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Abstract A method for modeling of acousto-fluid interaction in water-jet ultrasonic testing is proposed to study the ultrasonic wave
propagation characteristics in the water jet. The flow field of a water-jet probe is numerically calculated using computational fluid
dynamics (CFD). The CFD results, including turbulent kinetic energy, flow velocity and pressure, are transferred to acoustic meshes
as boundary conditions using weak formulations of the partial differential equations. The linear Navier-Stokes equations are used to
solve for the acoustic changes caused by turbulent kinetic energy and flow velocity, thus modeling the acousto-fluid interaction in
water-jet ultrasonic testing. Numerical calculations of the sound pressure distribution in the workpiece at different flow velocities are
performed using the acousto-fluid interaction model. The results show that the sound field distribution is similar, but as the flow
velocity increases, the pressure amplitude decreases. The echoes of the flat bottom hole are obtained using the proposed method and
the echo amplitude decreases as the flow velocity increases. The accuracy of the proposed method is validated by comparison with
experimental measurement results.

Keywords Water-jet ultrasonic testing, Aacousto-fluid interaction, Mesh mapping, Computational fluid dynamics

W, FEAT 58 4K 2R R K 2 AR

. JRy T Mg K 3O 7 R Sk 2 TSk N, R R R 1o
gl SPRKEE S TAFR G, BA BB R Rk
IR AN 2 — R B F S A AR Ty RS TR RN R R Y AR A, RS T R i i T

* EXARFEESTE (51705418, 52175518) F1 Bk 1 4 B AR FLmb o 70 vH R e S Bk & H 6 T H (2021JLM-07) %)
T JEWAEE: E W, jesunatg@hotmail.com


https://doi.org/10.12395/0371-0025.2023168
https://doi.org/10.12395/0371-0025.2023168
https://doi.org/10.12395/0371-0025.2023168
mailto:jesunatg@hotmail.com
https://www.jac.ac.cn
https://www.jac.ac.cn
https://www.jac.ac.cn
https://www.jac.ac.cn

1092 i e

2 il 2024 4E

7 E SR I B TR SR KRR Sk 25 5 32 5
W55 S 235 1) R AL T A 5 ), AEAE P RS AR AN R Y
B o DRI, R A P A SR — T P AR LR
Mo A B

JEPRFESF BT T —Fh s + 7 fa 28U Y s, i
IF LSRG T T S5 RG L RG 7K T R I K BB R X
S 7 P R 2R e R e P S Y S s B
S8 1 O AR L A0 L K R AT e K R AR I R
R R AL SR S8 D AR S MK R A
W2 58 )RRV, 52 8RR, . AR Fge 28 i R 4
5 7 2R R B 5T X — 1) R A ko A U
Calmon %5 4% H T Champ-Sons #& £ 8K 2 15 0L F
TN A, TR T CIVA A", Belgroune
S AR T T T AR [ Ay 2 A T A B
(R R Schmerr %5 H 22 0 i 7 75 AR TR A1)
TR P A T S T R A RS
HRR S ACR R IR, B THOKFES, mimiK =8 5
For I & T Bk R A, 7K I 48 A M s DA — i 1)
W5 S 3] A 2R T, SR U KR RS 32 B Sk S5 A N
HEZK I A R R, J2 DR A B R AR R AR, i
T LR A 2 (ol A 7 A O A R 4y
Wit o ST D U T A A R R T 3R P R R R 5
AR

s 7K X P R R G A | T S Ui A A ) R,
H Ay 5 Bk BUE 5 17 5T, Kierkegaard
A5 3E L SR LR AL Y GRS T SO Oy R, A5 B
i S AR T Gabard %R 2R
PEAE RS J7 F rh 5] AR, THA T 8 St x5
sz Sun 45 A A S 112 (CFD). Heshi
2 UL R AR 2R AR R, A BT T 4 BE A BRI Y 3 T
V0 7 AR R B PO SR SE K CFD
DA% T TR RE | A T R A AR WS B A I A
ST RS N BB R A RS R, R TR AR
PR X 7 A P 2 P RE RO B e A P ke
SRR AT H A% 7 R e 7k X 7 A [ 43 A 5
Bl B DT Y E R, B K R RS I PR
XoF R L R 5 M ) A 9 B A i

