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Research on non-immersive water level measurement method
based on ultrasonic guided waves

Xu Hong,Guo Peng,Tian Zhenhua, Deng Bo,Zhang Kaili

(School of Energy, Power and Mechanical Engineering, North China Electric Power University, Beijing 102206 ,China)

Abstract : The characteristic equations of the guided waves in free steel plate and water loaded steel plate are solved based on the Navier
kinetic equation; then, the dispersion curves are drawn. After comparing and analyzing the dispersion characteristics of free plate and
water loaded plate, it is found that a Quasi-Scholte modal guided wave exists in water loaded steel plate, which does not exist in free
steel plate. Through numerical calculation, finite element simulation and experiment, the propagation characteristics and modals of the
guided waves in free plate and water loaded plate are verified respectively. In low-frequency region, A, modal exists in the guided waves
in free plate, and Quasi-Scholte modal only exists in the guided waves in water loaded plate. Using the propagation characteristics of the
A, modal and Quasi-Scholte modal guided waves, a water level measurement experiment was designed, which adopts pitch-catch PZT
sensor deployment modal, and a 130Hz, 2. 5-period Hanning window modulated sine wave signal is used as the test signal. The results
show that the water level and the guided wave propagation time exhibit a linear relationship, which can be potentially used for the
estimation of water level in a container.
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& 4 it/ A 100 kHz 55320 [ H A S 3 00 3%
R EE, BE 4(a) /] LUE 7R PR A —Fh
B B AR B , OB A SRR B/, B R
ey s HE 4 (b) AT UF B S 2 RO RS, -4l
T R AR 1R iz B, v s PR B

S B A o PARAS [ B AL s RS (S
o B FUALHE IR B A BN, T AL B W B ] R A
AEA,, BT LATE 328 B ] 22 AU [R) 5 822 A6 R 2ok 15
AR P 1. 92 mm/ s, MG L HY A 0 AR
2, E 2 (a) Fin AL WS 5 B BEAch A,
ZSAOREE T 1.925 mm/ s fRIEIT, 1228 0.26%

T8 I SIS TE] B HPAR P S Al 1 (a)
i 7E B E AR R — 0 A s H B A% Jk (PZT-5) 1R
R SR R RN WA I A, AR A RSED 7 mm x
7 mm, JEFEH 0.2 mm, fHEESZ WA FEE S 150 mm,
T DA% 100 kHz 4 2.5 JE LT 7 18 il 1 5%
WG S E N RS, B RS 2 S (55, n
6T/, IZARAS AR B A AR HREES[R]A 79. 4 s,
AT LIS B PP ARG RS 1,89 mm/ s, % FPALS

B AR A, B RESRE 1. 925 mm/ps MREZIT, iR
ER1.82% , WK 7 Fron. BT 4 A 50
150 kHzif A, B HPIE B0 , A PR G LR A DG e 1%
ZEVE R 0.26% ~4.9% |, 5256 15 3] 9 452 2 T i 1% 25 45 [l
0% ~3.1% .

30r
201

101

=]

) 2I0 4I0 6I0 8I0 160 12IO 14I¥0 léO léO 260
1 1) /s
6100 kHa F PRS0 S8
Fig.6  Experiment signal of guided wave in free steel

plate at 100 kHz

25
— HRA,
o SRA
20F A BHUA
“é 15F
=
10}
#E
0.5
1 1 1 ]
0 50 100 1550 200

ALY (kHz'mm)

B7 AR A RS RERE
Fig.7 Sketch diagram of A; modal identification

in free steel plate

3.2 ZE/KFEHRAH Quasi-Scholte & 7SHYIEIE

555301 A5, 1 SR ANSYS A5 FRIC /AT 4
WK PR Quasi-Scholte #5735 TP ALFEFRAE. F
M (A BR JTA R SR F 2D SEAR HL5T, B 8 15 i PLANES2
BTG, AR — R A K H K SR SR A FLUID29 #545
Yot A FRICE B T AGLUE fin i 5 7E—ie . BIK
SRS B R SCINER 1 R o BT AR TR R
HJE 1.2 mm, Bz 100 mm; #5557 FLOT ISR R . K
100 mm, 5% 40 mm,

