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Abstract. In this paper, a new acoustic sensor principle for coating detection within liquid-filled tubes and
containers based on mode conversion of leaky Lamb waves is introduced. Leaky Lamb waves are excited
and detected by single-phase transducers, which are attached on the outer side of a tube or container. By
transmission time and amplitude measurements, coating formation within the liquid-filled tube and container
is detected non-invasively. This new sensor principle is subdivided into the separate considerations of Lamb
wave excitation, mode conversion and inverse mode conversion. The Lamb wave excitation by a single-phase
transducer is visualized by scanning laser Doppler vibrometer imaging. The mode conversion process of leaky
Lamb waves is measured by membrane hydrophone measurements and Schlieren visualization; afterwards,
the measured emission angles are compared with the theoretical one. The inverse mode conversicn process
of pressure waves back to leaky Lamb waves is visualized by Schlieren images. By merging the results of
Lamb wave excitation, mode conversion and inverse mode conversion, the new sensor concept is explained.
Theoretical considerations and measurement results of adhesive tape coating inside a liquid-filled plastic tube
and a liquid-filled stainless steel container verify the new acoustic sensor principle. Finally the measuring
sensitivity and the technical realization are discussed.

1 Introduction sensors driven by the pulse—echo technique fail for soft coat
ing or deposition detection, such as fouling layers, or hav
a too-low detection limit in the case of the transmission
The detection of coatings within liquid-filled tubes and con- technique (Janknecht and Melo, 2003). Alternatively, gmdez

1%

tainers is relevant for many technical facilities. The applica-\waves called Lamb waves can be utilized for soft coating o
tion field ranges from water-supplying systems and the foodgeposition detection (Lohr and Rose, 2003). In this case, no
indUStry to the chemical indUStry. Derent kinds of sensors |eaky Lamb wave modes on p|a‘[es' non-|eaky circumferential
such as fiber optical sensors, electrochemical sensors, preguided waves on pipes or longitudinal guided waves travel
sure sensors or heat sensors were investigated for the megry along the length of the pipe were excited. In all cases,
surement of the presence and the thickness of organic or inthe attenuation of the guided wave caused by the excitatio
organic deposits (Withers, 1996; Flemming, 2003). Unfor- of pressure waves into the adjacent liquid was minimized

tunately, all aforementioned sensors must be brought in dl'by Choosing the r|ght gu|ded wave mode and excitation fret
rect contact to the coating or the fluid. In contrast, acous-quency (Lohr and Rose, 2003).

tical sensors have the possibility to work non-invasively
(Janknecht and Melo, 2003). However, standard ultrasonic
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Figure 1. (a) The measurement setup for the new acoustic sensor principle consists of one emitter and two receivers attached to the outer
side of a tube or a containdb) A formation of a coating inside the tube or container results in changes of the transmission times and the
amplitudes of the acoustic signals on receiver 1 and receiver 2.

