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This work investigated the bubble size variation under various aqueous conditions, including saline and surfactant solutions, with
different gas injection rates using a commercial bubble analyzer. The results show that salt and surfactant can minimize bubble
size with increasing solute concentration, and the surfactant outperforms salt. In addition, the critical coalescence
concentrations (CCC) of salt and surfactant could be determined at 20 g/l and 20mg/l, respectively, over which bubble mean
size cannot be further reduced. On the other hand, the gas injection rate, compared to the solute concentration, has minor
effects on bubble size variation. Nonetheless, there is a critical coalescence injection rate (CCIR) of 30ml/min for surfactant
solution, over which the standard deviation of the bubble size distribution (BSD) cannot be further increased. In principle, this
work improves the accuracy and efficiency of the bubble analyzer. It also presents a sound understanding of two influential
factors rather than a single-factor controlling bubble size. Most importantly, it is the first time to observe and propose the
concept of CCIR to describe how the gas injection rate influences the standard deviation of BSD. Based on those results and
findings, it is able to conclude that bubble size control, whose mechanism has been previously identified as the bubble collision
and coalescence rather than the surface tension of water solutions, is actually dominated by not only the solute concentration
but also the gas injection rate when a porous air sparger is used to generate bubbles. It is expected that this work could
contribute to laboratory modeling bubbly flow in a porous medium in order to bring more insights into the mechanism of soil
gas leaking through soil strata.

1. Introduction

The bubbles are gas spherically captured in an aqueous film in
a water solution. Bubble size as a significant character for
studying two-phase flow has been investigated in a wide range
of industries for an extended period. For instance, in marine
engineering, the bubbles caused by wave injection significantly
escalate gas transfer between the atmosphere and seawater
[1–4]. As for mineral engineering, dissolved air flotation is
often used to remove individual particles from wastewater
and mineral slurries [5–11]. Moreover, microbubble disper-
sion can improve in situ bioremediation because of its advan-

tages over air sparging, surfactant injection, and bioventing
[12–15]. Microbubble dispersion technology has been well
studied for various floatation/separation processes and
enhanced aeration systems [10, 12, 15, 16].

In addition to the aforementioned applications, the bub-
bly flow has also drawn research attention from petroleum
engineering [17–22] and geoscience [23–28]. For example,
Nguyen Hai Le et al. [29] and Nguyen Hai Le et al. [30] most
recently reviewed the enhanced oil recovery in sealing highly
permeable layers or fractures by injecting carbon dioxide
(CO2) microbubbles as a displacement surrogate. Due to
the blocking performance depending on bubble size
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distribution (BSD) and stability, Nguyen Hai Le et al. [30]
investigated the effects of salt, surfactant, and polymer on
the BSD and stability of CO2 microbubbles. On the other
hand, based on the soil gas bubbly flow theory proposed
by Etiope and Martinelli [31], Ma et al. [32] studied discrete
bubbly flow in water-saturated transparent soil, later
followed up by a more comprehensive study by Ma et al.
[26]. Furthermore, before modeling multiphase flow in a
porous medium [33, 34], it is essential to control and mea-
sure bubble size according to the grain size of the transpar-
ent soil selected [32, 35–37]. Therefore, bubble size control
with the corresponding measurement also facilitates labora-
tory study of soil gas leakage from saturated subsurface [26,
35, 38] and brings more insights into two-phase flow (gas-
water system) in a complex porous medium [33, 34, 39–42].

Several approaches have been developed for bubble size
measurement. Rodrigues and Rubio [9] classified them into
intrusive and nonintrusive methods. The intrusive methods
include electroresistivity [43–46], ultrasound reflection
[47–51], and optical techniques [52–58], which inevitably
cause instrumented interference on bubble samples. In com-
parison to those approaches, the imaging technique as a
nonintrusive method has been primarily adopted for both
academic and industry bubble size measurement due to
lower cost and ease of operation [5, 9, 15, 16, 28, 30, 59].
Nevertheless, the densely binding bubbles in the observing
chamber bring challenges for image analysis. Usually, the
conventional image processing algorithms (e.g., watershed
segmentation [60], template matching [61], and shape factor
filtering [62]) succeeded in separating and identifying dis-
crete bubbles from bubble clusters for lower bubble density.
However, bubble segmentation and identification could fail
for higher bubble density, subsequentially leading to overes-
timating bubble sizes and underestimating sample size. To
solve this challenge, Ma et al. [32] established an effective
method based on optical physics that shows a linear rela-
tionship between the actual diameters of bubbles and bright
bubble centroids. As the darker outlines of bubbles separate
their bright centroids, conventional image analysis can suc-
cessfully identify each bright centroid, followed by a correc-
tion step to determine the actual bubble size using this linear
relationship. The success of this novel method has been well
acknowledged by Altheimer et al. [63]. Hence, it is applied to
studying bubble size variation under various aqueous envi-
ronments in this study.

According to Puleo et al. [64], Moruzzi and Reali [65],
Shepard et al. [16], and Nguyen Hai Le et al. [30], BSD is
dependent on several influential factors: hydraulic pressure
in the viewing chamber, the temperature of water solution,
solute concentration (surface tension), pH of the aqueous
environment, type of injected gas, type of gas bubble gener-
ator, gas injection rate, etc. Even though most previous
works have investigated multiple factors on BSD, they sepa-
rately studied and analyzed a single factor of many individ-
ually influencing BSD [5, 8, 9, 15, 16, 30, 64, 66, 67]. By
far, the significance of combining factors on BSD has not
often been investigated.

