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Abstract—Ultrasonic ~ parameter  variations  were
measured from a nonhomogeneous time-varying
medium aiming to describe dynamic changes in the
structure of the sample study by the relationship among
ultrasonic parameters. The sample in study was an
immiscible biphasic liquid mixture, which was
emulsified and then monitored by ultrasound exposure
in pulse - echo mode during time of phases separation.
Quantitative ultrasound (QUS) techniques based in
spectral analysis were employed to extract ultrasonic
parameters from backscattering ultrasound echoes
recorded in the interest region (ROI). The time-
evolution of ultrasonic parameters estimated led to the
identification of different changes in the ROI. These
parameters let to understand about how together
attenuation, the nonlinear parameter and [BC are
involved with property changes in the ROI. The IBC
was the best parameter to describe the behavior during
the most emulsified state in the sample study. The
attenuation coefficient 8 and B/A allow to identify the
time of emulsion break-up.

Keywords-Emulsion, Backscattering, Nonlinear parameter,
Spectral Analysis, Ultrasonic Parameter.

I.  INTRODUCTION

Non-destructive ultrasound testing is used as a
potential characterization tool in industrial processes [1,
2] and clinical applications such as quantitative
characterization of biological tissues [3]. Quantitative
ultrasound (QUS) techniques systematically study the
interaction of ultrasound energy with the material in
question through the extraction of ultrasonic parameters.
Thereby, it is possible to provide information about the
structural heterogeneity, composition and physical state
of analyzed samples. QUS techniques can detect the
presence of inhomogeneities in liquid mixtures as well as
predicted structure changes in complex media [4].
Conventional ultrasonic parameters such as velocity or
attenuation are commonly used in ultrasound
characterization techniques because these parameters are
very sensitive to the differences in physical properties of
the liquid components [5]. Ultrasonic attenuation serves
to differentiate one medium from another, to determine
alterations in materials, to characterize dispersion in
colloid systems and it is useful in emulsions
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characterization. In addition, ultrasonic parameters as for
example, the integrated coefficient of backscattering
(IBC) and the nonlinear parameter B/A are also
commonly estimated to provide additional information
of media with complex chemical composition. Currently,
the ultrasonic parameters continue to be measured at rest
and dynamic media using theoretical models about
different scattering propagation process which are very
discussed for several authors [6]. Most of studies
concerning QUS characterization techniques aimed their
research in materials at rest to measure acoustic
parameter variations in substances, biological tissues and
structures with particle aggregates such as emulsions [7].
Otherwise, ultrasonic techniques began to be widely
used in dynamic media to improve industrial processes
such as, the monitoring processes of polymerization and
crystallization in liquid mixtures. Thereby, innumerable
studies have reported success involving ultrasonic
measurements in time varying media such as, the
monitoring of the dynamics of condensing and non-
condensing of liquid films by time-of-flight
measurements [8], real-time assessments of membrane
fouling during liquid separation processes [9], and
monitoring of ultrasonic wave propagation in
crystallizing mixtures during industrial production of
pharmaceuticals and agrochemicals [10]. Therefore,
ultrasonic parameters provide a better in-sight in the
monitoring of physical state and characterization of
dynamical phenomena for complex media, liquid
suspensions - colloids and emulsions.

This study aims to evaluate ultrasonic parameter
variations in a time-varying liquid mixture attempting to
obtain knowledge about the relationship among
ultrasonic parameter variations and how they will shed
light to describe dynamical changes in the medium
structure. Ultrasound backscattering echoes were
collected from biphasic liquid in study. The echoes were
analyzed by QUS techniques based on spectral analysis.
Thus, the following ultrasonic parameters were
measured: speed of sound (S0S), frequency-dependent
attenuation coefficient, nonlinear parameter B/A and
backscattering coefficient ( /BC ). The experimental
results fell within a reasonable range of acoustic
parameter measurements that were reported in this area
of study [11].The quantitative analysis enabled us to
identify the phase stabilization process in the liquid
mixture inasmuch as parameter variations described
dramatic changes in the interest region (ROI) such as, for
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example, the time emulsion break-up. We expect that
analysis of the results in this study will shed light to
tackle characterization of dynamic media by relationship
among ultrasonic parameters variations.

