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Abstract. Here we map gas–liquid two-phase flow regimes observed in
polymeric microchannels with different wetting properties. We utilized video
and confocal microscopy to examine two-phase flow patterns produced by
parallel injection of air and water through a Y-shaped junction into a rectangular
microchannel made of poly(dimethylsiloxane) (PDMS). We observed seven
flow regimes in microchannels with hydrophobic walls, whereas only two flow
patterns were identified in hydrophilic microchannels. Our study demonstrates
that surface wettability has a profound influence on the spatial distribution of air
and water moving in microchannels.
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1. Introduction

Two-phase flows are encountered in a wide range of applications including heat exchangers,
oil/gas processing and transport, nuclear and chemical reactors, cryogenics, air pollution
control, food production and rocketry. In microfabricated systems, two-phase flows offer new
opportunities to enhance and extend the performance of single-phase microfluidics by greatly
increasing the rate of heat/mass transfer and preventing sample dispersion. Over the past
decade, the potential of two-phase flows at the microscale has gained increasing attention and
provided an impetus for the development of multiphase microfluidic systems for a variety of
applications such as emulsification [1, 2], electronic chip cooling [3], chemical reactions [4]–[6],
flow cytometry [7, 8], material synthesis and fabrication [9]–[14], computation [15, 16],
chemical detection/screening [17]–[19] and cell encapsulation/analysis [20]–[23]. This in turn
has created the demand for a better understanding of the flow behavior of immiscible fluids
inside microchannels, which is crucial for successful design and operation of functional
multiphase microfluidic systems.

One of the most conventional ways to characterize two-phase flows is to examine flow
regimes defined by distinct spatial distribution of moving fluids. Generally, two-phase flow
regimes observed in any given channel depend on several factors including fluid flow rates,
fluid properties, channel geometry, channel orientation, surface properties and channel size.
For example, early work by Taitel and Dukler [24] related these factors to a model predicting
the flow regime transitions and developed a generalized two-phase flow regime map for
horizontal gas–liquid two-phase flow. They proposed various criteria for growth, propagation
and dissipation of surface waves originated from Kelvin–Helmholtz-type instability as the basis
for transitions from stable stratified flow to wavy stratified flow, intermittent flow (slug and
plug) and annular dispersed flow. Their subsequent work on gas–liquid two-phase flows in
vertical tubes also identified gas–liquid surface tension as one of the factors affecting transitions
between different flow patterns [25].

In microscale two-phase flow, dimensional scaling dictates the dominant role of the surface
interactions due to the increasing surface-to-volume ratio. Within a confined microchannel,
these surface interactions include not only the interfacial interaction between the two phases,
but also the interaction of each fluid with the channel walls. As a result, the effect of the surface
properties of the microchannel walls becomes prominent, which profoundly influences both the
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nature of two-phase flows in microchannels and flow regime transitions. Two parameters that
are often used to describe multiphase flow are the confinement number (Co) and the Eotvos
number (Eo).

Co =
1

D

√
σ

g(ρL − ρG)
,

Eo =
(2π)2σ

(ρL − ρG)D2g
,

where D is the hydraulic diameter of the flow channel, σ the surface tension, g the gravitational
acceleration and ρ the density of the fluid. These dimensionless numbers represent the ratio
of surface tension forces to buoyancy forces, and are often used to characterize the shape of
interfaces between different fluids. They have also been employed to describe the transition
from macroscale to microscale multiphase flow. For example, Suo and Griffith [26] defined
microchannel flow as

Co> 3.3.

Brauner and Moalem-Maron [27] used the Eotvos number to define microchannel flow:

Eo > 1.