In this paper, a new acoustical sensor concept based oB New measurement concept
leaky Lamb waves traveling on the wall of tubes or containers
is introduced. Leaky Lamb waves, which have a dominantThe new acoustic measurement principle for coating detec-
emission into the adjacent liquid, are excited and detectedion is based on the mode conversion process of Lamb waves.
by single-phase transducers, which are attached to the outé&&mb waves are excited by an emitter attached to the outer
side of the tube or the container structure. This means that ngide of the tube or container (Fig. 1a). Because the phase
sensor element must be inserted into the tube or containe¥elocity of the dominant excited antisymmetrical zero-order
Hence, the boundary of sterility stays intact. Lamb wave is higher than the sound velocity in water, mode
In contrast to former publications in the literature, a leaky conversion occurs. This means that a pressure wave is radi-
Lamb wave on technical common non-piezoelectric sub-ated under a characteristic angle, called Lamb angle, into the
strates, such as steel-, aluminum- or fiber-reinforced plastic&djacent liquid (Fig. 1a). On the opposite side of the tube or
is investigated for coating detection. Before, only non-leakycontainer, the pressure wave in the liquid generates a Lamb
Lamb wave (Lohr and Rose, 2003) on non-piezoelectric subwave again (Fig. 1a). With receiver 1 on the opposite wall of
strates or shear horizontal waves on piezoelectric substraté§e tube or container, the sound wave through the liquid can
(Balantine et al., 1997; Thomson and Stone, 1997) were inbe detected. If the distance between the emitter and receiver
vestigated, because it was thought that bulk acoustic waveg on the same side of the tube or container is not too long, the
or surface acoustic waves with a dominant vertical displaceresidual Lamb wave can be evaluated too. By burst excitation
ment would be inapplicable for coating detection in a liquid of the emitter, one part of the wave group travels through the
environment (Enge et al., 2008; Calabrese et al., 1987). liquid by mode conversion and inverse mode conversion, and
In this journal paper, the new acoustical sensor concepthe residual part of the wave group remains on the emitter
based on mode conversion of Lamb waves will be intro-Side. Both signals are evaluated for the measurement of the
duced. Scanning laser Doppler vibrometer images of Lamgransmission time and the amplitude.
wave excitation by single-phase transducers are recorded and By the formation of a coating inside the tube, the boundary
compared with dfraction theory. If the excited Lamb wave is conditions of Lamb wave propagation are changed, resulting
in contact with water, mode conversion occurs. The emissiorin alterations of the radiation angle, the mode conversion and
angle is measured by a membrane hydrophone measuremelfi¢ inverse mode conversion process. Thekecathe mea-
and by Schlieren imaging. The evaluated emission angle isured transmission times and the amplitudes of the acoustic
compared with the theoretical one. The inverse mode consignals on receiver 1 and receiver 2.
version of the mode-converted pressure wave back to a Lamb
wave on the opposite side of a two parallel plate arrangement
is visualized by Schlieren images. Theoretical considerations
and measurement results of coating detection within a plastic
tube and a stainless steel container are presented. Finally, the
measuring sensitivity and the technical realization of the new
acoustical sensor concept will be discussed.
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Figure 2. (a) Interdigital transducer on a piezoelectric substréigSingle-phase transducer on a non-piezoelectric substrate.
3 Lamb wave excitation 6000 ” ; G
Typically, surface acoustic waves are excited on piezoelectric 5000 | S0 S w"'"’""“'«.
substrates by interdigital transducers (Fig. 2a) (White, 1970). K -
In order to excite surface acoustic waves on non-piezoelectricg oo | S : .
substrates, a single-phase transducer can be utilized (White£ N E I ’ "
1970; Lindner, 2008). The single-phase transducer consistss g | K : : A0
of a piezoelectric PZT block, which is metalized with a comb £ P
pattern on one side (Fig. 2b). Thg oppogite side of the piezo-§ 550 | - ! excitation region
electric block is completely metalized (Fig. 2b). On the comb = .-- ; .
pattern, an electrical high-voltage signal is applied, and on woo b A7 ! QSP
the opposite complete metalized side the electrical ground . : |
signal is applied (Fig. 2b). By the right choice of the dis- . ) ' ! )
tance between the fingers of the comb structure, the oper- 0 05 1 15 2 25 3

ation frequency of the transducer can be adjusted. In this
paper, a single-phase transducer with a center frequency or
1 MHz is utilized. By gluing the single-phase transducer ontorigure 3. Dispersion diagram of a glass plate in contact with a
the non-piezoelectric substrates, either Rayleigh or Lambiquid half-space together with the excitation line and the excita
waves can be excited. If the thickness of the substrate igion region of the single-phase transducer. (glags:5654 ms?,
smaller than the acoustic wavelength, Lamb waves are exVs=3391ms?, p=2550kgm® water: v =1480ms?, vs=
cited on the substrate; when vice versa, Rayleigh waves ar80001ms?, p = 1000 kg m®).

excited (Viktorov, 1967). During the excitation, the defor-

mation of the single-phase transducer is transferred onto thfFig. 3). The boundaries of this excitation region are define

non-piezoelectric substrate. In this way, the pitch of the f'n'by the half bandwidth of the Fourier transform of the spatia
gers defines the acoustic wavelength of the excited Lamb or; .~ . ) .
Rayleigh wave distribution of the finger structure and the half bandwidth of

