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ABSTRACT

In this work, we experimentally studied bubble formation on the superhydrophobic surface (SHS) under a constant gas flow rate and at
quasi-static regime. SHS with a radius RSHS ranging from 4.2 to 19.0mm was used. We observed two bubbling modes A and B, depending on
RSHS. In mode A for small RSHS, contact line fixed at the rim of SHS, and contact angle (h) initially reduced, then maintained as a constant,
and finally increased. In mode B for large RSHS, contact line continuously expanded, and h slowly reduced. For both modes, during necking,
contact line retracts, and h was close to the equilibrium contact angle. Moreover, the pinch-off of bubble at the early stage was similar to the
pinch-off of bubble from a nozzle and followed a power-law relation Rneck ! s0.54, where Rneck is the minimum neck radius and s is the time
to detaching. Furthermore, we calculated the forces acting on the bubble and found a balance between one lifting force (pressure force) and
two retaining forces (surface tension force and buoyancy force). Last, we found a waiting time for a finite volume to be detected for large
RSHS. The detached volume was well predicted by Tate volume, which was derived based on balance between buoyancy and surface tension
and was a function of bubble base radius.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219321

I. INTRODUCTION
The formation of a gas bubble on a solid surface submerged

under liquid, either through an orifice or a nozzle, has been an active
area of multiphase flows research for decades. Understanding the bub-
ble formation is crucial for many industrial and biomedical applica-
tions, for example, pool boiling heat transfer,1–5 froth floatation,6

surface cleaning,7,8 and drug deliver.9–11 Predicting and controlling the
bubble size are highly demanded in these applications since the bubble
size determines the heat and mass transport. Recently, micro-/nano-
textured superhydrophobic surface (SHS) has also received growing
attention due to its unique properties, including drag reduction,12–14

anti-icing,15,16 anti-biofouling,17,18 and anti-corrosion.19,20 The SHS is
best known for its large equilibrium contact angle (h0 > 150") and the
ability to entrap gas between surface textures when contacted with
water21 (i.e., the formation of Cassie–Baxter state22). Despite the wide
applications of both SHS and bubble formation, however, there are
very limited studies of bubble formation on SHS.23–26 The textured
SHS was shown to promote the formation of larger bubbles than the
smooth hydrophobic and hydrophilic surfaces23 and thereby might
involve different dynamics that control the bubble growth. This study

aims to better understand the dynamics of bubble formation on SHS
under a constant gas flow rate at the quasi-static region.

First, we briefly review past studies on bubble formation on
hydrophobic and hydrophilic surfaces, through an orifice or a nozzle.
A comprehensive review of this topic can be found in several review
articles.27–30 The bubble formation and bubble detached volume Vd

were found to be affected by many factors, including the material
properties of the liquid,31,32 liquid height,33 nanoparticle suspen-
sion,34,35 compound interface,36 reduced gravity,37,38 gas flow condi-
tion,39 and size and shape of the orifice.40–42 Among them, the effect of
gas flow rate Q received the most attention.43 With increasing Q, the
bubble formation experienced two regimes: quasi-static regime and
dynamic regime. At the quasi-static regime with low Q, many stud-
ies40,44 showed that Vd was independent ofQ and can be well predicted
by Tate volume,45 which was derived based on balance between buoy-
ancy and surface tension forces. The equilibrium bubble shape was
theoretically predicted by solving the Young–Laplace equation with
given boundary conditions.46–48 At the dynamic region with large Q,
Vd increased with Q and followed power-law relations: Vd ! Q6/5 for
inviscid liquid49,50 and Vd ! Q3/4 for highly viscous liquid.51,52 As
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continuously increasing Q, the bubble formation transitioned from
period-1 to period-2 and chaotic bubbling regimes, where successive
bubbles coalesced with each other before detachment.53,54

The effect of surface wetting condition on the bubble formation
was also extensively investigated.55–63 The wettability of a surface was
characterized by h0 with good wetting (hydrophilic) and poor wetting
(hydrophobic) surfaces having h0 < 90" and h0 > 90", respectively. A
large h0 ! 110" was obtained by using paraffin or Teflon coated surfa-
ces,59,61 and a small h0< 30" was achieved by reducing the surface ten-
sion of water.58,62 Depending on h0, the bubble formation followed
two different modes A and B, two terms first introduced by Chester63

and later used by several other researchers.23,59 The two modes were
distinct due to the different behaviors of contact line during the growth
of the bubble: in mode A the contact line pinned at the orifice rim,
while in mode B, the contact line spread beyond the orifice and moved
along the horizontal surface. It was also found that the maximum bub-
ble base radius and Vd were independent of h0 in mode A, but
increased as increasing h0 in mode B.59 Mode A was mostly observed
on hydrophilic surfaces, and mode B was primarily seen on hydropho-
bic surfaces. Due to a larger base radius, hydrophobic surfaces usually
had a larger Vd than hydrophilic surfaces.56,58,60 Bubble formation
involving a moving contact line was numerically predicted by a stick-
slip model.55,62 Furthermore, it was found that the relationships
between Vd and Q for surfaces with different h0 followed a same curve
after proper normalizations.61,62

