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Underwater  sustainability  of  the
“Cassie” state  of  wetting  on  a tex-
tured  hydrophobic  surface  in  a
microchannel is investigated.
By  controlling  air  solubility  in  water
through  pressure,  we  show  that
trapped  air  pockets  on the surface  can
be  grown  or  shrunk.
Size  of  the air  pockets  is  found  to have
a direct  bearing  on  the  measured
pressure  drop  across  the  channel.
Maximum  drag  reduction  is  realized
when air  pockets  are  flush  with  the
surface.
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a  b  s  t  r  a  c  t

“Cassie”  state  of wetting  can be  established  by trapping  air pockets  on  the  crevices  of textured  hydropho-
bic  surfaces,  leading  to  significant  drag  reduction.  However,  this  drag  reduction  cannot  be  sustained  due
to gradual  dissolution  of trapped  air into  water.  In this  paper,  we  explore  the  possibility  of  sustaining
the  underwater  Cassie  state  of  wetting  in  a microchannel  by  controlling  the  solubility  of  air  in water;  the
solubility  being  changed  by controlling  the  local absolute  pressure  near  the surface.  We  show  that  using
this  method,  we can  in  fact  make  the water  locally  supersaturated  with  air  thus  encouraging  the  growth
of  trapped  air  pockets  on  the  surface.  In this  case, the  water  acts  as  a  pumping  medium,  delivering  air  to
the  crevices  of  the hydrophobic  surface  in  the  microchannel,  where  the presence  of  air pockets  is  most
beneficial  from  the drag  reduction  perspective.  In our  experiments,  the  air  trapped  on  a textured  surface
is visualized  using  total  internal  reflection  based  technique,  at different  local  absolute  pressures  with  the
pressure  drop  (or drag)  also  being  simultaneously  measured.  We  find  that,  by  controlling  the  pressure

and  hence  the  solubility  close  to the  surface,  we can  either  shrink  or grow  the trapped  air  bubbles,  uni-
formly  over  a large  surface  area.  The  experiments  show  that, by  precisely  controlling  the  pressure  and
hence the solubility  we  can  sustain  the  “Cassie  state”  over  extended  periods  of time.  This  method  thus
provides  a means  of getting  sustained  drag  reduction  from  a textured  hydrophobic  surface  in channel
flows.
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Fig. 1. (a) Textured brass surface containing a regular array of blind holes. The
surface dimensions are 100 mm × 30 mm.  The inset shows a zoomed-in view
(1 mm × 1 mm)  of the blind holes in which air can be trapped. (b) Surface profile of
18 D. Dilip et al. / Colloids and Surfaces A: P

. Introduction

Superhydrophobic surfaces with very large contact angles can
e realized by trapping air on the hydrophobic surfaces, by con-
rolling the surface roughness or texture [1–7], to establish “Cassie
tate” of wetting. Design and development of such superhydropho-
ic surfaces has been largely inspired by nature and has been
eviewed recently [8,9]. In nature, some insects use underwa-
er hydrophobicity to maintain an air layer, plastron [10], and
se it to breathe while underwater. A biomimetic plastron made
rom superhydrophobic material could be helpful in many under-
ater applications [11,12]. Usage of such surfaces can lead to
rag reduction not only in internal flow situations [13–20] but
lso in external flow [21]. In addition to drag reduction, superhy-
rophobic surfaces have also been used to achieve enhanced fluid
ixing in microchannels [22].The phenomena of liquid slippage

16,18,19,23] experienced in flow over hydrophobic surfaces lead-
ng to drag reduction, has been attributed to the presence of air
ockets on the surface [24]. Hence for many applications it is impor-
ant to maintain Cassie state on surfaces immersed completely in
ater [25]. However, underwater Cassie state is not sustainable due

o the diffusion of trapped air into water [19,26,27]. Hence, the ben-
ficial effects such as drag reduction diminish with time. Restoring
he air in to the crevices using electrolysis has been recently stud-
ed [28,29]. In this paper, we explore the possibility of sustaining
he Cassie state of wetting on a textured surface, by controlling the
olubility of air in water close to the surface in a microchannel.

