lithium Titanate, JMTR

This report is based on the final report of the ITER Engineering Design Activities (EDA).
+1: Policy Planning and Administration Department
+2: Department of JMTR, Oarai Research and Development Center
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1. Introduction

‘1.1 Background and Objective

Engineering data on neutron irradiation performance of tritium breeder are needed to design
the breeding blanket of fusion reactor. Knowledge about the performance of solid lithium-based
ceramic is limited at present. Tritium will be bred in the blanket surrounding the plasma in the
vacuum \;essel, and will be collected and injected into the plasma chamber as fuel.

In the development of tritium breeding blankets for fusion reactors, lithium-based ceramics
such as Li,O, Li,TiO,, Li,ZrO,, LiAlO, and Li,SiO, have been recognized as promising tritium
breeding materials [1-2]. Particularly, Li,TiO; has attracted the attention of many researchers
from viewpoints of easy tritiurﬁ release at low temperatures, chemical stability at the high
temperatures, etc. [3-5]. Application of small lithium based ceramic pebble was proposed in the
breeding blanket design in order to reduce thermal stress [6-9].

Li,TiO; pebbles of about 170g in total weight and with 0.3 and 2mm in diameter were
manufactured by a wet process, and an assembly packed with the binary Li,TiO; pebbles was
irradiated in Japan Materials Testing Reactor (JMTR) for 3 cycles (about 75 day). The tritium
_generated in the Li,TiO; pebble bed, was swept downstream by the sweep gas for on-line analysis
of tritiﬁm content. |

In this study, tritium release experiments of the breedérs were carried out to examine the
effects of various parameters (such as sweep gas flow rate, hydfogen content in sweep gas,
irradiation temperature and thermal neutron flux) on tritium generation and release behavior.
Some papers and reports were published so far on research and development for these

experiments and on analyzed results of these in-situ experiments [10-15].

1.2 Task Description

In-situ data on tritium release from tritium breeding material at low temperature are
indispensable for the design of the ITER breeding blanket. An irradiation test for the task (ITER
Task No. : T431) was planned to be carried out by using JMTR under transient neutron irradiation
conditions to simulate the ITER pulse operation. The irradiation facility for in-situ irradiation test
is shown in Fig.1. '

The tritium release could be varied by changing the thermal neutron flux by rotating a

window made of hafnium. The test condition in this task is shown in the following table.
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Test Conditions in This Task (T-431)

Irradiation Capsule .~ R T T R

- Shape see Fig2

- Packing Weight of Tritium Breeding Matenal about 170 g

- Packing Fraction of Tritium Breeding Material about 80%

- Structural Material ' SS316

- Neutron Absorber Hafmum (Hf)
Tritium Breeding Material .- w0 o0 2

- Material L12T103

- Shape Pebble

- Diameter about 0.3 and 2mm

- Density about 83 %T.D.

- SLi Enrichment natural

- Grain Size about Sum

 Instrumentation (Number). 0= 0 o i i

- Multi-Paired Thermocouple

5
(3 hot junctions /15measurement points)

- Self-Powered- Neutron Detector (SPND) 5
Irradiation Conditions .7 s R e

-'Reactor JMTR

- Irradiation Hole M-2

- Irradiation Period 3 cycles in IMTR(1 cycle = 25 days)

- Neutron Flux , :
Thermal Neutron (E<0.683¢V) 3x10" - 2x10'° n/m*s (TBD¥)
Fast Neutron  (E>1.0 MeV) 5%10" n/m*s (TBD¥*)

- Tritium Generation Rate 1.85x10" Bg/d (TBD¥)

- Irradiation Temperature (Tritium Breeder Region) | 200 - 400 °C

- Volumetric Heating Rate- 2 W/cm® (TBD¥)

- Changing Width of Thermal Neutron Flux
Closed Condition of Hf Window 3x10" n/m*'s (TBD¥*)

Open Condition of Hf Wlndow
‘Sweep Gas Conditions :

2x 1016 n/m2!s (TBD*)

- Sweep Gas Composmon

pure He He+H2

- Sweep Gas Flow Rate

100 - 900cm®/min

- Hydrogen Content in Sweep Gas
Tritium Release Teést * ’

100 - 10000ppm

- Change of Sweep Gas Flow rRate

- Change of Hydrogen Content in Sweep Gas

- Change of Irradiation Temperature and Neutron Flux

(* TBD: to be detected)
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2. Preparation of Li,TiO, Pebbles

Two kinds of Li,TiO, pebbles were fabricated by the wet process with the dehydration
reaction [16] and the substitution reaction [17]. Furthermore, characteristics of these Li,TiO,

pebbles were examined.

2.1 Fabrication of Li,TiO, Powder

Li,CO, and TiO, powders, which are starting materials, were prepared with purity of 99.99%
and 99.9%, respectively. The Li,TiO,; powder was prepared by a solid state reaction. The reaction
for productioh of Li,TiO; powder is expressed by Eq.(1).

LiCO, + TiO, — Li,TiO, + CO, | (1)

Mixed powder (Li,CO, and TiO,) was pulverized and reacted in air at 700~800°C for 8 h.
After the reaction, the produced Li,TiO; powder was pulverized, and particle size of the Li,TiO,
powder was measured by a laser diffraction method. Impurities in the Li,TiO; powder were
measured by an atomic emission spectrometer with inductively coupled plasma (ICP-AES) and
an atomic absorption spectorometer (AAS).

The particle size of the Li,TiO; powder was in a range of 0.2-2.3 um, and was 0.63 um on
average. Impurities of the Li,TiO; powder are shown in Table 1 Silicon (Si) and sodium (Na)
were the highest impurities detected in the Li,TiO, powder. Crystal structure of this powder was
measured by X-ray diffractometry (XRD). The X-ray diffraction pattern of the Li,TiO; powder is

shown in Fig.3, and Li,TiO; was the main component detected.

2.2 Fabrication of Li,TiO, Pebbles

The fabrication flow of Li,TiO; pebbles for the wet process with the dehydration reaction
and the substitution reaction is shown in Fig.4. These procedures include fabrication of gel-
spheres, calcination and sintering processes.

The large pebbles (diameter : about 2mm) were fabricated by the wet process with the
dehydration reaction and the main processes [18] is described as follows;
1) Fabrication of gel-spheres: Mixed slurry of Li,TiO; powder and polyvinylalcohol (PVA)

solution was dropped into cooled acetone (-30°C) through a nozzle, and gel-spheres were

fabricated.
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2) Calcination of gel-spheres: The PVA in the gel-spheres was removed in air at 600°C for 6 h,
and Li,TiO; pebbles with a low density are fabricated in this process.

3) Sinteﬁng: Li,TiO; pebbles with a low density were sintered in air at 1200°C for 15 minutes,
and Li,TiO; pebbles with a high density were fabricated.

The small pebbles (diameter : about 0.3mm) were fabricated by the wet process with the
substitution reaction, and the main processes [18] is described as foHows;

1) Fabrication of gel-spheres: A liquid mixture of Li,TiO; powder and sodium alginate solution
as the binder was dropped into an aqueous solution of zinc chloride through a nozzle, and gel-
spheres were generated. |

2) Calcination of gel-spheres: Zinc in the gel-spheres was removed in the Ar+H, gas atmosphere
at 800°C for 8 h, and Li,TiO, pebbles with a low density were obtained.

3) Sintering: The Li,TiO, pebbles were sintered in air at 1200°C for 15 minutes, and Li,TiO,
pebbles with a hi gh density were fabricated.

Each gel-sphere was fabricated by the automatic dropping system. A schematic drawing of
this system for fabrication of gel-spheres is shown in Fig.5. This system consists of a slurry tank,

a vibration generator, a nozzle for dropping and a solution tank for aging. The diameter of

droplets is given as follows:

W |

D= (6—Q—\ , 2
\z - f)
where D (cm) is the diameter, Q (cm?®/s) is the flow rate of the liquid mixture, and f (Hz) is the
frequency of nozzle. The frequency of the vibration generator is given by the oscillator. On the
other hand, the diameter of the droplets is influenced by the viscosity of the liquid mixture, the
nozzle diameter, and wettability between the nozzle and the liquid mixture. Thus, the optimum
flow rate and frequency were decided for the fabrication of gel-spheres with a target diameter.
| Additionally, the sphericity was also influenced by the viscosity of the liquid mixture and the

frequency of the nozzle.

- 2.3 Characterization of Li,TiO, Pebbles

Characteristics of the two kinds of Li,TiO; pebbles fabricated are summarized in Table 2.

