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Abstract—In diﬀerent industrial branches, it is necessary
to characterize liquids in closed containers. For small cans,
accessibility to both sides is almost trivial. However, in industries in which larger containers are used, and especially
in the dock industry, only one side is accessible practically;
and damping often prevents through-transmission ultrasonic measurements or pulse echo techniques. It is known
that built-in sensors can be used to determine density and
wave velocity of liquids; but normally containers are not
equipped with such sensors. It is also known that diﬀerences in the reﬂection coeﬃcient at a solid-liquid interface
can determine the density and sound velocity of liquids, but
only if the diﬀerence in acoustical impedance between the
solid and the liquid is small. For most containers this condition is not provided; therefore, a more sensitive method
is needed. This paper reports simulations that show how
identical containers, having diﬀerent liquids inside, can be
distinguished from one another by means of diﬀerences in
the Schoch eﬀect at a Lamb wave angle of incidence for
harmonic-bounded ultrasonic beams.

I. Introduction
he purpose of this paper is to formulate an answer to
the many requests and suggestions of several sources
in the beverage industry, and especially in the dock industry, over the last couple of years for studying the possibility
of ﬂuid characterization in closed containers in a nondestructive way. In the dock industry and for port oﬃcials
[1], [2], it is desirable to possess practical tools to characterize the ﬂuid contents of containers. This can be done
by removing liquid and performing chemical tests. Even
though this is the only test that produces 100% certainty,
it is also helpful to use other means that are equivalent
to nondestructive testing. This might be due to the risk
of poisoning, the lack of speed when sampling, the risk of
contamination, etc.
It has been shown before that, in addition to other techniques [3], it is possible to apply ultrasound for that purpose. One method is based on time-of-ﬂight measurements
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[4]–[6]. This method requires access to both sides of a container, or at least requires containers that are small enough
so that damping does not prevent sound from traversing
the container. Hence, even though this method seems to
work for small containers within a production line, application to large containers is not realistic.
Another method is based on laser excitation of sound
in ﬂuids [7]. This method is interesting, but the fact that
it can be used only in the case of open containers makes
it less applicable.
Yet another—very sensitive—method, developed by
Greenwood et al. [8]–[11], applies a sensor that can be
submerged in the liquid or built in the container skin; and
it is actually based on the sensitivity of the reﬂection coefﬁcient at the solid-liquid interface between the sensor and
the liquid. Nevertheless, submerging the sensor in the liquid requires opening the container or embedding the sensor
in the cargo container’s skin, which is not practicable.
Ultimately, application of the sensor’s principle to an
existing container skin without built-in sensor is not realistic because the diﬀerence in acoustical impedance between the skin and the contained liquid is too large to
make the technique sensitive enough [8]–[11]. Hence, the
method developed by Greenwood et al. is probably only
really practicable for pipelines [10].
The method studied here is based on beam deformations in reﬂection on the existing skin of a closed container, which solely requires access from one side, does not
require an echo that has traversed the liquid; therefore, it
is an inviting technique for relatively large containers. Because the method makes use of the existing container skin,
it does not require built-in sensors. This is possible only
because it is more sensitive than the reﬂection coeﬃcient
as used by Greenwood et al. [8]–[11]. The beam deformations are induced by the generation of Lamb waves in the
container skin, and their characteristics are inﬂuenced by
the properties of the liquid. It is known that harmonicbounded beams show nonspecular reﬂection phenomena
when incident at the Rayleigh angle for liquid-solid structures [12]–[20] or at a Lamb wave generating angle on
a liquid-solid-liquid structure [21]–[26]: this is called the
Schoch eﬀect.
However, all papers dealing with this eﬀect study the
situation in which a plate separates two identical liquids
instead of two diﬀerent ones.
In this paper, we consider an isotropic plate between
two diﬀerent liquids. A schematic is presented in Fig. 1.
The upper liquid is always water, and the lower liquid can
be of any kind. If a bounded beam is incident from the
upper liquid on a plate in between that upper liquid and
a lower liquid, the generation of leaky Lamb waves will induce deformation of the reﬂected beam, widely known as
the Schoch eﬀect, generating two reﬂected lobes instead
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III. Numerical Results

Fig. 1. Schematic of a container skin separating an unknown liquid and water. The incident and (deformed) reﬂected bounded-beam
proﬁles also are shown. The short, solid arrows denote propagation
direction for incident and reﬂected beam.