. .._the Fourier transform of the excitation signal (Fig. 4).
The phase velocity of Lamb waves depends on the excita- "= "~ plate without liquid contact, the fundamental anti-

tion frequency and the plate thickness (Viktorov, 1967). The
dispersion curve of a gla;s plate in Fig. 3 shows the deper(;Because the symmetrical zero-order Lamb wave mode ha
dency of the phase velocity on the product of frequency an

plate thickness. The dispersion curve was calculated by th{%early no normal displacement component in the frequeng
global matrix method (Lowe, 1995). The basic model for ickness region of 1 MHz mm (Rose, 1999; Viktorov, 1967),

; : ; . . only the antisymmetrical zero-order Lamb wave mode cal
the calculation consists of a thin glass plate with a thick- y y

. - be detected by the laser Doppler vibrometer. Figure 5 show

ness of 1 mm having contact to a liquid half-space of wa- : . .
. scanning laser Doppler vibrometer images of the Lami
ter on one side and contact to a vacuum half-space on the o .
Wave excitation on a 1 mm-thick glass plate at 3131a),

other side. In the low frequency thickness region, the anti- R o
symmetrical zero-order Lamb wave mode (AQ), the Syrnmet_8.4Ms (b) and 14.64s (c) after the starting time of the excita

; . tion signal. In the images, a transition from near-fielidirec-
rical zero-order Lamb wave que (SO) and the qu‘FJ‘S"SChOI'['?ion to far-field difraction can be observed. The transition
plate mode (QSP) can exist (Fig. 3).

. .length x ween near-field and far-fieldfffaction can
Becausetheusedsmgle—phasetransducerhasonlytwofm? gthxe between near-field and far-fieldftfaction can be

gers with a finite width and the excitation signal is a sinu- described by
soidal burst, all modes within an excitation region are ex- W2k
cited by the single-phase transducer (Monkhouse et al., 1997%F ~ 10nb"”

frequency - plate thickness in MHz - mm

1)
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Figure 4. (a) Spatial distribution of the two-finger single-phase transdubg-ourier transform of the spatial distribution of the two-finger
single-phase transducer with the half bandwidth drawr(dpTime signal of the excitationd) Fourier transform of the time signal of
excitation with the half bandwidth drawn in.

whereW is the aperture of the transducleis the Lamb wave In order to prove the concept of mode conversion, mem-

number andb| describes the diraction spreading (Morgan, brane hydrophone measurements and Schlieren visualization

2007). In the current case, the glass substrate is isotropi@f the radiated sound field are recorded, evaluated and com-

meaningb = 1. With the wavelength of the excited antisym- pared with the calculation results.

metrical zero-order Lamb wave mode of 3 mm, the thickness

of the glass substrate of 1 mm and the aperture of the trans-

L . 4.2 Membrane hydrophone measurements

ducer of 6 mm, the transition length is

@ The measurement setup for the membrane hydrophone mea-
surements consists of a plate onto which a single-phase trans-

A comparison between the calculated transition length angy,cer with a center frequency of 1 MHz is glued. The trans-

the scanning laser Doppler vibrometer images proves the calyycer is positioned outside the water in such a way that the

culation that, after this transition length, the emitted wave aycited Lamb wave runs into the water (Fig. 8a). By lig-

Xg ~ 2.4mm

front is more radial than parallel (Fig. 6). uid contact, the emission of a pressure wave into the water
occurs. A PVDF membrane hydrophone is moved parallel

4 Mode conversion to the plate in all three directions of space by a computer-
controlled stepper motor and measures the sound pressure,

