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Research on frequency domain synthetic aperture guided wave
imaging based on frequency-wavenumber

Long Shengrong'”, Deng Wenwu®, Chen Xuanyu’, Han Zhuanglu®, Li Zhinong®

(1. Key Laboratory of Jiangxi Province for Image Processing & Pattern Recognition, Nanchang Hangkong University ,
Nanchang 330063, China; 2. Key Laboratory of Nondestructive Testing of the Ministry of Education,
Nanchang Hangkong University, Nanchang 330063, China)

Abstract : To accurately predict the location and size of defects in the pipeline, a synthetic aperture guided wave imaging algorithm based
on frequency wavenumber domain is proposed. And the principle of explosive reflection imaging is also utilized. The T (0,1) mode
guided wave is excited in the pipeline by magnetostriction. The collected echo signal is subjected to two-dimensional Fourier transform
and angular spectrum operation to reconstruct the sound field in the frequency domain. Finally, the focus imaging in the target area is
realized by using the inverse Fourier transform. The imaging results are verified by experiments and compared with the original B-scan
results. Results show that the side lobe effect is effectively controlled by the proposed algorithm. The imaging resolution is improved
about 30% and the quantitative error is reduced by 26. 1% . The affection of the axial position, the depth and the inclination angle of
defects are also studied. By using the algorithm to reconstruct the defect image, the detection accuracy is only affected by the absolute
size of the circumferential defects and the detection of circumferential surface defects has a high sensitivity.

Keywords : pipeline ; ultrasonic guided wave; frequency-wavenumber; frequency domain synthetic aperture; imaging algorithm

AT AL AN 2, A b ik = — b (5 ELERR 197
TS BHE ARG B 2 R U (B M 00, DA PR o A T 9 I
TABAT R T A TN PR R S X A T 1 PR A
EESSTEAS A SUEC NZ  E EBEOR O TE BRI AT R T B B B T R A

THN SN

0 35l

i

Wk H I .2021- 04-22  Received Date; 2021-04-22
* FATH . [EER ARBE RS (52075236) K& T4 (6142003190210) YL HEF)TWH (GII180525) VL7444 E{G AL 31 5481 20 1R 1) 2
SEEG S T 4 (ET202008414) T H % )



5 10 ]

TeRE A BT HIR PR U LA S B R A 231

RS SRR AR AR 5 A R 52 2% HL IR X
L DRI R A8 PO J32 A DA A7 30 403 R I S e B 1) L
PRRGE, JAFR B AE K7 5 B AR FER 1 W 2 &, 2
FMTER S I AL 1 — 2R 97 B0 P A P A 0 ) SR
U TIGE . Dind"™ DL S 0L BT T8 ) 24801
B, R TIB IEH SRS REE . Ing 551 7645
BHARBUE AR M SRR 1 32 k] R HoA , Se B T AT B
(6] £ BTB T, Hayashi 55 75 048 18 S A TREZS
SEIPUR , I 1] B Sk S L 1 A8 T8-S R, IR UE W]
FERE R BT | B T G 1) R J] 1) S48 4 A ) 3R
JEHREL R, L IRAE 5 Ak BEEOR R L T I B, 5 A BE
SEATHIR S I 22 WA R PR A R A S, A5 A
HORAE, WIFERI A X5 S AT AL BE  BEAS A
RO DA T A R 0, Wileox %' ] EMAT
PR 2= 10 (S, ) e B OR SRR AT i Ab B O A%
RO T R4 AR ARSI, Sun S54RI T
R A AR S KR i T, Fod s 4
T — A AR 5 S AL PR s S AL AR
BB AR B ) 7 15 3 B AR SR A AR I T — R e T AR
PRI 56tk (AU A WAL AR TR £ U 05 5 Davies 451 %
LT AR B = Aa R AR I X e i R
TR AR AR S 15 BAT R (9 53 HE%  Rene 2611 £
X AR RBCRFE BEA T A2, XA PR 5 AL AR Bk
AT T 0 X FER e B T A R

