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ABSTRACT

Advanced ultrasound techniques were used to study liquid–liquid dispersed flows formed in impinging jets confined in small channels.
Ultrasound speed and attenuation coefficient spectra of the propagated sound waves were used to obtain volume fraction and drop size
distributions, respectively. The results were compared against drop size distributions obtained with high-speed imaging. Experiments were
conducted in a 2mm internal diameter tube for both kerosene oil continuous and glycerol/water continuous dispersions. The overall mixture
flow rate was set at 60ml/s, and the dispersed phase fractions were 0.02, 0.05, and 0.10. The measured volume fractions were found to be very
close to the input ones, indicating a very small slip between the phases in the dispersed flows. From the ultrasound measurements, the drop
size distributions were found to range from 32 to 695lm under the different conditions used. The drop sizes at the two low input volume
fractions were in reasonable agreement with the results from the imaging. Imaging, however, could not be used for the 0.10 input dispersed
phase fraction. These results demonstrate the applicability of the ultrasound techniques to measurements in dispersed liquid–liquid flows in
small channels.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0218731

I. INTRODUCTION

In impinging jets, two liquid streams collide at high velocities.
Depending on whether the liquids are miscible or immiscible, imping-
ing jets result in efficient mixing or the generation of dispersions and
find applications in intensified reactions and processing of food, phar-
maceuticals, and cosmetics.1,2

Recently, impinging jets have been used to generate dispersions
within the confinement of small channels (confined impinging jets,
CIJ) in applications such as intensified solvent extraction and biofuel
production.3 In these configurations, the flow patterns and drop size
depend on various factors such as fluid flow rates, fluid properties, jets
diameter, and impingement angle.4 For instance, higher impingement
velocities can lead to the breakup of larger drops into smaller ones,
thereby reducing the average drop size in the system.5 The liquid prop-
erties are also important, and liquids with high viscosity or surface ten-
sion may form larger drops that persist longer in the flow.6 The drop
size distribution has significant effects on mass and heat transfer rates
in multiphase processes.7,8 Therefore, it is paramount to measure the

drop size distribution and drop volume fractions in such systems using
techniques that allow fast, cost-effective, and reliable measurements.9,10

Drop size and drop volume fraction are important for process effi-
ciency and optimization, performance evaluation, and product quality
assurance.11 Current approaches for studying liquid–liquid dispersed
flows involve sensors based on conductivity,12 capacitance,13 or local
heat transfer,14 which can be intrusive and potentially disruptive to the
flow field. Imaging methods have advanced alongside improvements
in digital and fast cameras, image processing capacity, and in high-
energy, high-frequency lasers. Optical techniques such as high-speed
imaging15 and laser-based approaches, including planar laser induced
fluorescence (PLIF)16 and particle image velocimetry (PIV),17 have
also been utilized for measurements in liquid–liquid dispersed flows to
investigate volume fractions, size distributions, and velocities of the
dispersed phase. These optical methods are restricted to transparent
test sections and fluids. Liquids with a matching refractive index can
be used to increase the volume fractions that can be studied, but this
restricts the range of suitable test liquids.18 Furthermore, common
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drawbacks in the application of electrical sensors include spatial reso-
lution and the calibration procedure.19 Additionally, techniques based
on magnetic resonance or x-ray imaging can be used in opaque systems
but are based on radiation and have cost and safety limitations; they rely
on density differences between the phases, which limit the fluid ranges
that can be studied.20,21 Tomographic techniques that have been used in
liquid–liquid systems include electrical capacitance tomography (ECT)
as demonstrated by Hasan and Azzopardi,22 and electromagnetic
tomography (EMT) as shown by Wei and Soleimani.23 While these
techniques offer good accuracy, they are often associated with reduced
spatial resolution and involve complex data processing methodologies.

