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Abstract: This work deals with the feasibility of ultrasonic monitoring of the crude oil
content in highly diluted crude oil-in-water emulsions, common mixtures obtained in
the coalescence process of the petroleum industry. The measurement principle is the
determination of the time of flight using the reflected pulses from a set of scatterers located
in the near field of commercial transducers of 5 and 10 MHz. Dispersers consist of two rows
of metal wires tensioned in front of the transducer using a specially designed mechanical
part. The resulting assembly is a probe that can be introduced into a tank or pipe to perform
the measurement. Experiments with crude oil-in-water emulsions with concentrations
from 10 to 2000 ppm (parts per million) at a temperature of 20 °C were carried out. The
results show that the small changes in the propagation velocity resulting from changes in
concentration and temperature can be detected by the developed ultrasonic sensor. This
opens up the possibility of determining the oil content in the emulsion by means of a
calibration approach. The main motivation is the development of techniques for real-time
monitoring of crude oil content in the wastewater produced in the petroleum industry.

Keywords: ultrasonic transducer; backscattering; crude oil-in-water microemulsion;
concentration

1. Introduction

Petrochemical processes use large amounts of water to maintain well pressure, reduce
oil viscosity during the extraction process, and extract mineral compounds or other inor-
ganic solutes from crude oil. The water is emulsified mainly during the suction operation
by the rotor tips of the pumps. Then, emulsified water is removed from separation reac-
tors, avoiding its presence in the distillation towers. Excess water in crude oil can reduce
the quality of sub-products and increase the production of greenhouse gases and other
pollutants. On the other hand, the removed water still contains crude oil micro-particles.
Above a certain level of contamination, measured in parts per million of oil, the excess
water cannot be released into natural bodies of water, such as rivers or the ocean [1].

These highly diluted emulsions are called crude oil-in-water microemulsions, and
their concentrations are less than 5000 parts per million. This means the crude oil content is
approximately less than 0.5% in weight. The large number of chemical compounds in the
crude oil makes the extracted water a toxic solution capable of damaging the environment.
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The final crude oil content in these crude oil-in-water microemulsions is a critical parameter
in the production process.

The characterization techniques of crude oil-in-water microemulsions are an active
research topic. The techniques available for turbidity measurement have little use with
crude oil, and the ones commonly used in the characterization of water-in-crude oil emul-
sions have important disadvantages as well. Common methods for determining the water
content in crude oil, such as centrifugation [2], Karl Fisher’s distillation, and grinding
methods [3], are mostly useful for high concentrations, as they require the extraction of a
sample from the tank or pipeline for further processing in a laboratory. These laboratory
tests are time-consuming, and some techniques require the addition of chemicals that, in the
case of microemulsions, can change the measured concentration.

The real-time monitoring of water concentration before and after the coalescence pro-
cess is of particular interest to the petrochemical industry [4]. Ultrasound has the potential
to meet this need because it allows the characterization of opaque substances. Ultrasound
measurement can be completed even through the wall of the tank or pipeline, and it is
not an ionizing radiation harmful to human beings. Additionally, the required equipment
is robust, relatively inexpensive, and easy to operate. The flexibility of ultrasonic tech-
niques has allowed the characterization of edible substances, polymer resins, and motor
oils [5-7], as well as the process monitoring of polymer and concrete curing [8,9] and physi-
cal property monitoring of emulsions, suspensions, slurries [10-12], and bubble flows [13].
In the case of the oil industry, the literature reports the use of ultrasonic techniques in
the characterization of concentrated crude oil emulsions [14,15] and the monitoring of its
stability evolution [16]. Other interesting works deal with the monitoring of a multiphase
oil-water—gas flow directly in a pipe [17] and the detection of oily contaminants in water
courses [18]. However, in the case of crude oil-in-water microemulsions, there are no
reported works yet. Regarding wave generation and reception methods, the literature
reports the use of compact thick-film piezoelectric transducers [19], laser techniques for
both the generation and reception of ultrasonic pulses [20] and conventional ultrasonic
transducers [17].

The measurement of the propagation velocity of ultrasonic waves has been used
to infer the physical properties of water-in-crude oil emulsions. In 2021, a novel multi-
backscattering sensor with a simple signal processing methodology, which allows the
measurement of the propagation velocity, was proposed to monitor water-in-crude-oil
emulsions [15]. The ultrasonic multiple-backscattering sensor consists of a 3.5 MHz trans-
ducer and a set of thin cylindrical scatterers located in the near field. The results from this
experimental arrangement showed an almost linear behavior of the propagation velocity
over a volumetric water concentration from 0% to 50%.

