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Microtextured superhydrophobic surfaces have shown potential in
friction reduction applications and could be poised to make a sig-
nificant impact in thermal management applications. The purpose
of this paper is to account for the thermal effects of the heated
fluid flowing in superhydrophobic microfluidic channels. Through
microscopic observation and flow rate measurements it was
observed that (1) heating may prolong the Cassie state even under
elevated pressure drops by increasing the temperature in the gas
layer and that (2) excessive heating may pinch the microchannel
flow due to the air layer invading into the liquid layer.
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1 Introduction

Superhydrophobic surfaces that induce slip have recently
received attention as a means of achieving surface friction and
drag reduction [1–4]. Other applications of using such surfaces
include frost prevention on aircraft flight surfaces to self-cleaning
features on solar energy panels [1,5].

One way to achieve superhydrophobicity is through the micro-
geometry modification of low energy surfaces. Two models repre-
sent the wetting behavior of such microtextured surfaces: the
Wenzel state [6] and the Cassie–Baxter state [7]. The Wenzel
state models the amplifying effect that surface texturing has on
the Young’s contact angle under fully liquid imbibed conditions.
The Cassie–Baxter state models the macroscopic contact angle
formed when air pockets exist within the microtexturing. The
presence of these air pockets in the Cassie state can lead to fric-
tion and drag reduction [8–10], with research in this area being
actively pursued. Such research includes modeling the fluid flow
over textured surfaces [11], studying the drag reduction of flow
over nanotextured surfaces [12,13], and the use of chemical coat-
ings in microtextured surfaces to enhance superhydrophobic
effects [4,14]. Studies have also been conducted in utilizing ther-
mally sensitive chemical polymers in order to modify the sub-
strate surface energy [15].

Despite the vast literature on friction and drag reduction from
superhydrophobic surfaces, there is very little work aimed at cor-
relating the pressure and thermal effects on the stability and char-
acteristics of this condition. While studies have shown the
dependence of the overall convective heat transfer rate on slip
length [16–18], experimental studies on the reverse influence that
thermal effects have on the trapped gas layer and corresponding fric-
tion in superhydrophobic microchannels have not been conducted.

In this paper, microgaps are used as the surface texturing in the
microchannel, and the air pockets are observed under heated con-
ditions to study the thermal effects on the stability of the Cassie
state and its friction reduction characteristics. While the water
flowing in the microchannels penetrated into the microcavity gaps
as the inlet pressure was increased, the penetrating water layer
was pushed back to its original state as the microfluidic channel
was heated due to the expanding air pockets trapped in the micro-
gaps. Consequently, the air gaps withstood higher liquid pressure,
thus, prolonging the two phase flow in the microfluidic channel.
Although the experimental data indicate that heated cavities pro-
vide more stability to the Cassie state under pressure flow condi-
tions, careful control of the microchannel heating is required since
elevated temperatures resulted in a pinched liquid flow due to ex-
cessive growth of the air layer into the water layer.

2 Theoretical Model

In order to ensure a proper two phase flow through friction
reduction in the microchannel flow, a microtextured surface that
induces a stable Cassie state is desirable. The liquid meniscus rest-
ing on top of a textured surface is under a Cassie state if the liquid
does not wet the gaps beneath the liquid interface. As a result the
liquid resting on top of the textured surface will experience a
reduced surface resistance since a portion of the contact surface
underneath is filled with gas. The conventionally used Cassie–
Baxter model [4] is

cos hCB ¼ /s cos hY � ð1� /sÞ (1)

where hCB is the Cassie–Baxter angle, hY is the Young’s contact
angle, and /s is the ratio of solid contact area to the nominal area.
Also, in order to maintain the air–water interface, the surface to-
pography must be in the stable Cassie state [19], or rougher than
the critical roughness factor [20]

rc ¼ /s �
1� /s

cos hY
(2)

where rc is the critical roughness factor. A roughness factor lower
than rc will result in a Wenzel state where full wetting of the
microtextured surface will occur, or a metastable Cassie state
where the liquid initially under Cassie state may transition to
Wenzel state if disturbances occur. On the other hand, a roughness
factor higher than rc will lead to a stable Cassie state. In our
experiments, we have conducted tests on textured microfluidic
channels with roughness factors significantly higher than the criti-
cal roughness factor.