The main features are discussed below.
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 Photographs of Li,TiO; pebbles fabricated by the wet ‘process described above are shown in
Fig.6. Diameter distribution of the two kinds of Li,TiO; pebbles is shown in Fig.7. Average
diameters of these two kinds of Li,TiO; pebbles were 1.93mm and 0.29mm, respectively.
Sphericity (defined as the ratio of the largest diameter to the smallest diameter of each pebble) of
the two kinds of Li,TiO; pebbles was measured by a photographic analysis method. The
sphericity was as large as 1.05- 1.1. ‘

SEM photographs of cross sections of the two kinds of Li,TiO; pebbles are shown in Fig.8.
The grain size was measured by using these photographs of the cross section. The average grain
size of two kinds of LizTiO3r ‘pebbles was smaller than Sum. The density of the two kinds of
Li,TiO; pebbles was measured by mercury porosimetry, and the average densities were 2.86 and
2.82g/cm® for the large and small pebbles, respectively. '

Results of impurity measurements of the two kinds of Li,TiO; pebbles are shown in Table 3.
Sodium (Na) and carbon (C) were the highest impurities detected in the large pebbles. On the
other hand, aluminum (Al), silicon (Si), sodium (Na) and iron (Fe) were the highest impurities
detected in the small pebbles. It seems that these impurities were introduced from each binder
material (namely, PVA and ammonium alginate). _

To evaluate the strength of Li,TiO; pebbles fabricated by these methods, the crushing
strength was measured by a compression strength test. The average crushing load of the large and
small pebbles was about 73 and 4.6 N, respectively.

An X-ray diffraction pattern of the Li,TiO; pebbles is shown in Fig.9. The XRD analysis of
the two kinds of Li,TiO; pebbles was undertaken after packing the pebbles in a polyethylene

sheet. In the same manner as in Fig.3, Li,TiO; was the main component detected.
3. Irradiation Capsule and Facility

3.1 Fabrication of Irradiation Capsule

A vertical cross-section of the irradiation capsule (capsule name in JMTR : 99M-54]) is
shown in Fig.10. The outer diameter of capsule is 65mm which is the maximum available size in
JMTR. The capsule was equipped with thermocouples and SPNDs, mentioned below, to measure
the temperature and thermal neutron flux, respectively, and with electrical heaters to control the
irradiation temperature of the tritium breeding material. Furthermore, thermal neutron flux could
be changed by rotating a window made of hafnium around the inner capsule [11]. The photograph

of the inner capsule to be installed in the capsule is shown in Fig.11. The inner capsule is made of
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SS316L, and the dimension of the Li,TiO; pebble container is 23mm®°x20mm™x360mm". A

binary Li,TiO; pebble bed was fabricated using the inner capsule.

(1) Packing fraction and effective thermal conductivity
Results of packing fraction measurements of Li,TiO; pebbles are shown in Fig.12. Main

features of the pebble bed are as follows.

Li,TiQ; pebble region
- Packing fraction: 81.4%
- Loaded weight: 171.81 g

- Length of packing region: 261.2 mm

A calculation result of effective -thermal conductivity of the binary Li,TiO; pebble bed is

shown in Fig.13. The calculation was performed in the following supposition.

-Packing fraction : 80% (Large pebbles = 63%, Small pebbles = 17%)

- Li,TiO; pebble diameter : Large pebbles = ¢2mm, Small pebbles = ¢0.3mm

- Li,TiO; pebble density : 83%T.D.

. Li,TiO, thermal conductivity : Equation by Saito et al. [19]

-Effective thermal conductivity in binary packing : equation by SZB [20]
(SZB : Schlunder, Zehner and Bauer)

(2) Instruments in inner capsule

Two kinds of instruments, i.e. multi-paired thermocouples (T/C) and self-powered neutron
detector (SPND) were used in this inner capsule. Arrangement of the multi-paired thermocouples
and SPNDs at sections A, B and C is shown in Fig.14. The vertical positions of sections A, B and
C in Fig.14 are 75, 130 and 205mm, respectively, from the vertical top end of Li,TiO; pebble
packing region. At section A, there are 5 T/Cs and one SPND; and at séction B, 5 T/Cs and 3
SPNDs; at section C, 5 T/Cs and one SPND. Conceptual structures of the multi-paired
thermocouple and the self-powered neutron detector are described in Figs.15 and 16, respectively.

As for the thermocouples, the multi-paired thermocouples with three hot junctions were used.
This was because a lot of thermocouples were necessary from a viewpoint of exact measurement
of the irradiation temperature distribution, while the numbers of instruments through the upper

plug of the inner capsule were limited due to difficulty in micro-brazing. The outer diameter of

_6_
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the multi-paired thermocouple was 1.8mm, and three small thermocouples were included in one
multi-paired thermocouple. The outer diameter of the small thermocouple was 0.5mm. The
vertical position of hot junctions of each small thermocouple were 75, 130 and 205mm (namely,
the positions of sections A; B and C in Fig.14, respectively) from the vertical top end of the
Li,TiO; pebble packing region. For example; the irradiation temperature distribution in the
Li,TiO; pebble packing region at section B were measured by the use of thermocouples #6-#10
(see Fig.14).

The emitter of SPND was Rh-60%Pt, and the outer diameters of the corrector and the cable
were 2mm and 1.5mm, respectively. Additionally, the irradiation temperature in the Li,TiO,
pebble packing region was controlled by a micro-heater instrumented at the outside of the inner

capsule. The capacity of the heater was 2kW at maximum.

3) Loadin:g position and nuclear/thermal calculations

This capsule was irradiated in the irradiation hole M-2 in JMTR. The core configuration of
JMTR is shown in Fig.17. This irradiation hole is located at the outside of a y-ray shielding plate
made of Zr. This hole was the most convenient for conducting an irradiation test of tritium
breeder because of a minimum effect of a-heating by (n, o) reaction and y-heating of stainless
steel, compared with heating by the mico-heater.

A conceptual structure of the in-pile mockup and a nuclear calculation model of the JMTR
core are shown in Fig.18. Nuclear calculations with a Monte Cario code MCNP [21] revealed a-

heat and y-heat as follows.

[Open condition of Hf window]
a-heat: 0.754 W/g
y-heat : 0.165 W/g

[Closed condition of Hf window]
a-heat: 0.110 W/g
v-heat : 0.140 W/g

A calculation model of the irradiation temperature distribution in the Li,TiO, pebble bed is
shown in Fig.19, and the calculation parameters are given in Table 4. A result of the nuclear and
thermal calculations of irradiation capsule is shown in Fig.20. For the full power (50MW)

operation of JMTR, the centerline temperature of the Li,TiO; pebble packing region was about
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356°C without the micro-heater when the Hf window was opened. Calculation results for the in-

pile mockup by MCNP code and GENGTC code [22] are given in Table 5.

3.2 Irradiation Facility for In-situ Irradiation Test ‘

Irradiation facility for the in-situ irradiation test was described in references [10, 23] in
detail. _

The tritium measurement system in the facility consists of four subsystems: a sweep gas
supply subsystem, a tritium measuring subsystem, a tritium recovery subsystem and a clean up
subsystem of an operation box with gloves. The block diagram of these subsystems and the
schematic flow diagram of the sweep gas system were also given in ref. [23]. '

Results of a design study showed that the sweep gas system is sufficient to support the in-
pile functional test. The sweep gas supply subsystem can change broadly the sweep-gas flow rate
and the hydrogen content in the sweep gas. In the tritium measuring subsystem, accurate
measurement can be made without being concerned about the increase of the background by
installing two ceramic electrolytic cells in series. In the tritium recovery subsystem, the exhaust
tritium would be less than 1x10' Bg/y. Even if an accident such as a piping rupture occurs, the

- exposure would be minimized by the clean up subsystem.
4. Results of Irradiation Tests

4.1 Results of Irradiation Test in The 136th Cycle of JMTR
4.1.1 Outline of the First Irradiation Test

Tritium was generated in the Li,TiO,; pebble bed by neutron irradiation, and released from
the Li,TiO; pebble bed. The Li, TiO; pebble bed was swept by He gas and the tritium was released
from the Li,TiO; pebble bed. Total tritium concentration (HT+HTO) and gaseous tritium
concentration (HT) were measured separately, and HT/(HT+HTO) ratio was evaluated.

