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Research on the Synchronous Detection Method of Unidirectionally

Focused SV Waves and Surface Waves "
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Abstract: For the synchronous detection requirements of internal and external defects in thick-walled pipes, a serpentine coil is pro-
posed ,which can synchronously excite unidirectionally focused SV waves and surface waves. Firstly,a serpentine coil detection model is
established by using the finite element simulation method to study the synchronous excitation method of unidirectionally focused SV
waves and surface waves by the composite probe. Secondly,the composite signal separation strategy and the influence patterns of deep
and surface-level defects on the two types of signals are focuses on. Lastly,a physical probe is fabricated and experimental studies are
conducted , successfully exciting unidirectionally focused SV waves and surface waves on the composite coil and detecting internal and
external defects in thick-walled pipes. The experimental results show that the composite detection probe designed can detect circumfer-
ential surface cracks of 20 mm in length,2.0 mm in width,and 2.0 mm in depth on the external surface of thick-walled pipes,as well as
hole defects with a diameter of 4.0 mm and depth of 20 mm on the inner surface. An electromagnetic ultrasonic coil capable of synchro-
nously exciting SV waves and surface waves is designed ,where the excited composite signal can cover the entire detection area of thick-
walled pipes,and the signal-to-noise ratio of SV waves and surface waves is enhanced through unidirectional excitation. With further op-
timization , the probe is expected to be used for the synchronous detection of deep and surface-level defects in pressure pipes.
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EEACC.7220;7810C doi:10.3969/j.issn.1005-9490.2026.03.018

BERBESYVESRERBTRMNTEAR"

B FT x B 8e B TR, RAOEE M
(LA T R FHU T AR B, 1AL S8I 430068 ;2. LA R i 40 A BRI AT 72 b, 1L 5L 430077)

W EANEBEEEENN SBEBEESRNER,ZITT TR SEmEERESY K5 kmkmdIr & B, &%, fA A
HRTGETFHELT T EZBRNER HARE SR LN EARESY REXRTRRF BB 7 &, XA AREEGEEFLER
B RR B RE B G A S A R e EIRR S R SRR, ERERKW. TR E AR KT
B BE A AN B AN F K 20.0 mm T 2.0 mm E 2.0 mm YR W RS, UK A ER K 4.0 mm EE K 20 mm ey TLEE G
Wt Y — MR PR SV KRBT RN LB F B, B ENE A E TG EEREECEN AN Kk, HAid 8w
T SVESRERNEEL, REAEIH SR FALATENECHAREERERBNE SR,
A R A NET SV W R TR EEE W, S A A

hE 43S . TH878+.2, TP212.1 XEKARIRED . A XEHS:1005-9490(2026)03-0606—-06

T2 BB Emy 2 TR 0., 22 M S E, DR R i 048 18 S 2R BRI

BN WAKE IR N Tk Rl b RE Ul ne v I s L P
FEHWSZRE"  AEHRE AR T2 2
RSN T T2 HINK R H 2, kA E
RN AR 22 2t B AN SRS LR e i 45 22 Fil
SRR IR B R v AR B B B AR T A
XL A RN R AT RE S| R B R 22 A i, anAg

Ry i AR

P A DN A2 T P 7 8 T R A 0 -5
MR, P A DN E A A P P A5 A i B AT
(ARG B A SR B 14 R A 8 LA R
BRI, SAEG0 R PRI 7 kAT L, R A
DA Ji B AR 12 Mk 0 75 8 T 5 700 1) 2 e

IR B kiR . E R E S0 &R H (2022YFFO605600) ; [ 52 H SA R 3410 H (52105550)

%8 B #8.2024-03-06 &24 B HE.2024-04-02



%38 i3

A BRE e R A SV kS R @k R TN kAR 607

ST BRI, R AR R 7 B AL
LA X AR S BOLRE R 7l B rh ™ AR
O HI, PRHCAEARS U 2 T, o s SR el B A 5
TP USSR, eAh , AU A4 1 1L
B AR S AT R S A, S T SENIORS B A
FEAE I A8 T VR ) DA S R T IR , B o) L, % P 48
HE#¥ ( Electromagnetic Acoustic Transducer, EMAT) fi%)
TP . FH EL TR0 A2 sy 2

