
Kobe University Repository : Kernel

PDF issue: 2024-09-08

電磁超音波を用いた配管ヘルスモニタリングセンサ
の研究

(Degree)
博士（学術）

(Date of Degree)
2011-03-25

(Date of Publication)
2011-10-19

(Resource Type)
doctoral thesis

(Report Number)
甲5240

(URL)
https://hdl.handle.net/20.500.14094/D1005240

※ 当コンテンツは神戸大学の学術成果です。無断複製・不正使用等を禁じます。著作権法で認められている範囲内で、適切にご利用ください。

田川, 明広



 
 
 

博 士 論 文 
 
 

電磁超音波を用いた 

配管ヘルスモニタリングセンサの研究 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

田川 明広 

神戸大学大学院 工学研究科 情報知能学専攻 



 



目 次 

 

要旨         i 

 

第 1 章 緒論       1 

1.1 運転中モニタリングの必要性    1 
1.2 電磁超音波探触子(EMAT)の歴史    4 
1.3 研究目的       5 

 

第 2 章 計測原理       7 

2.1 従来手法       7 
2.1.1EMAT の超音波発生原理     7 
2.1.2 垂直 EMAT の原理     9 
2.1.3 斜角 EMAT の原理     12 
2.1.4 パルスエコー(PE)法     14 
2.1.5 電磁超音波共鳴(EMAR)法    16 
2.1.6 熱膨張       17 

2.2 提案手法       18 
2.2.1 パルスエコー共振(PER)法    18 
2.2.2 ハイブリッドセンシングの概念    20 
2.2.3 相互相関法を用いた水温測定法     21 
2.2.4 欠陥モニタリング用位置同定法    22 

 

第 3 章 配管減肉モニタリング用センサの研究  25 

3.1 緒言       25 
3.2EMAT の試作      26 

3.2.1 開発目標       26 
3.2.2 永久磁石材料の選択     27 
3.2.3 試作       31 

3.3 試験方法       33 
3.3.1 測定システム      33 



3.3.2 高温時の磁石ノイズフィルタ    35 
3.4 試験結果       37 
3.4.1 室温試験       37 
3.4.2 高温試験       49 
3.4.3 耐久試験       62 
3.4.4 センサ設置方法      72 

3.5 結言       73 
 

第 4 章 ハイブリッドセンシング用センサの研究  76 

4.1 緒言       76 
4.2EMAT の試作      77 
4.2.1 設計条件       77 
4.2.2 設計と試作      79 

4.3 試験方法       85 
4.3.1 測定システム      85 
4.3.2 測定フロー      86 

4.4 試験結果       88 
4.4.1 コイルの直流抵抗測定     88 
4.4.2 減肉測定       92 
4.4.3 水温測定       122 

4.5 結言       130 
 

第 5 章 欠陥モニタリング用センサの研究   132 

5.1 緒言       132 
5.2EMAT の試作      133 
5.2.1 磁石設計       133 
5.2.2 ダブルコイル EMAT の設計    136 
5.2.3 試作       139 

5.3 試験方法       140 
5.3.1 試験条件       140 
5.3.2 測定システム      140 

5.4 試験結果       146 
5.4.1 周波数依存性の確認     146 
5.4.2 距離振幅特性試験     153 



5.4.3 欠陥検出性試験      167 
5.4.4 従来研究との比較     176 

5.5 結言       179 
 

第 6 章 結論       181 

 

謝辞         184 

 

参考文献        185 





 i

13 1 (TBM:
Time Based Maintenance) TBM

13

2009
18

(CBM: Condition Based Maintenance) TBM
CBM

( ) 1. 2. 3.
4. 5. 5

1. 2. 3.
4 5. ( )

CBM

2004 8 11 3



 ii

4
4

1
UT(Ultrasonic testing) PT(Penetrant Testing)

(EMAT : 
Electromagnetic acoustic transducer)

2

EMAT (PER)
200 EMAT

(PE) 4 0.3mm PER
2 0.1mm

200 2 0.03mm
EMAT 50mm

14.3mm 12.5mm 20%
2 EMAT

EMAT

EMAT
EMAT

PPM 1.4 Halbach

3 18

EMAT 200 18
15000 (21 )

4 1
1



 iii

3
1 EMAT

EMAT
EMAT

0.99
2mm 0.03mm

90

EMAT
1

EMAT
1

10
4





 1

13 1 (TBM: 

Time Based Maintenance) TBM

[J1] TBM ( )

13

[N3]

( )

(CBM: 

Condition Based Maintenance) [G3] 2004 8 11

3 (

)[T9]

CBM

2009 1

18 [G3] CBM

CBM CBM



 2

TBM CBM

CBM [L1]

(

) 1. 2. 3. 4. 5.

5

[I1]

1. 2. 3. 4 5.

[I1]

[K1]

[M1]

TBM

CBM

[O1, R1]

[J2, D1, S1]



 3

4

4

1

(UT: Ultrasonic testing) (PT: 

Penetrant Testing)

2

3 18

4

1

[S2, H4]

[N2]

[T10*, X3, O27, H5]

(EMAT: Electromagnetic Acoustic Transducer) EMAT

EMAT

EMAT UT

EMAT



 4

EMAT EMAT EMAT

[H2]

( )

1935 Wegel [W1] 1937 Randall

[R2]

[H2]

EMAT 1970

Thompson

[T1]

[T2-T8, M2, A1, B1, F1, N1] 1970 1990

[K2, K3]

[C1, J3, J4. F2]

1990 2000

(EMAR: Electromagnetic Acoustic Resonance)

[H1, O2-O26, P1]

SH (Shear Horizontal wave)



 5

[H2]

[N4]

SH EMAT

EMAT

[R3, X1, X3, T11] EMAT

[X2]

EMAT

200 EMAT

2

3 5

3 EMAT

(PE: Pulse Echo) [J5, T9] 

(PER: Pulse Echo Resonance)