The bubble formation on the superhydrophobic surface with h0
> 150" received far less attention.23–26 Gerlach et al.59 numerically var-
ied h0 from 40" to 170" and found an increase in bubble base radius
and thereby an increase in Vd as increasing h0. Rubio-Rubio et al.23

and Qiao et al.24 experimentally studied the bubble formation on a
SHS with h0¼ 165" and 156", respectively, at the quasi-static regime.
Both found that with increasing the radius of SHS (RSHS), the bubble
formation transitioned from mode A (pinning contact line) to mode B
(moving contact line), and Vd increased as increasing RSHS during
mode A. The critical SHS radius (Rcr) for the transition (i.e., the

maximum bubble base radius in mode B), according to Rubio-Rubio
et al., was a function of h0. For h0¼ 165", Rcr¼ 8.7mm.23

Furthermore, Rubio-Rubio et al. showed that the bubble shape can be
predicted by solving the Young–Laplace equation. Breveleri et al.26

measured the bubble formation on a SHS fabricated on a porous mate-
rial and found a larger bubble size as increasing the pressure of the gas
injection.

The goal of this study is to better understand the bubble forma-
tion on SHS under a constant gas flow rate at the quasi-static regime.
Different from prior works by Rubio-Rubio et al.23 and Qiao et al.,24

we will perform a force balance analysis to understand the dominant
forces acting on the bubble. We will pay more attention to the bubble
necking process, including the variations of minimum neck radius and
contact angle. Moreover, given the success of Tate volume to predict
Vd for hydrophilic and hydrophobic surfaces at the quasi-static
regime,61,62 we will test whether the Tate volume can also be used to
predict Vd for SHS. In the following, we describe the experimental
methods in Sec. II, results and discussion in Sec. III, and conclusions
in Sec. IV.

II. EXPERIMENTAL METHODS
A. Experimental setup

The experimental setup for studying the bubble formation on a
SHS is shown in Fig. 1. A transparent tank made of acrylic is filled
with water. The tank has an inner dimension of 100 $ 100mm2. The
height of the water is maintained at 70mm. These dimensions ensure
that the walls and the upper free surface have a negligible impact on
the bubble formation. At the bottom of the tank, a 50 $ 50mm2 alu-
minum surface is installed. The center area with a radius of RSHS of
this aluminum surface is made to be superhydrophobic. Outside this
region, the surface is hydrophilic. The equilibrium water contact angles
(h0) on the superhydrophobic and hydrophilic regions measured by
placing a small water drop on the surface are 152" 6 2" and 32" 6 2",
respectively. The sliding angle of a water droplet on the SHS is 5" 6 2".
The procedure of creating the SHS is similar to these utilized in our

FIG. 1. Experimental setup for studying
bubble formation on a superhydrophobic
surface with radius RSHS.
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early work18,64 and is briefly described below. First, surface roughness
is fabricated on the entire aluminum surface by sandblasting (abrasive
medium aluminum oxide, grit size 60, and particle mesh size 35–100).
The surface is clean in the ultrasonic bath before and after applying the
sandblasting. Then, superhydrophobicity is achieved by spray-coating
the rough surface with hydrophobic nano-particles (Glaco Mirror Coat
Zero, by SOFT99 Corp). Only the center aera with the radius of RSHS is
coated. A scanning electron microscopy image of the surface texture of
the SHS created by the above procedure is also shown in Fig. 1.

A 0.5mm diameter orifice is fabricated at the center of the SHS
to allow the gas to be injected into the bubble. The gas flow is gener-
ated and controlled by a syringe pump (Model #NE-1010
SyringeONE, by New Era Pump System Inc). Similar to the setup used
by Mirsandi et al.,62 a long needle with a length of 152mm and an
inner diameter of 0.61mm is used to guide the gas to the orifice. As
explained by Mirsandi et al., the purpose of this long needle is to
achieve a large pressure drop so that the pressure variation in the bub-
ble does not cause a notable change of the pressure in the syringe. As
will be shown later, during the bubble growing process, a constant gas
flow rate is achieved in current study.

