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ABSTRACT: The use of submerged orifices for bubble generation
is ubiquitous in industries with wettability known to influence the
bubble departure diameter. In this study, we investigated bubble
generation and departure from the orifices (0.3−2 mm) drilled on
hydrophobic perfluoroalkoxy (PFA) tubes in water. By varying the
gas inflow rate (33 to 200 mL/min), we found that the Sauter
mean diameter closely matched those generated by hydrophilic
quartz orifices. However, monodispersed bubbles were formed on
the PFA tube compared to those on quartz with much wider size
distributions. By examining the dynamic bubbling process, we
confirmed its agreement with Tate’s law, which was originally
developed for quasi-steady conditions and emphasizes a balance between capillary and buoyancy forces. However, it should be noted
that dynamic conditions lead to an increase in bubble volume compared to the quasi-steady condition despite following the same
principle, which is explained by the continuous gas inflow when the bubble departs from the orifice at a necking stage. The above
understandings enable generation of monodispersed bubbles under dynamic conditions, benefiting industries requiring precise
control on bubble size, such as the bubble assisted wet etching and cleaning processes in semiconductor fabrication.

1. INTRODUCTION
The utilization of orifices for bubble generation at liquid phase
is extensively employed in various industries, including
chemical, metallurgical, and nuclear sectors.1−5 In such
processes, precise control of bubble diameter is often crucial
as it directly impacts the bubble’s ascent rate, motion behavior,
as well as mass and heat transfer characteristics. For example,
the size of generated helium bubbles is crucial for the removal
of gaseous fission product 135 Xe from the circulating fuel in a
molten salt nuclear reactor.6−8 Another prime illustration of
this concept can be found in the bubble-assisted wet etching-
cleaning process employed in semiconductor fabrication. In
such contexts, the meticulous regulation of bubble size
becomes crucial to ensure consistent and uniform fabrication
across numerous substrates within a batch.9,10 However, the
growth and detachment of bubbles from orifices are influenced
by numerous factors, including operating parameters (such as
gas velocity and pressure), system parameters (such as orifice
size and material), and fluid characteristics (such as surface
tension and liquid viscosity). The interplay of these factors is
intricate and comprehensive research in this field is still
ongoing, leaving certain aspects yet to be fully explored.11−15

One theoretical approach to predict bubble diameter
generated by orifices is Tate’s law. Credited to Tate in
1864,16 this model was initially proposed to explain the
formation of liquid droplets from a needle, and has been
extensively validated and employed for determining surface
tension of liquid phase.17−19 The model can also be used to

predict the bubble detachment from an orifice, because of the
similarity between bubbles and drops. For bubbles, the model
predicts their detachment from the orifice once the buoyancy
force exceeds the maximum capillary force, which is written as
ΔρgV = πdpσ, where Δρ is the density difference between the
gas phase and the liquid phase (kg/m3), g is the gravitational
acceleration (m/s2), V is the volume of the droplet (bubble,
m3), dp is the diameter of the orifice (capillary, m), and σ is the
surface tension (N/m).20,21 Therefore, with the known
information on the orifice size and surface tension, the bubble
detachment can be precisely controlled, i.e., monodispersed
bubble/drops are expected. The model predicts the one-to-one
correspondence between orifice diameter dp and bubble
diameter d, as shown in Figure 1b.
Despite the success of Tate’s law, applying this theory to

industrial bubbling conditions reveals clear limitations.12,18,22

The assumption of quasi-steady gas injection clearly deviates
from industrial settings, where continuous gas injection at
specific flow rates is necessary. Increased gas flow rates
introduce hydrodynamic forces such as the added mass effect
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arises from the acceleration of growing bubbles,1 challenging
Tate’s law’s application further.23,24 Additionally, coalescence
of bubbles affects size distribution, deviating from the theory’s
predictions of single sized bubbles. Moreover, the one-to-one
correspondence between bubble size and orifice size restricts
the flexibility in designing multiorifice bubble generators.
Achieving equal gas distribution at different orifices and
forming relatively large bubbles becomes challenging, as small
orifices favor equal gas distribution.25 Addressing these
limitations and understanding the interplay between gas flow,
orifice size, and bubble generation is crucial for effectively
applying Tate’s law in industrial contexts.
The use of nonwetting surfaces for bubble generation has