The first irradiation test of the Li,TiO; pebble bed with JMTR was conducted from
November 17 to December 12, 2000 at the SOMW full power. The outline of experimental
conditions in the first irradiation test is shown in Fig.21. Specially, the first irradiation test was
focused on low-temperature irradiation behavior of the LizTiog; pebble bed. Therefore, the center
temperature of Li,TiO; pebble bed was kept at about 400°C basically, and was increased to about
550°C by heating with the heater installed in the irradiation capsule when the Hf window was

opened. On the other hand, the center temperature of the Li,TiO; pebble bed was about 330°C
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. when the Hf window was closed. The sweep gas flow rate was kept constant at 200cm®/min. The
hydrogen content in the sweep gas was also constant at 1000ppm.

It has been considered that the moisture in the Li, TiO; pebbles also affects the tritium release
behavior from the Li,TiO; pebble bed. On the other hand, the test blanket module for ITER does
nbt have a heating device for preheating the tritium breeder region before neutron irradiation and
a lot of moisture will be released from the Li,TiO; pebble bed. Thereforeg the effects of moisture
concentration at the capsule outlet on tritium release behavior were investigated with this
irradiation test. Especially, the packing of Li,TiO,; pebbles installed in the inner capsule was
carried out in the grove box, and moisture in the grove box was measured and controlled during
the packing of the pebbles.

The result of the first irradiation test is shown in Fig.22. Results concerning the effects of the
irradiation temperature and the change of thermal neutron flux on tritium release from the Li,TiO,

pebble bed were obtained. These are described as follows in turn.

4.1.2 Temperature Distribution
The vertical temperature distribution in the inner capsule at 50 MW is shown in Fig.23. The
vertical temperature distribution was approximately uniform within the Li,TiO; packing region

* (260 mm in height), irrespective of the open or closed condition of the Hf window.

4.1.3 Tritium Release at Reactor Power-up

Figure 24 shows the release rate of total tritium (HT+HTO), the moisture concentration at
the capsule outlet, and the center temperature measured by thermocouple #7 at the reactor power-
up. When the reactor power became 10MW, the center temperature measured by thermocouple #7
became about 180°C (the Hf window was opened). The tritium release from the Li,TiO, pebble
bed began to be observed at the reactor power of 10MW. Then, the release rate of the total tritium
increased with increasing the irradiation temperature of the Li,TiO, pebble bed. The moisture
concentration in the sweep gas alsb increased up to 250ppm at 10MW. ’

When the reactor power became 30MW, the center temperature measured by thermocouple
#7 was 292°C, and the moisture concentration at the capsule outlet was 20ppm. At this time, the
ratio of HT/(HT+HTO) was about 30%. Furthermore, when the reactor power became S0MW, the
ratio of HT/(HT+HTO) increased to about 70%. It is clear that the ratio of HT/(HT+HTO)
increased with decreasing the moisture concentration. Finally, the ratio of HT/(HT+HTO) became

about 75% after operation at SOMW for more than 10h.
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4.1.4 Rotating Tests of Hf Window

Hf window rotating tests were conducted at reactor powers of 30, 40 and S0OMW, in order to-
examine the effect of the changes of the thermal neutron flux and the irradiation temperature on
tritium release from the Li,TiO; pebble bed. The condition of the ITER pulse operation is shown
in Fig.25, where the open time of the Hf window is 400 s and the closed time is 1310 s. The
sequence was adopted in this experiment.

Results of the rotating tests at 30, 45 and SOMW are shown in Figs.26, 27 and 28,
respectively. When the rotating test was carried out, the release rate of tritium decreased all over.
However, the release rate of tritium was not changed immediately. On the other hand, the
moisture concentration was changed rather rapidly with rotation of the Hf window. The outputs of

thermocouples and SPNDs were also changed immediately with rotation of the Hf window.

4.1.5 Change of Moisture Concentration at Capsule Outlet

The change of moisture concentration was measured at the capsule outlet on tritium release
from the Li,TiO, pebble bed at the reactor start-up. The sweep gas flow rate was 200cm’/min, and
the maximum moisture concentration in the sweep gas at the capsule outlet was about 600ppm.
When the reactor power reached just SOMW, the center temperature in the Li,TiO; packing region
measured by thermocouple #7 was about 400°C, and the moisture concentration at the capsule

outlet was about 0.5 ppm.

4.2 Results of Irradiation Test in The 137th Cycle of JMTR
4.2.1 Outline of the Second Irradiation Test

The second irradiation test of the Li,TiO; pebble bed was conducted from January 12 to
February 6, 2001 at the SOMW full power. Outline of experimental conditions in the second
irradiation test is shown in Fig.29. This test was started with the hafnium window closed. This
‘test was focused on tritium release behavior from the Li,TiO; pebble-bed when the hafnium
window was rotating continuously and when the sweep gas flow rate was changed. Therefore, the
center temperature of Li,TiO, pebble bed was about 400°C basically, and was increased to about
550°C by using the micro-heater installed in the irradiation capsule when the Hf window was
opened. On the other hand, the center temperature of the Li,TiO; pebble bed was ébout 330°C
when the Hf window was closed. The hydrogen concentration in sweep gas was constant at
1000ppm. o ' ‘

The result of the second irradiation test is shown in Fig.30. This figure gives the results

concerning the effects of the irradiation temperature, the change of the thermal neutron flux and
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the change of the sweep-gas flow rate on tritium release from the Li,TiO; pebble bed. These are

described as follows.

4.2.2 Tritium Release at Reactor Power-up

Figure 31 shows the release rate of total tritium (HT+HTO) and gaseous tritium (HT), the
moisture concentration at the capsule outlet and the center témperature measured by
thermocouple #7 at the reactor power-up. When the reactor power became 10MW, the center
temperature (thermocouple #7) became about 170°C when the Hf window was closed. And the
tritium release from the Li,TiO; pebble bed began to be observed at IOMW. Then, the release rate
of total tritium increased with increasing the irradiation temperature of the Li,TiO; pebble bed.
The moisture concentration in the sweep gas also increased up to 40ppm at 10MW. At this time,
the ratio of HT/(HT+HTO) was about 3%.

When the reactor power became 15MW, the center temperature measured by thermocouple
#7 was 223°C, and the moisture concentration of capsule outlet was about 3ppm. At this time, the
ratio of HT/(HT+HTO) was about 5%. The ratio of HT/(HT+HTO) increased with decreasing the
moisture concentration. Additionally, when the reactor power became 45MW (the center

temperature: 327°C), the ratio of HT/(HT+HTO) increased to about 80%.

4.2.3 Rotating Tests of Hf Window _

The rotating tests were conducted at reactor powers of 30 and 4SMW in the same time
sequence as in Fi g.25.

Results of the rotating test at 30 and 45 MW are shown in Figs.32 and 33, respectively.

Almost the same results as in 4.1.4 were obtained.

4.2.4 Continuous Rotating Tests of Hf Window

The continuous rotating tests were conducted at SOMW. The test conditions (Run 1 & Run 2)
of the ITER pulse operation are shown in Fig.34. The tests of the ITER pulse operation were
continuously made up to 200 pulses.

The result of the continuous rotating test at SOMW for Run 1 is shown in Fig.35, and
enlarged figures at the start of Hf window rotation (Run 1-1) and after about 100 pulses (Run 1-2)
for Run 1 are shown in Figs.36 and 37, respectively. On the other hand, the result of the
continuous rotating test at SOMW for Run 2 is shown in Fig.38, and enlarged figures in the start
of Hf window rotation (Run 2-1), after about 100 pulses (Run 2-2) and after stopping the Hf
window rotation (Run 2-3) for Run 2 are shown in Figs.39, 40 and 41, respectively.



JAEA-Technology 2005-003

When the Hf window was opened or closed, the outputs of thermocouples and SPNDs were
changed immediately in these tests. The release rate of tritium was not changed immediately, but
the release rate was increased wavelike. In Run 1-1, the release rate of tritium increased with
increasing the number of the pulses up to about 20. The release rate of tritium decreased with
- increasing the number of the pulses up to about 20 in Run 2-1. The moisture concentration was

almost unchanged for rotation of the Hf window.

4.2.5 Sweep Gas Flow Rate Changing Tests

Results of the tests are shown in Fig.42. The sweep gas flow rate was changed as follows:
from 200 to 900cm*min (Test 1), from 900 to 600cm®/min (Test 2), from 600 to 100cm®/min
(Test 3), f rom 100 to 400cm®/min (Test 4) and from 400 to 200cm®/min (Test 5).

As seen in Fig.42, the change of the sweep gas flow rates was followed by positive tritium
release peaks for the increase of the sweep gas flow rates (Tests 1 and 4), and by negative release
peaks for the decrease in the sweep gas flow rates (Tests' 2, 3 and 5). However, after about 5 h
from the time of the flow rate change, the tritium release rate returned to that before changing the

sweep gas flow rate.

