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ABSTRACT

The growth dynamics of bubbles has been extensively studied for several decades. However, a thorough understanding of the morphological
evolution of bubbles on pore-patterned surfaces through the coalescence of adjacent bubbles induced by expansion is still lacking. This study
aims to quantitatively investigate the coalescence of adjacent bubbles in drops on customized microscale pore-patterned surfaces from the
bottom view under different atmospheric pressures. The results demonstrate that the coalescence status and the size of bubbles can be con-
trolled by adjusting the atmospheric pressure and are also in good agreement with the theoretical analysis results. This work provides insight
into the underlying physics of growing bubbles on a pore-patterned surface; this is important for research on gas-fluid-solid interfacial slips

and surface drag reduction.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5120362

INTRODUCTION

Surfaces with pore-patterned structures have broad applica-
tions ranging from antifouling'’ and cavitation control’ to drag
reduction’ and heat transfer.”'' The key to achieving these
functions is to entrap a large volume of gas in the cavities of
these structures to form gas bubble clusters. Gas entrapped in
these structures plays significant roles in realizing the applications
mentioned above, and their morphologies could markedly affect
physical effects such as flow slip,'* droplet adhesion,"’ and cav-
itation.”' """ Therefore, better functional performance and qual-
ity of structured surfaces based on gas cavities require a pro-
found understanding of the morphological evolution of the gas
bubble.

Currently, there are several methods for studying the morpho-
logical evolution of a bubble, such as depressurization,'®'* solvent
exchange,l‘)‘l“ gas diffusion,”* and vibration.”** For example, the
location, number density, and size of bubbles influenced by the dis-
tance between the seeding air pockets on an array can be studied
by using solvent exchange.”’” Among the mentioned methods, the
response of gas entrapped in a pore-patterned surface to depres-
surization is one of the most widely used methods. In recent years,

much work has been focused on the morphology of the gas bubble.
On the one hand, the cavity morphological change under reduced
liquid pressure can be divided into five stages: pinned recession,
depinned recession, a Cassie-Baxter state, expansion, and coales-
cence.'® Furthermore, the air diffusion induced the bubble evolu-
tion process under reduced pressure has been researched, and the
morphological behavior of a collection of neighboring bubbles com-
prises four typical evolution phases, namely, growth, coalescence,
shrinkage, and splitting.”” Moreover, the underlying mechanisms of
the morphology evolution of a liquid-gas interface on submerged
solid structured surfaces under both quiescent and flow conditions
have been systematically summarized.””** On the other hand, the
morphological instability of the bubble under arbitrary amplitude
distortions has been studied based on the comparison of entropy
productions for a distorted and undistorted surface and using the
maximum entropy production principle.”” The transition in interfa-
cial instability behavior of bubble occurs with an increase in super-
heat; the bubble release being periodic both in space and time has
also been investigated.”’

However, thorough understanding of the morphological evo-
lution of small bubbles on pore-patterned surfaces through a col-
lection of adjacent bubbles induced by expansion is still lacking.
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Moreover, as bubbles in a real environment or industry often appear
on rough surfaces, the study of the morphological evolution of
bubbles in complex environment has general and practical sig-
nificance. The goal of this study is to investigate the air expan-
sion induced bubble evolution process and comprehensively deter-
mine the morphological behavior of a collection of neighboring
bubbles on submerged pore-patterned structures under reduced
atmospheric pressure using microscopy from the bottom. Three
typical evolution stages, referred to as the delayed stage, coa-
lescence and expansion stage, and self-adjusting stage, are cap-
tured in situ. Then, the evolution of the area ratio S with time
is analyzed under different atmospheric pressures. Finally, the
relationships between the delay time t; and the area ratio S, at
the final equilibrium state and the atmosphere pressure differ-
ence are discussed using the experimental results and theoretical
analyses.