gained increasing attention due to their ability to enlarge
bubble size without increasing the orifice size.2,11,26 Non-
wetting surfaces facilitate the spreading of the gas−liquid−
solid contact line, resulting in a larger contact area between the
bubble and surface compared to wetted surfaces.27,28 This
leads to a substantial increase in the capillary force that retains
the bubbles at the orifice. Experimental studies by Lin et al.28

demonstrate that increasing the contact angle from 45° to 100°
can cause the bubble volume to increase 10-fold or more.
Additionally, Mirsandi et al.11 found that surface roughness
and heterogeneity play a significant role in affecting contact

line movement. These findings were primarily obtained for
bubbles generated at a low gas flow rate of about 10 mL/min.
As the gas flow rate increases, the influence of wettability on
bubble generation becomes less significant,5,11 which dimin-
ishes the importance of selecting nonwetting surfaces for
bubble generation.
In this work, we explore an additional feature of bubble

generation from a hydrophobic PFA surface: the size
distribution, unveiling the advantages of nonwetted surfaces
in producing monodispersed bubbles. A series of experiments
were conducted using a transparent rectangular container and
two types of tubes, namely, PFA and quartz, to investigate and
compare the bubble growth and detachment processes,
considering their distinctly different wettability. At gas flow
rates of up to 200 mL/min, we observed similar bubble sizes
but a clear distinction in bubble size distribution between the
two tubes. The generation of monodispersed bubbles using
hydrophobic PFA tubes at high gas flow rates was revealed,
and the underlying mechanism was discussed based on
experimental observations and theoretical considerations.

2. MATERIALS AND METHOD
2.1. Experimental Section. The experimental setup, as

illustrated in Figure 2a, was conducted within a rectangular

Figure 1. (a) Force balance during bubble formation at a submerged orifice based on Tate’s law. (b) The bubble-orifice size relationship as
predicted by Tate’s law.

Figure 2. (a) Schematic illustration of the experimental system for bubble generation and image acquisition. (b) Images of the orifices drilled on
two kinds of tubes. (c) Illustration of the contact angle of the PFA tube; note that the contact angle is a dynamic value that evolves with bubble size
and the advancing/receding of the three-phase contact line.
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acrylic tank measuring 100 × 100 mm (length) × 100 × 600
mm (height). The top portion of the tank was open to the
atmosphere, and an L-shaped foam tube was securely fixed
inside the tank for bubble generation. In this study, air served
as the dispersed phase, while deionized water acted as the
continuous phase. The air was introduced into the tube
through an air compressor (1400W-30L, SENSETER), and the
flow rate was regulated using an electronic flowmeter (SLD-
MFC, SENLOD) before entering the tube, where bubble
generation occurred at the orifice. All experiments were
conducted at room temperature, with gas flow rates ranging
from 33 to 200 mL/min. A high-speed camera (FASTCAM
Mini AX100, Photron. Ltd.) was used for image acquisition.
The acquisition frequency was 1000 fps, the shutter speed is 1/
10000 s, and the resolution was 1024 × 1024 pixels.
Illumination for the high-speed camera area was provided by
a LED lamp behind the tank.
The experimental setup involved the use of two types of

foam tubes: one made of quartz and the other made of PFA (as
depicted in Figure 2b). Both of them had an inner diameter of
4 mm and a wall thickness of 1 mm. Among them, PFA stands
out for its remarkable hydrophobic properties, effectively
repelling water and exhibiting a relatively high contact angle
with water (contact angle θ ≈ 110°, as illustrated in Figure 2c).
On the other hand, the contact angle of quartz material is
intricately tied to the cleaning method used, often resulting in a
contact angle of less than 40° after undergoing appropriate
treatment.29−31 It should be noted that the contact angle
mentioned here is a dynamic value that evolves with bubble
size and the advancing/receding of the three-phase contact
line. Different aperture sizes were set for the experiment,
namely, 0.3 0.5, 1, 1.5, and 2.0 mm. Detailed parameters can be
found in Table 1. At the flow rate of 200 mL/min, the orifice

gas velocity v would reach 16.98 and 47.16 m/s for 0.5 and 0.3
mm orifices, respectively, providing that the gas flows through
the orifice at a constant rate. This high velocity flow would
contribute to a pressure of more than 100 Pa at the top bubble
surface as estimated from the Bernoulli equation padd ∼ ρv2/2,
the added pressure padd is at the same order of magnitude of
the Laplace pressure (4σ/dp ≈ 50 Pa), and would affect the
bubble shape. The added pressure can be even more significant
considering that the gas flow through the orifice typically
occurs in a periodical manner.25

2.2. Image Analysis and Data Processing. The original
images captured by the high-speed camera are in the RGB
color format (Figure 3a). The images were processed using the
following steps. First, each image was converted from RGB to

grayscale format (Figure 3b). The contrast of the image was
further enhanced by adjusting the color balance (Figure 3c).
Afterward, the image was binarized (Figure 3d) and the hole
inside the bubble was filled (Figure 3e) before the bubble edge
was detected (Figure 3f) for data analysis.