With an original purpose to control the bubble size for
modeling bubbly flow in a porous medium [26, 32, 35], the

hydraulic pressure could be assumed hydrostatic for no
phreatic surface dynamics, and temperature and pH can be
kept constant in the laboratory. Also, Hernandez-Aguilar
et al. [68] successfully estimated bubble size variation caused
by water solution temperature and hydraulic pressure using
an analytical solution derived from the ideal gas law. In
addition, earlier studies have investigated the relationship
between surface tension and bubble size, concluding that
bubble size can be minimized by reducing the surface ten-
sion by increasing solute concentration [69]. Later, such a
relationship between bubble size and surface tension was
experimentally challenged by other recent studies due to
the finding of CCC, over which bubble size cannot be mini-
mized with reducing surface tension [9, 70, 71]. Instead of
exclusively considering surface tension, the bubble size
depends on bubble collision and coalescence, which are gov-
erned by the value of solute concentration rather than sur-
face tension. However, whether the solute concentration is
the single influential factor dominating the bubble collision
and coalescence has not been very often investigated with
other potential factors (e.g., gas injection rate for air sparg-
ing). Therefore, the research objectives of this study mainly
focus on the effects of solute concentrations and gas injec-
tion rates on gas bubble generation in water solutions. This
work applied a commercial gas bubble analyzer, Anglo
Platinum Bubble Sizer, to measure nitrogen gas bubbles gen-
erated by a specific gas sparger in various aqueous environ-
ments with different gas injection rates. The selection of
water solutions included deionized water, saline, and surfac-
tant solutions in several concentrations, each of which was
subject to multiple gas injection rates. In principle, this work
upgraded the commercial bubble size analyzer in terms of
hardware and software. Also, it provides a sound under-
standing of two influential factors for controlling bubble size
rather than a single factor. It is expected that this work could
potentially contribute to exploring laboratory modeling bub-
bly flow in a porous medium in order to improve under-
standing of the mechanism of soil gas leaking through soil
strata.

2. Methodology

2.1. Experimental Setup and Specification. This work selected
an industrial bubble size analyzer, Anglo Platinum Bubble
Sizer® (manufactured by Stone Three® in South Africa, pro-
vided by Julius Kruttschnitt Mineral Research Centre
(JKMRC), University of Queensland (UQ), https://jktech
.com.au/products/testing-equipment), to capture images of
nitrogen gas (N2) bubble floating through water solutions.
Figure 1(a) shows the side view of the experimental setup.
Figure 1(b) illustrates that this experimental setup consists of
an N2 gas cylinder, a mass flow controller, a gas sparger, the
Anglo Platinum Bubble Sizer, and a digital camera. The entire
measuring process can be described in the following steps:

(1) The stored gas was pressurized into the mass flow
controller to generate gas bubbles through the
sparger at a regulated gas injection rate
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(2) The gas bubbles, driven by the buoyancy force,
floated upward to the viewing chamber through a
sampling tube and then glided through the
inclined viewing window (13.5° to the vertical axis)
in order to form a plane of bubbles with minor
overlaps

(3) A digital camera could capture the bubble images within
this viewing window, and those bubbles finally reached
up to the gas storage at the top of the bubble analyzer

Additionally, it should be noted that before carrying out
the test, all aqueous environmental conditions throughout

(a)

Gas storage

Light diffuser

Black light

Viewing chamber

Camera

Mass flow
controller

Gas cylinder
(N2)

Gas
sparger

(b)

Figure 1: The experimental setup of bubble size measurement in various water solutions: (a) the side view of Anglo Platinum Bubble Sizer
and (b) an illustration of the testing system with bubble sizer.
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the entire testing system should be consistent. After meticu-
lously preconfiguring each water solution in the container,
the water solution should be filled into the bubble size ana-
lyzer. Once the apparatus was completely saturated with
the selected solution, the valve at the top should be closed
to stop drainage, followed by opening the valve at the bot-
tom. The standard filling procedure provided by JKMRC at
UQ was strictly followed.

The gas source is compressed N2 gas of 200 kPa in a steel
cylinder. A mass flow controller was utilized to control the
gas injection rates (Brooks® 4800 Series LOI), as shown in
Figure 2(a). The mass flow controller could regulate the
gas injection rate from 1ml/min to 50ml/min with a preci-
sion of ±0.01ml/min. The gas sparger (SIKA-R3 AX) in
Figure 2(b) was manufactured by GKN Sinter Metals Filters
GmbH. Puleo et al. [64] introduced this product in a study
of bubble generation. It is a sintered stainless nozzle with
effective pore sizes of 3μm (see Figure 2(b)), Ф d1 = 10:5
mm, Ф d2 = 17:5mm, l1 = 45mm, and l2 = 11mm. A homo-
geneous LED backlight, powered by a rechargeable battery,
was applied to illuminate the viewing chamber through a
light diffuser mounted on the back. This setup selected two
digital cameras. The original camera appended to this bub-
ble analyzer was Canon Powershot A570 IS (7.1 megapixels

CCD sensor and 4x optical zoom with optical image stabi-
lizer). This camera can only measure bubble sizes over
300μm because of its relatively low resolution. Therefore,
the original camera was replaced by another camera, Canon
EOS Kiss ×4 SLR (Canon-fabricated single-plate 18 mega-
pixels CMOS sensor, ISO-3200, focal length (50mm) and
F-stop value (f /14)), in order to capture bubble images with
bubble sizes less than 300μm. Both cameras captured the
same microstage meter of 1000μm to transform the single-
pixel to actual size. As a result, the pixel-size calibrations
for Canon Powershot A570 IS and Canon EOS Kiss ×4
SLR are 54.64μm/pixel and 5.38μm/pixel separately. It
should be noted that the microstage meter has a precision
of ±10μm. Hence, with only 1% of the microstage meter
length, the inaccuracy caused by this is negligible.