of only one. The ﬁrst lobe is called the specular lobe, and
its position corresponds almost perfectly with the position
of a reﬂected beam if no deformation occurs. The second
lobe is called the nonspecular lobe and is displaced along
the interface. The displacement itself also is called Schoch
displacement. The inﬂuence of the lower liquid on the deformed beam can be noticed in the phase and amplitude of
the nonspecular lobe and in the position and depth of the
null zone in between the specular and nonspecular lobe.
The purpose of this paper is to show that it is possible to
distinguish between two liquids in a similar container by
studying diﬀerences in the Schoch eﬀect.
It also is shown by means of a numerical simulation that
measuring the characteristics of the reﬂected deformed
beam enables one to distinguish between oil and water.
This work might be an impetus for further study using
phased-array techniques and it also may inspire other labs
to try ultrasonic focused beams [27], [28]. It is likely that
focal spot shifts also might be inﬂuenced by the characteristics of the unknown liquid.

II. Numerical Approach
We consider the system depicted in Fig. 1. A Gaussian
incident bounded beam is considered with proﬁle


f (x) = exp −x2 /W 2
(1)
with W the Gaussian half width. The beam itself is decomposed into inﬁnite homogeneous plane waves by means of
the Fourier transform. The sound ﬁeld generated by each
incident inﬁnite homogeneous plane waves is calculated
by application of the Helmholtz decomposition [29] of the
particle displacement ﬁeld, by incorporating the dispersion relation for bulk waves and the classical Snell’s law
[30] and by considering continuity of normal stress and
normal displacement along each of the interfaces [31].

It can be found in Greenwood et al. [8]–[11] that, if the
reﬂection coeﬃcient is used to determine liquid characteristics, then the diﬀerence in acoustical impedance between
the solid and the liquid must not be too large. Nevertheless, for containers, the impedance of the skin mostly differs very much from that of the contained liquid. Hence, it
is not reasonable to use the reﬂection coeﬃcient for liquid
characterization in such containers.
In order to show this, we have calculated the reﬂected
beam amplitude and phase at the center of the beam, for
normal incidence and for a number of liquids in a container. We have taken the example of a glass plate container skin of 1.86 mm thickness and a 3 MHz normal
incident Gaussian beam of 1.25 cm Gaussian half width.
For glass, the density is 2500 kg/m3 , and the longitudinal wave velocity is 5660 m/s and the shear wave velocity
3520 m/s. The liquid characteristics and the numerical results are listed in Table I, in which the following parameters are used:
∆ArL (x) =

ArL (x) − ArW (x)
,
ZL − ZW

(2)

ArL (x) being the x-dependent reﬂected amplitude for a
given liquid underneath the plate and ZL the liquid’s
impedance:
∆P HLr (x) =

r
P HLr (x) − P HW
(x)
,
ZL − ZW

(3)

P HLr (x) being the x-dependent reﬂected phase for a given
liquid underneath the plate. The values, for L replaced by
W , correspond to water. It is seen that the diﬀerence in
reﬂected amplitude and phase for any given liquid, when
compared with the ones for water underneath the plate, is
poor.
One way to increase the sensitivity of the reﬂection coefﬁcient for the properties of the unknown liquid is to apply
multiple reﬂections, because then the resulting reﬂection
coeﬃcients are separated further from one another. Hence,
the larger the number of contacts between the pulse and
the unknown liquid, the more the pulse is inﬂuenced by
the liquid. For a harmonic-incident beam, the largest contact with the liquid occurs when Lamb waves are stimulated in the container skin. The ﬂuid will inﬂuence the
characteristics of the leakage ﬁeld emitted by the Lamb
wave. When the Schoch eﬀect occurs, the second (nonspecular) lobe contains most information about the liquid, for this lobe originates from the presence of a leakage
ﬁeld. Again, we have taken the example of a glass plate of
1.86-mm thickness and a 3 MHz incident Gaussian beam
of 1.25 cm Gaussian half width. From the corresponding
dispersion curves of Fig. 2, it can be found that an A1
Lamb mode will be generated at an angle of incidence
of 19.36◦. In Fig. 3 the incident beam proﬁle together
with the calculated reﬂected beam amplitude proﬁle in the
case of oil and in the case of water underneath the plate
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TABLE I
Liquid Characteristics and Numerical Results.1
ρ

v

Z

Liquid

[kg/m3 ]

[m/s]

[kg/m2 s]

ArL (0)

Methanol
Acetone
Ethanol
Gasoline
Kerosene
Benzene
Sunﬂower oil
Cyclohexanole
Water
Nitromethane
Sea water
Glycerin
Bromoform
Mercury