VLB ALAR B A IR Y T A S T B e 4
O SR R T A AR RO IR, H R S A
BAE LRI S RO INAR B . AR SCER T —Fofi 2
TP IR A5 LA A I R R S IR B T
DT ATAEASSE AR (F 8 4 19 26 05, SR IR 19
il 7 S B A A e A R S o7 R A, [ A
FERNE RS AR D PR A Rl L, 2855 00 ARl i 7 PHLE
X IR T (0, 1) Bef 5 AT e &, I Bk 1%
SRR B I 7 A B A R S R

1 EFHR-RBIUSE R LR GEE

1.1 SREE-EEGE

AL RE TR v 2 B B S R AR e, 51k
BEaAb b A A A, RS I e BE R U R Y
G X T, NS RIS FE A B S R

R —um B 5 B N B W — w3 51
B N+1 0, oo R B IREs 7 &, Hop 1 S8 3R s
x=0, DA EHE AL AR R B fA B2, B A% IRk
PEWENE SR u(x,z=0,¢) , Horh 2 R iE B o
AR S o ARG E] BRI B (55 20t 4R
AR S B AT A5 2 AR 3SR

Ul(w,k, ,z=0) :jj u(x,z=0,00e " 7 duds

(D

(D) FRiREmEAL z=0 AL, KT RN E
by g (2) AR

Ulw,k_ ,z) =

u(w,kx,zi,l)e"’ﬁ&, K-k >0
0, -k <0

Horp ) Az BAGEA K  k, BIERAE « T i,
o BAMR R E=w/c,c NFIHNBEHEE,

FETF R SRR A0 1 R B AR AR — A
FRUR IR EE 7 A S BB BT 0, A e T AR
TN RIFEHES A BTG, H e % Pz Z.(i = 1,
2---N) Abi D 75 37 5 SR Je AR e K S S DR B 0% [l g
P E S NIRE WS, 15240 Ar X R EEER, |
MBSk A T UM 5 AT LA, 2% A% 2 T LA
AR F RO LE 7 B RERRAE ¢ = 0 B 203 B 1 1k
SRR S R 7R A S O AR BRI R O R S AR
YR R A 2 0 R 75 I8 2 PR RO R s S ) e B B o
B R, T LA Sk RO AR e R 7 U R 5
Bk, FBE, B EANTR ¢ M2 /2,

(2)

mERES
U(w, k. ,Z)

R ;’ ]
H

X

BT R R

Fig. 1 Explosion reflection model

I =4 S A L A 48 4 S sl 8 3 R A — i
it U(w,k,,z,), RiEAH:

Ulw .k, ,z)=Ulw .k, .z ).k Az,o,0)  (3)

H U(w,k,,z) FRU(t,x,z) SRR 2
WY, a( ) FoRESHIMERF 1.

a.(k, Az,w,0) = (4)

Ho, Az BAERERIEK, b RIRTE z FIRIR 4=,
k, WRIAAH .



232 % # AX

EE O B4

2 2
w w
2 2
—, k. =k,

o, sign( ) R MFS B ¢ S SEPREUE ¢ (Y
Ao gEER(3) ~ (5) 7 ¢ = 0 BFZPRC SR B v B
L7 0% 7 HEA T S 2R R A F R DX R AT A T )
ARG

I(x,z) = ﬂftuwﬁmq)wﬁ&-wamAw (6)

1.2 EFESEAMALEMGEE

VERE bR AR Sz S AR R 5 35 P TR, X T E
SR B — Sl T R B A S5 I
T T TR 20 A T T B P, AT 2 o, el g E
AL IRAR BN S WAF T | 2o B HE RN, i 91 A%
AR, 255 BRI BRI Rk — i R A MR A
SR IR S BRI, SRR R S 5 e 2 o —
AMLE RO AR B IROE FTE 1= 0 2 BEAT 5
£ A BB E AL EAE R W IR 3 R

k.(k,,0)=-sign(w) (5)