Given these challenges, ultrasound techniques have risen as poten-
tial alternatives for measurements in liquid–liquid systems,24 which can
deliver rapid, cost-effective measurements that can be used in non-
transparent systems and without harmful radiation. Moreover, they are
suitable for use in highly concentrated dispersions and in opaque
systems.25 Ultrasound techniques have previously been used to study
dense solid–liquid flows within fluidized beds.26,27 Specifically, particle
volume fractions ranging from 0.27 to 0.70 and particle size distributions
between 500 and 1250lm were measured. Ultrasound techniques have
been applied to porosity and compressibility measurements in liquid
suspended particles,28 determining particle size distribution (PSD) as
demonstrated by W€ockel et al.29 and Nguyen et al.,30 as well as for eval-
uating particle and bubble velocity profiles and porosity in porous mate-
rials as shown by Zhou et al.31 Other research areas that can potentially
benefit from fast and noninvasive measurements enabled by ultrasound
techniques, include drop coalescence,32,33 thinning and rupture of liquid
sheets,34 and contact line motion.35 The speed of ultrasound in a liquid
can vary depending on the liquid type and temperature. In two-phase
systems of immiscible liquids or of a solid and a liquid phase, the mix-
ture volume fraction can be calculated from the speed of sound in each
phase and in the two-phase mixture. From measurements of the ultra-
sound attenuation through a dispersion, the size distributions of the dis-
persed phase can be calculated.26 Ultrasound speed measurements have
been employed to calculate drop size distributions ranging from 0.25 to
2mm and low dispersed phase volume fractions ranging from 0.0053 to
0.042 in liquid–liquid dispersions formed in a stirred vessel.24

However, challenges may arise in signal post-processing, espe-
cially when the sound waves interact with multiple interfaces in multi-
phase mixtures. Furthermore, the sensitivity of sound waves to
temperature and humidity can complicate technique development in
environments where these factors are uncontrolled. Notwithstanding
these challenges, ultrasound techniques can swiftly characterize various
flow features, making them particularly valuable for online measure-
ments and process control applications.

In this study, we applied ultrasound techniques for the first time
to the characterization of dispersions formed in confined impinging
jets in small channels. We developed signal post-processing methodol-
ogies to obtain from sound speed and attenuation measurements the
volume fraction and the drop size distribution in a test channel of
2mm inner diameter. To validate the ultrasound findings, a high-
speed imaging method was employed to capture time-resolved images
of the drops at the same time and location as the ultrasound trans-
ducers. In Secs. I–V, Sec. II elaborates on the experimental methodol-
ogy, Sec. III describes the data post-processing for both ultrasound and
imaging techniques, Sec. IV discusses the results, and Sec. V summa-
rizes the conclusions.

II. EXPERIMENTAL SETUP AND METHODOLOGY
A. Experimental setup

Dispersions of kerosene oil and glycerol/water were generated in
confined impinging jets (CIJ). One of the two phases is expected to be
dispersed by the impact with the other phase depending on operating
conditions. The two liquid phases have different refractive indexes so
they can be imaged, and their properties can be found in Table I. The
experimental setup of the CIJ is shown in Fig. 1(a). The impinging jets
have an inner diameter of 0.5mm and consist of two channels drilled
perpendicular to each other, in the central plane of an acrylic block
with dimensions 51� 25� 75mm3. The formed mixture enters two
opposite transparent FEP tubes, each with 2mm inner diameter. The
two fluids are introduced to the jets via two Ecom pumps (ECP2300).

B. Setup for high-speed imaging

The setup for the high-speed imaging experiments can be seen in
Fig. 1(a). Imaging was carried out in one of the FEP tubings, 15 cm
downstream of the impinging jets outlet. At the measurement point
the tubing was enclosed within a visualization box filled with a 0.10
glycerol/water mixture that has a refractive index (1.344) close to that
of the FEP tubing (refractive index of 1.346) to reduce the optical dis-
tortions caused by the curved tubing wall, and improve the quality of
the high-speed images; for the ultrasound measurements a box is not
required. The test section was back illuminated with an LED light.
Images were captured with a high-speed camera (Phantom V1212)
that had a �12 monozoom lens (Navitar) and a �2 add-on lens, at
3000 fps. The camera has 640� 480 pixels giving a spatial resolution
of the images equal to 4.64lm/pixel. The lens was chosen for its good
edge flatness and clarity. Images were processed using an in-house
code developed with MIPAR, a commercial software developed within
MATLAB’s matrix processing algorithms and a recipe-based work
flow.36 For each case, 300 images were processed with an error
of6 4.64lm on estimating the droplet diameter.