This article proposes an ultrasonic technique to estimate water concentrations in water-
in-crude oil microemulsions. The working principle is the determination of the time of
flight of ultrasonic waves between two rows of scatterers located in front of the radiating
surface of conventional transducers. The sensing device developed was initially tested
with static samples to establish the measurement methodology. Other measurements were
carried out with the sample being stirred by a laboratory mixer. The main motivation
is the development of compact, inexpensive, and chemically and mechanically resistant
devices, which could be attached to pipes or tanks in the oil process lines for on-line and
real-time monitoring.
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2. Theoretical Background
2.1. Propagation Velocity

When emulsions based on two non-miscible components, such as water and crude oil,
have dispersed droplets whose mean diameter is smaller than the wavelength, the local
acoustic propagation converges to a wavefront traveling through the mixture with constant
velocity. Literature works such as [21,22] report typical droplet sizes in the range of
5-30 um in water-in-crude oil emulsions, which constrain the frequency operation to less
than 25 MHz to avoid punctual reflection from the droplets. Then, considering a sensor
with a working frequency equal to or less than 10 MHz, the total propagation time of flight
of the ultrasonic wave through the heterogeneous mixture is the sum of the time of flight in
each phase (layer of pure material) [23-26].

Xw X,ﬁ _ Xe
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where t is the propagation time, X is the wave path length, c is the propagation velocity,
and subscripts e, w, and p refer to emulsion, water, and petroleum oil, respectively. The
relationship between propagation velocity ¢ in the emulsion and the volume fraction
depending on the selection of the dispersed phase ¢, or ¢y, is:
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(2)
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Equation (2) provides the emulsion propagation velocity from the propagation ve-
locities of the two phases, pure water and oil. The propagation velocity in the emulsion
is directly related to its concentration when the droplet size is much smaller than the
wavelength. Determination of the time delays in the emulsion and the phases (t. = X./c,,
tw = Xw/cw, and t, = Xp,/cp) require the distances traveled by the waves X,, Xy, and
X}, which are known and have the same value. The results section explains in detail the
procedure used to obtain the time delays (t,, ty, and p) from the acquired ultrasonic signal.

2.2. Dilution Process Model

In order to analyze the dilution process during the experiments, a simple mixing model
in a stirred tank was used. This model is useful for describing the mixture homogenization
time and establishing the appropriate waiting time for measurement. The model consists
of the following first-order differential equation:

e
9in — ) = Vo ®)

where ¢;, is the concentration of the input fluid (zero in the case of pure water), ¢ is the
concentration in the control volume and, consequently, in the output flow from the stirred
tank, g is the input and output volumetric flow, and V is the constant control volume.
The solution of Equation (3) is

¢ = ¢o [l—exp (_Vqtﬂ 4)

This equation shows that the concentration decays exponentially to zero with a time
constant T = V/q for a constant input flow of pure water (¢ is the initial concentration).
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The concentrations ¢y and ¢ in Equation (3) are in terms of mass, that is
m
p
= = —_—y 5
b= pn= )

where m, and m,, are the petroleum and water masses, respectively. If the concentration
values are small but measurable, they can be labeled in parts per million (ppm). On the
other hand, the concentration in Equation (2) is volumetric (¢, = Wpr and ¢, = %).
Then, to correlate both properties, the masses in Equation (5) are divided by the density of

the corresponding fluid:

np

Pp mp
ﬂ + M mp + plmw
Pp Pw Pw

Combining Equations (5) and (6) gives an expression for the volumetric concentration
in terms of the mass concentration.

1
T ¢
1 P78
+Pw ¢

¢p(t) )

Assuming that the water and petroleum densities do not change through the processes,
the expression (7) can be introduced in Equation (2). This provides the propagation velocity
of the emulsion as a function of time:

_ 1
G0N

Cp Cw

ce(t) 8)

This theoretical propagation velocity will be compared with the results obtained by
ultrasound in the dilution experiments. To compare the theoretical concentration in ppm
(Equation (4)) with the experimental concentration obtained from the experimental propa-
gation velocity cexp(t) of the emulsion, Equation (2) can be modified in the following way:

©)

which leads to the concentration in ppm, a dimensionless expression, multiplied by 1 x 10°,
instead of multiplying by 100 (percentage), such as ¢, in Equations (2) or (9), among others:

1
1- ¢Pexp (t) '
Ppesy (1)

(10)
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3. Materials and Methods
3.1. Ultrasonic Backscattering Probes

In this work, backpropagation transducers refer to an ultrasonic transducer with
an accessory part that supports a set of scatterers in the near field. The scatterers are
metallic rods whose function is to reflect the wavefront coming from the radiating surface.
Unlike the conventional walls of ultrasonic cells or transmission receiver probes [23,24]
implemented in previous works, the scatterers in the backpropagation sensors reflect the
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transducer wavefront, achieving a greater interaction with the sample, which means more
information about the propagation media when the echo returns to the transducer. Even
though the backpropagation sensor uses de-phased rows of scatterers, this work validates
the measurement of propagation velocity using successive echoes between them. It will
be presented in the results section that the measured propagation velocity agrees with the
mixture model of Equation (2).

Figure 1a shows the measurement probes manufactured using two ultrasonic transduc-
ers, a commercial 10 MHz 19 mm diameter piezoelectric transducer (Panametrics-Olympus,
V321-SU) and a 5 MHz 10 mm diameter transducer of own manufacture. An accessory
made by additive manufacturing, which contains a set of 10 metallic strings of 0.1 mm
diameter, was installed in front of the transducers. The strings were distributed in two rows
of five strings per row, separated by 1.5 mm. The separation between the rows was 1.7 mm.
The configuration of the ultrasonic probes is shown in Figure 1b. The rows of scatterers
provide two reflected pulses that allow the determination of the propagation velocity in the
sample. In addition, the sensor can be inserted into pipes or tanks, providing flexibility and
low pressure losses. Lower frequencies make it not possible to observe the small changes in
propagation velocity induced by changes in concentration. On the other hand, at 20 MHz,
a low signal-to-noise ratio and signal instability were observed as a consequence of high
attenuation and scattering.

Transcjucer Radiating
housing surface
La
| 67
. RE
'
[ )
| L , ‘
BNC ‘
.‘ |
|
Lo Scatterers
(strings)
Strings support ring :
P, 10 MHz
® (b)

Figure 1. Ultrasonic backscattering probes: (a) schematic showing the scatterer distribution and
(b) image of the manufactured probes.

3.2. Experimental Setup

Figure 2 shows a schematic representation of the measurement setup. The sample
was stored in a 3000 mL glass beaker. The two ultrasonic sensors of 10 and 5 MHz,
marked as P1 and P2, were immersed in the sample, and each one connected to an ul-
trasonic pulser/receiver working in pulse-echo mode. The RF signal output from the
pulser/receivers is connected to the input channels of a high-speed data acquisition board
(GAGE, RazorMax PCle 16-Bit Digitizer, Lockport, IL, USA). The acquisition process is
synchronized by the trigger signal of the pulser/receiver connected to the 10 MHz probe.
The test was performed with temperature control (20 °C) in a thermostatic bath (Huber,
CC-106A, Offenburg, Germany) with a precision of 0.2 °C. In addition, the sample tempera-
ture was measured using a PT100-type sensor (DeltaOHM, model HD2107.2, Caselle di
Selvazzano, PD, Italy) with a precision of 0.1 °C. The sample was constantly homogenized
by an electric mixer (Fisatom, model 711, Sio Paulo—SP, Brazil). In the case of the tests with
crude oil-in-water emulsions, two peristaltic pumps were used to modify the concentration.
One pump introduces water from the thermostatic bath to dilute the emulsion and another
pump extracts the excess sample from the beaker. The number of rotations of the pump
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allows the added volume to be precisely determined. In the case of the solution of NaCl
in water, the pumps were not used, the concentration was increased by adding more salt
to the solution. The data acquisition process was controlled by a desktop computer using
specially developed Matlab scripts. The ultrasonic signals and temperature were stored in
the computer for further analysis.

Pulser/receiver 1 Pulser/receiver 2
RF1l o000 [ coo [LIrFE2

[ONONG) SYNC O 0O Digital
thermometer

si [ ]

irrer ooo

] goo

Temperature 0oo0

controller

USB

- -————=-=—

Sample Thermostatic bath Computer
Figure 2. Diagram of the experimental setup.