 6

4 EMAT

3 EMAT 1 EMAT

3

5 EMAT

EMAT

2

Halbach [X2]

6



 7

EMAT 2

(SUS304)

(SS400)

[G1, B2, K4, M3, T7]

EMAT

EMAT

J
t
DrotH     (2.1.1-1) 

t
BrotE     (2.1.1-2) 

EJ      (2.1.1-3) 



 8

MHB 0      (2.1.1-4) 

i
j

iji F
xt

u
2

2

.   (2.1.1-5) 

H(A/m) D(C/m2) J(A/m2)

E(V/m) B(T) M(T) f(N/m3)

u(m) [H2]

0BJF e      (2.1.1-6) 

F eJ 0B

[T4]

[A2]

[C2, M6]



 9

 EMAT SH

(SH )

EMAT 2.1.2-1 2.1.2-2

2.1.2-1 (SH ) EMAT 2

( )

2.1.2-2 EMAT 3



 10

N

S

S

N

Magnet

Coil

N

S

S

N

Magnet

Coil

Specimen

Eddy Current

JJ

B

B
F F

Specimen

Eddy Current

JJ

B

B
F F

Fig. 2.1.2-1 Shear horizontal (SH) wave generation mechanism of EMAT for 
measurement of thickness 
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Fig. 2.1.3-1 Periodic-permanent-magnet (PPM) EMAT structure can generate 
angle beam. 
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Fig.2.1.4-1 Principle of Pulse echo method 

Fig.2.1.4-2 The ideal pulse-echo waveform attenuated by multiple reflections. 
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Fig. 2.2.1-2 The ideal FFT form image 
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Fig. 2.2.4-1 Relationship between EMAT position and defective distance. A 
trigonometric function can express. 
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Fig. 2.2.4-2 The FFT results of the received wave when transmitting a ultrasonic 
wave with the excitation frequency of 700kHz, and changing defective distance up 
to 90mm - 110 mm. In spite of not having changed excitation frequency, such 
strongest frequency component is shifted to the higher one that defective distance 
becomes near. Excitation frequency, it was the same tendency even if changed into 
650kHz and 750kHz. 
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Table 3.2.1-1 Development targets  

Max. temp. 
( )

Durability
(hr)

Limit of 
measurement

(mm) 

Accuracy
(mm) 

Specimen 
size

(mm) 
Material

200 13000  2 0.1 70W 100L
2, 5, 10, 15T 

SS400
SUS304

Table 3.2.1-2 Specimen thickness measurements 

Real thickness using a micrometer Official thickness 
(mm) SS400 SUS304 

2 2.00 2.00 
5 5.02 4.95 

10 10.00 9.95 
15 14.95 14.85 
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Figure 3.2.2-1 Temperature dependency of Nd magnet and SmCo magnet where 
iHc represents the magnetic field strength. The field intensity of SmCo magnet is 
stronger than that of Nd magnet for temperatures higher than 180 degrees C. 



 29

Figure 3.2.2-2 Temperature dependency of Nd magnet and SmCo magnet where 
Br is the remanent magnetic flux density. Br is stronger for the SmCo magnet than 
for the Nd magnet for temperatures above 200 degrees C. 
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(a)

 (b) 

Figure 3.2.2-3 The demagnetization curves for R32H (a) and R26HS (b) 
permanent magnets [S3, T10*]. 
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Figure 3.2.3-1 Schematics of the sensor structure of the trial EMAT [T10*].  
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(a)

(b)

Figure 3.2.3-2 Photograph of trial EMAT: 
a) upper side view-magnet; b) downside view-coil [T10*]. 
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Figure 3.3.1-1 Diagram of the EMAT measuring system [T10*]. 

Fine Oven 
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Table 3.3.1-1 Characteristics of EMAT transmission wave [T10*]. 

Frequency 2 MHz Watts RMS 6400 W 
Cycles per burst 2 cycles HP Filter 1 MHz 

Control 100 LP Filter 5 MHz 
RF Level 3.14 V Receiver Gain 34 dB 

Bias 4.99 V Pre-Amplifier Gain 40 dB 
P-P Volts 1600 V Sampling rate 25 MS/sec 

3.3.1-2 2 2MHz

200kHz 10MHz

2MHz

Figure 3.3.1-2 Waveform of transmitted burst wave (2MHz) [T10*]
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Fig.3.3.2-1 EMAT signal including the magnet signal 

Fig.3.3.2-2 EMAT signal without magnet signal after filtering

Magnet signal 
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a)

b)

Figure 3.4.1-1 15mmT waveform of SS400: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.1-2 10mmT waveform of SS400: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.1-3 5mmT waveform of SS400: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.1-4 2mmT waveform of SS400: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.1-5 15mmT waveform of SUS400: a) PE method; b) PER method
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a)

b)

Figure 3.4.1-6 10mmT waveform of SUS400: a) PE method; b) PER method
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a)

b)

Figure 3.4.1-7 5mmT waveform of SUS400: a) PE method; b) PER method
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a)

b)

Figure 3.4.1-8 2mmT waveform of SUS400: a) PE method; b) PER method
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Table 3.4.1-1 Measurement results for SS400 

Thickness SS400 
(mm) micrometer PE T of PE PER T of PER 

2 2.00  - - 1.99 0.01  
5 5.02  5.01 0.01  5.02 0.00  
10 10.00  10.01 -0.01  10.00 0.00  
15 14.95  14.91 0.04  14.92 0.03  

Table 3.4.1-2 Measurement results for SUS304 

Thickness SUS304 
(mm) micrometer PE T of PE PER T of PER 

2 2.00  2.03* -0.03  2.01 -0.01  
5 4.95  4.94 0.01  4.95 0.00  
10 9.95  9.93 0.02  9.96 -0.01  
15 14.85  14.83 0.02  14.86 -0.01  

Some wave peaks coming from SUS304 2mm thickness were not able to be 
distinguished.
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Figure 3.4.1-9 Relationship between the resonance frequency difference and wall 
thickness for SS400 [T10*] 
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Figure 3.4.1-10 Relationship between the resonance frequency difference and wall 
thickness for SUS304 
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a)

b)

