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ABSTRACT 
 A double wall vessel with a heating jacket is installed in the hot cell of the reprocessing plant, 
whose environment is very severe and corrosive. Therefore, certain maintenance technology is 
necessary which realizes the remote-controlled measurement of the wall thickness of the double 
wall vessel effectively. A remote-controlled wall thickness measuring system has been developed 
for residual lifetime assessment of a double wall vessel, as well as the sensor, the access device 
operable inside of the hot cell. The full functions and operations including accessing device have 
been confirmed under the full-scale mock-up tests. A measurement accuracy of ±0.3 mm has been 
also confirmed. 
 
INTRODUCTION 

Since a double wall vessel with heating jacket installed in a hot cell of a reprocessing plant is used in 
severe corrosive environment, the corrosion evaluation is necessary. Because an inner vessel is sealed, and 
an outer vessel in which steam is passed through is welded to the outside of the sealed inner vessel, it is 
very difficult to access the inner vessel directly, and to measure its wall thickness (Fig.1). For the equipment 
maintenance, a technology to measure the wall thickness of the inner vessel from outside of outer vessel 
must be developed, and remote control technologies also have to be developed, because these equipment 
are installed in the hot cell. Promising methods that are applicable to wall thickness measurement are 
Ultrasonic flaw detection method (Fig.2) and Eddy current flaw detection method (Fig.3). 

Technical comparison between these methods as a candidate of the thickness measurement of the double 
wall vessel with the heating jacket shows that some problems for Ultrasonic flaw detection method are 
found that (1) the echo from inner vessel could not be taken at the outside of outer vessel due to the near-
full reflection of ultrasonic wave caused by air gap between the outer and inner vessel. Other problems are: 
(2) the ultrasonic sensor must be vertically pushed on the wall, (3) some medium (so called coupler) must 
be required, and (4) the deeper penetration of ultrasonic causes the less accuracy of measurement (not 
suitable for thicker wall). 

On the other hand, Eddy current flaw detection method has the advantages that measurement can be done 
without contact between the sensor and the wall, as well as no-need of coupler. 

In general, Eddy current flaw detection method is using higher frequency such as 1 to 10 KHz or more. 
To increase the penetrating depth of magnetic flux into the metal, the lower frequency under 100 Hz is used 
for the Electromagnetic Induction method which is suitable for the project.    
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The development target to measure the wall thickness of the thickest vessel has been set as an accuracy of 

±0.3mm for the vessel with the heating jacket installed at the reprocessing plant.  
The wall thickness measuring system has been developed by following steps, (1)Sensor development, 

(2)Remote control devices, and (3)Full-size mock-up test (Fig.4). 
As for sensor development, a prototype sensor was developed, in which the depth of penetration of applied 

magnetics flux should be improved, and the effect of the eddy current on surface should be reduced. After 
that, the thickness of walls was measured using a double flat plate and a three dimensional curved plate 
simulated the actual vessel. A signal processing system was also developed. 

The remote control devices consist of an introduction device, a shielding device, an access device and 
control devices. The introduction device can introduce the sensor mounted access device into the hot cell 
from the outside of the cell. The access device can push the sensor against the bottom of the vessel to 
measure the wall thickness.  

In the full-size mock-up test, the full scale bottom model of the double wall vessel was installed inside of 
the model hot cell, and the mock-up test was carried out using the developed sensor and the remote control 
devices. One-thorough operation tests, repeated accuracy confirmation tests, interlock confirmation tests 
and emergency devices collection tests were carried out in the full-size mock-up test. 

All specimens of the test are made by non-magnetic stainless steel SUS304. 
 