A

Eﬂ;
4
HiE
K2 WoREEMEITEEZELL
Fig.2 The pipe and unrolled pipe analogy

e g@gl&ffﬁﬁﬁﬁ
I .\
//<<<UD&¢ﬁ )

Telbds
Y
T B

K3 sk A MR

-] L=}
Fig.3  Acoustic field extrapolation in frequency domain

2nr

KHAR

[R5t (2) FT B 5

U(n,z,w) =U(n,z_,,0)exp(ik Az) (7)

o,

k.(n,w)=-sign(w) %—i ,%;i (8)
c c r

Horb, n R 8w, R T AMEL 4
T(0, 1) B2 S 3, K Il R 8 4 T (0, 1),
F(1,2),-, F(n,2) , LT T(O, 1) BEZS 1A R 7
MRS ECH n = 0,83 (7) .(8) IRARK(6)
RIVRT A4 38 N B SR A TR 1000 ,2,) ,0 320 38 3] 4]
iy, Rk

140%)=ﬂU0u4w)J#6MM&U (9)

2 BESERNESRERN

2.1 LBWKE

R A3 - B ) A LA 4 T AR B
Xof RGBS (1 BESR , A S30A FH1  0f A A ) S
BoF- 6, F &t it B LS 5 % A4 & (SIGLENT SDG
1032X) FEjik#s (N4L LPAOS power amplifier) RER=
KR (NI PXI6259) K =5 A (PAT preamplifier )
5 W AN A 4 s, A5 S U AR e M 2 P
LRI ZH B, T RS 4800y, 388 2o J) 1) i A B 7 A 1
i B3 5 4 VB 7 A 1) 28 7 il A (R P A 48 T v Ul
HT(0, 1) BT HeliuR A i REBUh 45 e g
5% s AN ) e Wi K R A R it T P 2E A, A
K5 s, BIfE S A R A AR R MR, 48 Hanning 74 4
il 5 AT ARG 5 2 DRSS E I T T —
Ui AP et 5 0 3550V 40 3 DB 1 i T [ 30 SR [l g 28 5k
MESE G 5 SRR AR SO S Pl ; i o 58
PSS RO (55 A AL B, SRR B I R

%%%E% B

s R E
Wl 4 SEubse s i

Fig. 4 Principle of the experimental device

7 2% e

Bk E g

K5 Rl AR gt T Kl

Fig.5 Structure expansion of the receiving sensor



5 10 ]

TR 5 TR G AL T PR AR DT 233

W 1 R 8 B SRR T S B P
BN ZE |, H O SR AK IR disperse S9TH HH 28 40 A7 25 £, ik
FER PO 75 kHz, N 5, 525 LA 50% Bk b
PATE SV BN E S  RARAN 1 MHz,

x1 HUEESH
Table 1 Pipeline parameters to be measured

ZH HfH
FHE K/ mm 1 200
HME/mm 273
BEJEE/mm 8
WA R £/ (KN/mm?) 200
I/ (kgom™) 7 850
TP 0.3

KR4 R 1 200 mm AT | 76 P B 45 30 i T
600 mm Ak F F £ U1 % H A T — A b ) v B ok
2 mm JEEYEEA 85. 8 mm, IRKE N 4 mm FYFEHI B
miE 6 Frs,

+ B4 mm
/EEZ mm

.

!
Ko Ao afE e
Fig. 6 Defect information in the pipeline

2.2 HIEXR&E

T S5 A 2 S A i 25 SR FH B 91) XA o RIS 460 g
W TR — 5 ) b Fae fml B 18° HEAT R, BIKs 45 3 & 1)
SERIRI 53R 20 SEATALTICE . B X AR CE ST
SEASINE S U T SR ) s e, S T T UL R
B HA BRI, HE 0504 BE #4515 Bl B AH 67 s 2
B 7 s,

