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A B S T R A C T   

Gaining an in-depth understanding of the characteristics and dynamics of ultrasound (US)–generated bubbles is 
crucial to effectively remediate membrane fouling. The goal of present study is to conduct in-situ visualization of 
US-generated microbubbles in water to examine the influence of US frequency on the dynamics of microbubbles. 
This study utilized synchrotron in-line phase contrast imaging (In-line PCI) available at the biomedical imaging 
and therapy (BMIT) beamlines at the Canadian Light Source (CLS) to enhance the contrast of liquid/air interfaces 
at different US frequencies of 20, 28 and 40 KHz at 60 Watts. A high-speed camera was used to capture 2,000 
frames per second of the bubble cavitation generated in water under the ultrasound influence. Key parameters at 
the polychromatic beamlines were optimized to maximize the phase contrast of gas/liquid of the microbubbles 
with a minimum size of 5.5 µm. ImageJ software was used to analyze the bubble characteristics and their 
behavior under the US exposure including the microbubble number, size, and fraction of the total area occupied 
by the bubbles at each US frequency. Furthermore, the bubble characteristics over the US exposure time and at 
different distances from the transducer were studied. The qualitative and quantitative data analyses showed that 
the microbubble number or size did not change over time; however, it was observed that most bubbles were 
created at the middle of the frames and close to the US field. The number of bubbles created under the US 
exposure increased with the frequency from 20 kHz to 40 kHz (about 4.6 times). However, larger bubbles were 
generated at 20 kHz such that the average bubble radius at 20 kHz was about 6.8 times of that at 40 kHz. 
Microbubble movement/traveling through water was monitored, and it was observed that the bubble velocity 
increased as the frequency was increased from 20 kHz to 40 kHz. The small bubbles moved faster, and the 
majority of them traveled upward towards the US transducer location. The growth pattern (a correlation between 
the mean growth ratio and the exposure time) of bubbles at 20 kHz and 60 W was obtained by tracking the 
oscillation of 22 representative microbubbles over the 700 ms of imaging. The mean growth ratio model was also 
obtained.   

1. Introduction 

In recent years, membrane separation has been widely used in so 
many purification processes. Among all challenges that membrane- 
based separation processes confront, membrane fouling is one of the 

major drawbacks since it affects both the filtration performance and 
membrane lifetime. Ultrasound (US) cleaning technique has been 
proven to be an innovative and promising approach for fouling reme
diation and restoring the initial permeate flux [1–5]. 

In the presence of ultrasonic wave propagation inside a liquid me
dium, compression and rarefaction cycles frequently occur, having 
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physical, chemical, and thermal influences on the filtration system. 
Acoustic streaming caused by US irradiation helps create a convective 
current within the liquid and breaks the fouling layer. Bubble cavitation 
is another interesting phenomenon that occurs under US exposure and is 
mainly responsible for surface cleaning [6]. Bubble oscillation or ex
plosion may cause an eddy current and shear force, breaking the fouling 
layer and dislodging the particles from the membrane surface. Small 
bubbles may also act as microstreamers, attaching to the particles and 
clear them away from the surface. The number of bubbles created under 
the US irradiation and their growing size are directly affected by the 
operational parameters such as US power intensity, US frequency, and 
liquid viscosity [7–9]. Changes in the number and size of the bubbles in 
turn bring about the variation of energy released to the medium through 
the bubble explosion. Therefore, a detailed knowledge of the influence 
of operational parameters on bubble generation and bubble dynamics 
would provide a thorough understanding of the mechanism and effec
tiveness of bubble cavitation on fouling remediation. 

Several characterization techniques have been used for direct 
observation of cavitation activities and analyzing the bubble behavior 
under the US exposure. The optical methods are among those techniques 
employed to detect the physical and chemical responses; in addition to 
monitoring the microbubble dynamics by high-speed photography. 
These methods are more favorable for in vitro systems and the camera 
used for imaging has a limited depth of field. However, it is infeasible to 
capture all microbubbles created in the system [10,11]. Another 
commonly used technique is acoustic detection, including both the 
passive and active cavitation detection methods, and relying on acoustic 
emission through the bubble explosion or the impact of acoustic waves 
[12]. Thus, bubble cavitation, acoustic intensity, and acoustic field can 
be monitored by this technique. This technique can be used for in vivo 
systems. The timing and emission amplitude of bubble cavitation is 
influenced by the initial bubble size and US amplitude [10]. However, a 
limitation of this method is that no images from water medium and 
bubble cavitation are generated through the detection processes; as 
such, it is impossible to determine the number and size of the micro
bubbles in the system [13]. Scattering methods are also used for cavi
tation measurements either by laser scattering of single bubbles or by 
Synchrotron X-ray imaging [14]. For laser scattering of single bubbles, 
this method is only applicable to spherical bubbles; however, various 
microbubbles, spherical or non-spherical, are created within the 
acoustic field. 

Compared to all those aforementioned characterization techniques, 
Synchrotron X-ray imaging is a non-destructive technique, working 
based on capturing the beam transmitted either from the microbubbles 
or the liquids surrounding them [15]. X-ray based images have high 
spatial and temporal resolution, which offer thorough information on 
the number and size of the bubbles created within the liquid medium. In 
this method, bubble cavitation is characterized based on the X-ray ab
sorption [16]. The differentiation of molecular absorption and refractive 
index caused a visible boundary between the microbubbles and the 

surrounding liquid [17,18]. In recent years, the Synchrotron based X-ray 
imaging technique has been employed in several studies for in situ 
observation of acoustic field, cavitation region and bubble dynamics 
under the US exposure [19–26]. For investigating the effect of US irra
diation on bubble formation and growth, Xu et al.[27] and Huang et al. 
[28] reported the measurement of bubble growth pattern and size dis
tribution in the Al-Cu alloy by adopting the X-ray imaging technique and 
in situ visualization of the molten aluminum alloy-microbubble system. 