4.3 Results of Irradiation Test in The 138th Cycle of JMTR
4.3.1 Outline of the Third Irradiation Test

The third irradiation test of Li,TiO; pebble bed with JMTR was conducted from February 26
to March 23, 2001 at the SOMW full power. Outline of experimental conditions on the third
irradiation test is shown in Fig.43. This test was made for the same objective and in almost the
same conditions as described in 4.2.1. The center temperature of Li,TiO; pebble bed was about
350°C when the Hf window was closed. The result of the third irradiation test is shown in Fi g.44.

These are described as follows.

4.3.2 Tritium Release at Reactor Power-up _

Figure 45 shows the release rate of total tritium (HT+HTO) and gaseous tritium (HT),
moisture concentration at the capsule outlet and the center temperature measured by
thermocouple #7 at the reactor power-up. When the reactor power became 10 MW, the center
temperature (thermocouple #7) became about 170°C when the Hf window was closed. The
tritium release from the Li,TiO, pebble-bed began to be observed at 10MW. Then, the release rate

of total tritium increased with increasing the irradiation temperature of Li,TiO; pebble bed. The
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. moisture concentration in the sweep gas also increased up to 1.5ppm. At this time, the ratio of
HT/(HT+HTO) was about 3%.

When the reactor power became 15MW, the center temperature measured by thermoéouple
#7 was 208°C, and the moisture concentration at the capsule outlet was about 0.15ppm. At this
time, the ratio of HT/(HT+HTO) was about 5%. The ratio of HT/(HT+HTO) increased with
decreasing the moisture concentration. Additionally, when the reactor power became SOMW (the
center temperature : 347°C), the ratio of HT/(HT+HTO) increased to about 70%.

4.3.3 Continuous Rotating Tests of Hf Window

The continuous rotating tests were conducted at SOMW. The test conditions (Runs 1 and 2)
of the ITER pulse operation were the same as shown above in Fig.34. The tests were
contimiously made up to 100 pulses.

The result of the continuous rotating test at the reactor power of SOMW for Run 1 is shown
in Fig.46, and enlarged figures at the start of Hf window rotation (Run 1-1), after about 50 pulses
(Run 1-2) and after stopping the Hf window rotation (Run 1-3) for Run 1 are shown in Figs.47,
48 and 49, respectively. On the other hand, the result of the continuous rotating test at the reactor
power of 50MW for Run 2 is shown in Fig.50, and detailed figures at the start of Hf window
rotation (Run 2-1), after about 50 pulses (Run 2-2) and after stop the Hf window rotation (Run 2-
3) for Run 2 are shown in Figs.51, 52 and 53, respectively.

Almost the same results as in 4.2.4 were obtained.

4.3.4 Hydrogen Content Changing Tests

The hydrogen content in the sweep gas was changed as follows: from 1000 to 100ppm (Test
1), from 100 to 1000ppm (Test 2), from 1000 to 10000ppm (Test 3), from 10000 to 1000ppm
(Test 4), from 1000 to 5000ppm (Test 5), from 5000 to 500 ppm (Test 6) and from 500 to
1000ppm (Test 7). : : ’

The results of these tests are shown in Fig.54. When the hydrogen content was decreased
from 1000 to 100ppm (Test 1) and 5000 to 500ppm (Test 6), the tritium release rate also
decreased. After about 24 h from the time of the hydrogen content change, the tritium release rate
was smaller than that at the hydrogen content of 1000ppm, and became constant. Additionally,
the ratio of HT/(HT+HTO) was decreased down to 60%. When the hydrogen content was
increased from 1000 to 10000ppm (Test 2) and from 1000 to 5000ppm (Test 5), the tritium

release rate increased. After about 15 h from the time of the hydrogen content change, the tritium
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release rate was almost the same as that before the hydrogen content change and became

constant.
5. Discussion

5.1 Summary of Géneral Results

The tritium release from Li,TiO; pebble bed was evaluated when the Hf window was opened
or closed. Results of tritium release from the Li,TiO; pebble bed when the window turned toward
the reactor core (open condition) and the opposite direction of reactor core (close condition) are
shown in Fig.55. At this time, the periods of open and close conditions of the Hf neutron absorber
window were 6 and 18 h, respectively. The sweep gas flow rate and the hydrogen content in the
sweep gas were 200cm’/min and 1000ppm, respectively. The normalized tritium release rate
(R/G) is the ratio of tritium release rate (R) and tritium generation rate (G) corrected with values
calculated by MCNP code.

Figure 55 shows that the center temperature of the Li,TiO; pebble bed increased from 400 to
450°C immediately, when the Hf window was opened. The tritium release rate increased cycle by
cycle and (R/G)
the center temperature of the Li,TiO; pebble bed decreased from 450 to 400°C immediately, when

opens 1-€. R/G at the open condition approached unity generally. On the other hand,
the Hf window was closed. The tritium release rate decreased cycle by cycle, and (R/G) g,
approached unity. The time constants for the changes in the irradiation temperature and the

tritium release were about 100 and 18000s [12], respectively.

5.2 Effect of Continuous Pulsed Operation

The effect of continuous pulsed operation on tritium release from the Li,TiO; pebble bed is
discussed here. These experiments were carried out in the conditions of the nominal pulsed
operation of ITER. The periods of the open and close conditions are 400 and 1310 s, respectively.
The number of the pulse operation cycles was 200.

Results of these experiments are shown in Fig.56. At this time, the sweep gas flow rate and
the hydrogen content in the sweep gas were 200cm’/min and 1000ppm, respectively. Especially,
(R/G)40e Was about unity when the Hf window was closed. In this experiment, the center
temperature of the Li,TiO; pebble bed changed from 350 to 400°C immediately, and outputs of
SPNDs also changed in a moment.

On the other hand, the tritium release rate increased cycle by cycle. After about 20 pulses,

the average of the tritium release rate was almost constant and the normalized tritium release rate
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(R/G),, approached unity, where G is the average of tritium generation rate under the pulse
operation conditions (open condition : 400s, close condition : 1310s). Thus, it is found from these
tests that the number of pulse operation cycles to obtain unity for (R/G),,, depends on the pulse

operation condition and the irradiation temperature.

5.3 Effect of Irradiation Temperature

Figure 57 summarizes relationship between the normalized tritium release rate (R/G) and the
temperature at the outside edge of the Li,TiO; pebble bed, i.e. the lowest temperature in the
pebble bed. At this time, the sweep-gas flow rate and the hydrogen content in the sweep gas were
200¢m3/min and 1000ppm, respectively. When the temperature at the outside edge of the Li,TiO,
pebble bed exceeded 100°C, the tritium release from the Li,TiO; pebble bed began to be observed.
The tritium release rate increased with increasing the temperature at the outside edge of the
Li,TiO, pebble bed. These results showed that the normalized tritium release rate (R/G) was
about unity when the temperature at the outside edge of the Li,TiO; pebble bed was kept above
300°C.

5.4 Effect of Sweep Gas Flow Rate

In this study, the effect of sweep-gas flow rate on tritium release from the Li,TiO; pebble
bed was examined with a fixed value of 1000ppm for the hydrogen content in the sweep gas.
When the sweep gas flow rate was increased from 200 to 900cm®/min, the tritium release rate ‘
increased in a moment. However, the tritium release rate returned to that before changing the
sweep gas flow rate, after about 5 h from the time of the sweep gas flow rate change.

When the sweep gas flow rate was decreased from 900 to 600cm®/min, the tritium release
rate decreased in a moment. After about 5 h from the time of the sweep gas flow rate change, the
tritium release rate returned to that before changing the sweep gas flow rate.

Results of these tests are summarized in Fig.58. This figure shows that the tritium release
rate is constant and the normalized tritium release rate (R/G) is about unity for the sweep gas
flow rate from 100 to 900cm®/min (the superficial gas velocity in the Li,TiO; pebble bed : 0.53 -
4.8 cm/s).

