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Study on the modal conversion characteristics of ultrasonic guided waves in

pipes containing layered composite materials
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(1. School of Mechanical and Power Engineering, Nanjing Tech University , Nanjing 211816, China;
2. Jiangsu Key Lab of Design and Manufacture of Extreme Pressure Equipment,Nanjing 211816, China)

Abstract : Delamination damage in composite pipes of pressure vessel is a potential threat to structural safety. It is necessary to
study non-destructive testing of them. By combining the finite element eigenfrequency solution method with the Floquet periodic
boundary conditions, the dispersion characteristics of ultrasonic guided waves in composite pipes were efficiently and accurately
analyzed. The semi-analytical finite element method and the finite element dynamics model of ultrasonic guided wave propagation
in a composite pipe were further developed to verify the accuracy of above theoretical approach. On this basis, a finite element
dynamics model containing delamination damage was established to quantitatively study the effects of the delamination damage on
the propagation characteristics of guided waves. The results show that mode conversion from L(0,2) to L(0,1) occurs at the
location of delamination damage ,and the mode conversion indicator is more suitable for the quantitative detection of delamination
damage than the reflection indicator.
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25 UK A ) RS U (il A TSR
PP RS ) o APIRHE T A S P AL
SEMBVEBEH) Z T2 T (B SOVEF TR, ANl e 22 K At , Hoh

Wim B EA 2021 -10 -09 {&%5 HHA 2021 -12 -20
EEWA : MR ARBLAR G H (51805247 ) 5 Y158 B b AR T B2 4 B9 i3 35 S 00 4 (it Tl R ) TR CER
He i LR VU 5 AR WHE A BT 5 SE B BRI 1 1T H (SJCX21_0525)



82 PRESSURE VESSEL TECHNOLOGY

Vol. 39, No. 3,2022

SRR A R A AR P R R LA R 4
— U IR MR T, MRS — W
TR e & PEOMRL e 3. 8P 6 I T A Ak
WX A 22 2 BUIR BT VEAY , g B it HEAT 45403
1652 LA K A7 A AR A 7

P G ) T 4G 0 T 45 KA 1) 90 B P
8o 20 b4l 20 4F A%, GHOSH"™ ¥ YR MR 38 Ik 7 2%
O [R5 H AL 36 0 BRIE R , HE5E X N 2R
SR (LA XTI A 2 AT LRI B84 . LIN
T DI B, 1538 T 230 B RS
MRS AR EL O R, X T 22 EHE L0,
BARSHINGER """ i Fil 4 J i e 12, i 5 11y S A
ZIZIBIAETE T RSO B 2T A BR Ty ik
(Semi-analytical Finite Element Method, SAFE ) J&
Sy HT 2 )2 65 B BL AR MR B — OB Yk,
NELSONZE " =1 1] Fi > fiff W A7 R TT 36, SR i s vk
JEMRIE BE 45 TS A L T 53 4657 5 ) 1 590 05 A
IR, HAYASHI 25171 5 F o fig M A BR oC i,
TR T Z R T 454 v S I AL 3% R e o, £
FEHR B DA R Bk L% . it , HAKODA 251 4
HFE T Floquet 1 5 4% 1 AR AE A% 0 vk, SR A T
BAUZAR B RO

TESE A B 43 J2 152005 9 46 I J5 17, SHOJA
LA R T Dt B A R JE AR P 10 )2
R AT T B AL ALLEYNE 250 fF 58 7 22
IR 5 25 A b AR AR, 20 B 17 A ) =2 A
RSN BB R AR 5 GUO 25 IE S T 22 byl ]
LU TR G 0P 195 2, B2 IS 5
W 2 A5 56 i P P TE B2 IH 22 ; RAMADAS %62 g 55
FOME TR 2 A B 4 SOHN 25121 53
T SR 5 S A By B AN T 2 S kR
HI 32 GAO 2612 fi T vy il 8 75 e BB B, X 4%
| I A s = A R SRS G iR L P
SOLEIMANPOURZ: HF5Y T & & HRHZ & % h
SRR A 2 M S0y

