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Abstract The potential of textured hydrophobic surfaces
to provide substantial drag reduction has been attributed to
the presence of air bubbles trapped on the surface cavities.
In this paper, we present results on water flow past a tex-
tured hydrophobic surface, while systematically varying the
absolute pressure close to the surface. Trapped air bubbles
on the surface are directly visualized, along with simul-
taneous pressure drop measurements across the surface
in a microchannel configuration. We find that varying the
absolute pressure within the channel greatly influences the
trapped air bubble behavior, causing a consequent effect on
the pressure drop (drag). When the absolute pressure within
the channel is maintained below atmospheric pressure, we
find that the air bubbles grow in size, merge and eventu-
ally detach from the surface. This growth and subsequent
merging of the air bubbles leads to a substantial increase in
the pressure drop. On the other hand, a pressure above the
atmospheric pressure within the channel leads to gradual
shrinkage and eventual disappearance of trapped air bub-
bles. We find that in this case, air bubbles do cause reduc-
tion in the pressure drop with the minimum pressure drop
(or maximum drag reduction) occurring when the bub-
bles are flush with the surface. These results show that the
trapped air bubble dynamics and the pressure drop across
a textured hydrophobic microchannel are very significantly
dependent on the absolute pressure within the channel. The
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results obtained hold important implications toward achiev-
ing sustained drag reduction in microfluidic applications.
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1 Introduction

Microfluidic devices have evoked considerable interest in
recent years because of their immense potential to be used
in a wide variety of applications. Microfluidic passages,
owing to their large surface area to volume ratio, exhibit
large pressure drop (drag) as flow is induced through them.
Textured hydrophobic surfaces characterized by micro-
scale/nanoscale roughness and low surface energy have
been demonstrated to be capable of delivering substan-
tial drag reduction in microfluidic applications (Watan-
abe et al. 1999; Tretheway and Meinhart 2002; Choi et al.
2003, 2006; Ou et al. 2004; Gogte et al. 2005; Truesdell
et al. 2006; Lee et al. 2008; Govardhan et al. 2009; Wool-
ford et al. 2009; Yamada et al. 2011). Naturally occurring
textured hydrophobic surfaces have attracted enormous
attention (Parker and Lawrence 2001; Hu et al. 2003; Gao
and Jiang 2004; Cong et al. 2004; Cheng and Rodak 2005;
Koch and Barthlott 2009), and the development of specially
textured hydrophobic surfaces by mimicking nature has
been a topic of active research and review (Shirtcliffe et al.
2010; Samaha et al. 2012c; Celia et al. 2013). Such bio-
mimetic surfaces lend themselves to be suitable for many
applications including drag reduction, underwater respi-
ration (Shirtcliffe et al. 2006; Flynn and Bush 2008) and
antifouling (Bixler et al. 2014). A review of drag reduc-
tion studies on textured hydrophobic surfaces has recently
been carried out by Rothstein (2010). Some of these studies
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done over a variety of patterned surfaces have reported
large reductions in drag of the order of 30-40 % (Ou et al.
2004; Govardhan et al. 2009).

Many of the drag reduction studies carried out recently
have been made using micro-posts/pillars (Ou et al. 2004),
ridges (Ou and Rothstein 2005), micron-sized holes (Dilip
et al. 2014) and surfaces with random surface features
(Govardhan et al. 2009; Samaha et al. 2012b). The drag
reduction obtained on such surfaces has been attributed
to the presence of trapped air at the solid-liquid interface
(Ou et al. 2004; Govardhan et al. 2009; Sheng and Zhang
2011; Samaha et al. 2012a, b; Dilip et al. 2014). Theoreti-
cal studies indicate that for achieving large reduction in
drag, large shear-free area in conjunction with large air
fraction is required (Lauga and Stone 2003; Teo and Khoo
2009). Tiny air bubbles of diameter less than a micron can,
however, exist on suitable recesses in hydrophobic surfaces
indefinitely (Liebermann 1957), although the smaller bub-
ble size limits the amount of drag reduction to insignifi-
cant values (Lauga and Stone 2003). Surfaces with large
features (>30 microns), capable of trapping large amounts
of air on their cavities, have been shown (Ou et al. 2004,
Govardhan et al. 2009) to deliver substantially higher drag
reduction than their smoother counterparts. Govardhan
et al. (2009) found that that the drag reduction achievable
from textured hydrophobic surfaces is time-dependent and
diminishes over time. This is because the trapped air grad-
ually dissolves into the surrounding water and causes the
surface to undergo a wetting transition from the favorable
Cassie state to the unfavorable Wenzel state (Samaha et al.
2012a, b, d; Dilip et al. 2014). Recently, a number of stud-
ies have focused on the longevity of superhydrophobic-
ity and the factors affecting the Cassie—Wenzel transition
(Emami et al. 2013; Lv et al. 2014, 2015; Piao and Park
2015; Se¢gaard et al. 2014; Hemeda et al. 2014; Hemeda
and Tafreshi 2014; Checco et al. 2014; Hensel et al. 2014,
Xu et al. 2014; Bormashenko 2015). The dissolution of
trapped air into water caused by the adverse concentration
gradient across the air—water interface is thought to be the
reason for the gradual disappearance of air pockets and thus
the relatively short time over which drag reduction is actu-
ally achieved (Govardhan et al. 2009; Samaha et al. 2012b,
d; Dilip et al. 2014). Hence, the air-retaining capability of
the surface is important as it determines the longevity of
superhydrophobicity.

Bobji et al. (2009) studied the air-retaining characteris-
tics of hydrophobic surfaces with different surface textures
under hydrostatic conditions and found that surfaces with
blind holes are the most effective in trapping air and sus-
taining it. Such a surface is capable of trapping and con-
fining large amounts of air inside the holes, which enables
them to sustain the Cassie state for longer periods of time.
In addition to the kind of texture used, the sustainability of
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the Cassie state is also dependent on pressure (Bobji et al.
2009; Checco et al. 2014; Hensel et al. 2014; Lv et al. 2014,
Se¢gaard et al. 2014; Xu et al. 2014; Piao and Park 2015),
with higher pressures causing an early wetting transition.
Poetes et al. (2010) observed that the lifetime of plastron
layer on super hydrophobic surface undergoes rapid decay
with increasing hydrostatic pressure. The effect of hydro-
static pressure on the wetting transition was also studied by
Samaha et al. (2012b, d) who showed that beyond a cer-
tain “terminal pressure,” wetting transition starts to occur
resulting in reduced drag reduction and its sustainability
in flow situations. In flow situations, in addition to effects
of pressure, convective effects caused by the flow also
accelerates the air removal from the cavities, which would
cause the bubbles to disappear more rapidly. At larger
flow rates, the stronger convection causes the entrapped
air bubbles to dissolve into water at a higher rate, result-
ing in reduced longevity of superhydrophobicity (Samaha
et al. 2012b). In the case of a hierarchical superhydropho-
bic surface consisting of dual-level topography, reversible
switching between states has recently been shown by var-
ying the pressure (Verho et al. 2012). In our earlier work
(Dilip et al. 2014), we have shown that varying the absolute
pressure can change the solubility of air in water and can
thus help maintain the “Cassie” state on a textured hydro-
phobic surface. In the present work, we systematically vary
the absolute pressure within a microchannel made of a tex-
tured hydrophobic surface and report on the pressure drop
across the channel along with simultaneous visualizations
of the trapped air bubbles on the surface. We show that by
varying the absolute pressure, the rate of growth/decay of
the trapped air bubbles can be controlled, which has large
effects on the pressure drop.