Commonplace in these definitions is that the effect of surface tension forces becomes
predominant over the buoyancy forces as the size of a channel decreases. Despite the increased
effect of surface forces, the focus of previous studies on microscale multiphase flows was
primarily on the effect of fluid properties [28], channel geometry [29, 30], orientation [31, 32]
and size [31, 33, 34] on the morphology of gas–liquid two-phase flows in small capillary tubes
or microchannels fabricated in glass or silicon. Much remains to be learned about how the
properties of microchannel surfaces affect the morphology of two-phase flows. Early studies
by Damianides and Westwater [35], Graska [36], and Barajas and Panton [37] highlighted
that the surface contact angle and surface tension between fluids are important variables
in understanding gas–liquid two-phase flow patterns and transitions between different flow
regimes in millimeter-sized capillary tubes. There have also been recent reports demonstrating
the significant effect of surface properties such as wettability and cleanness on two-phase flow
regimes [38] and flow boiling [39] in glass microchannels.

In this paper, we investigate the influence of surface wetting properties on air–water two-
phase flows in rectangular microchannels fabricated in one of the most widely used polymeric
materials in microfluidics called poly(dimethylsiloxane) (PDMS). Specifically, we varied the
hydrophobicity of the PDMS microchannels using a plasma-mediated surface modification
method and injected air and water in parallel without premixing to generate high-speed
air–water two-phase flows in a horizontal rectangular microchannel that is 300 µm in width,
100 µm in height and 1 cm in length. In this system, confinement number (Co) and Eotvos
number (Eo) were estimated to be 18.2 and 13 109.3, respectively. These numbers clearly
indicate that the two-phase flow observed in our microfluidic system is well within the
realm of microscale two-phase flow where surface tension forces play a predominant role in
understanding flow regimes.
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Various flow patterns observed using video microscopy were categorized into flow regime
maps under different wetting conditions. We also used confocal microscopy to visualize and
better understand the vertical distribution of a liquid phase inside microchannels. We show a
dramatic difference in two-phase flow patterns caused by channel hydrophobicity; we found
seven flow regimes in hydrophobic microchannels and two in hydrophilic channels.

2. Experimental

2.1. Materials and reagents

PDMS was obtained from Dow Corning Corp. (Midland, MI) and SU8 negative photoresist from
MicroChem. Corp. (Newton, MA). Fluorescein sodium salt was purchased from Sigma-Aldrich
(St Louis, MO).

2.2. Microchannel fabrication and preparation

Hydrophobic microchannels with a height of 100 µm were created by casting PDMS
prepolymer against a photolithographically prepared SU8 mold [7] and then bringing the
negative relief patterns in conformal contact with a flat slab of PDMS. To make hydrophilic
channels, the recessed microchannel features prepared by casting PDMS against a SU8 master
were first bonded to a flat PDMS substrate irreversibly using plasma oxidation [7] to form
enclosed microchannels. Immediately before use, the entire device was then treated with oxygen
plasma to render the interior surfaces of the microchannel hydrophilic. The degree of channel
hydrophilicity was varied by changing the time elapsed from plasma oxidation to the beginning
of experiments. Using this method, three rectangular microchannels having different wetting
properties were prepared: (i) untreated hydrophobic PDMS surface with a contact angle of 111◦,
(ii) hydrophilic surface (3 h after plasma oxidation, contact angle ∼35◦) and (iii) moderately
hydrophilic surface (49 h after oxidation, contact angle ∼77◦).

2.3. Flow setup

Air–water two-phase flows were generated by parallel injection of compressed air and deionized
(DI) water without premixing as depicted in figure 1. The flow rate of water was controlled by
a syringe pump, and air flows were regulated by a flow-meter connected to a compressed air
tank. Injected fluid streams and resulting flow patterns were observed in the downstream region
using a high-speed camera mounted on an inverted epi-fluorescence microscope. For confocal
microscopy, aqueous fluorescein solution with a concentration of 0.001% w/v (in DI water) was
used as a working liquid to capture cross-sectional images of two-phase flow patterns.

3. Results and discussion

In a hydrophobic microchannel with a surface contact angle of 111◦, we identified seven flow
regimes depending on the flow rates of air and water. Typical images of flow patterns captured
during the experiments are shown in figure 2. In general, air–water two-phase streams maintain
their original stratified flow configuration with various interfacial shapes and different degrees
of interfacial stability at moderate water flow rates until the water column in the middle spreads

New Journal of Physics 11 (2009) 075034 (http://www.njp.org/)

http://www.njp.org/


5

Figure 1. Schematic diagram of an experimental setup used to generate and
observe air–water two-phase flow patterns. Water flow was driven by a syringe
pump connected to the middle inlet, and gas flows were generated by compressed
air injected into the side inlets. The resulting two-phase flow is observed in the
downstream region. The micrographs show an example of two-phase flow in a
hydrophobic PDMS microchannel. Scale bars, 300 µm.

