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Abstract 

Japan Atomic Energy Agency (JAEA) has been researching and developing an Accelerator-Driven 
System (ADS) as a dedicated system for the transmutation of long-lived radioactive nuclides. The ADS 
proposed by JAEA uses the lead-bismuth eutectic (LBE) alloy as a spallation target material and a 
coolant. In the various R&D for ADS, construction of the Transmutation Experimental Facility (TEF) is 
planned under the framework of the J-PARC project as a preceding step before the construction of 
demonstrative ADS. In this R&D, TEF is considered for the experimental investigation of the feasibility of 
the beam window, the structural materials, and to investigate the operation properties of the target system 
by using 400MeV-250kW proton beam. This target system is consisted of various elements and must be 
able to operate without troubles during an operation period of TEF facility. Furthermore, in the 
maintenance period after the operation, because the inside of a hot cell storing a target is exposed to 
strong radiations, all elements must be designed as remote control devices. In this study, the present 
conditions of the design and the result of performance test of each important elements were confirmed in 
the realisation of the LBE target system, such as the monitoring system of flow rate by using the ultrasonic 
method, the heater system with the metallic heat insulator joined to a flow channel of LBE, and the 
operability of remote handing. 

Introduction 

Japan Atomic Energy Agency (JAEA) has been researching and developing an Accelerator-Driven 
System (ADS) as a dedicated system for the transmutation of long-lived radioactive nuclides. The ADS 
proposed by JAEA uses the lead-bismuth eutectic (LBE) alloy as a spallation target material and a coolant. 
To promote JAEA’s research and development (R&D) for ADS, construction of the Transmutation 
Experimental Facility (TEF) is planned under the framework of the J-PARC project as a preceding step 
before the construction of a demonstrative ADS. TEF is composed of two experimental facilities, 
Transmutation Physics Experimental Facility (TEF-P) and ADS Target Test Facility (TEF-T). This paper 
will focus on TEF-T, and will report some of the required elemental technologies. 

The main purposes of TEF-T are the experimental investigation of feasibility of beam window and 
structural materials, and operation properties of the spallation target system by using 400 MeV-250 kW 
proton beam. This target system must be operated without significant troubles during its operation period. 
Hence, R&D of the elemental technologies to perform the measurement control of the important 
parameters in operation management of the target system is necessary. Furthermore, the target system is 
highly radioactive due to the proton beam irradiation; all components should be maintained by remote 
handling devices. In this study, elemental technologies to realise the target system, such as the monitoring 
system of flow rate by using the ultrasonic method, the heater system with the metallic heat insulator 
joined to a flow channel of LBE, and the operability of remote handing were tested. 

 247 



NEA/NSC/R(2015)2 

Elemental technologies 

Figure 1 shows the photograph and schematic illustration of a prototype design of target head of TEF-
T. This design has the coaxially arranged annular and tube type channels. The irradiation sample holder, 
shown in Figure 2 was installed in the front side of inner tube. There were eight irradiation specimens, 
arranged every 4 mm in the horizontal direction. In this situation, the specimen of both ends acts as the side 
wall for the sample holder. The inlet temperature of LBE was set to 350ºC, and its flow rate was 1 liter/sec. 
As a result of thermal-fluid analysis, it was confirmed that the local temperature of LBE and a beam 
window increased to around 500ºC by the incidence of proton beam. 

Figure 1: Photo and schematic illustration of target head 

 
Figure 2: Photo of remote operation flange and PMIP 

  

It is known that general liquid metals such as LBE are opaque, and have a higher melting point than 
usual fluid. Liquid metal is used as a coolant for nuclear systems due to its superior heat transfer 
properties; however working temperature condition is very high except for mercury. Therefore, applicable 
measurement technique is limited because the heat resistance is required to the measurement system. In 
addition, radiation-resistant is required. Furthermore, LBE can lead to corrosion/erosion of the component 
materials. Practically, in JAEA’s LBE loop, the blockage was confirmed in a narrow region of flow 
channel. To deal with the significant trouble caused by the various issues, each component of the target 
system installed to a hot cell needs periodical exchange/maintenance. Condisering all these, this section 
introduces some elemental technology for the target system. 

