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Fig. 1. Model of a composite tube.

Xt B 1G5 R AR R RO f(R TR w =
21 f ) A SRR 1R J 1) 7S A,

R AE I BRI IR U;“;’l)(r) exp[jnDo —
jwt], Herbi =1, 20N T HEEHE R NSNS ¢=r
5 0; n@D = wRy /e I RMN IR, Y %
AN r= Ry Wb LW A I8 P S AR D100 51
(1A A A3 T A2 I R % )3 525 A

PTT,1|T:R1 = 07 PQT,1|7":R1 = 07
PTT72|T:R3 = 07 P‘9T,2|T‘:R3 =0. (2)

WG 221 B AT RE (1) A0 (2), F A A &
WIS RAE LA R oy 1019

|D[w7)\ivuivpivKNaKT7n(w’l)” =0
(i=1,2), 3)

Forf piy N A g 23 ) (5 A8 % 2 P 22 AT — s
WHL, DI SR TS T FE BT R 1) 3 B R
P e o] vH B 1) S O R h k. DN
B L, AN K F Kr S0 TE%. (3) R,
) 68 75 5 U8 IR D% 51 5 4 0 4 () S T AR 1 ) 3
FE RECEVIAEOE, 2458 8] S0 e P AR R i) 34
WA A JE) [ U PRI O R AN 3 40 AT

(Rl A7 A5 JU AT AJE 28 M S8 B i 4k i v 2
PEOST 7 AL B2, 1B 3 A A
W SRR E S B E P AR, WA
HAEBBUSY () (0= 1, 2) 0060 65552,
1[5 & 25 |2 N 30K A7 78— A A 400 4 B 3 77
F, = FUY 0214 jpsbh, 15858 4 % 21
WANPIAN R, A7 AE A5 A0 T DR B 8% 7 5K 2
PNL = P[U“V](E % — Piola-Kirchhoff 5 /7 3k
BE g m sy po)f Pul] Rk
FiET RSB SR [14).

TR S 0% p BRI 447 7 v, FU D)
PIUSY (i = 1,2) 1 F R 762 & B8 disg R
H— R (LA n o) FRoR) B B 1) %
AR ) S A, X e TR AT 1) S AR U A
B, RIR RS T R BE 25 1R 200 17 S AR IR BT R
AR UGN A UCY) = U (r, ), WG HE
/j—‘—\‘j‘j [12714718]

U (r,0) = am(@OU™ (1), (4)

Hoeh, U@em) () %5 FIUSY 1 PIUY) By
WOk R m B A AR 1) S AR R AL B 1
BRI, 6 BN S35k A P9 ™) (1); ay, (0) 5
m B A A ) S R T R B iR A m

194301-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 19 (2016) 194301

= 0 1 S B R R U 2™ () W
R R B B U (r) =

(2w,m) (2w,m) (2w,m)

U= () p U, () =0 ()6 (=1,
2), Horbr e 00 43 S R A% 1 F0JE 1) £ B R 4%
55585 TR S A0 1) 7 3 D ATEIOC AR ISR A AR 2R
0L, 28 m B A5 A ) 5 0 AR R E R QBT
RoRA [10—13]

|D[2wa )‘iaﬂiapia KNaKTvn(Qw’m)]l =0
(i=1,2). ()

SEBR b, RFH (3) R i w B A 20 BT 7S
3 (5) 2y n@em) = 2wRs /2™ FoRH m M
SR 1 5 3% ) T R A0 AR B, ) R = R dib
55 I A S ) S A (14215,

R4 SRR R R TF AT 70, BEH m
B A 00 17 5 i A R TT R B a0, (0) IS
ﬁ%%y\j [12—15,19—21]:

<8 _jn(2w,m)>am(9) _ frsn + f% (6)

00 4Pm ’
/\I:P7
2 Rt .
JW 2 (2w,m)
Py = Re / {—w; ()
< P2 <r>]} G, @)