AR SO g A KRR P ARSI R G Y TR AT
T BRSBTS, S B HEST T A CFD A
PRI, F CFD 115325 S 38 2o o A% i S 125 2 % 31
7 2 R AR R 75 3 53 AT 0 30 A A, ST R 7R AR
BRI AT AR, T S e A Y 1
P, ST AS [ E  B mE k XEE  A  f A FR ST
AU, 5 AT 2P AL Il s, X B T 45 5 [  RN S 56 [a]
WRAE A5k a3

1 B Aeat

1.1 CFD sy Hr &

M7 R 7 G I ) R A 5 A B KA (9 B SR
AR, WA KAE A T SR A 32 Bk 454 | K
1934 25 1 R0 . WAL BT CFD BUE 5 5, I LA
o B S R S 0 S 3 KA R e S RE L L TR
S o VU S L TR SR E L SR ST e E A
il S v A, AR R o, R K Sk
TR BE (Y A A BN, AN b7 T RERE ST

Jo e~y AR T A

op B
§+V~(pu)—0, €]

P, IR, o R AR B, w A R
By P E T e

gt(pu)+V-(puu)=F+V~0', 2)

K, FAHRNIKBRWREK T, o=pl+7, HpH
TR ST, TRk, « RN 15k & .

K FH 89 Y 1 1 1% % (Shear Stress Transport, SST)
A U XoF W5 Sk PN %) 3 32 RS i K A E 4T CFD 4 .43
B BRI GE A T k- e B RUTE 3 2 A0 <7 v
ARV R T RS T )RR A, B IE Y L)L TR A
PEREDL SR U0 A PRtk >R AT SST #5524 Aib FHAS [w] i
UL oA B B R I YE o SST i i A5 AL 1Y it
TR k7 AR AN T 0 R IR

(/x+&)Vk
Ok

(,u+ ﬂ)ch

()
W, w BB FEREL, p imsh B, o Jimshie
FRH, o, 00 53000 kTR w J7 AR 1) U BE R
FREL, B, BN k5 R A w 5 R H0™ AR 1Y il 1)
REREL, P ONEEME 5 DR A 3h BV

1.2 Mg RR St

T P I A M58 S P A S IR K A AR R I e
EES R R T Ry aa Vo W e (VS I G VR gL Y
RSP0, DR, 2 R4 767K B 7 A T 3R e A
i e, JWEESTRAMAEGZ MG LR &K
SC ik A RS 114 75 2, K T PR A PR
i U 2ok JEE 25 25 AL IS 1) P 2 A v, S BRI K R
R b A PR R AR, R AR AN 1 PR

gt(pk) +V(oku) =V + P, — ' pkw, 3)

0
B—t(pw)+V(puw) =V

+a%Pk —ﬁpwz, @)


https://www.jac.ac.cn

5 WA MK P RS A P AR A AR 1093
I T B
e : P a—’j LV - (oott +ptto) = M, (11)
! ou
I pol 5+ -V + o Vu|+puy-Vug=V-o + F—uyM,

EE2FH

RAEEE

-

B mk R A AR AR

i & SST i it A58 AU 115305 B i K,
T3 v X i A SR RE T Ak SR AT A o Ak B iff R
S YL T8 RE T AN A — 2 RS yt (BN T SR e
b TTEEORS B A7 B 2 A A BT R L, 403 SRR
DA% I AN BB FE e T BA0KG B, By A B T R /NS e — 3
PRIE RIS R ) — AN KT 1710 P4 . 7 3 S A
Yy WAS A6 1 SO BT B DA 25 5, R o
SCT A% Th] f e 555 0 28, A 55 08 =X Bl o O e At
ST S 7 A [B] A LA DG 2R

Miaco — Mt = 6h2V : (Vﬂt,aco)’ (5)
Paco— P = 6h2V : (Vpaco) 5 (6)
Ugco —U = 6h2V : (Vuaco) . (7)

A, SOAYTHUE, R AR R, tiaco s Paco s aco 73911
DR AR PR R L TR R )