Figure 3.4.2-1 Room Temp. 10mm waveform: a) PE method; b) PER method

[T10*]
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a)

b)

Figure 3.4.2-2 100 10mm waveform: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.2-3 150 10mm waveform: a) PE method; b) PER method
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a)

b)

Figure 3.4.2-4 180 10mm waveform: a) PE method; b) PER method
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a)

b)

Figure 3.4.2-5 200 10mm waveform: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.2-6 220 10mm waveform: a) PE method; b) PER method)
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a)

b)

Figure 3.4.2-7 250 10mm waveform: a) PE method; b) PER method [T10*]
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a)

b)

Figure 3.4.2-8 10mm waveform after high temperature test at room temperature:
a) PE method; b) PER method
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Figure 3.4.2-9 Variation of ultrasonic velocity with temperature [T10*] 



 60

Figure 3.4.2-10 Variation of delta frequency with temperature 
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Table 3.4.2-1 Results of the wall thickness test using PE method at high 
temperatures (A=10.00mm) 

Temp. 

[ ]

Sonic velocity 
[m/s] 

Real thickness with 
thermal expansion 

[mm] 

Measured thickness 
using PE method 

[mm] 
Error

RT 3230.6  10.00  10.01  0.01 

100 3191.1  10.01  10.50  0.49 

150 3169.9  10.02  10.01  -0.01 

180 3157.2  10.02  10.01  -0.01 

200 3148.7  10.02  10.28  0.26 

220 3140.2  10.03  10.28  0.25 

250 3127.4  10.03  10.34  0.31 

Table 3.4.2-2 Results of wall thickness test using PER method at high temperatures 
(A=10.00mm)

Temp. 

[ ]

Sonic velocity 
[m/s] 

Real thickness with 
thermal expansion 

[mm] 

Measured thickness 
using PER method 

[mm] 
Error

RT 3230.6  10.00  10.00  0.00 

100 3191.1  10.01  9.98  -0.03 

150 3169.9  10.02  10.01  -0.01 

180 3157.2  10.02  10.02  0.00 

200 3148.7  10.02  10.02  0.00 

220 3140.2  10.03  10.03  0.00 

250 3127.4  10.03  10.03  0.00 
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a)

b)

Fig.3.4.3-2 Waveform of SUS304, 10mm, at 200 degree C, test start: a) PE method;
b) PER method
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a)

b)

Fig.3.4.3-3 Waveform of SUS304, 10mm, at 200 degree C, 1000 hour in HT: a) PE
method; b) PER method
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a)

b)

Fig.3.4.3-4 Waveform of SUS304, 10mm, at 200 degree C, 5000 hour in HT: a) PE
method; b) PER method
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a)

b)

Fig.3.4.3-5 Waveform of SUS304, 10mm, at 200 degree C, 10000 hour in HT: a) PE
method; b) PER method
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a)

b)

Fig.3.4.3-6 Waveform of SUS304, 10mm, at 200 degree C, 15755 hour in HT (Total
test time 17404hour) : a) PE method; b) PER method
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a)

b)

Fig.3.4.3-7 Waveform for SUS304, 10mm, at 200 degree C 15755 hour in HT using
PE: a) with magnet noise; b) without magnet noise
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a)

b)

Fig.3.4.3-8 Waveform of SUS304, 10mm, at 200 degree C, 15755 hour in HT using 
PER: a) with magnet noise; b) without magnet noise



 70

Fig.3.4.3-9 Trend of the signal peak during durability test
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Fig.3.4.3-10 Photograph of EMAT after the durability test 
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Fig. 3.4.4-1 The installation method of a sensor in the thermal insulator. Removal is 
possible in one-touch step with a package thermal insulator. Therefore, an 
exchange is easy even if EMAT breaks down [T17*]. 
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Fig.4.2.1-1 The corrosion velocity of stainless steel [J6, T17*] 
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2 4.2.2-1

1 EMAT (SH ) 2

(SH )

Generate horizontal wave

Permanent
magnets

Coil

SideUpper

For vertical 
wave

For 
horizontal 

wave

Generate vertical wave

Fig.4.2.2-1 Structure of a trial EMAT sensor [T17*] 



80

3.2.2

SmCo 3

3

2 (B2 )

4.2.2-1 B2

B C A

4.2.2-2 B2

Table4.2.2-1 Magnet size and B2 echo from a 10mm thick plate 

No. L W H 
Surface flux density 

(T)
B2 echo amplitude 

(V)
Magnet signal 

A 6.5 12 10 0.334 0.043 No 

B 11 14 8 0.343 0.038 Yes 

C 20 10 20 0.418 0.075 Tes 

Table4.2.2-2 Test condition for selected magnet 

Frequency 2MHz High pass 1.5MHz

Burst No. 2  

Filter
(NF FV-628B) Low pass 2.5MHz

Pre-amplifier Gain 30dB Averaging 100  

RAM-
10000 

Mail amplifier Gain 40dB 

Oscilloscope
(Lecroy) Sampling time 2Gs/s 
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6

A 6 4.2.2-3

4.2.2-4

3 2MHz 0.5MHz

4.2.2-3 4.2.2-4

4

1 2

5 6

3 4

4 3

3

2MHz

EMAT
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Table4.2.2-3 Coil parameters 

No.
Diameter 

(mm)
Turn No. Type 

1 0.2 51

2 0.1 84

3 0.2 44

4 0.1 79

5 0.2 23

6 0.1 41

Table4.2.2-4 Test conditions for the selected magnet 

Frequency 
1.5, 2.0, 2.5

MHz
High pass 1.0-2.5MHz

Burst No. 2  

Filter
(NF FV-628B) 

Low pass 2.0-3.5MHz

Pre-amplifier Gain 40dB Averaging 100  

RAM-
10000 

Mail amplifier Gain 50dB 

Oscilloscope
(Lecroy) Sampling time 1Gs/s 

Fig.4.2.2-2 Type of the coil [T17*]