5.5 Effect of Hydrogen Content in the Sweep Gas
The effect of hydrogen content in the sweep gas on tritium release from Li,TiO; pebble bed
was examined in this study under the conditions that the center temperature of Li,TiO; pebble bed

was fixed at 400°C and the sweep gas flow rate was 200cm>/min.
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The hydrogen content was changed from 100 to 10000ppm. For example, when the
hydrogen content was changed from 1000 to 10000ppm, the tritium release rate increased.
However, the tritium release rate returned to that before changing the hydrogen content, after
about 5 h from the time of the hydrogen content change. '

Relationship between the hydrogen partial pressure in the sweep gas and the normalized
tritium release rate (R/G) is summarized in Fig.59. When the hydrogen partial pressure was
higher than 1 Pa, the total tritium release rate was constant. However, the total tritium release rate
decreased with decreasing the hydrogen partial pressure when the hydrogen partial pressure was
lower than 1 Pa. These results showed that the hydrogen partial pressure in the sweep gas had an

effect on tritium release from the Li,TiO, pebble-bed.
6. Conclusions

The in-situ irradiation test with the Li, TiO; pebble bed was started using JMTR; and tritium
release characteristics were examined at reactor start-up by using the in-situ measuring system.
The particular implications of the results are as follows:

1) The release rate of total tritium increased with increasing the temperature at the center of the
Li,TiO; pebble bed. When the reactor power reached SOMW, the temperature at the outer
region of the Li,TiO; pebble-bed was at about 350°C, and the release rate of total tritium and
gaseous tritium was about 1.6x107 and about 1.1x107 Bg/min, respectively. When the reactor
power reached 30 MW in the first irradiation test, the ratio of HT/(HT+HTO) was about 30%.
The ratio of HT/(HT+HTO) increased with decreasing the moisture concentration. The relative
amount of HT increased to about 75% of the total tritium. These results show that the moisture
concentration as well as the temperature influenced the release rate of total trittum and gaseous
tritium.

2) The tritium release from the Li,TiO; pebble bed was evaluated for the open and closed
conditions of the Hf window. The time constants of the chariges in the irradiation temperature
and the tritium release were about 100 and 18,000 s, respectivély.

3) The tritium release rate increased cycle by cycle. After about 20 pulses, the average tritium
release rate was almost constant, and the normalized tritium release rate (R/G),, approached
unity. It is found from this test that the number of pulse operation cycles to obtain unity for
(R/G),y

4) When the temperature at the outside edge of the Li,TiO; pebble bed exceeded 100°C, the

depends on the pulse operation condition and irradiation temperature.

tritium release from Li,TiO; pebble bed began to be observed. The normalized tritium release
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rate (R/G) reached unity when the temperature at the outside edge of the Li,TiO; pebble bed
was kept above 300°C. ‘

5) The change in the sweep-gas flow rate was followed by positive tritium release peaks for
increase in the sweep gas flow rate, and by negative release peaks for decrease in the sweep
gas flow rate. On the other hand, the sweep gaé flow rate had not effect on tritium release from
the Li,TiO; pebble bed in the steady state for the range of the sweep gas flow rate from 100 to
900cm®/min (superficial gas velocity in the Li,TiO; pebble bed : 0.53 — 4.8 cm/s).

6) Wheh the hydrogen partial pressure was higher than 1 Pa, the total tritium release rate was
constant. However, the total tritium release rate decreased with decreasing the hydrogen partial
pressure when the hydrogen partial pressure was lower than 1 Pa. These results of the
hydrogen content changing tests show that the hydrogen partial pressure in the sweep gas had
an effect on tritium release from the Li,TiO; pebble bed.

From these results of the in-situ experiments, the Li,TiO; pebbles fabricated by the wet

process appear to be promising as a candidate tritium breeder for the blanket of ITER.
7. Future Plan

It is necessary to investigate the following properties by in-situ irradiation tests with a
Li,TiO; pebble bed in future.

- Development of tritium release model for a Li,TiO; pebble bed.

- Effect of the irradiation temperature on tritium release from a Li,TiO; pebble bed below
300°C. )

- Effect of different pulsed operation modes on tritium release from a Li,TiO, pebble bed.

- Effect of Li burn-up (up to about 5% Li-burnup) on tritium release from a Li,TiO;
pebble bed.
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Table 1 Impurities in Li,TiO; powder.

Element Measured values (wt ppm) Detection limit (wt ppm)
B <5 <5
Na 16 <5
Mg 4 <2
Al <10 <10
Si 27 <10
K <5 <5
Ca <2 <2
Cr 7 <2
Mn 2 <2
Fe 8 <2
Co <05 <05
Ni <5 <5
Cu <2 <2
Zr <2 <2
8) <0.1 <0.1

Table 2 Characteristics of two kinds of Li,TiO; pebbles.

. Pebbles Large Pebble Small Pebble
properties
Material Li,TiOs Li,TiO;

L Wet process ‘Wet process
Fabrication Method with dehydration reaction with substitution reaction
Diameter $1.93 mm av. $0.29 mm av.

($1.7 - 2.36 mm) ($0.25 - 0.3 mm)
Density 2.86 g/em’® (83.4%T.D.) 2.82 glem’® (82.2%T.D.)
Sphericity 1.07 1.11
Grain size <5pum <Sum
Collapse Load 734N 457N
Impurity Ca;<2, Na;82, Al;9, Si;14 (wtppm) Ca;18, Na;39, Al;23, Si;73 (wtppm)
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Table 3 Impurity contents of two kinds of Li,TiO, pebbles.

Elements Measured values (Wt ppm) Detection Limit
Large Pebble Small Pebble (wt ppm)
Ca <2 18 <2
Na 82 39 -2
K <2 2 <2
‘Mg <2 6 <2
B <5 <5 <5
Co. <05 <05 <05
Al ' 9 23 <10
Si 14 73 <10
Zr <2 <2 )
Fe ‘ <2 25 -2
Zn 2 29 )
Mn <2 <2 <2
c : 77 20 <1
Cl 6 2 <1
Cu <2 2 )
v <01 <0.1 <0.1

Table 4 Calculation parameters for irradiation temperature in pebble bed.

(1) Cooling Condition
- Temperature of Cooling Water :50°C
- Heat Transfer Coefficient :2.33W/ecm’C
(Calculated value from the cooling condition of JMTR)
(2) Property Values
- Lithium Titanate (Li,TiO;)
a) Pebble Bed Density : 2.28g/cm’®
b) Theoretical Density : 3.43g/cm’
c) Sintering Density : 83%T.D.
d) Packing Fraction : 80%
Primary pebble (large) :63%
Secondary pebble (small) 1 17%

c) Effective Thermal Conductivity (W/em°C) (Evaluation from refs.[19] and [20])
A=1.24x10%+2.33x107-T-3.35x10°- T*+7.65x102- T?
- Hafnium (Hf) (ref. [24])
a) Density=13.36g/cm’
b) Thermal Conductivity (W/ecm®C) (Evaluation from ref.[24])
2=0.230x10°-7.000x107°- T+5.400x10°%- T?
¢) Thermal Expansion=5.9x10" (1/K)
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Table 5 Calculation results of in-pile mockup by MCNP code and GENGTC code.

Condition Condition of Hf Window

Items Open Close
Fast Neutron Fluence (n/m?*/s) 5.4x10" 4.4x10"
Thermal Neutron Fluence (n/m?/s) 1.9x10% 2.7x10"
Total Neutron Fluence (n/m*/s) 8.2x10' 5.2x10'
a-heat (kW/kg) 0.75 0.11
y-heat (kW/kg) 0.17 0.14
Tritium Generation (Bg/d) 3.3x10" 4.8x10°
Center Temperature of Pebble Bed (°C) 356 275
Temperature at Edge of Pebble Bed (°C) 315 264
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Reactor pressure
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Irradiation
Capsule

1. Capsule control system

2. Sweep gas supply system
3. Sweep gas system

4. Tritium measuring system
P 5. Tritium recovery system

Fig.1 JMTR irradiation facility for in-situ irradiation test (reprinted from “K. Tsuchiya, et al.,
J. Nucl. Sci. Technol. 38 (2001) 996 [13]).
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Fig.2 -Conceptual design of pulse-operation simulating mockup.
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*1 : candidate material, *2 : minimum diameter of pebbles with high sphericity
Fig.4 Outline of pebble fabrication by wet process. '
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Fig.5 Schematic drawing of vibratory dropping system.
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Fig.6 Photographs of two kinds of Li,TiO; pebbles.
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Fig.7 Distribution on diameter of two kinds of Li,TiO; pebbles fabricated by wet process.
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a) Large Pebble (61.93 mm av.) b) Small Pebble ($0.29 mmav.)
Fig.8 SEM photograph of cross section of Li,TiO; pebbles.
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Fig.9 X-ray diffraction patterns of two kinds of Li,TiO; pebbles.
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Fig.11 Photograph of inner capsule.
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Fig.12 Results of packing fraction measurements of Li,TiO; pebbles.