AAEFI AR T 3.2 mm SRR R BT R



5 3 &

PR 0.4 mm {1 PUITE AR HEA TR 43 B R FH T I
FRSF 2 0.8 mm (143 8 DU B HEA T A% R 53, 15040
Bery )b by 2, AR 5 37 BT AR, AR A 42 1

Xof PG AR Jer R 1455 A 28 T 2 R A S
SR T 453 5 50 100 F1 150 kHz B4 7K SF- Al o 2 %
. 1EBT ANSYS JGAbHE, 7EV ARG (Y =0) |, i
HAC X J7 1) 43 1| $2 1 20,40 60 F1 80 mm Kb 5 A4S AL £
i, AEAS/INTT L 100 kHz J31 238 18 8 7K SF- Al S B0 7 4
U R0, 315 B R 80 s, B[] 25 K &
0.1 ws, U 8 F19 FiR,

Quasi-Scholte

K8 100 kHz BEK-H P&k i = 1]
Fig.8 Cloud diagram of guided wave propagation in
water loaded steel plate at 100 kHz

0.5F

JA— e
(=}

_10 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

I Tl /s
(2) X=20 mm B 5
(a) Simulation signal, =20 mm

1.0
05F ﬂ
o
=
S oo
L
0.5
-1.0 1 L L 1 1 L 1 1
0 10 20 30 40 50 60 70 80

IR ¥ /s
(b) X=40 mm FEplfE 5
(b) Simulation signal, X=40 mm

W SRR AR SR AL T Y 1155
1.0
05F
)
-0.5
-1.0 1 1 1 1 1 1 1 1l
0 10 20 30 40 50 60 70 80
IR 1) /ps
(¢) X=60 mm FHUH 5
(c) Simulation signal, =60 mm
1.0
05
; 0 ’\,/\/
-0.5
_10 ) L L N 1 L L |
0 10 20 30 40 50 60 70 80

) /s
(d) X=80 mm M55
(d) Simulation signal, X=80 mm

{19 100 kit BKTHOR I 1 A AL R B
Fig.9 Simulation displacement signals of guided wave

at different nodes in water loaded steel plate at 100 kHz

[ 8 7k 100 kHz SA I A /K P-4l rp i e 7 =
Ko %% A AE Quasi-Scholte 2 70T 1 i (P-3) o
Horr, Quasi-Scholte e F- B K Y 58 S 10 A% 4, T 7E
KGRI P- . AN 9 B BRI PR [R) 37
ST RIREAE S, R BZ B BAS A 1. 86 mm/ s,
S KA Quasi-Scholte 575 A BEH EE 1. 84 mm/ s
ARFIT 1R 2E 0 1.09%

WA 1(b) 7R, i85 5250 A RO 7K - i b S A
A TP AR ) — M A1 Hs v P 8 A% s (PZT-5) /R &
PRI BN e , A AR RO 7 mm x 7 mm, J&
JER 0.2 mm  SPAR I T — MR AK AL s Z (8] (Y R
#7150 mm, JEFHLOH4 100 kHz [ 2.5 J5 50T %
PE I E LTS W BOR AT 5 , Fello il i1 1 21 10 3
{55, A0 IE 10 B A 25 S AR B K P AR P AL i (]
N 8L 1 s, W LIS B G LR N 1. 85 mm/ps, 5
FIKEMH Quasi-Scholte A2 AU BEH E 1. 84 mm/ us 1R
il iR 250 0.54% N 11 froR. B 11 45 A3 oy
50 #1150 kHz B} Quasi-Scholte 15725 B iR 515 O, A BR IC



1156 & I £ ¥

38 %

BHUBAS VR ER ZE VU 1. 4% ~2.097% |, SR 15 21 Ay
ASVCHR L 0.54% ~1.76% .