1.3 EiFS i E

CFD 5545 SR B S 2 P 22 RS 5, M ek 40
HE—IGrFE s i U5 A (NS J7 A8 ) SR A A A5 A5 i 7 St
TR RS R R R . LNS J7 BRI T
A DT AR, AR U 3 7 AR B R R b 0f P A (] R AT
NP SR B, R BETE T p(x,0) BB p(x,0) . U
u(x,0) % A2 5 F S ME (o, p, w A SHE (07, o', w)
Ak, B

p(x,0) = () +p (x1), 8)
px0) =px)+p (x,1), )
ulx,)=u(x)+u (x,1). (10)

BRI ER B E T p(xo) B p(x,0) , B
u(x, ) ERAT S H IR, £58) LNS 7 FE. 7F LNS
J5 R B BE Rl 1 20w B A I s2 e, AH Y T R T
R B LR RIS — s R,
P U T A T R AR R T R A NP Bh A% 1 1
il 5

(12)
o, po Ml ag 7390 78 15 5E 35 I L IR, M
I F 27 T BE IR .

2 SR
21 BOkEBARk

W% KB RSk S5 A AN 2 B, KR R R Sk
LTRSS A, WSk i EK O RS L R AR
RIS I 2L 1R, JE W L 4 22 = S0 ke il 2 40 O O
LT SR K 0 K BT, MGk g
RE L A% BE S A K AR TR RS R B SR KA,
PN A S KA A AR

wk WAk R W kd
K2 oK RS

2.2 CFDFEHE

22,1 il BARA

B BT N Ly [ N O O s A K (B
BT B, 5 3OR G 10D AS RE B Sk IE R
We, BEETVRIE RSN 5 mm, Sl S KR O A8 BN
F 1 mm, 756 2K DR KT 2 Umine MR
2 B 7 B g K X 4R Sk 45 4, T COMSOL
Multiphysics % 7. W% B A 50 7t (A SR 78, - 7 15 156
PRI LR B AR S mm (4 SR KR, 15 3 mE ok 2k
RGN 7 7 (5 ELRERY, WnPE 3 TR . iR K DR R
B A LR, SRR &N 6 L/min; MM H 7K 1112k
FHE S O B0, B ORI T RS % R
J12k 0; W RE T O L O R B AR
222 W HEE R

4 SR iRk i = e 2k 1, B S S T A ek
T 46 TFT 1140 3 2 A1 L, RS 7K M K T i AR
J5, Z B IS5 R 52, gk B IR 3K



B
g3

1094

Eirg 2024 4F

g3

WG PN AL A

ShtKAE
K3 g Fs A

I A O A B

K4 =kl

BLAIRZS, #A I NIE B TR X . BB /K &
TS A BEE IS, AR TR VR T, WERE Py 2 AR
PHESTA T, BT I Y 18 AR F DL 4 2 o
JE 4 Sy el 0 il 2 i, WY KR T ) A I
AR N, o R A S I A 4 A ) K AT R 1) R T B R RN AR
[ 430 B S TR/, AR AR 7, A K AR T AR
R W B0 . B 6 2 it U 286 B 0 A TR, B DY i
TR BRI S, SRR R AR S, W PN A i U R
2N
223 WSRO

TEORRET S e, #8598 R o 77
TSy (7)) W . R R0 U 2k R g &
7 G U, Sy IR B G 5 R A v A, SRS T S
PR 7 IR A% TR A %) R D 286 B R A T 0 L,
W 7 FEL 8 B, Wi B R A% g
CFD 5345 2 —30 .