EXPERIMENTAL SECTION

The morphological changes of small bubbles on pore-patterned
surfaces were studied through a collection of adjacent bubbles
experiments performed in a transparent glass chamber with con-
trolled atmospheric pressures; the schematic of the experimental
system is shown in Fig. 1(a). The glass chamber had an inner size
of 60 x 60 x 80 mm’, and a pore-patterned polydimethylsilox-
ane (PDMS) substrate was placed at the bottom of the chamber.
Then, the glass chamber was mounted on a microscope (OLYM-
PUS IX73, Japan) equipped with a 10x objective (NA = 0.3) and
Charge Coupled Device (CCD, Olympus DP73, Japan). The sam-
ples with microscale pore-patterned structures were obtained by
reverse-mold with PDMS through a micropillar structure template,
where the mold with the pillar pattern was fabricated by standard
ultraviolet (UV) photolithography (URE-2000/35, China) and dry-
etching on a clean silicon wafer. The pores on these substrates had
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the same height H (21 ym) and diameters D (55 ym), but the spaces
between them had different sizes L (45, 95, and 145 ym), as shown
in Fig. 1(b).

The pressure of the chamber, P umper» Was controlled by a
vacuum control system that was mainly composed of a solenoid
valve (Burkert DS2705, Germany), solenoid valve controller (Burk-
ert DS8605, Germany), and pressure transmitter (PRC-905, China),
and the absolute pressure inside the chamber (pchamber,1) could be
varied between 10 and 101 kPa with a precision of 1% through
the outlet of the chamber, as shown in Fig. 1(a). In this paper, all
the values of pressure are the relative pressure values. The pres-
sure difference is denoted by Ap = Pchamber,s — Pchamber,o,» Where
Pchamber,0 = 101 kPa is the initial atmospheric pressure. All the exper-
iments were carried out at a constant room temperature of 22 + 1 °C
and constant humidity of 60% + 5%. Before the experiments com-
menced, 15 yl of milli-Q deionized water was carefully introduced
as a droplet onto the substrate by pipette (Eppendorf research plus,
2-20 ul, Germany) without causing any visible bubbles to appear
outside the holes. The corresponding evolution of the bubbles was
recorded by CCD (Olympus DP73, Japan) at a frame rate of 15 fps
when the atmospheric pressure in the chamber began to decrease.
All experiments with identical conditions were repeated at least five
times to make sure that our results are generally valid. Then, we
use Matlab software to process the obtained experimental videos.
First, the gas region and water region were separated through image
binary processing. Then, the number of pixels in the gas region and
that of the entire field of view were counted to calculate the area
ratio.

RESULTS AND DISCUSSION

A change in the atmospheric pressure can significantly alter the
expansion ratio of gas and the contact area between a gas and a sub-
strate. First, by comparing the bottom-view images, we found that

FIG. 1. (a) Schematics of the experiment setup for the
in situ observation of bubble growth from the bottom. A
drop is placed on a pore-patterned polydimethylsiloxane
(PDMS) substrate inside a transparent vacuum chamber.
(b) Three-dimensional schematic of a microstructured sur-
face with cylindrical pores of diameter D and depth H; the
space between two neighboring holes is L. (c) Bottom-view
images of the equilibrium morphology at the substrate inter-
face after the atmospheric pressure was reduced to AP =
—20.2 kPa, —50.0 kPa, and —79.7 kPa, where the white
area is air and the black area is water. The parameters of
the pore-patterned structure of the substrate are D = 55 ym,
L =45 um, and H = 21 ym. The scale bar is 200 ym.
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the surface morphologies of the bubbles inside the drop vary under
different atmospheric pressures. The pressure differences were
AP = -20.2 kPa, —50.0 kPa, and —79.7 kPa, as shown in Fig. 1(c).
The white area and the black area are air and water, respectively.
The area of the gas zone and the entire field of view are defined
as Sg and Syiew, respectively. We can conclude that the larger the
area of air in the field of view, the larger the atmospheric pres-
sure difference. Then, we investigated the features of the corre-
spondingly expanding bubbles in response to a rapid reduction in
the atmospheric pressure from 0 kPa to —56.0 kPa, by compar-
ing the area ratio (S = Sg/Syiew) of the gas area to the entire field
of view at different times, one typical result is shown in Fig. 2(a).
When the pressure of the chamber was reduced from 0 kPa to
—-56 kPa, the entrapped air expanded gradually because of the
reduced pressure.