4.1 Concept of mode conversion which is converted into a voltage. Detailed information about

If the Lamb wave is in contact with liquid, mode conver- the used PVDF membrane hydrophone is given in Wilkens

sion occurs. This means that a pressure wave is radiated im@nd Molkenstruck (2007). In the measurements, the trans-

the liquid under a characteristic angle, called Lamb angle®“¢€" Is operated by a ;inus_oidal bursF of 5 cyqles and an
(Fig. 7). The Lamb angl®, can be easily calculated by amplitude of 70 Vpp. Primarily the antisymmetrical zero-
Snell’s law: order Lamb wave mode is excited on a glass plate of 1 mm

- thickness. The emission profile in the plane orthogonal to
O, = arcsir(M), () the plate and centered orthogonal to the finger structure of

Viamb the single-phase transducer (Fig. 8b) can be seen in Fig. 9.
whereviamp is the Lamb wave velocity anglq,iq isthe sound By using the maximum of every line, a regression line
velocity in the liquid. with a standard deviation is calculated, and the slope of the
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Figure 6. The calculated transition length offfiaction of 2.4 mm
and the aperture of the transducer of 6 mm are drawn in the scanning

laser Doppler image for comparison.
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Figure 7. Excitation of a pressure wave into the adjacent liquid by
mode conversion of a Lamb wave.

and the measured Lamb angle of

single phase ®L,hydr0ph0ne: (40'1 + 2.4)0' (5)

transducer shows good agreement. Detailed investigations of Lamb
wave emission by a single-phase transducer on glass slidgs
with different thicknesses can be found in Schmitt ef
al. (2012).

(c)

Figure 5. Scanning Laser Doppler vibrometer images of the Lamb 4.3  Schlieren visualization

wave excitation of a single-phase transducer on a glass plate after ) ) o )
(@) 3.71us, (b) 8.4us and(c) 14.65us after the excitation signal. The measurement setup for Schlieren visualization consisfs

of a plate onto which a single-phase transducer with a cen
ter frequency of 1 MHz is glued. The single-phase transduce
is protected from direct contact with the liquid by a housing
regression line gives the emission angle (Fig. 9). By Snell's(Fig. 10a). Lamb waves are excited on the plate by an electr
law (Eg. 3) and with the knowledge of the sound velocity cal continuous sinusoidal signal with a peak to peak voltag
of 1480 m st in water and the Lamb wave phase velocity of of 32V applied to the transducer. The plate is dipped intg
the AO mode of 2210 nT$ for a frequency thickness product the water in such a way that the position of the single-phas
of 1 MHz x 1 mm (Fig. 3), the value of the emission angle is transducer is above the liquid level. The waves in the liquid
evaluated. The comparison between the calculated Lamb armeasured by the Schlieren method were emitted from a glags

=

D

D

gle of plate of 1.0 mm thickness. The Schlieren setup consists o¢f
a pulsed diode laser, a basin, a digital micromirror device,
a CMOS chip and optical components (Fig. 11) (Unverzagt
O calculation= 42° (4) et al., 2010). The propagation of ultrasonic waves produces
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Figure 8. (a) Measurement setup for membrane hydrophone measurer(tgrithie emission profile is measured in the plane orthogonal to
the plate and centered orthogonal to the finger structure of the single-phase transducer.
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m Figure 10. (a) Measurement setup for Schlieren visualization of

C;C. 15 20 25 30 35 40 45 Lamb wave emissior{b) Emission profile of acoustic wave excited

e by a single-phase transducer on a 1 mm-thick glass plate.
hydrophone position in mm

Figure 9. Emission profile of the antisymmetrical zero-order Lamb
wave mode on a glass plate of 1 mm thickness.

O schiieren=45". (6)