23 BAXBERUEESHRE

2.3.1 Mgk R P A A Y

137 05 FAS R A JERE B AR A 40 mm T
P, FES7 AP 9 FiF i A s K 2R S AT R e G A B
JUARE R bR S R 0 1. ad oK e 4k 1 gl o -
WG v 3 7 RS BRE TR I AR W T SRR R, DU
BN R I o3 B AR IR [ AR, DA

Bl5  RASRE G (m/s)

F6 WM EEE M (Pas)

SRR PR I TN . o T ORIEA IR OT
THRE RS B, s RF — /D T UK 110, 875 %
Wik 2.5 MHz I, K P R 0.6 mm, A K
9 2.4 mm, A, 3% B AR A% RS 0.05 mm, T
PE MR R SF 4 0.23 mm, RA% K143k E A P T 44 )
K& o AE MK R P A IS 7R v S s RSP TR 2
% A% i1 S AR RO 7 I Sl S RO AR
R T Gabor pRELEHY:

1.0

0.8 F

0.6 -

VI (m/s)

0.4}

02F

0 5 1015 20 25 30
fili i BEE (mm)
Bl 7 xS


https://www.jac.ac.cn

I WK R ) P A R A R 1095

5 3] H
0.015
- ——CFD
£ 0010t — — gt
&
iy
==
;}%g 0.005
0 1 1 1 1 1
0 5 10 15 20 25 30

1 PR B (mm)
K8 I AN

W R A A 3

;L%

vy

) i

Y

I P I

SRR KA RS

9 WK A AN (i AR

E1 MESH

MR | B e (mfs) | BB p (kg/m’) | VHRALL | M IKHEE(GPa)
K 1500 1000 — —
TAF 5900 7850 0.269 210

f) =A-exp(-4f’n(t=2/f))-sinQ@rfit),  (13)
Xrh, AREESIH—ALIRME, f koM.
232 HE P LR AR T

PEZK F19 3N 6 Limin B, 4875 I 7E WS | 5T 3
IRAE LA i ) A B oL B A& 10 Fim . 151 10(a) S
t="7.1 ps I £ 3 37 D BRI, 75 5 7 M g N 7 694 I
b ) B AL 45 ;18 10(b) & =20.8 ps W 14 % 3 e 1R
Pl 7 e o SR IR KA A B TR I, — oA
S HEA T AR ER, — 823 5 5t 5 AR R, JE — 1k
ST 1 10(c) S ¢ = 26.7 ps B A I D IR, T AF
S 38 A AR TR, B B TR [ 38 T S K
A o A — Y B TH] 2 4 5 1) 4K T ) A 4% o 15T 10(d)
J& t=33.9 ps B A P R IA, T B S i B3k T A
SR, — TR P 10 4Rk J7 T % 5k, 53— ER S
e SIS Il A, eI, — YR SR T 8 A 5% 16 3k 7 1)
4% .

D5 AT RN A ML A5 5 an ] 11 fivs, 1813 v A7

(@ ! (b)
! © ! (d)

F 10 ALK RER (@) t=7.1 ps; (b) t =208 ps; (c) 1 =

26.7 us; (d) £=33.9 ps
1.0
0.8
0.6
0.4
0.2

0 2 i
-0.2
-0.4
-0.6
-0.8
-1.0 . . . . .
0 10 30 40 50 6
I TR] (ps)

20
BT frEcimlig

ALl A

0

UL, 40.0 ps b B IE AL 7E T4 3R 1 = AR I — IR
S, 53.6 s AL PRI A R RS T 1913

3 HE AR

R I A Y T AR S A I A
AN TR] B4 37 3 5% A0 X 6B 75 U8 1) I R A3 2% 7 AR
M, ARSI EE R N S mm, Ji# A 2 L/min, 6 L/min,
10 L/min, 15 L/min, 233 34705 &, 158 T4 py
Yoy A, il 12 fros, 753500 A la $ 4 0n, E 12(e)
Shy DU R T R 2 A R T 2, B I ) 3
K, AL L R8N

SRy 53 AT Bk T T 38 1 P9 5 el LA, TE BT 9 i
FRMERL A T A AP AN 10 mm, B4R 4 mm [ FE
FL, &l 13 iR 5 B 2 DU R s A 5 Y 1R,
WE 14 s, Horb 50.2 ps 40 53k £ 04 S i 1L 1 9%
Wi 5 37 A, JES TR [ 98 RS- IR L [ g ) s 40 o
ZN o R ORI 0] Y AR AL R, X IR
AL RT3 SR AT G U I 0 — AR Ak B, 25 A 15 PR,
SR AL IR £ i 1 I o 1 R Tl