In this study, the influence of US frequency on the characteristics and 
dynamics of cavitational bubbles and their application on membrane 
fouling remediation via real time visualization in the membrane feed 
compartment was investigated. A non-destructive scattering technique, 
synchrotron in-line PCI, was employed for high-speed imaging and 
bubble monitoring. The image contrast of liquid/air interface was 
improved, which is beneficial for the qualitative and quantitative 
analysis of bubble cavitation within the system. ImageJ software was 
used to analyze the images and determine the number and size of the 
cavitational bubbles at different US frequencies. Bubble characteristics 
at different time intervals and distances from the US transducer were 
also studied. The bubble size distribution plots, as well as the bubble 
velocity at different US frequencies, were obtained. Bubble growth 
pattern for the US-generated microbubbles at the US frequency of 20 
kHz was also determined. 

2. Synchrotron X-ray imaging for in- situ visualization of 
ultrasound-induced microbubbles 

Compared to other imaging techniques, synchrotron-based X-ray 
imaging techniques available at the Bio-Medical Imaging and Therapy 
(BMIT) beamlines at the Canadian Light Source (CLS), located in 
Saskatoon, SK, Canada, were able to facilitate in situ investigation and 
real-time visualization of stationary and moving microbubbles in water 
inside the filtration unit and over the surface of the membrane, which is 
crucial in our study. 

2.1. Phase contrast imaging (PCI) and Analyzer-based imaging (ABI) 

Among different synchrotron X-ray imaging techniques, X-ray phase 
contrast imaging (PCI) and analyzer-based imaging (ABI) are able to 
detect the microbubbles. ABI has been demonstrated to provide high 
visibility of microbubble details with a good contrast compared to 
normal X-ray absorption techniques, in which microbubbles are invis
ible. ABI is a phase-sensitive imaging technique with the ability to detect 
subtle projected density variations. In ABI, a very bright and highly 
collimated X-ray beam is sent toward the cavitation field where small 
structures such as microbubbles refract and scatter the X-rays through 
small angles. Those small angles create contrast based on the very nar
row reflectivity curve of the analyzer crystal. As the X-ray travels 
through the filtration unit thickness, it may be refracted, scattered, or 
absorbed. The refracted and scattered X-ray beams are collected at the 
detector behind the unit. The bubbles of a transient nature provided 
sufficient contrast to be imaged in a time-averaged exposure. For 
example, a single bubble with the same size as a detector pixel typically 
generates ~ 20% contrast compared to a region not containing a bubble. 
However, microbubble contrast agents are commonly used to improve 
ultrasound imaging of microbubbles, which act as an X-ray lens, with 
individual microbubbles refracting and a population of them scattering 
the X-rays. In addition, using ABI, the density of stationary and moving 
bubbles can be indirectly inferred by measuring the ultra-small angle X- 
ray scattering distribution in the region where bubbles are formed. 
However, at the top or peak location of the analyzer, there is a distinct 
loss of intensity due to scattering from the bubbles. The analyzer at the 
peak setting is sensitive to scatter and removes it from the image. 

PCI, relies on the same sources of contrast within the object as with 
ABI; however, this method is somewhat different and simpler. In PCI, 
when the X-ray beam passes through a sample, changes occur in the 

Nomenclature 

A Bubble area 
cw Speed of the ultrasound wave 
fr Resonance frequency 
I Ultrasound power intensity 
PA Pressure amplitude of the ultrasound wave 
R Bubble radius 
R0 Resonance radius 
Ravg Average bubble radius 
ρ Density 
γ Specific heat ratio  
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phase of the X-ray beam; even nano structures could produce phase 
contrast clearer than absorption contrast. In addition, information about 
the beam’s phase shift caused by the sample is transformed into intensity 
variations and is recorded by the detector, as shown in Fig. 1. Because 
the X-ray phase shift can be quite high, PCI is very sensitive to density 
changes in the sample compared to conventional transmission-based X- 
ray imaging. In addition, PCI technique provided real-time imaging of 
stationary and moving bubble formation. Therefore, in this study PCI 
enables quantification of microbubbles for both phase-retrieved images 
achieved by processing multiple frames and also by “single-shot” im
ages. PCI could quantitatively examine the number, size, and velocity of 
microbubbles suspension and provideing the basis for a dynamic im
aging technique. It was demonstrated that PCI has significant utility 
with respect to detecting and visualizing microbubbles/cavitation 
bubbles. 

2.2. In-line phase contrast imaging (In-line PCI) optimization 

X-ray in-line phase contrast imaging (In-line PCI) is one of the phase 
contrast-based imaging techniques that require an X-ray source with 
some degree of transverse coherence. This coherence can be achieved by 
either having a small source size and/or the source can be placed far 
from the object and detector. The distance between the object and de
tector is used to adjust the level of phase contrast and its sharpness. 
Increasing the distance provides better phase contrast but at the expense 
of lower spatial resolution. 