density variations within the liquid resulting in aflfaction  The diference between the measured and calculated emis-
object for the light. The diracted light is evaluated to ob- sjon angles of 42(Eq. 4) of the AO Lamb wave can be at-
tain a picture of sound wave propagation within the liquid triputed to an interference with the emission of the parallel
(Settles, 2001). excited symmetrical zero-order Lamb wave mode (Rauten-
The emission of pressure waves into the adjacent water foperg et al., 2013).
a glass plate with 1.0 mm thickness and the position of the
single-phase transducer above the liquid level can be seen ig
Fig. 10b. An emission lobe can be observed in the Schlieren
figure, which can be attribute_d to the emission from the €X-The mode-converted pressure wave in the liquid gets on the
cited AO Lamb wave mode (Fig. 10b). Moreover, an interfer- ,,qjte side of the tube or container retransformed into a
ence pattern can be seen in the Schlieren figure. Lamb wave again. In order to prove and visualize this inverse
For the comparison with the calculated radiation angle of 0 4e conversion process, Schlieren images were made.
the A0 Lamb wave mode, the radiation angle of Fhe_ AOLamb ' The measurement setup consists of two parallel glass
wave has been measured. The measured emission angle Qfqes with a thickness of 1 mm and a distance between the
the 1 mm-thick glass plate is about plates of 12 mm. On one plate, a transmitter is attached on
the outer side; on the other plate the emitter is fixed on the

Inverse mode conversion
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Figure 11. Measurement setup of the optical Schlieren system.
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Figure 12. (a) Measurement setup for the Schlieren visualization of the inverse mode conversion piilmc8shlieren image of the sound
wave propagation within the liquid-filled gap of the measurement setup.

outer side too (Fig. 12a). In order to protect the transduc-erature called non-specular reflection, corresponds to the
ers from water, the outer plate sides with the transducers ar8choch phenomenon and is attributed to Lamb wave exc
covered by housings. The setup is dipped into the water irtation and subsequent mode conversion (Schoch, 1952; Pitts
such a way that the transmitter is just above the liquid levelet al., 1977). At other places of reflection, no such displace
(Fig. 12a). The transmitter and the receiver are single-phaseent can be seen. A possible explanation of this phenomenon
transducers with a center frequency of 1 MHz, which are de-could be provided by the assumption that, besides the sound
signed to excite dominantly the antisymmetrical zero-orderwaves within the liquid, Lamb waves are propagating on botm
Lamb wave mode on thin plates. The transmitter is excitedplates and thus the plates may not be considered to be undjs-
by a continuous sinusoidal signal with a peak to peak voltagdurbed except for the first reflection at the receiver plate.
of 32 V. Further investigations on sound wave propagation within
Because the transmitter is above the liquid level, the ex-a container structure can be found in Schmitt et al. (2013).
cited Lamb wave enters into the liquid, and mode conversion
occurs therein. This means that an inhomogeneous pressure
wave is excited into the liquid with a characteristic Lamb an- 6  Theoretical considerations
gle. The pressure wave passes the liquid and is reflected back ) ) .
into the liquid again by the second glass slide (Fig. 12b). This!" order to investigate thefiect of coatings on the mode
process of passing and reflection occurs a few times withirfPOnversion process of a leaky Lamb wave, the global matri
the liquid-filled gap between the two plates. In the SchlierenMethod is utilized. With the global matrix method the dis-
image, the sound propagation way through the liquid can bé®€rsion dlagram and the emission diagram of Lamb wavels
described by a zigzag pathway (Fig. 12b). Therefore, the paril multilayer with contact to liquid _half—spacgs can.b@T cal-
allel plate arrangement behaves like a bulk acoustic wavegculated (Lowe, 1995). The extensive equations within the
uide (Rautenberg et al., 2012). In the case of burst excitaglobal matrix of a two-layer system with contact to one lig-
tion, the receiver signal consists of several well-distinguished-id half-space can be found in Schmitt (2012). As inputs fo
wave groups, which are evaluated for transmission time andn€ global matrix equations, the acoustic material parametefs
amplitude measurements (Lindner et al., 2006). (density, Poisson ratio and Young’_s modulus or the Iongltu_dl
Detailed inspection of the first reflection on the right plate @l and transversal sound velocities respectively), the thick
reveals a lateral displacement of the outgoing reflected preg?€sses of both layers (tybentainer and coating) and the

sure wave (Fig. 12b). This lateral displacement, in the lit- acoustic material parameters of the liquid half-space must be
defined. As outputs the dispersion diagram and the emissiagn

La)
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Figure 14. Emission diagram of a steel platg; € 5707 ms?,
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diagram of the two-layer system with contact to one liquid (Fig. 15a). The single-phase transducers are attached to the
half-space are plotted. For example, in Figs. 13 and 14 theuter side of the tube in such a way that a delay line is built
dispersion diagram and the emission diagram of a steel platap on one side by emitter and receiver 2. Receiver 1, which

with and without a layer of 100m nickel in contact with one

water half-space is illustrated.

is used for the measurement of the signal propagating in-
side the liquid, is on the same level as receiver 2 (Fig. 15b).