A high-speed camera (PCO.dimax S4, pixel size 11lm,
2016$ 2016 pixels) is used to record the bubble formation and detach-
ment. A collimated light (Thorlabs, model #QTH10, power 50 mW)
with a diffuser is used to illuminate the bubble. To record the bubble
growing process, a frame rate of from 50 frames per second (fps) is
used. To record the necking process which occurs at a very short time-
scale, a frame rate of 1000 fps is used. The spatial resolution of the
imaging system is 34lm/pixel. The data are recorded after a series of
bubbles have formed and detached from the surface. The light is
turned on for a short duration of time and has negligible influence on
the temperature of the water.

The key experimental parameters are listed in Table I. Three val-
ues of RSHS¼ 4.2, 6.3, and 19.0mm are used in the current study. The
reason for choosing these values is to cover the two modes A and B of
bubble formation as previously reported.23,63 As shown in Figs. 2(a)–2(c),
the two modes are observed in the current study (Multimedia view). In
mode A for small RSHS¼ 4.2 and 6.3mm, as bubble grows, the contact
line quickly pins at the rim of the SHS after an initial expansion. As a
result, the bubble base radius Rb reaches a maximum value of
Rmax
b ¼RSHS. In mode B for large RSHS¼ 19.0mm, the contact line

expands and never reaches the edge of SHS. The maximum bubble
base radius is Rmax

b ¼ 7.5mm, which has a fair agreement with the
numerical simulations by Ref. 59 and the experimental observation in
Ref. 23. The values of Rmax

b for the three cases are provided in Table I.
As will be shown later, the two cases for mode A (RSHS¼ 4.2 and
6.3mm) are sufficient to understand the bubble formation in mode A
since the bubble geometrical parameters and the forces acting on the
bubble follow similar trends regardless of RSHS. Moreover, the one case

for mode B (RSHS¼ 19.0mm) is sufficient, since in mode B, the bubble
has the same maximum based radius (Rmax

b ¼ 7.5mm) and same geo-
metrical parameters regardless of RSHS. Readers can find more detailed
discussions of the impact of RSHS on the bubble detached volume and
bubble formation mode in the works by Rubio-Rubio et al.23 and Qiao
et al.24

Also listed in Table I is the gas flow rate Q¼ 1.2ml/min for all
three cases. The value of Q is calculated by fitting the curve of bubble
volumes at the constant flow region. The bubbling frequency is less
than 0.2Hz, minimizing the impact of previously formed bubble on
the reference one. Moreover, the small value of Q ensures a quasi-
static condition. According to Rubio-Rubio et al.,23 the critical flow
rate for a transition to dynamic region can be estimated as
Qcr¼ p(16/3g2)1/6(rRmax

b /qL)
5/6, where r¼ 72mN/m is the surface

tension of water, qL¼ 997 kg/m3 is the density of water, and g¼ 9.78
m2/s is the gravitational acceleration. As shown in Table I, Q/Qcr is
much smaller than 1. Table I also lists the dimensionless Rb

max%

¼Rmax
b /lr¼ (Bo)1/2, where lr¼ (r/qLg)

0.5¼ 2.7mm is the capillary
length and Bo is the Boud number.

B. Data analysis and force calculation
To characterize the shape of the bubble as it grows, we calculate

several parameters, including the volume (V), base radius (Rb), height
(H), radius at the apex (Ra), and contact angle at the three-phase con-
tact line (h). The definitions of Rb, H, Ra, and h are shown in Fig. 3(a).
These geometrical parameters are obtained by processing a binarized
image as shown in Fig. 3(c). This binarized image is obtained setting
an intensity threshold to the image shown in Fig. 3(b), which is calcu-
lated by subtracting an image containing only the wall from the raw
image. Then, V is calculated by accumulating the cross section area at
each height level from the bottom to the top of the bubble. Ra is
obtained by fitting the bubble apex with a circle of radius Ra. h is found
by linearly fitting the bubble shape near the three-phase contact line.
The velocity of bubble in the vertical direction is also estimated as
Ub¼ dH/dt,47 where t is the time.