An initial emulsification process is required to obtain the initial sample with a con-
centration of 4000 ppm. A dispersing machine (IKA Labortechnick, model T25, Staufen,
Germany) working at 15,000 rpm was used to mix 500 g of pure water and 2 g of crude oil
with an API gravity of 30.5° obtained from the well LL83 of Petrobras located in Mangarat-
iba, Brazil. To improve the emulsion stability, 2 g of emulsifier (SF-770, Loctite, Rocky Hill,
CT, USA) was used. Subsequently, during the experiment, the emulsion was diluted by
adding water with pump 2, and after a mixing time of 5 min, the same volume of sample
was withdrawn with pump 1. Peristaltic pumps allow the volume to be controlled with
good precision. This emulsification process provides a droplet distribution with a mean
diameter of around 5 um when sunflower oil was emulsified with water under the same
conditions [27]. In this case, the emulsification time was increased from 3 to 5 min to
guarantee a similar distribution of droplet size in the emulsion, and the dilution process
was performed in less that 40 min.

3.3. Experimental Procedure

To evaluate the feasibility of measuring the propagation velocity using the backscatter
probe, measurements were performed with a solution of sodium chloride (NaCl) in water.
In this experiment, successive concentrations were obtained by adding 1 g of NaCl to the
solution. It started with 3000 g of pure water and finished with a salt concentration of
2666 ppm or 0.26% (8 g NaCl). The solutions for each concentration were stirred for 150 s
to completely dissolve the salt and restore the test temperature. The ultrasonic signals were
digitalized and processed to determine the propagation velocity of each concentration.
This procedure was repeated three times, and the average and standard deviation of the
propagation velocities were obtained. This test was performed at 20 °C.

In the case of the emulsion, the experimental procedure begins with an initial emulsion.
In a glass beaker, 500 g of water, 2 g of the chemical emulsifier, and 2 g of crude oil are
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emulsified by the dispersing machine for five minutes at 15,000 rpm. The resultant emulsion
was added to the 3000 mL beaker and partially immersed in the thermal bath. The beaker
already had 1500 g of water stabilized to the test temperature (20 °C). The subsequent
homogenization was made with the mixer at 200 rpm. The ultrasonic sensors were placed
on the bottom of the beaker. A couple of pumps were used to feed pure water and extract
the same volume of the diluted sample in order to keep the sample volume inside the
beaker. The flow in both pumps was 4.4 mL/s. The procedure was repeated twice [15].

In another experiment, the propagation velocity of water in a temperature range
between 19 and 21 °C was measured. These results were used in the signal processing.
Since emulsions are very dilute, variations in propagation velocity due to temperature
changes correspond mainly to water (the continuous phase), this test was repeated twice.

3.4. Signal Processing

The calculation of the delays between the ultrasonic pulses is performed in the fre-
quency domain, using an algorithm based on the cross-correlation:

R(dt) = /oo s1(t)so(t + ot)dt (11)
—o0
where s1 () and s, (t) are the ultrasonic pulses. Cross-correlation measures the similarity
of the two pulses as a function of a time shift. The similarity of the pulses is high because
they are reflections of the same initial pulse. The cross-correlation peaks at a position that
depends on the time delay between the two pulses. However, previous research has shown
that better accuracy is achieved by observing the zero crossing of the cross-correlation
function, rather than its maximum value. This also allows interpolation between points
surrounding the zero crossing to estimate the crossing point with sub-sample accuracy [28].

In order to apply the delay calculation algorithm, the raw signals from the acquisition
system must undergo initial processing. Appropriate time windows confine the ultrasonic
pulses, which are then centered and filtered. These time windows are generally static and
depend on the configuration of the measurement device. A low-pass filter is sometimes
applied to eliminate high-frequency components that hinder signal comparison.

4. Results and Discussion

Figure 3a shows the signals obtained from both backscattering probes (s; and s, on
Equation (11)). Notice that the 5 MHz prototype exhibits a constructive interference in the
middle of the reflections from the first and second rows of scatterers, which is not present
in the response of the 10 MHz probe. This additional pulse is evidence of a complicated
interference pattern at 5 MHz [29]. However, in the cross-correlation algorithm, the main
pulses have more relevance to calculate the time of flight (t.), avoiding the interference
pulse. The known separation between the two rows of scatterers of 2 = 1.5 mm and
b = 0.75 mm for transducers of 10 MHz and 5 MHz, respectively (see Figure 1a), allows the
determination of the propagation velocity (c.).