3. RESULTS AND DISCUSSION
Figure 4 provides a sequence of snapshots to illustrate the
bubble growth process from the tubes made from both quartz
and PFA. The experiments were conducted at a volumetric
flow rate of 200 mL/min and the orifice diameter of 0.5 mm
for both tubes. Figure 4a depicts the bubbling process using
the quartz tube, where the three-phase contact line of the
growing bubble remains adhered to the inner edge of the
orifice and does not vary during the growth process, which
agrees with the observations of Lin et al.28 Notably, due to the
presence of a protruding tip at the top of the growing bubble,
the growing bubble tends to coalesce with the just detached
bubble, resulting in the formation of larger bubbles. As
mentioned previously, the protruding tip results from padd. It
should be noted that bubble coalescence rarely occurs when
the orifice diameter is larger than 0.75 mm. This can be
attributed to the reduced orifice gas velocity and the
significantly decreased padd since paddα v2α d−4 considering
that v Q A Q d/ 4 /( P

2= = , thus a spherical bubble shape can
be maintained with the increase in orifice diameter.
The bubble growing on a PFA orifice exhibits two distinct

differences compared to quartz: the moving three-phase
contact line and the spherical bubble shape. As shown in
Figure 4b, the three-phase contact line of the growing bubble
expands beyond the orifice owing to the hydrophobic nature of
the PFA material, leading to a much larger contact area
compared to the orifice diameter, which agrees with reports by
Fritz27 and Lin et al.28 Consequently, the capillary force
retaining the bubbles at the orifice can be much larger,
considering Fs ∼ πϕσ rather than πdpσ, where ϕ represents the
diameter of the contact surface (m). As a result, the bubble
volume increases proportionally to the growth of the contact
area, rendering the diameter of the orifice less influential on the
bubble size. Furthermore, on the PFA tube, the top of the
growing bubble exhibits a smooth spherical surface. The less
significant impact of gas velocity-induced pressure in this case
may be attributed to the much larger inflow area at the bottom

Table 1. Aperture Sizes and Experimental Parameters were
Used in this Study

aperture (mm) 0.3 0.5 1 1.5 2

orifice gas velocity
(m/s)

33
mL/min

7.78 2.8 0.7 0.31 0.18

66
mL/min

15.56 5.6 1.4 0.62 0.35

100
mL/min

23.58 8.49 2.12 0.94 0.53

133
mL/min

31.36 11.29 2.82 1.25 0.71

166
mL/min

39.14 14.09 3.52 1.57 0.88

200
mL/min

47.16 16.98 4.24 1.89 1.06

Figure 3. Steps of image processing using ImageJ software: (a)
original image acquisition, (b) image conversion to gray scale, (c)
image contrast enhancement and (d) image binarization, (e) fill holes,
and (f) image edge detection.
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of the PFA tube compared with the quartz tube. Overall, the
growth and detachment of the bubble exhibit a highly
reproducible pattern, and coalescence between subsequent
bubbles is not observed, except when the orifice is reduced to
0.3 mm (see Supporting Information).
Figure 5 describes the bubble size distribution under the two

materials. As shown in Figure 5a, the Sauter mean diameter
(D32) of bubbles under two conditions is very close to that of
two materials at an orifice diameter of 0.5 mm. More
specifically, D32 ranges from 6 to 7 mm in both cases. For
PFA, D32 experiences a gradual increase with volumetric flow

rate, while the evolution behavior is not clear for quartz. At a
flow rate of 200 mL/min, D32 = 6.18 mm under a quartz tube
and D32 = 6.67 mm under the PFA tube.
Despite the close D32, the bubble size distribution generated

by the two tubes can be quite different. As shown in Figure 5b,
the bubble size presents a wide distribution range between 3.5
and 7.5 mm with a quartz tube. In contrast, Figure 5c depicts
an almost monodispersed bubble size distribution range
between 6.5 and 7 mm using PFA tubes. On one hand, the
discovery reaffirms the limited impact of materials on the mean
bubble size within dynamic bubbling systems, providing

Figure 4. Snapshots of bubble growth on two tubes: (a) quartz, and (b) PFA. Gas volume flow rate Q = 200 mL/min, and orifice diameter dp = 0.5
mm. (The deformation of the growing bubble and its coalescence with the just detached bubble is clearly visible with the quartz tube but not with
the PFA tube.)