Type Type Type
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4.3.1-1 EMAT

PC

Burst 
wave

generator

Pri-amp. EMAT

OscilloscopeFilter

High Power Out

Signal In

Signal
Out

Trigger Out

EMAT
PC

Switch

a1

a2

L

R

R

OhmmeterSwitch

Receiver

Transmitter

Fig.4.3.1-1 Measurement system using a hybrid sensing [T17*] 
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EMAT

EMAT EMAT

EMAT

4.3.2-1

4.3.1-1
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Temp. calibration of ultrasonic velocity

Resistance, Temp.(Th)
Velocity h

Inside diameter correction by thinning

Inside diameter (L)
L=L0 a1 a2

Coil Resistance R

PER Frequency : fPE Time : t

Ultrasonic in water
Spread time tL

VL=L tL
Water Temp.

Thinning a= T0 T1

2
tvT Th

n

Th

f
vT

2

Thinning a= T0 T1

Fig. 4.3.2-1 Measurement flow for hybrid system [T17*] 
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EMAT 4.4.1-1

200

Digital multi-meter

Specimen

EMAT

Thermometer
Oven

Fig.4.4.1-1 Measurement system for D.C. resistance of coil [T17*] 

4.4.1-2 4.4.1-5 20 200 2 mm 5mm

10 mm 15 mm 4

4.4.1-6

y(x)( y :

, x : )

R2 4.4.1-1 0.9993

ŷ y

n

i
i yy

yy
R

1

2

2
2

)(

)ˆ(
    (4.4.1-1) 
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Fig.4.4.1-2 Relationship between the coil DC resistance and temperature (from 20 
degree C to about 200 degree C, Board thickness 2mm) 

Fig.4.4.1-3 Relationship between the coil DC resistance and temperature (from 20 
degree C to about 200 degree C, Board thickness 5mm) 
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Fig.4.4.1-4 Relationship between the coil DC resistance and temperature (from 20 
degree C to about 200 degree C, Board thickness 10mm) 

Fig.4.4.1-5 Relationship between the coil DC resistance and temperature (from 20 
degree C to about 200 degree C, Board thickness 15mm) 
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Fig.4.4.1-6 Relationship between the coil DC resistance and temperature (from 20 
degree C to about 200 degree C, Board thickness 2, 5, 10, 15mm) [T17*] 
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3

EMAT 4.4.2-1 4.4.2-2

PE PER 4.4.2-1 4.4.2-4

FFT PE 2mm 140

PER 2 mm

PE 3

4.2.2

4.4.2-5

EMAT

4.4.2-10

4.4.2-3 EMAT

4.4.2-6 4.4.2-9 FFT

3

3 PER 2 0.1 mm

PER 2 0.03 mm
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Table4.4.2-1 Test conditions for the selected magnet 

Frequency 
1.5, 2.0, 2.5

MHz
High pass 1.0-2.5MHz

Burst No. 2  

Filter
(NF FV-628B) 

Low pass 2.0-3.5MHz

Pre-amplifier Gain 40dB Averaging 100  

RAM-
10000 

Mail amplifier Gain 50dB 

Oscilloscope
(Lecroy) Sampling time 1Gs/s 
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Table4.4.2-2 Results of Measurement of board thickness test 
Freq. 2mm 5mm 

: 2.0MHz PE PER PE PER 

Temp. Thick. Error Thick. Error Thick. Error Thick. Error 

20 - - 2.007  -0.007 4.998  0.002 4.993  0.007 

40 - - 2.001  -0.001 4.993  0.007 4.990  0.010 

60 - - 1.999  0.001 4.994  0.006 4.989  0.011 

80 - - 2.002  -0.002 4.993  0.007 4.988  0.012 

100 - - 2.003  -0.003 5.031  -0.031 5.003  -0.003 

120 - - 2.002  -0.002 4.992  0.008 4.988  0.012 

140 - - 2.001  -0.001 4.996  0.004 4.997  0.003 

160 - - 2.002  -0.002 4.996  0.004 4.996  0.004 

180 - - 2.005  -0.005 5.120  -0.120 5.001  -0.001 

200 - - 1.999  0.001 - - - - 

         

Freq. 10mm 15mm 

: 2.0MHz PE PER PE PER 

Temp. Thick. Error Thick. Error Thick. Error Thick. Error 

20 9.996  0.004  9.993  0.007 15.026 -0.026 15.015  -0.015 

40 9.991  0.009  9.993  0.007 15.021 -0.021 15.016  -0.016 

60 9.989  0.011  9.988  0.012 15.017 -0.017 15.013  -0.013 

80 9.990  0.010  10.033 -0.033 15.008 -0.008 15.015  -0.015 

100 9.994  0.006  9.978  0.022 15.017 -0.017 15.280  -0.280 

120 10.001 -0.001  9.974  0.026 14.914 0.086 15.014  -0.014 

140 9.988  0.012  9.983  0.017 14.953 0.047 - - 

160 - - - - 15.110 -0.110 - - 

180 - - - - 15.038 -0.038 - - 

200 - - - - - - - - 
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N
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S

N

Magnet

Coil

Specimen

Eddy Current

S
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JJ

BB

F
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Coil

Fig.4.4.2-5 EMAT with the above adopted coil arrangement can easily detect the 
magnetic flux in order to improve the detection sensitivity of pipe wall thinning 
measurement 



108

Table4.4.2-3 Results of measurements of board thickness test using improvement in 
EMAT structure 
Freq. 2mm 5mm 