Figure 3b shows the propagation velocity, as a function of concentration, measured
with both backscattering probes in the solution of NaCl in water. In the case of the 10 MHz
transducer, a linear behavior with low standard deviation is observed. The variation in the
propagation velocity is 3.3 m/s for a variation in concentration of 0.25%. It is important
to note the small variation of 3.4 m/s (0.22% with respect to the pure water value) in the
propagation velocity and a maximum relative standard deviation of 0.5%. These results
show the good sensitivity and stability obtained with the 10 MHz probe. In the case of
the 5 MHz probe, the propagation velocity is in agreement with the 10 MHz probe for
concentration values less than 0.1%. For higher concentrations, the discrepancy is up to
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1 m/s, and the behavior deviates from the linear trend. In addition, the standard deviation
is up to ten times higher.

4
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Figure 3. (a) Acquired signal pattern for NaCl solution case and (b) NaCl solution characterization
with 10 MHz and 5 MHz backscattering sensors at 20 °C and comparison with theoretical values
from the literature [30].

These results show that the developed methodology allows measuring small changes
in the propagation velocity in liquids, with changes of 3.4 m/s in the NaCl-Water solution.
However, the expected change in the microemulsion propagation velocity for oil concentra-
tions between 0 and 2000 ppm is only 0.18 m/s. Such small changes cannot be detected
by the 5 MHz transducer. Therefore, the microemulsion tests were performed using the
10 MHz probe. On the other hand, small temperature changes affect the measurement, and
a compensation mechanism should have been implemented.

Figure 4a,b show the temperature and the propagation velocity, respectively, of pure
water as a function of the acquisition time, in the temperature range from 19 °C to 20 °C
at 10 MHz. This range of temperature propagation velocity is related to the range of
variations in the dilution during our experiments. Even though the dilution process
proposed in our experiments was intended to occur at a constant temperature (20 °C), the
input and output fluxes led to slight temperature changes in the main volume of the sample
during the dilution. That is the main reason to focus the attention on light temperature
propagation velocity variations. These are the results used to obtain the curve in Figure 3b.
The measurement was performed in a heating process from 19 °C to 20 °C, and in a cooling
process from 20 to 19 °C, repeated twice in each case. The curves exhibit similar behavior,
showing that the variation in propagation velocity is primarily a result of temperature
variations. However, the propagation velocity curve exhibits greater fluctuations. This is
because the value obtained is the average over the entire wave propagation path, and is
affected by local temperature gradients.

Information in Figure 4a,b allows a relation between the propagation velocity and
temperature to be established. Figure 5a shows the propagation velocity as a function
of temperature obtained in both cases, with heating and cooling between 19° and 20°.
The results suggest linear behavior, with fluctuations due to thermal hysteresis and small
delays in the measurement of both physical properties, temperature and propagation
velocity. Figure 4b shows the average of the two measurements. The curves overlap and



Fluids 2025, 10, 108

90f13

the dispersion is reduced, suggesting that most of the error is of a random origin. These
averaged data were fitted using linear regression. The fitted line is

ew(T) = 1.95T + 14414, (12)

where cyy is the propagation velocity in pure water, and T is the temperature in Celsius
degrees. This equation will be useful to compensate for the effects of the temperature on
the measurement with the crude oil-in-water microemulsions.

20 1 g 1480.5
o | >
C 198 5 1480
e =
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=) cooling 1 'g cooling
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= = ]
= 192 , =
= % 1
= 14785 S Sl
19 ‘ ‘ ‘ | ] ‘ ‘ N
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Time (s) Time (s)
(a) (b)
Figure 4. Temperature as a function of acquisition time for the heating (red lines) and cooling (blue
lines) processes: (a) comparison of static and in-motion cases and (b) measurements at top (near free
surface) and bottom of the sample for ¢ = 0.29.
i T T T 1480.5 i i T T
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Figure 5. Propagation velocity of pure water in the temperature range from 19°C to 20°C: (a) all
measurements and (b) averaged values.

The results of propagation velocity and temperature of the crude oil-in-water emulsion
during the dilution process at 20 °C, using the experimental setup from Figure 2b are shown
in Figure 6a,b, respectively. When water is added to the initial emulsion, the propagation
velocity decreases. Theoretically, a higher amount of water in the emulsion should lead
to an increase in the propagation velocity. Even though the experiment was set at 20 °C,
a variation of around 0.3 °C was observed. This happens because the temperature of the
added water is slightly different from the temperature of the emulsion. These variations
(1%) carry significant effects on propagation velocity, as shown in Figure 5b. However,
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a correlation can be observed between the propagation velocity and temperature curves,
suggesting the possibility of compensation.
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Figure 6. Behavior during dilution process of (a) propagation velocity and (b) temperature.