As shown in Fig. 2, X-rays passing through a junction between two 
different materials are refracted slightly, leading to changes in the X-ray 
wave front that propagate over this increased distance. The influence is 
captured in the image where the interfaces between materials of 
different X-ray refractive index are highlighted by bright and dark 
fringes due to regions of high and low apparent X-ray absorption on the 
detector. The width of these lines is dependent on the propagation dis
tance between the object and the detector, and by varying this distance 
the width of these lines can be optimized to show a bright, easily 
distinguishable border. The phase produced is capable of generating 
significantly enhanced contrast, which decreases less rapidly with 
increasing energy than absorption contrast. As a result, the detection of 
interfaces between gas/liquid phases of different refractive indices is 
enhanced without increased dose. Therefore, the in-line phase contrast 
was used in our study to achieve high phase contrast of gas/liquid of the 

bubbles as the optimum synchrotron X-ray Imaging technique to facil
itate real-time visualization of stationary and moving microbubbles in 
water. 

3. In situ synchrotron imaging at CLS beamline hatch 

All experiments were performed at the polychromatic bending 
magnet (BM) beamline of the 3rd-generation synchrotron facility at the 
CLS. In order to achieve in situ bubble high quality visualization and 
imaging with enhanced contract between air/liquid phases several key 
parameters were considered and optimized. Those critical parameters 
included the selected beam, energy, and detector settings, sample-to- 
detector distance (SDD) for in-line PCI imaging, camera and its speed, 
mode of imaging, in addition to the material and the design of filtration 
unit. 

3.1. Polychromatic beam for in-situ bubble visualization 

The polychromatic beam was used at the BMIT-BM-05B1-1 bending 
magnet beamline to conduct the experiments, using filtered white beam 
mode. The white beam achieved fast data acquisition due to the high 
photon flux provided at the spectrum beam. Therefore, the white beam 
enabled the high resolution and high-speed projections, which were able 

Fig. 1. Schematic diagram of the PCI setup at the CLS, which was used to image ultrasound-induced cavitation microbubbles in water medium.  

Fig. 2. Differences in detector response using in-line phase contrast imaging.  
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to capture the bubbles and their dynamics with minimal motion artifacts 
in each scan. The advanced non-invasive imaging synchrotron in-line 
PCI technique was used to enhance the image contrast of liquid/gas 
interface, which is beneficial for the qualitative and quantitative anal
ysis. During each scan, two thousand projections were captured in one 
second by the detector. With high flux, a typical high speed was ach
ieved; and each projection was captured in 0.5 ms. The SDD of the in- 
line PCI technique of 50 cm was used during the experiments to 
obtain the best image contrast. X-ray radiographs were taken by a high- 
resolution high-speed detector camera (DIMAX HS4; PCO, Germany) 
combined with a beamline monitor (AA40; HAMAMATSU, Japan) with 
a pixel size of 5.5 µm and field of view (FOV) of 11 × 4 mm2. The spatial 
resolution and FOV coverage of the detector are suitable for in
vestigations of the number and size of bubbles generated by the ultra
sound at different operating conditions. All of the experiments were 
performed at room temperature (22 ◦C) and a relative humidity of 35%. 
Details of parameters’ optimization for enhancing the phase contrast are 
described in Section 3.2. 

3.2. Optimization of photon flux for enhanced phase gas/liquid contrast 

3.2.1. Optimum energy used 
The synchrotron polychromatic beam of BMIT-BM 05B1-1 has a 

spectral energy of 20–50 keV. A sufficient flux of photons is needed to 
achieve high-quality imaging and phase contrast. A spectral energy 
setting was selected based on the radiation transmitted through the 
sample and pixel saturation values that achieved the best flux and im
aging quality. As presented in Fig. 3, increasing the energy above 25 KeV 
resulted in slower imaging due to the lower photon flux. In our study, 
the beam was cut to a very small FOV size of ~ 40 × 5 mm2 by a slit set to 
reduce X-ray white beam scattering. A photon flux of ~ 1013 photons/ 
mm2/s of white beam was used in this study. 

3.2.2. Optimization of feed compartment design 
The design of the filtration unit was the most challenging factor in 

the in-situ experiments of bubble imaging at CLS. Initially, a 4.5-mm 
thick polycarbonate (PC) was used to construct the feed compartment 
of the filtration unit. The aim was to avoid cracking due to the syn
chrotron radiation; however, the thickness resulted in blocking ~ 90% 
of the photon flux. A thinner 2-mm thick PC was then used to reduce 
absorption of the photons; however, this resulted in immediate cracking 
due to the radiation. The feed compartment material was then replaced 
with Lexan® polycarbonate (Dielectric Manufacturing, Wisconsin, Iowa, 
USA), which offers an excellent combination of toughness, dimensional 

stability, and heat and flame resistance. Lexan had a density of 1.19 ×
103 to 1.2 × 103 kg/m3, which allowed a sufficient photon flux transport 
for visualization of the microbubbles. It also has excellent creep resis
tance across a broad high temperature range. Lexan has a thermal 
expansion coefficient of 6 × 10-5 to 8 × 10-5 strain/◦C and a specific heat 
capacity of 1.23 × 103 to 1.28 × 103 J/kg ◦C. 

In addition, the water-body thickness inside the feed compartment of 
the filtration unit, is an additional crucial parameter, as presented in 
Fig. 4. When the feed compartment width and the water channel were 
large (>20 mm), as presented in Fig. 4 (a), the water body in the 
chamber was too thick and absorbed/blocked over 99% of photons and 
prevented bubble visualization. A conical feed compartment was then 
designed and tested with the photon flux focused at a small water body 
with a thickness of 20 mm, while having the ultrasound influence on a 
wide area of the conical design, as presented in Fig. 4(b). For this design, 
the bubbles were trapped in the top section of the conical feed 
compartment, closer to ultrasound transducer; and hence, none of the 
bubbles were visualized, as shown in Figure S.1(a). Finally, a rectan
gular compartment unit was then designed with a water body thickness 
20 mm and depth of 4 mm, as presented in Fig. 4 (c). The optimum 
design of Fig. 4 (c) allowed a high photon flux that was sufficient for the 
required contrast to visualize the bubbles, as shown in Figure S.1 (b). It 
is worth noting that although in both designs the beam was focused on a 
water body thickness of 20 mm, and the depth of water from the ul
trasound transducer to the membrane surface was the same, the feed 
compartment shape had a great influence on the bubble visualization 
and the image quality, as presented in Figure S.1. Therefore, the design 
of the feed compartment is an important factor to achieve bubbles 
visualization and to maximize the photon flux, generated at a specific 
spectral energy of the beam, which results in enhanced quality of 
images. 