P F W = £ 500 1) 53 B 3% 1049 0 5
(3 77 LR R ), 7 A0 £, 20 0 — 45
SN 41 FIU) R (ST IS kit
PIUY] FrH e RN A T BN, LA
j\tﬂéﬁﬂu‘l{‘ [12715719721]:

2 Rit1

m=2Y [ O
=1 i

R

x FIU (r)]dr, (8)

-~ r=R;
LU P () T:R_“. (9)

FEE TR EERENANINRITLE (r = Ry,
Rs), FERZA PR (r) . ¢ = 0. G4 (1) =R, (9)
ik RoR Ay 1217

2
. r7(2w,m w, N r=Ri+1
S =25y (U™ (). PUM]} -7 .
i=1 o

jw

~ w,l ~
2 7 PO e,

+

+7 - PUSY] - #)2p, )

X [7- PO |,
jw 2 w,l ~
+ 5, 10 PO o=,

+0-PUSY) - #|_p,}
x [0 PR (1) #)|,_p,. (10)

7E(7)—(10) b, 0 = 1, 240 Bt N A T
A ERANZE X, YRR S~
TN N AR L) ) R AT B IE L e A
Ir) e S I I L BT O [ I ST T 1) A%
H S TR A0 e T R R AL T = 04,
V) = R 88 8 AR Nl A2 T 4R UK 2R A aim (0)=0
(0 = 0) M. HR L ATHER (6) Kt a,, (0) I F IR

fi 12-16,19-21],
am(0)
= W{ /0 explizn=0¢ —jn@“’?””’ﬂd&}
x exp[2jn(“ V], (11)
(11) St — B AT RN
am(0) = Ay, [Sm(An"g) exp(jAnG)}
x expljn <™, (12)

o+ I

A - (f4pmi )7

Horh, An = (n@D — n@om) /9y B T 5 iR 55 1
BT 1 S0 5 A m Y AR A ) S 2 1 A
BORE g Daol I (12) RATBAE H, M A, # 0, H
An = 08¢ An ~ OB, BIZEBAT — 5508 ) 5 3
A 2K P9 AR S E AR G A, X6 (12) 20 BR s 15
) [14,15]

am(0) = Ay, - 0 - exp[jn(Z‘“’m)G], (13)

(13) RFW, 45 1M FEAUE S S5 5 m
A AT S D (A BE AT DS TE R, 8 m B A
S 16 5 9 B 2 10 JE T B 3K (0) 154 5 R 10
O ML %, BITESS R &4 T, 5 m b
A 165 9 0 9% T 47 EL A A 9% D D AR R K
(PR, 18 MR IX — 25 i — R B . S
L SFUR 1) S 6 5 A U TR AR SR I, H AR 4R T )
Z A (AT B 0—6 2 A AT L8 A AE 540
W4 3R 2y FIUSD ) F0 4% 45 10 38 3 77 3K
PU o PO R PO 6= 1, 2)
() E PR 2 76 2 A A T s Rt — 2R 9 — 5851

194301-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 19 (2016) 194301

AR SRR, 2 An = 0 (B (D = 2™)
i, FIUSD) R PO 2 0—6 2 19 4F 75 4 B 5%
o BRI ES m B REABUR 1) SRR, L HE 0 A i
HEB AR ), TR A R 28 ) 45 S84 0 &b — A 451
1] 5 3 2 ) S A 1 L T 45 0 i 0 (14151,

S0 S A B A TR A o R 1
AR R o B R R AR R P A R, A
FEE TR E A TS RS M SRR, (05 S
G BN R M Ko B Ko RAEBIIIS . 16 A,
40, HAn =08k An ~ 0% T, 450 1A
S R A I 1 98 L 1 A AR R K Sz
oA o I 25 E R B G U A S AT R
RSB AET T K 1 Kop (075 4 (H6 T B 46 7
TSI Ky= K= oo) % & i 5 I i F 2 — Uik
R R 7 A