The compensation process consists of adjusting the propagation velocity measured in
the microemulsion, using the measured temperature. The velocity variation correspond-
ing to a temperature change is obtained by Equation (12), then it is subtracted from the
measured velocity as follows:

ce(9,T) = em(¢) —6(T) + O (13)

where cg(¢) is the compensated propagation velocity function, cp(¢) is the propagation
velocity measured in the emulsion, 6(T) is the temperature correction of the propagation
velocity, and O denotes an offset value. This offset is a knowing propagation velocity value
in some specific condition, such as pure water at 20 °C. This methodology assumes that the
variation in the propagation velocity in the emulsion is the same as in pure water due to
the very low concentration of oil.

Figure 7a shows the propagation velocity obtained in the dilution test. The test lasted
2300 s, and the concentration varied from an initial value of 2000 ppm to a value close
to zero at the end of the test. Two tests performed on different days are shown. It can
be clearly seen that the measured values follow the same trend as the theoretical values,
although oscillations occur that coincide with the periodicity of water addition to the system
(beaker). This shows that, despite the implemented compensation scheme, temperature
changes still significantly interfere with the measurement. However, it should be noted
that this variation is only 0.03% with respect to the propagation velocity of pure water.
The results also show that the measured values oscillate around the theoretical values,
but it is not possible to implement an averaging scheme to reduce the error, for example, a
moving average, because the concentration varies over time in these experiments.

Figure 7b shows the emulsion concentration calculated from the propagation velocities
reported in Figure 7a. The measured concentration follows the same trend, fluctuating
around the theoretical values. However, the fluctuations are large, even showing negative
concentrations. These results are evidence of low sensitivity and the need for more precise
temperature control. A 1 °C temperature change induces a greater variation in propaga-
tion velocity than expected due to the presence of oil in the microemulsion. Temperature
variations also affect the measurement through thermal expansion, modifying the wave
propagation distances, although the effect is small compared to the change in propagation
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velocity. Furthermore, the presence of droplets of comparable size or larger than the wave-
length can generate reflections, scattering, or excessive attenuation that make measurement
difficult. These droplets can also be in the solid or gas phase due to the complexity of the
emulsions involved. These non-ideal effects and sample characteristics are experimental
limitations of the ultrasonic measurement technique based on backscatter sensors.
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Figure 7. Theoretical and experimental behavior of (a) propagation velocity and (b) concentration of
crude oil-in-water emulsions. Two tests performed on different days are shown.

5. Conclusions

This article evaluates a proposed methodology for the ultrasonic measurement of
oil concentrations in highly diluted crude oil-in-water emulsions. These emulsions are
a byproduct of the oil extraction process and their characterization is important for both
the oil industry and environmental control agencies. Due to the changing concentration
of these emulsions during the production process, experiments were implemented by
continuously diluting the sample. The results show that it is feasible to use the propagation
velocity of ultrasonic waves generated with the implemented backscatter transducers to
monitor oil concentrations.

Transducers (probes) with operating frequencies of 5 and 10 MHz were implemented,
demonstrating that the 10 MHz one provides better resolution and stability. Preliminary
tests carried out at working frequencies lower than 5 MHz and higher than 10 MHz showed
low sensibility and high attenuation, respectively, providing a low signal-to-noise ratio
and considerable distortion of the reflected ultrasonic pulses. Key features of the proposed
transducers include their robustness, compact size, ease of installation in pipes and tanks,
and low cost. Furthermore, the signal processing is relatively simple, and the calibration
only requires prior measurements of water propagation velocity with the same transducer.

A compensating method for changes in propagation velocity due to temperature
variations was implemented. This method allowed for measurements of propagation
velocity with variations less than 0.03% of the propagation velocity of pure water at 20 °C.
However, the small temperature changes observed during the experiments, due to the
limitations of the temperature control system, still significantly affected the measurement.
Then, a more rigorous temperature control is required. This requirement can be met in the
laboratory environment, but it is a limitation for practical applications in industry.

The results showed that the proposed methodology has potential for monitoring the
concentration of highly diluted samples in real time. However, further research, including
more sophisticated experimental techniques, primarily in temperature control, is required.
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