: 2.0MHz PE PER PE PER 

Temp. Thick. Error Thick. Error Thick. Error Thick. Error

20 - - 2.000  0.000 5.024  -0.024 5.005  -0.005 

40 - - 1.998  0.002 5.023  -0.023 4.991  0.009 

60 - - 2.001  -0.001 4.998  0.002 5.004  -0.004 

80 - - 2.000  0.000 4.996  0.004 5.020  -0.020 

100 - - 1.999  0.001 4.993  0.007 5.002  -0.002 

120 - - 1.997  0.003 4.994  0.006 5.003  -0.003 

140 - - 1.996  0.004 5.018  -0.018 5.002  -0.002 

160 - - 1.999  0.001 4.998  0.002 5.003  -0.003 

180 - - 1.995  0.005 4.975  0.025 5.002  -0.002 

200 - - 1.996  0.004 5.004  -0.004 5.017  -0.017 

         

Freq. 10mm 15mm 

: 2.0MHz PE PER PE PER 

Temp. Thick. Error Thick. Error Thick. Error Thick. Error

20 10.002 -0.002 9.971  0.029 15.057 -0.057 15.059  -0.059 

40 9.999  0.001  9.993  0.007 15.017 -0.017 15.014  -0.014 

60 10.002 -0.002 9.989  0.011 15.049 -0.049 15.015  -0.015 

80 9.999  0.001  10.011 -0.011 15.046 -0.046 15.012  -0.012 

100 10.021 -0.021 9.978  0.022 15.016 -0.016 15.011  -0.011 

120 10.024 -0.024 9.977  0.023 14.985 0.015 15.014  -0.014 

140 10.032 -0.032 9.978  0.022 15.014 -0.014 15.007  -0.007 

160 9.994  0.006  10.020 -0.020 15.026 -0.026 15.054  -0.054 

180 9.953  0.047  9.979  0.021 15.000 0.000 15.026  -0.026 

200 9.965  0.035  9.992  0.008 14.974 0.026 15.024  -0.024 
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Fig.4.4.2-10 Hybrid EMAT with above coil arrangement that can easily detect the 
magnetic flux in order to improve the detection sensitivity of measurement of pipe 
wall thinning. 
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Table4.4.3-1 Conditions of the test for the selected magnet  

Frequency 1MHz High pass 0.5MHz 
Burst No. 10  

Filter 
(NF FV-628B) Low pass 1.5MHz 

Pre-amplifier 
Gain

30dB Averaging 200  
RAM-
10000

Mail amplifier 
Gain

46dB

Oscilloscope 
(Lecroy) Sampling 

time 
1Gs/s

Specimen Outer Diameter: 114mm, Thickness:5.8mm 
Temperature Room Temp. to about 90

Fig.4.4.3-1 The connection between starting position of ultrasonic reception, when 
performing cross correlation using a transmitted wave, and the correlation 
position. Since the correlation position was in agreement with the direction of the 
received wave peak, the exact position estimation of it was not completed. 

Reception wave 

Transmit wave 

(Expansion) 

Correlation point 

Startup point 
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Fig.4.4.3-2 The comparison between reference value and the cross-correlation 
coefficient. The cross-correlation coefficient is changing with temperature gradient. 
Caution is required for measurements above 50 degrees C, since there is a place 
witch lacks a cross-correlation coefficient. 
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Fig. 4.4.3-3 The comparison between water temperature, determined using DC 
resistance of an EMAT coil, and piping surface temperature. Also when it 
measured on a piping, it turned out that coil DC resistance has temperature and 
proportionality. 
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Fig.4.4.3-4 The photograph of the measurement of water temperature. EMAT is 
carrying out measurements in an area opposite to thermometer. The thermometer 
(TC) is inserted in the hot water inside of piping and takes flat temperature by 
stirring.

TC

EMAT 

EMAT 
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Temp. Wave form Temp. Wave form 

13 17

25 31

35 45

51 56

63 68

74 81

85 90

Fig. 4.4.3-5 Received waveforms of the ultrasonic wave detected for each water temperature. 

The ultrasonic wave have been received very clearly for temperatures up to 90 degrees C.
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Fig.4.4.3-6 Relationship between theoretical velocity and experimental velocity in 
water from 13 to 90 degree C [T17*]. 
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Fig. 5.2.1-1 Schematic view of a PPM magnet structure. The upper and lower sides 
of the strength of magnetic flux are equal [X2, T18*]. 

Fig. 5.2.1-2 Schematic view of a Halbach magnet structure. The upper and lower 
sides of the strength of magnetic flux are not equal. It is possible to upgrade the 
detection sensitivity of EMAT by strengthening magnetic flux on one side [X2, 
T18*].
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Fig. 5.2.1-3 Comparison of measured and calculated magnetic flux density 
distributions for the Halbach structure [X2]. The Halbach magnet structure is 
about 1.4 times stronger than the PPM magnet structure. This was checked in both 
simulations and measurements [T18*].  
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P1.25 33=41.252 7.75
7

0.
2

Fig. 5.2.2-1 Design of single coil EMAT: transmission and reception coils are 
installed in a Halbach magnet structure. When an ultrasonic wave is transmitted 
and received with this structure, it is necessary to perform both a mechanical scan 
and difference processing [X2]. 

Transmission and 
 reception coil 

Monitoring side 
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Fig. 5.2.2-2 Design of double coil EMAT: transmission and reception coils are 
installed in a Halbach magnet structure. 

19
.3

20

52

73

1.
5

Fig. 5.2.2-3 The designs of a 30turns coil on Printed Circuit Board (spacing of 
0.1mm, and 0.2mm in width). Coil thickness is 100 micrometers or less. 