II.  MATERIALS AND METHODS

A. Experimental setup

The experimental setup consisted of: 1) Ultrasound
system Panametrics model 5800 with output energy of
100uJ; 2) Pulser / receiver transducer with a center
frequency of 5 MHz and a bandwidth of 2 MHz @
@3dB; 3) Tektronix TDS 3034B 300 oscilloscope to
record ultrasound signal at a sampling rate of 100M/S.

The experimental sample was a biphasic liquid
composed of: 1) Mixture of mineral and vegetable oils
(Phase A) and 2) Mixture of propylene glycol with water
(Phase B). The density and volume estimated to phase A
was 0.840g/cm3 and 67 ml respectively, while that of
phase B were estimated at 1.010g/cm3 and 60 ml.

Initially, the algorithms implemented for the
quantitative ultrasound analysis were calibrated for
ultrasound propagation in water, considered as reference
medium. The ultrasonic parameters such as fand B/A
were determined for A and B phases by the substitution
method [12] at room temperature (25°C). After A and B
phases were mixed by mechanical agitation process. This
procedure resulted in an unstable emulsion (after here
this media will be reference as biphasic emulsion) whose
phases began to separate over time. Biphasic emulsion
was then placed inside an acoustic tank containing water
and subjected to focused ultrasound beam during the
time phases separation of 300 s approximately.
Ultrasound backscattering echoes were recorded from
the region where the interface is formed in sample study
(ROI). Thereby, ultrasonic parameters for biphasic
emulsion were determined by substitution method such
as seen in Figure 1.
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Figure 1. Substitution method. (A) Specular reection (considered as
reference signal) obtained from a at aluminum reector during wave
propagation in water.(B) Ultrasound echo captured in the interface
formation (considered as ROI) of the biphasic liquid.

Figure 2 shows the time evolution echoes for the
biphasic emulsion during the separation process in their
original phases. Also, in Figure 2 is possible to
appreciate the emulsion break-up caused by droplets
coalescence to produce a specular echo in the ROL.

B. Data Analysis Technique

The ultrasonic parameters 8, B/A and IBC were
estimated by a comparative spectral technique.
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Figure 2. Time-evolution for biphasic emulsion. (A) Dynamical
phases separating overtime (300s). (B) Ultrasound echoes collected in
the ROI during phases separation over time.

This technique consisted of analyzing the power spectral
density (PSD) between ultrasound echoes recorded from
ROI - biphasic emulsion and the reference medium
(water). The PSD was estimated from the periodogram
using a Blackman-Harris window. Computational
procedures for analysis QUS were developed using
Matlab version7.6. The speed of sound (SOS) parameter
was determined using the conventional time-of-flight
(TOF) technique.

C. Estimation of Ultrasonic Parameters

TOF technique is commonly used in ultrasonic
characterization of acoustic propagation velocity in
fluids, food emulsion [1] and dairy products [2]. This
involves the measurement of the time elapsed t for the
wave to pass through the material's thickness. The
mathematical expression is:

S0s == (1)

where x is the thickness of the container holding the
biphasic liquid; t is the time of flight for ultrasonic
wave. Ultrasound attenuation was estimated to quantify
the loss of wave energy when it propagated through the
biphasic emulsion. The attenuation model expressed for
an ultrasound plane wave through medium propagation
is given by Equation (2):

|A(x, )| = e = eP/™x )