8I0 160 1‘20 léll() 160 1I80 260
) /s
10 100 kHz /KRR i S50 5 5

Fig. 10  Experiment signal of guided wave in water

loaded steel plate at 100 kHz

0 20 40 60

251
H1£QS
o SEKQS
20 A BIQS
E 15+
i
10}
#
0.5F
1 1 1 J
0 50 100 150 200

ARV (kHz-mm)

Bl 11 K- Quasi-Scholte #2551 7 & 4]
Fig. 11 Sketch diagram of Quasi-Scholte modal

identification in water loaded steel plate
4 KFERANESELRE

X B JE A, O A O R AL A, BT
UL o & TSGR, ASSCIAT T A TR A, Al
Quasi-Scholte FEZS AP, UNPE 7 A1 11 i, Se i KLU
IS EW) S HBAF o XTI T 5, AS SO B
RS ST TR R i) 22 A R 2 ] g PR e 6 R X (O
i), o TP SRR DG i i Dy Rt AT S S I (]
ZERBIAE] {9 G 2, WAL 12 Broe Beoh, AR SCEE T
130 kHzf) AT 5L 0 2 B0 Uk, SCaa A5 7 55 Be (E
Wy BT o

1) /s

50 100 150 200

$#E /kHz
B 12 KRR 1.2 mm SEAR PR R S
I A] 22 A9 5 2

Fig. 12 Relationship between excitation frequency and
time difference for 1.2 mm thickness plate at different

water levels

fEr il Ay FEZSHIT Quasi-Scholte #5755 76 - A H 1Y
TR AR R AU P 28 A AL 5 7 YR AT ISR o
S TR ] — U WA et A 8y SR A A S Y
-5 5 AL A F O 5 P T 2
G P AR RO B, WIEE 13 % S50 F b
KRR N 1.2 mm BB, HARHE PRI 1
TN VORI AL 1% R ] Ha, B 65 46 BB 2% ( PZT-S )
HREAR A RST 7 mm x 7 mm, JEERE 0.2 mm, & 845 i id
s v, it F ol 70 [ 7 2 P A o P ACRE T b o AR R R
Bk A g% ( Tektronix AFG 3022) % H 4% % 130 kHz 19
2.5 DL T g PR AE X B AR T 4R O AR A L R AR
SRS R L Ok 1) 5 T A T D B AR 1 B B AR IR
BRI

A

ToK iz

i

LT — L =

B13 S S g — P — R
Fig. 13 Schematic diagram of water level measurement

experiment using pitch-catch configuration



5 1 A ARRAGE A SRR I 7 AT 1157

R THFRAREAL(d,) 5RWAFS Z R R, %
WO R 1) S A5 5 24T 43 A, W7 (dy ) 28403 B
0 ~100 mm, Lk 10 mm Jy[H]fF . SE56 0, 30k R 8%
#r Z AR RS (dy ) 24 100 mm, WA 13 froR, & 13 Jr
N ALRE N IEAE (dp_p) WG WIHS 2 B K B 42 d, NG
KEEAR dyp oy —dyo KRR dy LAEREN 2 quasi -
Scholte #5345, TCAK B4 dy_y — dy FALTERYIE A, BEZS.
MRS AS TR AR fR I, 23 B2 s T AL B 1 oK
AR dy_p —dy FIF KBRS dy o PR, S UEAEREA L RE IS
18 dy_p LR R A .

dy dy,-d,
bpg = +— (4)

Cos cy,
1 eqs & Quasi-Scholte BT ;¢\ 7 A, BEHEH
B 7E 130 kHz Hﬂ‘,cos =2.02 mm/ps,cyy =2. 171 5 mm/ ps,
lrp e FIAE BN AL RRBRAR dypp BB REI[R], G2R LA
dy =0( A PR I TRIEEE WAL oy 2P0 S P A HE
AMERRIEAR d_p AL RRIN ] 22 .

Aty , = dW(L - L) (5)

Cos  Ca,

H1EC(S) W LAE WAL dy SIS 22 Aty BRERTE
KEZR, WK 14(a) PR,

H1 18] 14 (a) FTRD, W02 O mm THEF)] 100 mm [, 5
PEAE- MR AL R ) I (B e M5 n o TR S5 b, WA A 1
I 10 mm , SRAEE— IR FWAF Sl 5 R mT LA B
WHEAE d,, SEF2E Ar, L MR IMER, B U A
i (E RE TS AR I 1 S e LS M . AN 14 (b) R Y
SEANFER AL LI A5 5, A8 0 mm (55 HA A,
B, VA7 A 30 F160 mm ({5 554 A, A Quasi-
Scholte 1% 2%, ¥ fi2 & 100 mm 1) {5 5 W H A Quasi-
Scholte 545 .