  

 

Fig.1 Double wall vessel in the cell Fig.3 Outline diagram of eddy current flaw detection method

prototype sensor development

Thickness measurement 
of a double layer flat plates

Thickness measurement 
of a double layer curved plates

Thickness measurement 
of a three dimensional curved plate

Calibration by frequency 
multiplication

【SENSOR DEVELOPMENT】 【REMOTE CONTROL DEVICES】

Design of introduction device, 
access device and  shielding devices

Element tests of introduction device, 
access device and  shielding devices

Production of introduction device, 
access device and  shielding devices

【FULL-SIZE MOCK-UP TEST】

Production of full size mock-up 
equipment

Full size mock-up tests

Fig.4 Development procedure

Medium

High voltage 
generator

Receiver

探触子

振動子

電極

吸音材

保護板

超音波の反射

Sound absorbing materials

Electrode

Oscillator

Protection plate

Ultrasound reflection

Probe

Fig.2 Outline diagram of ultrasonic flaw detection method



27th International Conference on Structural Mechanics in Reactor Technology 
Yokohama, Japan, March 3-8, 2024 

Division VIII 

SENSOR DEVELOPMENT 
 
(1)Sensor improvements 

If the electromagnetic induction method is applied to measure the inner wall thickness of the double wall 
vessel, it is necessary to increase the depth of penetration of applied magnetics flux, and to reduce the effect 
of the eddy current generated on the surface of the first outer wall. 

The depth of penetration of applied magnetics flux was improved by enhancing the excitation of magnetic 
flux by adopting the coil with inner core (Fig.5). By arranging the multiple excitation coils radially, multiple 
magnetic flux entered into the first layer slantly are repelled each other and the generated magnetic flux in 
the second layer can enter perpendicularly, and can be increased (Fig.6).  

As for the improvement of signal processing, the output of the detection coil is digitalized by 16bit Analog 
to Digital Converter (ADC), then Fast Fourier Transform (FFT) is applied to the output of ADC, and finally, 
amplitude and phase difference values are acquired.  

          

  
 
(2) Strength measurement of excitation of magnetic flux 

Simulating the thickest wall vessel with the heating jacket, two sheets of flat plate (thickness: 30mm and 
35mm) are laid keeping the distance of 80mm. The strength of the excitation of magnetic flux passing 
through the first layer was measured as follows (Fig.7). 

The reduction ratio of the magnetic flax is measured by the voltage of coils placed on the backside of the 
first layer, the topside and backside of the second layer. In consequence, it was found that the reduction 
ratio is 1/200 (round trip) between the back of the second layer and 1/4 (round trip) between the front and 
back of the second layer. Although the signal from the second layer was very weak. However, it was found 
that measurement is possible (Table 1). 
 
 
 
 
 
 
 
 
 
 

                          

              

(3) Thickness measurement of a double layer flat plate and a two dimensional curved plate  
On the sample of a double layer flat plate, a thin plate of thickness 0.3mm is attached on the backside of 

the second layer (by air jack from backside). It was confirmed that the thickness difference of the second 
plate can be detected from the topside of the first layer (Fig.8). The measurement accuracy has a maximum 
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Fig.5 Enhancing the excitation magnetic flux by the coil with inner core Fig.6 Radially arranging multiple excitation coils 

Fig.7 Schematic diagram of intensity measurement
of excitation magnetic flux

Fig.8 Overview of double plate wall
thickness measurement

Table 1 Excitation magnetic flux strength measurement results

Applied 
voltage

Detection voltage

1st layer 
back side

2nd layer 
surface

2nd layer 
back side

1V 2 mV 40 μV 10 μV
Excitation coil

Detection coil

First layer flat plate

Second layer flat plate

Air jack

0.3mm Plate

30mm

35mm

80mm

Excitation coil

Detection coil

First layer flat plate 30mm

Second layer flat plate 35mm

80mm
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error of -0.1mm, which satisfies the target accuracy of ±0.3mm. Repeated measurements were conducted 
and it was confirmed that there are no problems with reproducibility (Fig.9, 10). 

