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ABSTRACT: The determination of the complex reflection coefficient of ultrasonic shear-waves at the solid-liquid interface is a technique 
employed for the measurement of the viscoelastic properties of liquids. An interesting property of the measurement technique is the very 
small penetration depth of the shear-waves into the liquid sample, which permits measurements with liquid films of some micrometers thick. 
This property, along with the adhesion of oily substances to surfaces, can be used for the detection of oily contaminants in water. In this 
work, the employment of the ultrasonic shear-wave reflection technique to the detection of oily contaminants in water is proposed and the 
theoretical and experimental concepts involved are discussed. Preliminary experimental results show the measurement technique can detect 
SAE 40 automotive oil in water in volume proportions less than 0.5%.
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RESUMEN: La determinación del coeficiente de reflexión de ondas transversales ultrasónicas en la interfaz sólido-líquido es una técnica 
que ha sido usada para la medición de las propiedades viscoelásticas de líquidos. Una característica interesante de la técnica es la pequeña 
distancia recorrida por las ondas transversales dentro del fluido, antes de ser completamente atenuadas, permitiendo la medición con una 
película muy delgada de líquido, del orden de algunos micrómetros. Esta característica, además de la conocida tendencia de las sustancias 
oleosas a adherirse a superficies, puede ser usada para la detección de contaminantes oleosos en agua. Este trabajo propone el uso de la 
técnica de reflexión de ondas transversales en el rango ultrasónico para la detección de contaminantes oleosos en agua y discute las bases 
teóricas y experimentales relacionadas. Resultados experimentales preliminares muestran que es posible la detección de la presencia de 
aceite automotriz SAE 40 en agua en proporciones menores a 0,5% en volumen.

PALABRAS CLAVE: Ultrasonido, ondas transversales, emulsión agua-aceite, contaminante oleoso.

1.  INTRODUCTION

A Newtonian liquid is a liquid whose shear stress 
versus shear strain rate curve is linear (passes through 
the origin) and the constant of proportionality is the 
viscosity. Many common liquids exhibit Newtonian 
behavior at the low frequencies used in the conventional 
viscometry. However, at ultrasonic frequencies, the 
liquid can exhibit simultaneously viscous and elastic, 
or viscoelastic, behavior [1]. The viscoelastic behavior 
opens the possibility of propagating shear-waves in 
liquids. These waves are strongly attenuated and can 

only propagate a very small distance, usually of some 
micrometers [2]. 

When a shear-wave propagating in a solid strikes the 
interface defined between the solid and a liquid, a small 
portion of the energy is transmitted and the greatest 
portion is reflected back. The ratio of the reflected to 
the incident tensions is the reflection coefficient, which 
is a complex-valued quantity. The magnitude and phase 
of the reflection coefficient are related, respectively, to 
the amplitude change and to the phase shift of the wave 
in the reflection process [3].
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A change in the viscoelastic properties of the liquid cause 
variation in both magnitude and phase of the reflection 
coefficient. This phenomenon can be used for liquid 
characterization or monitoring. From the literature, it can 
be established that the technique has been used mainly for 
viscosity [4-5] and viscoelasticity [6-7] characterization 
of liquids. Nevertheless, some authors used it for the 
monitoring of industrial processes, such as the curing of 
polymeric resins [3][8] and Portland cement pastes [9], 
and measuring the viscosity at high temperatures [10].

In this work, the shear-wave reflection technique is 
proposed for the detection of oily contaminants in 
water. The idea arose from a published work where 
the potential of shear oscillations in the detection of 
water content in lubricant oil was analyzed [11]. The 
authors concluded that shear oscillations cannot be used 
to detect the presence of water in oil. The reason is that 
the small water droplets in the water-in-oil emulsion 
are rarely located in the thin oil layer in touch with the 
solid [12]. However, the very small penetration depth, 
besides the property of adhesion of oily substances 
to surfaces, could be used for the detection of oily 
contaminants in water or another light liquid.

This monitoring technique could be interesting 
in industrial applications where the quality of 
the water must be guaranteed. For example, in 
environmental science, the technique could have 
application in the monitoring of the wastewater 
discharged into rivers by some industries.

2.  THEORETICAL BACKGROUND

Figure 1. Reflection process of shear-waves at the solid-
liquid interface.

Figure 1 shows a solid medium in contact with a liquid, 
where a plane interface is defined. An incident shear 
wave, with mechanical tension iσ , strikes the interface. 
A small part of the wave is transmitted to the liquid 

( tσ ) and the most part is reflected back ( rσ ). The ratio 
of the reflected to the incident tensions is the complex 
reflection coefficient:

    (1)

where r and θ are the magnitude and phase, respectively. 
The magnitude and phase are related with the amplitude 
change and the phase shift of the shear wave in the 
reflection process. The measurement of the magnitude 
is a relatively simple and precise process. In contrast, 
the phase is difficult to measure due to the strong 
temperature dependence of the velocity propagation 
of the acoustic waves.