Diffusion of air from the trapped air pockets into the surround-
ng water is one of the main problems in sustaining underwater
assie state of wetting. Smaller bubbles less than 1 �m diameter
an persist indefinitely on properly angled crevices in the surface
s the diffusion is countered by surface tension [30]. Alternatively,
assie state has also been sustained by maintaining the trapped air
n the surfaces in the form of small nanometer sized bubbles [31].
owever for drag reduction applications, it is not only the fraction
f the area covered by air that is important, but the size of the air
ocket is also important, as it determines the amount of drag reduc-
ion. Larger the air pocket, larger is the reduction in drag [32]. For
ir pockets larger than 1 �m,  diffusion effects dominate, and hence
assie state cannot be sustained for very long. Very large bubbles
ay also become unstable due to decreased pressure difference

cross the interface and any small fluctuation in the pressures will
ollapse the bubble causing a Cassie to Wenzel wetting transition.
his wetting transition and thus the sustainability of the Cassie
tate depends not only on the hydrostatic pressure but also on the
ind of texture [26] that determines the effective pinning of the two
hase line. Bobji et al.[26] showed that surfaces with holes exhibit
etter characteristics in retaining the Cassie state of wetting.

Rate of diffusion of air across the water–air interface depends on
he concentration gradient of air across the interface. For example,
uperhydrophobic lotus leaf turns to completely wetting Wenzel
tate when immersed in water for a few minutes or when exposed
o high hydrostatic pressures [33,34]. More generally, switching
etween Cassie and Wenzel state can be achieved by varying
he pressure [35]. In addition, under flow conditions, removal of
ntrapped air is enhanced by stronger convection at larger flow
ates [36]. The overall result is that the air pockets trapped on the
urface will gradually shrink and eventually disappear. The time
cale for this depends on both the concentration gradient as well
s the velocity of the flow. In order to sustain the Cassie state in the
resence of flow, it is thus necessary to continuously supply air to
he trapped air pockets. Directly supplying air has been tried out in
icrochannel flows through a self regulating mechanism [37,38]
nvolving complex arrangements with active feedback control. In
his work, we explore the possibility of supplying air to the cavities
n the surface of a microchannel by controlling the solubility of air
the  textured hydrophobic surface used for the experiment obtained using an optical
profilometer. Inset shows the contour of the surface. Hole diameter is 300 �m, pitch
365  �m and depth 160 �m.

in water close to the surface. This is achieved in the present work
by adjusting the absolute pressure of water close to the surface
without the need for any complex feedback controls.

As the solubility decreases with pressure, a lower absolute
pressure close to the surface can lead to water becoming locally
supersaturated with air. This can lead to the concentration gradi-
ent being reversed and hence air can actually start diffusing into the
air pockets causing them to grow as a bubble. We  demonstrate this
effect using a hydrophobic surface textured with a regular array of
holes in a microchannel configuration. We  show that, in internal
flow conditions, by carefully controlling the pressure, we  can get
the trapped air pockets within the holes to either diminish or grow,
and also alter the rate of shrinkage or growth of these air pockets.
This enables us to sustain a regular array of air pockets on the sur-
face over a very large area leading to sustained drag reduction over
extended time periods.

2. Experimental methods

A textured surface was  generated on a brass sheet of dimen-
sions 100 mm  × 30 mm × 0.8 mm  by photo etching process. The
texture consists of blind holes of diameter 0.3 mm arranged in a
0.36 mm × 0.36 mm square array (Fig. 1a). After laminating with a
photo resist, the desired pattern was transferred by exposing the
resist to ultraviolet light through a mask. Etching was  carried out
with heated solution of cupric chloride and the depth was con-
trolled by controlling the duration of etching. A texture consisting
of a regular array of blind holes was  chosen due to the superior
ability to trap air bubbles [26]. Fig. 1a shows optical image of a part
of the textured hydrophobic surface with the inset showing a mag-
nified view of the blind holes. It can be seen that a regular array
has been produced over a very large surface area. The depth of the

holes was measured using a 3D non-contact profilometer (Fig. 1b).
The depth of the blind holes was found to be 160±10 �m,  and the
diameter and the pitch were found to be uniform across the surface
with dimensions of 300±10 �m and 365±10 �m,  respectively.
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Fig. 2. Contact angle measured on (a) smooth brass surface (b) textured brass
surface with holes (c) smooth hydrophobic surface and (d) textured hydrophobic
surface.