To understand the forces acting on the bubble, we follow
Mohseni et al.39,65 and calculate six forces, as summarized in Table II.
The six forces include two lifting forces (pressure force FP and gas
momentum force FGM) and four restraining forces (surface tension
force FS, buoyancy force FB, drag force FD, and liquid inertia force FLI).
The pressure force is mainly caused by the surface tension at the bub-
ble apex, which leads to a higher pressure in the bubble than that in
the liquid (2r/Ra is the Laplace pressure at the bubble apex). The gas
momentum force is due to the momentum of the gas flowing through
the orifice. The surface tension force applies at the three-phase contact
line of the bubble base. The buoyancy force is due to the hydrostatic
pressure applied on the bubble surface. As will be shown later, FB for
bubble presented on SHS is mostly in the downward direction, which
is in opposite to bubble formation at a nozzle. The liquid inertia force
accounts for the momentum of surrounding liquid due to the accelera-
tion of the bubble as it grows. The drag force is approximated as
the force applied on a bubble of radius Rbmoving at a constant velocity
Ub in the liquid. The drag coefficient CD takes the form of CD

¼ 24/Reb(1þ 0.15Reb
0.687),66 where Reb¼ qLUbRb/lL is the Reynolds

number and lL¼ 1.0$ 10'3 N s/m2 is the dynamic viscosity of the
water. This expression is valid for the current range of Reb< 1000.

TABLE I. Summary of experimental parameters in the current study.

Mode RSHS (mm) Rb
max (mm) Rb

max/lr Q (ml/min) Q/Qcr

A 4.2 4.2 1.5 1.2 0.0023
A 6.3 6.3 2.3 1.2 0.0016
B 19.0 7.5 2.8 1.2 0.0014
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The uncertainties of measurement parameters are mainly caused
by the errors in determining the boundary of the bubble during the
image processing. To estimate the measurement uncertainties, we
select different intensity thresholds to get binarized images of the

bubble and bubble boundaries. We found that the uncertainty of H is
about the size of a pixel (34lm), the uncertainty of Rb is 0.1mm, the
uncertainty of Ra reduces as increasing bubble volume and varies in
the range of 0.5–0.05mm, the uncertainty of V is 0.004ml, and the

FIG. 3. Definitions of bubble geometrical parameters and image process procedure: (a) a raw image; (b) image obtained by subtracting the wall from the raw image; and (c)
binarized image.

FIG. 2. (a)–(c) Evolutions of bubble shape on SHS with RSHS¼ 4.2 mm (a), 6.3 mm (b), and 19.0 mm (c). For RSHS¼ 4.2 and 6.3 mm, the contact line quickly pins at the rim of
SHS (mode A). For RSHS¼ 19.0 mm, the contact line moves but never reaches to the edge of SHS (mode B). t¼ 0 is defined as the time of the detachment of previous bubble,
T0 is the bubbling period, and necking occurs at t ! 0.99T0. Multimedia available online

TABLE II. Expressions and directions of six forces acting on the bubble as it grows on SHS. Here, qG¼ 1.3 kg/m3 is the density of air, and negative sign indicates the force is
the downward direction.

Forces Expressions Direction

Laplace pressure force FP¼ (2r/Ra þ qGgH)pRb
2 Upward

Gas momentum force FGM¼ qGQ
2/pRb

2 Upward
Surface tension force FS¼'2pRbrsin h Downward

Buoyancy force FB¼ (qL ' qG)gV ' qLgHpRb
2 Downward

Liquid inertia force FLI¼'(11/16qL þ qG) [V dUb/dt þUb dV/dt] Downward
Viscous drag force FD¼'1/2 qLCD pRb

2Ub
2 Downward
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uncertainty of h is about 5". Based on the uncertainties of geometrical
parameters, the uncertainties of forces are also calculated and fall
below 0.1mN. When plotting the uncertainties on the figures, they are
mostly smaller than the size of the symbols and thereby are not shown.

III. RESULTS AND DISCUSSION
A. Bubble volume

Figure 4(a) shows the evolution of bubble shape during the initial
2 s of the bubbling period, and Fig. 4(b) shows the variations of bubble
volume as a function of time (t). For the smallest RSHS¼ 4.2mm, V
increases linearly with t, indicating a constant gas flow rate. Very inter-
estingly, for the two large RSHS, there is a “waiting time” for a bubble
with a detected volume to appear. The waiting time is more obvious
for larger RSHS, with a magnitude increasing from !1 to !2 s as
increasing RSHS from 6.3 to 19.0mm. After the waiting time, a bubble
with finite volume is detected and V increases linearly with t. The slope
of V for the three cases is nearly the same, indicating nearly the same
gas flow rate. The detached volume (Vd) increases as increasing RSHS,
in agreement with Rubio-Rubio et al.23 and Qiao et al.24