From the acoustic theory, *R  is related to the 
acoustic impedance of the media by the following 
equation: 
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where *
LZ  and SZ  are the shear impedances of the 

liquid and solid, respectively. The shear impedance 
of the liquid is denoted complex-valued due to the 
high attenuation involved. On the other hand, the 
shear impedance of the solid is real-valued, because 
attenuation in the solid is very small compared with 
the liquid attenuation:

 SSS cZ ρ=     (3)

where Sρ  and Sc  are the density and the shear-wave 
propagation velocity in the solid, respectively. In the 
case of a Newtonian liquid, the shear impedance is 
obtained by the following equation:

     (4)

where η  is the viscosity, ω  is the angular frequency 
of the wave, Lρ  is the liquid density and 1−=j  is 
the imaginary unit. Equations (2), (3) and (4) can be 
used to estimate the reflection coefficient value in terms 
of the physical properties of the solid and liquid [8].

The characteristic decay length of a shear wave in a 
liquid can be calculated by [11]:
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  (5)
where δ  represents the distance traveled for 
an amplitude drop of 1/e (0.37) times the initial 
amplitude. This equation provides an estimation of 
the penetration depth under Newtonian behavior.

Figure 2. (a) Schematic representation of the ultrasonic measurement cell, (b) acquired waveform and (c) experimental setup.

3.  EXPERIMENTAL

3.1 Experimental setup

A schematic representation of the ultrasonic 
measurement cell employed in this work is shown 
in figure 2(a). It is composed by a 1-MHz shear-
wave transducer (Krautkramer B1-Y, GE Sensing & 
Inspection Technologies, Fairfield - CT, USA), an 
aluminum delay line, an acrylic (PMMA) delay line 
and a sample chamber. The transducer operates in 
pulse/echo mode and two echoes were received, )(tn  
from the aluminum-acrylic interface and )(ta  from 
the acrylic-sample interface. Figure 2(b) shows the 

acquired signal as seen on the oscilloscope screen. )(tn  
works as a constant reference for the measurement, 
being important for error reduction and improvement 
of the measurement stability.

The shear-wave transducer was driven by a commercial 
pulser/receiver unit (Panametrics 5077PR, Olympus 
NDT, Kennewick - WA, USA). The acquisitions of 
the signals were made using the oscilloscope (Agilent 
DSO6052A, Agilent Technologies, Santa Clara - CA, 
USA) with sample rate of 500 MSa/s and each saved 
signal was the average of 32 individual signals. The 
acquisitions were transferred via LAN network to a 
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personal computer for later processing with specially 
developed Matlab scripts.

Figure 2(c) shows a schematic representation of the 
entire experimental setup. It is composed by a beaker 
where 1000 ml of distilled water was stored, an 
agitator, a peristaltic pump of the type used in medical 
equipment that recirculates the water through the 
measurement cell and back to the beaker, the ultrasonic 
measurement cell, the pulser/receiver, the oscilloscope 
and a personal computer.

The temperature was measured at the beginning and 
at the end of the experiment with a thermometer with 
precision of 0.1°C. Every 30 minutes, 5 ml of the 
contaminant was added to the beaker using a syringe.

3.2.  Material properties

The SAE 40 automotive oil and the acrylic used in the 
measurement cell were carefully characterized for a 
previous work [4]. The SAE 40 oil density is 857 kg/
m3. In the temperature range from 22.6 to 23.5°C, the 
viscosity varies from 0.30 to 0.28 Pa·s. In the case of 
the acrylic, the density is 1179 kg/m3 and the shear 
wave velocity is 1315 m/s.

3.3.  Experimental determination of the reflection 
coefficient

The magnitude and phase of the reflection coefficient 
were obtained by comparing, in the frequency domain, 
each acquired signal with the first signal registered in 
the beginning of the test. By supposing clean water 
in contact with the solid and a working frequency of 
1 MHz, a complete reflection is obtained because the 
huge acoustic impedance mismatch. When an oily fluid 
contaminant is added, small droplets of oil travel in the 
water and gradually stick to the solid surface. From the 
theory, a very thin oil film must be sufficient to create 
a detectable change in magnitude and phase. By using 
equation (5) with the material properties reported before, 
the characteristic decay length obtained is δ = 10.4 μm. 
This numerical results show how thin can be the oil layer 
in order to detect its presence by the shear waves.

If )( fN  and )( fA  are the Fourier transforms of the 
echoes )(tn  and )(ta , respectively, and using the 

frequency band method developed by the authors for 
the ultrasonic measurement of dynamic viscosity [4], 
the magnitude and phase of the reflection coefficient 
can be obtained by the following expressions:

 ,   (6)

and

 (7)

where ca ff )1( α−=  and cb ff )1( α+= . af and bf
define a frequency band centered in cf  and cfα2  wide, 
where α = 0.55 in this work. cf  is the center frequency 
of the first )(tn  pulse and parameter α  ( 10 ≤≤α ) 
defines the bandwidth. Additional information about 
the frequency band method can be found in the work 
of Franco et al. [4].