Figure 5. (a) The Sauter mean diameter D32 of bubbles generated by two tubes with the orifice diameter of 0.5 mm. Size distribution of bubbles
obtained by two kinds of tubes (Q = 200 mL/min, dp = 0.5 mm): (b) quartz tubes and (c) PFA tubes.

Figure 6. Polydispersity index of bubble diameter for bubbles generated by two tubes: (a) quartz tubes and (b) PFA tubes, at different orifice
diameters and gas flow rates.
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flexibility in selecting orifice materials for bubble generation.
On the other hand, this finding presents a novel opportunity
and capability to produce bubbles with meticulous control,
allowing for not only a focus on the mean size but also on the
distribution of bubble sizes. The variation in the bubble size
distribution for two materials can be attributed to differences
in the bubble generation process. As seen in Figure 4, bubbles
produced by the quartz tube undergo coalescence behavior
after separation, leading to the formation of larger bubbles
through the merging of smaller ones. On the other hand, the
large bubbles generated by the PFA tube directly grow without
undergoing coalescence. This finding aligns with the results of
Corchero et al.,2 where they observed that as the static contact
angle changes from 90° to 120°, the bubble expands toward
the surface of the orifice plate during its growth, resulting in a
volume increase of up to 2.34 times under nonwetting
conditions.
To assess the uniformity of bubble size, the polydisperse

index (PDI) was calculated for bubbles under both
conditions.32 The polydispersity index is defined as the
standard deviation of the bubble radius divided by the mean
radius, i.e.

S dPDI /n m= (1)

where Sn is the standard deviation of the bubble radius (m)
and dm is the average diameter of the bubble (m). A lower
polydispersity index indicates a higher level of monodispersity
among the bubbles.
The difference in the PDI of the bubbles generated by the

two tubes is clearly visible. As shown in Figure 6, the PDI of
bubble size decreases in both tubes as the orifice size increases.
For quartz tubes (Figure 6a), the PDI may reach 0.22 at the
orifice diameter of 0.3 mm and gradually reduces to 0.10 at the
orifice diameter of 0.5 mm. It further decreases to around 0.03
at orifice diameters exceeding 0.75 mm, where bubble
coalescence diminishes. For PFA tubes (Figure 6b), the PDI
is around 0.015 when the orifice diameter reaches 0.5 mm,
indicating the generation of monodispersed bubbles. As
expected, the PDI would rise dramatically to 0.20 with the
onset of bubble coalescence, as demonstrated at an orifice
diameter of 0.3 mm.
The highly reproducible monodispersed bubble generation

using PFA tubes is similar to the prediction of Tate’s law, a
theory developed for quasi-steady bubble generation. To
evaluate the applicability of Tate’s law at this dynamic bubbling
scenario, we divided the buoyancy force of the detached

bubbles by the capillary force arising from the three-phase
contact line. The buoyancy force is calculated from the bubble
size by using the relationship Fb = ΔρgV. The capillary force is
evaluated by considering the length of three-phase contact line,
i.e., Fs = πdpσ for hydrophilic Quartz glass, and Fs = πϕσ for
hydrophobic PFA tubes. The influence of the contact angle
effect on the capillary force with the PFA tube should be
acknowledged. However, we did not consider it due to the
challenge in assigning it a specific value, as mentioned earlier.
Moreover, its impact on the overall force is minimal, given that
the typical contribution of the contact angle, sin110° = 0.94, is
only 6% different from sin 90°, which is the value used in the
calculation. The tube curvature would affect the length of the
three-phase contact line, thereby affecting the evaluation of the
capillary force. However, we did not factor it in due to its
minimal influence, resulting in some uncertainties remaining
regarding capillary force.
As shown in Figure 7a, the ratio of buoyancy to capillary