2.2. Experimental Biases and Precision. A few factors could
cause the measurement uncertainties of the bubble size for
this experimental setup: bubble contact angle (liquid surface
tension), bubble coalescence (gas dissolution in solutions
with gas solubility), and bubble volume affected by hydraulic
pressure and solution temperature in the viewing chamber.
Anfruns [72] studied gas bubbles cut off by the observing
window made of glass, concluding that such a bubble-glass

(a)

A

I2
I1

⌀ d1

⌀ d2

(b)

Figure 2: The instrument specification: (a) mass flow controller (Brooks® 4800 Series LOI) for regulating the gas injection rate and (b)
porous gas sparger (SIKA-R3 AX) selected for the bubble generation.
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contact causes about 2% bias compared to the actual bubble
size, which is insignificant. Marrucci [73] found that bubble
coalescence increases with testing time. The N2 with low dis-
solubility was chosen to control the gas dissolution.
Although the biases result from pressure and temperature
related to the testing conditions, an analytical solution
derived by Hernandez-Aguilar et al. [68] could correct them.
It is in the form of the ideal gas law:

PatmV
T

= PiVi

Ti
⇒ Patm

T
πD3

6 = Pi
Ti

πDi
3

6 , ð1Þ

where Pi is the gas pressure inside gas bubbles (Pi – Po = σ/Ri,
where Po is hydraulic pressure outside bubble; σ is surface ten-
sion and Ri =Di/2 is bubble radius);Vi = πDi

3/6 is the volume
of spherical gas bubbles; Di is the diameter of spherical bub-
bles; Ti is the absolute temperature (273°K + Tc, Tc = 22 ± 1
°C for water solutions measured by a thermometer in this
work); Patm is the atmospheric pressure; V = πD3/6 is the vol-
ume of spherical gas bubbles for the standard condition (15°C
and the atmosphere pressure); D is the diameter of spherical
bubbles for the standard condition; and T is the absolute tem-
perature for the standard condition. Equation (1) can also
determine the bubble size for different temperatures of water
solutions and hydraulic pressures.

Besides, the water solutions expelled from the bubble
size analyzer by the injected gas could cause a potential bias
in the bubble size measurement. With more solution dis-
charged out, the water level in the container increased, lead-
ing to a higher ambient hydraulic pressure around the gas
sparger. However, this drainage process only raises concerns
of potential bias if the discharged volume is sufficient to
increase the water level in the container significantly. In this
work, with a container diameter of 28 cm, the water level
increase could be controlled to <0.65 cm for injecting gas
for 10min at the highest injection rate of 40ml/min. Based
on Equation (1), a water level increase of <0.65 cm could
be seen as a quasi-steady-state flow condition, resulting in
negligible underestimations of bubble size. In addition, the
bubble rising velocity could also be another influential factor
changing the bubble shape under highly hydrodynamic con-
ditions [15]. However, the perfectly spherical shape observed
in Figure 3 shows that such an issue is negligible. Also, as
this apparatus has no functionality of measuring flow veloc-
ity, the effects of water/gas flow velocities were unable to be
studied and are beyond the scope of this current work.

2.3. Water Solutions and Gas Injection Rates. There are three
selections of water solutions: deionized water, sodium chlo-
ride (NaCl), and sodium dodecyl sulphate (SDS) surfactant
(CH3(CH2)11SO4Na) solutions in various solute concentra-
tions. Salt has been one of the most popular solutes to con-
trol bubble size in mineral flotation [74]. The effect of SDS
surfactant concentration has also been investigated by
Nguyen Hai Le et al. [30] to promote enhanced oil recovery
from hydrocarbon reservoirs. Also, both solutes were avail-
able in our laboratory. Hence, those water solutions were
chosen in consideration of reducing cost for further experi-

ments in discrete bubbly flow in transparent soil. The NaCl
concentrations were 10 g/l, 20 g/l, and 30 g/l, corresponding
to 10–30 ppt (parts per thousand for saline water). The
SDS surfactant concentrations were 0.5mg/l, 1mg/l, 5mg/l,
10mg/l, 20mg/l, and 30mg/l. An electrical scale with a pre-
cision of ±0.0001 g (±0.01% for a gram and±10% for a mil-
ligram) was used to measure the dry solute in weight. A
measuring cylinder having a precision of ±1ml (±0.1% for
a liter) was used to determine the volume of a water solution.
In addition, five different gas injection rates were applied by
adjusting the mass flow controller, including 5ml/min,
10ml/min, 20ml/min, 30ml/min, and 40ml/min. The mass
flow controller could regulate the gas injection rate from
1ml/min to 50ml/min with a precision of ±0.01ml/min.
The experimental operating conditions have been summa-
rized in Table 1.

The low-resolution camera captured bubble images of
deionized water and saline solutions because bubbles gener-
ated in those were relatively larger and therefore needed
fewer pixels. The high-resolution camera captured bubble
images of SDS surfactant solutions because of smaller bub-
bles in need of more pixels. Forty to sixty images were cap-
tured for each water solution corresponding to each gas
injection rate. The first and last ten images were removed
from image analysis to avoid larger bubbles at the earlier
stage and bubble coalescence at the final stage. The sample
sizes given by those bubble images ranged from at least
700 for larger bubbles up to 68000 for smaller bubbles. Based
on the principle of sample size provided by Burns and Zhang
[75], bubble numbers over 170 ensure a confidence level of
96% for the current experimental condition [59]. It is con-
vincible that the sample size should be sufficient with this
sampling arrangement.