Ea— 5%k«

C— nE#%Hk — (I/W@

@'\ 205-# 3L —

coo0

©oo0

7 e s S AR O o

Fig.7 Relative position of receiving sensor and defect

3 EFHE-RBHOFEHAERALEZHEGEEE
LR

I 1 ) S 6 2 0 H bR A TE A TR [ 5 =X
AR B A B 7 frR, o 11 S E X
BRBAAL , T 20 SR UE IR A S B GAAE—E A EE BT
HYIHBOE WoRTER 7, st 8 LB, 11 SRk
WACEI) %) B0 A T 0% 15 5 T A ) 308 5 1 20 5448 S A Bl o [
PR AR, TR TSk 55 R (%) RE DS #  1E (] 98 0 A
E—EM 2R, W T HEE7E L E A P, Heliofs
TR B =2 18 £ 13 25 I B R A0 R A A T D 4 36 R
TS5 1 RO i (LA A 25 R %) X300 DT e e %o 7
b BB R AN AR
1.0
0.8
0.6
0.4
0.2

0
-0.2
-0.4
-0.6
-0.8
-1.0

&A1&/ Volt

0 200 400 600 800 1000
B 1) /s

(a) 115 Rk B AT HC ) B e 45 5
(a) Echo signal from probe 11

o0.6H||| BIaaBE 4T

EAE/Volt

) 200 400 600 800 1 000
I} 8 /us

(b) 205 R AL B BBt BB A5 5
(b) Echo signal from probe 20

K8 AR I A 5

Fig. 8 Time domain signal received by sensor

N T DR R TR Sk - R 7 2 () A 22 L A
Xl A 5 4 R ek AN TR 1, A SR T T R TR B
FRATIER E JALARE )4 T AR5 1 X i B 4 e e
ISR LS B SRR BN A M5 5 2£47 T B
G, I 9 iR o X AR EE R, A Ty Sy ] DUk
B AT E AL E R RCRAFE—E 22 57



234 i M F ¥ M B4
or <10 1.0
3.0
200 _ mH
25 LU Y N 1 BURSAFT
400
g 2.0
£ 600 o6
x s 1 £
E 800+ ﬁﬂ%l‘ﬁ)ﬁﬁﬂmﬁl 5 ]
& omo4r
1000 1.0
1 200 [ | (05 02r
1400 : ; : : | I . 22300 1
0 100 200 300 400 500 600 700 800 0 20’(‘) s 4(‘)0 .600 800
J 16 BE B /mm
(a) £ GiBH R E J& 1 BE B /mm
(a) Traditional B-scan image N .
o X104 Bl 10 B 4548 SAFT 19—kl (E X He &
9 Fig. 10 Comparison of normalized amplitude of B scan
200 8 and SAFT in frequency domain
400 7
£ 600 - 6 AL E BB Y SE PR/ 85. 8 mm, HY ] 10 7]
5 - : 0, B 1 o G O B P SR 111 o,
£ ! e R BOGEI AL BIR , S5 0 SAFT 3 £ Bt g b
3 P e —
o ) AT SERE/INE 82 mm, B 4 R 55 52l 1
1200 - ————— R/N(85. 8 mm) BRFEN 29. 3% , WA SAFT 8 1R 22 4
. 4,40 . I R EH A SR 00 Ut 5 1 K -1

0 160 200 360 460 500 660 760 SOOJ
JA [ BE B /mm
(b) T HE-Pe B PR A R AL R B

(b) Frequency domain synthetic aperture imaging based on frequency wavenumber
K9 f&2458 B 1558 SAFT X LL &l
Fig. 9 Comparison of the traditional B-scan and SAFT

in frequency domain

HITE 9 (a) B SR I AT, FLUR 45 SRxf L 52 R iy
SR T SR 1 S TR g A2 R Bl il 1 7 90 1Y i 2 L
Herb TR A O IR — A BEE T Y (ER A R A
JEFE I LS MEATAE — SE e ARMR 19 L oA T A IR ke
ARG SR, 3t U PR P BB 15 Sl B A
o (B2 BUR PR LA PR B R A 18 9 (b) B
718, IR LA B30 FE i B TR I Y KO B AR A
HIHE AT DL, U AT SAFT AR 45 A B AT 35 1 i
B BERIEET