Packaged metallic heat insulator and preheating device 

In the target system, the preheating device and the heat insulator are indispensable component in order 
to use LBE as a coolant/target material. As noted previously, in the regions where exchange/maintenance is 
required frequently, the disassembly mechanism is needed to support various significant trouble caused by 
the characteristic of flowing LBE such as erosion/corrosion. Then, the preheating device and the heat 
insulator must be removable by remote control easily. Therefore, R&D of the “Packaged Metallic heat 
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Insulator and Preheating device (PMIP)” is encouraged at JAEA. PMIP consists of the metallic insulator 
and the heater, and it is applied to cover the remote operation flange which has been applied to Material 
and Life Science Experimental Facility (MLF) in J-PARC. Figure 2 shows a photograph of PMIP. The 
main body of PMIP consists of a cylinder-shaped metallic heat insulator of 520 mm diameter with half 
breaking structure, and a heater is attached to its inner wall. PMIP and the remote operation flange were 
installed to a test stand in JAEA, and a preliminary disassembly test by remote control using a crane and a 
master slave manipulator (MSM) were performed. As a result of this preliminary test, the disassembly of 
PMPI was successful. In near future, the shape/performance optimisation in consideration of remote 
operability will be performed immediately. 

Figure 3: Photo of continuous level gauge and pressure gauge 

 

Pressure gauge and Continuous level gauge 

In the operation management of the primary circuit, the pressure of each parts and the liquid level of 
surge tank is the important information. A liquid pressure gauge was installed for monitoring the local 
pressure and the pressure loss, to detect any blockage at the filter or flow channel. Also, it has the function as 
the sub-flowmeter (differential pressure-type flowmeter) in TEF target system. Practically, this method was 
adopted in MLF. The pressure gauge is a diaphragm type, and its transmission medium is mercury. The 
material of the diaphragm is 316L stainless steel, and the measurement range is 0-1 MPa. The maximum 
temperature is 330 ˚C. The accuracy was found to be ±1.5 % at F.S. The continuous level gauge was installed 
for the monitoring of LBE’s level behaviour inside of surge tank, to detect a slow leak. This phenomenon has 
been often caused by the jamming of slag on a seat of drain valve in JAEA’s LBE loop. The continuous level 
gauge is an induction type, and enables to obtain the level information of 0-300 mm continuously. The 
maximum temperature is 500 ˚C. In consideration of the corrosiveness of LBE and the exchangeability, a 
sheath tube covered the measurement probe. The material of a sheath tube is 316 stainless steel. The accuracy 
was ±5 % at F.S. This type of level gauge is adopted for fast reactor systems. 

To check the operation of each gauge, a simple experiment was performed by using test stand. In this 
experiment, pressure measured by pressure gauge was compared with the LBE head pressure derived 
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by the measurement value of level gauge. The temperature condition was 300˚C constant. And cover 
gas pressure was 0 Pa. Figure 4 shows the experimental results. In this figure, the horizontal axis 
represents the liquid level in a surge tank, and the vertical axis represents the pressure. Each error bar 
represents the error range of each gauge. The gradient of measured pressure was consistent with LBE 
head pressure, and each measurement value was within their accuracy. 

  

Figure 4: result of operation test in static condition 

 

Flowmeter 

The flowmeter was installed to measure the flow rate of LBE circulating through a primary circuit. 
This is because LBE flow rate has a great influence in the cooling performance for each component of the 
target system, especially the beam window. Therefore, in safety operation of the target system, flow rate 
must be monitored by some methods and it must be managed. 

Usually, Electro Magnetic Flowmeter (EMF) is applied to monitoring of LBE flow. However, the 
instability of its output is a serious problem at long-term operation. Because wettability and corrosiveness 
or operating conditions of LBE act complicatedly, effective measures to solve this problem are difficult. 
And the periodic calibration is necessary. However its procedure is complicated and is unsuitable for use in 
the remote environment. Therefore, In TEF-T, the installation of the flow measurement technique by using 
ultrasonic is considered. 

The ultrasonic flowmeter is a general flow measurement technique and it has been applied to various 
fields such as engineering, industry and the production. Usually, propagation time difference type is used 
for the measurement system. Because this system does not need tracer particles, it is a suitable 
measurement technique for the actual system such as fast reactor and TEF. Typically, this measurement 
technique has little influence on change of sound speed and it is usually a contactless technique and has 
high versatility. Figure 5 shows the schematic illustration of the measurement configuration. 