where A(x, f) is the module of amplitude attenuation
transfer function for thesample; the power relation o=
Bf™is the frequency - dependent term of attenuation
coefficient; f is the signal frequency; fis the ultrasound
attenuation coefficient expressed in dB/cm-MHz units; n
is the value of attenuation frequency-dependence. In this
study n = 1 due to the attenuation curveholds a linear
relationship on the bandwidth of the transducer such as
seen experimentally. The ultrasound attenuation was
calculated by a spectral comparative method, which
correct errors in the attenuation measurements caused by
the effects of radiation coupling, signal pathway, and
beam focus. In addition, it is not necessary to assume
that an ultrasound pulse is Gaussian. The comparative
method provides a standard measurement independent of
the particular characteristics of the ultrasound device,
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such as the shape of the ultrasound wave. The
comparative method consists of dividing a spectrum S
by a reference spectrum S,.r estimated from a non-
attenuated medium (water), see Fig.1. That is described
by Equation (3):
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The attenuation coefficient for the sample study is
calculated by applying a linear regression to spectral
difference in the bandwidth of the transducer. It is
depicted by Eq. (4) using Eq. (3):

Sef) ) _

n (Sref(x'f)> - ﬁf +b (4)

For water, the attenuation coefficient is proportional
to the square of the frequency. However, the attenuation
value f is very small, around 0.0022 dB/cm-MHz and
can be neglected. The nonlinear parameter B/A describes
non-linear effects such as harmonic formation due to
wave discontinuities in the time. This parameter allows
to know how big is the distortion wave due to dynamical
changes on biphasic emulsion, based in the pressure-
density relation. The non-linear parameter was estimated
by the comparative finite amplitude method [12]. This
method compared known acoustic properties (density)
and parameters between the biphasic emulsion and the
reference medium. The nonlinear parameter B/A in the
biphasic emulsion was determinate by Eq. (5):

3
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where p, is the medium density and c, is ultrasound
velocity; p, is the second harmonic pressure. The
subscripts ref and emul refer to the reference and
biphasic emulsion respectively. To obtain a quantitative
evaluation of ultrasonic scattering in the sample study,
the IBC was estimated. This parameter is defined as the
mean backscatter power in a frequency range. IBC was
calculated from the differential scattering cross-section
per unit volume, called Backscattering Coefficient
(BSC). The technique employed for this measurement
compares the average PSD of backscattered ultrasound
echoes (from ROI) and the PSD of a specular echo
obtained from a planar aluminum reflector. This
technique corrects the ultrasonic beam transmitted
diffraction losses and cross-sectional area of the
scattering volume. According to [13] BSC and IBC
parameters can be estimated by Eq. (6) and Eq. (7):

w(f,x) (6)
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where R is the focal length; Ay andA, are the active
surface transducerand the axial length of the gated
volume respectively; w(f,x) is the averagepower
spectral density of the backscattered signal divided by
the PSD of the reference medium.

III.  RESULTS

Computational procedures to measure ultrasonic
parameters were validated in water. The SOS measured
in water agrees with literature and fell within a range of
velocity values allowed for water (1492 m/s -1536 m/s)

S0S (m/s)

[11]. Table I shows experimental results for A and B
phases and the reference medium. Acoustic parameters
for the liquid mixtures: Phases A and B and reference
medium.

TABLEI
ACOUSTIC PARAMETERS FOR THE LIQUID MIXTURES: PHASES A AND B
AND REFERENCE MEDIUM.

s | Ultrasonic Parameters
ample
P 50S (m/s) B (dB/cm-MHz) B/A
Phase A 1516 0.82 8.43
Phase B 1583 0.59 10.70
(mzzzzre 0 1512 0.0048 5.49
(Re;))\:)?i:i)a'b 1520 0.0022 520

a. (ONDA CORPORATION, 2006), b. [11]

The results are depicted in Figures 3. (A), (B), (C)
and (D) show ultrasonic parameters in ROI varying in
time for SOS, B, B/A and IBC, respectively.
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Figure 3. Time evolution of ultrasonic parameters. (A) acoustic

propagation velocity SOS. (B) attenuation coefficient . (C) nonlinear
parameter B/A. (D) IBC.