TS RRAIIE R RS rb | B m) EMAT (1%
TSI E BRG] T ARZ 7 E BIRIEFIRER . Xie
S LR HRT B ) B R EMATSs B3 o 1] 5 2%
B 1Y O R I, SR e B 0 - A R B i e 1155 1
WEIC2Z SR IR 3 A1 . A EMATSs HYZK ]
KR OL T, A 5 2500, S B0l
AP I R . OIS EMATs IR 225
PACSRME T2 S XHESE Lamb I3 w1 {4 RE AEE
Zhan S5 BT — Bl R (14 HREER P AR BE 2, FLA
SRR T FHRT 25 P 2 Bl S B 4 [l AL ) AT .
FRT 7B EAE S A EE ) 5 {F M L, Wang
U P T g EMAT 5 280045 A A FROTELL AL
S AT T g, A AR i e T A% e ith A 4
EMAT TEHGEFE Fh 2RI R B 01 (5 5 5% R
SHESIRE RIS, R I2E EMAT fyisei 5 0 iR
TIRSERY S AL BRI AT, Martinho 45 I FH i
[ ACREVR [ 51 % PPMEMATS 3 A7 00515 ek B, 15
Wb vE IR T A% G i v OS] A 7% 14 35 D) 7K SF- ( Shear
Horizontal Wave ,SH ) {1 [m) M3 () 251, 284 PR A
FERRES R FEFIRE AR TR OC 2R U4 1 5]
SH. B0 4 S 8038, I S 35 TR 17 5 1] 003 P s B
Sun 25160 A8 B AR Y JE 93 % A B AR ( Periodic Per-
manent Magnet, PPM) i{II% 11 T —F2 19 SH i
HL R PR e e, S TR AR Y R SR AR T
S AT LT AR BE AR 25 18 5 15 Ge P AT i BE
TR SR AR RET) B 22 R 45 SRR WAL PPM
(%) SH S EMAT RE8 1 5 5 A5 1 15 5, DA 4
T 7 {5 5 B9 4> PE R, Rieger 51 R B ER
EMAT $3H7E 1 mm JEANAR P SE 80 1A Lamb
D2 ) B o) A 5 M5 1 B TP AR B O\ 1] T Y
2 VB TE 5 BE A% Sk B A AT Jm) SO AL R 2 5l 1
R SE T 1) B 16 5 28 R 7 35, () P 5 4 o) H A D7
) THE .

HAT, £ 2 m k5 SV W0 &2 A kI Jr kT
FROWR—Enitie, B2, RZBOmEAT RO
S BT AL PR R 3 B X AP P A, X
ZINE: D) | I a0 % N TR G i S el s ey

WO 2% BRI A B TR R e 32 R B DR A
MR A SO T B, S T — R Xt R
JVE B IRIZ BRI BB 00 R AP R 07 3, 1 A Y
JE T, VLR B P AR Sk B[R] ) 4 1E 1) (S 1) ) 15 4%
R AT 55 S ) (TE ) ) A4 AR A SR 2 I

1 EMAT #ReEdIE

1.1 BEEE SRR

WA 1 PR R SR AR R R T R A
WA, TERRBETERRL T, NHRRL T 32 18182601 kAL
1 B RGBSR FEARRRENE AT R LR AE 25
TR ER, ROREEERCE TR AR R, 5 28
JSUH G O 7 A WA G . S T 2R B AR
W BRI, AR T B P RN E A, R T
AT 2T 2 AR AR IR L A 5 AL I T 1o S A
TR E) Oy R I e A N YR 7 R A I S 2 Wt S ]
SEARIERAC I R A L 2 JZ AL T A U A g
R B , 12 AR 31 LAl P R s R A4