Figure 2. Air–water two-phase flow patterns found in a hydrophobic PDMS
channel with a contact angle of 111◦. Seven flow regimes were observed with
changing fluid flow rates: (a) stable stratified flow, (b) wavy stratified flow,
(c) wiggly stratified flow, (d) detached stratified flow, (e) annular-droplet flow,
(f) spreading stratified-droplet flow, and (g) break-up. Cross-sectional images
shown in (a) and (d) were taken by confocal microscopy. Scale bars, 150 µm.

to the sidewalls at very high flow rates of water or breaks up into small droplets due to two-phase
instability as the water flow rate becomes very low. It was noted that there existed maximum
flow rates of air and water beyond which the conformal seal between PDMS surfaces failed
due to extremely high pressure generated by fluid pumps, and the microchannel became no
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longer operational. The seven flow regimes observed in hydrophobic PDMS microchannels
include:

1. Stable stratified flow. This flow regime is prevalent in hydrophobic microchannels and
appears mainly at moderate air and water flow rates. Injected water is focused by air flows
to form stable stratification of a water column and two air streams (figure 2(a)). The width
of the water column remains the same along the length of the microchannel and changes
with the flow rate of water when the air flow rate is maintained constant (or vice versa).
The most narrow water column was observed to be as thin as 6 µm. As shown in the cross-
sectional images in figure 2(a), the water column is in contact with top and bottom channel
walls, and the air–water interface has a convex shape.

2. Wavy stratified flow. Wavy stratified flow is characterized by a symmetric varicose
wave along the air–water interface, which creates alternating locations of water
column expansion and contraction (figure 2(b) and movie 1, available from
stacks.iop.org/NJP/11/075034/mmedia). The wavy water column is stably maintained
along the center of the microchannel and does not change its shape nor break up into
droplets over time at constant air and water flow rates. We observed that the wavelength of
the waves found in typical wavy stratified flow was smaller than approximately 600 µm.
As fluid superficial velocities were varied, the wavelength ranged between approximately
200 and 600 µm, yet the flow was stable without any temporal changes in the interfacial
shape.

3. Wiggly stratified flow. This flow pattern occurs at exceedingly high water flow rates and
very low airflow rates. In this flow regime, the width of a water stream becomes thicker as a
result of increased water flow rate, while the air flow rate is kept constant, and the interface
between air and water exhibits wavy patterns undergoing unstable and highly irregular
motion as the flow approaches the downstream region of the microchannel (figure 2(c) and
movie 2, available from stacks.iop.org/NJP/11/075034/mmedia).

4. Detached stratified flow. Interestingly, when the air flow rate is increased while maintaining
the liquid flow rate at low levels, the water stream contacts both the top and bottom
channel surfaces in the upstream region, but detaches from the bottom floor in the
downstream area and forms a convex air–water interface surrounded by ambient air
flow as illustrated in the confocal images of figure 2(d) and movie 3, available from
stacks.iop.org/NJP/11/075034/mmedia. Both the surface-bound (upstream) and -detached
(downstream) columns are stably maintained along the axial line of symmetry without
significant changes in their width.

5. Annular-droplet flow. Annular-droplet flow consists of a liquid films deposited along the
channel sidewalls and air flow through the center (figure 2(e) and movie 4, available from
stacks.iop.org/NJP/11/075034/mmedia). The thin liquid films appear to oscillate in a lateral
direction, and water droplets that are typically smaller than 50 µm in diameter are entrained
in the air stream and travel downstream at high speeds along the core region. This flow
configuration becomes more pronounced when the flow rate of water is relatively high and
the flow rate of air becomes sufficiently large.