The coating of 10Qm nickel on the steel plate results in  Successively increasing numbers of adhesive tape layers are
an increase of the phase velocity of the A0 leaky Lamb waveglued onto the emitter side (Fig. 15b). This results in a shift
mode (Fig. 13). By Eg. (3), an increase of the phase velocof the transmission times and the amplitudes of both mea-

ity of the AO leaky Lamb wave mode leads to a decreasesured acoustic wave groups on the emitter wall and through
of the Lamb angle. Depending on the position of receiver 1the liquid (Fig. 16). The transmission time is measured by a
(Fig. 1), the measured transmission time can increase or dedefined zero crossing of the wave group, and the amplitude is
crease. For the emission diagram the nickel coating results irvaluated by peak-to-peak measurement of the receiver wave
a decrease of the emission éibgent (Fig. 14), which means group. The changes of the transmission times and the am-
that the amplitude of the measured acoustic wave on receiveslitudes of the signals on the emitter side and through the
1 (Fig. 1) will be reduced. For other substrate-coating combi-water versus the thickness of the adhesive tape are depicted
nations, individual dispersions and emission diagrams musin Fig. 17. The increase of the transmission time (Fig. 17b)
be calculated. and the decrease of the amplitude (Fig. 17d) with increas-
These theoretical considerations demonstrate the impadhg tape thickness for the receiver signal on the emitter side
of a coating on the measured transmission times and ampliare primarily caused by a masffezt. The decrease of the
tudes. Due to ideal assumptions in the theory of the globatransmission time (Fig. 17a) of the acoustic signal through
matrix method, such as ideal adhesion condition on the interthe liquid can be explained by an increase in the Lamb angle.
face of the two layers or well-known material parameters, itMass dfect on the emitter wall results in a decrease in the
is hard to compare theoretical with experimental results in arphase velocity (Fig. 17b) and therefore in an increase of the
absolute way. As proof of the concept of coating detectionLamb angle (Eqg. 3); thus the propagation distance through
within liquid-filled tubes or containers by mode conversion the water increases too. The decrease in the amplitude of the
of leaky Lamb waves, measurement results of adhesive tapacoustic signal through the liquid (Fig. 17c) is caused by the
layers are summarized in the next chapter. hindrance of the emission of pressure wave by mode con-
version on the emitter side through the coating and by the
decrease of the propagation length of the Lamb wave on the
emitter wall, which is caused by an increase of the Lamb an-
gle. Further measurement results of correction fluid and ad-

) . o o hesive tape layers in a plastic tube can be found in Lindner et
For the detection of coatings inside a liquid-filled tube, 5 (2009).

a plastic tube from a medical machine consisting of PES
GF20 is modified by adding three single-phase transducers

7 Measurements

7.1 Tube

J. Sens. Sens. Syst., 2, 73-84, 2013 WWW.j-sens-sens-syst.net/2/73/2013/
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layer M tube

emitter

emitter

receiver 2 receiver 1

receiver 2

liquid
(a) (b)

Figure 15. (a) PES GF 20 tube attached with single-phase transduggrghe measurement setup for coating detection.