forces consistently exceeds 4 for quartz tubes, while it remains
below 2 for PFA tubes. The value 4 is quite reproducible for
quartz tubes except for the orifice with a diameter of 0.5 mm,
where the ratio reaches a value of around 8. The double
relationship agrees with the experimental observation that the
final size of the bubble generated by 0.5 mm orifices is
achieved by the coalescence of two bubbles. The high ratio of 4
can be attributed to the dynamic bubbling behavior that the
inertia of bubble growth may play a role24, which cannot be
ignored once the gas flow rate exceeds around 40 mL/min for
an orifice of 0.3 mm at the air−water system.25 These results
clearly deviate from Tate’s law, and the underlying mechanism
responsible for this discrepancy is undoubtedly intricate. We
are not attempting to explain it quantitatively here since it falls
beyond the scope of the current work.
For PFA tubes, the ratio between buoyancy force and

capillary force ranges between 1 and 2 across various orifice
sizes, suggesting its close relation with Tate’s law. It should be
noted that the inertial force is still negligible for this process
according to the model24, therefore the bubbling feature is still
dominated by the balance of buoyance force and capillary
force, just as that assumed in Tate’s law. More specifically, for
the hydrophobic tubes with a contact angle of around 100°, the
criteria between quasi-steady and dynamic bubbling increase to
around 222 mL/min for an orifice of 0.3 mm at the air−water
system,25 and should be even higher with the increase of orifice
diameter. Therefore, the expansion of the three-phase contact
line significantly enhances the capillary force that retains the

Figure 7. (a) The ratio between buoyance force and capillary force for bubbles generated by quartz and PFA tubes. (b) Two stages of bubble
growth (Q = 200 mL/min, dp = 0.5 mm): expansion stage without neck formation (capillary force dominant) and exit stage with neck shrinkage
and detachment. (c) Ratio of buoyancy to capillary force using bubble size at the transition point between the two stages.
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bubble at the orifice, allowing for the sustained growth of larger
bubbles. Monodispersed bubbles can be generated as expected
from Tate’s law.
However, it should be emphasized that the buoyancy force

remains almost 2 times higher than the capillary force,
suggesting that the bubble size is still 1−2 times larger than
the predicted values of Tate’s law. This discrepancy cannot be
simply explained by the uncertainties in the evaluation of the
capillary force.
Upon revisiting the experimental observations, we found

that the bubble generation can be divided into two stages: the
expansion stage and the exit stage, which contribute almost
equally to the bubble volume under the current experimental
condition. The process is depicted in Figure 7b, which shows
the increase in bubble volume over a 50 ms period. During the
initial stage, until approximately 30 ms, the bubble expands
without the formation of a neck, indicating that the capillary
force is sufficient to hold the bubble at the tube surface. With
the further increase of bubble size, the neck forms and
continues to shrink until its breakage; i.e., the bubble detaches
from the orifice. This shrinkage process lasts another 20 ms
before bubble detachment.
In this process, the bubble detachment is determined by the

balance between capillary force and buoyancy force, adhering
to Tate’s law. The difference from typical Tate’s law is that the
bubble continues to grow at the exit stage, contributing
roughly an additional 50% to the overall volume (from 0.16 to
0.32 cm3) to the detached bubble. The perturbation caused by
liquid inflow at the exit stage has also been reported by Kumar
and Kuloor1 in bubble generation with hydrophilic surfaces, a
widely discussed feature to avoid in surface tension measure-
ments using the drop weight method.33

With the hydrophobic PFA tube, the expanded three-phase
contact line resulted in a wider neck compared to hydrophilic
surfaces, prolonging the duration of the necking stage and
allowing an additional gas to flow into the bubble, thereby
increasing its final size. To confirm the reliability of this
argument, we calculated the ratio between buoyancy force and
capillary force using the bubble size at the transition point
between stages (see Figure 7c). As expected from Tate’s law,
the ratio falls within a range very close to 1. Hence, we can
conclude that the bubble volume is jointly determined by the
two stages, and Tate’s law remains the determining factor

affecting the bubble volume. While features such as the
monodispersed bubble generation are expected, its prediction
of the bubble departure size should be augmented considering
the liquid flow at the exit stage.
The explanation provided above successfully clarifies the

force-determined bubble detachment using hydrophobic tubes
under specific experimental conditions. However, when the
impact of volumetric gas flow rate on bubble size is evaluated, a
discrepancy arises. As described, the expansion stage is
primarily influenced by surface properties rather than gas
rate; therefore, the bubble volume at the end of this stage
should be relatively constant and not severely affected by the
gas flow rate. In contrast, gas inflow at the exit stage is expected
to be significantly affected by the gas flow rate. The duration of
the exit stage, mainly determined by necking shrinkage and
breakage processes governed by surface energy and capillary
flow, should remain roughly constant, regardless of the gas flow
rate. Therefore, this constant bubble exit time should lead to
larger bubble volumes with higher gas flow rates. However,
contrary to this expectation, Figure 5 shows that the bubble
size at different flow rates does not vary significantly.
The discrepancy can be explained by the fact that the gas