H(3) A1 (5) AT 1, Ko Al KCp (9748 400K o s
B 16 8 7 5 U 0 K (B ABOE B, MTTT S
SR AT 16 S % 5 AR 1] S U (0 R R
UURE, JE A3l 2 (0 An = 088 An ~ 02 1F R i3
JE, X R R S m B A A0 1) 5 Uk B A%
3% A 1) R 0 BB AR R (B (12) R R T
[sin(Anf)/An] T CAARBL 41T 2 Koy il Kop
AR A LR 1 S AR T Y 5 R
[ 5 % AR U 2™ AR 2SR, (0) BEHE 1B
JE T 1 0 AN T AR MR KOG B TR R I “H7 A
IR, VR I D A R AR A LA T DL T T ik
HEAT A R s BRI & 091 Hok, (10) REH, %
ST SRSV £S5 ST B B R Koy A Kop B A
%, B (12) A1 (13) R B R IT R B, (0) 2
5 K R Ky BEEEHIGI. BRAh, K A1 Ky 1784
6 — e FLRE b0 M 5 3 11 RE 45 ) S e o
(hr A3 U explin@06 — jwt], 1fi FIUSD) Fl
PIUSY (i = 1, 2) 1 5350 15 5 3% 61 8RR
(F 75 BRIE EL I, Bk K B K 850 a,,(0)
. L5 A, K F Kop (0725408 M ik = ATy
THT S A ) S R R T RSO g, BNE AT
I ST 20 R 2R 0N 53 5 R 1 7 S T
YR R RS

3 KERM

AT — &8 > NERIE AT TE T R 4 18 ) 5 TS
P XS i i R S e I ¥ R A RN Pl T B AR

(FIREIA, B2 SRk IEAE 23 1T 19 £ P e S gk 47k —
o, B H R AR AR B IMEIRCA:
B -FHH (K A1 Kp)-49%7, 1328 Ry = 130 mm,
Ry = 132 mm, R3 = 140 mm, HAH XM E S %
W 1A, ARYE (3) A (5) Rt 50 Y BEAR B
(Kn= Kr= oo) 2k T H:A0AN — £5 55 & 1n) 88 75 &
BT 2R 2 fros. MR ATRE WANHEE T
S E— B0 (38 9 R R A R B ) LA TR
T VA AL (Kn= Kp= oo) I, HDE & £ B %%
O AN 130 mm, FMEN 140 mm 52 57
SRR TR A B W SR &S
BUZ R 8 G 72 A R A S
AT R TH LR I I A

F1 HEEREENMEZH
Table 1. Material parameters of composite circular
tube.

/10* kgm—3 /MHz-mm /MHz-mm
kil 0.89 4.66 2.26
N 0.78 5.85 3.32
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Fig. 2. Dispersion curves of circumferential ultrasonic

guided waves in the composite tube.
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Fig. 3. (color online) Amplitude of some double-
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outer surface of the composite tube, Ky = K1 = oo:

(a) radial component; (b) circumferential component.
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Table 2. Some parameters of the double-frequency circumferential guided waves determined by the point

Py(f = 0.269 MHz) in Fig.2.
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13.5 2.987 3.358 (23.64, 1.66 x 10%)
14.0 3.209 3.474 (24.91, 1.60 x 10%)
14.5 3.454 3.547 (14.54, 1.53 x 10%)
15.0 3.571 3.600 (—3.41, 1.79 x 10%)
15.5 3.579 3.609 (—4.46 x 103, 4.63 x 10%)
16.0 3.611 3.617 (—5.99 x 103, -3.11 x 10%)
(b) KN = o0
lg K7/N-m~—3 cw@:l) /MHz-mm c(2«m) /NMHz-mm Ay, - R3/U®D
13.5 3.550 3.612 (—56.71, 1.63 x 10%)
14.0 3.590 3.615 (12.07, 1.65 x 10%)
14.5 3.616 3.617 (10.00, 1.69 x 10%)
15.0 3.620 3.620 (19.35, 1.68 x 10%)
15.5 3.620 3.620 (22.76, 1.69 x 10%)
16.0 3.620 3.620 (23.86, 1.69 x 10%)
(¢) KT = o0
lg Kn/N-m™3) c@h) /MHz-mm c(2«m) /NMHz-mm Am - R3JU®D
13.5 2.988 3.391 (—6.28 x 105, -3.43 x 105)
14.0 3.229 3.47 (=7.92 x 102, 1.74 x 10%)
14.5 3.465 3.547 (17.18, 1.70 x 10%)
15.0 3.552 3.585 (25.28, 1.64 x 10%)
15.5 3.581 3.602 (27.73, 1.68 x 10%)
16.0 3.604 3.610 (26.61, 1.67 x 10%)
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Fig. 5.