1096 = =5 2 Eie 2024 4E

40 40 (b) 40 (c)
30 30 30
20 20 20 N
£ £ =] A\
£ 10 £ 10 £ 10 e
=~ 0 = 0 = 0
-10 -10 -10 d
720 1 1 1 1 1 1 1 1 1 1 ] 720 1 1 1 1 1 1 1 1 ] 720 1 1 1 l/ 1 1 1 1 1 1 ]
-30-20-100 10 20 30 40 50 60 70 =30-20-100 10 20 30 40 50 60 70 -30-20-100 10 20 30 40 50 60 70
x (mm) x (mm) x (mm)
40 (A N ©
B
30 . §_\\_
~ 20 = S
S =
g 10 > =~
=~ 0 ——2 L/min SRS
BN — — 6 L/min
-10 - - - 10 L/min
20 0 —-=15L/min
—30—20-100 10 20 30 40 50 60 70 30 40 50 60 70
x (mm) 1A PR x (mm)

B 12 RENRER A (a) FiE 2 L/ming (b) FE 6 L/min; (c) FiE 10 L/min; (d) i 15 L/min; (e) 7544k L K IhZE

1.0F
=2 L/min
A A [ — — 6 L/min
| 0.8 - - - §L/min
| — - =15 L/min
2 | £ o6}
g S
v ﬁ 04
|
|
Y | 02}
04
0 1 1 1
B3 PREAL TR (mm) 50 51 52 53 54
IR 1) (us)
- BI1S  PREAL IR
0.1 il —15 L/min
y - 4 TR
—0.1 . N N
41 WKXBERMERS
0.1 il —10 L/min . R o . e NN
Ay B8 IE AR S ST ) s K R ARG I R T R A
Oy * R S5 T A 16 B 5y K =R AR &R 4,
201 ARG E B KRR RS = A AL
T o l—somn CTS-4020 358 PR . WK IR B4R . KA
= HRG EEARE K, BKE . FFRETSE, K
[ ' FAHTE 3.5 m, B 3500 Lih, 1% T Ji kT
-0.1 W 2~18 L/min, WK #8 3k /1 /K32 # 3k A Sk 21
0.1 il — 2 L/min B PR HL I EE S 2.5 MHz, HAR 10 mm, B3k R
. A 3D FTEREANNT, anlE 17 iR o
! \
-0.1 42 FWHERSHHT
0 10 20 30 40 50 60 552 SR ot e 5 475 LR — B, JEEE Oy 40 mm,
TR (ps) Ak Ay 5 5, RS T 0 N T B4R 4 mm, R

P14 AR R o ] 3 10 mm F9-FJEE L, 8% 5 e (8] 1) SR 25 A 5 mm,


https://www.jac.ac.cn

5 #H

AR A% K R P ARG B4 P — R 5 A A 1097

By e

P

Kl 16 WK AGH A AN R 4t

B 17 wiskghiy

——— 15 L/min

NN
[CINS
T

(=]

= 10 L/min

]
e e e e
SRS

(=]

L
o oo o
S

|1
e e
N o

<
~

——2 L/min

| |
e e e
20 oo

I~
=

45 50 55 60
I 18] (us)

B 18 AS[R)EE I A Si [ gk

P9 R 4 54 2 L/min, 6 L/min, 10 L/min,
15 L/min A7 5L 5 o &l 18 R AS [ 9 i T A 52 56 [
W, Bl S /N, SR TR L R DB RS T I )
BRI S 1 R B Fa i . SR IS 1] 30 1 41 5 5 0 s
(42 2R, X7 L Bk 3 Tl 308 52 565 S JES L Tl 30 1 A 74

W, IFRIRAESEAT A — L AL 2], S5 5R AN 19 Fiow, %X
HEA RS A R 5

1.00 F -

=

@0.95-

=]