In impinging jets, the dispersed phase size distribution is related
to the properties of both phases, the design of the jets, and the flow
rate of the two phases. To investigate this, we carried out experiments
for two different cases, namely cases 1 and 2. In case 1, kerosene oil
was the dispersed phase, while in case 2, the aqueous phase (glycerol/
water mixture) was the dispersed phase. For each case, we measured
both the volume fractions and the drop size distributions under vari-
ous experimental conditions using both ultrasound and high-speed
imaging techniques. For the volume fraction studies, total flow rates of
60ml/s were used for three volume fractions of the dispersed phase,
namely 0.02, 0.05, and 0.10. The same conditions were used for the
drop size distribution measurements with ultrasound. However, drop

TABLE I. Physical properties of the test fluids at room temperature and normal
pressure.

Properties Kerosene oil Water/glycerol

Density (kg/m3) 795 1027
Viscosity (kg/m s) 0.002 04 0.001 38
Sound speed (m/s) 1329 1498
Refractive index 1.44 1.34
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sizes from imaging were only obtained at 0.02 and 0.05 dispersed
phase volume fractions for both cases 1 and 2. This is because it is chal-
lenging to obtain drop sizes from imaging at high fractions of the dis-
persed phase because of multiple reflections and overlapping of
neighboring droplets.

C. Setup for ultrasound measurements

A schematic diagram of the ultrasound equipment setup is shown
in Fig. 1(b). The ultrasound transducers, which are 3/400 in diameter,
were positioned just after the visualization box. To measure drop sizes,
two transducers were used: one as a transmitter and the other as a
receiver. Both transducers were the RTD2250, which has a diameter of
3/400 resonating 20 MHz, within a range of 1–40 MHz. Additionally,
for measuring the drop volume fraction, two more transducers were
employed, serving as both the receiver and emitter. These were the
RTD2550, also 3/400 in diameter, resonating at 2 MHz, with a fre-
quency range of 1–5 MHz. These transducers were both manufactured
by Sonatest. The ultrasound signal was generated using a function gen-
erator (33500B, Keysight), then amplified by 35 dB using an RF ampli-
fier (TS500-C, Accel Instruments). This signal was transmitted
through the test section via transducer T1. Ultrasound gel is used
between the transducers and the tube wall to eliminate any trapped air
and reduce sound wave reflections from the wall. The ultrasound sig-
nal was then propagated through the dispersion, received by trans-
ducer T2, and collected via the ultrasound pulser/receiver [see
Fig. 1(b)], where it was amplified up to 50 dB. Finally, the digitized sig-
nal was captured by an oscilloscope (Keysight-DSOX3014T) and
transferred to a computer for further signal post-processing.

Figure 2 illustrates the propagation of the ultrasound signal
through the tube filled with kerosene oil. It depicts the emission of the
signal from transducer T1 (first pulse), its reflection from the tube wall

(second pulse, with multiple reflections visible due to the ultrasound
gel application between the transducer and the tube wall and the inner
and outer tube walls), and the transmission of the signal through the
oil to the opposite side of the wall where it is received by transducer T2
(last pulse, with multiple reflections, similar to those of transducer T1).
The time of flight (TOF) (the time that the sound wave takes to propa-
gate through the tube inner diameter (2mm) from T1 to T2 was found
to be equal to 1:505� 10�6 s for kerosene oil and 1:335� 10�6 s for
glycerol/water.

We employed two different measurement techniques, namely
ultrasound propagation speed for calculating the dispersed phase vol-
ume fraction and ultrasound attenuation coefficient for calculating the
drop size distribution. The ultrasound wave propagation speed
depends on the physical properties of the two phases as well as their
volume fraction in the dispersion and can be calculated using the fol-
lowing equation:

C ¼ D
t
; (1)

where C denotes the sound speed, t denotes the time for the sound
wave to travel within the fluid, and D is the tube inner diameter. As
the ultrasound travels through the dispersion, various interactions
occur between the ultrasound waves and the phases, leading to the
attenuation (reduction in amplitude) of the ultrasound wave. These
interactions encompass viscous dissipation (i.e., the oscillation of drops
due to the density contrast between the drop and the continuous
phases), absorption due to factors such as the viscosity and tempera-
ture of the liquid, as well as the frequency of the sound waves, reflec-
tions when sound waves encounter an interface, which depends on the
acoustic impedance of the two phases, and scattering losses when the
size of the drop is of the order of the ultrasound wavelength. In liquid–
liquid dispersions, scattering primarily contributes to attenuation. The
attenuation coefficient, a, of an ultrasound wave emitted at frequency f

FIG. 1. (a) A schematic depiction of the CIJ experimental setup with high-speed
camera and (b) the ultrasound circuit diagram, T1 transmitting transducer, and T2
receiving transducer.