Consequently, the appropriate material, water body thickness and 
the feed compartment design were critical parameters in this study and 
must be optimized to avoid cracking of materials, obtaining clear images 
of the bubble dynamics, and achieving high phase contrast of gas/liquid 
interface of the bubbles. 

3.3. Optimization of in situ visualization and image quality 

A higher speed camera (DIMAX HS4; PCO, Germany) combined with 
a beamline monitor (AA40; HAMAMATSU, Japan) with a 5.5-μm pixel 
size, LuAG scintillator, fast readout speed and 11 × 4 mm2 FOV was 
used. A total of 4000 projections in 2 s (one image per 0.5 ms) were 
obtained. This setup was sufficient to capture the behaviour of bubbles 
and detect the bubble dynamics. The SDD was adjusted to maximize the 
phase contrast without penumbral blurring. The choice of SDD had to 
fall between 30 and 50 cm due to structural limitations of the BMIT 
hatch stage. Distances<50 cm had poor phase contrast and limited 
quality, as shown in Figure S.2 (a). An optimal SDD of 50 cm was chosen 
for the in-line PCI technique to obtain the best image contrast and res
olution, as presented in Figure S.2 (b). 

3.4. Ultrasound unit used 

Ultrasonic device (ultrasound transducer, QXCT-20 (28) (40) 60 T- 
64HSP8, Quanxin, China), with specifications of 110 VAC, 60 Watts, and 
different frequencies (20, 28, 40 KHz), meeting the standards of the CLS 
inspection department. A schematic diagram of the membrane unit with 
the ultrasonic transducer employed for bubble imaging is presented in 
Fig. 5. The setup was mounted on the beamline rotating stage with a 
strong magnetic mount. The stage can be controlled to return to the 
same position and to achieve consistency in the images at different time 
intervals. 

Fig. 3. Photon spectra vs. energy spectrum of white beam at the BMIT-BM 
05B1-1 beamline. 

M. Ehsani et al.                                                                                                                                                                                                                                 



Ultrasonics Sonochemistry 77 (2021) 105697

5

3.5. Image processing and analyses 

3.5.1. Raw image calibration and processing 
The imaging procedure was controlled from the control room just 

beside the imaging BMIT hatch at CLS. At the start and the end of the 
imaging process, dark-field images and flat-field images were also 
collected for each view. These were later used to make corrections to the 
collected tomographic projections prior to reconstruction by subtracting 
both dark projections and flat projections from original tomographic 
projections. Liquid tends to attenuate beam photons more and appears 
brighter in the images compared to air, which absorbs less energy. The 
images were segmented, where the phase densities were identified by 
tuning the threshold on the grey scale. Outlier removal was applied 
while selecting the threshold, which was calibrated while not over- 
modified to affect the image quality. 

3.5.2. Microbubble analyzing approach and image processing by ImageJ 
The number, size, and fraction of total area occupied by micro

bubbles (variation of density) were calculated at each US frequency of 
20, 28, and 40 kHz (at constant US power of 60 W) by using the full-stack 
analysis. Afterward, to study the bubble formation and development at 
different time of imaging, all images (4000 frames, 2 s of imaging) were 

divided into 8 piles (pile of 500 frames, 0.25 s of imaging), and the 
average value of all those bubbles related parameters were measured for 
each pile. Thus, changes in the number, size, and variation of density 
were recorded over the US exposure time. In order to determine the 
bubble characteristics at different distances from the US transducer, all 
images (4000 frames per US frequency) were vertically divided into 
three identical slices, and the average value of all those bubble-related 
parameters were calculated for each individual slice. Fig. 6 shows the 
summary of microbubble analyzing approach. 

The earliest frames provided by the high-speed camera were entirely 
dark with no bubbles, as shown in Fig. 7 (a). Following the removal of 
background noise, adjusting the threshold, and enhancing the bright
ness, the ultrasonic waves were then detected in filtered images. US 
wave in the liquid medium (blue) and the area of interest (yellow) for 
image processing by ImageJ software is depicted in Fig. 7 (b). The US 
transducer was placed at the top of the frame, and the area of interest 
was selected immediately below it (11.00*4.05 mm2). 

The grayscale images used to capture the cavitational bubbles were 
obtained using the ImageJ software after adjusting the filters. As 
mentioned earlier, the refractive index of cavitational bubbles is 
different from that of water. There could be some empty volumes (empty 
cavity/void) or bubbles filled with air, water vapor, or other dissolved 

Fig. 4. Ultrasound feed compartment design optimization to enhance photon flux and bubble visualization.  

Fig. 5. Schematic diagram of the membrane module with ultrasonic transducer employed for bubble imaging at the feed compartment.  
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Fig. 6. Summary of microbubbles analysis approach.  