2.4. Image Processing Method. Introduced by Leifer et al. [76]
and Puleo et al. [64], a public domain image analysis soft-
ware, ImageJ (developed by the US National Institutes of
Health, 1997 and freely accessed by https://rsbweb.nih.gov/
ij/), was used to measure the bubble sizes from captured
images. The standard bubble image analysis can be achieved
in several steps: (1) loading photos in ImageJ, (2) binary pic-
tures by a global grayscale value, (3) filling black color into
the white centroid of each bubble, (4) screening out noises
by all noise-filtering algorithms available in ImageJ, (5) seg-
menting binding particles by watershed algorithm, and (6)
detecting diameter, area, and perimeter of each bubble by
the pixel-counting algorithm in ImageJ. However, this pro-
cessing method has been demonstrated to fail image analysis
for densely binding bubbles [12, 59, 61].

As a motivation, Ma et al. [59] proposed a new image
analysis procedure to resolve this scenario effectively in the
following steps:

(1) Loading the original photo, see Figure 3(a)

(2) Binary the picture, as shown in Figure 3(b)

(3) Inverting binary image after a binary process (bright
bubble centroid switched to black particles in
Figure 3(c)). This step has an intrinsic advantage
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that allows a direct measurement of bright bubble
centroid by counting the pixels in black. Compared
to step (3) in the aforementioned standard method,
which detects the entire bubble area after filling black
into the white centroid, this method takes advantage
of the dark outline of each bubble to separate densely
binding bubbles without any segmentations (e.g., the
watershed algorithm)

(4) Filtering out none circular bright bubble centroids
by a shape factor:

C = 4πA
P2 , ð2Þ

where C is the circularity of bubble centroids, adopting 0.7–
0.8 in this work. As the sphericity could be well observed in
Figures 3 and 4, any particles with C < 0:7 have been ruled
out as densely binding bubbles, A is the area of bubble cen-
troids, and P is the perimeter of this object, see Figure 3(d).
A and P could be given by the pixel-counting algorithm in
ImageJ

(5) Counting pixels of circular objects and calculating
their inside diameters of bubble bright centroids ID
by

ID = 2
ffiffiffiffi

A
π

r

ð3Þ

(6) Determining actual bubble outside diameter of bub-
ble dark outline OD by

OD = k ⋅ ID, ð4Þ

Table 1: The selection of the solute concentrations of sodium
chloride (NaCl) and sodium dodecyl sulphate (SDS) surfactant
(CH3(CH2)11SO4Na) and the gas injection rates for each water
solution.

NaCl concentration SDS concentration Gas injection rate

10 ± 0:0001 g/l 0:5 ± 0:1mg/l 5 ± 0:01ml/min

20 ± 0:0001 g/l 1 ± 0:1mg/l 10 ± 0:01ml/min

30 ± 0:0001 g/l 5 ± 0:1mg/l 20 ± 0:01ml/min

10 ± 0:1mg/l 30 ± 0:01ml/min

20 ± 0:1mg/l 40 ± 0:01ml/min

30 ± 0:1mg/l

5000 𝜇m

(a)

5000 𝜇m

(b)

5000 𝜇m

(c)

5000 𝜇m

(d)

Figure 3: The upgraded image analysis for solving densely binding bubbles: (a) the original image, (b) the binary image, (c) the inverted
binary images, and (d) the identification of the bubble bright centroids (highlighted in blue).
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(a) (b)

(c) (d)

Figure 4: Continued.
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where k is a constant between the bright bubble centroids
and actual bubble diameters depending on backlight condi-
tions, camera settings, and grayscale value for binary [59]

(7) Statistically analyzing bubble sizes (i.e., OD) esti-
mated by this linear model with the histogram func-
tion available in statistic software, such as Excel,
MATLAB, and SPSS. The bin width could be
adjusted in those selections of software in order to
present BSDs in various BSD resolutions in size. In
this work, the bin width for the finer group (bubble
sizes in 0–1000μm, bubbles in surfactant solution)
was 50μm, while the bin width for the coarser group
(bubble sizes in 1000–5000μm, bubbles in saline and
deionized water) was 100μm

The advancement of this procedure is to replace segment-
ing densely binding particles with a linear relation between ID
and OD. Bongiovanni et al. [77] have theoretically and math-
ematically studied this physical phenomenon based on bubble
geometrical optics and photometric law. Later, it was experi-
mentally explored and validated by Ma et al. [59], conse-
quently solving densely binding bubbles in images. As for
interest in method development, the optical study from Bon-
giovanni et al. [77] and experimental work from Ma et al.
[59] are highly recommended to be followed up in detail. Note
that it is only applicable to spherical bubbles by far.

This image analyzing method was applied in this work.
Nevertheless, before using this method, two prior linear
regressions had to be completed between ID and OD to deter-
mine the constant k for two cameras and corresponding image
settings. The OD could be determined by applying the afore-
mentioned standard image method to every discrete bubble
manually selected from all bubble images (see the instances