0.03 — tion of the mode conversion process by the addition layer on
& — 300pm top of the plate in the low thickness range and the decrease

in the amplitude by the dominance of the mafied in the
high thickness range. For the signal through the liquid, an
increase in the transmission time (Fig. 19a) and a decreage
in amplitude (Fig. 19c) occurs. This can be explained by
a higher Lamb angle with increasing coating thickness and
an extension of the propagation length through the liquid
Further measurement results of correction fluid and adhesivye
tape layers on glass plates in an acoustic waveguide configu-

%, 53 54 55 56 57 s8 ration can be found in Lindner et al. (2009).

transmission time in ps

0.02

0.01

amplitude in V
o

-0.01

-0.02

Figure 16. The acoustic receiver signal of receiver 1 through the 8 Sensitivity and technical realization

liquid-filled tube without and with a 300m coating of adhesive

tape on the emitter side. For coating detection by Lamb wave, the transmission time
measurements should be evaluated, because the amplityde
measurements are not unique and the standard derivations

7.2  Container for time measurements are smaller than for amplitude mea
surements (Fig. 19d). The transmission times of sound waves

For the detection of coatings in a container structure, a meathrough the liquid strongly depends on the temperature and

surement setup consisting of stainless steel was manufadhe mixture of the fluid. Former experiments demonstratLI

tured (Fig. 18a). It is built up by two parallel steel plates changes of the transmission time through the liquid of about
with a distance of 7 mm. Between those plates, water is filled 50 ns°C* in a similar measurement arrangement. The Lam

On the emitter plate, a delay line configuration with an emit- wave on the emitter wall shows only an increase of about
ter and receiver 2 is positioned, and on the opposite platd ns°C~! (Friedrich et al., 2011). Moreover, the influence
receiver 1 is positioned (Fig. 18b). Adhesive tape with theof the liquid mixture on the transmission time of the Lamb
known thickness of 5a0m per stripe is glued onto the emit- wave is in the low ns range, whereas the transmission time
ter wall (Fig. 18b). The changes in the measured transmisef the Lamb wave through the liquid is in thes range
sion times and amplitudes of the two receivers are evaluate@Friedrich et al., 2011). Compared to the coatifipets on
(Fig. 19). For receiver 2 on the delay line, an increase in thethe transmission time of around 10¢/290um on the emit-
transmission time (Fig. 19b) can be measured; for the amter side (Fig. 19b) and around 90/200um through the lig-
plitude, first an increase until 1Q@n and then a decrease uid (Fig. 19a), the temperature and the mixtufieet on the
can be observed (Fig. 19d). The increase in the transmissioacoustic signal have the same magnitude. Thus, for coatirg
time is attributed to an increase of mass by the adhesive tap@etection the transmission time of the residual Lamb wave on
The increase in the amplitude can be explained by a preverthe emitter wall should be evaluated, because the influenge
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Figure 17. Measurement results of adhesive tape €@kdent thicknesses in the tube for the changes of the transmission times and amplitudes
of the acoustic signals on the emitter wall and through the liquid. The standard deviation is too small to be drawn in.
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Figure 18. (a) Measurement setup for the container structure consisting of stainless(lsjeBhe measurement setup consisting of two
parallel plates onto which one emitter and two receivers are attached.

of temperature and liquid mixture is much smaller than the9 Summary and conclusion
measurementfiact in presence of the coating.

Figs. 15a and 18a show measurement setups for labor uss,
age. qu a tec_hnlcal r(.aallzat|0r_1 the transducers must be EMection within liquid-filled tubes and containers by the uti-
closed in special housings, which can be attached by clampﬁZation of leaky Lamb waves has been introduced. Scan-
ing arrangements and a coupling medium or by gluing to thening laser Doppler vibrometer imaging proves the Lamb
tube or container. A similar acoustic sensor device has beeﬂ/ave excitation by the single-phase transducer. Membrane
developed for Iubri<_:ation surveillance in bearings by leaky hydrophone measurements and Schlieren measurements con-
Lamb waves and will be brought onto the market (BestSens; ., the mode conversion process. Schlieren images show
AG, 2013). the inverse mode conversion of the pressure wave to a Lamb

wave on the opposite side of the measurement arrangement.
Theoretical considerations demonstrate the dependency of
coating on the phase velocity and the emissionffomient

of the leaky Lamb wave. Measurement results of coatings

this paper, a new measurement concept of coating de-
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Figure 19. Measurement results for the changes of the transmission times and of the amplitudes on the two receivers for increasing aghesive
tape thickness in the stainless steel container.
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