Fig. 7. a) Raw image generated from the high-speed camera at CLS, b) Area of interest for image analysis using ImageJ, c) Moving microbubbles and bright pixels, d) 
Outliner function for noise removal, e) Image after subtracting the background and increasing the brightness, f) Image after using the Bandpass Filter, g) Image after 
applying the Sharpen function. 
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gases. Thus, the X-ray beam transmitted to the liquid-bubble system is 
less attenuated by the cavities, resulting in a different grey color level 
than the water surrounding them. As shown in Fig. 7 (c) (red circles), the 
bubble–liquid boundary can be recognized by having different grey 
levels for cavities and water. Randomly bright pixels were also observed 
(blue squares, Fig. 7 (c) due to the X-ray scattering or defects of the 
scintillator. Thus, the remove-outliner function was employed to elim
inate those bright pixels [29]. Fig. 7 (d) presents the effect of noise 
removal function on images. As it is evident, all bright pixels in Fig. 7 (c) 
are turned to a similar grey level of water medium. 

In order to analyze the number and size of bubbles, the edge artifacts 
were reduced and the image quality was improved using the Bandpass 
filter. Next, the details of images were accentuated by adjusting the 
contrast with the Sharpen function. Fig. 7 also shows the final images 
after e) subtracting the background, f) using the Bandpass Filter, and g) 
applying the Sharpen function. By applying those functions on initial 
frames, the final images generated by ImageJ would be well prepared for 
changing the threshold and applying the Analyze function. The software 
detected all bubbles with the size of 0-infinity. However, bubbles on the 
edges of the frames were excluded from the calculation. 

4. Results and discussion 

4.1. Influence of US frequency on microbubble formation-Full stack 
analysis 

The full-stack analyzing function was employed to investigate the 
influence of US frequency at 20 KHz, 28 KHz and 40 KHz on the creation 
of the cavitational bubble. Table 1 shows the average value for the 
number, size, and fraction of area occupied by microbubbles analyzed 
using ImageJ. 

The results of image processing showed that more bubbles were 
created as the US frequency increased such that the number of bubbles at 
40 kHz was about 808, while it was only about 176 at 20 kHz. However, 
larger bubbles created at lower frequency such that the average bubble 
radius at 20 kHz was about 6.8 times of that at 40 kHz. >22.0 % of the 
whole frame was occupied by bubbles created at 20 kHz; however, this 
value was only about 2.4 % at 40 kHz. According to this finding, large 
bubbles created at 20 kHz may cause the convective current formation, 
owing to their oscillation in water. Large bubbles may also release a 
substantial amount of energy into the surrounding after the explosion, 
creating turbulent flow and shear force near the membrane surface, 
resulting in the surface cleaning by breaking the fouling layer. On the 
other side, the high number of small bubbles created at 28 kHz or 40 kHz 
could act as microstreamers and help with particle detachments and 
membrane surface cleaning. 

4.2. Microbubble formation at different time of imaging 

Fig. 8 shows the averaged values for all bubble-related parameters at 
0.25 s time intervals. All those parameters were measured at different 
imaging times to investigate the effect of the US exposure time on 
microbubble formation and its growing size. No significant changes in 
the number or size of the bubbles were observed during 2 s of imaging. 
All minor changes are attributed to the bubble explosions, bubble 
growth, and re-creation of bubble nuclei. Therefore, cleaning efficiency 
with the help of cavitational bubbles seems to be fairly constant during 

this period of time, which in favor for membrane fouling remediation 
applications. 

As it is evident from Fig. 8, there are always frames with the mini
mum, average, and maximum numbers of bubbles at different time in
tervals. The bubble size distributions for all those frames at US 
frequencies of 20 kHz, 28 kHz, and 40 kHz were analyzed using MAT
LAB. This was done to determine the ranges of the number and size of 
bubbles created at different time intervals at each US frequency, which 
may provide different effects on fouling removal. Fig. 9 shows the im
ages with the minimum, average, and maximum number of bubbles, as 
well as the bubble size distribution of each frame under the US irradi
ation of 20 kHz, 28 kHz, and 40 kHz. 

As shown in Fig. 9, it seems that the bubble size is more uniformly 
distributed at 28 kHz and 40 kHz, covering a broad range of bubble sizes 
from R = 1μm to almost 40 μm. On the other hand, the bubble size 
distribution plots for 20 kHz show a sharp peak at a small bubble size 

Table 1 
Average value for each parameter at different US frequency at 60 Watts.  

US 
frequency 

Average number of 
bubbles 

Average bubble 
radius (μm)

Average variation of 
density (%) 

20 kHz 176 135  22.5 
28 kHz 793 20  2.2 
40 kHz 808 20  2.4  

Fig. 8. The averaged value for each parameter during 2 s of imaging at the US 
frequency of 20 kHz, 28 kHz, and 40 kHz. 
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range (R < 50 μm). However, the size distribution plots also show the 
presence of very large bubbles for all images with the minimum, average 
and maximum number of bubbles. In fact, there are a number of large 
bubbles with R = 100–600 μmoscillating at their stationary position and 
all other small bubbles populated at a bubble size smaller than 50μm. 

The number, size, and fraction of area occupied by bubbles are 
summarized in Table 2. The average number of bubbles increased as the 
frequency changed from 20 kHz to 40 kHz. Nevertheless, an opposite 
trend of the averaged bubble size was observed where the averaged 
bubble size was smaller as the frequency increased from 20 kHz to 40 
kHz. It is also interesting to mention that even the minimum area 
occupied by bubbles at 20 kHz is much larger than the maximum of 
those values at 28 kHz and 40 kHz. The minimum value for the average 
variation of density at 20 kHz was 22.2 % which is about 7.7 and 5.2 

times of maximum values at 28 kHz and 40 kHz, respectively. The area 
occupied by bubbles reflects both the number and size of the bubbles. 
Therefore, using the US irradiation at 20 kHz appears to have the most 
effective result in fouling removal since microbubbles are sufficiently 
large to cause the convective current and form the turbulent flow by 
their explosion. 