In this paper, we present our experimental study on flow
past a textured hydrophobic surface containing a regu-
lar array of blind holes to trap air bubbles. The surface is
mounted inside a microchannel configuration, and the abso-
lute pressure within the channel is systematically varied.
Since the water is initially saturated with air at atmospheric
pressure, a pressure above atmospheric pressure results in
water flowing inside the channel being undersaturated. On
the other hand, a lower pressure resulted in a supersaturated
solution. In all cases, the trapped air bubbles on the sur-
face are visualized along with simultaneous measurements
of the pressure drop across the channel. To the best of our
knowledge, there have been no prior systematic experi-
ments on the flow through a textured hydrophobic chan-
nel, where the absolute pressure has both been increased
and reduced, with simultaneous measurements of the pres-
sure drop and visualization of the entrapped air bubbles on
the surface. We show in the present work that the absolute
pressure within the channel, by controlling the saturation
level of air in water, can substantially alter both the bubble
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dynamics of the entrapped air pockets on the surface and
the pressure drop through the channel.

2 Experimental methods

A regular array of blind holes was generated on a smooth
brass sheet of dimensions 100 mm x 30 mm x 0.8 mm by
the process of photo-etching (Dilip et al. 2014). The brass
metal sheet was laminated on one side by an ultraviolet
light-sensitive photoresist and placed closely in contact
under a photomask with the negative of the desired pattern
printed on it. When UV light is allowed to fall on it, the
exposed areas get hardened. The unexposed resist was then
washed away leaving the areas to be etched unprotected.
The metal surface was then exposed to a heated solution of
cupric chloride in deionized water for a required amount of
time, to etch away the unprotected metal, thereby deliver-
ing the required pattern.

The brass surface containing regular array of holes
obtained after the etching process is shown in Fig. 1a. The
characterization of the surface was done using a 3D non-
contact optical profilometer (Veeco Instruments Inc.) with
the measured 3D surface shown in Fig. 1b. The diameter
of the hole was found to be close to 300 um, depth 160 pm
and pitch 370 um, with variations in these dimensions
being less than about 10 pm across the 100 mm x 30 mm

surface. The surface generated was originally hydrophilic
and was made hydrophobic by chemical modification of the
surface. For this, the surface was first cleaned with acetone
and immersed in a 50 mM solution of 1-dodecanethiol in
ethanol for 2 h for the formation of a self-assembled mon-
olayer (Bobji et al. 2011; Pan et al. 2008; Dilip et al. 2014).
The surface was then taken out and dried in an oven at
60 °C. Figure 1c shows the image of a water droplet on the
surface obtained using an optical microscope, from which
the contact angle was found to be 125°.

The textured hydrophobic surface was then mounted in
a microchannel so that it formed a side wall of the chan-
nel (Fig. 2a). The other side wall of the channel was made
of hydrophilic flat transparent glass to facilitate visualiza-
tion of the textured surface. The channel cross section had
a large aspect ratio of 30, the width of the channel being
1 mm, corresponding to the separation between the tex-
tured surface and the flat glass, and the vertical dimension
being 30 mm. The channel width of 1 mm was chosen
as widths of less than 1 mm resulted in bubbles growing
and touching the other wall before bubble detachment for
the given experimental conditions. The water used in the
experiments was exposed to atmospheric air in a large
tank for about 12 h prior to experiments and to enable air
from the atmosphere to be dissolved in it. Prior to experi-
ments, the water was tested with a dissolved oxygen meter
(Hanna Instruments Model HI 9146) to ensure that is was
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Fig. 1 a Optical picture of the brass surface patterned with a regu-
lar array of blind holes. b Contours of the vertical height, showing
the holes, measured using a 3D profilometer. ¢ Image of a water drop

on the SAM-coated surface, showing the apparent contact angle of a
water drop of about 125°
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nearly saturated with air at atmospheric pressure. The water
temperature during the experiments was close to 23 °C. In
each case, just before the experiment, the channel was first
dried and flushed with dry nitrogen for about 30 min, prior
to the channel being filled slowly with water, such that air
is trapped inside the holes, thus forming a bubble mat-
tress over a large area. Water flow was driven through the
channel by simple gravity flow from a large tank in which
the water level was maintained constant to provide a fixed
discharge. The absolute pressure within the microchannel
was varied by varying the channel’s vertical location with
respect to the inlet tank water level. Pressures lower than
atmospheric pressure were obtained within the channel
by using the “siphon effect” created by placing the chan-
nel above the inlet tank level and discharging the water into
atmospheric pressure at a lower level than that of the inlet
tank level and the channel.

Fig. 2 a Schematic of the (a)
microchannel setup. One of the

walls of the channel is fitted

with a textured hydrophobic

surface. A transparent hydro-

philic glass forms the other

wall of the channel to facilitate

visualization of air bubbles

using an optical microscope. b

The air bubbles trapped on the surface were directly
visualized using an optical microscope (Olympus LG-PS2)
from the side as shown in the schematic (Fig. 2a) with dif-
fused lighting from a halogen lamp Olympus (model no.
SZX12). A camera attached to the optical microscope was
used to record images of the trapped air bubbles at regular
intervals of time. From analysis of these images, the trapped
air bubble diameters could be obtained as a function of
time. For larger viewing areas, we also used the principle
of total internal reflection (TIR) of light at the water—air
interface to detect the presence or absence of air within the
holes. This technique has been successfully demonstrated
previously by Govardhan et al. (2009), Bobji et al. (2009)
and Larmour et al. (2007). The critical angle required for
total internal reflection is given by 6, = sin™!(1/u), where u
is the refractive index of water. A collimated beam of light
incident on the surface at an angle greater than this criti-
cal angle undergoes total internal reflection at the trapped

Schematic illustrating the setup
for visualizing the entrapped air

pockets on the textured surface
using total internal reflection.
The light beam is incident at an
angle greater than the critical
angle required so that light gets
totally internally reflected at the
water—air interface
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air pockets. The schematic of this TIR visualization setup is
shown in Fig. 2b.