In the measurement using a two-dimensional curved plate, the maximum measurement error for 35.0 mm 
was +0.3 mm, which almost satisfied the target accuracy of ±0.3 mm (Fig.11, 12) 

 

            

       

              

  

(4) Thickness measurement of a three dimensional curved plate 
It was found that the distance between the first layer and the second layer is differ at each measuring point 

of the simulated three dimensional bottom sample of the vessel with the heating jacket. For the present 
sensor calibration method, the lift-off displacement absorption method is adopted, in which the space 
between the sensor and the first layer (lift-off) is absorbed. For new calibration method, the gap 
displacement absorption method is established, in which the gap between the sensor and the first layer is 
absorbed. These two calibration methods were used in the thickness measurement of a three dimensional 
curved plate (Fig.13). 

 

               

  
The thickness of the second layer plate of three dimensional curved plate was measured by the lift-off 

displacement absorption method. The measurement results show that the measurement accuracy has 
deteriorated significantly when the measuring point is separated from 0 point because of the effect of the 
variation of space length between the first layer and the second layer (The 0 point is the calibration point). 
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The maximum measurement error against the value obtained by UT is +1.2mm (-300 measuring point), and 
the target measurement accuracy (±0.3 mm) is not satisfied at other measuring points, too (Fig.14, 15). 

The same curved plate was measured by the gap displacement absorption method. The measurement 
results show that the effect of the variation of the space length can be absorbed and the measurement 
accuracy is improved rather than the lift-off displacement absorption method. The measurement accuracy 
has deteriorated significantly only at -300 measuring point. The maximum measurement error against the 
value obtained by UT is +3.1mm (at -300 measuring point) and the target measurement accuracy (±0.3 mm) 
is satisfied at other measuring points. 

From the results above, the gap displacement absorption method is found to be effective for the three 
dimensional curved plate, and also the measurement accuracy is found to deteriorate at the specific position 
(at -300 measuring point), where structural object (a drain pipe) is located. It can be inferred that the 
structure affects the measurement accuracy. 

    

                        
(5) Calibration by frequency multiplication 

For the wall thickness measurement using electromagnetic induction method, the eddy current generated 
on the sample by the excitation magnetic flux is detected by detecting coil, and processed to the amplitude 
and phase difference by 16bit ADC and Fast Fourier Transform (FFT), then stored as digital acquired data. 
To absorb or cancel out the unknown variables such as lift off, thickness of outer vessel, length of air gap 
between outer and inner vessel, and temperature, a simultaneous equation is applied. Therefore, at 
calibration stage, measurement should be down, at least 2, different conditions of each different unknown 
values. However, real value of unknown variable itself is not required. It is enough to acquire the measured 
data under, at least 2, different conditions of unknown variables. 

At calibration stage, stored data are supplied to the unknown-variables-absorption-method which is 
realized by software, and calibration should be done effectively. This technique is widely used in data 
processing and measurement. Using one frequency, two variables such as amplitude ratio and phase 
difference are acquired. Using three point data of these two variables, one unknown variable can be 
absorbed or cancelled out. If the number of frequency is increased to 4, 7 unknown variables can be 
absorbed or cancelled out theoretically. 

Therefore, 4 frequencies are used. Thus, the measurement accuracy is improved by frequency 
multiplication (Fig.16). 
 
REMOTE CONTROL DEVICES 
 
(1) Remote control system 

The double wall thickness measuring system consists of the above sensor, the introduction device, the 
shielding device, the access device and the other control devices (Fig.17). 
 
 
 

Fig.15 Three dimensional curved plate 
measurement values (UT & Lift-off 
displacement absorption & Gap  
displacement absorption)

Fig.14 Measuring position Fig.16 Three dimensional curved plate 
measurement values (UT & Single 
frequency & Frequency Multiplication)
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(2) Introduction device 
The introduction device transports the access device mounting the sensor from outside of the cell into the 

inside and the following functions are designed.  
Arm insertion/extraction mechanism: Install a stopper to prevent the device from lifting when the arm is 
extended. 
Cable feeding/winding mechanism: The cable is fed out and wound up using a pulley. 
Access device storage mechanism: A camera is mounted on the introduction device arm so that it can be 
confirmed that the access device has been carried into the cell. Four wires are used to carry the access 
device into the cell, and this structure reduces tilting caused by misalignment of the center of gravity. 
Emergency recovery methods: The structure allowing for manual arm recovery and cable winding in case 
of emergency is necessary. 
 