4.3. Microbubble characteristics at different distances from the US 
transducer 

The distance of the liquid medium from the US transducer is another 
effective parameter that may influence bubble formation and growth. In 
this regard, all images were divided vertically into three slices to analyze 
the bubble characteristics at different distances from the transducer, as 

Fig. 9. Images with minimum, average, and maximum number of bubbles and bubble size distribution plots at different US frequencies.  
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described in Section 3.5.2 and Fig. 6. The averaged values for all bubble- 
related parameters were calculated for each slice and at each US fre
quency. The summary of the results is presented in Table 3. 

According to the results, it was observed that most bubbles were 
created in the middles slice and close to the US field. As mentioned 
earlier, the main purpose of using US irradiation is to take advantage of 
the microbubbles near the membrane surface. When the membrane is 
inserted into the system, there is almost a 2 mm gap between the 
membrane surface and the US transducer. The middle slice is at 1.7–3.0 
mm apart from the transducer. Thus, the membrane would be placed 
somewhere in the middle slice locality, where both the US field and a 
population of microbubbles were observed. It was also noted that bub
bles, captured in the middle slices, at US frequency of 28 kHz and 40 kHz 
were larger, which occupied more spaces compared to those at the top 
and bottom slices. However, the mean bubble size in the middle slice at 
20 k Hz was lower than that of the top slice closer to the transducer; and 
it was attributed to the higher number of bubbles captured in the vicinity 
of US field; however, the area occupied by those bubbles were still more 
than that at other slices. 

The variation of density or the fraction of total area occupied by 
bubbles represents both the averaged number and the size of the bubbles 
in each part. Regardless of the US frequency, bubbles created at the 
middle slices occupied the largest area, compared to those at the top or 
bottom slices. As presented in Table 3, the average variation of bubble 
density in the middle slice was about 7.7 %, 1.1 %, and 1.0 % at the US 
frequency of 20 kHz, 28 kHz, and 40 kHz, respectively. According to this 
finding, the area occupied by bubbles captured in the middle slice and 
under 20 kHz US irradiation was more than seven (7) times of those at 
28 kHz and 40 kHz, which would likely cause a significant difference in 
membrane surface cleaning and more effective result in fouling 
remediation. 

Bubble formation and growth in the middle slice and close to the 
membrane surface would help to dislodge the fouling layer. Results 
showed that a considerable number of bubbles were also captured at the 
top of the frames. If the number of bubbles at the middle slice was 
sufficient to dislodge the particles; then, bubbles at the top of the frames 
(slice 1, 0.396–1.734 mm away from transducer) would further help to 
clear them away from the surface and improve the fouling remediation. 

Fig. 9. (continued). 

M. Ehsani et al.                                                                                                                                                                                                                                 



Ultrasonics Sonochemistry 77 (2021) 105697

10

4.4. Dynamics of US-generated microbubbles 

Microbubble cavitation includes several elementary processes such 
as bubble nucleation, growth, oscillation, movement, coalescence, 
splitting, and explosion under some conditions. In this section, the 
microbubble movement in water under the ultrasound irradiation has 
been comprehensively studied. Also, the microbubble growth pattern at 
20 kHz is quantified such that a polynomial equation as a function of the 
bubble growth ratio and time can be determined. Cavitational bubbles 
can be stationary microbubbles or travelling through the liquid medium. 
In this study, microbubbles created at 28 kHz and 40 kHz were too small 
to track their oscillation and development patterns. In addition, small 
bubbles mostly traveled upward quickly and disappeared in the vicinity 
of the US transducer. So, it was very challenging to track the number of 
bubbles in the long run to quantify the growth pattern. On the other 
hand, a limited number of bubbles (22 bubbles) at 20 kHz were selected 
since their size and lifetime were sufficient to be tracked for a period of 
time. 

4.5. Microbubbles’ travel in water 

Bubbles behave differently and have non-identical movement 
pattern under the US irradiation depending on their growing size. Un
derstanding how bubbles of different sizes travel in the liquid medium 
would make it easier to determine whether that movement is effective in 
cleaning the membrane surface efficiently. According to our observa
tions, small bubbles tend to move toward the US transducer at all US 
frequencies, as shown in Figure S.3 (a) Figure S.3 (b) where the frame in 
Figure S.3 (a) was captured before that in Figure S.3 (b). Those figures 
also show a single bubble grew as it traveled toward the US transducer. 
The upward movement of the small bubbles can also be seen in 
Figure S.3 (1 to 6 as time was advancing from the formation of the 
bubbles) 

In fact, all bubbles smaller than the resonance size moved upward 
(toward the antinode). The bubble resonance size can be determined by 
the following equation [30]: 

Fig. 9. (continued). 
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fr =
1

2π
1
R0

̅̅̅̅̅̅̅̅̅̅̅
3γρair

ρwater

√

(1) 

where fr is the resonance frequency, R0 the resonance radius, γ the 
specific heat ratio of air (Cp/Cv), ρair the density of air inside the bubbles, 
and ρwater the density of water surrounding the bubbles. 

Moreover, the velocity of moving bubbles was inversely proportional 
to their size; and hence, smaller bubbles moved faster and disappeared 
as they got close to the US transducer. The velocity of large bubbles was 
very slow such that they appeared to be stationary. It is worth 
mentioning that the majority of small bubbles are transient bubbles 
oscillating and traveling through the water medium. However, most of 
the large bubbles are stationary and stable bubbles oscillating at their 
positions or moving very slow. Fig. 10 (a) shows a frame of both the 
moving and stationary bubbles where Fig. 10 (b) shows the behaviour 
over time of both the transient and stable bubbles at the frequency of 20 
kHz. 