M9 (a) 15 (b) H735 B R Hh O b W R A
BAF IR AT A — (L DR E AL B, 15T 10 2 225 AT SAFT
SEVEAL T I — iR (X e, AR bR R R &l H
— ARk B B, AR A P 5 A s o P A 1) 0
RINTE LK HI-6 dB Ak, R BE [l 57 P~ 394 ey 48 1)
IRV G JE ST AULAY B TR 50 9 A 1) 23 B 3 f W (L A )
172, B0 0. 5 XJJO7 AP REAR AR , 25 (D02 £, B i
A T K

KEGR /NN JESRAY 73. 8% , BVALIS /3 BER AT T 24 30%
FERIRZELEIL T 26. 1% , IF H NG bl A1, S, SAFT
FBR T MR JE EAM ] T 55 0N 7 A IR SAFT
RAEBIL UGS B 1 BUG T BRBA 19 58 1 00K, iU
Y PERMAT RN T O, B R AR AS TR BB TR T AT
SRFFTE

4 EFHE-REBBOFHERAZHEGEEZ
&R S

4.1 GREEHERTLE X RUGAE T &Y 820

Ry T RS R B A A L AR AR B
Xof T AN [ B A S 74 ) G ) 28 A, AR YR S B0 o % S AR
K454 0.6.0.9,.1.2.1.5. 1.8 F1 2.1 m I, 7F
IO TUE R FE 8 2 mm, RE N 4 mm, ] W]
KR 1950 (A, R RGN 4 ) BB id . AL 4
ASCER X LA 55 T SR AT A D 5 i BB I A 5 4 4 A48 R
BT A AL AR AR B F R RGO Bl an 1 11
N XTI 6 4 SR EHRAE ASHE 5 1Y S K H A — 1 4b
P, A5 ) TR0 1 57 TR0 R R K T S e 3 L A
2 fiR

P 11 RN 2 AT X A T A5 1 B ) 7 Y
BERKENO0.6 m A 0.9 m i, i T~ S i £ #5 iH
B8 0.3 m K 0.45 m) , & RS A SO



%510 4 T e 4 BT R - LA S R A Y 235
4 x104
0 . 0
14
100 100
10 12
200 {7371 200
£300 \ / 8 £300 3] 10
5;5400 » 6 ’f@fztoo \. 8
Py Py
= 500 7= 500 6
600 4 600 4
700 2 700 X
800 800
0 100 200 300 400 500 600 0 200 400 600 800 1000 1200 1400 1600 1800
117 BE B /mm 1 7] BE B /mm
(a) BHEKR0.6 m (e) HEK A8 m
(a) The 0.6 m length of the pipeline . (e) The 1.8 m length of the pipeline
0 *10 . o
100 10 100 12
9
200 W 3 200 10
= BRFE R B
£ 300 \ 7 £300 \ .
ggz;oo . 6 ’5'5400 .
Z 500 > = 500 o
= 4 = 600 4
600 3
700
700 2 2
| 800
800 +
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0 200 400 600 800 A BE B /mm
117 B B /mm (O FEKA2.1m
(b) FiEKHN0.9m (f) The 2.1 m length of the pipeline
(b) The 0.9 m length of the pipeline <104 .
0 P11 ARl RE A8 B0 ok o A 41 1%
9
100 . Fig. 11 Defect reconstruction images of different length pipes
200
7
£30 Wﬁ\ 6 F2 EERMEEGKENEES R
&E“OO » 5 Table 2 Analysis of pipeline defect imaging inspection data
gsoo : BRESE BB B A
FE 5 b4 T . Fea Fxf .
600 3 . . xR . T
9 Y VA= R VA= & DB = .
700 /% [ 3 [l
1 /m /m /mm /%
800
0 200 400 600 800 1000 1200 0. 30 0.274 -8.4 0.371 2 -2.32 1.95A,
117 B B /mm
(c) HiEKANI2m 0.45 0.416 -7.6 0.487 4 -2.52  1.95A,
(c) The 1.2 m length of the pipeline 104
0 6 0.60 0.574 —4.3  0.4616  -7.68  1.95A,
100 14
200 0.75 0.733 -2.3 0.4294 -14.12 1.95A,
12
£300 3 0 0.90 0. 863 -4.1  0.4291 ~-15.62  1.95A,
B 400 S~ 2
&= 8 1.05 1.181 12.5 0.3530 -29.40  2.19A;
= 500
oy 6
600 A
700 , RGEAGT B TE R, A X Al [ 457 5 00 5% 22 5 K 5 i %o
00 FRAR 2.1 m WGREH , il T RS SRS T
0 200 400 600 800 1000 1200 1400 ﬁa%%m)ﬂii , ﬁbﬂug/é [E”BZE/J mgﬁvﬁd\ , Ej'ﬁﬁ/ﬂ\:xd-ﬁlz/é%—é