m
s
w
m
a
a
t
n
d
t
�
e
[

b
o
f
p
b
1
T
p
h
i
W
i
b
b

r
a

the air pockets at the start of the experiment. At about 5 min after
the commencement of flow through the channel, the bubbles have
grown bigger (Fig. 5b). After 13 min, the air bubbles have grown

T
M

The brass surface is rendered hydrophobic by a self assembled
onolayer (SAM). For this, the surface was immersed in a 50 mM

olution of 1-dodecanethiol in ethanol, for 2 h [39,40]. The surface
as then dried in an oven at 60 ◦C. Contact angle (�m) measure-
ents were carried out with a 10 �L deionized water droplet and

re shown in Fig. 2. A flat smooth surface of brass has a contact
ngle of about 43◦ which increases to 106◦ after SAM coating. Tex-
ured surface without SAM gave a contact angle of 84◦. It should be
oted that the roughness factor, r is about 2.2 for this surface. After
epositing SAM on the textured surface the contact angle increased
o 124◦. If air is trapped inside all the holes, then the air fraction

 would be about 0.55. The contact angles measured and those
stimated from the Wenzel (�w) and Cassie–Baxter (�c) equations
41,42] are given in Table 1.

A microchannel arrangement in which the textured hydropho-
ic surface serves as one of its walls is used to study the behavior
f the trapped air pockets. A hydrophilic flat transparent glass sur-
ace forms the other wall of the channel so that the trapped air
ockets can be easily visualized. The channel walls are separated
y a stainless steel spacer so as to maintain a channel width of

 mm.  Water is induced to flow through the channel by gravity.
he schematic of the arrangement is shown in Fig. 3a. The absolute
ressure inside the channel is controlled by changing the relative
eight of the water tank with respect to the channel. The water level

n the tank is maintained constant by an overflow arrangement.
hen a pressure lesser than the atmospheric pressure is required

nside the channel, the water level in the source tank is maintained
elow the channel level so that water flows through the channel
y siphon effect.

The trapped air bubbles are visualized by using total internal
eflection (TIR) of light [19,26]. For this the channel is placed inside
 glass tank filled with stationary water (Fig. 3b) and a parallel beam

able 1
easured and estimated contact angles on the smooth and textured surfaces used.

Surface Measured contact angle �m(◦) Estima

Smooth brass 43 – 

Smooth brass with SAM 106 – 

Textured 84 Unstab
Textured with SAM 124 127 

a Indicates cos �w > 1.
chem. Eng. Aspects 459 (2014) 217–224 219

of light is made to incident on the surface at an angle greater than
the critical angle

  = sin−1
(

1
n

)
(1)

required for total internal reflection, where n is the refractive index
of water. The beam would undergo total internal reflection at the
water–air interface and the trapped air bubbles would appear dis-
tinctly bright. By using a camera attached to an optical microscope,
images of air bubbles are recorded at regular intervals of time. Prior
to the experiments, air is allowed to be dissolved in the water by
allowing the water to be exposed to atmospheric air in a large tank
overnight. Just before the experiment, the channel is first dried and
flushed with dry nitrogen for about 30 min. The channel is then
filled with water from the tank very slowly such that air bubbles
are trapped inside the holes uniformly throughout the surface. This
process is repeated before each trial and flow is induced through the
channel only after optically checking that there is uniform coverage
of air bubbles throughout the surface.

3. Results and discussion

When the absolute water pressure in the channel is maintained
above the atmospheric pressure by adjusting the height of the tank
appropriately (Fig. 3a), the water flowing in the channel past the air
pockets will be undersaturated. In such conditions, the air pockets
gradually decrease in size. Fig. 4 shows a time sequence of images
at an absolute pressure of 6.8 kPa above atmospheric pressure. In
this case, the flow rate is 6.4 mL/s with the flow being from left to
right in all the images shown (Supplementary Video 1). In each of
the cases, the inset schematically shows the bubble size. At the start
of the experiment, the air pockets were allowed to grow slightly by
exposing the surface to supersaturated flowing water, resulting in
air pockets that have grown into a bubble that is projecting into
the flow as seen in Fig. 4a. After about 20 min, these bubbles have
shrunk in size with the contact line firmly pinned on the edges of
the hole, as shown in the inset (Fig. 4b). Eventually the pinning
gives way and the bubbles move into the holes with de-pinning
starting preferentially at the leading edge on the left (Fig. 4c). This
may  be related to the drag force on the bubble, which would push
the bubble from left to right. By about 90 min, no air pockets could
be detected (Fig. 4d). This could mean either that the air pockets
are too small to be detected or that they have completely disap-
peared.