shown in Figures 4(a)–4(c)). The newly proposed method in
steps (1)–(5) could determine the corresponding ID for those
selected bubbles (see Figure 4(d)). Note that those manually
selected bubbles must cover the full-size range to ensure the
validity of k in Equation (4). It has to be done manually
because any user has to carefully select the discrete bubbles
from a large amount of densely binding ones that cannot be
automatically detected by the standard image processing
method. According to the sample size investigation from Ma
et al. [59], the sample size, ranging from 20 to 200 bubbles,
should be sufficient for calibrating this linear relation.
Figures 4(e) and 4(f) show the linear regressions for two cam-
eras to determine the constant k values. Both linear regressions
achieve R2 > 0:985, and their k values for high- and low-
resolution cameras are 1.2784 and 1.3188, respectively. Also,
the linear model offsets for both cameras are 101.41μm and
256.67μm, which are much over physical length-pixel trans-
formations in 5.38μm and 54.64μm for high- and low-
resolution cameras, respectively. Both offsets indicate the most
miniature objects detected by two cameras and count 19 and 5
pixels, respectively. Theoretically, the smallest detectable bub-
ble/particles could not be over a square dimension of 3 pixels
× 3 pixels (i.e., 1 bright pixel surrounded by 4 dark pixels in
the shape of a cross in a total of 5 pixels). Human errors in
selecting discrete bubbles (see Figure 4(a)) could potentially
cause such offsets for the determinations of ID and OD, and
the selection of gray scale values for binarizing images (see
Figure 4(b)) could be another one. Nevertheless, such a pro-
cess of bubble selection owned its randomness. A golden prin-
ciple that should be followed is to preserve the quality and
integrity of bubble images as best as possible. In addition, there
should be consistency in assigning the gray scale value (a
threshold value) from a global scale rather than a single bubble
image.

1000

OD = 1.2784‧ID + 101.41
R2 = 0.9936
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Figure 4: The linear regressions to calculate constant k for two cameras: (a) an example of the manual selection of discrete bubbles (e.g., in a
smaller sample size for a demo) for determining k of Equation (4) by applying the linear regression, (b) the binarization of the selected
bubbles, (c) the measurement of OD using ImageJ by following the standard procedure (targeted bubbles highlighted in black), (d) the
measurement of ID by the new procedure (targeted bubble centroids highlighted in cyan), (e) high-resolution camera: Canon EOS Kiss
×4 SLR (18 megapixels), and (f) low-resolution camera: Canon Powershot A570 IS (7.1 megapixels).
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Ma et al. [59] used the same high-resolution camera for
this linear calibration and determined the smallest detectable
bubble size of 100μm, which agrees with the offsets in this
work. According to Ma et al. [59], any bubble size less than
100μm cannot be accurately measured by Canon EOS Kiss
×4 SLR. Actually, this system can still measure bubbles from
54 to 100μm with an error of <10% because of 5.38μm/pixel
(see Figure 4(e)). Thus, it is expected to measure smaller
bubbles by improving image quality and decreasing the
pixel-size transformation ratio. Finally, the captured bubble
images were processed following the new procedure with
these linear regressions.

3. Results and Discussion

3.1. Overall Comparison between the Solute-Added Solutions
and Deionized Water. Figure 5 shows the overall comparison
between the solute-added solutions (SDS surfactant and
saline water solutions) and deionized water without any
additives for the highest and lowest gas injection rates
(40ml/min and 5ml/min). Both SDS surfactant and NaCl
can minimize bubble size with increasing solute concentra-
tion. Also, the higher the solute concentration and the gas
injection rate are, the smaller the span of bubble size distri-
butions (BSD) and the higher the peak of BSD are. In con-
cise, in terms of reducing bubble size, the SDS surfactant
solution outperforms the saline solution, and the saline solu-
tion outperforms the deionized water. Compared to the
range of bubble size for the deionized water within 800–
3500μm, the NaCl solutions can control the range of bubble
size within 400–2000μm, and the SDS surfactant solutions
can control the range of bubble size within 150–700μm. In
addition, in terms of the mean value, the NaCl solutions
can only control mean size within 700–1200μm, while the
SDS surfactant solutions can control mean size within
190–550μm.

3.2. Effects of Surfactant Concentrations on Gas Bubble
Generation. Figures 6(a)–6(e) present the size distributions
of gas bubbles generated in sodium dodecyl sulphate (SDS)
surfactant solution in the solute concentration range of
0.5–30mg/l at gas injection rates of 5ml/min, 10ml/min,
20ml/min, 30ml/min, and 40ml/min, respectively. A com-
mon among those bubble size distributions (BSD) is that
all can be described similarly as unimodal distributions,
including both normal and left-skewed distributions. How-
ever, for any gas injection rate of five selections, with the
concentrations of SDS surfactant increase, the peak of BSD
shifts towards a smaller diameter, indicating bubble sizes
substantial decrease. Also, their corresponding relative fre-
quency increases from 10%–30% to 40%–60%, indicating
more numbers of smaller bubbles generated. Simulta-
neously, BSD is also narrowed down to a smaller span, indi-
cating a reduction of larger bubbles. Overall, due to adding
SDS surfactant into water solutions, the bubble size can be
successfully controlled at 100-1000μm.