6. Spreading stratified-droplet flow. This flow regime is distinguished by co-occurrence
of water column and droplets as shown in figure 2(f) and movie 5, available from
stacks.iop.org/NJP/11/075034/mmedia. The water column appears to alternate between
spreading and break-up at very high frequencies, resulting in the wetting of channel surface
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and formation of water droplets along the center of the microchannel. This unique pattern
is believed to indicate the onset of two-phase instability as the water flow rate becomes
smaller at moderate air flow rates and the water column can no longer maintain its structural
integrity.

7. Break-up. In this regime, the water column is formed and immediately breaks up into small
droplets (figure 2(g) and movie 6, available from stacks.iop.org/NJP/11/075034/mmedia).
This takes place for the entire range of the tested air flow rate when the flow rate of water
is sufficiently low.

The hydrophobic flow map in figure 4 shows some similarities to the hydrophobic tube
results reported in the literature [35, 37], which were generated by using an air–water two-
phase flow apparatus comprised of horizontal tubes with an inner diameter of between 1 and
5 mm having several surface hydrophobic and hydrophilic properties. Parallels can be drawn
both in overall flow mapping topology and the flow phenomena within each regime between the
results reported in these earlier studies and the observations made in our two-phase microfluidic
system. For example, the characteristics of rivulet and bubbly flows reported in the work of
Barajas and Panton [37] and Taitel and Dukler [24] are almost identical to those of stable
stratified and annular-droplet flows observed in our experiments. The ranges of superficial
gas and liquid velocities in which these flow patterns are predominant are also similar in the
flow map. These similarities are believed to suggest that there exists fundamental mechanics
applicable to both macroscale two-phase flow in horizontal pipes and microscale two-phase
flow in our microchannels. However, it should be pointed out that the effect of surface forces,
which was not factored in the earlier physical modeling of macroscale channel flows, becomes
essential in two-phase flow in microchannels. Although beyond the scope of this paper, it is
believed that the fundamental modeling scheme introduced by Taitel and Dukler [24] might
be extended by incorporating surface force parameters to develop a physical model for the
microchannel two-phase flow described in our work.

It is noted that there existed occasional two-phase instabilities accompanying erratic fluid
motion when fluids were initially injected into the channel or when fluid flow rates were
varied to induce transition from one flow pattern to another. However, the unstable flow
behavior subdued rapidly within 10 s, after which two-phase flow remained steady (in the
case of stable stratified, wavy stratified and detached stratified flows) or showed particular and
predictable patterns with repetitive temporal variations (as in wiggly stratified flow, annular-
droplet flow, spreading stratified-droplet flow and break-up). Experimental observations were
made after the flow reached this point and no longer exhibited transitional behavior. We did not
notice significant variability between experiments, and the same flow regimes were observed
reproducibly at their corresponding superficial velocities. However, experiment-to-experiment
variability increased near the boundaries between flow patterns, in which case (i) two-phase
flow often alternated between two flow patterns neighboring in the flow regime map or (ii) the
initially observed flow regime persisted for a few seconds and gave way to its neighboring flow
regime.

We did not observe a type of microscale two-phase flow called segmented flow that is
often used for mixing and reaction applications in microfluidic systems [53, 54]. This may be
attributed to sufficiently higher superficial fluid velocities tested in our work than those used
to generate gas–liquid segmented flow reported in the literature. Also, we suspect that our Y-
shaped junction at the fluid inlet and the continuous supply of fluids prevented the segmentation
of fluids.
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Figure 3. Representative images of two flow regimes identified in hydrophilic
channels with different surface wettabilities (contact angle (θ) = 35◦ and 77◦).
(a) Annular-droplet flow. (b) Annular flow. Upper insets in (b) show the cross-
sectional view of annular flow captured by confocal microscopy. Scale bars,
150 µm.

Figure 4. Flow regime map for the hydrophobic microchannel (contact angle =

111◦). Dotted lines in the plot indicate transition boundaries.

In contrast to various flow patterns found in hydrophobic channels, only two flow regimes
were observed in hydrophilic microchannels, regardless of the contact angle (35◦ and 75◦). In
both cases, injected water was quickly redistributed to sidewalls and formed a liquid lining of
uniform thickness along the length of the channel as shown by the confocal images in figure 3(b)
(upper insets).

