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Abstract

The Japan Atomic Energy Research Institute (JAERI) is conducting the research and development
(R&D) on the accelerator-driven subcritical system (ADS) for the effective transmutation of minor
actinides (MAs). The ADS proposed by JAERI is an 800 MWth, Pb-Bi cooled, tank-type subcritical
reactor loaded with nitride fuel (MA+Pu). Pb-Bi is also used as the spallation target. In this study, the
feasibility of the ADS was discussed by focusing on the design around the beam window. The
partition wall was placed between the target region and the ductless-type fuel assemblies to keep the
good cooling performance for the hot-spot fuel pin. The flow control nozzle was installed to cool the
beam window effectively. The thermal-hydraulic analysis showed that the maximum temperature at
the outer surface of the beam window could be repressed below 500 C even in the case of maximum
beam power (30 MW). The stress caused by the external pressure and the temperature distribution of
the beam window was below the allowable limit.
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Introduction

To realise the effective transmutation of minor actinides (MA) by an accelerator-driven subcritical
system (ADS), a high-power spallation target should be installed at the centre of the core. In the case
of JAERI’s reference ADS, the proton beam power of ~30 MW is necessary to keep the thermal power
of the subcritical core at 800 MWth. Such a high-power spallation target is believed to be achievable
only by a liquid heavy metal target such as lead-bismuth eutectic (LBE).

In the design study of ADSs worldwide, two types of spallation targets are proposed – a window
type and a windowless type. JAERI has been conducting the design study of the ADS with the beam
window, accounting for the difficulty in the stable control of the free surface of the LBE target by the
windowless type. Nevertheless, various difficulties arose in the design of the beam window for the
high-power spallation target: appropriate cooling, corrosion, structural stress, irradiation damage, etc.
In this report, the present status of the design study around the beam window is presented and its
feasibility is discussed.

Description of system specification

The subcritical reactor was an 800 MWth, LBE-cooled, tank-type reactor as shown in Figure 1,
where LBE was also used as the spallation target. Two primary pumps and four steam generators were
contained inside the reactor vessel.

The subcritical core is composed of MA nitride fuel, where plutonium is added at the initial
loading of the first cycle to reduce the burn-up swing reactivity. In the reference core design, two-zone
fuel loading is adopted to mitigate the high-power peaking factor [1]. The proton energy is set at
1.5 GeV, though it should be optimised in the future considering the trade-off between the cost of the
accelerator for higher energy and the engineering difficulty for higher current.

Figure 1. Concept of 800 MWth, LBE-cooled, tank-type ADS
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All the fuel in the core was simultaneously unloaded every 600 effective full-power days (EFPD).
The unloaded fuel was reprocessed by the pyrochemical method (dry process) to remove the fission
products. After the reprocessing, the new nitride fuel was refabricated by adding 250 kg of MA.
Figure 2 shows an example of the change of the effective multiplication factor, keff, according to the
fuel burn-up. The maximum value of keff was set at 0.97, considering reactivity insertion during
accidental situations. The plutonium contents in the initial loading fuel were adjusted to 30% and 48%
for inner and outer cores, respectively, so that the reactivity swing was minimised. Nevertheless, the
minimum keff of ~0.94 was found at the EOC of the second cycle, which means that the burn-up swing
reactivity was ~3% Dk. The proton beam current, which kept the thermal power at 800 MW, is shown
in Figure 2 where the proton energy was fixed at 1.5 GeV. The maximum beam current of ~18 mA
(i.e. 27 MW) was necessary at the minimum keff. During the equilibrium cycles, the beam current was
adjusted from 8 to 12 mA (i.e. 12 to 18 MW).

Figure 2. Burn-up reactivity change and
required beam current to keep thermal power
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Considering the above-mentioned conditions, we will discuss the feasibility of accepting a 30 MW
proton beam. It should be noted that we could reduce the maximum beam current if the temporary
low-power operation is acceptable. For example, when we set the limit of the beam current at 15 mA
(22.5 MW), the thermal power at the minimum keff would be ~670 MW, which does not seem so
serious a deterioration of the system performance.