Figure 5: Measurement principle of propagation time difference method 
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The propagation time of ultrasonic signal changes depending on the velocity of the flowing medium. 
This measurement system emits/receives ultrasonic signals between an upstream ultrasonic transducer 
“TDX-a” installed on one side and a downstream transducer “TDX-b” installed on the other side. By using 
the propagation time differences between the forward direction “tab” and the reverse direction “tba”, the 
mean velocity of the measurement section is derived in the following expressions. 
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where  d: Diameter of flow channel c: Sound speed 

  V: Mean velocity   A: Cross section of flow channel 

  K: Profile factor 

Furthermore, the heat resistance of the measurement system is important. When the ultrasonic 
flowmeter is used in the target system, excellent heat resistance of the ultrasonic transducer in contact with 
heated wall of the flow channel is required. Usually, Ultrasonic Velocity Profiler (UVP) uses PZT as a 
piezo electric element for its transducer. Because the efficiency of PZT is very high, it is suitable for a 
technique which uses the extremely feeble echo from the flowing medium for a measurement like UVP. 
However, its curie point is approximately around 350˚C and is not suitable for use in the operation 
temperature of the target system of TEF-T. And PZT is easy to be damaged by a radiation environment. 
Therefore, developed system in JAEA uses niobic acid lithium (LiNbO3) as the element of transducer. The 
curie point of LiNbO3 is 1140 ˚C, and even a temperature condition of LBE in the target system does not 
have any problem at all. The efficiency of LiNbO3 is extremely worse than PZT. However, there is only 
slight influence because ultrasonic flowmeter uses the time difference of emitted signal simply. 
Furthermore, it has the superior resistance to radiation environment. Practically, the dominant change of 
emitting signal was not confirmed after havingγ-irradiation of about 22 MGy either. 

Figure 6: Photo and schematic illustration of JAEA’s high temperature ultrasonic transducer 
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Figure 7: Experimental configuration for verification test of ultrasonic flowmeter 

 

Figure 6 shows a photograph and schematic illustration of JAEA’s high temperature ultrasonic 
transducer. This transducer mainly consists of the main part of transducer and a couplant and a sensor plug. 
The material of a couplant is copper. Because the semi-contactless measurement is adopted at a present 
state, a sensor plug made by high chrome steel is installed to reduce the thermal influence to the main part 
of transducer. 

Table 1: Experimental conditions of verification test of ultrasonic flowmeter 

Setting of  
Ultrasonic 
flowmeter 
 

Basic frequency of emitted burst 
signal 4 MHz 

Wave number 1 cycle 

Flight path of burst signal 115 mm 

Time resolution 1 sec 

Number of transducer couple 1 couple 

Material of couplant Copper 

Material of sensor plug 9Cr-1Mo steel 

Setting of LBE 
flow 

Temperature of LBE 400 ˚C 

Flow rate of LBE 0 - 30 liter/min 
(0-0.4 m/sec) 

Figure 7 shows the experimental configuration for the verification test of ultrasonic flowmeter. This 
test was performed in JAEA Lead Bismuth Loop-4 (JLBL-4). In this loop, LBE was driven by Electro 
Magnetic Pump (EMP) and reference flow rate was measured by EMF. A π-shaped test pipe was 
connected to the test section of JLBL-4, and two transducers of ultrasonic flowmeter were installed in the 
up/down stream side in the straight line region. Table 1 shows the experimental conditions. The basic 
frequency of emitted burst signal was 4 MHz, and the wave number was 1 cycle. The flight path between 
the two sensor plug was 115 mm. To derive the averaged velocity by using measured values that was 
measured every dozens of milliseconds, the time resolution of ultrasonic flowmeter was set for 1 second. A 
temperature of LBE was 400 ˚C, and the flow rate was 0 – 30 liter/min. In this experiment, flow 
velocity/rate measured by ultrasonic flowmeter was compared with flow rate/velocity measured by EMF. 
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Figure 8 shows an example of experimental result. The horizontal axis represents the reference flow rate 
measured by EMF, and the vertical axis represents the mean velocity in the test section. The solid line 
represents the theoretical mean velocity derived by flow rate (EMF), and the data points represents the 
velocity measured by ultrasonic flowmeter. The error bar represents the deviation of 241 data in each flow 
rate. The correlation coefficient of the measured value of EMF and ultrasonic flowmeter was 0.9992. As a 
result of this experiment, reasonable linearity (correlativity) was confirmed, and the usefulness of the 
ultrasonic flowmeter in the monitoring of LBE flow was verified. 

Figure 8: Experimental result of verification test in LBE loop 

 

Summary 

In JAEA, some elemental technologies such as the packaged insulator & preheating device, the 
monitoring system of liquid level/pressure and the monitoring system of flow rate were tested. As a result 
of this preliminary test, the disassembly of PMPI and the operation test of the level/pressure gauge in static 
condition were succeeded. And the ultrasonic flowmeter was successfully applied to flow velocity/rate 
measurement of LBE. At present, R&D of the completely contactless measurement system is ongoing. In 
near future, the construction of remote operation procedure and the radiation proof test for each component 
will be performed. 
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