3 Experimental Setup

3.1 Fabrication of the Microcavity Substrate Microchannels.
The microfluidic devices were fabricated by soft-lithography
(Fig. 1). A bare wafer was coated with SU-8 2050 (Microchem)
and a negative mold for the polydimethylsiloxane (PDMS) micro-
fluidic channel was fabricated through standard photolithographic
procedures. The thickness of the SU-8 mold pattern was measured
using a profilometer (Veeco) to confirm the channel thickness.
The wafer was then silanized (UCT Specialties, LLC) for at least
an hour in a vacuum desiccator to fluorinate the SU-8 mold. A
PDMS base and solvent (Dow Corning) mixture, at a volume ratio
of 10:1, was poured on the silanized SU-8 mold. The entire wafer
was cured at 95 �C for 2 h. The cured PDMS microfluidic channel
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replicas were peeled off from the wafer and were bonded to glass
substrates. Prior to bonding, the glass substrates were spin coated
with a thin layer of PDMS to ensure uniform properties within the
microfluidic channel. Both PDMS slabs and PDMS coated glass
substrates were treated with oxygen plasma (Harrick Plasma) at
29Watts for 20 s. Once the bonding was complete, the treated
samples were then baked overnight on a hot plate at 65 �C.

The channel dimension for the baseline channel with no surface
textures is 100 lm� 110 lm� 2 cm (width� height� length).
For the channels with microtextured surface, the liquid flow chan-
nel dimension is similar to the baseline channel and an array of
microtrenches with dimensions of 60 lm� 500 lm (gap
size� depth of cavity) on the side walls are added.

3.2 Heating of the Microfluidic Channel. A water reservoir
with a controllable column height was used to generate a constant
pressure source (Fig. 2). The water column device was connected
to the inlet of the microchannels, and constant pressure conditions
of 2500 Pa, 3500 Pa, and 4500 Pa were applied to the microfludic
channel by controlling the water column height. A pressure trans-
ducer (Omega) was used to measure the gauge water pressure sup-
plied to the channel.

A resistive heating pad was placed directly underneath the
microfluidic device to provide a constant heat flux to the channel.
The heat transfer rate was controlled by varying the voltage to the
heat pad. Under a fixed pressure head, the liquid–gas interface

was initially observed under unheated conditions. Then, the tem-
perature of the bottom substrate was increased from 26 �C to
32 �C, with increments of 1 �C. Measurements were performed
with a microscope after the substrate temperature was stabilized.

4 Results

4.1 Heating Effects on Penetration Depth. Water flow in
the microfluidic channel was generated by a constant pressure
source. With a constant pressure applied to the microfluidic chan-
nel, the pressure is qgh at the inlet and is assumed to drop linearly
to the outlet pressure. Depending on the inlet pressure, this pres-
sure gradient will either wet the cavity or maintain the Cassie
state. Since the pressure required to prevent penetration through-
out the entire channel is calculated to be 1000 Pa, the inlet pres-
sures were large enough (2500 Pa, 3500 Pa, and 4500 Pa) to
induce penetration near the inlet region, as can be seen in Fig. 3.
The images in Fig. 3 visually depict the relationship between pres-
sure and penetration depth in the cavities, where the penetration
depth is measured using a microruler. The pressure is the largest
near the inlet and the smallest near the outlet.

However, as heat was applied to the channel, the gas layer
started to expand with increasing temperature. For the case where
the substrate temperature was 28 �C, the curvature of the penetrat-
ing liquid interface was convex, indicating that the liquid pressure
is greater than the gas pressure. As the substrate temperature
reached 30 �C (Fig. 4), the curvature gradually reduced to a near
flat shaped profile, and at 32 �C the curvature was reversed to a
concave profile. Once the curvature was reversed, it was apparent
that the penetrated liquid started to retract because of the expand-
ing air pockets. This indicates that the temperature of the gas layer
was high enough that the pressure of the gas pocket became
greater than that of the water layer.

The penetration depth as a function of channel location under
different temperature conditions is presented in Fig. 5, where the

Fig. 1 Schematic diagram of 60 lm 3 500 lm trenched micro-
fluidic channel

Fig. 2 Experimental setup of pressure measurement test

Fig. 3 Micrographs of 60 lm 3 500 lm trenched channel under
(a) 2500 Pa, (b) 3500 Pa, and (c) 4500 Pa (53) at 25 �C. Penetra-
tion of the water layer into the microcavities can be observed
near the inlet.
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inlet pressure was fixed at 3200 Pa. From the graph, it is apparent
that the penetration depth along the channel decreased as the tem-
perature was increased.

At 28 �C, 100% of the cavities were penetrated, where approxi-
mately 60% of the cavities were fully wetted. As the temperature
was increased to 30 �C, the penetration depth started to decrease
as the gas layer expanded due to the increase in gas pressure.
Approximately 10% of the channel showed that the liquid layer
retracted back to a nonpenetrating state. It should be noted that
the fully wetted cavities throughout 60% of the channel remain
fully wetted. When the temperature was increased to 32 �C, the
gas layer expanded further and the partially wetted cavities transi-
tioned to a fully nonwetted state. For this case, the gas layer con-
tinued to expand and started to invade the liquid layer instead.

