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要旨 

The paper presents developments and numerical simulations of eddy current testing (ECT) 
algorithms used during In-Service Inspection (ISI) of ferromagnetic steam generator (SG) tubes of Fast 
Breeder Reactors (FBR) as in Monju FBR. A 3D FEM code was developed and enhanced to use parallel 
computing in our laboratory in order to take advantage of JAEA supercomputer and use up to 1024 
CPUs. Both OpenMP and MPI libraries were added in pre-solver FEM assembling part and iterative 
solver. Finite element method (FEM) simulations are used to simulate different areas of ISI of FBR SG 
tubes as support plate and U-bend part with various sodium structures. 
 
１．研究目的 

The purpose of the research was to develop a numerical 3D tool in order to simulate the ISI of FBR 
SG tubes using eddy currents and to validate the results also for the case when sodium structures are 
located outside of SG tube. 

 
２．評価方法 

 In Fast Breeder Reactors (FBRs), one of the techniques used in the In-Service Inspection (ISI) of 
magnetic steam generator (SG) tubes is the eddy current technique (ECT). The SG tubes, made of 
2.25Cr-1Mo alloy are fixed in a helical structure shape using multiple support plates (SP) which are 
also ferromagnetic. The complicated shape of the SP and the multiple connections of several tubes to 
the SP can be quantitatively analyzed only in a full 3-dimensional (3D) analysis, in order to evaluate 
the influences in the ECT signal due to the close proximity of the SG tubes. 

  In a SG mock-up, the SG tubes are supported using only a reduced geometry version of the SP. 
However, in the reactor, there are multiples SG tubes connected to a big SP and the ECT signal from 
the SP can varies according to the position of the SG tube in SP. 

The code is based on the FEM in the Galerkin approach, starting from the Maxwell 
electromagnetic equations and uses the magnetic vector potential defined as AB


 . 

The 3D FEM model is based on (A-V) field formulation with the gauge of the electric scalar 
potential V=0 (in order to reduce the computational burden due to the 3D model). The magnetic 
vector potential A is divided in two terms as follows: SA


 – the vector potential of the source field in 

the free air (calculated with the Biot-Savart law) and RA


 – the reduced magnetic vector potential, 
due to the presence of the ferromagnetic region. By adopting the reduced magnetic vector potential, 
the source and detection ECT coils are not meshed in the FEM model. The electromagnetic field in 
the 3D-RFECT code is modeled by the Eq. (1). 

JAEA-Review 2012-039 

- 2 - 

３．試験結果 

製作したマルチコイル型 RF-ECT センサを用いて、直管型 2 重伝熱管に付与した欠陥の検

出性を確認した。まず、放電加工により付与した欠陥を用いて欠陥検出性試験を行った結果

例を図 2 に示す。ギャップによる渦電流の浸透しにくさの影響が懸念されたが、外管外面の

検出性については、内管内面に比べ 50%程度低下するものの（単管の場合、45%程度低下）、

ギャップのみの影響は 5%程度と極めて小さい。試験結果より検出目標である 2 重伝熱管の

外管外面に付与した全肉厚の 20%t（0.7mm）深さ相当の欠陥（全周減肉、全周スリット、

周・軸方向ノッチ W0.3mm×L10mm、ピンホールφ1mm）を欠陥対ノイズ比（S/N 比）2
以上で検出できた。 
次に、一般的に検出するこ

とが難しいとされる開口の狭

いき裂状欠陥の検出性を把握

するために疲労試験機（引張

荷重負荷）により製作した試

験片（疲労き裂の破面写真を

図 3 に示す）を用いた試験で

は、2 重伝熱管外管外面に付与

した全肉厚の 30%深さの疲労

き裂を S/N 比 2 以上で検出す

ることができた。 
 
 

 
 
 
４．まとめ 

検出目標とした 20%深さの人工欠陥をS/N比 2以上で検出できるセンサの開発に成功した。

今後、より小さな疲労き裂欠陥について検出できるセンサの開発を進めたいと考えている。 
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図 2 マルチコイル型 RF-ECT の試験結果（上段；周ノッチ、下段；ピンホール）

図 3 疲労き裂試験片の断面図と試験結果 （深さ 30%t） 
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The code was parallelized using MPI, OpenMP and block-caching algorithms at both matrix 
assembling stage and solver solution. The iterative solver convergence was accelerated using various 
pre-conditioner techniques: ILU0, nodes reordering and by modifying the electromagnetic equations 
with an additional null term that change the regularization of FEM matrix. 