 

 
The procedure for installing the introduction device and inserting the arm is as followings (Fig.18), 

- Install shielding equipment and introduction equipment in the IES hole. 
- Move the arm insertion cart forward and insert it into the IES hole. At the same time, cables are sent while 

being monitored by cameras. 
- Insert the arm into the cell and send the cable while monitoring it with a camera at the same time.  
- The emergency recovery function is a mechanism that rotates and recovers the bolt head installed on the 

outside of the carry-in truck cover. 
 

  
 

 
 
 

Positioning

Double wall vessel 
bottom press
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Control devices

The access device is carried in through the 
IES hall, positioned, and the sensor is 
pressed against the bottom of the double 
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Sensor control panel

Double wall vessel
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Fig.17 Remote control system

Fig.18 Procedures of introduction device installation and arm insertion
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(3) Access device 
The access device mounts the sensor and accesses at the position just under the bottom of the double wall 

vessel in the cell and pushes the sensor on the outside surface of the bottom to measure the wall thickness. 
The most important design requirement for the access device is to push the sensor on the predetermined 
position at each time of measurement. Therefore, following items must be examined. 
 
a. Device location determination method (Fig.19, 20): 
- The access device is transported into the cell by the introduction device and the carrier is let down and the 

access device is put on the floor of the cell. 
- Because the floor lining is declining to the drip tray in the cell, the slope angles of the short and long axis 

directions are measured by the angle meter on the access device and the location position is converted to 
coordinates on a horizontal plane with the origin directly below the drain pipe. 

- The floor slope is input into the control panel in advance, and when the vehicle is running, the position 
information based on the calculated floor slope is displayed on the control panel installed outside the cell. 

 

  

 

   

           
 
b. Sensor location determination method (Fig.21): 
- A three-dimensional measuring device is mounted on the introduction device and also a three-dimensional 

measurement marker is mounted on the access device. The position of the access device and the position 
and height of the sensor are displayed on the control panel. 

- The positioning camera is mounted and the sensor pushed position is determined on the camera monitor 
by observing the drain pipe of the double wall vessel as a reference point.  

- Using the position information of the access device marker obtained by the three-dimensional measuring 
device, the position of access device is determined by matching the original position and the center 
position of operating access device. 

 

Fig.19 Floor slope correction

Fig.21 Measurement alignment

Fig.20 Origin position alignment
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c. Sensor pushing method (Fig.22): 
- Since the entrance space into the cell is narrow, a pantograph method is adopted and the pantograph is 

operated using an air-driven cylinder method. 
- Procedures are as follows, 
1) Pantograph rise by air cylinder, 2) Sensor rise by air cylinder (if necessary), 3) Sensor operated by air 
cylinder and pushed on the bottom of the double wall vessel, 4) Sensor pushing signal confirmation, 5) 
Press Electromagnetic brake ON button, 6) Press the servo power OFF button 
 

   

             
(4) Radiation resistance test of each element of introduction device and access device 

After irradiation tests of the equipment by radiation expected to be received during one wall thickness 
measurement, outer appearance, operation, and other aspects (repeatability, leakage, electrical 
characteristics) of each part were confirmed. 

There were no problems with radiation resistance of each mechanical element except for one part (Table 
2). Additional lead shielding will be provided on this part. 

 

 
 
FULL-SIZE MOCK-UP TEST 

The full scale bottom mock-up of the actual double wall vessel was installed inside the model hot cell  
(Fig. 23) and the full size mock-up test was carried out concerning a. One-through operation test, b. Repeat 
accuracy confirmation test, c. Interlock confirmation test and d. Emergency recover test.  
 
a. One-through operation test 

The procedure of the thickness measurement of the double wall vessel is broken down into approximately 
50 steps and following items were checked in the one-through operation test.  
Work procedures/ Operability of the equipment by workers/ Whether each equipment meats the prescribed 
functions and performance. 
 Although there were some items that required improvement, it was confirmed that all items are generally 
satisfied. 