7 P B /mm

(d) FiEKHANISm
(d) The 1.5 m length of the pipeline

JE R TIIN R 2E M O, AR TS 1 Y T, AR B
IR LTI ICUR 22 o — 2 10 A A o



236 U #H £ ¥ W

F42 8k

TR R DU S5 S ) e R AR R Y B
At 2 S PR K e R ™ S B A AL Y
T(0, 1) B S TCIE5E A TR, 15 A4 5 KE Y
BRBAT AT, i HT T A e A IS A T BBl 2 P, &R
S RBUE LT TE22 51,
4.2 GRBAR EEXT AR A I B 22 i

FESE BRI it A8 rh | 280 S 4k 3 T R0 i
GUAERAY R T ARG 0N [RS8 i A 2
JERBAATE 25, s M TE K N 1 200 mm, #h 12N
273 mm, BEJE N 8 mm MYEIE LIE TVREEN H/4 H/2
3H/4 N H(H g REJR ) Blim) 58 B2 4 2 mm, J& 0] 3 i Ry
1.95A, 1Y 4 /8] 1) LS B R BE R 2 ET A 12
PR o A4 B A SE IR B0 )0 — e A R L A5 4 4 AN ERFE Y
JE 1) 6 B AR W ARG A , &L 13

(a) BB LR

(a) Main view of pipe

BRIGIREERH/4 SRIGIRBERH)2 SR IRBEA3H/A SRIGIREERH

O 0.0 0

(b) BELME
(b) Left view of pipe

E 12 SR B amE

Fig. 12 Schematic distribution of defects

R A

10
09}
08}
07 F

ool

I

SR
03 F
02} :

0.1 o A4

0 0.2 04 T 06 0.8
J& 17 BE B /mm

P13 ke e B R (EL 0 A

Fig. 13 Distribution of defect contour amplitude

M AT X TR H/4 K H72 B BRI, P
X 1] S BT F T D00 2 o Y g0 S Sl 9 3 R

1.95A,, 55 SEBRAS T B RE JE G L (1. 95A ) #HAF, 24
SREATRIE R 3H/4 R H B SR A A ) 3 L 00 1% 24 44
TR 5 PRIt > B0 B R R 7 R JEE 19 L f5) A /N B JFE Ko 8 o RS
A TN 458 S HEAf 5 247 T v R P R B AR, R B R A
SR , 25 % T 1] 3 B T R 25 AR R, B
TGN 4 T % 1A o e EL A S R R MEBE, BEAEME R 1Y
X 5 B 11 Je] 1) 0 PR A A 7
4.3 HgUmsf B R GREN AN

SRR 0 A6 U T 52 S Ja] 1] R S0 BB {H A 5
Bl 0 v SO T RE A S5 A S AR T R TR L, O T
PRIT LB R B X 4G ) 445 SR 1 5% ) 2 0 i) A
4K R 1.2 m, /MER 273 mm, BE/E K 8 mm AU IE
JEFE THEE N 4 mm, Bl 6] 88 4 mm, 8 6] S0
80 mm U Ff1 43 5l 5° . 10° 15° 55 40° (1% 18 8 e g, an
&l 14 Fims