Supplementary Video 1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.colsurfa.2014.07.006.

Fig. 5 shows the time sequence when the absolute pressure in
the channel is maintained below atmospheric pressure (by 4.4 kPa)
by adjusting the height of the tank appropriately (Supplementary
Video 2). In this case, the water is supersaturated with air resulting
in the observed growth of the trapped air pockets. The flow rate
through the channel is maintained as before at 6.4 mL/s by appro-
priate adjustments of sink or receiving tank height. Fig. 5a shows
further and appear to be protruding out of the holes (Fig. 5c). The

ted Wenzel contact angle �w(◦) Estimated Cassie contact angle �c(◦)

–
–

le a 101
131

http://dx.doi.org/10.1016/j.colsurfa.2014.07.006
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Fig. 3. (a) Schematic of experimental setup. A pressure greater than atmospheric pressure is maintained inside the channel by gravity flow from a water tank. Sub-atmospheric
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ressure is maintained inside the channel whenever required by means of siphon e
laced  inside a glass tank filled with water and a light beam is incident on the textu
otal  internal reflection at the water–air interface.

rogressive growth of air bubbles continue with time and by 17 min
Fig. 5d), the bubble protrusion into the flowing water becomes

ore pronounced. If the flow is continued further, the bubbles grow
ven bigger and start merging with neighboring bubbles.

Supplementary Video 2 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.colsurfa.2014.07.006.

The rate of change of the size of the air pockets depends on
he absolute pressure in the channel which in turn controls the
aturation level, and the flow rate. Fig. 6 shows how the diame-

er of the bubbles varies with time for various pressures at a flow
ate of 6.4 mL/s. The bubble diameter, D, at any instant is normal-
zed with respect to the initial size of the bubble Di. The bubble

ig. 4. Time sequence of images showing the shrinkage of air bubbles at a pressure of 6.8
he  times during shrinkage are (a) t = 0 min, (b) t = 20 min, (c) t = 65 min  and (d) t = 90 min
ow  direction is from left to right.

ig. 5. Time sequence of images during the growth of air bubbles at a pressure of 4.4 kPa 

imes  after flow is started are (a) t = 0 min, (b) t = 5 min, (c) t = 13 min  and (d) t = 17 min. Th
irection is from left to right.
b) Schematic of the setup used for visualization. The sealed channel flow system is
rface at an angle greater than the critical angle required so that the light undergoes

diameters are measured from time lapse images recorded at an
interval of 30 seconds. At pressures lesser than atmospheric, the
growth of air bubbles is evident from the increase in D/Di. As the
pressure is decreased, it can be seen that the rate of growth of air
bubbles increases. On the contrary, at pressures above the atmo-
spheric pressure, the size of the bubbles decreases with time. As
the pressure is increased, the rate of decrease in the diameter also
increases. At a pressure of +3.9 kPa, the bubbles decrease to about
80% of their original size in about 80 min. It may  be noted that mea-

surement of bubble diameters below 70% of the original bubble size
is difficult as the triple interface line moves into the holes and is not
visible.

 kPa above the atmospheric pressure at a flow rate of 6.4 mL/s through the channel.
. The schematic shown as inset in each image indicates the size of the bubble. The

below the atmospheric pressure at a flow rate of 6.4 mL/s through the channel. The
e schematic shown as inset in each image indicates the size of the bubble. The flow

http://dx.doi.org/10.1016/j.colsurfa.2014.07.006
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Fig. 6. Variation in bubble size with time for varying pressures at a flow rate
of  6.4 mL/s through the channel. For pressures lower than atmospheric (negative
pressure) the air bubbles grow with time, whereas for pressures greater than the
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Fig. 7. Variation in bubble size with time at various flow rates at a pressure of
−4.4  kPa below atmospheric pressure (f = 0.93) and at a pressure of +6.8 kPa above
tmospheric pressure (positive pressure), the bubbles shrink with time. At higher
egative pressures the rate of increase in bubble size is higher. At higher positive
ressures, the rate of shrinkage of air bubbles is higher.