Pressure drop was measured using a differential pressure
transmitter (Dwyer, Model 655A 316) across the stream-
wise length of the channel along with simultaneous visuali-
zation of trapped air bubbles to study the effect of the bub-
ble mattress on drag. Flow rate was measured accurately
by filling a beaker with water for a known length of time
and measuring the weight of water with a precision digital
balance. Pressure drop (AP) measurements were first done
at various flow rates with the holes completely filled with
water, i.e., in Wenzel state. This was used as the reference
pressure drop in our experiments, and the measured values
as a function of flow rate are shown in Fig. 3 from a set of
about three runs. The pressure drop shows a linear variation
with flow rate as expected at low Reynolds numbers within
the laminar flow regime. All pressure drop measurements
shown with trapped air later in the paper (AP) are normal-
ized by the reference pressure drop (AP,) shown in Fig. 3,
for the corresponding flow rate (Q). The best fit line in
Fig. 3 gives a channel width of 1.04 mm, which is slightly
higher than 1 mm probably because of the “roughness” of
the surface.

It should also be noted here that the absolute pressure
within the channel (P, referred to throughout the
paper is the absolute pressure midway between the two
pressure ports used to measure the pressure drop (AP).
Further, the pressure drop (AP) values in our experiments
are typically of the order of a few hundred Pa, as shown
in Fig. 3, while the absolute pressure variations (P ,nne—
P,.,) that we shall present in the work will be of the order
of a few thousand Pa, both below and above atmospheric
pressure.
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Fig. 3 Pressure drop measurements for the microchannel with no
trapped air on the textured surface. The pressure drop (AP) shows a
linear variation with flow rate (Q) as expected in the laminar regime

3 Pressures within the channel below atmospheric

pressure (P channel < P atm)
In this section, we study the effect of flow over the bubble
mattress when the absolute pressure inside the channel is
lower than the atmospheric pressure. When water saturated
with air enters the microchannel where the absolute pres-
sure is lower than atmospheric pressure (P .nnel < Pam)s
due to reduced solubility, the water becomes supersatu-
rated with air. This will lead to growth of bubbles trapped
on the hydrophobic surface. First, we present the visuali-
zation of the bubble dynamics followed by pressure drop
measurements.

Figure 4 shows the time sequence of images of the bub-
bles at a pressure of 1100 Pa below atmospheric and at a
flow rate of 5 ml/s through the channel. For each image,
a corresponding schematic is also shown to illustrate the
water—air interface at that instant. When water is filled
slowly inside the channel, air bubbles get trapped on the
holes in the surface (Fig. 4a). As the supersaturated water
flows over the bubbles, they grow in size more or less uni-
formly as shown in Fig. 4b, c. When the bubble diameter
reaches a value equal to the pitch of the holes on the sur-
face, they start to merge with adjacent bubbles as shown in
Fig. 4d. This merging is not uniform and occurs randomly
at various sites along the surface, probably driven by local
inhomogeneities on the surface. These merged bubbles fur-
ther grow bigger with time and eventually detach from the
surface leaving nuclei of bubbles inside the holes (Fig. 4e).
With time, these nuclei of bubbles also grow in size, merge
and detach, and the cycle repeats indefinitely (Fig. 4f). The
cycle of bubble growth, merging and detachment is high-
lighted by the corresponding schematics (a—f) also shown
in Fig. 4. An example video showing growth, merging
and detachment of bubbles for P, i < Pym 15 shown in
Online Resource 1.

From the images, such as those in Fig. 4, the diameter of
the air bubbles in the streamwise direction (D) was meas-
ured. Figure 5 shows the variation of the measured diam-
eter (D) of the bubbles normalized by the hole diameter
(Dy) for three different channel pressures (P ) of 1100,
2950 and 5880 Pa below atmospheric pressure. The actual
pressure values in the channel are lower as we go from
(a) to (c). One can see in each case that there is a gradual
growth of the bubble, as in the images in Fig. 4a—c, sud-
den increases in size related to bubble merger, as shown in
Fig. 4d, and also sudden decreases caused due to bubble
detachment, as shown in Fig. 4e. This cycle of gradual bub-
ble growth, merger of adjacent bubbles and bubble detach-
ment is seen to repeat in each case and is qualitatively simi-
lar at all pressures. There is, however, a clear difference in
the time period for a cycle, as the pressure is lowered from

atm
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Fig. 4 Time sequence of
images visualizing trapped

air bubbles on a hydrophobic
surface with blind holes. The
pressure in the channel (P, ,1ne1)
is maintained at 1100 Pa below
atmospheric pressure. The flow
rate is 5 ml/s. With time, the
air bubbles grow, merge and
eventually detach from the
surface leaving smaller bubbles
in the holes. The times after
immersion are a t = 0 min, b

t =30 min, ¢ t = 45 min, d

t = 50 min, e = 55 min, and

f t = 120 min. The schematics
shown indicate the air—water
interface corresponding to each
of the time sequence of images

Flow

Flow

(a) to (c). In (a), the time period for a cycle is about 40 min
for a pressure of 1100 Pa and decreases to about 15 min for
a pressure of 5880 Pa, both pressure values being the mag-
nitude below atmospheric pressure. At the lower pressures,
the growth rate of the bubble is higher, and this leads to a
smaller time taken for a cycle to repeat.

The rate of growth of the bubble is also significantly
affected by the flow rate. Time traces of the bubble diam-
eter at four different flow rates through the channel, while
maintaining the pressure at 1100 Pa below the atmospheric
pressure, are shown in Fig. 6, the flow rate being increased
from (a) to (d). It is apparent from the figures that the pro-
cess of growth and detachment of the air bubble is quali-
tatively the same in all cases. There are, however, two sig-
nificant differences. Firstly, there is a significant increase in
the growth rate of bubbles with flow rate. This can be seen
by the decrease, for example, in the time period of a cycle
of bubble growth, merger and detachment, which is about
40 min in (a) at 5 ml/s, and decreases to about 2 min at the
highest flow rate in (d) of 28 ml/s. This may be compared
to the convective effect of the flow on the decay of trapped
air pockets at higher pressures reported earlier (Poetes et al.
2010; Samaha et al. 2012a, b, c, d; Dilip et al. 2014). In
those cases, the higher pressures resulted in decay of the
trapped air bubbles with time, which was further enhanced

@ Springer

by convective effects. Here, at low pressures, the growth of
the trapped air bubbles is found to be enhanced by convec-
tive effects.