The growing process can be divided into three stages accord-
ing to the evolution of S: (I) Delayed stage, where the value of S is
constant. tg = 0 sand t; = 2.3 s are the initial times at which the atmo-
sphere pressure begins to decrease, and the area ratio S begins to
increase, respectively. Initially, the pressure reduction occurs, while
the water droplet on the pore-patterned substrate is in a Cassie-
Baxter state, that is, the liquid has a protruding gas-liquid inter-
face (the protruding meniscus) relative to the surface of the pore-
patterned substrate, as shown in inset I in Fig. 2. Then, the pro-
truding meniscus pins in the top corner undergo growth upward,
and the contact angle decreases until it reaches the receding angle
0 and the highest point of the meniscus moves to h, as shown in
inset I in Fig. 2(a). Therefore, we defined the delay time as tq = t;
— to; (II) expansion and coalescence stage, where the receding angle
on the pore-patterned surface is reached and the protruding menis-
cus depins, forming a bubbly cap. Once the small bubbles expand
until the adjacent bubbles touch each other, coalescing occurs to
form a bubble with a greater size as the atmosphere pressure further
decreases. Two, three, or four small neighboring bubbles coalescence

()
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to achieve dynamic equilibrium as a result of the reduced atmo-
spheric pressure, as shown in the image taken at time t; = 5 s on the
right side of Fig. 2(b); therefore, the value of S grows rapidly dur-
ing this stage; (III) self-adjusting stage, where the bubbles continue
to expand under the low atmospheric pressure after the coalescence,
and their shapes are adjusted so that they gradually achieve a sta-
ble equilibrium state, in which the total free energy is minimized.
The value of S fluctuates continuously, but the change is very small.
In this stage, the fluctuation of S is mainly caused by the occa-
sional coalescence of large bubbles, which can also be seen in the
bottom-view images taken at t3 and t4. Paying attention to the red
dotted line area in images taken at t3 and t4, one can see that at time
t3 = 32.0 s, there is still a thin liquid film separating the two bubbles
in the area, but at time t4 = 32.6 s, the liquid film breaks and the two
big bubbles merge into one larger bubble. At this time, the gas area
is reduced, which is reflected in a sudden decrease in S, and then
each bubble continues to expand slowly. This process is repeated
several times until the equilibrium state is achieved at ts = 75.0 s, as
shown in Fig. 2(b).

Then, we investigated the evolution of the area ratio S with time
in response to different atmospheric pressures [Fig. 3(a)]. Compar-
ing the changes of S with time in response to four different pres-
sure differences, we find that there is a delayed stage in all cases,
and the delay time decreases with a decrease in atmospheric pres-
sure AP. When the pressure difference is AP = —79.7 kPa, the value
of S does not change at first. Then, the small bubbles coalescence,
expand, and self-adjust rapidly to form the final large bubbles within
60 s. At the end of this process, the area ratio S, which is close to
1, is the largest of the four cases, indicating that the entire field
of view is almost occupied by one big bubble. The change in S is
more complicated in the expansion and coalescence stage caused by
the large reduced atmosphere pressure AP. For example, the value
of S jumped between t; and t;, as shown in Fig. 3(a). Comparing
the changes in the red dotted circle of the images at two moments,

t=2.3s

0.8 4

0.6

0.4

0.2

FIG. 2. (a) Variation in the area ratio S and the atmospheric pressure difference AP during the growth of the bubbles in response to a rapid reduction in the atmospheric
pressure from 0 kPa to —56.0 kPa. The black line represents the experimental results of the area ratio S, while the red line represents the atmospheric pressure. Inset |
illustrates the state of the gas-liquid interface and cavity morphology of the bubble growth at stage I. 6 = 135° and 6, = 94° are the initial contact angle and receding contact
angle, respectively. h is the movement distance of the highest point of the protruding meniscus at stage I. (b) Bottom-view images showing bubble expansion and coalescence
evolution with time (the scale bar is 300 um). The parameters of the pore-patterned structure of the substrate are D = 55 ym, L = 45 ym, and H = 21 ym. The inset is a 3-D
reconstructed confocal image showing the Cassie-Baxter state of the droplet on the pore-patterned substrate. Scale bar: 10 um.
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t1 = 41.0 s and t; = 42.0 s, before and after the jump in the value of
S, we find that the jump in the value of S is due to the coalescence of
neighboring large bubbles.