I
I
T

B 14 BREEIRA oA

Fig. 14  Distribution of defect inclination angle

ST - R R A A LA R Sk R R A
[F) £ J3E (R 5 HEA T R AR EE A, AN T&T 15 BIs . EZREL
15UFA D 10° 114 A7 10 ik e A 1145 rp A7 A LE 3/ 1) I 75 {ELATS
FE I PP USRS A A S A5 5 SR RO 8K, Lk s o
R AFE R MR R QR 2 | 28 150 I B 2y ] LSt i
SRBE 07 E, Dh i L 2 W ORI AN T, 40° I D B B 5 8L
258 A R (R TT I 20 B R 1) B A7 B % A
FR . BTN AEIE SSRGS Y E
B iR 220K, 5 R A R ST /NS AT mT (o FH AR SO
2 B SRVE AT RARAGIN | X BRI AT A, S A i R
I, gt o A P14 T R I R R e 1 1 P A4
VBTSN, DRI B A T v G B ) R AT
AR



%510 39 JeREAR A BT AR PRI AL AR S BRI 5 237
0 . 5 & it

100 s .

N I : A P R RS T B R Gk LI W
£ 300 ‘ B ELRORFOL A% SCIE TR SRS I 3R | 254
B ; SRR G, Bt T 0TI B A
= X FURREI SUIG LU A T B 5 S UK R 12

- . RO, RAICIA AT MO BT B 1 1%

N 1 R DA K T BB PR TR )5 155819 B

Lo v e e i ] (RO HHA TR e, 25 A, E v MR 5 SR (X B

1 B /mm R A TR E A7, 38 T AR T o 5, UER T
o . IR 0 B 081 A A 38 3o 007 S A 1 1 £
i 10 R TR S R R A RS SR, SR T T

Ol . SRR IS 2 L 5 S 0 AR 5 00 1
. ™ . PABR MG TAE Y . i B PR AT
5400 6 FAE , S BRI A5 R ) 1) Y P 4 X RS A5G
%500 Z S e T 1) S T2 M A DN o TR d5Je o ) G 10 SR AR AR
EGOO X BT B R B 5 R 52 R B 1A A OS2I 2%

N 2 RS & F R B R,

- ! TE ol b TEBE B GG AFTE IR B 2 | TR T 1

0 200 400 600 800 1000 1200 WA RE I FRIL T | T AE 28 AR A 5 I Tk s )
e BERE L SR AR BG4 T P 3 LA 3L
0 o BRSO 513 5 0458 A 0 5 K R

0 . - 9 %H’J@iﬁigo TEARA , K BE— 2L W 58 A ] £ B A5 T A e

0 L - j L3RR
20 6 53
E__Smo 5 (1] XS KT MR R s [ D], 2
%500 4 [T 4L K, 2017.

600 3 LIU ZH M. Study on the size distribution of oil droplets

700 2 in underwater tubing leakage [ D ]. Xiamen: Jimei

800 . University, 2017.

0 200 400 600 800 1000 1200 [2] SICARD R, CHAHBAZ A, GOYETTE J. Guided Lamb
%r?f)ﬁ fo/mm waves and L-SAFT processing technique for enhanced
" <104 detection and imaging of corrosion defects in plates with

100 e 9 small depth-to wavelength ratio[ J]. IEEE Transactions

200 éﬂwﬁ\ / 8 on Ultrasonics, Ferroelectrics, and Frequency Control,
e ; 2004, 51(10) : 1287-1297.

&%400 S [3] ROSEJL, DITRIJ, PILARSKI A, et al. A guided wave

_Hé S0 . inspection technique for nuclear steam generator

Eﬁéoo 3 tubing[ J]. Ndt & E International, 1994, 27 (6):
, 307-310.

700 1 [4] ALLEYNE DN, PAVLAKOVIC B, LOWE M J S, et al.