Apart from the increased growth rate of the bubbles,
there is also a clear difference in the detachment diam-
eter of the bubble (D,). As the flow rate increases, there is
a larger drag force on the bubble, and hence, the detach-
ment diameter (D,) of the bubble is reduced. At lower flow
rates, the detachment diameter is quite large and hence
up to two mergers, as seen by two sudden rises in bub-
ble diameter, may be seen in Fig. 6a, b. As the flow rate
is further increased, the detachment diameter keeps get-
ting reduced, and only one merger is shown in Fig. 6¢ and
none in Fig. 6d, as the detachment diameter is in this case
smaller than the bubble size after merger. In general, occur-
rence of bubble merger is dependent on the pitch to diam-
eter ratio (P/D,,) of the holes and the detachment diameter
(D,) of the bubble at a given flow rate, with the probabil-
ity of merger being larger for small (P,/D,) ratios, and
being nearly absent if (P,/D,) ratios are sufficiently large.
In addition, the width of the channel can also influence
merging, especially if the bubbles grow and hit the oppo-
site wall, although this did not occur in the experiments
reported here.
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Fig. 5 Variation in the bubble size (D) with time at channel pressures
(P panne) below atmospheric pressure. The time series shown cor-
responds to channel pressures (P ,,n.) of a —1100 Pa, b —2950 Pa
and ¢ —5880 Pa; the negative sign indicating the pressures is below
atmospheric pressure. The bubbles show gradual growth, sudden size
increases due to merger and sudden size decreases due to detach-

The measured normalized detachment diameter (D4/D,)
decreases rapidly with flow rate, as shown in Fig. 7a, due
to the increased drag on the bubble. These data show the
average detachment diameter obtained from analyzing a set
of about 20 detachments, with the variation in the quantity
being indicated by the error bars. The detachment diameter
(Dy) is seen to be roughly flat at low flow rates and then
decreases rapidly at higher flow rates, with D, expected
to slowly asymptote to D, at very large flow rates. On the
other hand, there appears to be no significant effect of
absolute pressure on the detachment diameter, as shown in
Fig. 7b.

The bubble detachment diameter (D) from surfaces has
been well studied, for example, by Klausner et al. (1993)
in the case of forced convection boiling. At sufficient flow
rates parallel to the surface, the detachment is in princi-
ple determined from a simple horizontal force balance
between the drag force on the bubble (F;) and the compo-
nent of the surface tension force (Fy,) that opposes the drag

ment in each case. Data corresponding to about three repetitions of
this cycle are shown in each case, with the time period corresponding
to this cycle decreasing significantly as the absolute pressure in the
channel is lowered. The flow rate through the channel was maintained
at 5 ml/s for all the cases, and all data are normalized by the hole
diameter (Dy,)

force, with all the other forces acting on the bubble being
relatively negligible. As observed from our experimental
visualizations, this appears to be the case in most of our
studies with the bubble detaching and moving horizontally
along the flow direction. The bubble Reynolds numbers
at detachment in our studies are in the range of 400—600,
where the drag force, Fqg & 1.7(3ruUDq) from the fit of
Mei and Klausner (1992), where u is the viscosity, and U
is the relative flow speed. The surface tension force (F,)
that opposes the drag force can be calculated and is given
by F, = o D, fler, B) (Klausner et al. 1993), where o is the
surface tension, D, is the bubble diameter at the wall, and
A, PB) is a function of the advancing () and receding (8)
contact angles, respectively. At higher flow rates, as shown
in Fig. 6d, where bubble mergers are prevented, the bubble
is essentially anchored at the hole edge, and so the bubble
diameter (D,) at the wall will be the hole diameter (D).
Under these conditions, as the flow rate Q (and hence U)
is increased, the drag force (F,) is proportional to (U D),
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increasing discharge where it remains constant when pressure is varied
while the surface tension force (F,) is proportional to Dy,

with all other factors in F; and F, remaining fixed. Hence,
the above simple analysis suggests that the detachment
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diameter (D,) will vary inversely with the flow rate (or U) at
higher flow rates, where bubble mergers are prevented. This
is consistent with our observation in Fig. 7a. This simple
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Fig. 8 Bubble distribution on the surface over a larger area at suc-
cessive time instants for a pressure within the channel of 2950 Pa
below atmospheric pressure and flow rate of 5 ml/s. The initial nearly
uniform growth of the bubbles is followed at larger times by a more

analysis is, however, not valid at low flow rates, where the
detachment diameter is large (about 2.75 D,). In this case,
the simple drag formula for a sphere in a uniform flow is
no longer sufficient. Further, it is clear that as the flow rate
decreases, the detachment criterion will at some point shift
from a horizontal force balance to a vertical force balance
between buoyancy and the vertical surface tension force, as
discussed by Klausner et al. (1993). The change in the trend
in the detachment diameter data at low flow rates, as shown
in Fig. 7a, is probably caused by these effects.

Pressure drop resulting from the flow over the bubble
mattress is an integral quantity and represents the combined
effect of all the bubbles over the entire length of the tex-
tured surface and not just at a particular location. It should
be noted that a single large bubble at any one point on the
surface will increase the pressure drop. Hence, it is impor-
tant to maintain bubble size uniformity over the entire
surface. This is achieved by ensuring steady flow before
changing the absolute pressure gradually to the required
value within the channel. We show in Fig. 8a zoomed out
picture of the air trapped on the textured surface over a
large area at eight successive time instants. Figure 8a shows
the initial condition when the bubbles have been trapped
uniformly across the surface, with each hole containing
an air bubble approximately of the same size. During the
growth of the air bubbles (Fig. 8b, c), the change in the size
of air bubbles is almost uniform across the entire surface.
However, once the merging of bubbles begins (Fig. 8d),
there is substantial variation across the surface. The merg-
ing process is random, with two bubbles merging at some
locations and three or more bubbles merging at other

random state with bubbles growing, merging and detaching at various
locations across the surface. Times after commencement of flow are a
t=1min, b= 10 min, ¢ t = 40 min, d f = 55 min, e t = 60 min, f
t = 65 min, g = 90 min and h = 100 min

locations. Subsequent growth of the merged bubbles causes
some of them to get detached from the surface, while the
growth of other bubbles may still be happening at other
locations (Fig. 8e). Further, in some cases when a big bub-
ble detaches and gets carried away by the flow, it removes
other bubbles on the same horizontal row where the first
detachment occurred. After bubble detachment, nuclei of
bubbles are left inside the holes (Fig. 8f), which in turn
grow into large bubbles and the cycle of growth, merging
and detachment continues (Fig. 8g).