In order to more straightforwardly illustrate the statisti-
cal variation of BSD with surfactant concentration, the linear
mean bubble size and standard deviation of BSD are sepa-
rately shown in Figures 6(f) and 6(g). Note that the Sauter
mean diameter is unnecessary here because the bubble sphe-
ricity was preserved well, as the previously mentioned circu-
larity was set over 0.7–0.8. According to Figures 6(f), it is
apparent that the mean bubble diameter decreases from
500μm to 200μm by increasing surfactant concentration
from 0.5mg/l to 30mg/l. Similar to the previous studies [9,
29, 30, 78–80], this phenomenon is attributable to the behav-
ior of the solute at the gas-liquid interface. As Aldrich and
Feng [69] reported, the surface tension could be substantially
decreased by increasing surfactant concentrations. Cha-
phalkar et al. [79] also noted that the increase in surfactant
concentration could minimize the surface tension between
the gas and fluid, leading to a higher probability of gas bub-
ble breakup and bubble size decrease. After adding up to a
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Figure 6: The effects of sodium dodecyl sulphate (SDS) surfactant concentration on bubble size distribution (BSD) for five different gas
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Figure 7: The effects of gas injection rate on BSD for seven different SDS surfactant concentrations: (a) 0.5mg/l, (b) 1mg/l, (c) 3mg/l, (d)
5mg/l, (e) 10mg/l, (f) 20mg/l, and (g) 30mg/l. (h) The linear mean bubble size of BSD varied with gas injection rates. (i) The STD of BSD
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critical concentration of 20mg/l, the mean bubble size grad-
ually reduces compared to a dramatic reduction in bubble
size from 0.5mg/l to 10mg/l. Figure 6(g) also shows similar
features for standard deviation changing with increasing sol-
ute concentration. Specifically, the standard deviation of
BSD decreases from 150μm to 50μm, with concentration
rising to 30mg/l. These results partially agree with Rodrigues
and Rubio [9], in which the mean bubble diameter dropped
from 700μm to 250μm with surfactant concentration
increased from 10mg/l to 30mg/l. Rodrigues and Rubio
[9] also found a critical surfactant concentration of 20mg/
l, over which there was an insignificant reduction of mean
bubble size. The reason for observing those minimum mean
bubble sizes and standard deviations is due to solute concen-
tration increasing to the critical coalescence concentration
(CCC). According to Cho and Laskowski [70, 81], bubble
size mainly depends on the solute concentration when the
porous gas sparger replaces the single pore gas sparger.
Under such conditions, bubble coalescence is the primary
mechanism of large bubbles generated at lower solute con-
centrations [9]. Those coalescences could be prevented if
the solute concentration exceeds CCC.

However, these results disagree with Nguyen Hai Le
et al. [30] on bubble size controlled by SDS surfactant. In
their work, Nguyen Hai Le et al. [30] could control mean
bubble sizes to 50–100μm with standard deviations of 50–
80μm for SDS surfactant added to 1 g/l to 3 g/l, which is
not achievable in prior and current studies. This conflicting
finding could be due to different gas sources and spargers.
For example, Nguyen Hai Le et al. [30] applied carbon diox-
ide (CO2) instead of nitrogen gas (N2) or air (N2 of 78%) and
therefore caused such disagreement. Moreover, Prakash
et al. [15] also investigated BSD variation in SDS surfactant
solution under highly hydrodynamic conditions (high Reyn-
olds number and large flow velocities). However, due to the
different air diffuser and gas injection rates that they applied,
there seems less possibility of conducting any comparison
against those experimental outcomes. Other studies, includ-
ing Shepard et al. [16], Alam et al. [5], Pan et al. [8], all stud-
ied BSD changing with solute concentrations. Nevertheless,
any comparison can still hardly be conducted due to various
bubble generating apparatus, different selections of surfac-
tants, fine particles in the fluid, slurry conditions, etc.

3.3. Effects of Gas Injection Rate on Bubbles in Surfactant
Solution. Figure 6 merely manifests the BSD, bubble mean
sizes, and standard deviations varied with SDS surfactant
concentrations. In order to better illustrate the effects of
gas injection rates on bubble size, the results from
Figures 6(a)–6(e) are rearranged in Figures 7(a)–7(g) to
show the BSD varying with gas injection rates for each sur-
factant concentration. Figures 7(a)–7(g) shows that the gas
injection rates can dominate the peak and span of BSD.
For lower surfactant concentrations of 0.5mg/l, 1 g/l, and
3 g/l in Figures 7(a)–7(c), injecting gas at different flow rates
can yield BSD without any obvious overlapping and skew-
ing. However, after surfactant concentrations increase over
5mg/l, all distributions skew to the left and overlap together
with minor differences in the peak, as shown in

Figures 7(d)–7(g). Specifically, the peak of BSD increases
with the decrease in gas injection, indicating smaller bubbles
generated at low gas injection rates.

Figures 7(h) and 7(j) present the linear mean bubble size
and standard deviation of BSD changing with gas injection
rates. Figure 7(h) shows minor effects of gas injection rates
on mean bubble sizes for all selections of SDS surfactant
concentrations. Nevertheless, Figure 7(j) shows that it
indeed dominates the standard deviation. By adjusting the
gas injection rate from 5ml/min to 30ml/min, the standard
deviation can be increased by 20–40μm. However, further
increasing the gas injection rate over this threshold (30ml/
min) cannot enlarge the BSD standard deviations. Hence,
SDS surfactant concentration is not a single influential factor
exclusively dominating the standard deviation of BSD. Still,
higher gas injection rates can also stretch the BSD span,
manifested as higher standard deviations. This feature could
be attributed to higher possibilities of bubble coalescence
resulting from more increased gas injection rates. Therefore,
when porous gas sparger is utilized to diffuse gas in water, a
critical coalescence injection rate (CCIR), similar to the CCC
for solute effects on bubble mean size, should also be consid-
ered for injection rate effects on the standard deviation of
BSD.

3.4. Effects of Salt Concentrations on Gas Bubble Generation.
The effects of sodium chloride (NaCl) concentration on BSD
for five different gas injection rates are presented in Figure 8.
Figures 8(a)–8(e) shows the largest bubbles generated in
deionized water in the form of BSD, spanning from
500μm to 3000μm. With the NaCl concentrations increas-
ing from 0 to 30 g/l (0-30 ppt), the BSD skews to the left with
a smaller span, indicating mean bubble size and standard
deviation decreasing. In addition, the BSD peaks increase
by 10–15% when NaCl concentration increases from 0 to
30 g/l. As a result, when adding NaCl into the deionized
water over 10 g/l, gas bubble sizes could be controlled in a
range between 400μm and 2000μm. With NaCl concentra-
tion increasing over 10 g/l, all size distributions tend to over-
lap, with minor differences in the peak. The BSD features are
the same as bubble size reduction with increasing surfactant
concentration but within different bubble size ranges.