FIG. 2. Ultrasound wave propagation through the 2 mm tube in confined impinging
jets. It displays the ultrasound wave released by transducer T1, which is partly
reflected by the tube wall. The signal then travels through the kerosene oil within
the tube and is detected by transducer T2.
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and propagated through a dispersion over the tube diameter D can be
calculated using the following equation:

a ¼ � 1
D

ln
Ao

A1

� �
; (2)

where Ao is the amplitude of the attenuated signal (the signal transmit-
ted through the dispersion) and A1 is the amplitude of the reference
signal (the signal transmitted through the continuous phase only).

III. DATA POST-PROCESSING
A. Ultrasound

1. Volume fraction measurements

Two models have been proposed by Urick37 and Atkinson and
Wells,38 to derive the dispersed phase volume fraction from ultrasound
speed measurements. Both models operate under the assumption that
the scattering effects are insignificant when the wavelength of the emit-
ted sound wave greatly exceeds the characteristic size of the dispersed
phase. Specifically, the sound wave was emitted at a frequency of
2MHz, ensuring that the wavelength (750lm) was larger than the
expected drop sizes. To obtain the drop volume fraction, the following
steps were followed: (a) The TOF in the tube filled with oil was mea-
sured and from this, the sound speed in kerosene oil, Ck, was found to
be equal to 1329m/s. (b) The TOF in the tube filled with the glycerol/
water mixture was measured and from this the sound speed, Cg, was
found to be equal to 1498m/s. (c) The sound speed was measured at
the different oil aqueous phase dispersions, Cs, in the tube. (d) From
the three measured sound speeds, the dispersed phase volume fractions
under different conditions are calculated as follows:26

u ¼ �B6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AD

p

2A
; (3)

where, A ¼ ðC1� rC2Þð1� rÞ,
B ¼ 2rC2 � C1 þ r2C2 þ 2r 1� C1 � rð Þ;

D ¼ r 1þ 2rð Þ 1� C2ð Þ;

r ¼ qk=qg ; C1 ¼ C2
s

C2
k

; C2 ¼ C2
s

C2
g

;

where qk and qg are the densities of kerosene oil and glycerol/water,
respectively.

2. Drop size distribution measurements

The attenuation of ultrasound in a dispersion is influenced by the
thermophysical characteristics of the component phases, the drop size,
the drop volume fraction, and the emitted ultrasound wave frequency.
Mainly, the thermophysical properties encompass the density, thermal
expansion coefficient, heat capacity, thermal conductivity, and viscos-
ity of both phases.39–41 Regarding dispersions, scattering becomes a
primary cause of attenuation, linked to the drop size and density.42,43

Moreover, multiple scattering occurs in the presence of many drops.
The theoretical ultrasound attenuation coefficient ak is related to

the extinction coefficient K, the emitted frequency of the sound wave f,
and the size of the dispersed phase r, via the Lambert–Beer law44 as
follows:

ak ¼
ðrmax

rmin

K fi; rð Þq rð Þdr; (4)

where rmin and rmax are the lower and upper limits of the drop size ranges,
ak is the attenuation coefficient that is found experimentally from Eq. (2),
q(r) is the drop number frequency distribution, and K is given by44

K ¼ 4
9
S4 þ qk

qg
� 1

� �2
� 48r2 1þ rð ÞS

81 1þ rð Þ2 þ 16r4
qd
qc

þ 1
2
þ 9
4r

� �2

0
B@

1
CA;

(5)

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
pqdfr2

4ld

s
; (6)

S ¼ pr
k
; (7)

where ld is the viscosity of the dispersed phase, f is the emitted fre-
quency, qd is the density of the dispersed phase, qc is the density of the
continuous phase, and k is the wavelength of the emitted wave.
Equation (4) is the Fredholm integral and can be approximated by its
discretized version45 as follows:

ak ¼ u
X
j

K fi; rj
� �

qjD rjð Þ: (8)