IRk, RG22 R A RS R AR
MR SR 7 10 S MO T = 4 B B Y
130 R T R BT A R T o 388 4 12 T LA
PR B AR 30 E3CHS o 5 A (H XS 2B I B SR f
AR S TR, EL5) e IO 4 ),
WA BRIT7 00 A [ 14 e S 1T LA A 4
Ve AEA B 5 A, R, A b B S — R
RS S IRSR A7 12, Xk 5 BB S v 14 5

PR AT 20 H

IR H A TR A B E AR R
R AR AT T — & (9 2E B, (HR Z 5T 4R 1
AP , % 52 6 A T 70 J2 450 1 A6
B GUHRIN, K B G AR I P Y S A%
R AN, 50 J2 45 050 3 I 52 M AL A LA
A e PR Y

N T iR IR IR, AR SCEE 5 Floquet A S
LR SR BROTHF AR AR SR ek, v A% T i 3t
OIMTA A RERHAE I R P D R RO 5 Bk — 2
BB FABE , B Xk S R85 5 £ 14 o 454 4
T WETE I3 A AT Xt S AL e P P 0 A LA
N IF SR BT S P I S A B 1

1 ET Floquet 1 5 £ MM RHEMZE 77 %

1.1 22aEA
Floquet 31 5t S5 AR T4 TR0, SO :

— =tk p(ras = re)
Uy = Uy ‘ " ( 1 )

K, u KOG dst, sre 53 3]y HARL S I
Fske NP S EALE

e — N TCIR KA B T (WWE 1), R H
Floqueti) 4504 K3 B 1 431 2, FH oo M2
FEATAERICR R . FAARTRIERANX(2) ~ (10) PR

LT e 00
- \

Jg@%iﬁ}iﬁ

K1 JCRRKAEERE
Fig. 1 Infinitely large pipeline

Floquetﬁ,ﬁ:ﬂ‘ﬁ
BT

K2 JTHESSHS Floquet 151 45 1F
Fig.2  Cell structure and Floquet boundary conditions
TCBRAS I I BT A F I LA A
u(r,t) =U(r)e /(moehs) ot (2)
&2 it o g A TR B g an & 3 B, JL
fap A FE R AR R AR AL I (3) ~ (8) Far.

r=r' (3)
0=0"+m,0, (4)
z=z"+ms, (5)



AR, 55 TR AR I A S I S R PR ST 83

k =0 (6)
m—k(,RO:k(,'R0+n926£ (7)
ko= +n 2T (8)

7, 0,2 73X R 3 A M bRd s my , m, 0y,
n, BB, 5303 7s WA i 2 AV A
0, o T BT LSS F R 9IE 55, DA TG I A5 40 X . )
CHICE S YNSRI DA G D CIREOR & S Y

KAFERIIDN - T <k < T, - T<k'< T
Br(3) ~ () RARK(2)FF:
(1) = e RO Ems) [ 11y o =i+ vl (g
UL e~ omoltols enas) SR Ay A
u(r,t) =U(r)e "0tk viat (10)

P (10) 530 (2) XF R A, ol BLATZINE JT
2R AR B A T PR K B A I 465k (18l 3
) S AR AN T A5 A 2 Dy e #a 1 SR B
F NN foya S

K3 St
Fig.3 Schematic diagram of cell structure

1.2 %%k69 COMSOL £ A

% COMSOL MULTIPHYSIC £ FR e 4 B 5K
PR G AR ) 22, 25 18 R J7 1) JRE 2R d A
IEEH BT RIS L AN A 4 PR TSy
e (LL8 JZEE N o £E Z J5 18 LI Floquet J&]
PR A A T J7 0] BN SRt 52, 5
JEET5 1) LA A B

K4 w2 2P0 50 H be 0 5 i s, R
Floquet J& {74 101 5 2% 1F o 9 dis A% 1 #2822
Z J7 T WA HE R 5% e, R S 1) AT R B 5 K Ay E
o 2R, 51 Floquet J& 1L 745 F