Note that the observed waiting time is not due to the measure-
ment uncertainty. Given the uncertainty of bubble volume is 0.004ml
and the flow rate is Q¼ 1.2ml/min, the uncertainty of the waiting
time is 0.2 s. To understand the reason for waiting time for SHS with

large RSHS (cases with RSHS¼ 6.3 and 19.0mm), we show the time var-
iations of FP (i.e., the primary lifting force acting on the bubble) in
Fig. 4(c). Clearly, for the two large RSHS, during the waiting time, FP is
close to 0, which can be explained by the nearly flat bubble interface as
shown in Fig. 4(a). During the waiting time, the syringe pump contin-
uously supplies gas, causing the pressure of gas in the orifice to
increase. When the gas pressure in the orifice is sufficient to overcome
the hydrostatic pressure above the air–water interface, the interface
deforms, FP becomes finite, leading to the subsequent growth of the
bubble. As shown in supplementary material, Fig. S1, the waiting time
reduces as increasing Q, probably due to the reduced buildup time for
the gas to overcome the hydrostatic pressure. Waiting time was also
observed for the bubble formation at a micro-orifice65,67,68 due to a dif-
ferent mechanism. For micro-orifice, the waiting time is because when
a micro-size bubble forms at the micro-orifice, the pressure inside the
bubble is larger than the pressure in the gas reservoir.65

B. Bubble geometrical parameters
Figures 5(a)–5(c) show the variations ofH/lr, Rb/lr, and Ra/lr as a

function of V/lr
3 for the three different RSHS. Figures 5(d)–5(f) show

the results as a function of t/T0 (here, T0 is the bubbling period). The
capillary length lr is chosen as the length scale to normalize the geo-
metrical parameters. The evolutions of H, Rb, and Ra for different RSHS

FIG. 4. (a) Evolution of bubble shape at the initial 2 s of the bubbling period on three different SHSs; and (b) and (c) variations of bubble volume (b) and FP (c) as a function of
time (t) for three different SHSs.
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generally follow the same trends as described below. H increases line-
arly with V and t until experiencing a rapid jump due to the necking;
Rb experiences an initial increase due to the expansion of contact line,
then a nearly constant region, and finally a sudden reduction due to
contraction of contact line during the necking; and Ra reduces contin-
uously as increasing V and experiences a slight increase during the
necking. Furthermore, for the two large RSHS cases and during the
beginning of bubble formation period V/lr

3< 3 (i.e., before the contact
line reaching to the edge of the SHS), the profiles showing as a function
V for different RSHS overlap, indicating that the bubble shape is only a
function of V and independent of RSHS.

Although the profiles of H, Rb, and Ra for different RSHS share
similar trends, there are notable differences. Comparing the results at a
same V, as increasing RSHS, the bubble has a smallerH, a larger Rb, and
a larger Ra (i.e., the bubble is wider in the horizonal direction). For the
two small RSHS¼ 4.2 and 6.3mm cases, Rb quickly increases to a maxi-
mum value of Rmax

b ¼RSHS. However, for the largest RSHS ¼ 19.0mm
case, Rb very slowly reaches the maximum value of Rmax

b ¼ 7.5mm,
which is smaller than RSHS. As explained early, the two different trends
correspond to two different bubble formation modes. For small RSHS
and mode A, the bubble base reaches and pins at the rim of SHS, so
that Rmax

b ¼RSHS. However, for large RSHS and mode B, the bubble
base is not able to reach to the edge of the SHS and the contact line
continuously moves. The value of Rmax

b in mode B depends on the
equilibrium contact angle (h0) of the surface.

23,59

C. Contact angle
Figure 6(a) shows the evolutions of contact angle (h) as a function

of time for three different RSHS. Before the formation of bubble (t! 0),
for all three cases, h is close to 180" since the interface is nearly flat.
However, with increasing time, the trends of h are different among the
three cases. For the small RSHS¼ 4.2 and 6.3mm (i.e., mode A), the
evolutions of h can be generally separated into three stages: At stage I
(0 < t< 0.65T0), with increasing time, h reduces, indicating the defor-
mation of three-phase contact line as bubble grows. This reduction is
more obvious for smaller RSHS. At stage II (0.65 < t< 0.9T0), interest-
ingly, h maintains as a nearly constant value (denoted as hmin), which
suggests that the contact line does not deform further while the bubble
continuously growing. The value of hmin is smaller for smaller RSHS.
For sufficiently small RSHS < 3mm, Qiao et al.24 showed that hmin can
be less than 90". Finally, at stage III just before necking (t> 0.9T0), h
experiences an either significant or mild increase, depending on the
value of RSHS. During the necking period (t> 0.999T0) [Fig. 6(b)], h
has a nearly constant value of h¼ h0, regardless of RSHS. This result
indicates that during the necking period and as the contact line
retracts, the contact angle mainly depends on the material properties
of the substrate.