Fig.22 Sensor pushing method using access device

Table 2 Summary of radiation resistance tests

Device 
name

Parts 
name

Pre-irradiation test After the first irradiation test After the second irradiation test

Exterior Operation Others Exterior Operation Others Exterior Operation Others

Introduction 
device

3D-Measuring 
machine ○ ○ ○ ○ ○ ○ ○ ○ ○

Access 
device

Mecanum
wheels ○ ○ - ○ ○ - ○ ○ -
Other drive 
parts ○ ○ ○ ○ ○ ○ ○ ○ ○
2-axes slope 
sensor ○ ○ - ○ × - ○ × -

Other parts ○ ○ - ○ ○ - ○ ○ -
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b. Repeat accuracy confirmation test 
1) Positioning accuracy (Fig.24) 

The repeated confirmation tests of the sensor measuring point determining operation were conducted and 
it was confirmed that the repeatability error at each measuring point is within the targeted φ20 (±10) mm. 
 
2) Sensor pushing operation (Fig.25) 

The confirmation tests were carried out whether all of four contact sensors turn on and it was found that 
there is a detection delay or defect in one contact sensor. Therefore, that improvements to the contact sensor 
installation method, etc. are necessary. 

  

              

c. Interlock confirmation test 
The interlock system is designed base on the clarified operations that have possibility of damaging 

equipment by malfunctions. By operation tests of interlock system, all interlock functions were found to be 
in good working order.  
 
d. Emergency recover test 

Assuming that the device driving source (power and air) is lost, it was confirmed whether the inoperable 
access device could be recovered using a manual jig. The collection procedure is performed in following 6 
steps (Fig.26). 

1. Separate the access device cable from the introduction device. (For actual emergency recovery, cut the 
cable.)  

2. Pull the access device back to the vicinity of IES hole by human power.  
3. Insert the special jig through the introduction device gap and set the access device on the access device 

lifting cart.  

Fig.23 Mock-up test (Combination test)

Fig.24 Positioning accuracy Fig.25 Sensor pushing operation
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4. Raise the lifting cart (chain driven) using a power tool and store it in the introduction device arm.  
5. Store the introduction device arm (chain driven) extended in the cell into the introduction device body 

using a power tool.  
6. Separate the introduction device from IES hole. 

It was confirmed that manual recovery is possible, but it was found that step 3 takes time and there is a 
high risk of worker exposure by manual recovery if required. Because a short and easy works are required, 
the improvement of collection jig and lifting platform is necessary. 

 

 
 
 
 
 
 
 

 
 

CONCLUSION 
- The double wall vessel with a heating jacket is installed inside the cells of the reprocessing plant whose  

environment is corrosive and severe. Therefore, to confirm the integrity of the vessel, the wall thickness 
of the inner wall is must be measured from the outer wall. The development of measuring technology has 
been successfully achieved.  

- The wall thickness measurement sensor using the electromagnetic induction method has been developed, 
and it was confirmed that it is possible to measure the inner wall thickness of a double wall vessel mock 
up test specimen (non-magnetic stainless steel SUS304) with the outer wall thickness of 30 mm and the 
inner wall thickness of 35 mm and the air gap between outer and inner vessel of 80mm. 

- The access device, the introduction device, the shielding device, and the control devices for remote control 
were manufactured, and the functionality of each device were verified through the tests to confirm that 
they work well. 

- In the mock-up test conducted by combining each element, it was confirmed that the target accuracy of 
sensor measurement has been verified within ±0.3 mm and repeatable position accuracy of φ20 (±10) mm 
is maintained. In addition, as a result of the one-through operation check, interlock check, and emergency 
recovery test, some issues were found, but it was confirmed that the operation and functionality are 
satisfied. 

 

Fig.26 Emergency recovery procedures