8000 i i il 1o Rapid, long range inspection of chemical plant pipework

ol 17 BE B /mm
(d) 40°

15 SRR A 1A

Fig. 15 Reconstruction of defect inclination angle

using guided waves [ J]. Key Engineering Materials,
2004, 270-273(1) ; 434-441.
[5] LOWEM]JS, ALLEYNE D N, CAWLEY P. The mode

conversion of a guided wave by a part-circumferential



238

fiC s & =

F42 8k

(7]

(8]

[11]

[12]

notch in a pipe [ J]. Journal of Applied Mechanics,
1998, 65(3) : 649-656.
DEMMA A, CAWLEY P, LOWE M,

reflection of the fundamental torsional mode from cracks

et al. The

and notches in pipes [ J]. Journal of the Acoustical
Society of America, 2003, 114(2) . 611-625.

SRETII . 254 v P T IR A A 2 0 A B R I A
D], KE LT R, 2015.

ZHANG H CH. Modal analysis and defect detection of
ultrasonic guided waves in elbows [ D]. Tianjin; Hebei
University of Technology,2015.

DITRI J. Utilization of guided elastic waves for the
characterization of circumferential cracks in hollow
cylinders [ J ].
America, 1994, 96(6) . 3769-3775.

ING R K, FINK M. Time-reversed Lamb waves [ J ].
IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 1998, 45(4) . 1032-1043.
HAYASHI T, MURASE M. Defect imaging with guided
waves in a pipe[ J]. Journal of the Acoustical Society of
America, 2005, 117(4) :2134-2140.

WILCOX P D. Omni-directional guided wave transducer

arrays for the rapid inspection of large areas of plate

Journal of the Acoustical Society of

structures [ J ]. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 2003, 50 (6) .
699-709.

SUN Z, ZHANG L, ROSE J L. Flexural torsional guided
wave mechanics and focusing in pipe [ J]. Journal of
Pressure Vessel Technology, 2005, 127(4) . 471-478.
T, AN E, RN, S 3 S L AR
S TR T3 [0 ] AR IR 541, 2020, 33 (9) -
1285-1291.

WANG G, HUANG L X, WANG ZH G, et al. A method
for improving the imaging quality of synthetic aperture
ultrasonic array in frequency domain[ J]. Chinese Journal

of Sensors and Actuators, 2020,33(9) ;1285-1291.

[14]  BEBKER WRSE, A1 SCHE, 2. SO0 2 A0 & i FLAR 3R
AR MR [ )], AU AR #2020, 41 (2) -
135-145.

MAO Q Q, CHEN Y, SHI W Z, et al. Research on
synthetic aperture focusing ultrasonic imaging based on

phase coherence in frequency domain [ J]. Chinese

Journal of Scientific Instrument, 2020,41(2) ;135-145.
[15] DAVIESJ, SIMONETTI F, LOWE M J, et al. Review of
synthetically focused guided wave imaging techniques with
[T].
Nondestructive Evaluation, 2006, 820( 1) . 142-149.
RENE S, GOYETTE J, ZELLOUF D. A SAFT algorithm

for lamb

application to defect sizing Quantitative

[16]

wave imaging of plate-like
structures[ J . Ultrasonics, 2002, 39(7) :487-494.
FARTT BRIV, 5 R A2, A5, T Ak i A I S
IR TE[T]. BT AL, 2017,30(12) : 83- 85,
101.

JIANG Y F, CHEN K G, JIANG J J, et al. Research on

isotropic

[17]

pipe guided wave imaging detection based on angular

spectrum[ J]. Electronic Science and Technology, 2017,
30(12) :83-85,101.
EE T

REE(HEIEE), 2001 4 T WL T
PRz AR 2 240, 2005 4F FAL Tl ok
ZESRATA 220, 2014 4FE TR B K BRAT 1
AL, BN R B A A PRI, RS

L 7 1w by P A
E-mail ; lornalong@ 126. com
Long Shengrong ( Corresponding author) received her B. Sc.
degree and M. Sc. degree both from Hubei University of
Technology in 2001 and 2005, and received her Ph. D. degree
from Nanchang university in 2014. She is currently a lecture at
Nanchang Hangkong University. Her main research interest is

ultrasonic nondestructive testing.