Table 4 presents the resonance (R0) and average size (Ravg) of the 
created bubbles, as well as the velocity of moving bubbles at each US 
frequency. It was revealed that the mean bubble size was smaller than 
the resonance size at all US frequencies. The result of the velocity 
calculation also indicated that small bubble velocity increased from 36 
μm/ms to 65 μm/ms as the frequency increased from 20 kHz to 28 kHz. 
However, a further increase in US frequency from 28 kHz to 40 kHz, the 
velocity slightly decreased to 64μm/ms. This trend could be attributed to 
the changes in the average bubble size or the ratio of the average bubble 
size to the resonance bubble size (Ravg/R0). It is evident that bubbles 
with the largest size and the highest Ravg/R0 at 20 kHz moved slowest as 
compared with all other bubbles at 28 kHz and 40 kHz. It means bubbles 
close to the resonance size and the higher Ravg/R0 have lower velocity 
compare to smaller bubbles. 

From the results obtained and analyses presented in the previous 
section, it can be concluded that as the bubbles become larger, the travel 
velocity becomes slower towards the transducer. It appears that larger 

bubbles tend to stay at the lower level of the frames, where the mem
brane would be located. In this case, the energy released as a result of 
their explosions would help break the fouling layer. Moreover, the 
convective current, formed due to the larger bubbles’ oscillation, would 
further remove the particles from the membrane surface. Bubbles larger 
than their resonance size were also observed in frames captured at 20 
kHz. As expected, some of them stayed at the lower levels of the frames, 
and their distances from the US transducer did not change over the time 
(did not travel, only oscillated). However, a number of large stationary 
bubbles were also observed near the transducer. Although it seems more 
favourable to have bubbles close to the membrane (middle slice), those 
microbubbles were large enough to affect the flow underneath (over the 
membrane surface) and to create the convective current. Small bubble 
movement could also be beneficial for particle removal and surface 
cleaning. The small bubbles’ movement toward the upper level can help 
to dislodge the particles by attaching to them and clearing them away 
from the surface. 

Bubbles created at 28 kHz and 40 kHz were smaller than their 
resonance size and had a lower Ravg/R0 ratio; thereby, those bubbles 
moved faster through the water medium towards the transducer 
compared to bubbles at 20 kHz. Therefore, it seems microbubbles at 28 
kHz and 40 kHz can take the suspended particles away from the mem
brane surface much faster than those at 20 kHz and make larger 
contribution in fouling remediation. However, the US cleaning tech
nique relies upon breaking the fouling layer with the help of turbulent 
flow and shear forces created by the large bubbles’ oscillating or their 
explosion. The bubbles generated at 28 and 40 kHz were not large 
enough compared to those of 20 kHz. Thus, it seems bubbles release a 
lower amount of energy to the system, which is not favourable for the 
formation of eddy current within the water medium and for the fouling 
mitigation. 

4.6. Microbubble growth pattern 

Microbubble nuclei expand their initial size under US exposure and 
frequently oscillate to reach a maximum size. Microbubbles may 
continue their existence as stable bubbles, or they may collapse vigor
ously under some particular conditions. Bubble oscillation and bubble 
explosion lead to the formation of convective current and turbulent flow 
in liquid. As the bubbles grow and reach a larger size, the oscillation 
becomes stronger and the explosion takes place more vigorously; 
resulting in the creation of eddy current around those large bubbles. 
Thus, detailed information on how bubbles’ size changes with time 
would help to understand the way microbubbles affect the fouling 
removal over the US exposure period. 

The oscillation, growth, and movement of 22 representative bubbles 
at 20 kHz were monitored for 700 ms so to calculate their growth rate. 
Those 22 microbubbles were seen together for the first time in a frame 
captured 40 ms after imaging started. Microbubbles existed in the next 
1400 frames (700 ms duration) captured by the camera, but hence, a few 
of them disappeared. Fig. 11 (a) and (b) show the bubbles at 40 ms and 
740 ms of US exposure. The size (bubble radius) of 22 representative 
bubbles was measured over the period of 700 ms with the 100 ms in
terval. The bubble radius versus time plot is presented in Fig. 11 (c). 
After measuring the bubble size, bubble growth ratio (R2/R1, where R1 is 
the initial bubble size at 40 ms and R2 is the size at every 100 ms interval 
after) was calculated for each bubble. Different growth rates were 

Table 2 
Summary of results from images with minimum, averaged, and maximum 
numbers of bubbles at different US frequency (60 Watts).   

Average 
number of 
bubbles 

Average 
bubble 
radius (μm)

Average 
variation of 
density (%) 

Image with minimum 
number of bubbles 
per US duration at: 

20 
kHz 

126 157  22.2 

28 
kHz 

495 16  1.1 

40 
kHz 

590 13  0.7 

Image with average 
number of bubbles 
per US duration at: 

20 
kHz 

176 134  22.4 

28 
kHz 

793 20  2.4 

40 
kHz 

808 20  2.2 

Image with maximum 
number of bubbles 
per US duration at: 

20 
kHz 

238 116  23.0 

28 
kHz 

962 20  2.9 

40 
kHz 

1091 24  4.3  

Table 3 
Bubble dynamics at different distances from US transducer presented in Fig. 6.  