AT AR AR 3 bk B R AT, S T
BV M BRI . 5 B2 A BN
FRL PRI B RIUEL N /2, a] LU RN 2
(L, R SR8 ) O 400 23R B B A B R g 0, R ) A
W, RIVRTA53 2 B 5 SR &R o 8 B/ 2
i ] LA P 2R ) A 2 P BT D20 3 B )
ISR AT,z BFHUE N BRI d 19 1/10, 6,
B BT ISR I, B AR X /N — 5, AT L
WD A A, AT A 33 D

_—H R

Floquelﬁ]ﬁﬁ‘ﬁ
R AT

d

‘TZS
0

K4 8 REIEICHZEN
Fig.4 Cell structure of an eight-layer pipeline

[l A2 M A BROCT R A TR i e R
o TR S A2 S BOH S 225
TS B FE AT RS 3 0 I i T R
HOATRIAPER A5 LR A% 58 A2 — B it
PR b HATSHAC A, AT LSRR R iR 3l
ASAET5 RN I AN R SR B R AR A3 0 T SR A
ZIZE G ERIPHH L

2 EAMBEERIREFE

VAL 4 1) 8 JRAFIE ], 4 1 N AR 60 mm,
KIED 500 mm 2R FH_E3 7595 % AR R R4 T
M. 2R 1B T EZAORE I, S5 AL B
N[0/45/ -45/90 | s, B )JZJEE K 0. 15 mm, 7E
COMSOL H S A I AR RE TR, S0 i g B2 A 78 3 it
JRRE, BN 1.2 mm JFI 5 AR S -
BCE0.12 mm, 0, J 0.3° RA% A F iy Y {4
A%, B A5 R R 2 CHLIY coarser (AL B
) o AFENRIAHZ LI S o

z

x1 MHSH

Tab.1 Material parameters

SH C11/GPa C12/GPa €22/GPa C44/GPa €55/GPa p/ (kg +m™?)
BUA 128.4 4.9 4.19 3.23 3.75 1 600

15 C FR MR IR R B0 o bR L



84

PRESSURE VESSEL TECHNOLOGY

Vol. 39, No. 3,2022

11000 _ﬂﬁfﬁﬁﬂFEfﬁ . x :
SRR RIL T
9000 AT HRTE Sy *o. LR

7000 * < T

T
%
» .
x

5000 e LI
IOy e 03

x

A/ (m - s7)

%
Ko x4y %

“x. o *x,

) x x-x.»,"‘:;%a‘agi:
»

L 9?}1«.x.x.x«-x«-n:’:)’:’&!‘)‘&m&m’wm»ﬁ

1000 ™"
1
0 0.5

3000

1.5 2.0

1
1.0
B/ x 10° Hz

[0/45/ =45/90 |'s S5 FPRHE TE H (59 i 28
Frequency dispersion curves in [0/45/ -45/90] s

K5
Fig. 5

scomposite pipes

i — 20 XA 1 P G AR AT o A, B R
3Bk, =942.48 m™', f, =181 kHz;k, =
314.16 m ™' ,f, =166 kHz;k, =314.16 m ™" f, =
279 kHz, 7. COMSOL Hr4& IR I (1) R AIE 7] 1, 2%
Tl 25 A 6 fs. FTLUE K 6(a) &L u,
HFG FIWH L0, 1) B P41 5 18 6 (b) 2L
wy AT FIRTHN T(0, 1) By sty ; &1 6 (c) s
Phu, g 45 HIWH L(0,2) 41

o PR AR AT RG22 36 b 3k Oy i o e 45
S AL R T I E . 18 P — 4 IR TR R
JET7 1 AT A BROCET L, AR R 2 A H0T, )
Lot 2 )2 52 5818 Th SRR . 185 )
AR T AR SCHE YRR RE AR 3R SR A At £k
Y IR o