ZJEIC1
2R C2
B, '
MEEGN) [ERIENEE HARR I

1 BERERBRERE

1.2 ZMHEEmEE

FEA B S SR R Y 4 A s, ) e
L1 9 1 2 Bl e A R 1R T i R R TE I RS SV
W S, 3 = A A B A% N AR [R] T
FTF 247 m W s em o LU R, H R
ISV IR RN AT 1 A% 46 B2 43 ) 2 909.8 m/s |
3122 m/s F16197.8 m/s, KL, 454 23 JE
HLRMPS SV Berl DIAEAH R By 7 ) AL 46, 78
H, 4 R P A e 7 A P I IR 3 Y ) B R A

W R
y=ucos[w[t—jj +go} (1)

S PIEIE PR AR R A S =
P P B I R 7 A R LR AR OA

x
Y1 =ulcos[w(—t—) +go}
v
¥, =U,C08 [a)[—t—AL—x+ij +go} 2)
v

=Nty




608 W F

APy, My, LRI Bl b5 B TP A s A £
o w5 u, FEFRIINIAE, Ae R P LRI
JAl FEL U SEE S IR TF] 5 Ao Sy T2 P AR 40 2k 9 ] B
A e e [ A A % R P B AEL B s S 0,
AT w, 5w, BYWRAE AR, I ORAE M 3R 2k e
HIARALZE 0 (2n£ 1) m, Hot n FoR AR, B
FARNLZE Ty AR S AL R RS T R

w(—z—At—x+ij —w(—t—xj —wx— (3)
v v 2
KA -
Ax:i;ATzl (4)
4 4

TEEE AR, 24 WA AR R S S A4 I 2K
FEl C1 P Il 1) AR (B KT E J e P8 C2 11 FRL 3 38l
IFIR] 774 VR TG R 7 s 1) o M0 A2 3 1) 75 002 MG
JEZ AR Tl A 00 A% 7 1 7 g, L0 T e X

LU
w(—t—At—x+UAx] —w[—t—:J =0 (5)

RS L A A I ] L2 B £ P ) ARG T BE AR A
A W 7 R P e Rk AT

Ax

-At—=0 (6)

2 (6) AR 0, WP 5 I AH A A 7] et {EL
BNE AP R EZ A,
1.3 BEBELERT

REAS W) A0 RN R T 5 SV I AR I8 45 K A
Fift, — MR AR EE BT, A AR5 4 2 ] Y B 28 D il
K —2F | BESC BRI A 8 5 75 Sh— PR 4k
ARG BT, F AR 4 ) A B B A 2 A U
KOHUAED 2 SV B T 4 F . BARSE MR
BT REAE A by i Tk A %ok 2 T I 1) TR, (L
TN SV I HR G A B SR, S BOR A RE B KR, S
4 [ 05 R [ B X LA X T SR A BTl A4
SV P ) H A AN /IR BE R BE 7, TR1 S BT 8l 1) 2
TET AT RE T AL 2 T R PO R 20K, R, SR AR Y
LRI T2

K2 RIAGY SV Bk Bl B 5
VR M R R f, R A R AR AR R (e
ye)  RELEm VIR LN 0,0 5 n RFLRYOL
EICH (x,,0), 5 n RPLGRELWGREIER - .
PN P B AR 40 T 22 5 SR AR 2 [l R A 2%

A (7)

ru _rn—l =

4

(8)