The spatial variation in bubble size is illustrated in
Fig. 9, which shows the normalized bubble diameter (D/D,)
plotted against time for several bubbles at different loca-
tions along the surface. Initially, the increase in diameter of
the bubbles is seen to be uniform for different bubbles with
all bubble data following nearly the same trend until around
40 min. Thereafter, merging begins and substantial varia-
tions can be seen between bubbles at different locations.
At any given time instant, some bubbles are small (~D,),
while others can be substantially bigger due to merging
(~3Dy), and in general, there are bubbles at every stage of
the bubble cycle that includes growth, merger and detach-
ment. There is also the additional complication that when
large merged bubbles detach from the surface and move
into the flow, they may slide over the surface for a short
distance and hence may carry other growing bubbles along
with it. Hence, some of the growing bubbles get detached
from the surface at much smaller diameters compared to
the diameter to which it would have grown, if it was not
carried away by other detaching large bubbles. After the
initial 40 min, the pressure drop would then be related not
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Fig. 9 Normalized bubble diameter (D/D;) versus time for several
bubbles at different locations along the surface in Fig. 8. The initial
nearly uniform growth of the bubbles is followed at larger times by a
more random state with bubbles growing, merging and detaching at
various locations across the surface at any given time instant

to any particular part of the bubble cycle, but to the spa-
tially averaged bubble size over the entire surface, which
would also be approximately the same as the time-averaged
bubble size at any given location.

The time variation of pressure drop (AP) for a case cor-
responding to pressure within the channel (P,,,,.;) that
is lower than atmospheric pressure is shown in Fig. 10.
The data correspond to the bubble visualization images
shown in Fig. 8, with the time instants corresponding to
the images (a—h) in Fig. 8 also marked on the pressure
drop plot. Initially, when the bubbles grow uniformly over
the surface [as in (a—c)], the pressure drop continually and
gradually increases, reaching values that are more than
twice the reference pressure drop, AP ~ 2 AP,. There-
after, the merging of air bubbles causes the pressure drop
to increase further [as in (d) and (e)]. Following this [in
images (f~h)], merged bubbles at a few sites are detaching
from the surface, even as at other sites, growth and merg-
ing of the bubbles may still be taking place. This simulta-
neous growth, merging and detachment cause the pressure
drop to undulate within a small range, which is apparent
from pressure drop data between (f) and (h). It is clear that
the growth of air bubbles causes an increase in pressure
drop, with the ratio (AP/AP,) always being greater than
1, and being about 2.5 with some variations at large times,
corresponding to the highly unsteady bubble dynamics as
seen in (f-h).

Variation of the pressure drop (AP) with time for differ-
ent absolute pressures within the channel (Pg,,,,;) 1S shown
in Fig. 11. As seen from the plots, the qualitative trends for
the pressure drop variation with time are nearly the same
in all cases. Initially, the pressure drop always increases

@ Springer

£ L o NS I B o B A B
I Q:5 ml/s © -2950 Pa |
2'5,_ 8@ %;Z% (h) 7]
I éz)@ ) i
= °f “ ]
SE & ]
< - .
1.5? 7
o o ____ _
L v 1l
0'50 20 40 60 80 100 120 140

Time (minutes)

Fig. 10 Measured pressure drop (AP) with time at a pressure inside
the channel of 2950 Pa below the atmospheric pressure. The data
shown here correspond to the bubble visualizations shown in Fig. 8,
with the time instants corresponding to images (a—h) being also indi-
cated here. The flow rate through the channel is 5 ml/s. The pressure
drop increases as the bubble grows, and at all time instants are greater
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Fig. 11 Measured normalized pressure drop (AP/AP,) with time
corresponding to variations in absolute pressure within the chan-
nel. In all cases, the absolute pressure within the channel (P,,ne1) 1S
lower than atmospheric pressure, as indicated by the negative values
before pressure. The important difference caused by pressure varia-
tion is the rate of increase in pressure drop, which is consistent with
the more rapid growth in the bubble size. The flow rate is kept con-
stant at 5 ml/s

from values around the reference case and reaches large
pressure drops that are a few times the reference value,
corresponding to the state where the bubble dynamics has
reached a quasi-steady state as shown in Fig. 8f-h. As
seen before with the bubble dynamics, there is, however,
a distinct change in the time scale as the absolute pressure
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Fig. 12 Time sequence of images showing shrinkage of air bubbles
when a pressure of 6850 Pa above atmospheric pressure is maintained
inside the channel. The flow rate Q through the channel is 3.5 ml/s.
The times after the flow commences are a ¢t = 0 min, b t = 5 min, ¢

(P pannet) 18 decreased, with the pressure drop (AP) increas-
ing more rapidly at lower pressure, as shown in Fig. 11.
Apart from this, one can also see that the value of pressure
drop reached at large times does not vary significantly with
pressure in Fig. 11, consistent with the fact that the detach-
ment diameter shown in Fig. 7 does not vary significantly
with pressure.

In summary, the pressure drop (AP) is found to be sub-
stantially larger than the reference case (AP,), for all the
cases where absolute pressure within the channel is lower
than the atmospheric pressure (P nnet < Paum)- There is no
drag reduction seen, and one in fact only observes large
increase in pressure drop, of greater than 200 %, caused by
the relatively large bubbles obstructing the flow.

t=40 min,d r = 75 min, e t = 115 min and f t = 150 min. The bub-
bles shrink in size with time and eventually disappear. The schemat-
ics shown indicate the air-water interface corresponding to each of
the time sequence of images

4 Pressures within the channel above atmospheric
pressure (P .nnet > Patm)

As the bubbles grow and obstruct the flow, the increased
resistance to the flow is much higher than the reduction in
the resistance due to low shear surface offered by the air
surface. If the bubbles are allowed to shrink, then it should
be possible to measure the reduced resistance through the
pressure drop measurements. In this section, we study the
flow characteristics when the pressure in the channel is
maintained above atmospheric pressure (Ppannel > Paum)-
Figure 12 shows typical images of the trapped air pock-
ets within the holes on the textured hydrophobic surface,
recorded at regular time intervals, along with correspond-
ing schematics of the air—water interface. The images
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correspond to a pressure within the channel of 6850 Pa
above atmospheric pressure, with a flow rate of 3.5 ml/s.
Figure 12a shows the initial condition of the trapped air
bubble, which is larger than the hole size, this being done
to enable measurement of the pressure drop starting from
large bubbles to near complete decay of the air bubble
within the hole. The initial larger bubbles were achieved by
maintaining a pressure lower than the atmospheric pressure
(about 1100 Pa below atmospheric pressure) for a short
period of time and controlling the duration of this pressure
condition such that the bubbles do not merge with each
other. After this short growth period, the pressure was made
greater than atmospheric pressure. The shape of the air—
water interface at this instant (Fig. 12a) indicates that the
triple line is on the surface outside the hole. Subsequently,
as seen in successive images from (a) to (f), the bubbles
shrink in size and eventually are no longer visible by image
(f) at time t of about 150 min. In the initial stages of bub-
ble shrinkage, the diameter of the bubble just reduces, as in
(a—c), as also depicted schematically in the bottom of the
figure. At image (c), corresponding to about 40 min, the air
bubbles have shrunk in size with the contact line pinned at
the edges of the holes, and the bubbles appear to be almost
flush with the holes. With time, the air bubbles shrink
further into the hole and eventually get de-pinned from
the edges (Fig. 12d). It was observed that the de-pinning
occurs preferentially at the leading edge of the holes on the
left, which is likely caused by the drag force on the bubble
that pushes the bubble from left to right. At approximately
150 min, the air bubbles appear to have completely disap-
peared (Fig. 12f). This means either that all the air bubbles
have completely disappeared or that they have become too
small to be detected by the technique used to visualize the
bubbles. The corresponding video showing bubble shrink-
age is presented in Online Resource 2.