The rate of dissolution or growth of the air pockets will depend
n the concentration gradient of air across the air–water interface.
ccording to Henry’s law, the concentration of the gas dissolved in

iquid at saturation (Cs) is proportional to the partial pressure (pg)
f the gas at which the dissolution occurred. The concentration of
ir in water at saturation can be obtained as the sum of individual
omponents of air as

i =
pO
HO

+ pN
HN

= P

Hair
(2)

here HO and HN are the Henry’s constant for oxygen and nitro-
en in water respectively and pO and pN are the partial pressures of
xygen and nitrogen, respectively and P is the atmospheric pres-
ure. Hair can be obtained from the molar fractions of oxygen and
itrogen as,

air = 1
(nO/nair)(1/HO) + (nN/nair)(1/HN)

(3)

t room temperature, the saturation concentration of air in water is
bout 0.0227 g/L. It should be noted that experimentally achieved
alues are likely to be lower than this. When water flows in the
hannel, the pressure inside the channel is changed by, �P, com-
ared to the atmospheric pressure, P, at which the saturation took
lace. The saturation concentration of air in the channel at the new
ressure (P + �P) is

s = P + �P

Hair
(4)

he degree of saturation (f) is then given by

 = Ci
Cs

= P

P + �P
= 1

1 + (�P/P)
(5)

here �P  = �gH, is controlled by varying the height difference H
etween the water tank and the water level in the channel. By
anipulating the pressure in the channel, we  vary the degree of

aturation by which we  can effectively control the dissolution or
rowth of the air pockets on the textured surface.

The rate of growth or dissolution of the bubble depends on the
egree of saturation f. If the flowing water is saturated, the degree

f saturation f = 1, and hence there would not be any change in
he radius of the bubble with time. At pressures higher than the
tmospheric pressure, the flowing water becomes undersaturated
f < 1) and the adverse concentration gradient causes the diffusion
the  atmospheric pressure (f = 1.05). The various flow rates through the channel are
4.2, 6.4 and 8.8 mL/s when the pressure is −4.4 kPa. For a pressure of +6.8 kPa the
flow rates maintained are 6.4, 8.5 and 12 mL/s.

of air from the bubble into the flowing water. Therefore the air bub-
bles gradually shrink in size. At pressures lesser than atmospheric
pressure, the water becomes supersaturated (f > 1) and hence the
concentration gradient is reversed. Hence, the dissolved air in water
diffuses into the air pockets. In such cases, the water flow acts
like an air pump carrying atmospheric air to the superhydrophobic
surface in the channel.

The diffusion equation was solved by Epstein and Plesset [43]
for a spherical bubble suspended in an infinite medium to give
the change in bubble diameter with time for undersaturated and
supersaturated conditions of water. In case of air bubbles that are
attached to a surface, the rate of diffusion will be lower as pointed
out by Liebermann [30]. For the current experimental conditions,
the air bubbles are trapped inside the holes, pinned at the edges and
are in proximity to each other and this affects the rate of air diffu-
sion across the interface. In addition, the convective effects caused
by the flowing water also play an important role in the rate of
removal/addition of air in to the air pockets. Larger flow rates cause
quicker growth or dissolution of the bubbles at supersaturated and
undersaturated conditions, respectively.

The rate of change in size of the air bubbles at different flow
velocities at both supersaturated and undersaturated conditions
is shown in Fig. 7. It can be seen from the figure that increasing
the velocity increases the rate of air transfer from or to the bubbles,
which is consistent with the fact that water from far is more rapidly
reaching the water–air interface, resulting in an increased effective
diffusivity. At a pressure of 6.8 kPa above atmospheric pressure, the
flowing water is undersaturated and the rate at which the air gets
diffused out of the air pockets is higher at higher flow velocities,
resulting in faster shrinkage of the bubbles. The trend is reversed for
the supersaturated condition at a pressure of 4.4 kPa below atmo-
spheric pressure. In this case, the flow aids in bringing more air into
the bubbles resulting in higher bubble growth rates at increased
flow rates.