1. Annular-droplet flow. Annular-droplet flow in hydrophilic channels is slightly different
from that in hydrophobic channels in that the water film along the sidewalls
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appears to be smoother and the phase boundary between water and air can be
seen more clearly as illustrated in figure 3(a), movies 7 and 8, available from
stacks.iop.org/NJP/11/075034/mmedia.

2. Annular flow. Annular flow is characterized by smooth liquid films on the sidewalls
and can be distinguished from annular-droplet flow by the absence of dispersed
water droplets in the center region (figure 3(b), movies 9 and 10, available from
stacks.iop.org/NJP/11/075034/mmedia).

For a given air flow rate, increasing the flow rate of water shifts the flow regime toward
annular flow. The absence of the stratified flow pattern could be related to the experimental
observations reported by Triplett et al [30] and Chen et al [33] that it becomes impossible to
form stratified two-phase flow in case of high Eotvos number flow (> 100), as would occur in
microchannels under high surface tension conditions.

The degree of hydrophilicity does not affect the type of two-phase flows that can be
identified over the range of air and water superficial velocities tested in the experiments.
This observation is consistent with previously reported two-phase flow mapping data available
in the literature [37]. However, the difference in channel hydrophilicity results in a notable
change in the transition boundary between annular-droplet and annular flows. That is, when the
contact angle is higher, annular-droplet flow becomes more prominent at low water superficial
velocities, indicating more favorable formation of droplets on the channel surfaces presumably
due to increased hydrophobicity. As compared with two-phase flows in a hydrophobic
microchannel, the duration of transient instabilities observed before fully developed flow
regimes formed was much shorter (less than 2 s) in hydrophilic channels, regardless of their
surface contact angle. Experimental variability still persisted near the transition boundaries,
causing the flow to show characteristics of both annular-droplet and annular flows.

It is known that the PDMS surface rendered hydrophilic by plasma treatment is unstable
and gradually recovers its hydrophobicity when exposed to air as a result of diffusion of low
molecular weight chains from the bulk PDMS to the surface and their accumulation at the
thermodynamically unstable surface [52]. To monitor hydrophobic recovery of hydrophilic
PDMS, we measured static contact angle of water on a plasma-treated PDMS surface at different
time points after exposure to oxygen plasma (data not shown). We found that surface contact
angle gradually increased as a function of time elapsed from plasma treatment. Therefore,
careful attention was paid to the timing of experiments; for observation of flow patterns in a
microchannel with a surface contact angle of 35◦ and 75◦, we used PDMS microchannels that
had been stored in dry air for 3.7 and 47 h, respectively. The duration of conducted experiments
was strictly limited to no longer than 1 h to minimize the recovery of hydrophobicity; contact
angle changes during the experiments were measured to be smaller than 2◦.

The transition between annular flow and annular droplet flow is believed to be dependent on
the onset of droplet entrainment from a moving air stream over a liquid film. It was proposed that
the primary mechanism of this event may be the shearing off of the crest of Kelvin–Helmholtz-
type disturbance wave from low viscosity liquid such as water [40]. In annular air–water flow,
this entrainment phenomenon results in water phase traveling along the wall as a liquid film and
flowing through the air core as droplets; this is often described by a parameter called entrainment
fraction, which represents the combined effects of droplet entrainment and redeposition [41].
Physically, entrainment fraction approaching zero represents pure annular flow without the
droplets in the air core. Many researchers have attempted to correlate the entrainment fraction
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Figure 5. Flow regime maps for the hydrophilic microchannels. (a) Contact
angle = 35◦. (b) Contact angle = 77◦. Dotted lines in the plot indicate transition
boundaries.

with the two-phase flow parameters empirically [42]–[44], and found that the correlation is
strongly associated with the following two parameters: air-phase Weber number (We) and its
modified forms comparing air flow velocity-based inertial force to air–water surface tension
force, and liquid phase Reynolds number (Re). Although the equations for entrainment fraction
were developed for macroscale flow conditions in large pipes with diameters on the order of
centimeters, they appear to perform adequately in describing the flow transitions in hydrophilic
microchannels shown in figures 5(a) and (b). For example, the equation developed by Savant
et al [44] is given by

E =

(
1 −

Reff−lim

Ref

)
tanh (a • We1.25),

a = 2.31 × 10−4Re−0.35
f ,

where E is the entrainment fraction, Ref is the liquid-phase Reynolds number, and limiting
liquid film Reynolds number Reff−lim is obtained from the following empirical equation.