_ _ 2_ 2
xn_xl*‘ rn, ./yF

B2 R SVRERERITRE

2 H[E EMAT B E

2.1 1EBEHGEST
FIF COMSOL 1 5 T B ¥ & 3 Frs iy
A JE] 1) S Bl 1) SR o RGN ) — A AR

PITETN
Rtk

(I9EEpuks

3 REESRAGSVEBRITHE
AR TR SRR, T ) i v
A RYAIME R 200.0 mm, JEEEE A 25.0 mm, 1 FRA R E
70 GPa JAFAEL A 0.33, 258 2 700 kg/m’ , FEI%
BRI WS T PIROR IR BREGE . DL ) AR A
10y S5 A Tl A oA 0E 2 2l O ), #E A5 (= 11 mm,
81 mm) AbBLE —K K 1.0 mm EN 5.0 mm AP EBER
B (Hm) SV B SR AEALE) o TEIE 50y 17 BEZk 18] v
L 105 mm AbF 0, Bl B 4K 1.0 mm, &
3.0 mm PYFRIEBEFE, Wil =Xk s 8imr, T 0ah
TP FRAGT SV ¥, 7R L E 24 MInzk
S NAR S R AT Z R B AR bR 220 1.0 mm,
P, BT A S e IR/ N T KR
2.0 mm, THE AT RIS SV A T A B AR
JAAR> R 1.56 MHz 1 1.45 MHz, {H% B3 1H
W AE 30T B AR 2R ] Bl A R, e B S — 1)

1.56 MHz SR . S0 1 0% sR AR T
{y= O.SA(I—COS 21Tftj cos2mft  O<t<nT

n (9)
0 i>nT
R T AV 2R TR I A X e 301 A0 B Af , DT AR

S T, A RS A DA R e



%38 i3

HOAPBREFCEGREE SV kS A @ik R T AN EAR 609

SRS RE  AT R P G S 0 A BR G
FLIT, AR AEREAS T A 0 8RR e B eh O
Az 118 2R T JRE RS {155 T B s ) 25 R A RS A
MR AR AR B 1/ (100%f) |, ek M RS
AT A/10, HZ B N R RKZ Mg B A0 T 3
B, A7 BRIT BT 45 R S B e stk . B R FH A L AR]
BARIBET F B =8 A& 3] 43, He i e K A R
4 0.325 mm, #EE T A EK A 02—,
22 HEBHESH

N ERBR I 5 3R T kB R 3 = AL 4 BT,
Kl 4(a) 5E 4(b) 2l R T AR Z 8 7 8 407
BB, WOR PR IS SV IR K

x 10” mm
30

25
(a)t=5ps

20

15

10

(a) t=41 ps
4 BESVESTHENBERE

PNSEACIRYE S St € ST e sy @) Bt
A —IMBURHA E LA I AR 2 T AL R, R A
PR R AR P S Y R £ S350, AT 4 38T
DA Hh 3 T e A% R A v L i, 2 280
BRI, BORREGR . 5300, B R it [l g 56
P RE T R I, A DA R
2.3 fefB4FES

N TR U I ZCR AR SV A
OX AL, FE AR 2R i 1Y il e 18 DE R O B— 2
LTI, W o AT I Y 4R B 2048 AT
IR B B ) SR AR SV S R

e 55 T M 418, IR J7 A i
RIMFLPOKOLRAE N HNAE 5, 15 B 5 iy
FE VR TESRBAA IS o ML 5 Hon] I U000 ) ik
B F) S S el e 5

B, MIET 5 rh RE WL 3 ] 1) 5 ¢ 52 B 2R 2
MBS BEIG X 5 (5 S e T TR o A, 45 3
B 6 Fros i Il B {5 i3k . AL 6 Rl LIA H f5

5 BRI SR T — 2, K 6 KW, PN
AL A (1A 5 A R 9 [ 55

4 H
g 31 e N
g Ul SViMHAES M PAF =
S _/ _/
= m rwl
0 N
@4 ol Ll
)
53
4+
-5 1 1 1 1 J
0 20 40 60 80 100
VTS
Bs5 EHEERERNES
21¢
1.8}
= 157
=S A
S|
1 09F
m
0.6 |-
03}
0.3 0.9 15 2.1 27

B2 /MHz
Ee6 IRiLsHT

3 XBRE5ER

3.1 ZREEAMEE

el 7 FoR , SE8 R S8 H 7R B A | Ritee-5000 (=g
ik 2 5/ SN B A A A R IR %) P e A
TSN, 7EIZ A, Ritec-5000 774 1.56 MHz iy
Tone-burst A7 5 T H U B A7 5, 3 B AT IT