From the above results, it can be seen that the liquid penetration
can be prevented by heating the air trapped within the microcav-
ities. With sufficient heating, penetration can be prevented even
under higher liquid pressures. However, with the current pressure
range, the effect of prolonging the Cassie state did not signifi-
cantly affect the friction in the channel. By testing at higher pres-
sure range, it may be possible to achieve reduced frictional effect
in the heated channel.

4.2 Pinching Effects and Flow Rate Reduction. At increased
temperatures, the growth of the air layer continued until it invaded
the main channel, where the air pocket growth is presented in
Fig. 5 as the negative penetration depth, and the liquid flow started
to experience a “pinching” effect due to the reduced cross-
sectional area of the flow (Fig. 6). This pinching effect is analo-
gous to a closing valve. At lower inlet pressures, even a slight
increase in temperature resulted in a reduced flow rate until the
flow was eventually disrupted (Fig. 7). For higher inlet pressures,
the flow rate was maintained at higher temperatures. However,
once the temperature reached a certain threshold, the pressure in

Fig. 4 Micrographs (near the inlet) of heating effects on liquid
penetration at (a) 30 �C and (b) 32 �C. The inlet pressure is at
2400 Pa (gauge).

Fig. 5 Penetration depth versus location under different sub-
strate temperature conditions. The inlet pressure is at 3200 Pa
(gauge).

Fig. 6 Micrographs (near the outlet) of heating effects on liq-
uid penetration at (a) 30 �C and (b) 32 �C. The inlet pressure is at
2400 Pa (gauge).

Fig. 7 Flow rate versus temperature graph of 60 lm 3 500 lm
cavity channels under (a) 800 Pa, (b) 1600 Pa, (c) 2400 Pa, and
(d) 3200 Pa inlet pressures
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the air pockets exceeded the liquid pressure and a drastic drop in
flow rate was observed. This phenomenon can also be observed in
Fig. 8. At lower pressures, the flow rate was very sensitive to the
change in temperature. For this case, the air pockets expanded
even under a slight increase in temperature. It was observed that
the liquid flow was disrupted at a substrate temperature of 28 �C.

Current analytical/numerical models [21–23] estimate the
effective slip length based on the assumption that the air–water
interface is a shear-free boundary condition. This is an idealized
assumption that can lead to estimated slip lengths quite different
from those observed experimentally [2,10,24–26]. Furthermore,
recent results suggest that for isolated gas pocket microgeometries
the air–water interface behaves closer to a no-slip boundary condi-
tion than a shear-free one [27]. As such even a slight growth of air
layer into the water layer leads to a substantial and detrimental
flow reduction and, consequently, higher friction. The pinching
effects presented here seem to validate this notion that the air–
water interface cannot simply be modeled as a shear-free
boundary.

While it has been suggested that the local flow behavior near
the microtextured walls may affect the convective heat transfer
rate [28], the results presented here also suggest that heat transfer
may in turn affect the slip length, particularly for microchannel
flow over microtextured walls with isolated air pockets. As such,
temperature should be carefully monitored and controlled in these
systems as heating might either prolong the stability of the Cassie
state or aversely pinch the flow and increase friction if excessively
heated, which can in turn lead to a decrease of the convective heat
transfer rate.

5 Conclusion

In this paper we investigated the heating effects of the air pock-
ets trapped between the roughness elements in a microchannel
flow. The side walls of the PDMS microchannels were grooved to
form air pockets in the liquid channel flow.

A constant pressure source was used to flow water into the
microfluidic channel and the flow rate was measured using a flow
meter. It was observed that the flow rate for microchannels with
microcavities on the side walls increased under heated conditions,
where the air–liquid interface in the heated channels withstood
higher pressure ranges than the unheated channels. It was also
observed that the penetrated liquid layer was pushed back due to

the expanding gas layer if the heat transfer was increased. This is
the result of a penetration resistance effect arising from the com-
pressibility of the entrapped air as a function of temperature.

The results indicate that the Cassie state can be prolonged if the
air cavities are heated and that surfaces with isolated air pockets
may actually be more stable than surfaces with nonisolated air
pockets. Hence, we anticipate that the thermal effect of air pockets
can be extended to the designing of superhydrophobic surfaces
exposed to highly pressurized conditions. Nonetheless, careful
control of the microchannel heating is required since excessive
heating incurs pinching of the flow, thus significantly increasing
the microchannel friction. Further experiments on flow visualiza-
tion under heated conditions are required to quantify the slip
lengths and its relation to the convective heat transfer.
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Nomenclature

Q ¼ flow rate
rc ¼ critical roughness
T ¼ temperature

DP ¼ differential pressure
/s ¼ solid contact area ratio

hCB ¼ Cassie–Baxter angle
hY ¼ Young’s contact angle
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