The pressure drop data are an integral quantity and rep-
resents the combined effect of all the trapped air over the
entire length of the textured surface and not just at a par-
ticular location. Hence, we present in Fig. 13 a zoomed
out picture of the air trapped on the textured surface over
nearly its entire length at three successive time instants.
This image was obtained using total internal reflection
(TIR)-based imaging, as discussed in experimental meth-
ods section. With this technique, one can initially see bright
spots in the image throughout the length of the surface,
with each spot representing a trapped bubble within a hole,
made visible by total internal reflection of light from the
air—water interface. With time, the number of bright spots
on the surface diminishes, and at a time of about 60 min,
the number of spots has greatly reduced. However, it may
be noted that the distribution at any given streamwise loca-
tion is roughly similar, indicating that the bubble behavior
shown in Fig. 12 at a few holes is reasonably representative
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Fig. 13 Time sequence of disappearance of air bubbles at a pressure
of 6850 Pa above the atmospheric pressure inside the channel. The
flow rate through the channel is 6.5 ml/s. Initially, the air bubbles
cover the entire surface. With time, the air bubbles shrink in size and
eventually disappear
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Fig. 14 Measured pressure drop (AP) with time at a pressure inside
the channel of 6850 Pa above the atmospheric pressure. The data
shown here correspond to the bubble visualizations shown in Fig. 12,
with the time instants corresponding to images (a—f) being also indi-
cated here. The flow rate through the channel is 3.5 ml/s. The pres-
sure drop data reduce from greater than the reference value, as the
bubble shrinks, reaching a minimum corresponding to about 15 %
pressure drop reduction when the bubble is flush with the hole, and
then slowly increasing to the reference pressure drop value

of the entire textured surface. The measured pressure drop
would thus be expected to respond to this observed decay
of air bubbles over the entire length of the textured surface.
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The pressure drop data corresponding to the bubble
dynamics presented in Fig. 12 are shown in Fig. 14. The
pressure drop (AP) data in the plot have been normalized
by the pressure drop through the channel at the same flow
rate (3.5 ml/s) from the reference case (AP,) in Fig. 3,
with the time instants corresponding to the images (a—f) in
Fig. 12 also marked on the plot. Initially, when the bubble
size is large [as in (a)], the pressure drop obtained is much
higher than that obtained at the same flow rate for the refer-
ence pressure drop shown by the dashed line (AP,). As the
bubbles begin to shrink in size (as in (b)), there is a corre-
sponding decrease in pressure drop. With further decrease
in bubble size, the pressure drop decreases below the refer-
ence value and reaches a minimum corresponding to about
0.85AP, that represents a pressure drop reduction (or drag
reduction) of about 15 % corresponding to the instant (c).
At this instant, the bubble as indicated in Fig. 12 is nearly
flush with the hole, and this appears to be the optimal con-
dition for maximum reduction in pressure drop. Subse-
quently, the pressure drop increases and finally reaches that
of the reference pressure drop, as the bubble slowly recedes
into the hole [as in (d) and (e)] and finally is no longer vis-
ible [as in (f)]. The maximum drag reduction is about 15 %
and occurs at a time of about 40 min, which we shall refer
to as fo,.

The pressure drop data (AP) normalized by the refer-
ence pressure drop (AP,) and plotted versus (1—t,;,) are
shown in Fig. 15a for absolute pressure variation and in
Fig. 15b for flow rate variation. As seen from the plots, the
qualitative trends for the pressure drop variation with time
are the same in all cases. The measured pressure difference
(AP) decreases initially from values greater than the refer-
ence case (AP,), reaching a minimum (at #.,;,) that is lower
than the reference value, and then gradually increases to the
reference value given sufficient time. The important differ-
ence caused by pressure variation in (a) and flow rate vari-
ation in (b) is the time scale. For example, the time taken to
go from the minimum pressure drop condition to the refer-
ence value substantially increases as the pressure or flow
rate is decreased. This implies that the duration of time for
which drag reduction can be sustained can be increased by
decreasing the absolute pressure within the channel.

5 Discussion

The visualization of entrapped air bubbles revealed that
when the absolute pressure in the channel is maintained
below the atmospheric pressure (P ,nne1 < Pam)» the size of
the air bubbles gradually increased, resulting in merger of
adjacent bubbles, followed by bubble detachment from the
surface. On the contrary, when the pressure is maintained

above the atmospheric pressure (P nne > Pam) there is a

(a)

1.2

<
w
wn
E
P

< + 6850 Pa
(0] + 4400 Pa

1.1

o

AP/AP
T

0.9

ogl— Loy
-100 0 100 200 300 400

t-t__ (minutes)

‘min

()15

e ERLAEN I oo e e e
+6850 Pa | 3.5 ml/s

400

I\\\\|\\\\|\\\\|\\\\|\\\
=25 0 25 50 75 100 125

0.8 PRI R

t-t .. (minutes)

Fig. 15 Measured normalized pressure drop (AP/AP,) with time
corresponding to variations in a absolute pressure within the channel
and b flow rate. The important difference caused by pressure varia-
tion in (a) and flow rate variation in (b) is the time taken to go from
the minimum pressure drop condition to the reference value (AP,),
which substantially decreases as the pressure or flow rate is increased.
In (a), flow rate is kept constant at 3.5 ml/s, while in (b), the pressure
within the channel is maintained close to (+) 6850 Pa above atmos-
pheric pressure in all cases

gradual decrease in size of air bubbles with time, leading
to their eventual disappearance. This indicates that changes
in the absolute pressure of water close to the surface can
substantially alter the trapped air bubble dynamics, which
in turn affect the pressure drop (AP) through the channel.