For discrete drop size intervals, j, and different measuring frequencies,
i, the above becomes a set of linear equations,

G ¼ KF; (9)

where F is the vector of the drop size distribution, F ¼ u q(rj)D(rj),
and K is the matrix of the extinction coefficient calculated from Eq.
(5), G ¼ ak is the attenuation coefficient spectra, obtained experimen-
tally from Eq. (2). The drop size distribution can be calculated from
the inverse of Eq. (9) as

F ¼ G� K�1: (10)

The solution of Eq. (10) tends to be unstable and to overcome this, Eq.
(11) is solved instead,

F ¼ KTK þ c K�1ð ÞTK�1
� ��1

KTG: (11)

Here, c is the Lagrange multiplier which gives a relative weight to K�1,
and the solution of F represents the drop size distribution. In the
matrix representation of Eq. (11), the value of c is chosen to yield mini-

mum error, as calculated by
P

E2 ¼ KF � Gð ÞTðKF � GÞ. The usual
procedure for applying this equation is to choose several values for c in

equation F ¼ KTK þ c K�1ð ÞTK�1
� ��1

KTG, then calculate F and by

using the F values estimate the error in
P

E2 ¼ KF � Gð ÞTðKF � GÞ.
The value of gamma which gives the least error

P
E2 is finally chosen.

To determine the drop size distribution using ultrasound attenuation
coefficient spectra, the following steps are taken: (a) ultrasound waves
with excitation frequencies ranging from 5 to 18MHz are sent through
the continuous phase only, and the signal amplitudes for each fre-
quency are measured; (b) signals with the same frequencies and
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intensities are then propagated through a dispersion, and their signal
amplitudes are measured; (c) the attenuation coefficients are calculated
using Eq. (2); (d) the ultrasound extinction coefficient is calculated using
Eq. (5); (e) the mathematical model that relates the attenuation coeffi-
cient, frequency, volume fraction, and physical properties with the drop
size distribution [Eq. (4)] is then needed. For that, a distribution of the
drop sizes [e.g., generalized extreme value (GEV) distribution]47 is
assumed [see Eq. (12)] in Eq. (4); and (f) the drop size distribution is cal-
culated from the measured attenuation coefficient, calculated extinction
coefficient, and the measured volume fraction using Eq. (11).

f x; l; r; nð Þ ¼ 1
r
exp 1þ n

x � l
r

� �	 
�1
n

1þ n
x � l
r

	 
�1�1
n

; (12)

where x is the variable, l is the location parameter, r is the scale
parameter, and n is the shape parameter.

B. High-speed imaging

1. Drop size distribution measurements

The identification of drops in the images is based on the algo-
rithm developed in MIPAR. To avoid counting the same drops, one

image was selected for every 20 recorded images. An adaptive thresh-
old was then applied to compare the grayscale value of each pixel in
the image against the average of 30 neighboring values. Dark pixels
were selected as initial estimation of drop edges. Appropriate dilation
and erosion operations were applied to each group of 300 images to
adapt the strength of illumination, while the Hough transform was
used to search for circles with dark outlines. For example, for images
of kerosene oil dispersed in the aqueous phase [Fig. 3(a)], three brack-
ets of the Hough transform were included to cover the necessary range
of drop sizes, which are marked in Fig. 3(b) with different colors.
When the aqueous phase was dispersed in kerosene oil, where larger
drops were present, up to seven brackets were used in the Hough
transform to include all possible diameters.

IV. RESULT AND DISCUSSION
A. Drop volume fraction measurements

To obtain the drop volume fraction, the speed of sound was mea-
sured at an overall mixture flow rate of 60ml/s, and input volume frac-
tions of 0.02, 0.05, and 0.10 and the results can be seen in Table II. The
experimental measurements were repeated three times, and standard
deviations smaller than 0.135% were found.

The dispersed phase volume fractions were calculated using Eq.
(3) and are also shown in Table II. As can be seen, the sound speed
decreases with increasing dispersed input oil volume fraction. This is
because the sound speed in oil is less than in the glycerol/water phase.
The opposite happens when the dispersed glycerol/water input volume
fraction increases.