For the largest RSHS¼ 19.0mm (mode B), with increasing time, h
continuously reduces until reaching a value close to h0 during the
necking period. A period of constant value as bubble grows (the stage
II in mode A) is not observed in mode B. The trend for

FIG. 5. Variations of H/lr, Rb /lr and Ra /lr
as a function of V/lr

3 (a)–(c) and as a
function of t /T0 (d)–(f).
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RSHS¼ 19.0mm observed in the current study is in good agreement
with Qiao et al.24 However, Rubio-Rubio et al.23 suggested a different
trend that for mode B, and the contact angle remains nearly a constant
of about 180" when the contact line moves. These different trends
might be caused by various surface textures and h0 involved in differ-
ent experiments. The SHS used by Rubio-Rubio et al. had a larger
h0¼ 166" than the one used in the current study (h0¼ 152") and in
Qiao et al. (h0¼ 156").

While Qiao et al.24 reported similar trends for h, this study pro-
vides a more detailed discussion of h at the necking period. We
observed for the first time that h has a nearly constant value of h¼ h0,
during the necking process, regardless of RSHS. We also discussed the
different trends of h in the two different bubbling modes A and B.

D. Bubble necking
To better understand the pinch-off the gas bubble from the SHS,

we discuss the evolutions of minimal neck radius. Figure 7(a) shows
the time evolution of bubble shape just before the detachment for
RSHS¼ 6.3mm. Bubble shapes for the other two cases, RSHS¼ 4.2 and
19.0mm, follow similar trends and are not shown. The time to pinch-
off is defined as s¼T0 – t. The evolution of bubble shape shown in
Fig. 7(a) is generally consistent with the results discussed in Secs.
III B–IIIC: During the necking, H increases rapidly, Rb reduces, and h
remains nearly a constant. A neck seems to occur at s! 20ms.

Figure 7(b) shows the evolutions of minimal neck radius [Rneck,
defined in Fig. 7(a)] as a function of s for three RSHS. For all three cases

FIG. 6. (a) and (b) Variations of h as a
function of time for three SHSs. (b) The
necking period.

FIG. 7. (a) Evolutions of bubble shape during the necking period for RSHS¼ 6.4 mm; and (b) and (c) variations of bubble neck radius in real units (b) and in normalized units
(c). The error bars in (b) and (c) correspond to the uncertainty of time due to the data acquisition rate of 1000 frames per second.
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(except for the largest RSHS at s < 3ms), Rneck reduces as increasing
time and follows a power-law relation Rneck ! s0.54. The power-
law exponent is in good agreement with these reported in the
literature69–72 for the pinch-off of a gas bubble from a nozzle sub-
merged in water. This agreement indicates that the pinch-off of a gas
bubble from SHS is similar to that from a nozzle, which can be pre-
dicted by the Rayleigh–Plesset equation, ignoring the effects of gas and
liquid momentums.69

However, for the largest RSHS at s < 3ms, with increasing time,
Rneck reduces at a rate faster than the prediction by the power-law rela-
tions. This deviation might be attributed to the reduction of Rb [as
shown in Fig. 5(b)], which is different from the constant Rb during the
necking for a bubble at a nozzle.71 Since the reduction of Rb is most
significantly for the largest RSHS [Fig. 5(b)], the deviation is only seen
for this case. Another possible reason for this deviation might be the
uncertainty of time. The time of s¼ 0 is defined as the time (or frame)
when the bubble just detached from the surface. Due to the finite 1000
frames-per-second data requisition rate in this work, the uncertainty
of s is 1ms. To examine whether a similar deviation exists for the other
two cases at s < 1ms or whether the deviation is due to measurement
error, a higher frame rate (e.g., 100 000 frames rate per second) is
required. We leave this to future study.