From Henry’s law, it can be shown that any variation of
pressure within the channel would result in a change in the
degree of saturation (f) of air in water within the channel.
In our experiments, water was saturated at room tempera-
ture and atmospheric pressure (P,,,) and was exposed to a
different pressure inside the channel (P,,,.)), Which was
either greater or lesser than P,,. The degree of saturation
of water within the channel under these conditions is given
by:
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Hence, in the case of absolute pressures within the chan-
nel that are lower than atmospheric pressure (Pgy,,.
nel < Pam), the degree of saturation f would be greater than
1, implying that the water will be supersaturated with air,
leading to transport of air from the water into the trapped
air bubbles. On the contrary, at pressures above atmos-
pheric pressure (P nnel > Pam)» f Would be lesser than 1,
implying that the water will be undersaturated with air,
leading to transport of air from the trapped air bubbles to
the water.

The rate of growth or dissolution of a stationary spheri-
cal bubble suspended in a stationary infinite medium
(water) with air concentration (C,) is given by the
Epstein—Plesset equation (Epstein and Plesset 1950) as:

)
- -1=
D;
where D is the diameter of the bubble at time ¢, D; is the
initial diameter, k is the diffusivity of air in water, p is the
density of air, fis the degree of saturation (f = C,/C,), C,
being the saturation concentration of air in water.

In flow situations, rate of growth or dissolution of the
bubbles is more pronounced due to convective effects

caused by the flow. In this case, the rate of mass transfer of
air from or to the bubble is given by:

8kCs(1 —f)

t 1
oD (1)

ma = hmAs(Cs - Coo) (2)

where £, is the convective mass transfer coefficient, A, is
the surface area of the air bubble, and (C, — C,,) is the dif-
ference in the concentration of air in water at the surface
of the bubble and at a location far away from it. This mass
transfer coefficient when expressed in a dimensionless
form is called the Sherwood number and is given as:

_ hwD
Tk

where D is the diameter of the bubble and & is the diffusiv-
ity. For a spherical bubble exposed to flow, Favelukis et al.
(1995) have showed that Sherwood number scales with the
Peclet number (Pe = UD/k, U being the flow velocity rela-
tive to the bubble) as:

Sh 3

Sh ~ Pe'/? 4)

with this scaling being valid for Pe > 1, where convection
is much stronger than diffusion, as in the present case. This
convective mass transfer leads to a change in the diam-
eter of the bubble (D) with time from its initial value (D)),
which, from Egs. (2)—(4), can be shown to be of the func-
tional form:
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where s is a parameter which depends on the degree of sat-
uration f'and is given by:

3C, _
s=a= ¢ = D)o, ©)

where a is a proportionality constant from Eq. (4). This
functional form for the variation of D is consistent with the
expression for a growing bubble in a flow obtained by Al-
Hayes and Winterton (1981) and may be contrasted with
Eq. (1) for the case with no flow, where the exponent for D
is 2 as compared to the present case where it is (3/2). Fur-
ther, the expression [Eq. (6)] clearly shows that the diam-
eter (D) of the bubble grows if f > 1 and decays for f < 1,
with the magnitude of the growth/decay being dependent
both on the magnitude of (f—1) and the relative flow veloc-
ity U between the bubble and the flow, the latter being
dependent on Q.

The measured growth/decay of the trapped air bubbles
with time in our experiments can be compared with the (D/
Di)3/2 variation. With this in mind, we show in Fig. 16 our
measured bubble diameter (D) plotted in the form of (D/
D,)*? with time. The data corresponding to P01 < Pams
where the bubble grows with time, are shown in Fig. 16a,
and the data for P, .1 > Pum» Where the bubbles decay,
are shown in Fig. 16b. As seen in the plots, the variation
in the data is nearly linear for all time in (a). In the case of
(b), the data are again linear at small times. At later times,
when (D/D,) < 0.8 (or (D/Di)y 2<0.7), the slope appears to
reduce. This is due to the fact that the air—water interface
has shrunk into the hole, as shown in Fig. 12d, and as a
result the removal of air occurs at a lesser rate.

In both cases in (a) and (b), the slope of the data at small
times gives the parameter s in Eq. 5. The variation in s corre-
sponding to 16a, b is shown in Fig. 16c¢, d, respectively. The
growth rate in (c) increases linearly with f for f > 1, while
for f < 1 in (d), the decay rate in (d) increases linearly as f
is decreased from 1.0. In the case of Py, < Py (F> 1),
as the pressure is lowered, the growth rate increases signifi-
cantly, this growth rate corresponding to the initial phase
of growth of a single bubble before merger. In the case of
P amnel > Pam (f < 1), this leads to a more rapid decay in
size of the trapped air pockets or bubbles as the pressure
is increased consistent broadly with earlier results (Poetes
et al. 2010; Samaha et al. 2012b, d; Dilip et al. 2014).

Apart from the degree of saturation f, the rate of growth/
decay of the bubble is also affected by the flow rate of water
Q through the channel. The data corresponding to supersatu-
rated water with a degree of saturation of f = 1.05, where the
bubble grows with time, are shown in Fig. 17a, and the data
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Fig. 16 Bubble growth/decay with time at different degree of satu-
ration (f) of water within the channel. In (a), growth of bubbles is
shown for different values of degree of saturation f, when water is
supersaturated with air (f > 1), while in (b), decay of bubbles at vari-

for undersaturated water at degree of saturation f = 0.93,
where the bubbles decay, are shown in Fig. 17b. In the for-
mer case, a higher flow rate causes the bubbles to grow more
rapidly, whereas in the latter case, an increase in the flow rate
causes the bubbles to shrink faster, consistent with Egs. (5)
and (6). From the data in Fig. 17a, b, the parameter s in Eq. 5
may be found as the slope of the data at small times. The var-
iation in s corresponding to 17a, b is plotted against the flow
rate Q and is shown in Fig. 17c, d, respectively. The slope s
is expected to vary as U%> from Eq. (6), and the actual vari-
ation shown in Fig. 17c, d is found to be broadly consistent
with this, as shown by the QO'5 fits in both cases; s increasing
for f> 1 and decreasing for f< 1.

Pressure drop (AP) measurements indicate that the growth
of air bubbles at absolute pressures within the channel that
are lower than atmospheric values (P nnet < Pam) causes the
pressure drop to increase above the reference value (AP,)
corresponding to the Wenzel state, i.e., when the holes are
completely filled with water. This is illustrated in Fig. 18a,
where the pressure drop data are plotted against the bubble
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initial slopes of the data (s) in (a) and (b) is shown in (¢) and (d),
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diameter D normalized with the diameter of the hole D, for
such a case. As the bubbles grow, the pressure drop substan-
tially increases, and at later times, once bubble merging and
detachment have begun, the pressure drop continues to be
significantly large, about 250 % of the reference case. This is
due to the fact that the growing air bubbles obstruct the flow
passage, with the whole flow field also being highly unsteady,
and this manifests as an increase in the pressure drop. At later
times corresponding to the large nearly saturated pressure
drop, bubble growth, merger and detachment occur at each
instant in different parts of the surface, as depicted by the
schematics in Fig. 18a. It is thus clear that merely having bub-
bles is not sufficient, it can in fact be much worse in terms of
pressure drop than even the reference Wenzel condition.