In Figs. 4 and 5, the measured in situ volume fractions are com-
pared against the input ones for cases 1 (oil dispersed) and 2 (aqueous
phase dispersed), respectively. The close agreement between measured
and input volume fractions up to 0.10 suggests that there is very little
slip between the two phases and that the dispersion resembles that of
well-mixed homogeneous flow.46

B. Drop size distribution measurements

To measure the drop size distribution using ultrasound, the ultra-
sound wave amplitudes were recorded separately for the two single
phases, for excitation frequencies ranging from 5 to 18MHz at inter-
vals of 1MHz (see Fig. 6, blue color for pure oil phase and pink color
for pure aqueous phase).

Figure 6 shows that the ultrasound signal amplitude decreases
with increasing emitted frequency. As the emitted frequency increases,
the fluids absorb more energy from the sound waves, resulting in a
decrease in the amplitude. The amount of sound attenuation in each
fluid would depend on various factors, such as the density of the two
phases, as well as the frequency of the sound wave. In general, sound

FIG. 3. Schematic of image processing. (a) Raw image from high- speed imaging.
(b) Processed image with the drop size brackets used in the Hough transform indi-
cated with different colors.

TABLE II. Sound speed at different dispersed phase volume fractions with either the kerosene oil or the glycerol/water as the dispersed phase at the overall flow rate of 60 ml/s.

Flow rates ml/min Sound speed m/s Volume fraction

Input dispersed Input continuous Oil dispersed Water/glycerol dispersed Oil dispersed Water/glycerol dispersed

1.2 58.8 1492 1332 0.021 0.019
3 57 1484 1337 0.051 0.049
6 54 1472 1347 0.099 0.105
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waves are less attenuated in kerosene oil compared to glycerol/water
due to the lower density of the oil.

The amplitudes were then measured during dispersed flows for
the same frequencies, and the attenuation coefficients were calculated
from Eq. (2) and are shown in Fig. 7.

Subsequently, an inversion method was applied to compute the
droplet size distribution from the measured ultrasound attenuation
coefficients (see Sec. III).

The frequency of the emitted ultrasound waves is related to the
minimum and maximum drop sizes that can be detected. Higher fre-
quencies generally result in better resolution and the ability to detect
smaller drops. This is because high-frequency ultrasound waves have
shorter wavelengths, allowing them to interact with and detect small
drops more effectively. However, high-frequency waves also experience

large attenuation and low penetration depth. Thus, for the selection of
the ultrasound frequency, both resolution and penetration depth
should be considered. Additionally, the inversion algorithm used in
processing the attenuation data plays a significant role in determining
the minimum drop size. Advanced inversion algorithms enhance reso-
lution and measurement accuracy by improving data processing and
interpretation, which can aid the measurement of small drops.

The drop size distributions obtained from both the ultrasound
and imaging techniques are presented in Fig. 8 for case 1 and in Fig. 9
for case 2. Our ultrasound experimental configuration successfully
detected drops as small as 32lm, as shown in Fig. 8. The highest fre-
quency used of 18MHz corresponded to a short wavelength of 73lm.
This shorter wavelength inherently improves the resolution of ultra-
sound measurements, allowing for the detection of drops as small as
32lm. The smallest drop size measured from high-speed imaging was

FIG. 4. Measured dispersed kerosene oil volume fraction by the ultrasound tech-
nique against input oil volume fraction.

FIG. 5. Measured dispersed glycerol/water volume fraction by the ultrasound
against input glycerol/water volume fraction.

FIG. 6. Amplitudes of the reference signal spectrum for various excitation signal fre-
quencies measured in glycerol/water (pink color) and in kerosene oil (blue color).

FIG. 7. Ultrasound attenuation coefficient spectra at different excitation frequencies.
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about 16lm. To compare the two techniques, only drop sizes above
32lmwere used from the imaging data.

As can be seen in Figs. 8(a) and 8(b) for glycerol/water continu-
ous dispersions, the drop sizes measured with both techniques shifted
to larger sizes as the dispersed phase fraction increased from 0.02 to
0.05. In addition, the imaging technique captured a higher percentage
of smaller drops compared to the ultrasound technique, which gave a
higher percentage of larger drops. This discrepancy can be attributed
to the limitations of our current function generator, which restricts the
emission of high ultrasound frequencies. However, this limitation
could be addressed by utilizing instruments that allow high-frequency
ultrasound waves (frequencies> 18MHz). Both techniques gave simi-
lar maximum drop sizes. For the 0.02 oil dispersion [Fig. 8(a)], the
ultrasound technique measured drop sizes up to 240lm, while imag-
ing provided drop sizes up to 229lm; for the case of 0.05 oil dispersion
[Fig. 8(b)], ultrasound measured drop sizes up to 325lm, while imag-
ing gave drop sizes up to 321lm.