Epstein–Plesset equation [43] for growth/shrinkage of a spher-
ical bubble at supersaturated/undersaturated solution can be
written in the form:
(
D

Di

)2
= 1 − mt (6)
where m is a parameter which depends on the degree of satura-
tion f, and the saturation concentration Cs. At small times, the data
presented in Figs. 6 and 7 fit the equation well, and the parameter
m can be obtained by least-squares method. The variation of the
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and hence the drag is actually higher than the reference Wenzel
case. This observation is consistent with the results of theoretical
Fig. 8. Variation of parameter ‘m’ in Eq. (6) with (a) pressure and (b)

arameter m with pressure and flow rate is shown in Fig. 8(a) and
b), respectively. It is apparent from Fig. 8a that the parameter m
s positive and increases as the pressure becomes more negative.
his trend is reversed for pressures above atmospheric pressure.
he effect of flow rate on the rate of bubble growth or shrinkage is
hown in Fig. 8b. At larger flow rates, the parameter m is seen to
ncrease for positive pressures and decrease for negative pressures.
he variations of the parameter m with both pressure and flow rate
re reflective of the changes in the rate of growth/shrinkage of the
ir pocket as indicated by Eq. (6).

The air pockets offer very liitle resistance to the flow compared
o the solid walls. Hence the overall pressure drop, measured across
he channel length of 100 mm,  is expected to be lower. The tex-
ure has been designed to give a 55% shear-free region spread over
bout 23,000 pockets. Fig. 9 shows the actual experimentally mea-
ured pressure drop (�h). In this case, the air pockets were initially
llowed to grow in supersaturated solution due to reduced abso-
ute pressure. As the air pockets grow from the initially trapped
ondition, the pressure drop was found to increase gradually with
ime. At about 15 min  corresponding to the dashed line in the plot,
he absolute pressure was increased rendering the water under-
aturated. This immediately leads to shrinking of the trapped air
ockets, which in turn leads to the observed decrease in pressure
rop with time. The pressure drop is observed to reach a minimum
alue and then start to increase slowly. Ultimately, the pressure
rop reaches a constant value when all the air bubbles have dis-

ppeared. This value, �href, shown by a dotted line, is taken as the
eference value and has been used to normalize all the measured
ressure drop values (�h) in Fig. 9.

ig. 9. Effect of growth and shrinkage of air bubbles on pressure drop at a flow rate of
.4  mL/s through the channel. As air bubbles grow, the pressure drop also increases.
hen the bubbles shrink, the pressure drop decreases, reaches a minimum value

nd then increase till it reaches the reference pressure drop.
ate. The pressures shown are with respect to atmospheric pressure.

As the air pockets grow into bubbles, they project into the flow
and start obstructing the flow. The resistance offered by the pro-
jecting bubbles will offset the drop in resistance caused due to the
shear-free surface offered by air pockets. Thus the effective drag
reduction obtained will depend on the geometry of the air–water
interface. Fig. 10 shows the pressure drop data from Fig. 9 (time
>15 min) plotted against the bubble diameter D, normalized with
the diameter of the hole Dh. The bubble diameter can be related
to the amount of projection by simple geometry. For higher bub-
ble size and hence higher obstruction, the pressure drop across the
channel is larger. As the bubble size decreases, the pressure drop
also decreases and reaches a minimum. However, further decrease
in the bubble size causes the pressure drop to increase slowly. The
pressure drop reaches a constant value when all the air bubbles
have disappeared. The minimum pressure drop occurs when D/Dh is
close to 1, i.e., when the bubbles are almost flush with the holes. The
inset to the figure shows schematics of the bubble at corresponding
time instants.

The amount of drag reduction achievable is found to be influ-
enced by the shape of the air–water interface. When the air pockets
are flush with the surface, maximum drag reduction is obtained.
The drag reduction obtained is reduced for both higher and lower
diameters of the bubbles. For bubble diameters greater than 1.2
times the hole diameter, it has been found that the pressure drop
and numerical studies of Davis and Lauga [44], Steinberger et al.

Fig. 10. Effect of bubble size on pressure drop during shrinkage of air bubbles at a
degree of saturation f = 0.93 and a flow rate of 6.4 mL/s through the channel. (a) At
large bubble size the pressure drop is high. (b) As the bubble shrinks pressure drop
also reduces. (c) When the bubble is almost flush with the holes, the pressure drop
is  minimum. (d) As air bubbles decay further the pressure drop increases as water
starts filling the holes. (e) Hole is completely filled with water and pressure drop
has increased and become equal to the reference pressure drop.
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45] and Hyvaluoma and Harting [46]. In this work, using simulta-
eous bubble visualization and pressure drop measurements, we
ave experimentally studied the effect of bubble shape on drag
eduction. Our ability to vary the local saturation of the air in water
nabled the precise control of the bubble size and hence their pro-
rusion uniformly over a large surface area. Controlling the bubble
hape uniformly over large area is crucial to experimentally estab-
ish the link between bubble shape and drag, as even one large
ubble would significantly affect the pressure drop measurement
nd hence mask the drag reduction.