The mean bubble size and standard deviation versus
NaCl concentrations are separately shown in Figures 8(f)
and 8(g) to illustrate bubble size reduction with increasing
NaCl concentrations. It is evident that both mean bubble
size and standard deviation monotonically decrease with
increasing NaCl concentration. As same as the bubble size
reduction by adding more surfactant, the increase in NaCl
concentration also leads to a decrease in surface tension,
subsequentially resulting in a bubble size reduction [9, 30,
74, 79, 82]. But there is a difference in critical NaCl concen-
trations for mean size and standard deviation. After adding
up to 10 g/l, the mean bubble size could be reduced by
approximately 1000μm. Any further increase in NaCl con-
centration cannot significantly minimize the mean bubble
size. However, as for increasing NaCl concentration from
10 g/l to 20 g/l, the standard deviation can be further
decreased by 100–300μm. When NaCl concentration
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Figure 8: Continued.
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reaches 20–30 g/l, there is no significant decrement of stan-
dard deviation (<100μm). Overall, the CCC of NaCl for
mean bubble size could be identified at 20 g/l, although the
original definition of CCC only refers to mean bubble size.

Compared to the SDS surfactant solutions that can con-
trol mean bubble size within 190–550μm (see Figures 6(f)
and 7(h)), NaCl solutions can only control mean bubble size
within 700–1200μm (see Figures 8(f) and 9(e)). Moreover,
the lowest SDS surfactant concentration of 0.5mg/l is even
more efficient than the highest NaCl concentration of 30 g/
l in reducing bubble size. Such a comparison also manifests
that SDS surfactants reduce the surface tension of water
solution more than NaCl. Those findings highly agree with
previous studies comparing different surfactants against salt
[74, 82].

The selection of those two solutes depends on using pur-
poses. For instance, when laboratory modeling bubbly flows
through a porous medium without gas trapping, the SDS
surfactant in high concentrations is recommended prior
[26, 32]. Instead, the deionized and saline solution should
be used if research focuses on bubbly flow in a porous
medium with gas trapping. On the other hand, SDS surfac-
tants are applicable to mineral processing in the flotation cell
if an air sparger in much finer pore sizes or other bubble
generating technique is used. Many mineral processing
works have covered bubble sizes ranging from microbubbles
to millimeter-bubbles [5, 8, 9, 52, 74, 83]. The selection
among those should be dependent on particle size, which
needs to be picked up for industrial interest.

3.5. Effects of Gas Injection Rate on Bubbles in Saline
Solution. The effects of gas injection rate on BSD for deion-
ized water and saline solutions are given in Figure 9.
Figures 9(a) and 9(b) show that the peaks of BSD shift
towards the right, indicating a decrease in bubble size. Also,

the peaks of BSD decrease as gas injection rates increase.
These features only occur for deionized water and saline
solution with NaCl concentrations less than 10 g/l (10 ppt).
When NaCl concentrations increase over 20 g/l (20 ppt),
the BSD for all five gas injection rates almost overlap. Still,
the peaks differ by 5%. This pattern also demonstrates that
gas injection rates have minor effects on BSD for NaCl con-
centrations higher than 20 g/l.

The mean bubble sizes and standard deviations of BSD
in Figures 9(a)–9(d) are calculated and depicted against gas
injection rates in Figures 9(e) and 9(f). Figure 9(e) shows
that gas injection rates have insignificant effects on the mean
bubble size for NaCl solutions. In contrast, higher injection
rates just slightly increase the mean bubble size for deionized
water solution because of the higher probability of bubbles
collision and coalescence. Also, the mean bubble size can
be reduced by 1000μm when NaCl concentration rises from
0 to 10 g/l. This phenomenon is similar to the bubble size
reduction by increasing the surfactant concentrations. As
mentioned above, the gas-liquid interface could be more eas-
ily broken up by increasing the solute concentration (e.g.,
salt), resulting from a decrease in the value of surface tension
of the tested water solution [30, 74, 79, 82]. However, it
should be noted that such a process can be better quantified
by solute concentration and gas injection rate. Because of
CCC and CCIR, simply correlating bubble size with surface
tension could lead to a misunderstanding of bubble collision
and coalescence process, thereby failing to physically and
numerically model actual BSD.

On the other hand, the standard deviation varying with
the gas injection rate in Figure 9(f) shows more conflicting
features. As for deionized water, the standard deviation can
be minimized by increasing the gas injection rates. However,
this finding somehow disagrees with more bubble coales-
cence and collision for higher injection rates, as

0

200

400

600

800

1000

0 5 10 15 20 25 30

St
an

da
rd

 d
ev

ia
tio

n 
of

 B
SD

 (𝜇
m

)

NaCl concentration (g/l)

Standard deviation varied with saline solution

Gas injection rate 5 ml/min
Gas injection rate 10 ml/min
Gas injection rate 20 ml/min

Gas injection rate 30 ml/min
Gas injection rate 40 ml/min

(g)

Figure 8: The effects of sodium chloride (NaCl) concentration on bubble size distribution (BSD) for five different gas injection rates: (a)
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Figure 9: The effects of gas injection rate on BSD for deionized water and saline solutions: (a) 0 g/l deionized water, (b) 10 g/l NaCl solution,
(c) 20 g/l NaCl solution, and (d) 30 g/l NaCl solution, (0–30 ppt). (e) The mean bubble size varied with gas injection rates. (f) The STD
varied with gas injection rates.
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demonstrated in Figure 7(i). Moreover, the standard devia-
tions are not significantly influenced by gas injection rates
for NaCl solutions. The physical reasons for such conflicting
findings are still unknown and quite debatable. Therefore, it
still requires further investigation regarding measuring accu-
racy for large imperfectly spherical bubbles, the sufficiency
of sampling large bubbles, image quality, etc.