4~

A K

i) 22 ALAL, /us

1 1 1 ! 1 I
0 20 40 60 80 100

WATd, /mm
(a) WAL I Bl d AN () ZE A, ROC R 2k
(a) Relationship between the water level d and
difference of traveling time Az, ,

0 mm

T AE/mV

40 50 70 80 90

60
i T /s
(b) AT (¥ 7]
(b) Received waveforms for different water levels
K14 AL Se e gl
Fig. 14 Water level measurement experiment result
5 & it

ARSCFTEFR IR R AR ol P S AL AR A R . 2
IKAFAERS RO RE AR o SR, v, P it S
SR B LR AN OC , BR85S DA AL i A o
RERLA AN S o 19 Bl P AR P 9 Lamb JEAR 1L, 25K
FAAERS  BREEAS (1 Lamb 250, i 7775 75 b —Fh T 3, RI
Quasi-Scholte B T . TEARMX, A, BESAFAET A
AR, T Quasi-Scholte 45285 HAFAE T H#KFAie b 7l
IR A Bl A R T AR 400 552 36 F 5, X 4 38 50,100 Al
150 kHz 1 [ i1 FAR A KA 05 BB S BRI, 70531
5 A, B Quasi-Scholte HZSAN LI LKA & 0 A 3L
e T —F2E T Quasi-Scholte B AN A, A FFIE 19 4R
AR T7 1, R — W— Wi s H AR S A L7
A AR 130 kHz #9 2.5 J8 00T 6 98 i 15 5% B £
SAERRLNE S, ST R R S, IR A
SR AERLK PRAR TN T K AR A% 4 I (1] e A A2 Ak, i 2ok 552
B UE SR AT TR AL R AN R R o A SCHF TR
XA BT AR S AT IR SR 145 5 38
S 3k
[1] BINGHAM J, HINDERS M, FRIEDMAN A. Lamb wave

detection of limpet mines on ship hulls[ J].
2009, 49(8) : 706-722.

(2] frfEe, AW, BR, % BAESFUERINHE AR R
J&, WS PEARLT]. LR, 2016, 37(8) .
1713-1735.

HE C F, ZHENG M F, LV Y, et al. Development,

applications and challenges in ultrasonic guided waves

Ultrasonics,

testing technology [ J ]. Chinese Journal of Scientific
Instrument, 2016, 37(8) : 1713-1735.

(3] tpBik, apat, TRMear. mbl s 2 e e
FEPRBS IR [T]. A GER R, 2014, 35(4) .
909-916.



1158

oA & 2

38 %

[4]

(5]

[6]

(7]

(8]

(9]

[10]

(1]

(12]

YANG L J, ZOU J J, XING Y H. Modal identification of
electromagnetic ultrasonic Lamb wave propagation in
aluminum plate [ J ]. Chinese Journal of Scientific
Instrument, 2014, 35(4) : 909-916.

KUNDU T, DI SCALEA F L, SOHN H. Special section
Use of
guided waves and/or nonlinear acoustic techniques|[ ] ].
Optical Engineering, 2016, 55(1); 011001.

PARK J Y, LEE J R, KOO B Y. Crack detection of
with

guest editorial; Structural health monitoring

immersed metallic structure in water surface

oscillation using scanning laser pulse[ J]. International
Journal of Computational Methods and Experimental
Measurements, 2016, 4(3) . 345-352.

SIDIBE Y, DRUAUX F, LEFEBVRE D,

processing and Gaussian neural networks for the edge and

et al. Signal

damage  detection in  immersed metal plate-like
structures[ J]. Artificial Intelligence Review, 2016, 46(3) .
289-303.

WANG Z, WANG Z Q, YU Y T, et al. Research on the
by  hollow

shell

coaxial

[T ]

underwater echo characteristics

cylinder-cone  assembled  elastic

Instrumentation, 2015,2(2) :41-46.
TR MR ARE I, . AR b T R

ERGITI]. BFERAR,2017,40(1) : 110-
113 +122.
WANG G EN, LIN Z H, LIN Y SH, et al. Design of

contactless warning detector for the manholes in the
city[ J].
40(1) :110-113 +122.