In the current experiments, a maximum pressure drop reduction
f 15% was obtained. Slip length �, a measure of drag reduction, is
efined as the ratio of the velocity of the water layer in contact with
he surface to the velocity gradient at the surface, and may  be calcu-
ated from the measured pressure drop [16]. Larger the reduction
n pressure drop, higher is the slip length. For a pressure drop of
5%, slip length (�) works out to be about 50 �m.  This slip length
hen normalized with the hole radius R of 150 �m gives a �/R value

f 0.33. From numerical simulations, Hyvaluoma and Harting [46]
btained a value of �/R of about 0.26 which is reasonably close to
he present experimentally obtained value. It should be noted how-
ver that there are a number of additional factors that can influence
lip length, as discussed by Lauga and Stone [32], such as the ratio
f shear-free region (hole-size) to channel width.

Sustainability can be quantified by defining it as the time over
hich the drag reduction is above a certain desired value. For exam-
le, for a degree of saturation of f = 0.93, from the data in Fig. 9, the
rag reduction is greater than 10% (i.e �h/�href < 0.9) over a time
eriod of 65 min. This time period is dependent on the size of the
ir bubbles on the surfaces which keeps on decreasing with time.
or high sustainability, the rate at which the size decreases should
e small tending towards zero. From Fig. 6, it is clear that as the
egree of saturation is gradually increased towards one, the rate of
hange in bubble size decreases. Our measurements show that for

 degree of saturation of 0.96, the measured sustainability is about
70 min. The only difference between the two cases is a reduction

n pressure within the channel, which in effect reduces the satura-
ion concentration. Thus by controlling the solubility through the
ressure, it is possible to maintain the underwater Cassie state of
etting such that significant drag reduction can be realized and

ustained over long periods of time.

. Conclusion

Underwater Cassie state cannot be sustained for long periods
f time on a textured hydrophobic surface as the air trapped in the
revices of the surface can diffuse into water. For many applications,
t is desirable that large air pockets be maintained indefinitely. In
his paper, we have demonstrated a simple method for sustaining
he underwater Cassie state in a microchannel by controlling the
olubility of air in water. For this, we use a textured surface com-
rising of a regular array of holes with a self assembled hydrophobic

ayer as one of the walls of the channel. Solubility of air in the water
lose to the surface is varied by varying the absolute pressure inside
he channel. We  use a total internal reflection based visualization

ethod to observe the air trapped on the patterned surface, and
etermine the variation of the trapped air bubbles on the surface
ith time.

We  find that when the pressure in the channel was  higher than
he atmospheric pressure, the air pockets gradually shrunk in size
ith time and eventually disappeared. On the other hand, when the

ressure in the channel was decreased below atmospheric pres-
ure, we find that the size of the air pockets gradually increased
ith time. In this case, the water, which was initially allowed to sat-
rate at atmospheric pressure, when subjected to a lower pressure

[

[
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in the channel, becomes supersaturated. Thus the water flow acts
as an air pump delivering air from the atmosphere to the desired
location on the textured surface. We  also find that changing the
flow rate, significantly changes the rate of growth/shrinkage of the
air pockets.

To quantify the drag reduction, we have measured the pressure
drop across the microchannel while simultaneously visualizing the
shape of the air bubbles trapped on the surface. We  find that the
least pressure drop across the channel occurs when the trapped air
pockets are flush with the surface. On the other hand, when the air
pockets protrude out of the surface or shrink in to the holes on the
surface, we find an increased pressure drop. We  have shown that,
by controlling the pressure within the channel, we can control the
shape of the air pockets and sustain them for extended periods of
time. Thus, the present work shows that by carefully controlling
the degree of saturation through pressure, the underwater “Cassie”
state of wetting and hence the drag reduction can be sustained in
a microchannel.

Appendix A. Supplementary Data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.colsurfa.
2014.07.006.
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