130.90-

0.85 . . . . . . .
0 2 4 6 8 10 12 14 16
i (L/min)
19 S [E] 37 S s [ 6 WA T L

:l.:\

5 énllg

AR SCo3 ST T WK P RSk U A 8 CFD A
T 7 R, K CFD 50 25 A 1o AR IS 5% 7
7 2 A%, FH 2k 20 A — 38 6 v 30 O e SR A i 3
AE . T AE 5 A 7 2 A A, 45 31 1 MK 2 P A I
AP TR AR ALY o SR P 4 22 S i B il 2 A7 Dy it
PR IS AL TR £, WACAAR A 4 A U 1) s B R RIAR )
3 R 0N, K AR BEE R E RO S . Tl
7 RS 3 M, e BRBE K 1013 38 B AR A 2
AR A e R T 8 23 A R, LA A 2 L P T R (B
A UL 448 DRI /), PR L i i 1 I o 9 1
SRR/ o AR SCHIFFE 45 2R D0 A 7l P A T
SARMERE G, T B e SR M R X R By R AT S P
MR .

2 % X W

1 FEVETE, AR, /N, FRIR P R I PR~ T U e i
Bk AR, 20215 46(6): 1153-1163

2 Olofsson T. Phase shift migration for imaging layered objects and
objects immersed in water. [EEE Trans. Ultrason. Ferroelectr.
Freq. Control,2010; 57(11): 25222530

3 Khaled A, Maréchal P, Lenoir O, ef al. Study of the resonances of
periodic plane media immersed in water: Theory and experiment.
Ultrasonics, 2013; 53(3): 642—647

4 Arranz M C, Carlson J E, Rantatalo M, et al. 3D synthetic aper-
ture imaging using a water-jet coupled large aperture single trans-
ducer. IEEE International Ultrasonics Symposium, Chicago, IL,
USA, 2014: 1372-1375

5 Lu Z X, Xu C G, Xiao D G, ef al. Nondestructive testing method
for curved surfaces based on the multi-Gaussian beam model. J.
Nondestruct. Eval., 2015; 34: 1-9

6 Petrescu R V, Aversa R, Akash B, ef al. Testing by non-destruct-
ive control. Am. J. Eng. Appl. Sci, 2017; 10(2): 568—583

7 Guo C Z, Xu C G, Xiao D G, et al. Trajectory planning method
for improving alignment accuracy of probes for dual-robot air-
coupled ultrasonic testing system. Int. J. Adv. Rob. Syst., 2019;
16(2): 1-11


https://doi.org/10.15949/j.cnki.0371-0025.2021.06.034
https://doi.org/10.1109/TUFFC.2010.1718
https://doi.org/10.1109/TUFFC.2010.1718
https://doi.org/10.1016/j.ultras.2012.11.011
https://doi.org/10.1007/s10921-014-0275-3
https://doi.org/10.1007/s10921-014-0275-3
https://doi.org/10.3844/ajeassp.2017.568.583
https://doi.org/10.1177/1729881419842713

flow ducts with sharp edges. J. Acoust. Soc. Am., 2010; 127(2):