JAEA-Technology 2005-003

0.16 I EREEEEEREEREEERREEREEEEERE IR REERREENEE L3

= 13 13 - . . 1 v 1 ' O =

—— . ! s i ’ H ; -
(&) B : : A
€ o1sf 5 .
(010 Fo) puitith bttt bl s Bt Lttt Sl St Tty At Attty

L = ' -
s | ; ]
2 i : : .
S 014 e 1 R S .
© L : .
=] - H E
2 F a :
o 0134t A AREnEi> SAREEELE et il ity -
O [ : : ]
© : . : 4
£ - : : ' ; : : : "
@ 012 I A e R S e i ]
£ - ! ' : ! ]
~ [ : : : ' : : : ]
o) - : : : ; : : N
= - ! ; ' : : : : : .
5 011 O R B i S I S 7]
@ - : ! : : : ' ]
= - ‘ ! : : : ; ; .
L s : g ' ; ; ; ; : : g
I-l i 1 1 i . 2 1 1 i 1.4 1.1 i 3 3 1 ] i 2 1 p ¢ i g 2 1 lj 1.2 1] l. 3 1 1) i 1 1 4 Ii 1 1 ]

1
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Fig.13 Calculated effective thermal conductivity of binary Li,TiO; pebble bed.

(see section 3.1 in the text).
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Fig.18 Conceptual structure of the in-pile mockup and calculation model on JMTR core.
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Fig.19 Calculation model of irradiation temperature in pebble bed.
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Fig.20 Result of nuclear and thermal calculation of irradiation capsule.
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Fig.22 Result of the first irradiation test in the 136th cycle of JMTR.

: Center temperature of Li2TiO3 pebble bed

: Output of self powered neutron detector ™
(Temp.)
b ]
(Output of SPND) 7
....|....1.'.,.1...,|...'.L...
0 5 10 15 20 25 30
Elapsed time (d)



JAEA-Technology 2005-003

Arrangement of multi-paired
thermocouple in inner capsule

Li2TiOs pebble

Hot junction distance from vertical center ( €)

of pebble packing region (mm)

Temperature distribution in inner capsule
at heater off '
0 Hf window : close

Hf window : open

YT

T

hi

(5
[»]

o

¢
o

i
B
1

aastag INETERTE I il

U

-100

[ {» Core direction
10
©
L0,
©
¢
Yo}
©
10 Lower
| : Hot junction
of thermocouple
E=: Multi-paired

funit : mm]

200 300

400

500 200 300

400

500

Temperature (°C)

Temperature (°C)

Fig.23 Vertical temperature distribution in the first irradiation test.

Fig.24 Tritium release at reactor power-up in the first irradiation test.
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Fig.25 Rotating condition in nominal pulsed operation of ITER.
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Fig.26 Result of rotating test in reactor power up in the first irradiation test (JMTR : 30MW).
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Fig.27 Result of rotating test in reactor power up in the first irradiation test (JIMTR : 45MW).
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Fig.30 - Result of the second irradiation test in the 137th cycle of IMTR.
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Fig31 Resultof tritium release at the reactor startup in the second irradiation test.



JAEA-Technology 2005-003

1 0.6 4 v ¥ Y T T 7 ¥ T ] T T T T T

(Ratio)

i
e

100

@
o
T

D
<
T

(HT)

I
o
]

Ratio of HT/(HT+HTO) (%)

: Release rate of total tritium (HT+HTO)

. Release rate of gaseous tritium (HT)
weneecs . Ratio of HTAHT+HTO)

N
<
{

Release rate of tritium (Bg/min)

O-_ 105 T B S S
;10—8 - 500 ey L A A
g L
= 1400l 1B /1 -
a [ |
-z | 3
0. @ B i
) .é 300 'ﬂ (Temp.)
210° | & o
o s
) - £ 200 [ .
s 1f Shverer
= B - (Output of SPND)
-’g’ % 100 - QUIPUL OF Self powered neutron detector .
O O : Center temperature (#7) ]
: of Li2TiO3 pebble bed
10-10_ O 1 i 1 Y ] 1 1 1} i i 3 i ) 3 | s 1 3. B
0 50 100 150 200

Elapsed time (min)
Fig.32 Result of rotating test at the reactor power up in the second irradiation test

(JMTR : 30MW).
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Fig.33 Result of rotating test at the reactor power up in the second irradiation
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Fig.34 Conditions of ITER pulse operation test in nominal pulsed operation of ITER.
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Fig.35 Result of ITER pulse operation test in the second irradiation test (Run 1).
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Fig.36 Result of ITER pulse operation test in the second irradiation test

(Run 1-1: star of the pulse operation).
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Fig.38 Result of ITER pulse operation test in the second irradiation test (Run 2).
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Fig.44 Result of the third irradiation test in the 138th cycle of JMTR.
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Fig. 46 Result of ITER pulse operation test in the third irradiation test (Run 1).
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Fig.47 Result of ITER pulse operation test in the third irradiation test
(Run 1-1: star of the pulse operation).
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(Run 1-3 : after stopping the pulse operation).
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Fig.50 Result of ITER pulse operation test in the third irradiation test (Run 2).
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Fig.51 Result of ITER pulse operation test in the third irradiation test.

(Run 2-1: start of the pulse operation).
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Fig.52 Result of ITER pulse operation test in the third irradiation test
(Run 2-2 : after about 50 pulses). |
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Fig.53 Result of ITER pulse operation test.in the third irradiation test

(Run 2-3 : after stopping the pulse operation).
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Fig.54 Result of hydrogen content changing test in the third irradiation test.
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Fig.55 Result of tritium release from Li,TiO; pebble bed when the window of Hf neutron
absorber turned toward the reactor core (open condition) and the opposite direction of
reactor core (close condition) (reprinted from “K. Tsuchiya, et al., J. Nucl. Sci. Technol.
38 (2001) 996” [13]).
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Fig.56 Result of rotation test in the condition of ITER pulsed operation (reprinted from. “K.
Tsuchiya, et al., J. Nucl. Sci. Technol. 38 (2001) 996” [13]).
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Fig.57 Relationship between the temperature at outside edge of Li,TiO; pebble bed and

normalized tritium release rate (R/G).
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Fig.58 Result of sweep gas flow raté changing tests with the pulse-operation simulating mockup
(reprinted from “K. Tsuchiya, et al., J. Nucl. Sci. Technol. 38 (2001) 996” [13]).
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Appendix A Presentation Materials for Task Meeting

Task Meeting on T431
March 14-16, Garching ITER JWS . AERL,

Breeding Blanket Development

T431 Subtask 1 - Tritium Recovery from Breeder -

H. Kawamura

The Japan Home Team

© 2001 JAERI
Task Objectives of T431 - Subtask 1 o JAERL

The tritium recovery system from breeder blankets has been studied over the
past several years, but this work is not yet completed and various issues remain.

In particular, tritium recovery at low temperature has not been clarified.
Therefore in-situ irradiation data on tritium recovery should be obtained.
Concerning pebble packing, the cyclic thermal behaviour of the packing fraction
should be confirmed, by further study. -

This task consists of two subtasks. Sub-task 1 is a phase 2 of task T365 and
sub-task 2 will evaluate the pebble bed packing fraction distribution in a realistic
design geometry.

Sub-Task 1: Tritium Recovery from Breeder

The objective of this task is to conduct an in-situ irradiation test in order to
evaluate tritium recovery from tritium breeding material at low temperature under
neutron irradiation conditions simulating ITER pulse operation.
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Task Summary of T431 - Subte_nsk _ LAERL

a2

In-situ tritium release test with lithium titanate (LizTiOs) as tritium breeding
material will be carried out at Japan Materials Testing Reactor (JMTR) in JAERI
for a total irradiation exposure of ~75 days (3 JMTR operating cycles). The
tritium breeding material is in a pebble form of ~1mm diameter and it will be
irradiated in the temperature range of 200 to 400 °C. The tritium released from
Li2TiOs will be continuously monitored, as the irradiation temperature, purge gas

parameters and neutron flux are changed.

Irradiation Test of Tritium Breeder with JMTR  AERI
. gutline of lrragiation &Sﬁvstem_i R { akmrnann
| o Tritium Breeder

Wi Pebbles
il s (LizTiO3)
2‘3 o »
SE
ES
£ £
E : EI: i
Q Rataled o
© IRl P
S oo
N
4 =2 ol | lNeutron Absorber
Y Eapesta ) | (G -
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| aERFNREN

Task Description of T431 - Subtask 1 (1)

L BES e

In-situ data on tritium recovery from tritium breeding material at low temperature |
are indispensable for the design of the ITER breeding blanket. This test will be
carried out under transient neutron irradiation to simulate ITER pulse operation with

JMTR, in order to obtain in-situ data on tritium recovery at low temperature.