Similarly, for aqueous dispersions (Fig. 9), imaging gave a higher
percentage of smaller drops compared to ultrasound. For the 0.02 vol-
ume fraction [Fig. 9(a)], ultrasound measured drops up to 374lm,
whereas imaging measured drops up to 380lm. For the 0.05 oil con-
tinuous dispersions [Fig. 9(b)], the largest drop sizes found were
695lm from the ultrasound and 700lm from imaging.

Based on the findings, it appears that while both ultrasound
and imaging techniques yield similar measurements in terms of
drop size ranges, there seems to be a discrepancy in the distribution
of drops, with imaging showing a higher percentage of smaller
drop sizes compared to ultrasound. This could potentially be
attributed to assumptions during data processing for the two tech-
niques. Moving forward, enhancing the measurement accuracy by
expanding the frequency range in the ultrasound experiments
could help address these differences.

FIG. 8. Drop size distribution of oil drops in glycerol/water continuous phase
(case 1) from the measured ultrasound attenuation coefficient spectra (red points)
and imaging (blue bars). Dispersed phase fraction: (a) 0.02 and (b) 0.05.

FIG. 9. Drop size distribution of aqueous drop in oil continuous phase (case 2) from
the measured ultrasound attenuation coefficient spectra (red points) and imaging
(blue bars). Dispersed phase fraction: (a) 0.02 and (b) 0.05.
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To quantitatively measure the interfacial area available in disper-
sions, the Sauter mean drop diameter (d32) is often used as the repre-
sentative drop diameter, which is defined as follows:

d32 ¼
Pn

i¼1 d3i
� �

Pn
i¼1 d2i

� � : (13)

In Fig. 10, the Sauter mean diameters are plotted against the dispersed
phase volume fractions for all cases examined. The results from both
techniques demonstrate strong agreement at dispersed phase fractions
of 0.02, and 0.05 for both oil and aqueous continuous dispersions. In
agreement with the distributions discussed before, at a dispersed phase
fraction of 0.05, imaging shows smaller average drop sizes than
ultrasound.

The trends suggest that as the dispersed phase fraction increases,
the Sauter mean diameter also increases for both oil and aqueous
phases dispersed. This could imply that at higher concentrations, drop-
lets are more likely to coalesce into larger droplets or that the corre-
sponding flow conditions at the impingement area of the jets favor the
formation of larger droplets. Moreover, ultrasound measurements are
capable of measuring at larger volume fractions compared to imaging,
extending the measurements to dispersed phase fraction of 0.10. This
is useful in systems where optical methods are challenged by multiple
refractions/reflections or crowding, which occur at high dispersed
phase fractions.

V. CONCLUSIONS

We applied ultrasound techniques to liquid–liquid dispersions
formed by confined impinging jets in small channels (with 2mm inter-
nal diameter) to measure for the first time the phase volume fractions
and the drop size distributions. The drop volume fractions were
obtained by measuring the speed of sound in the dispersions, while the
drop size distributions were obtained from the inversion of the ultra-
sound wave attenuation coefficient spectra. We further compared the
results on drop size distribution with data obtained from high-speed
imaging of the dispersions. Experiments were conducted in CIJ for
both kerosene oil dispersed (case 1) and glycerol/water dispersed (case

2) systems. Our findings revealed that the speed of sound is directly
proportional to the aqueous phase volume fraction and is inversely
proportional to the kerosene oil volume fraction. This is because the
sound speed in the aqueous phase (1498m/s) is higher than in kero-
sene oil (1329m/s). It was found that volume fractions of the dispersed
phase measured with ultrasound were close to the input ones, indicat-
ing insignificant slip in the confined impinging jets. Additionally, the
drop size distributions obtained from ultrasound and from imaging
showed reasonable agreement. The findings show that ultrasound
measurement techniques can provide a range of properties in liquid–
liquid dispersed flows, even at high dispersed phase fractions, where
imaging is limited.
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