Fig.6  Schematic diagram of wave structure

1.2 * 1.2 1.2 %
*Uu, * +u, wu,
) <u, I ey ] ou,
1.0F UL 1.0 U, 1.OF 1 w7
£ 0.8f £ 08F = 08F ¢ L
\E 0.8 \E 0.8 E: 0.8 2:
\}g 0.6 ,\}g 0.6 g 0.6 be
I 0.4 [ 0.41 Z 0.4 ¢
2
0.2F 0.2F 0.2F ]
* E:
* E:
0 . ] o1 . q oL P
0.5 1.0 0 0.5 1.0 0.5 1.0
I3 —fb i A 3 —Ak iR {E 3 —Ak iR {E
(a)L(0,1) (b)T(0,1) (€)L(0,2)
E6 PR E

K Abaqus 3l J3 5 3 B s, %f 200 kHz &
1) T(0,1),L(0,1),L(0,2) BEZSHATEAU, S 1K
HALRE W, 5 _ R AR 3

1E Abaqus H ST 6 ) = 4EEIE, KN
0.5 m, ¥o6 R 5F K 1 mm, #7027 54 C3D8R,
KRB S o i, WE B e RSN
2.5 x107 s, FERIE B — S it [ 2 4,
— Vil 0 g AT, DR /0N Ay L IR 0 R AR Y TE 5%

Y Y

VA ‘J\X

(b)T(0,1)

i

f(t) =(1 —cosz?;ot)sin%'rﬂ)t (11)

KA, N NG N =55/ b B R, kHe,
Jo =200 kHz,

(SIS e OP TEE S VI
ER TR, it L(0,1),L(0,2),7T(0,1)
B, AR SRR = BN 7 FrR .

Y

VA AX

(e)L(0,1)

K7 AFEBES AR5 = A

Fig.7 Displacement nephograms of propagation in different modes



AR, 55 TR AR I A S I S R PR ST 85

ARl ) — R BR A BT A T R AL RS I A
T A AR A R S DI S e R
WO, 25 R LT 8 5 AT A B AH B A AR B BE
HiZe 2 ATRAE L, L(0,2),7(0,1) B35 /9 COMSOL
fiff (3T Floquet 31 5 251 B A FROCRFIE I A3k )

A Abaqus fif (2 15775712 ) 2R/, {2 L(0,1)
BRASMAIRS IR . SEHIE L L(0,1) BEZS Y
P20 6 mm , i H A HICRST BN T mm, AN
RPN ZE A 8 ~ 10 N HITHY 2SR, il g
L0, 1) RSB R TR ZE R A

g g | g
L sk ﬂm P N = S5t
E _2 T *«/\} U | /\ E 0 ——\H‘J”‘J’\“‘ » (S) ",& ‘I“' -
= L L ! L -1 L @ = L ! L
e 0 0.1 02 03 04 05 &

=
]
=3
H

i
i

0 0.1 02 03 04 05

0.05 0.15 0.25 0.35 0.45

]

Bl 1) 437 %/ m it 1) 437 %/ m Bl 1) 37 ¥ /m
E 3 “ EF1o0 EFo
S 2'( S o5k /| = 05F
x 1 [ X [ X \
@ 0k 1 1 L L @ Obal 1 L 1 E 0 1/ AN 1 1
= 0 100 200 300 400 500 = 0 100 200 300 400 500 = 0 100 200 300 400 500

i
!

B H/m™!
(a)L(0,2)

P H/m™
(b)T(0,1)

!