=N

BB |

| S—
| BN |

7 XBRRETEE



610 LA % 49 %
B, 12615 5 P 7 40 R 8 2 72 ] SV 06
N BRI B RS B O i 04
Ritec-5000 7 A 5 545 3028 P O B A Bt 77 oo SVEEES i
TR . 23l HE GRS UG PRI | B2 R i — 2 oJ—4 "
R L =0 7 =
EMAT #y—SUPERE S P Tl a5 4L oa
I 30 T A SRS T % I
W hBUZ EMAT FH -5 5 455 SV 98 21 0 40 6 8 100
b EMAT 43k 11024 P8 1 47 2 0 A 2 s
B9 ENEERGRESRERMHNBTSHRIIES

B, B2 5 RS2 AR e 1 N 4% [ B 0 4 48 S 26 1)
B, T00)22 5 RS 2 4k Bl 45 5 AE A AH 22 12 R 90°,
DA R 1Sk 7 B ) R 5 R R AR KRB
KexFEx 7 =20.0 mmx30.0 mmx10.0 mm , ] 4 4 i
BN 1.2 T, HFe #5175 40 mmx40 mm A4S i
T H LB SN RN A . SUZ L PELE
LR 0.2 mm,,ﬂ\:{m%@%fil@ﬁiﬁgﬁio

WE 8 frw, LK IR & — A~ H AN 200 mm
W JI4E N IERESRAE . fEREs BHE T — P ER R
4.0 mm (38 FL, VE R8T 10 N R ERRE ; BLAh , FEARAE
AMEE M T. T —AK 20.0 mm & 2.0 mm. &
2.0 mm FYHIEAE | FH T2 1 2L S0 Be , T
BA S50k 22 ) A ARG 7 5 45 B — 3

8 FNERENEE

EHEE IR L
A, RS SCHE 9 52 357 15 0k e ) A8 3
SRR, BERBUNE S AR 1.56 MHz, [B1E (R
S2ead FRT 3EIEE A EIE 9 BRI E S
MIE 9 FRR] LIS ] 7F 16.05 ps Bf EMAT 4%
W 1 pR A P S L R B S B SV 1 AR
5L HE 75.6 ps B EMAT 820008 1 il 44 3% 1w 8
T RS0 R T 03 45, P [l 0 5 i fE v i
RIS A ) S AR —F, H SV I [ (5 5 i g {E
0.22 V, R I AF S5 IR IEH S 0.16 V., 11 M 05
WAL 0.02 V, BERHAS SO Y 1y ) SR £ SV I
S EA AR 2l oD e L ey =

3.2

FE PR 1L AGHI S 2 T A B 5 PN R R o ] 1)
ERESUNIR (IR IS SRR E R A R R F
EIEPTA DX, DAESR R 18 SCHR H 0 B ) 2R
i SV 5 AR P R AR A Ty SERE RS T BE R A TE
TRJZ BRI -5 32 BB A [ AR

4 it

W T A TR R E R R SRR
5 P ) 204G D RSk A R 45

T, AR BCeE E NE R SV SR A JE A
FHABRICH 7k s 1 il A 2 8 A A AL | fF 5
AR R e R AR SV i 5 2T i R A e Oy
¥ HR WS B 515 5 0 B SR S IR T2 RS2
XS B W KU s i, AR AR Sk 528, O 0T
JRSCERRISY . SR A R R W] 18 SO I BB A I
PRK AT DA JEEBE A5 3 AP AR B SRR T 20.0 mm
F62.0 mm JR 2.0 mm AL, AN NF EHAZE R
4.0 mm VREEHR 20 mm FYIEFLERRG . H SV 3 [
WEIAEE >y 0.22 V, R I A1 P W I 0.16 V., TE
Sl b R A A (R S e A A o IR RE A
R AR X 3, L o ) B B T SV kS
TR ) [0 R B S R MR L, RSk gl ik — 2B
b, BB TR EEIRZ 5 RIZ R0 [E 2SR

SE 3k

(1] JEES IR, Tk A8 4 200 S SR 5 2 i
[J]. HEBEE& THE,2023(7) :262-264.
SRAGCHR K K, Fok AR, . 7E R A T 8O 56 b
Te R AR HT[ 1], ILHPE46 T, 2023,43(1) : 160-
161, 166.