(color online) Curves of displacement components of the double-frequency circumferential guided waves

versus 0 under different Ky and Kr: (a) Radial component (Kny = Kt); (b) circumferential component (Kn =

Kr); (c) radial component (Kn = 00); (d) circumferential component (Ky = o0); (e) radial component (K1 = 00);

(f) circumferential component (Kp = o).
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Influences of the interfacial properties on
second-harmonic generation by primary circumferential
ultrasonic guided wave propagation in composite tube*
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Abstract

The influences of the interfacial properties on second-harmonic generation by primary circumferential ultrasonic
guided wave (CUGW) propagation in a composite tube are investigated in this paper. Within a second-order perturbation
approximation, the nonlinear effect of primary CUGW propagation may be treated as a second-order perturbation to its
linear response. Due to the interfacial spring model, the properties of interface between the inner and outer circular tubes
constituting the composite tube are characterized by the normal and tangential interfacial stiffness values. According
to the technique of modal expansion analysis for waveguide excitation, the second-harmonic field of primary CUGW
propagation can be decomposed into a series of double frequency CUGW modes. It is found that changes of the
interfacial properties of composite tube will obviously influence the efficiency of second-harmonic generation by primary
CUGW propagation. Specifically, for a given composite tube with a perfect interface, an appropriate fundamental and
double frequency CUGW mode pair that satisfies the phase velocity matching condition can be chosen to enable the
double frequency CUGW mode generated by the primary CUGW propagation to accumulate along the circumferential
direction, and an obvious second-harmonic signal of primary CUGW propagation to be observed. When the changes of
the interfacial properties of composite tube (versus the perfect interface with infinite interfacial stiffnesses) take place, the
effect of second-harmonic generation by primary CUGW propagation will be influenced in the following aspects. Firstly,
the changes of the interfacial properties in the case of perfect interface may provide different acoustic fields for the
primary CUGW. This will influence the magnitude of the modal expansion coefficient of double frequency CUGW mode
generated, because both the second-order bulk forcing source (due to the double frequency bulk driving force) and the
second- order surface/interface forcing source (due to the quadratic term of expression of the first Piola-Kirchhoff stress
tensor) in the governing equation of the double frequency CUGW are both proportional to the squared amplitude of the
primary CUGW. Secondly, the second-order surface/interface forcing source in the said governing equation is directly
associated with the interfacial stiffnesses. This will also lead to the change of the magnitude of the modal expansion
coefficient of double frequency CUGW mode when the change of interfacial stiffnesses takes place. Thirdly, the change
of the interfacial stiffnesses will influence the dispersion relation of CUGW propagation. The phase velocity matching
conditions for the fundamental and double frequency CUGW mode pair, which are satisfied originally in the case of
perfect interface, may not now be satisfied. This will remarkably influence the efficiency of second-harmonic generation
by the primary CUGW propagation. It is found that when there is a clear difference between the phase velocities
of the fundamental and double frequency CUGW mode pair (caused by the changes in the interfacial stiffnesses), the

double frequency CUGW mode generated may not have a cumulative effect along the circumferential direction. In

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11474361, 11274388).
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this case, the efficiency of second- harmonic generation by primary CUGW propagation will become more and more
weak. Theoretical analyses and numerical simulations performed both demonstrate that the effect of second-harmonic
generation by primary CUGW propagation is very sensitive to changes in the interfacial properties of composite tube,

and that it can be used to accurately characterize the interfacial properties in composite tube structures.

Keywords: interfacial properties between two tubes, circumferential ultrasonic guided wave, second-

harmonic generation, modal expansion analysis
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