PWE/m™
(©)L(0,1)

8 RS B R 2 5 2 O

Fig.8 Displacement spatial and wave number domain signals in different modes

&2 COMSOL Kf#ES Abaqus KAFEXTLL
Tab.2  Comparison of COMSOL solved values with

Abaqus solved values

i COMSO[: ]{ﬁ/ Abaqus _{]ﬁ/ R
(m+s™) (m-s™) (%)

L(0,2) 5 696 5714 0.31
T(0,1) 3326 3333 0.21
L(0,1) 1236 1176 4. 85

{E : COMSOL fif# A3 £ T Floquet 33 5t 254 B A7 IR T FRAE A 5
¥ s Abaqus fif 8 1% 5z
WUERIEL S, BT 3 Fof 5 vk SR AR 1Y) 3 i A0 130
PEWIG AR i, ik 1A SCHE M YA BROTRRE A3
FOR SR AR AT Ze W E AV W] I g ik 1
ARSCHEST ) Abaqus BRI IERA 1 o

3 SERHBGMNSRERFIENRIE

3.1 ByHEA e E S

N T B0 B X SR AR R
UEETBSIRE S R RivYE B B T o A = 17 e
oy JZ A5 i FA D e T AR, Gk 1L i 1 A
551 A RRTTE A R BB R A 15
(7 B tie 295,

KB 200 kHz & L(0,2) #2546 0
B0, AR 9 S ], 345 K /N R 2 mm x 2 mm, i
B e vl 250 mm Ab, 7 F A 4 RIS S JE AR
B EHNEWLE 9, MRS &S s A
4 JB B, 72 B A AR UK O 28 48 4 O
L(0,2) , GARIH S FE R L(0,1) (2240

DB B 4T 19 L0, 1) L B 248 15355 34 /Y
L(0,2) o

hE O

L(0,2),

L(0,1),
£(0,2),

B9 S E R B B b
Fig.9 Nephograms of reflected and transmitted waves

in a pipe with delamination damage

g
105
(=)
x 0
i
£ L(0.1), L(0.1),
= 1 1
0 0.1 02 03 04 05
i 12 37 2/ m
() %3 [i] 4ok
4
E .
2 3f [X3s8ses
= [1r:3.23233% 107"
x 2 ‘i
g |||
E= I X:17729
L Y:1.5828x10
0 100 200 300 400 500
Pelum™
(b) Pk

K10 S22 R G RHE B I S5 >
Fig. 10 Wave guided signals in a multilayer composite pipe

with delamination damage



86 PRESSURE VESSEL TECHNOLOGY

Vol. 39, No. 3,2022

EHUEE T — Sk 2 (IR 9 R ) , 32
t=83.75 ps WUTH@ S RAE 5 (LR 10(a)) ,
Ve —4E A8 L5 4 (ULE 10(b) ) .

HE 10 (b) AT LLF H A P B R &, =
36 m™'k, =177 m ™' AR RIS AS A L(0,2) Fl
L(0,1) BRI, AT & £ T M L(0,2) 5 L(0,1)
IR IS
3.2 PG IRESFIR AR A

i 7 B 43 4 TE K B 500 mm, 453455 RSy
20 mm x 20 mm, $} 15 & £k 16 B 85 45 3E s 9
250 mm &b, 38 1 OB 432 S AR I B 2 B
HXT F WAL R E R A . AR AL &AL

2 A5 5 an ] 11 IR
L(0,2), L(0,1), #i45 L(0,1), L(0.1),
---------------- el / :
788 :
6&THF— v/
5&6
I 485 i
3&4 EA §
283 ot W
1&2 ?
0 01 02 03 04 o.ls
Sha) 7 & /m

BILL R [RI TR R A 5 3 T A 5
Fig. 11  Spatial domain signals of guided waves with

delamination damage in different depths
ﬁ%ﬁi 4 *EFUEI—'f'{SE(J?J'El{%? IL<0,2)T ’ ]L(o,l)T’

]L(() 1>R,I L(0,2) g "

Lo, =AL(;:” (12)
Lo, =AL:(;”T (13)
Ti0.1), :ALE::)R (14)
L1002, ZALEZ:)R (15)