Preliminary design around beam window

In JAERI’s reference design of the ADS, ductless-type fuel assemblies were adopted to reduce
the core size, the amount of the waste and neutron capture reactions, and to enhance the cooling
capability. In the design around the beam window and the core, LBE was distributed to the target
region and the core region at the bottom of the core. In the preliminary design without any wall
between the target region and the fuel region, the thermal-hydraulic analysis showed that the
cross flow of LBE between these regions occurred as shown in Figure 3 (where the inlet flow speed
for each fuel assembly and the target region was determined according to the power density of each
region). The observed cross flow deteriorated the flow speed of LBE around the innermost fuel and
hence the cooling performance of the hot-spot fuel pins was seriously affected. In addition, the
temperature of the beam window became more than 700 C in the case of a sharply peaked proton
beam with Gaussian distribution.
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Figure 3. Hydraulic analysis for preliminary design
without partition wall and inlet nozzle
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From this preliminary analysis, the following strategies were considered to find the solution:
1) a partition wall between the target region and the fuel region is necessary to keep the good cooling
performance for the fuel pin, 2) the flow distribution among the fuel assemblies is not easy when the
ductless-type configuration is adopted, 3) a flow control nozzle is necessary to cool the beam window
effectively and 4) other parameters such as the coolant inlet temperature, beam duct diameter and the
size of the target region should be optimised. The current design around the beam window derived
from the above considerations is shown in the next section.

Modification of design around beam window

The inlet LBE temperature for both the target and the core coolant was reduced to 300 C, while
330 C was adopted in the former design. Although this reduction in temperature may have a negative
effect on the power generation efficiency, it is still considered in the acceptable range. The diameter of
the beam duct was also expanded from 40 cm to 45 cm to reduce the peak power of the proton beam,
though this expansion of the target region deteriorates the neutron economy.

The flow speed of LBE in the core region was set at 2 m/s uniformly to avoid cross flow. But, the
erosion and corrosion of fuel claddings by LBE at this flow speed should be examined experimentally.
The flow speed of LBE in the flow control nozzle for the target inlet was also set at 2 m/s.

The resultant concept of the spallation target and the core regions is shown in Figure 4. The detail
of the design around the beam window is shown in Figure 5. The minimum and maximum gap
distances between the beam duct and the partition wall were 1.1 cm and 9.5 cm, respectively. The
detailed description of the beam window shape is shown in Figure 6. The thickness of the beam
window is 2.0 mm at the centre part and 4.0 mm at the waist part. These two parts should be smoothly
connected so as to avoid stress concentration. The thickness of the beam duct is 10 mm.
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Figure 4. Design concept of the spallation target and core regions
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Figure 5. Current design around beam window
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Figure 6. Detailed description of beam window design
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The selection of material to be used for the beam window may be one of the toughest issues in the
design of the ADS because many factors should be taken into consideration: compatibility with LBE,
irradiation effect, strength in high temperature, creep rapture strength, workability, etc. Two candidates
were chosen in the meantime – HCM12A and F82H. Characteristics of these materials are summarised
in Table 1. The material properties of HCM12A were used in the analysis described below.

Table 1. Characteristics of material chosen temporarily
as candidates for beam window (at 550 C)

HCM12A
(Ferritic steel)

F82H
(Martensitic steel)

Composition Fe/Cr/W (%) 86/12/2 90/8/2
Tensile strength (MPa) 397 408
Yield stress (MPa) 333 348
Young’s modulus (MPa) 16.6 · 104 18.3 · 104

Poisson’s ratio (–) 0.31 0.30
Thermal expansion coefficient (/K) 13.4 · 10–6 12.2 · 10–6

Heat conductivity (W/m/K) 29.5 32.2

Thermal-hydraulic analysis of target region

To validate the effect of the above-mentioned design modification, thermal-hydraulic analysis
was carried out for the target region. The input beam was 1.5 GeV · 20 mA = 30 MW with Gaussian
distribution. The deposited heat generation by the beam was calculated as 15.7 MW. The maximum
beam density at the centre of the beam window was 30 mA/cm2, which caused the heat deposit density
of ~700 W/cm3 in the structural material of the beam window.