Irradiation' Capsule

- Packing Weight of Tritium Breeding Material :~130¢g

- Packing Fraction of Tritium Breeding Material : ~80%

- Structure material ' : SS316

- Neutron Absorber : Hafnium (Hf)
Tritium Breeding Material ’

- Material : LieTiO3

- Shape : Pebble

- Density 1 ~80 %T.D.

- 6Li Enrichment : natural

- Grain Size s ~bum .

Task Description of T431 - Subtask 1 (2) ‘ FAERL

Irradiation Conditions
- Reactor
- Irradiation Hole
- Irradiation Period

- Neutron Flux
Thermal Neutron (E<0.683eV)
Fast Neutron (E>1.0 MeV)

JMTR

: M-2

: 3 cycles in JMTR

(1 cycle = ~25 days)

: 3x10'1 ~2x10'2 n/cm?/s (TBD)
: ~5x10"" n/cm?/s (TBD)

- Tritium Generation Rate : ~ 5 Ci/d (TBD)
- Irradiation Temperature
(Tritium breeder region) : 200~400 ° C
- Volume Heating Rate : ~2 W/cm? (TBD)
- Changing width of neutron flux : one order

—63—
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Task Description of T431 - Subtask 1 (3) LR,

Sweep Gas Conditions

- Sweep Gas : pure He

: He+H2
- Gas Flow Rate : 10 ~ 1000 cm3/min
- Hydrogen Content in Sweep Gas : 0 ~ 10000 ppm

- Tritium Release Test
“- Change of Sweep Gas Flow Rate
- Change of Hydrogen Content in Sweep Gas
- Change of Irradiation Temperature and Neutron Flux
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Outline of Fabncatnon Flow of Mock-u

(T/C Multl-paired thermocoup!e SPND Self—powered neutron detector)

{ ameFrEE

|LeTOS e |vn cable
Powder I Parts o Parts Parts - ... | |Fabrication
fabrication | | Fabrication! | saprication | |Fabricationt | tprication || fabrication ngrlcatlon Fabncat‘r:)q

108 atom-cc/s

Pebble

fabrication Assembly

Characteri-
zation
I

Assembly

H20<3Dppm

& ‘
Insp ct'on .

Pebble packing and assembly of inner capsule were H20=40ppr S
carried out in the glove box. | & rradlatlo
Inspection -
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Outline of Pebble Fabrication by Wet Process AERT

Fabrication Process Wet process with Wet process with
dehydration reaction | substitution reaction

“starti - supporter supporter
':‘amgﬁgowder Mixing PRV P Bmmonium alginate™
PP coagulant coagulant

H20 | oiBcBlone | . zinc chloride™™
el-spheres_ | .
gersp Dropping coagulant Temp. coagulant Temp.
coagulant__{ 90 ao 1 <-20°C 'RT
; drying time drying time
i ~24 h :~0.5h
Calcination in air reduction (Hz gas)
~650°CX6h ~1000°CX4h

Li2TiO3 — '
Sintering Dmin"2=0.5mm Dmin"2=~0.2mm

*1 : candidate material, *2 : minimum diameter of pebbles with high sphericity

Specification of Li2TiO3 Pebbles AERL

SRR QPR SRS A SR S
properties pebbies Large Pebbles | Small Pebbles
Material Li2TiO3 Li2TiOs

I Wet process with Wet process with
Fabrication Method dehydration reaction substitution reaction
. 01.7~02.36 mm $0.25~00.3 mm

Diameter (~61.9 mm av.) (~60.27 mm av.)
Density 2.86 g/cm3 2.82 glems3
Sphericity 1.07 1.11
Grain Size <5 um <5 pum
Collapse load 73.4 N 457 N

Impurity (ppm) Cax<2, Na:82, AlL9, Si:14

Photograph
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Diameter of
small pebble (d)
—O0—0.1mm

f'\380 1 —t—02mm |
o | —@— :0.3mm
[ - 0.4mm
o | —&— 1 0.5mm
©
75
-,
L
o))
£
'
e 70

Test Condition o

Pebble material : YTZ
(95%2r02+5%Y203)

Primary pebbles . $2mm

Secondary pebbles : $¢0.1~0.5mm

Container : $20mml.D. {(Acrylic resin)

65

Binding force : 32gt/cm? 60 ! ! !
Frequency : 48Hz 0 01 02 03 04 05
Amplitude : 1.5mm Weight Ratio of Pebble
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Conceptual Structure of the In-pile Mockup and AERI
Calculation Model on JMTR Core R

=

Hollow cylinder
with window for

.l neutron
shielding (Hf)

[FTGIH T i K[ LIM[ N[ O] P[ O} R]
Tritium breeder

region ~
T

| [~ Outer
; container

Neutron |

: Control rod
il : Fuel element
Beryllium reflector

time
R=0 for ITER

Irradiation field quatity tactor B

R UX(OFF) operation 10 : Aluminum reflector
= Hiux(ONy R==0 for JMTR
operation \\ mEgan
200002 : Modeling region

(b) Pulse operation mode

hermal Neutron Ratio JAERL

AR

Calculation of T

%

TN

. Thickness of fixed neutron shield
Window angle and hollow cylinder

Hollow cylinder (Hf) Core direction  Core direction

0 i

Window angle
NN

Tritium breeder

Tritium breeder

) “Tritium breeder . Hollow cylinder (Hf)
. . , Fixed neutron shield (Hf)
Fixed neutron shield thickness T2 (mm)

85 75 65 55 45 25
0.25 TE

0.20

<
-
o

Thermal neutron ratic B
<
——r
L41

0

Thermal neutron ratio
(e}
-k
S

%0 40 50 60 70 80 90 0.10 s
Hollow cylinder thickness T1 (mm) 100 120 140 160 180 200
' Window angle
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Calculation on Effective Thermal Conductivity of Pebble Bed [.AEEL

BN

[Cal. Parameter] :
- -Packing Fraction : 80%PF (Primary pebble=63%PF, Secondary pebble=17%PF)
-Li2TiOs pebble diameter : Primary pebble=2mm, Secondary pebble=0.3mm
-Li2TiO3 pebble Density : 83%TD
-Li2TiO3 Thermal Conductivity : Equation by Tsuchiya et al.
-Effective Thermal Conductivity in Binary Packing : Equation by SZB
(Schlunder, Zehner and Bauer : SZB)
0.16‘l"| LELAL ) LB ""' LA N LR (LR "l"l'll"'/"

0.16 ’ /

/
0.14 /
|

0.13 ;
- =

0.12

T

™77

Redbemcocnds

o
e
o

1

=TT

0.1

Effective Thermal Conductivity (W/cm/'C)

Bl

=TT

AN NEETEE RS SN ENE AN RN NS T ENE RN SN NN

0.1 bt
0 100 200 300 400 500 600 700 800 900 1000

Temperature ("C)

bble Bed /.AERIL

Window Condition : Open  Window Condition : Close

Core Core  [Cal. Parameter]

Outer tube - Thermal transfer
Y medium

(1) Cooling Condition »
- Temperature of cooling water : 50°C

Inner - Heat Transfer Coefficient : 2.33W/em"C

container

{2) Property Values

’i Tritium - Lithium Titanate (Li2TiO3)
e breeder a) (Density)=2.28g/cm®
Fixed neutron Hollow b) Theoretical Density : 3.43g/cm®
absorber (Hf) cylinder(Hf)  Calculation Model ¢) Sintering Density :83%TD
0 12 3 4 58 789 d) Packing Fraction :80%P.F |
| Preliminary pebble : B3%F.P
Secondary pebble D 17%F.P
¢) Efficient Thermal Conductivity (W/cm’C)
g?bég T unit : mm A=1.24x10242.33x107 - T-3.35x10°- T2+7.65x10°12- T8
Rias - - Hafnium (Hf)
R23.0 . . =15 a) Density=13.36g/cm®
Eggi ‘ >~ . b) Thermal Conductivity
A - © A=0.230%100-7.000x10°5 - T+5.400x10°8- T2 (W/cm"C)

¢) Thermal Expansion=5.900x106(1/°C)
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Calculation Results