JJ:QEF' 9II,(0,2)T’IL<(),1)T’IL(O,I)R ’[L(o,z)Ri}'%le‘:l L(O,Z)
BB P F L0, 1) BB+ L(0,1) &
BRE ALK L(0,2) BES S 54,04,

AL(o,l)T,AL(o,UR,AL(O,z)Rﬁ’inJ'Jjj L(0,2) BEZ3 5T
MBI R AEL L L (0, 1) 455 2558 5 39 W 1 e R fEL
L(O, 1) B2 SR (B RAEL L e L(0,2) B2
S I Wi B RAEL 5 Ao I A B R AE e KA

ME 12 AT R, L0, 2 ) o it 17 TR
i‘ﬁ%z{ﬁ‘idﬂ'ﬂh,L(O,Z)R%ﬂkiﬁ?&%%ﬁééﬁ
L(0,1) , HRBETREEI K, B Chdi/ R3S K
e, HARZBGTESE 4 JZHMER S J2 Z Al ik 5 fi
AME BEERBEHIR, L0, 1) p 2 BUYCHE K L /N
IDF SR8

1.2r

1.0f \/‘\/v\/v

0.8F —=L(0,2),
+L 0 1

)

)

06F L
—v—L(O 2),

R

SEIER

0.4

02F A———A——u
'=|,<|——0~= '____l/l
0
1&2 2&3 3&4 4&5 5&6 6&7 7&8
TR E

Bl 12 RO BT BB SR SR 5

Fig. 12 Transmission,reflection and mode conversion

indicators with delamination damage in different depths

MNIEN 12 3 T RLFR H, A A 25 5 75 21 /Y
L(0,1) Wizt 5B KT L(0,2) 1 s A
T, RIEARRS T L(0,2) 5, 28t BEAS L 045 21 11
L0, 1) X 73 2 H 04 I 2R SR B v o AL B
SIAT AT AT S5 38, L(0, 1) %o 45 475 ) 80/ B B
BET L(0,2) PR B —E I, X W 2k
TR e A G I 4 A SR
3.3 B RT3 F B a

B e A5 L B AR 4 SRR S 2 Z ], [ E
Bty RSF 2 20 mm, B3 475 1 Jal 1) RS 4, 0 A
FOU- S P AL TR PE RS R L

Hi 1 13 ATLOEE S, L.(0,2) Bl 5 RF Y
U B A L(0,2) S 5 — T i B
& RAFRSRIAZ R, 245 RS 5 3K B b (i 4k
0. 4 if, S ATk 2 e ok, B 1475 RO i ik —
AR, L(0,2) o 1Y S B 1~ Bl AR 5 RO Y A2 R
M2 BTG L0, 1) LS T — T iR
B RO A1 T 228 0/, FE45 403 RS 5 K Y
FAEAEIT 0. 4 I, L(0, 1) o S5 IR a5 B fe /), B



AR, 55 TR AR I A S I S R PR ST 87

B IRCGTHE—BHER, L(0, 1) o O R Rl 43
ROF IR 22 LT3 (0, 1) i 5t N
T TF R B RS (8 38 R T ), FE 5475 R
HPRALLE ST 0. 4 I, L(0,1) R SF A T35
BN, B RGF I — 244K, L(0, 1) SR
TR T IS R P28 BT

1.2
1ok VY VTV TV YV
0.8
= ——1(0,2),
% ——L(0,1),
= 068 10,1,
= ——1(0,2),
0.4
0.2F
———o—o
» L A ]
0 S 1 1 1 1 n 1
0 02 04 06 08 1.0 1.2 14 1.6
LA

B3 AFRSIRE T BB SO SRR T
Fig. 13 Transmission, reflection and mode conversion

indicators with delamination damage of different sizes

MIEN 13 b m ] LUE 3 RS 53R Z
/NTF 0.5 B,L(0,2) (SO H AR R T EBS
B3 20/ L(O, 1) poad i N 15 S 3 1, A
XFF L0, 1) M L(O,1) 5, L(0,2) X 73 JZ 545
G SR ORE Sy, ESOMOINEE ELE Y L(0,2) (AT
PR . HAER G RT S KZ KA T 0.5
5 1.6 Z[a|F, R A L(0, 1) (BB
TRAKRTHES N T5 L(0,2) T,
SEE R DU 37 6 P 2 8 25 e A 2 A L(O, 1) p 2B AT
SR FE ARSI, 33X 3 O i 22 0T J 40 1 A DU 4 it
T