Transmission Reception coil 

Monitoring side 
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1 EMAT

EMAT 5.2.3-1 5.2.3-1 EMAT

EMAT  [X2] Halbach

Fig. 5.2.3-1 EMAT prototype (Left Double coil EMAT, Right Single coil EMAT) 
The size of the two EMATs are the same. Since the double coil EMAT doesn’t need 
the mechanical scan, it is easy to install. [X2, T18*] 
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Fig. 5.3.2-1 Measurement system of single coil EMAT test. Transmission and a 
reception are changed by diplexer. 
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Oscilloscope
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Transmitter
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Oscilloscope

Receiver

Transmitter

PC

Oscilloscope

Receiver

Transmitter

Fig. 5.3.2-2 Measurement system of double coil EMAT test [T18*] 
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Fig. 5.3.2-3 Specimen No.1 is 50mm thickness. This specimen has an EDM slit of 
25mm in width, and 20% of a depth. 
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Fig. 5.3.2-4 Specimen No.2 is thickness 50mm. This specimen has some EDM slit of 
25mm in width 5% of a depth, 12.5mm in width 5% of a depth, 6mm in width 50% 
of a depth, and 12.5mm in width 20% of a depth. 
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Fig. 5.3.2-5 Specimen No.3 is thickness 50mm. This specimen has some EDM slit of 
12.5mm in width 10% of a depth, 25mm in width 10% of a depth, 25mm in width 
75% of a depth, and 12.5mm in width 75% of a depth. 
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Fig. 5.3.2-6 Specimen No.4 is thickness 14.3mm. This specimen has some EDM slit 
of 25mm in width 75% of a depth, 25mm in width 50% of a depth, and 25mm in 
width 20% of a depth.
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2 2.1.3-1

EMAT EMAT

0.5skip 1

1.0skip

50mm 50mm

60 100mm

5.4.1-1

5.4.1-1 2 50mm

5.4.1-2 3 50mm

5.4.1-3 680kHz

5.4.1-2 2

(S/N) 5.4.1-3 3

(S/N) S/N 3 12 15
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3 680kHz

Table 5.4.1-1 Test conditions 
Thickness

(mm) 
Frequency

(kHz)
Distance

(mm) 
Burst

number 
Exciting
voltage

(V)

Specimens 
EDM Slit size 

(W : mm) 
50 650-750 100 2, 3 About 1500 W25 20(No.1)
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650kHz 710kHz 

660kHz 720 kHz 

670kHz 730 kHz 

680kHz 740 kHz 

690kHz 750 kHz 

700kHz

Fig. 5.4.1-1 Change of the defect detection signal with frequency for a wave with 
two bursts (T=50mm) 
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650kHz 710kHz 

660kHz 720 kHz 

670kHz 730 kHz 

680kHz 740 kHz 

690kHz 750 kHz 

700kHz

Fig. 5.4.1-2 Change of the defect detection signal with frequency for a wave with 
three bursts (T=50mm).
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Fig. 5.4.1-3 Relationship between frequency, number of bursts in the wave, and 
detection sensitivity for the thick specimen (T=50mm) [T18*]. 
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Table 5.4.1-2 Results of Frequency response test for a two bursts wave. (T=50mm) 

Burst No. 
Freq. 
(kHz) 

Amp. 
(V) 

Noise
(V) 

S/N

0.80 0.06 12.78 

0.80 0.06 12.46 650 

0.80 0.06 12.40 

0.80 0.06 12.78 

0.81 0.07 12.48 660 

0.81 0.07 12.28 

0.82 0.07 12.56 

0.81 0.07 12.39 670 

0.81 0.06 12.69 

0.81 0.07 11.79 

0.82 0.07 12.61 680 

0.83 0.07 12.15 

0.81 0.06 12.72 

0.80 0.06 12.35 690 

0.81 0.07 12.28 

0.81 0.07 12.27 

0.81 0.07 12.10 700 

0.80 0.07 12.04 

0.79 0.07 11.40 

0.81 0.07 12.09 710 

0.78 0.07 11.86 

0.79 0.07 11.65 

0.80 0.07 12.01 720 

0.79 0.07 11.96 

0.79 0.07 11.99 

0.78 0.07 11.84 730 

0.77 0.07 11.03 

0.76 0.07 11.35 

0.76 0.06 12.03 740 

0.75 0.07 11.30 

0.75 0.07 11.08 

0.76 0.07 11.03 

2

750 

0.75 0.07 11.15 
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Table 5.4.1-3 Results of Frequency response test for a three bursts wave. 
(T=50mm)

Burst No. 
Freq. 
(kHz) 

Amp. 
(V) 

Noise
(V) 

S/N

1.06 0.07  14.10 

1.07 0.07  15.50 650 

1.07 0.07  14.31 

1.09 0.08  14.24 

1.11 0.07  15.40 660 

1.09 0.08  14.31 

1.11 0.08  14.55 

1.14 0.08  15.16 670 

1.12 0.08  14.44 

1.15 0.08  14.06 

1.16 0.07  15.53 680 

1.13 0.08  14.19 

1.15 0.08  14.17 

1.17 0.08  14.60 690 

1.14 0.08  13.72 

1.13 0.08  13.93 

1.15 0.08  14.68 700 

1.14 0.09  13.09 

1.16 0.08  14.14 

1.16 0.08  14.12 710 

1.12 0.09  12.46 

1.12 0.08  13.54 

1.14 0.08  13.98 720 

1.11 0.09  12.92 

1.11 0.08  13.42 

1.12 0.08  14.45 730 

1.09 0.09  12.02 

1.07 0.08  12.62 

1.08 0.08  13.13 740 

1.06 0.09  12.38 

1.07 0.09  12.38 

1.05 0.08  12.64 

3

750 

1.03 0.09  11.79 
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5.4.1 0.5skip

100mm EMAT

2.2.4

50mm EMAT 50mm 150mm

14.3mm 60mm 200mm

14.3mm 3

5

50mm No.1 25mm 20%t EDM

14.3mm No.4 25mm 20%t EDM

5.4.2-1 50mm S/N

5.4.2-2 5.4.2-1 5.4.2-1

5.4.2-1

’ 5.4.2-1 95mm

100 S/N

100mm

sin2a
Cf     (5.4.2-1) 
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Fig. 5.4.2-1 Distance-amplitude characteristic test for a 50mm thick plate. Signal 
amplitude peaks at 95 mm, whereas the optimum S/N ratio is obtained at 100 mm. 
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50 mm 80 mm 

55 mm 85 mm 

60 mm 90 mm 

65 mm 95 mm 

70 mm 100 mm 

75 mm 105 mm 

Fig. 5.4.2-2 (1/2) Raw waveform of the detection signal for different testing 
distances. Longer distances require longer detection times 
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110 mm 140 mm 

115 mm 145 mm 

120 mm 150 mm 

125 mm 

130 mm 

135 mm 

Fig 5.4.2-2 (2/2) Raw waveform of the detection signal for different testing 
distances. Longer distances require longer detection times. 
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Table 5.4.2-1 Measurements at different distances (50mm thick plate) 

Distance
(mm) 

Amp. 
(V)

Noise
(V)

S/N
Peak Freq. 