US frequency Average number of bubbles Average bubble radius(μm) Average variation of density (%) 
Slice 1 Slice 2 Slice 3 Slice 1 Slice 2 Slice 3 Slice 1 Slice 2 Slice 3 

20 kHz 45 67 61 149 126 106  7.1  7.7  5.4 
28 kHz 305 346 102 17 21 16  0.6  1.1  0.2 
40 kHz 309 325 125 15 21 18  0.5  1.0  0.3  

M. Ehsani et al.                                                                                                                                                                                                                                 



Ultrasonics Sonochemistry 77 (2021) 105697

12

obtained from different cavitational bubbles depending on their initial 
size. Thus, an average growth ratio for 22 measurements was calculated 
at each 100 ms interval. Afterward, the mean growth ratio over time was 
plotted and a polynomial equation was fitted to the data so to obtain a 
relationship between the growth ratio and exposure time, which is 
shown in Fig. 11 (d). Data fitting through the regression has a R2 =

0.989. Result indicates an accurate correlation based on the regression 
coefficient. 

All 22 microbubbles presented in Fig. 11 are large bubbles with R >
10 μm. Thus, this growth pattern equation works for large bubbles (R >

10 μm) captured between 40 ms and 740 ms of imaging. As it is evident, 
the mean growth ratio varies between 1 and 5 % in terms of the bubble 
radius (1–25 % in terms of the bubble projected area). Among all those 
representative bubbles, the maximum growth ratio recorded belongs to 
bubble 1 and it is 38 %, approximately. However, for small bubbles (R <
10 μm), bubbles could expand up to 200 % from their initial size (the 
initial size was equal to the smallest size that could be captured by the 
camera detector (R ≅ 3 μm). It worth mentioning that bubble size 
reduction was also observed over the 700 ms of imaging due to the 
bubble oscillation. The results of the growth rate calculation revealed 
that large bubbles were mostly stable bubbles oscillating in water whilst, 
small bubbles were mostly transient bubbles with remarkable growth 
ratio. 

5. Conclusions 

Cavitation dynamics and detailed information of bubble character
istics were comprehensively studied using Synchrotron BMIT-BM 05B1- 
1 beamline. The optimized in-line PCI synchrotron X-ray imaging with 

Fig. 10. a) Moving and stationary bubbles at 20 kHz, b) Behaviour of transient and stable bubbles at 20 kHz (4 consecutive frames).  

Table 4 
Bubble characteristics at different US frequencies at 60 Watts.  

Frequency 
(kHz) 

Resonance bubble 
radius (μm)  

Average bubble 
radius (μm)  

Velocity 
(μm/ms)  

Ravg/ 
R0 

20 150 135 36  0.9 
28 107 20 65  0.2 
40 75 20 64  0.3  
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Fig. 11. Microbubble growth pattern at 20 kHz, a) initial bubble size, b) microbubbles after 700 ms, c) bubble size changes with time, d) the correlation between 
mean growth ratio and time. 
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high phase contract of gas/liquid was used to capture the moving and 
stationary microbubbles. Ultrasound experiments were performed at 
three different US frequencies of 20 kHz, 28 kHz, and 40 kHz with the US 
power of 60 W. High-quality images were obtained by optimizing the 
crucial parameters, including filtration unit design and material, 
selected beam, energy, and detector settings, SDD, camera speed, and 
the mode of imaging. A spectral energy setting was selected based on the 
radiation transmitted through the sample and pixel saturation values 
that achieved the best flux and imaging quality. A photon flux of ~ 1013 

photons/mm2/s of white beam was used in this study. A total of 4000 
projections/ 2 s (one image per 0.5 ms) were obtained. Bubble creation 
and its dynamic patterns under the US exposure were thoroughly 
monitored and analyzed using the captured images at CLS. Bubble 
characteristics in terms of the number, size, and the fraction of total area 
occupied by microbubbles, were quantified. 

The results revealed that larger bubbles were created at a lower 
frequency, and their size was very close to their resonance size. The 
averaged bubble size at 20 kHz was about 135 μm while this value was 
only about 20 μm at 40 kHz (Ravg,20/Ravg,40 = 6.8). The average number 
of bubbles, created under the US exposure, increased from 176 to 808 
bubbles when the frequency increased from 20 kHz to 40 kHz. The 
averaged number and size of the bubbles created at a specific frequency 
did not change significantly with the US exposure time. It was observed 
that most bubbles were generated at the middle slice (1.734–3.072 mm 
away from the transducer) where the US field was observed. This could 
be an advantage for the membrane surface cleaning and particle 
removal., The velocity of bubbles relied on their size, such that small 
bubbles moved faster. It was observed that bubbles smaller than the 
resonance size traveled upward toward the US transducer. Bubbles 
larger than their resonance size seemed to be the stable bubbles oscil
lating in their position. The potential oscillation and explosion may lead 
to the formation of eddy current and shear force on the membrane 
surface, which would contribute in disrupting membrane fouling. A 
correlation of the growth rate for the large bubbles (R > 10 μm) at 20 
kHz with the US exposure time was also developed. The maximum value 
for the mean growth rate was almost 5 % in terms of the bubble radius 
(25 % in terms of the bubble projected area). 

The majority of large bubbles were stable bubbles with fairly con
stant size. On the other hand, small bubbles were transient bubbles 
moving through the liquid medium, and those bubbles could grow up to 
200 % of their initial radius. Small bubbles moving upward can act as 
microstreamers. This is attributed to their potential attachment to the 
particles, carry them away from the membrane surface, and helping 
further with fouling removal. Further investigations on the effects of 
other operational parameters on microbubble dynamics and its influ
ence on membrane fouling remediation efficiency are in progress. 
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