On the other hand, when the pressure in the channel
was maintained greater than atmospheric pressure (P,
nel > Pum), the pressure drop decreased to a minimum
value, which was lower than the reference Wenzel case, and
then gradually increased to become equal to the reference
pressure drop. This is illustrated by a typical pressure drop
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Fig. 17 Bubble growth/decay with time at various flow rates of water
through the channel. In (a), growth of bubbles is shown for differ-
ent values O, when water is supersaturated with air (f = 1.05), while
in (b), decay of bubbles at various Q when water is undersaturated

versus normalized bubble diameter curve for such a case in
Fig. 18b with schematics showing the water—air interface
at a few time instants. As the bubbles initially shrink in
size, the pressure drop also reduces with time. The mini-
mum pressure drop is found to correspond to the instant
when the bubbles are flush with the surface, i.e., near D/
D, =1 as shown in the figure. This observation is in agree-
ment with the recent analytical and numerical studies of
Steinberger et al. (2007), Havuyoloma and Harting (2008),
Davis and Lauga (2009), and Wang et al. (2014) who found
that the maximum slip length occurs at an optimum bub-
ble shape, and any variation from this optimum condition
would cause the slip length to reduce. We show in this
work that the absolute pressure within the channel (Pg,,,ne1)
significantly changes the time scale over which the pressure
drop reduction is observed, with the time scale increasing
as the pressure within the channel approaches the atmos-
pheric pressure, where the water is saturated with air. The
present work has been done for a particular textured sur-
face, namely a surface with holes. However, the broad
result of changes in P, significantly affecting the time

@ Springer

12.5 ml/s 8.5 mlls =
PYT]) T I SN I S W W B
0 5 10 15 20 25 30 35 40
Time (minutes)

@ o e
f:093 1
-0.01F .
-0.02f .
) [ ]
-0.03| .
I 5=-0.02 0"+ 0.03 ]
-0.04 - ]

005 U b L L 1
0 2 4 6 8 10 12 14

Flow rate, Q (ml/s)

(f = 0.93) are shown. Variation in the initial slopes of the data (s)
in (a) and (b), plotted against the flow rate, is shown in (c) and (d),
respectively

scale over which the pressure drop reduction is observed
is expected to occur for all patterned surfaces, although
the precise dependence of drag on absolute channel pres-
sure would be texture-dependent. This result can be useful
in sustaining drag reduction over large periods of time in
internal flows such as those in microchannels.

6 Conclusions

We present results on the flow past an array of air bubbles
formed over a textured hydrophobic surface containing
a regular array of blind holes. The surface was generated
using photo-etching of brass and rendered hydrophobic
through a self-assembled monolayer coating. The diameter
of the holes was 300 pum, pitch 370 um and depth 160 um,
with the contact angle measured on the surface being 125°.
This surface is used as one wall of a microchannel, and the
flow through this microchannel is studied for varying abso-
lute pressures within the channel (P,,..). We visualize
in all cases the trapped air bubbles on the textured surface
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Fig. 18 Pressure drop versus normalized bubble diameter in flow
through a textured hydrophobic microchannel with schematics show-
ing the corresponding water—air interface. In (a), the absolute pres-
sure within the channel is lower than the atmospheric pressure (P,

chan-
nel < Paum)s and hence, the water within the channel is supersaturated

with air. In (b), the absolute pressure within the channel is higher
than the atmospheric pressure (P, > Pam)> and hence, the water
within the channel is undersaturated with air. The pressure drop data
in the two cases are entirely different, with (a) having large pressure
drop increase, while (b) has a pressure drop reduction over a period
of time

with simultaneous measurements of the pressure drop (AP)
through the channel, both as a function of time.

When the absolute pressure within the channel is
lower than atmospheric pressure (P nnel < Parm)> We find
that the trapped air bubbles grow with time, merge with
adjacent bubbles and then detach from the surface. This
whole process is driven by the fact that the water in the
channel is effectively supersaturated with air, and hence,
air gets transported from the water into the trapped air
bubbles on the surface. We show that as the pressure
is lowered from atmospheric pressure, the trapped air

bubbles grow more rapidly with time, and the bubble
cycle time for growth, merger and detachment decreases.
The flow rate is also found to have a significant effect
both on the time scale for bubble growth and on the
maximum bubble diameter reached before the bubble
detaches from the surface. Simultaneous pressure drop
measurements show that in these cases, there is a large
increase in pressure drop compared to the reference case
with no air trapped on the textured surface. Hence, it is
clear that the mere presence of air is not sufficient to give
drag reduction. We in fact get large, up to about 250 %,
increase in pressure drop compared to the reference value
in these cases.

On the other hand, when the absolute pressure
within the channel is larger than the atmospheric pres-
sure (P.pannel > Pam)» We find that the trapped air bub-
bles decay with time, as reported by others. This process
is driven by the fact that the water in the channel is in
this case undersaturated with air, and hence, air trans-
port occurs from the trapped air bubbles into the water
in the channel. The decay or shrinking of the trapped
air bubbles initially occurs outside the holes, with the
air—water interface then slowly moving into the holes
on the surface. Simultaneous pressure drop (AP) meas-
urements show that in these cases there can be a sub-
stantial decrease in pressure drop that is achieved for a
certain period of time. Actual pressure drop versus time
curves indicate a period for which this drag reduction
is observed, this time being dependent on the absolute
pressure within the channel (P.,,..). The maximum
pressure drop reduction, of about 15 %, is achieved at
an intermediate time corresponding to the instant when
the trapped air bubble is flush with the surface. At times
before this, the bubbles are larger and protrude into the
flow, while at later times, the air—water interface enters
the hole, with the pressure drop being larger than the
instant when the trapped air bubble is flush with the sur-
face. At very large times, the air—water interface goes
deep within the hole and the pressure drop asymptotes to
the reference value in the absence of any air.

In summary, we show in the present work that the abso-
lute pressure within a textured hydrophobic channel can
significantly alter the dynamics of the trapped air bubbles
on the surface, which can have a profound effect on the
pressure drop through the channel. At low channel pres-
sures, the trapped air bubbles grow, merge and detach from
the surface, with this resulting in a large pressure drop
increase, despite the presence of air. On the other hand, at
higher pressures, pressure drop reduction is achieved, with
the maximum pressure drop occurring when the bubble is
flush with the surface, although the time scale for which
this occurs is dependent on the absolute pressure within the
channel.
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