In Fig. 7(c), the minimal neck radius is normalized by Rmax
b , and

the time is normalized by capillary-inertial timescale defined as
sneck¼ (qLRb

max3/r)0.5. The results obtained by Thoroddsen et al.71 for
the pinch-off of a bubble from a nozzle with radius R¼ 2.1mm are also
shown for comparison. Clearly, the results for different RSHS are better
collapsed compared to these before normalization. Moreover, the pro-
files for SHS largely overlap with the one for nozzle, except for the larg-
est RSHS at s < 3ms. The overlapping of profiles on SHS and nozzle,
again, indicates that the bubble pinch-off is universal. The time duration
of pinch-off is governed by Rmax

b and increases as increasing Rmax
b .

E. Forces acting on the bubble
In this section, we discuss the six forces acting on the bubble, as

defined in Table II. The magnitudes of six forces are calculated based
on the bubble geomatical parameters and the expressions listed in
Table II. Our goal is to understand how different forces are in balance
and contribute to the quasi-static growth of the bubble. We show the
results only for the bubble growing period, since in the necking period,
the bubble is not in equilibrium. We find that the magnitudes of FGM,
FLI, and FD are nearly zero (supplementary material, Fig. S2), which is
expected due to the small gas flow rate in the current study. The
momentums of gas and liquid are negligible. Thus, the main forces act-
ing on the bubble are FP, FB, and FS, which are shown in Figs. 8(a)–8(c),
respectively. Figure 8(d) shows the summation of the three forces.

First, we discuss the similarities among the three different RSHS.
For all cases, with increasing V, the magnitude of FP increases primar-
ily due to a smaller Ra and the raised gas pressure within the bubble.
The magnitude of FB also increases because of the larger H and the
higher hydrostatic pressure acting on the bubble. The trend of FS
depends on RSHS: For small RSHS in mode A, the magnitude of FS ini-
tially increases and then reaches a stable value, while for large RSHS in
mode B, the magnitude of FS increases continuously. The variation of
FS is consistent with the change of contact angle as shown in Fig. 6. As
shown in Fig. 8(d), the summation of these three forces, FP þ FB þ FS,
is close to zero. This result confirms that the bubble is governed by the
balance among one lifting forces (pressure force) and two retaining
forces (buoyancy force and surface tension force). This observation
agrees with Rubio-Rubio et al.23 who showed that the bubble shape
can be predicted by the Young–Laplace equation, which is derived
based on balance between surface tension and hydrostatic pressure.
However, the balance of forces observed on SHS is very different from
that at a nozzle, where the main lifting and retaining forces are FB and
FS, respectively.

47

FIG. 8. (a)–(c) Variations of three main
forces, pressure force (a), buoyancy force
(b), surface tension force (c) acting on the
bubble as a function of bubble volume,
and (d) summation of the three forces.
Other three forces (gas momentum force,
liquid inertia force, and drag force) are
close to 0 and are shown in supplemen-
tary material, Fig. S2.
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Despite the similarities described above, there are notable differ-
ences among the three different RSHS. As increasing RSHS, the maxi-
mum value of jFPj increases from !3 to !6mN, the maximum value
of jFBj increases from !2 to !5mN. The reason for these trends is
because the maximum values of jFPj and jFBj are proportional to Rmax

b ,
which increases as RSHS increases. However, even though the maxi-
mum value of jFSj is also proportional to Rmax

b , it does not increase
with increasing RSHS. Instead, it remains as a nearly constant of
1.6mN. The trend is induced by the combination effects of larger Rmax

b
and larger contact angle with increasing RSHS.

Typically, for a bubble growing from a nozzle, a detachment occurs
when the buoyancy force overcomes the surface tension force. However,
this is not the case here: the main lifting force (FP) does not exceed the
retaining forces during the bubble growing process. In fact, as explained
by Rubio-Rubio et al.,23 for bubble growing on a SHS, there is a maxi-
mum volume at which the bubble can maintain a stable shape. A
detachment must occur when the bubble volume exceeds this maximum
stable volume. We suspect that the necking process and the detachment
are driven by the surface tension, which minimizes the surface area of
the bubble. Due to the surface tension, the bubble quickly shrinks in the
horizontal direction and changes into a spherical shape. Future studies
are required to understand the force balance during the necking process.

F. Bubble detached volume
In this section, we compare the bubble detached volume (Vd)

measured from the experiments to the theoretical prediction by Tate

volume VT¼ 2pRmax
b r/qLg.