Therefore, in the case of large depressurization, there are many
large bubbles on the pore-patterned surface at the self-adjust stage,
and the change in the S value shows many large jumps, all of which
are derived from the coalescence of large bubbles. As a contrast,
the value of S increases slowly over time in the second and third
stages through the expansion and coalescence of small bubbles when
the pressure difference is AP = 25.0 kPa. The entire process takes a
longer time. Why does the value of S not jump significantly at this
reduced atmosphere pressure AP? By comparing the images taken at
t3 =60.0 s and t4 = 62.0 s in Fig. 3(b), we find that there are scattered
small bubbles in the field of view, and the value of S increases only
because of the coalescence of individual bubbles, as shown in the red
dotted circle, so the change is relatively small. Finally, we come to
the conclusion that the magnitude of ambient pressure reduced the
effects of the variation in area ratio S, such as delay time, change rate,
and final value.

Because the area ratio remains constant in response to differ-
ent atmospheric pressure reductions for some substrates, we focus
on the delay time in this section. Figure 4(a) shows the variation in
the delay time t; in response to different pressure reductions for six
different substrates.

In all cases, the longest delay time we observed was only about
2 min, which is much smaller than the time scale of gas diffusion
(tens of minutes’"). Therefore, only the expansion of gas trapped in
the holes was considered in this study. The depth of the holes for all
the substrates is H = 21 ym. D55L45, D55L95, D55L145, D23L37,

ARTICLE scitation.org/journal/phf

FIG. 3. (a) Revolution of the area ratio
S with time in response to different
atmospheric pressure differences. The
parameters of the pore-patterned struc-
ture of the substrate are D = 55 um,
L =45 ym, and H = 21 um. (b) Bottom-
view images of bubbles at the four differ-
ent moments we focused on. The scale
bar is 300 um.

D29L19, and D84L50 in the figure represent the parameters of the
pore-patterned structures of the substrates, where the diameter D is
55 ym, 23 pm, 29 ym, and 84 ym, and the hole spacing L is 45 ym,
95 ym, 145 ym, 37 ym, 19 ym, and 50 ym, respectively. Compar-
ing the delay time of each substrate at different atmosphere pressure
differences as shown in Fig. 4(a), we find that, with an increase in
the atmospheric pressure difference AP, the growth time increases,
which means that the time taken to complete the growth of the gas-
liquid interface on the hole increases. The growth trend of the delay
time for different substrates is consistent. The delay time of the all
substrates is about 2 s when the atmospheric pressure difference is
small (—40 kPa or less), but it is more than 2 s and constantly increas-
ing when the atmosphere pressure difference is large (—40 kPa to —10
kPa). However, the relationship between tq and AP still needs further
exploration.

During the delay time, the growth of the gas-liquid interface
(the protruding meniscus) on the hole is considered to be described
by the Rayleigh—Plesset model.”” First, it is necessary to consider the
gravitational force of the liquid column above the hole and the driv-
ing force of the protruding meniscus caused by the atmosphere pres-
sure difference. The gravitational force of the liquid column above
the hole is Fy = pnD*h*g/4, where p = 1.01 x 10° kg/m” is the density
of water, g = 9.8 m/s” is the acceleration of gravity, h* =3 x 10’ m
is the height of the droplet on the surface of the hole, and D = 55 ym
is the characteristic size, which is equal to the diameter of the hole.
The driving force of the gas-liquid interface caused by the atmo-
sphere pressure difference is Fq = |AP| x D* = 2.4 x 107° kg m/s’.
Then, Fq/Fg = 3.42 x 10 > 1, which reveals that Fg can be negligible
compared with F; in our experiments. Then, the Rayleigh—Plesset

= D55L45 - ® = D55L45
]  Ds55L95 » o D55L95
01 & DssL1as 201 & s D55L145
21 | DrsLt * DzsL1s
_ 24] <« DsaLs0 5 <« D84L50 FIG. 4. (a) Variation in the delay time ty in response to dif-
;% )I kﬁ_ 5 ferent pressure reductions for different substrates. (b) Plot
164 1 ii; < 60 of AP as a function of t;* for different substrates.
84 + k¢ “l!
o] # #* ot et torah # -804
90 80 70 -60 50 40 -30 20 -10 0.0 01, 02 0.3
AP (kPa) tg
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equation in our experiment can be written as follows: T 2 Cppair Vair AT/(dQ/dE) = CppairDz/k. The typical value for T is
2 100 us, which is far less than the typical expansion time (several
dv + 3pv. _|AP] _mv 2y (1) seconds to tens of seconds). Therefore, the trapped air reaches ther-

d¢ 2D D D? D¥
where n and y are the viscosity and surface tension of water, respec-

tively. Plugging in the typical values, AP = -79.7 kPa, D = 55 um,
v=10um/s,p=1x 10> kg/m*,n=1x10">Pas,andy=72 x 107>