Numerical methods based on three dimensional FEM using the developed 3D-RFECT code 
in our group to model electromagnetic effect of sodium, and estimates the maximum noise arising 
from sodium deposition. Modeling focuses on the multiple interactions among sodium, tube, and tube 
support plate, because those signals could mask outer SG tube defects. Two models of SP, presented in 
Fig. 1 were taken into consideration: a small model of SP with one SG tube (Fig. 1a) and a large SP 
model (Fig. 2a) with many SG tubes (nine in the present paper). While the small SP model is used in a 
mock-up test, the large SP model with multiple SG tubes resembles more the real situation in a FBR 
reactor.  

Sodium forms, shown in Fig. 2b, are filling the void between SP and austenitic-stainless 
steel ring connecting SP and SG tube. Standard groove defects are located mainly in the vicinity of SP, 
resulting from the fretting-wear mechanism between SP and SG tube. Their position (A) and (B) is 
indicated in the schematics in Fig. 2a. Both defects are under the main two legs of SP.  

 

  
 

Fig. 1. Geometry and schematics of small SP with a single SG tube  

a)       b)  

Fig. 2. a) Geometry of large SP with nine SG tubes and defects located under SP; b) 
FEM model for a large SP with nine SG tubes  

JAEA-Review 2012-039

- 4 -

JAEA-Review 2012-039

- 5 -



JAEA-Review 2012-039 

- 5 - 

The model uses up to 3,000,000 2nd order tetrahedral elements requiring use of parallel 
computing with up to 1024 CPUs using BX900 JAEA supercomputer. Simulation of 150 scanning 
points requires almost12 hours of computation (1024 CPUs). 

FEM numerical simulations of the distribution of the magnetic vector potential, using the 
3D-RFECT code, is illustrated for the case of the large SP with multiple SG tubes in Fig. 3 The 
RF-ECT sensor is located in a central SG tube completely surrounded by other 8 tubes. The excitation 
sensor locations in the RF-ECT system correspond to the red zone on the tube while the sensor 
location is between them. Simulations of the amplitude of SP signal and field visualizations show that 
there is a shielding electromagnetic effect due to surrounding SG tubes, that is decreasing the signal 
from SP by up to 20%. 
 

  
Fig. 3. Simulation of distribution of the magnetic vector potential when RF-ECT sensor 
inspect the SG tube located in the middle of SP and surrounded by other eight SG tubes 

 

 a)    b) 

 
c) 
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Fig. 4. a) FEM model of multiple U-bend tubes with various curvature; c) Model of 
sodium drops located outside of SG tube; c) Simulation of distribution of the magnetic 

vector potential in U-bend SG tubes with sodium drops located on  
 
Development and validation of the 3D RF-ECT code was realized with both experimental and 

theoretical solutions for simpler geometries. The main innovative parts in this work was to find a 
suitable electromagnetic formulation which could be scale to work with many CPUs and to parallelize 
the code and the iterative solver those convergence usually worsen as the simulation problem increase 
in size. New parallel algorithms were developed in order to take full advantage of JAEA 
supercomputer. Another innovative works was related to validation of 3D electromagnetic models of 
ISI using ECT for both cases: SG tubes without sodium and with sodium structures. 

 Based on 3D simulations and validations ECT probes could be enhanced for better detection 
of defects in SG tubes of FBR. 

 
３．評価結果 

 Development of the 3D code to simulate ISI of SG tube using eddy currents enable analysis 
of large structures of SG tubes with geometry similar with SG tubes of Monju FBR or future FBR. 
Innovative approaches were added in both code development in order to be able to scale the code to a 
large number of CPUs (up to 1024) and using two parallelization schemes  (MPI and OpenMP). It 
was shown that the 3D code model provides a higher resolution with complex SP structure conditions, 
where the amplitude of defect (OD20%tw) is limited to only a 20-30% reduction but without 
changing significantly the defect signal/noise ratio from the case of one SG tube to the case of many 
SG tubes connecting to SP. Also, it could be simulated and validate the noise from sodium drops near 
support plates or U-bend tubes. 
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