45 Here, the Tate volume is derived based
on the balance between surface tension force and buoyancy force, and
the assumptions that the detached bubble is nearly spherical so that
FB¼ qLgVT and has a contact angle of 90" so that the FS¼ 2pRmax

b r.
At the quasi-static region, the Tate volume has been shown to well pre-
dict Vd for a bubble detaching from a nozzle40,44 and from an orifice
on hydrophilic and hydrophobic surfaces (h0< 120").61,62 However, it
is unclear whether the Tate volume applies for a bubble detaching
from the superhydrophobic surface (h0> 150"). To test this, Figs. 9(a)
and 9(b) show Vd and Vd/VT, respectively, as a function of Rmax

b . The
experimental data obtained by Rubio-Rubio et al.23 and Qiao et al.24

for SHS with h0 > 150" and by Mirsandi et al.62 for hydrophilic and
hydrophobic surfaces (h0 < 120") are also plotted. Clearly, regardless
the types of surfaces and the values of h0, the Tate volume provides a
good approximation for the bubble detached volume. Although the
assumptions of spherical bubble shape and 90" contact angle used for
deriving the Tate volume are not validated for SHS, the applicability of
Tate volume is not affected.

The results shown in Figs. 9(a) and 9(b) indicate that regardless
of the surface type, the bubble detached volume is linearly proportional
to Rmax

b . Surfaces with different wetting properties produce different
Rmax
b . Previous study59 showed that for the hydrophilic surface, bubble

formation followed mode A, and Rmax
b was equal to the diameter of the

orifice. For hydrophobic surface, bubble formation followed mode B,
and Rmax

b increased as h0 increases. Figure 9(c) shows Rmax
b as a func-

tion of RSHS for two different types of SHS (one from this work and

FIG. 9. (a) and (b) Bubble detached vol-
ume as a function of maximum bubble
base radius: (a) detached volume shown
in real unit, (b) detached volume normal-
ized by Tate volume, and (c) maximum
bubble base radius as a function of radius
of the SHS.
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one from Rubio-Rubio et al.23). Clearly, for SHS with small RSHS where
bubble formation follows mode A, Rmax

b ¼RSHS. However, for SHS
with large RSHS where bubble formation follows mode B, Rmax

b is inde-
pendent of RSHS and might increase as h0 increases. Future studies are
required to determine the relationship between Rmax

b depends on h0. A
bubble with smaller detached volume can be expected for SHS with
smaller RSHS and smaller h0.

IV. CONCLUSIONS
In summary, we experimentally measured bubble formation on

three SHS with a radius RSHS ranging from 4.2 to 19.0mm. We studied
the evolutions of bubble volume, bubble height, bubble base radius,
bubble radius at the apex, contact angle, as well as the minimal neck
radius. We also calculated six forces acting on the bubble during the
growing process. The main conclusions are listed as follows:

• We observed two bubbling modes A and B, depending on RSHS.
In mode A for small RSHS, the contact line quickly pins at the rim
of SHS after an initial expansion. In mode B for large RSHS, the
contact line continuously expands as the bubble grows.

• For large RSHS, we found a waiting time for a finite volume to be
detected. The possible reason is that at the beginning of bubble
formation, the radius at the apex is large, causing a nearly zero
pressure force (which is the primary lifting force acting on the
bubble).

• The contact angle follows different trends in the two bubbling
modes: in mode A, h initially reduced, then maintained as a con-
stant, and finally increased; in mode B, h continuously reduced.
In both modes and during the necking, the contact line retracts,
and h is close to the equilibrium contact angle.

• For all RSHS, the pinch-off of bubble on SHS at the early stage
(s >1 ms) follows a power-law relation Rneck! s0.54, which agrees
well with the pinch-off of bubble on a nozzle.

• At quasi-static region, the main forces acting on the bubble are one
lifting force (pressure force) and two retaining forces (surface ten-
sion force and buoyancy force). As RSHS increases, the maximum
pressure force and maximum buoyancy force increase, while the
maximum surface tension force remains nearly constant.

• Similar to hydrophilic and hydrophobic surfaces, Tate volume
can be used to predict the detached bubble volume on SHS,
which is a function of the maximum bubble base radius. A bubble
with a smaller detached volume can be expected for SHS with
smaller RSHS and smaller h0.

Future studies will investigate the effects of flow rate, surface ten-
sion, contact angle, contact angle hysteresis, and texture geometries on
the bubble formation on SHS and the detached bubble volume. A
higher frame rate will be applied to investigate the impact of moving
contact on the pinch-off of bubble on SHS.

SUPPLEMENTARY MATERIAL
See the supplementary material for supplementary Figs. S1 to S2.
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