Figure 7 shows the results of the hydraulic analysis while Figure 8 shows the temperature analysis.
The flow control nozzle is beneficial for effective cooling of the beam window as shown in Figure 7.
It should be noted that there will be a stagnant zone at the centre of the beam window when the axially
symmetric design is adopted as the present design. Figure 8, however, shows the good cooling
performance by such a symmetric design; the outer surface temperature at the centre of the beam
window was ~450 C. The maximum temperature at the outer surface of the beam window was found
at the peripheral region of the window, instead of at the centre, and its value was ~490 C. It is said that
the corrosion of steel alloy by LBE becomes serious above 500 C, though this tendency largely
depends on the composition and the surface conditions of the materials and the temperature, as well as
on the flow speed and the oxygen concentration of LBE. The present design, therefore, can be regarded
as feasible in terms of material corrosion.
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Figure 7. Result of hydraulic analysis for beam window
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Figure 8. Result of temperature analysis for LBE target and beam window
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Structural analysis of beam window

The beam window was under stress by several forces such as: external pressure caused by the
hydraulic head of LBE (~680 kPa), cover gas (~100 kPa) and kinetic force of LBE flow (~20 kPa),
and thermal stress mainly caused by the temperature difference between the inner and outer surfaces of
the beam window. Figure 9 shows the calculated temperature distributions at the inner and outer surfaces
of the beam window and the coolant LBE. The maximum temperature difference between the inner
and outer surfaces (~50 C) was found at the centre of the beam window. The thermal stress caused by
this temperature difference was compressive stress at the inner surface and tensile stress at the outer
surface. Since the external pressure caused the compressive stress on both surfaces, the total stress
became larger on the inner surface. The resultant Mises stress distributes as shown in Figure 10. The
maximum value (~106 MPa) was found at the centre of the beam window. This stress is well below
1/3 of tensile strength shown in Table 1 and therefore the beam window can be judged as feasible from
the viewpoint of stress.
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Figure 9. Position-dependent temperature of beam window and coolant LBE
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Figure 10. Position-dependent stress caused by temperature difference and external pressure
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In addition to this analysis, compression buckling was also analysed. The results showed that
compression buckling would result from external pressure of 3.8 MPa, which is more than four times
the expected external pressure (0.8 MPa). As for creep, ~0.03% of creep strain was expected even for
the 10 000 hours of 120 MPa stress at 520 C. These analyses show that the feasibility of the beam
window can be established if the material properties are not seriously deteriorated by the irradiation
damage caused by neutrons and protons.

Consideration of other factors

The beam window is heavily exposed by protons and neutrons. The irradiation damage of the
beam window was calculated as ~72 DPA (displacement per atom) by neutrons and 6 DPA by protons
for a 300-EFPD operation. The helium production was calculated as ~0.15 at.% for the same operation
period. To validate the feasibility of the material, therefore, it is essential to accumulate the irradiation
data for candidate materials. It should be noted that the combination of neutron irradiation in fast
neutron reactors and proton irradiation in the spallation condition is necessary to understand the
duplicated effect of heavy irradiation and helium accumulation. The beam window would be exchanged
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every one or two years. The partition wall and flow control nozzle would also be exchanged periodically
because they too suffer from heavy irradiation. Thus, further study in order to estimate the lifetime of
the beam window is a necessary next step.

In the hydraulic analysis described in the previous section, it was assumed appropriate to set the
flow rate of the target LBE at the given value. In the design of the whole system, however, how to
distribute the flow rate for the core and target regions is one of the technical issues to be developed.
A preliminary concept for the target region is shown in Figure 11. Orifices are placed to control the
flow rate of the LBE. In the present design where the primary pumps are commonly used for both the
core coolant and the target, it is not possible to adjust the flow rate of the target by the pump power
(though the beam power should be changed to control the core thermal power during the operation).
Experimental validation of the flow control mechanism is considered necessary because the LBE may
erode the orifices and change its dimension during the operation.

In the present design concept, contamination of the primary circulation system by spallation
products is a concern. This issue remains to be solved in a further study in connection with the
development of the polonium management technique.

Figure 11. Concept of flow control mechanism for LBE target
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Conclusion

The present conceptual design of an 800 MWth ADS with LBE target/coolant was described and
its feasibility was discussed by focusing on the design of the beam window. The partition wall was
placed between the target region and the ductless-type fuel assemblies to keep the good cooling
performance for the hot-spot fuel pin. A flow control nozzle was installed to effectively cool the beam
window. The thermal-hydraulic analysis showed that the maximum temperature at the outer surface of
the beam window would be lower than 500 C even in the case of maximum beam power of 30 MW.
The stress caused by external pressure and temperature distribution of the beam window was
calculated as 106 MPa, which was below 1/3 of the tensile strength of the material.
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Further study, including experimental validation, is considered necessary for some technical
issues such as: irradiation damage to the beam window, the flow control mechanism for the core and
the target regions, and management of spallation products and polonium.
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