R, 0%, ISR 55 ZERMKR B A 3)
R K A AL TR [T ] AR AR A2 4, 2014,
35(5) :1149-1154.

HU H W, PENG L X, LI X B, et al. Water path length

optimization method in automatic immersion ultrasonic

Electronic Measurement Technology, 2017,

testing for multilayer components[ J]. Chinese Journal of
Scientific Instrument, 2014 ,35(5) :1149-1154.

BUHA ARRL A, KB BETRHESBOR Y T R )
PR S A BTTELT ] i I S AR 241, 2015,
28(4) :542-549.

WEI M, XU K J, LIU ZH. Signal processing method for
guided wave radar level gauge based on feature parameter
recognition| J ]. Journal of Electronic Measurement and
Instrumentation, 2015,28(4) :542-549.

SRR, XU, B 75, 55 A8 38 ) i Jis P AG: DN 30 3
PR SRR SELT]. 7 5 A &% 2 4l , 2016,
29(6) :834-844.

GUO SH X, LIU SH, CHEN X L,

imaging of cracks in pipes based on torsional modes[ J].

et al. Focusing

Journal of Electronic Measurement and Instrumentation
2016,29(6) :834-844.
YU L, TIAN Z. Case study of guided wave propagation in

a one-side water-immersed steel plate[ J]. Case Studies
in Nondestructive Testing and Evaluation, 2015, 3(1) .
1-8.

B0 LR, R T e B 4 B BRBE R A TR T
PrEATFELT]. T4 AR ,2016,39(7) :39-43.
QIN F, XIE G L. FE simulation study on detecting steel
defects using EMAT [ ] ].
Technology, 2016,39(7) :39-43.

gK TS BRI R B I I R R R A
B [J]. EAb 7 AR ,2017,36(2) :54-
58,77.

ZHANG SH Y, QIU L. Design of guided waves structural
health monitoring system software data management
LT
Technology, 2017,36(2) :54-58,77.

WRLER, B3 s, XD, 5. R 2 W S pe
BRI ATRFERT T ()] AN G ER 41, 2015,36 (11)
2602-2610.

YANG L J, LV R H, LIU B,

distribution of energy density of modal identification of

[13]

Electronic Measurement

[14]

module Foreign  Electronic ~ Measurement

[15]

et al. Research on the

electromagnetic ultrasonic lamb wave propagation [ J].

2015,36(11) :

Chinese Journal of Scientific Instrument,
2602-2610.

SCHAAL C, BISCHOFF S, GAUL L.
in multi-wire cables using guided ultrasonic waves[ ] ].

Structural Health Monitoring, 2016,

1EE BT

[16]

Damage detection

15(3) : 279-288.

I8, 73 7E 1982 4E 1 1984 4EFAEL
LI R AT 2 L 2 RIS o207, 1998 4F
TG E AR AR A Lo o, B A
AU R AR I A 0, ST
1] g 235 R W 00 1 P A AGI FE AR
E-mail ; xuhong@ ncepu. edu. cn

Xu Hong received his B. Sc. and M. Sec.
North China Electric Power University in 1982 and 1984,
respectively, and received his Ph. D. degree in 1998 from

degrees both from

University of Stuttgart, Germany. Now, he is a professor and
doctoral supervisor in North China Electric Power University. His
main research interest includes structural health monitoring and
ultrasonic nondestructive testing technology.

ZBHS (i TR A ) , 2010 45 ] R
BRI AL, 2013 AR TARILHL T R
ARAHAI -2 i, B AL L Ty R AR T A
EEWTTT ) RS A AR
E-mail; guopeng0228@ 163. com

Guo Peng ( Corresponding author) received

his B. Sc.

Construction and M. Sc.

degree in 2010 from Henan University of Urban
degree in 2013 from North China
Electric Power University. Now, he is a Ph. D. student in North
China Electric Power University. His main research interest

includes ultrasonic guided wave testing technology.