ST R SR AR AR AR 2 R TR A I 1)
[J]. 64T ,2021(13) . 45-46.

BRPE, XA, F = i, 5. R E A S8
BV B A R - R s ge R e o [ )] R
148 ,2016,33(11) ;20-23.

WRDE, 258, NaEE. 78 T & Jm kI 451 T 1k

(2]

(3]

(4]

(5]



%34 %

R BRE e R A SV kS R @Ik R e kAR

611

(6]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

REMFZE[ 1], fL T HLIK,2010,37(6) :730-731,754.
OO BT, E PR, AF A AR A SRR B
NLRFSEHERE ()], AR, 2018,39(3) :1-12.
PP AE T X, 58, A — s £ MR L H g 7 3R T
A S A JEERE A TEAG DU vh R 2 T[] AL T2
#,2017,53(4) :59-66.

W, skt RELr 5. — R IE T T(0,1) S
o] LGB P RE e [ )] AR AR 241, 2021 ,42(2) -
98-106.

4 TETHE AR, TR T R IR AT SV
B EMAT S35 A 5 700 [ 1] ACERAX R 22412, 2020, 41
(6) :150-160.

RG22 2% R, 45 RN S S LR S SV
MITEDITEL)]. FREIAR 4, 2023,36(3) :380-388.
24, Gdoutos E E, BHIEAR , 5. B[] 3% I AL e 75
gt feiit[J]. PEWL, 2025,51(3) :87-95.
Xie Y D,Yin W L,Xu L J. Investigation of Beam Features
of Unidirectional Rayleigh Waves Electromagnetic Acoustic
Transducers ( EMATs ) by a Wholly Analytical Solution
[M]//Tian G Y,Gao B. Electromagnetic Non-Destructive
Evaluation ( XXIIT ) , Amsterdam, Netherlands; IOS Press,
2020.120-125.

Zhan Z ¥, Wang F P, Wang S. A New Omni-Directional
EMAT Using Contra-Flexure Coils for Plate Inspection
[ C]//2021 IEEE 4th International Conference on Nano-

B % (1986—), 5, DUK, lIAE#H,
TR IR B, WL, DR 4
I S AR T T HE AR
A sh LA %E 4% | chentao@ hnu.edu.cn;

[14]

[15]

[16]

[17]

[18]

science and Technology (ICNST) , Chengdu , China,IEEE,
2021:14-21.

Wang S,Su R, Chen X, et al. Numerical and Experimental
Analysis of Unidirectional Meander-Line Coil Electromag-
netic Acoustic Transducers[ J]. IEEE Transactions on Ul-
trasonics , Ferroelectrics, and Frequency Control,2013, 60
(12) :2657-2664.

Martinho L. M, Kubrusly A C,Kang L, et al. Enhancement
of the Unidirectional Radiation Pattern of Shear Horizontal
Ultrasonic Waves Generated by Side-Shifted Periodic Per-
manent Magnets Electromagnetic Acoustic Transducers
with Multiple Rows of Magnets [ J ]. IEEE Sensors
Journal ,2022,22(8) :7637-7644.

Sun H,Huang S, Wang Q,et al. Improvement of Unidirec-
tional Focusing Periodic Permanent Magnet Shear-Hori-
zontal Wave Electromagnetic Acoustic Transducer by Ob-
lique Bias Magnetic Field[ J]. Sensors and Actuators A .
Physical ,2019,290.36-47.

Rieger K,Emi D, Rueter D. Unidirectional Emission and
Detection of Lamb Waves Based on a Powerful and Com-
pact Coils-Only EMAT [ J]. NDT & E International
2021,122.102492.

Wrig, HEWTFE, B, 5. — Fh R T BUTE R H Y
Rayleigh i B[] g 2% A 2 H 1 0 7 TG 4050 A ) 26
CN116735722A[P]. 2023-09-12.

XUH R (1998—) , 5, iU, i m A,
| R 22 e e e B s A e A R
BRI AT , 574249961 @ gq.com,