4 #hig

ARICHET Floquet Jil 110 5 26 AF 9 A BROC
FRAESR AL, Rk TR s o B 1 2 2 25 0k
I R R R O EORE R IR SL T R )R
P4 2 5 B ORHAE T8 AP R S Bl ) e
BT S ST RIS 25 5 e P b IR 1, 5 T 4t
TR IE AR S X 3 A% 36 405 1R 9 52 o, 58 LR
e

(1) FETAHBRICFHES A%, 1A Floquet J&
SR IR B S G VA S TR A R PR A R

ARSI RIS T 75 R 2 A1 S T S 45 F 4  ALE 9 R Ty
P, Bt A 1 ORI AT 2
A , H XA RIS A5 A A T

() oy )= kb 2 %k L(0,2) 3] L(0,1)
MRS e S0 R AR AE A RIRBE I, 48 1
RS FEAA) L0, 1) 68 353475 1A B0 J e Ko
BRGE SBK UE/NT 0.5 I, L(0,2) , X 43
5 BRI BE e s 2 B RO 5 K LU R T
0.5 i, it K LR AL A e 4 i) L.(O, 1) % 43 £
A FBURREE B K

(3) Z 845 -0 B ] D 73 JEA5 05 04 7 S A
IER PR

S 3k

[1] HAO W F,GE D Y,MA Y J, et al. Experimental
investigation on deformation and strength of carbon/
epoxy laminated curved beams|[ J]. Polymer Testing,
2012,31(4) :520 - 526.

[2] HAO W F,YUAN Y N,ZHU J G, et al. Effect of
impact damage on the curved beam interlaminar strength
of carbon/epoxy laminates [ J ]. Journal of Adhesion
Science and Technology,2016,30(11) ;1 —12.

[3] MUNIAN R K,MAHAPATRA D R, GOPALAKRISHNAN
S.Lamb wave interaction with composite delamination
[J]. Composite Structures,2018,206:484 —498.

[4] SCHAAL C,SAMAJDER H,BAID H,et al. Rayleigh to
Lamb wave conversion at a delamination-like crack
[J]. Journal of Sound and Vibration, 2015, 353
150 - 163.

[5] HES,NG C T. A probabilistic approach for quantitative
identification of multiple delaminations in laminated
composite beams using guided waves|[ J]. Engineering
Structures ,2016,127(1) :602 - 614.

(6] Prifgdk, whEl B, B, 55 AN G5 A il i 1R 2
SRBEIEOCH AR [T ] #4%,2021(9) 16 -21.
FANG Haiji, YE Guoliang, LYU Bo, et al. Laser
ultrasonic detection for surface defect of stainless steel
additive manufacturing parts[ J ]. Welding & Joining,
2021(9) .16 -21.

(7] XUs, BESEAS R ERE 5 58 SUHOB I 254 ik
BB R Lamb A0 [ 1] S H227 4k, 2021,42(10)
40 —43.

LIU Qiang,ZHAO Libin, CHI Dazhao. Ultrasonic Lamb
wave detection of defects in thin-walled cross laser
welding structure [ J ]. Transactions of the China

Welding Institution,2021,42(10) :40 —43.