N/m, we obtain ‘A,ﬁ”/% ~528x10" > 1, M/% ~ 4.235>< 10° > 1,
and |A—DP‘/% ~ 30.25 > 1. These results reveal that 32%’, &, and %
can be negligible compared with % in our experiments.
Finally, based on the above analysis, we get
dv  |AP|
av _ 1A% 2
Pa&” D @
Further integration of Eq. (2) gives
AP
h- BPle )
2pD

As h, p, and D are constants in our experiments, we get |AP| o< tgz,
that is,

AP o< t3°. 4)

Figure 4(b) shows the proportional relationship between AP and t32,
which is consistent with our calculation.

The area ratios S. at the final equilibrium state at different
atmospheric pressure differences for different parameters of pore-
patterned structures of substrates are shown in Fig. 5(a). We find
that the area ratio S in the final equilibrium state decreases with
an increase in the atmospheric pressure difference AP for different
substrates. Moreover, the values of S, for the different substrates
are almost the same for the same pressure difference, which indi-
cates that the area ratio of the final stable state is only related to
the atmosphere pressure difference. It is not related to parameters
of the pore-patterned structure of the substrates. We can now dis-
cuss the relationship between Se and AP. The thermal Peclet number
in our experiment is defined as Pe = % = DVP%“C", where v is the
flow velocity of air, p,ir is the density of air, Cp, is the heat capacity of
air, and k is the thermal conductivity. Plugging in the typical values,
D = 55 ym, v = 10 ym/s, pyir = 1.2 kg/m’, k = 0.026 W/(mK), and
Cp = 1 x 10’ J/(kg K), we obtain Pe = 2 x 107 <« 1, suggest-
ing that the heat transportation is dominated by diffusion. Suppose
there is a temperature difference AT. The thermal gradient becomes
AT/D, and the heat flux per unit time is dQ/dt ~ kSAT/D. This heat
flux will bring the system back to equilibrium during the time scale

mal equilibrium very rapidly and undergoes an isothermal expan-
sion process in our experiments. We have PV = C according to the
ideal gas state equation, where C is a constant. Then, we can obtain
Py Vo = (Py + AP)Ve, where V and V. are the gas volumes in the field
of view at the initial time and the end time, respectively. Therefore,
we can obtain AP o V', Because the morphologies of the bubbles
at the final time are different, we simplify the gas in the field of view
into a hemispheric bubble cap with a contact area Se. As a result, we

have AP Ve_1 o< 8;3/2, that is Se o< AP~%3, as shown in Fig. 5(b).

CONCLUSIONS

In summary, we systematically investigated the morphologi-
cal behavior of a collection of neighboring bubbles on submerged
microscale pore-patterned structures using microscopy from the
bottom. The atmosphere pressure difference varies within the range
from —10 kPa to —80 kPa, and the bubble size is at the scale of
hundred-micron in our experiments. First, the growing process
was divided into three typical evolution stages according to the
evolution of the area ratio S, namely, delayed stage, coalescence
and expansion stage, and self-adjusting stage. Second, we found
that the growth rate, smoothness, and the value at the final equilib-
rium state of the area ratio S were affected by the atmospheric pres-
sure difference AP. Furthermore, the delay time t4 increased with an
increase in the atmospheric pressure difference and the atmospheric
pressure difference was proportional to t3* for patterned surfaces
with different structure parameters. Finally, the area ratio S. at the
final equilibrium state decreased with an increase in the atmosphere
pressure difference AP and was proportional to AP~ for pat-
terned surfaces with different structure parameters. This study offers
insight into the area ratio variation of growing bubbles on a pore-
patterned surface, which is important for studies on gas—fluid—solid
interfacial slip and the drag reduction on the surface.
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