791
791
790
803
810
870
920
962
1000
1130
1025
1260
2890
13500

1103
1174
1207
1250
1320
1295
1450
1450
1480
1330
1531
1904
920
1450

872473
928634
953530
1003750
1069200
1126650
1334000
1394900
1480000
1502900
1569275
2399040
2658800
19575000

0.9975
0.9981
0.9968
0.9981
0.9984
0.9916
0.9879
0.9874
0.996
0.9958
0.9961
0.9221
0.9567
0.9851

P HL (0)
π
−0.138
−0.1091
−0.1008
−0.136
−0.1168
−0.0831
−0.1635
−0.1644
−0.133
−0.1029
−0.1298
0.009
−0.1827
0.0033

∆ArL (0) × 109
−2.4690
−3.8087
−1.5195
−4.4094
−5.8422
12.4522
55.4794
101.0575
—
−8.7336
1.1201
−80.4099
−33.3389
−0.6023

r
∆P HL
(0) ×

105
π

3793
6609
2574
8913
13821
−35705
−381122
−1189447
—
−374201
14388
−87314
−28142
−24

central reﬂected amplitude ArL (0), the central reﬂected phase P HL (0), and the diﬀerences of those
parameters for a given liquid underneath the plate, compared to their values in the case of water underneath
r (0). The density ρ, plane wave velocity v and the impedance Z of
the plate, ∆ArL (0), respectively, ∆P HL
the listed liquids is also given.

1 The

Fig. 2. Dispersion curves for the glass plate under consideration.
It is seen that an angle of incidence of 19.36◦ corresponds with the
stimulation of the A1 mode when a 3 MHz ultrasonic beam is incident
on a plate of 1.86-mm thickness.

are shown for an angle of incidence of 19.36◦ corresponding with stimulated A1 Lamb waves. It is seen that the
reﬂected proﬁles diﬀer considerably. When the reﬂected
beam phase proﬁles are compared, one notices a considerable diﬀerence too (Fig. 4). If we deﬁne x∗ as the position
in which the nonspecular reﬂected lobe has maximum amplitude, then for sunﬂower oil ∆ArL (x∗ ) = −1144 × 10−9
and ∆P HLr (x∗ ) = 6379 × 10−10 π. These values are much
larger than the values for normal incidence of Table I. In
other words, the use of the Schoch eﬀect is much more
sensitive than the use of the reﬂection coeﬃcient. However, contrary to the method of Greenwood et al. [8]–[11],
when the Schoch eﬀect is used to obtain information about
the unknown liquid, it is not possible to come to a direct

Fig. 3. Reﬂected amplitude proﬁles for a 3 MHz bounded-beam incident at 19.36◦ on a 1.86-mm thick glass plate, when the unknown
liquid underneath the container skin is water (solid line) or sunﬂower
oil (dashed line). The incident-beam proﬁle is given in a dotted line.
The maximum amplitude of the nonspecular reﬂected beam is explicitly given.

inversion method to ﬁnd the liquid characteristics from the
reﬂected proﬁle. When inversion is necessary, optimization
procedures must be applied in order to estimate the liquid
parameters. Nevertheless, it is not certain that the liquid
parameters corresponding to a given reﬂected proﬁle are
unique. Therefore, the method presented here can be used
to discriminate between given liquids (e.g., water and oil),
rather than to ﬁnd out the exact physical parameters of
an unknown liquid.
IV. Conclusions
An overview has been given of diﬀerent techniques to
characterize liquids in containers and the necessity of intro-
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Fig. 4. Corresponding phase proﬁles for the geometry of Fig. 3. The
phase at the position corresponding with the maximum amplitude
of Fig. 3 is explicitly given.

ducing a new technique based on the Schoch eﬀect caused
by Lamb wave stimulation in the skin of a container. It is
shown that the Schoch eﬀect can be used to distinguish between diﬀerent liquids in containers. The method does not
apply built-in or submerged sensors and does not require
opening of the container. Numerical comparison was made
between the sensitivity of the outlined method and another
technique that is based on the reﬂection coeﬃcient. An example was given for a glass container, in which it is seen
that the Schoch eﬀect is much more sensitive than the
reﬂection coeﬃcient. We believe that the presented technique can be very eﬀective, due to its ﬂexibility and its
nonrequirement of built in sensors, if it is combined with
phased-array techniques to emit and receive the involved
sound ﬁelds.
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