IV. DISCUSSION

The S0S for biphasic emulsion showed minimal
variations over time. The difference between the
maximum and minimal variation of SOS was 1.4%.
Hence, SOS variations according to dynamical changes
in ROI were negligible. For calculations of the
attenuation coefficient § was possible to assume a linear
frequency-dependence of attenuation because the
attenuation curve obtained by spectral difference holds to
linear relationship on the band width of the transducer.
Thereby, the law relation that described the frequency-
dependence of attenuation for the biphasic emulsion was
not necessarily a perfect model as oil-water systems and
therefore the approximation linear was acceptable. The
estimated attenuation revealed a low pass filter effect on
biphasic emulsion spectra. This was because echogenic
characteristic in the surrounding is not equal as the
beginning. The dynamic scattering process from droplets
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coalescence and acoustic impedance changes in the time
of the emulsion break-up (see Fig. 2) contribute to
spectra attenuation. 8 values were fluctuating between
0.82 to 1.82 dB/cm-MHz and the highest variation
registered to § was 46.9%.The B/A measurements in this
study were made by the amplitude finite method using a
fixed low energy of 100 uJ. During the first 125 seconds
of the phase separation process, low amplitude
waveform distortion were produced for oil droplets
dispersion, which influenced the nonlinear propagation
at sample study. However, time-evolution for B/A
showed minimal changes before the time of emulsion
break-up as seen in Fig. 3.(C). B/A values were shown
to be larger during the time of break-up emulsion rather
than beforehand. It is due to the formation of a more
rigid structure in the ROI, which produces a distorted
specular high-amplitude echo. Thus, the maximum
variation during time-evolution of the nonlinear
parameter was 51%.

The relationship between ultrasonic attenuation and
the nonlinear parameter showed that an increase in
attenuation reduces the wave shock form and influences
the amplitude of component harmonics. Attenuation and
B/A curves in Figures 3 (B) and (C) showed during the
first 125 s opposite behavior. This difference is subtle
due to the low echogenic characteristic in the ROI,
which hold a relationship with low backscattering
amplitudes. Therefore, high attenuation values tend to
decrease slightly nonlinear B/A values. The time-
evolution for IBC presented an expected behavior. The
IBC decrease over time indicated the progressive
disappearance of droplets in the biphasic emulsion. The
estimated values were in the range of 0.48 x 10°cm™ st
'and 5.64 x 10°cm'sr’.The time to break-up and
subsequent phases stabilization can be seen in Fig. 3.
(D), after 150 s where IBC values tend to remain
constant. Also, IBC let to identify that the most
emulsified state during the first instants before the time
emulsion break-up. This is indicated by high IBC value
due to highly scattered wave signals from droplets of the
sample.

V. CONCLUSIONS

This study analyzed the interaction between
ultrasound waves and a biphasic emulsion separating
their phases in time. Ultrasonic parameter variations over
time were obtained from the QUS processing of
backscattering echoes in the ROI. The aim was to
understand the relationship among ultrasonic parameter
variations to explain the dynamic behavior of the
medium. According to observed changes over time in the
ROI, the time of emulsion break-up produced high
variations for § and B/A in contrast with IBC, which
shows low values. This is in agreement with the dynamic
behavior of the sample because the impedance changes
occurred in the time of break-up indicated that ROI-
properties are not equal like the beginning. Therefore
abrupt changes in the structure of the biphasic emulsion
are represented by significant variations in the
parameters. The relationship between the variations of
the attenuation coefficient and B/A during most
emulsified state showed a subtle difference among
themselves. This was due to increased attenuation which
decreases the harmonics propagation. Otherwise, the

SOS parameter did not provide relevant information due
to their minor variations, which prevented their
correlation with the results of other parameters. The
time-evolution for SOS was not significantly influenced
by droplets dispersion. With exception to SOS, the
relationship between the ultrasonic parameters allowed
to describe different stages in the time-varying medium.
The IBC was the best parameter to describe the behavior
during the most emulsified stage and the time of phase
separation. The attenuation coefficient and B/A allow to
identify better than IBC the time of emulsion break-up.
We extrapolated this study to analysis and classification
of particles traveling in liquids by QUS techniques.
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