88

PRESSURE VESSEL TECHNOLOGY Vol. 39, No. 3,2022

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

GHOSH J. Longitudinal vibrations of a hollow cylinder
[J]. Bulletin of the Caleutta Mathematical society,
1923,24(14) ;21 -40.
LIN T C, MORGAN G W. A study of axisymmetric
vibrations of cylindrical shells as effected by rotatory
inertia and shear [ J]. Journal of Applied Mechanics,
1956,23(2).
BARSHINGER J N. Guided wave propagation in pipes
with viscoelastic coatings[ D ]. The Pennsylvania State
University ,2001.
NELSON R B,DONG S B,KALRA R D. Vibrations
and waves in laminated orthotropic circular cylinders
[J]. Journal of Sound & Vibration, 1971,18 (3):
429 —444.
DONG S B,NELSON R B. On natural vibrations and
waves in laminated orthotropic plates[ J]. Journal of
Applied Mechanics,1972,39(3) .739 —745.
HAYASHI T,ROSE ] L. Guided wave simulation and
visualization by a semianalytical finite element method
[ J]. Materials Evaluation,2003,61(1) :75 -=79.
HAYASHI T, SONG W J,ROSE J L. Guided wave
dispersion curves for a bar with an arbitrary cross-
section, a rod and rail example [ J ]. Ultrasonics,
2004,41(3) .175 - 183.
HAYASHI T,KAWASHIMA K,ROSE J L. Calculation
for guided waves in pipes and rails [ J]. Key
Engineering Materials,2004 ,270 —273:410 —415.
HAKODA C, ROSE J, SHOKOUHI P, et al. Using
Floquet periodicity to easily calculate dispersion
curves and wave structures of homogeneous
waveguides| C]//44th Annual Review of Progress in
Quantitative Non-destructive Evaluation, Volume 37.
American Institute of Physics Conference Series,
2018.
SHOJA S, BERBYUK V,BOSTROM A. Delamination
detection in composite laminates using low frequency
guided waves ; Numerical simulations[ J]. Composite

Structures ,2018 ,203 . 826 — 834.

A5 RAER:
AT, BB ES IR R S RS S MRS T O A S B AR S R ORI S D ] T %4 ,2022,39(3) 81 - 88.

SHI Yingying,ZHAO Jinling, YANG Lehui, et al. Study on the modal conversion characteristics of ultrasonic guided waves in

[18] ALLEYNE D N,CAWLEY P. The interaction of Lamb
waves with defects [ J ]. IEEE Transactions on
Ultrasonics  Ferroelectrics &  Frequency Control,
1992,39(3) .381.

[19] GUO N,CAWLEY P. The interaction of Lamb waves
with delaminations in composite laminates [ J ]. The
Journal of the Acoustical Society of America, 1993,
94(4) :2240 -2246.

[20] RAMADAS C,BALASUBRAMANIAM K, JOSHI M,
et al. Interaction of the primary anti-symmetric Lamb
mode (Ao) with symmetric delaminations ;: Numerical
and experimental studies [ J |. Smart Materials &
Structures ,2009 ,18(8) :6530 — 6603.

[21] SOHN H,DUTTA D,YANG J Y, et al. Delamination
detection in composites through guided wave field image
processing [ J ]. Composites Science & Technology,
2011,71(9) ;1250 - 1256.

[22] GAO H D, ALI S, LOPEZ B. Efficient detection of
delamination in multilayered structures using ultrasonic
guided wave EMATs[J]. NDT & E International ,
2010,43(4) :316 -322.

[23] SOLEIMANPOUR R,NG C T. Locating delaminations
in laminated composite beams using nonlinear guided
waves [ J ]. Engineering Structures, 2017, 131.
207 -219.

[24] BARTOLI I, MARZANI A,SCALEA F L D,et al.
Modeling wave propagation in damped waveguides of
arbitrary cross-section| J ]. Journal of Sound & Vibration,
2006,295(3) .685 - 707.

EBE T OBH(1997) , L&, FENFETFAE
TE A R ZE 38 15 ik - 211816 YT.9548 7 HCTIT I 11X
THEREE B8 30 55 5t Tk K2, E - mail ; 17766233695 @
163. com,

BEEEBER(1989), 2, FENFE A RE
TE AR FE 38 £ ik - 211816 VL7548 7 5T 1 IX
THER 7 3% 30 5 5 Lol K2%, E — mail; zhaojinling @

njtech. edu. cn,

pipes containing layered composite materials[ J]. Pressure Vessel Technology,2022,39(3) .81 - 88.