1098 L 2024 4
8 WM, BREF, ALK, ARSI I g R 4 B AT AL AR 710-719
2F4R, 2013; 49(2): 139145 18 Kierkegaard A, Allam S, Efraimsson G, et al. Simulations of
9 IR, LW, FEd FOEFE C BEABUK R & whistling and the whistling potentiality of an induct orifice with
e 1. N A 2%, 2021; 40(4): 579587 linear aeroacoustics. J. Sound Vib., 2012; 331(5): 1084—1096
10 JEfR, TRIh I, THAT, . SR SZAT IR U P AU 2R 19 Williamschen M, Gabard G. Interface source terms for high-order
PRI A RBUZ ROFEmA R 2. T B I, 2021; 43(10): 19-24 acroacoustics. AIAA J., 2020; 58(3): 1079-1092
11 Mohammed M S, Kim K S. Probability of detection simulations to 20 Sun'Y, Zhang T, Zheng D. New analysis scheme of flow-acoustic
study the influence of surface roughness on the reliability of ultra- coupling for gas ultrasonic flowmeter with vortex near the trans-
sonic testing system. Russ. J. Nondestr. Test., 2014; 50: 239—247 ducer. Sensors, 2018; 18(4): 1151
12 Yin X T, Morris S A, O'Brien W D, et al. Ultrasonic pulse-echo 21 ERSIHR TR BT T 2 b G SR B L e e e
sub\-)vavelength defect detection mechanism: Experiment and sim- SEPEREF L. HLIR T T4, 2017; 53(1): 79-85
ulation. .. Nondestruct. Ew?l'? 2003; 22: 103-115 . 22 Baasch T, Doinikov A A, Dual J. Acoustic streaming outside and
13 Calmon P, Mahaut S, Chatillon S, ef al. CIVA: An expertise plat- L . . . . .
form for simulation and processing NDT data. Ultrasonics, 2006; I?SIde a fluid particle undergoing monopole and dipole oscilla-
44: 975-979 tions. Phys. Rev. E, 2020; 101(1): 1-16
14 Belgroune D, Belleval J F, Djelouah H. A theoretical study of ul- 23 Baglietto E, Ninokata H. A turbulence model study for simulating
trasonic wave transmission through a fluid-solid interface. Ultra- flow inside tight lattice rod bundles. Nucl. Eng. Des., 2005;
sonics, 2008; 48(3): 220-230 235(7): 773784
15 Huang R, Schmerr L W, Sedov A. Multi-gaussian beam modeling 24  Clair V, Gabard G. Spectral broadening of acoustic waves by con-
for multilayered anisotropic media, I: Modeling foundations. Res. vected vortices. J. Fluid Mech., 2018; 841: 50-80
Nondestruct. Eval., 2007; 18(4): 193-220 25 RURE, B EE, HERR, & K T ARSRIR S R I 7 HON 1 6
16 ST, ERzs, SEHRER. TR 7 I8 AL A ) FE 1) 5 HUEE S5 R5PERIE 7C. MBE 41, 2023; 72(1): 221-235
W] S . AN S840 35 231, 2020, 41(7): 1-8 26 pFAEEE TIERE, XU, %5 AL 1.5 Gl R AP sh g
17  Kierkegaard A, Boij S, Efraimsson G. A frequency domain linear- FET. WA RV TR R 5441k, 2023; 44(3): 379-385
ized Navier-Stokes equations approach to acoustic propagation in 27 WRGE, VRER, BOSORT. 2 L7 I G R X U I M S R 1Y

WFFE. TREHAIEL 23], 2019; 40(3): 559-564


https://doi.org/10.3901/JME.2013.02.139
https://doi.org/10.3901/JME.2013.02.139
https://doi.org/10.11684/j.issn.1000-310X.2021.04.012
https://doi.org/10.11973/wsjc202110004
https://doi.org/10.1134/S1061830914040056
https://doi.org/10.1023/B:JONE.0000010737.63227.f4
https://doi.org/10.1016/j.ultras.2006.05.218
https://doi.org/10.1016/j.ultras.2008.01.003
https://doi.org/10.1016/j.ultras.2008.01.003
https://doi.org/10.1080/09349840701392532
https://doi.org/10.1080/09349840701392532
https://doi.org/10. 19650 /j.cnki.cjsi.J2006211
https://doi.org/10.1121/1.3273899
https://doi.org/10.1016/j.jsv.2011.10.028
https://doi.org/10.2514/1.J058317
https://doi.org/10.3390/s18041151
https://doi.org/10.3901/JME.2017.01.079
https://doi.org/10.1103/PhysRevE.101.013108
https://doi.org/10.1016/j.nucengdes.2004.10.007
https://doi.org/10.1017/jfm.2018.94
https://doi.org/10.7498/aps.72.20221748
https://doi.org/10. 11990 /jheu.202206047
https://www.jac.ac.cn

	引言
	1 理论基础
	1.1 CFD分析基础
	1.2 网格映射
	1.3 声场分析基础

	2 建模与仿真
	2.1 喷水式超声探头
	2.2 CFD仿真计算
	2.2.1 流场仿真模型
	2.2.2 流场仿真结果分析
	2.2.3 映射结果分析

	2.3 喷水式超声检测建模与仿真
	2.3.1 喷水式超声检测模型
	2.3.2 超声波传播过程分析


	3 流速对声场的影响
	4 实验验证
	4.1 喷水式超声检测系统
	4.2 实验结果与分析

	5 结论
	参考文献