4. Conclusions

This work investigates the effects of solute concentrations
and gas injection rates on bubble size distribution (BSD).
A commercial bubble analyzer, developed based on imaging
techniques, was applied to measure gas bubble sizes. The gas
bubbles were generated by injecting nitrogen gas through a
sintered metal nozzle with five different gas injection rates.
The aqueous environments of gas bubbles include deionized
water, sodium chloride (NaCl), and sodium dodecyl
sulphate (SDS) surfactant solutions in several solute concen-
trations. Compared to most prior studies separately investi-
gating and analyzing a single influential factor of many on
gas bubble size variation, this work explores a combination
of two influential factors on BSD.

As the appended camera and standard image analysis
failed to determine BSD under the condition of densely bind-
ing bubbles, this bubble measuring system was improved by
incorporating a high-resolution camera with a newly devel-
oped image processing procedure. The original imaging setup
can only measure gas bubbles larger than 300μm for a small
number of bubble clusters. With the high-resolution camera,
this commercial bubble analyzer can be utilized to measure
bubbles down to 100μm. In addition, compared to the con-
ventional image analysis conducting segmenting algorithms,
the new method applied a robust and straightforward linear
equation in optical physics to successfully determine the
BSD of densely binding bubbles.

Based on the experimental outcomes provided by this
measuring system, conclusions can be drawn in the
following:

(1) Both SDS surfactant and NaCl can minimize bubble
size with increasing solute concentration, and the
surfactant outperforms salt. NaCl solutions can only
control mean size within 700–1200μm, while the
SDS surfactant solutions can control mean size
within 190–550μm

(2) For the SDS surfactant solution, the mean bubble size
and standard deviation of each BSD can be monoton-
ically decreased by increasing SDS surfactant concen-
trations. There is a critical coalescence concentration
(CCC) of 20mg/l, over which the mean size and stan-
dard deviation cannot be significantly minimized by
adding more SDS surfactant. The gas injection rates,
compared to solute concentrations, have insignificant
effects on mean bubble sizes. On the contrary, the
standard deviations can be enlarged by increasing
the gas injection rates, manifesting more bubble colli-
sion and coalescence for higher injection rates. Also,

there is a critical coalescence injection rate (CCIR) at
30ml/min, over which standard deviation cannot be
further increased

(3) For NaCl solutions and deionized water, the mean
bubble size and standard deviation of each BSD also
monotonically decrease with NaCl concentration
increases. A CCC of NaCl could be identified at
20 g/l (20 ppt), over which both mean bubble size
and standard deviation cannot be reduced by
increasing NaCl concentration. The gas injection
rate has minor effects on mean bubble size and stan-
dard deviation. Also, the CCIR is not identifiable for
standard deviation. Those differ from the phenome-
non of more bubble coalescence found for SDS sur-
factant solutions

(4) Many earlier studies have investigated the relation-
ship between surface tension and bubble size, con-
cluding that bubble size can be minimized by
reducing surface tension. Later, such a relationship
was experimentally challenged by the finding of
CCC, over which bubble size cannot be minimized
by reducing surface tension. Instead of exclusively
considering surface tension, the bubble size depends
on bubble collision and coalescence, which are gov-
erned by the value of solute. In this work, a new find-
ing is that not only does the solute concentration
dominate the bubble collision and coalescence pro-
cess but also the gas injection rate becomes another
contributor. Although this phenomenon is a com-
plex physical process that demands the multiphase
computational fluid dynamics in modeling the gas
sparging, still, it can be experimentally quantified
by the solute concentration and gas injection rate
with two aforementioned critical values (including
both CCC and CCIR) in a straightforward manner

In summary, this study introduces a commercial bubble
size analyzer, which has been improved in both hardware
and software (i.e., equipped with a higher resolution digital
camera and an effective image processing procedure to avoid
densely binding bubbles). Furthermore, it presents a sound
understanding of two influential factors for controlling bub-
ble size rather than a single factor. Most importantly, it is the
first time to observe and propose the concept of CCIR for
the effects of gas injection rate on the standard deviation of
BSD. It is expected that this work could facilitate investigat-
ing laboratory modeling bubbly flow in a porous medium in
order to shed more light on the mechanism of soil gas leak-
ing through soil strata.

5. Patents

The Anglo Platinum Bubble Sizer® was manufactured by
Stone Three® in South Africa and provided by Julius
Kruttschnitt Mineral Research Centre (JKMRC), University
of Queensland (UQ) (accessible at https://jktech.com.au/
products/testing-equipment).
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Abbreviations

BSD: Bubble size distribution
CCC: Critical coalescence concentration
CCIR: Critical coalescence injection rate
CO2: Carbon dioxide
N2: Nitrogen gas
NaCl: Sodium chloride
SDS: Sodium dodecyl sulphate

Nomenclature

A: Area of a bubble centroid
C: Circularity of a bubble centroid
D: Diameter of spherical bubbles for 20°C and the

atmosphere pressure
Di: Diameter of spherical bubbles
ID: The inside diameter of a bubble centroid
k: A constant between the inside and outside diameters

of a bubble
OD: The outside diameter of a bubble outline
P: Perimeter of a bubble centroid
Patm: Atmospheric pressure
Po: Hydraulic pressure outside gas bubbles
Pi: Gas pressure inside gas bubbles
Ri: Spherical bubble radius
T : Absolute temperature for a condition of 20°C and the

atmosphere pressure
Tc: Temperature of water solutions in degree of Celsius
Ti: Absolute temperature of water solutions
V : Volume of spherical gas bubbles for 20°C and the

atmosphere pressure
Vi: Volume of spherical gas bubbles
σ: Surface tension of water solution
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