In equation (6), the numerator and denominator are 
the areas under the curve of the Fourier spectrum 
magnitude of signals )(ta  and )(tn , respectively, in 
the frequency range from af  to bf , and r is the ratio 
of these two areas. Equation (7) is the mean value of 
all angle differences of the Fourier spectrum of signals 

)(ta  and )(tn  in the frequency range from af  to bf .

The signal processing was carried out using Matlab. 
The echoes )(tn  and )(ta  were isolated in temporal 
windows, each signal was centered and the Fourier 
spectrum was calculated using the Goertzel algorithm. 
The frequency range between fa and fb was represented 
by 1000 points.

4.  RESULTS AND DISCUSSION

Figure 3 shows the experimental results for the 
magnitude 3(a) and phase 3(b) of the reflection 
coefficient as a function of the acquisition time (t). 
Results were normalized using the values measured 
in the first acquisition.
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Figure 3. Experimental results of (a) the magnitude and (b) the phase of the reflection coefficient as a function of the test time.

The magnitude results plotted in figure 3(a) show a sudden 
reduction at t = 30 min, when the first contaminant oil 
portion of 5 ml was added to the beaker. This reduction from 
r = 1.0 to r = 0.95 happens in a very small time, compared 
to the total acquisition time of 150 min. Thereafter, the 
magnitude value remains practically constant despite the 
subsequent contaminant portions added to the beaker (one 
every 30 minutes until the end of the test). Certainly, the 
technique can only detect whether there is a contamination 
or not, at least considering the time scale and contamination 
amount used in this experiment.

There is a stability of the magnitude over the test time. 
The magnitude value is practically constant, except for 
t = 30 min where a sudden change happens. This is an 
important result because stability is a desirable feature 
in all measurement processes, particularly when a long 
term measurement is required. This property is largely 
a consequence of the normalization process, when the 
echo returned from the aluminum-acrylic interface 
is used as a constant reference. The normalization 
technique was applied successfully in previous works 
[2][8], where additional information can be found.

The phase results plotted in figure 3(b) also show a 
sudden change at  min. However, the phase is 
strongly time dependent and its value increases with the 
acquisition time in an apparently linear way. This results 
show the phase is not interesting for contamination 

monitoring, as suspected. Nevertheless, the phase can 
be useful for the temperature monitoring of the water.

Water temperature monitoring is possible by a simple 
calibration of the measurement cell. In the experiment, 
the temperature was measured at the beginning 
(22.6°C) and at the end (23.5°C). This temperature 
variation of 0.9°C was responsible for a phase variation 
of about 15°, suggesting an approximated sensitivity 
of 17° degrees per Celsius degree. In an interesting 
work [10], this approach was used for the simultaneous 
measurement of viscosity and temperature of melts.

The adherence of oily substances to surfaces is the 
mechanism that allows the measurement. Oil drops 
traveling in the water reach the solid surface forming 
a thin layer that can be detected. Although the level of 
contamination could not be estimated, the experimental 
results suggest the technique can at least detect the 
presence of contamination. The disadvantage of not 
being able to determine the contamination level could be 
overcome by using the oil accumulation rate. That is, the 
level of contamination could be related to the time required 
to reach a measurable change on the magnitude (r).

By using equations (1) to (4) and the material properties 
reported in section 3, the magnitude and phase of the 
reflection coefficient for the SAE 40 oil, assuming 
Newtonian behavior, can be obtained. For a temperature 
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of 23.0°C and frequency of 1 MHz, the magnitude and 
phase expected values are 965.0=r  and 
respectively. From figure 3, the obtained magnitude is 
approximately . The phase shift at  min 
is difficult to be exactly determined, but clearly this value 
is greater than 5°. In conclusion, the measurement cell 
finds the fluid to be more viscous than it actually is. This 
unexpected behavior improves the sensitivity and it is 
an interesting result that deserves a more detailed study.

5.  CONCLUSIONS

The methodology proposed has potential for the 
detection of oily contaminants in water. Both quantities, 
the magnitude and phase of the reflection coefficient, 
showed the expected change when 5 ml of SAE 
40 oil was incorporated into the water, namely, a 
contamination of 0.5% in volume of SAE 40 oil in 
water was detected successfully.

The magnitude showed a stable behavior during the 
test time (150 minutes). This suggests its suitability for 
longtime monitoring. Taking into account the variation 
of 0.9°C during the test, it can be concluded that the 
magnitude is further independent on temperature. In 
contrast, the phase exhibits an important variation during 
the test time due to the temperature variation. This behavior 
is expected due to the strong temperature dependence on 
the propagation velocity and, consequently, the phase is 
not useful for monitoring of contamination. Nonetheless, 
as the phase shift is proportional to temperature, it can be 
used for temperature monitoring of the water.

For a better understanding and for the evaluation of possible 
practical applications, additional experimental results are 
required. It is important to determine the minimum amount 
of oil that could be detected, the influence of the wave 
frequency and the stability in longer test times. Equally 
important is the evaluation of temperature monitoring using 
the phase of the reflection coefficient.
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