(kHz)
Peak time 

( sec)
Angle '
(deg)

50 0.68 0.09 7.40 784.84 47.23 52.66 
55 0.73 0.10 7.68 774.85 51.12 53.64 
60 0.66 0.09 7.17 801.51 54.55 51.12 
65 0.88 0.09 9.96 764.85 56.23 54.67 
70 0.95 0.09 10.65 764.85 58.52 54.67 
75 1.08 0.09 12.47 749.85 61.17 56.32 
80 1.30 0.08 15.58 739.85 63.54 57.50 
85 1.32 0.09 14.58 723.19 66.14 59.64 
90 1.33 0.09 15.15 731.52 68.58 58.55 
95 1.29 0.09 14.96 714.86 72.80 60.80 

100 1.21 0.08 14.40 709.86 74.65 61.53 
105 1.22 0.08 15.96 711.53 77.76 61.29 
110 1.17 0.08 15.42 706.53 80.66 62.04 
115 1.07 0.09 11.84 699.86 83.92 63.08 
120 1.05 0.07 14.16 704.86 86.82 62.29 
125 0.92 0.09 9.67 694.86 88.82 63.90 
130 0.90 0.09 10.02 694.86 92.35 63.90 
135 0.95 0.08 11.31 689.86 95.00 64.76 
140 0.87 0.11 7.75 689.86 97.51 64.76 
145 0.85 0.10 8.31 684.86 101.21 65.66 
150 0.82 0.10 7.78 688.19 103.47 65.06 



158

5.4.2-3 2.2.4 50mm 25mm 20%t

5.4.2-2

5.4.2-3

FFT

’

11.85mm



159

Fig. 5.4.2-3 Comparison of two defect identification methods for a 50 mm thick 
plate. The results using the previous method are denoted by the beam angle .
The new method, in which the beam angle ’ is calculated from the FFT peak of 
the reflected wave, offers greater accuracy. It can also be seen that identification 
accuracy increases at greater distances for both methods. 
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Table 5.4.2-2 Comparison of the distance calculations using both the current and 
new identification methods for the beam angle. 

Distance
(mm) 

Calc. distance 
 using 

Error
(A)

Calc. distance 
using '

Error
(B)

A-B

50 67.61  17.61 58.57  8.57  9.04 
55 73.19  18.19 64.22  9.22  8.97 
60 78.09  18.09 66.24  6.24  11.85 
65 80.50  15.50 71.56  6.56  8.94 
70 83.78  13.78 74.48  4.48  9.3 
75 87.58  12.58 79.41  4.41  8.17 
80 90.97  10.97 83.60  3.60  7.37 
85 94.69  9.69  89.03  4.03  5.66 
90 98.19  8.19  91.27  1.27  6.92 
95 104.23  9.23  99.14  4.14  5.09 
100 106.87  6.87  102.37  2.37  4.5 
105 111.33  6.33  106.39  1.39  4.94 
110 115.48  5.48  111.14  1.14  4.34 
115 120.15  5.15  116.73  1.73  3.42 
120 124.30  4.30  119.91  -0.09  4.39 
125 127.16  2.16  124.43  -0.57  2.73 
130 132.22  2.22  129.38  -0.62  2.84 
135 136.01  1.01  134.05  -0.95  1.96 
140 139.61  -0.39 137.60  -2.40  2.01 
145 144.90  -0.10 143.85  -1.15  1.05 
150 148.13  -1.87 146.36  -3.64  1.77 
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Fig. 5.4.2-4 Distance-amplitude characteristic test for a 14.3 mm thick plate. Signal 
amplitude peaks at 180 mm, whereas the optimum S/N ratio is obtained at     
170 mm. 
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60 mm 100 mm 

70 mm 110 mm 

80 mm 120 mm 

90 mm 130 mm 

Fig. 5.4.2-5 (1/2) Raw waveform of the detection signal for different testing 
distances. Longer distances require longer detection times Between 60 and 90 mm 
detection is not possible because the defect signal is mixed with other signals.  
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140 mm 180 mm 

150 mm 190 mm 

160 mm 200 mm 

170 mm 

Fig. 5.4.2-5 (2/2) Raw waveform of the detection signal for different testing 
distances. Longer distances require longer detection times. From 150mm to 190mm 
the defect signal can be clearly identified. S/N ratio is especially good for 170mm 
and 180mm.  
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Table 5.4.2-3 Measurements at different distances (14.3mm thick plate) 

Distance
(mm) 

Amp. 
(V)

Noise
(V)

S/N
Pear Freq. 

(kHz)
Peak time 

( sec)
Angle '
(deg)

60 1.33 0.08 17.63 679.86 44.40 66.61 
70 1.31 0.08 16.20 674.87 52.61 67.61 
80 0.78 0.10 7.78 664.87 57.96 69.81 
90 0.60 0.11 5.34 689.86 63.73 64.76 
100 0.49 0.13 3.70 749.85 68.89 56.32 
110 0.36 0.13 2.80 674.87 83.74 67.61 
120 0.33 0.08 4.08 709.86 88.75 61.53 
130 0.31 0.15 2.04 629.87 91.59 82.17 
140 0.50 0.14 3.59 654.87 97.23 72.34 
150 0.70 0.10 7.16 684.86 104.39 65.66 
160 0.65 0.11 5.93 641.54 111.55 76.60 
170 0.85 0.11 7.44 668.20 117.78 69.05 
180 0.84 0.12 6.99 669.87 123.46 68.67 
190 0.64 0.14 4.45 679.86 130.14 66.61 
200 0.44 0.14 3.09 689.86 134.29 64.76 
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5.4.2-6 2.2.4 50mm 25mm 20%t

5.4.2-4

FFT

’

Fig. 5.4.2-6 Comparison of two defect identification methods for a 14.3 mm thick 
plate. The results using the previous method are denoted by the beam angle .
The new method, in which the beam angle ’ is calculated from the FFT peak of 
the reflected wave, offers greater accuracy. It can also be seen that identification 
accuracy increases at greater distances for both methods. 
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Table 5.4.2-4 Comparison of the distance calculations using both the current and 
new identification methods for the beam angle. 