flow through the orifice is not constant; there is a delay
between the detachment of one bubble and the formation of
the next (Figure 8a). This delay is a characteristic feature of
bubble generation systems operating in the constant flow
regime. At this regime, the gas flow into the tube is constant
but not from the orifice. The bubble cannot grow from the
orifice until the Laplace pressure of the small nuclei is
overcome, exhibiting a delay in bubble generation. During the
delay period, the pressure inside the tube steadily rises due to
the accumulated gas. Once the Laplace pressure is surpassed
and the bubble begins to grow, its flow rate is determined by
the pressure difference resulting from the flow resistance
through the orifice and the varying Laplace pressure
corresponding to the instantaneous bubble size. With the
release of gas from the tube to the outside, the pressure inside
the tube is reduced, resulting in a slowing down of the gas flow
through the orifice, i.e., the growth of bubble volume.
As shown in Figure 8a, increasing the gas flow rate reduces

the delay time, thereby improving the frequency of bubble
formation but does not severely affect the amount of gas
flowing into the bubble during each cycle (Figure 8b).

Figure 8. (a) The time evolution of bubble volume, highlighting the delay between the detachment of one bubble and the formation of the next
bubble; (b) volume changes of bubbles at different gas flow rates during the growth stage.
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Furthermore, the bubble volume evolution at different gas flow
rates clearly shows a reduction in gas flow rate at the exit stage.
This reduction aligns with the argument of decreased pressure
in the tube. It is more pronounced at low flow rates and
becomes less significant at high flow rates, possibly due to a
smaller decrease in pressure with the faster inflow gas.
With the insights gained from our analysis, we can achieve a

better understanding of bubble generation by using orifices.
Hydrophobic surfaces enable the production of monodispersed
bubbles across a wide range of gas flow rates. By transitioning
from a constant flow rate regime to a constant pressure regime,
for instance, using a larger chamber instead of a tube, we may
facilitate the generation of larger bubbles by increasing the gas
flow rate at the exit stage. Additionally, precise control of
bubble size can be attained through modifications in factors
such as wettability and contact angle heterogeneity. These
findings offer valuable guidance for optimizing bubble
generation processes in various applications. It is important
to highlight that the precise bubble detachment diameter can
also be influenced by various parameters, including contact
angles, tube diameter, and surface roughness. As depicted in
Figure 7c, the ratio of buoyancy to capillary force, based on the
bubble size at the transition point between two stages, does not
perfectly reach 1. This discrepancy indicates potential
uncertainties attributed to the parameters mentioned earlier,
underscoring the need for further investigations to better
understand their effects.

4. CONCLUSIONS
In this experimental study, we investigated the growth and
detachment of bubbles from a hydrophobic PFA tube orifice.
Surprisingly, we observed the generation of monodispersed
bubbles at a volumetric flow rate of 200 mL/min, a gas flow
rate that deviates significantly from quasi-steady conditions. By
analyzing the volume of detached bubbles and considering the
local contact with the expanding three-phase contact line, we
found that the ratio of buoyancy force to capillary force
remained relatively constant at 2. Further examination of the
bubble growth dynamics revealed a two-stage process involving
an expansion stage and an exit stage. Importantly, the
underlying physics governing this process still followed the
balance between buoyancy force and capillary force, i.e., Tate’s
law, a theory originally proposed for quasi-steady conditions,
whereas the continuous gas injection at the exit stage further
increases the bubble size compared to the quasi-static
condition.
This research extends the applicability of Tate’s law to

dynamic bubbling processes using hydrophobic surfaces,
enabling the generation of monodispersed bubbles at a wide
range of gas flow rates, highlighting the impact of hydrophobic
materials on bubble size distribution and the reduction of
bubble coalescence. The understanding gained from this study
may lead to the development of optimized systems for
improved performance in applications such as wet etching,
metallurgical processes, and bubble column reactors. Overall,
the combination of experimental and theoretical advancements
in this work advances our understanding of bubble generation
dynamics and opens new avenues for precise control of the
bubble size in various engineering and scientific domains.
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