[ e

[BM*MtM

Condition Window Condition
ltems Open Close
Fast Neutron Fluence (n/cmz2/s) 4.9x10" 4.4x10"
Thermal Neutron Fluence (n/cm2/s) 2.0x10'2 2.7x10"
Total Neutron Fluence (n/cm?2/s) 8.3x10'2 5.2x1012

orheat (W/g) 0.81 0.11
heat (W/g) 0.17 0.14
Tritium Generation (Ci/d) 8.9x107 1.3x107
Center Temperature of Pebble Bed (°C) 356 275
Temperature of Edge of Pebble Bed ("C) 215 264

. _
=t , Y ; . , r T r 5 - 9
k5 I =
<i [ ) [ 8 :

[ - [ T ]
- - £z (1 f S 13
4 |_ E
% = Eé ] % lo
£ Fe E EE (1 F e[
(v .Ey?' =" J L - ; J
] [ & £ E3ci{ } 239 .
- [© O Z o g 1 F [T <) 7o)
LS T o Rl - 2 Sl
5 o 8 S5E|1 g a1
- L — N S5E @ = 22| ;
5 e s st Q25 1o
< ¥ Ze8I11 [ s 853/1¢
Pt ) 0O +« J
&J : Qo @4 5 5| ]
2 882 23 1w
- -« 39371 5521+~
© e S 3T Q| ] S QOB ]
@ L © g = el ]
&N __4@ 2 e er an 1 - 1o
A 1] | 37
20 I8 & ]
i FCc O [ Jw
r: {88 ]

. (o2
£ T h
: - TTH S AT Ludis IDI..--- Iblnn... i - - o | P | L2 oc)
= ) ~
El % & & ¢ & eg g 8 g &
iz -

“— § (uiwybg) winnuy Jo alel asesjoy (D,) (2#) sinmeiadwa} Joyusy

S = e o Luoa g g g ITTRTRIR o A | [TITTE S 1T TP I T8} loﬁm“ TR TR l:\.lhl 1 .mh |||v|

=l - T T - A

alE® P} © ?c_: o o6 © ©o & & & & @
- - ~- ~- ™ ™ - -

el (wdd) uonesusouod ainisioN (v) (ZONJS) aNdS jo indinQ

Elapsed time (min)




JAEA-Technology 2005-003

(unw) swy pasder3

o G 0€ G 02 6GI Ol

paq ejqqad Qi L2 j0
(2#) aunjesadway sajuan) :

J010819p uoANau pasemod §8S 1o Inding 1 ——

SRR AT AT AT BSOS deitt s L

LS W o L B o S et o oy h e e S M B et

UONBJUSDU0D DINISION :
(1 H) wnpuy snoaseb Jo ajel asea|dY :
~(OLH+1LH) wniwy [0} JO djeL 8Sed|RY :

- wddooo‘t :

E ulwy/gwo 002 : aje1 mojy seb deamg
UONRAUSIUOD ZH .

1.01

90t

4401

....HWOP

0 v1-0b
0 3,000
00l § =
o c
= G0k
gy 2
w
| 00z 3 o %
] o (]
1 c —
01-04 %5
1 00¢ \NF .Na
RE Mo
00b 3 g
1 €402
-1 00s -0t
0L =0

(uwybg) wnnuy Jo ojes eses|oy
- {(wdd) uoesua2UOD BINISION

oot
(Aoze1 Hinwr)

aecaws ! dnyelg Jojoesy je .mmmm_mm winiiy Jo ynsay

[ (u) aup pasderg )
0oL 08 09 o
m 1] T v T 1T 10
ae 3 o
it | o0 . 2 4o §
I 3 Y s Jooz g
2o01F A ] 2
m qo0e 5
> o
= foor ~
ke
= - Jorsorep woaneu pesswed s 1o mang . — | 804 ~ 00§
r T £9Q 30630 COL¢I 10 HINRIBOW) SAUID . =i ke gO) = O
(OMHY LA 0 OgRY L e 2
(LH) WA SH0SSEE0 010 ISBBIBH | 2 4oz 5
. (OLH*LH) i) [910) 10 9101 QS | s w Q
uuybg ,01xg' L~ | 8 4or Z
uoyeseush wniju) ' [ m E
- —~ +
i g1% 3
! e 340 &
- . 0L <04
(peq siqqed =012 4o 8bpa) 0,068~
(peq s|qged Q14 21 Jo JauBd) D00~ : aimeisdwa) uoiteipell|
(seb dooms ul) wdd g0 > UOIBNUSIUCD OZH
wdd 0po‘} : JueIOD ZH
[suonpuo2 |ejuswpadx3)
. ./
(uwywo) erey Mol4 seo) deamg
000t 008 009 oot 00c 0 0
- — s Pt
uoiteseusb wnpuy 1 o
3 aseaal wnyuij | Y ¢
o
3 0]
.8 , L oL
3 1 ] ~
3
E
1 A 1 1 2 2 1 1 1 1 A A 1 Y ] m F
‘sasealoap ajes moy seb deams 1o syead A1an0091 aaljebau pue saseasoul
ajes moy seb doams 10y syead A1aacoas winiu aanisod AQ pamo)|o) alem swaisues) (2
*(s/wo 0°5~G"Q : 181 MOy} Jeaulf) Ui/ WD Q56 01 001 Wwouy pabueyo ajes
Moy seb doams uaym ajels ApER]S Ay JB JURISUOD Sem AISA0D8) Wniy Jo junowy (1
[sunsay]

“av  S1s9) Buibuey) syey mojd ,wmw deamg Jo synsey




JAEA-Technology 2005-003

Rotating Condition for ITER Nominal Pulsed Operation

AERI

BEREFARTN

Nominal pulsed operation scenarios

(ITER-FEAT Outline Design Report, G A0 R1 2 99-11-22 WO0.1)

Piasma burn flat top duration
Plasma current flat top length

Plasma cooling phase

Plasma current final ramp down

Minimum pulse repetition
time ,
Rotating condition (Run 1) in T431
(closed — open)

400 s
430 s
60 s
130 s
1800 s

Rotating condition (Run 2) in T431
(open — closed)

0 500 1000 1500 (8) 500 1000 1500 _(s)
plasma bu}n flat 1op duration : 40031 : plasmé burn flat top duration : 400s T

{Hf : open)

(Hf : open)

| 30 (1.0rpm) | ]

plasma stop time : 1310s

0s (0.5tpm
{Hf : closed) -

minimum pulse repetition time : 1800s

plasma siop time : 1310s
(Hf : closed)

. minimum pulse repstition time : 1800s
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@ : 2nd cycle (JMTR : 137th cy)
M : 3rd cycle (JMTR : 138th cy)

“W} @ : istcycle (JMTR : 136th cy)

R : Amount of tritium release, G : Amount of tritium generation

1
300
Edge temperature of Li2TiO3 pebble bed ("C)

second and third cycles. It seems that moisture concentration has

2) Tritium release behavior of the first cycle was different of that of
an effect on tritium release from Li2TiO3 pebble bed.

1} R/G increased with increasing irradiation temperature.
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Result of ITER Pulse Operation Test (2nd cycle - Run 1) 1 AERL
Ha content : 1,000ppm
Sweep gas flow rate : 200 cm®min
~ 100 108: = T g T T T T T
X s E
=~ £ s
9 80 B g ot » i ' ke * e . - ]
{ 60 [ ﬁ } Tritium generation (Hf window : open) : ~1.6x107 Ba/min
k= g |
L [ %107 -
= 40 a g Average tr_i_tit_:f\ ggneration {ITER pulse operation) : ~6x10° Ba/min E‘
L 20F &8
T p —— : Release rate of total tritium (HT+HTO)
o s ol I R —— : Release rate ofgaseous tritium (HT)
ot 1 ~~ :Ratio of HT/(HT+HTO)
106 —~— : Center temperature of Li2TiO3 pebble bed
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Result of ITER Pulse Operation Test (2nd cycle - Run 2) {AERL
H2 content : 1,000ppm
Sweep gas flow rate : 200 cm®/min
~100p 108E . — ' . . . -
2 s r ]
5 sofE | | ]
_1'. 60 s E{ L Tritium generation (Hf window : open) : ~1.6x107 Ba/min .
K - S
=417 L
% [ E1O E Average tritium generation (ITER pulse operation) : ~6x10° Ba/min 3
B 40F § b v AR/G (av.) = 1.0
5 S f ]
£ 20 ’ 2 —— : Release rate of total tritium (HT+HTO) ’
C‘EU i — - Release rate ofgaseous tritium (HT)
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- : Center temperature of Li2TiO3 pebble bed
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