Distance
(mm) 

Calc. distance 
 using 

Error
Calc. distance 

 using '
Error

60 61.71 1.71 63.57 3.57 
70 73.13 3.13 75.89 5.89 
80 80.56 0.56 84.86 4.86 
90 88.58 -1.42 89.92 -0.08 
100 95.75 -4.25 89.43 -10.57 
110 116.40 6.40 120.79 10.79 
120 123.36 3.36 121.70 1.70 
130 127.31 -2.69 141.55 11.55 
140 135.15 -4.85 144.53 4.53 
150 145.10 -4.90 148.38 -1.62 
160 155.06 -4.94 169.29 9.29 
170 163.71 -6.29 171.59 1.59 
180 171.61 -8.39 179.41 -0.59 
190 180.89 -9.11 186.34 -3.66 
200 186.65 -13.35 189.49 -10.51 
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5.4.2

EMAT 5.4.3-1 5.4.2

5.4.3-1 5.4.3-2 14.3mm 12.5mm 20%t

50%t 5.4.3-3 5.4.3-4 14.3mm 25mm

20%t 50%t 5.4.3-5

S/N

EMAT 50%t S/N 2

[X2 T11] 12.5mm 20%t S/N4

5.4.3-6 5.4.3-8 50mm 12.5mm 5 10 20%t

5.4.3-9 75%t

S/N S/N

5%t 10%t

12.5mm 20%t

20%t

5.4.3-10 5.4.3-12 50mm 25mm 5 10 20%t

5.4.3-9 75%t S/N

S/N

75%t 20%t

25mm
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12.5mm

12.5mm 20%t

Table 5.4.3-1 Defect detection test conditions 
Thickness

(mm) 
Frequency

(kHz)
Distance

(mm) 
Burst

number 
Exciting
voltage

(V)

Specimens 
EDM Slit size 

(W : mm) 
14.3 680 170 5 1500 W25 20, 50 %t 

W12.5 20, 50%t 
50 680 100 3 1500 W25 5,10,20,75%t

W12.5 5,10,20,75%t
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Fig. 5.4.3-1 Test waveform for a 14.3mm thick plate with a W12.5 ×20%t defect 
at 170 mm distance. 

Fig. 5.4.3-2 Test waveform for a 14.3mm thick plate with a W12.5 ×50%t defect 
at 170 mm distance. 
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Fig. 5.4.3-3 Test waveform for a 14.3mm thick plate with a W25 ×20%t defect at 
170 mm distance. 

Fig. 5.4.3-4 Test waveform for a 14.3mm thick plate with a W25 ×50%t defect at 
170 mm distance. 
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Fig. 5.4.3-5 Larger defects produce larger maximum signal amplitude and better 
S/R ratios. 
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Fig. 5.4.3-6 Test waveform for a 50 mm thick plate with a W12.5 ×5%t defect at 
100 mm distance. 

Fig. 5.4.3-7 Test waveform for a 50 mm thick plate with a W12.5 ×10%t defect at 
100 mm distance. 

Fig. 5.4.3-8 Test waveform for a 50 mm thick plate with a W12.5 ×20%t defect at 
100 mm distance. 
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Fig. 5.4.3-9 Larger defects produce larger maximum signal amplitude and better 
S/R ratios [T18*]. 
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Fig. 5.4.3-10 Test waveform for a 50 mm thick plate with a W25 ×5%t defect at 
100 mm distance. 

Fig. 5.4.3-11 Test waveform for a 50 mm thick plate with a W25 ×10%t defect at 
100 mm distance. 

Fig. 5.4.3-12 Test waveform for a 50 mm thick plate with a W25 ×20%t defect at 
100 mm distance. 
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Fig. 5.4.3-13 In general larger defects produce larger maximum signal amplitude 
and better S/R ratios. Some saturation is nonetheless observed for too deep effects 
[T18*].
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5.4.3 EMAT

EMAT 5.4.4-1 5.4.4-2 EMAT

EMAT EMAT

50mm 100mm EDM 25mm

10%t EMAT

650kHz 700kHz 750kHz 2

EMAT EMAT

75 sec EMAT

100mm

EMAT
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EMAT EMAT

EMAT

EMAT

EMAT

S/N EMAT

EMAT EMAT

EMAT

[X2]
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EMAT

750kHz

S/N 5.4.4-1

EMAT 1.7 S/N

EMAT

EMAT

Fig. 5.4.4-1 Comparison of the defect signal for the double coil EMAT, the single 
coil EMAT and the differential single coil EMAT. Differential processing requires a 
mechanical scan. Excitation frequency is 650 kHz in all cases.  
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Fig. 5.4.4-2 Comparison of the defect signal for the double coil EMAT, the single 
coil EMAT and the differential single coil EMAT. Differential processing requires a 
mechanical scan. Excitation frequency is 700 kHz in all cases. 

Table 5.4.4-1 Comparison between Double coil EMAT and Differential Single coil 
EMAT signals. 

Double coil Single coil & 
Difference 

Frequency 

Amp.(V) S/N ratio Amp.(V) S/N ratio 
650 0.999 7.342 1.635 6.181 
700 1.000 11.1 1.726 7.845 
750 1.049 6.836 1.656 5.577 
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