Reff−lim = 250 ln (Ref) − 1265.

For the range of liquid-phase Reynolds number and air-phase Weber number tested in the current
work, the transition boundary line between pure annular flow (i.e. zero entrainment fraction) and
annular-droplet flow predicted by these correlation equations is shown in figure 6, along with
the boundary line established by actual experimental data shown in figure 5(a). Although there
are discrepancies between the predicted and experimentally observed transition lines, they both
show a general trend of positive slopes, which extend along increasing superficial air and water
velocities. This similarity strongly suggests that the mechanism dictating the transition between
pure annular and annular-droplet flows is based on droplet entrainment. We suspect that the
mismatch between the estimations and actual experimental data may arise from the fact that the
correlation equations were originally developed for macroscale flows in larger circular pipes.

Furthermore, the entrainment fraction correlations may also help explain the shift of flow
regime transition line between two different levels of hydrophilicity since it is known that the
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Figure 6. Comparison of flow regime transition boundary between pure annular
and annular-droplet flow in the hydrophilic microchannel. The transition line
estimated by the correlation equations from Savant et al [44] shows a similar
trend characterized by a positive slope extending along the increasing superficial
air and water velocities, in comparison to the transition line obtained from the
experimental observations depicted in figure 5.

surface contact angle affects the water film thickness on the surface of the channel wall [45, 46];
at the same superficial water velocity, differences in surface wettability result in different
local water velocity to ensure flow continuity. According to the correlation equation by Savant
et al [44], this change in local water-phase Reynolds number would shift the transition line
between annular flow and annular-droplet flow.

In this work, we have constructed two-phase flow regime maps for the hydrophobic
(figure 4) and hydrophilic (figure 5) microchannels. Various flow patterns identified in
hydrophobic channels are replaced by two flow regimes in hydrophilic channels, making it
evident that the modification of interfacial properties between fluids and channel surfaces has
a profound influence on the spatial distribution of fluids moving through a microchannel.
Considering that most of the multiple flow regimes found in hydrophobic channels are variations
of stratified flow having a water stream confined along the centerline of a channel, we speculate
that the drastic difference in flow patterns may be attributed to the inability of hydrophilic
microchannels to support the formation of a water column focused by air flows: hydrophilicity
causes injected water to wet channel surfaces and spread to corners to minimize interfacial
surface area exposed to ambient air [7, 8]. In summary, two factors are believed to promote the
high sensitivity of two-phase flow to wall surface properties demonstrated by our microfluidic
device. Firstly, the cross-sectional dimensions are sufficiently small that surface forces become
more important and play a crucial role in the interaction between different phases. Secondly, the
flow configuration where a water column is sheathed by two air streams is inherently sensitive to
the forces that affect the integrity of the water column, which include the surface tension forces
between the top and bottom channel walls and water, and the pressure and entrainment forces
exerted by the air flow. These two factors were not present in similar two-phase flow experiments
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reported in the literature [35, 37]. This may explain why, in other work, the topology of the
flow regime maps does not show a dramatic change when wettability of the channel wall was
altered from hydrophobic to hydrophilic. Although the dominant effect of surface properties
increases the complexity of analyzing two-phase flow regimes, it provides an effective means
to dramatically change and manipulate the flow pattern within the microchannel, which may
enable the development of novel methods for controlling multiphase flows in microfluidic
devices. For example, Huh et al [8] utilized electrical modulation of surface wettability to switch
air–water two-phase flow regimes dynamically and reversibly in elastomeric microchannels.
Other methods for controlling microscale multiphase flows include thermocapillarity [47],
chemical coating [48]–[50] and surface topography [51].

4. Conclusion

Our work demonstrates that different wetting properties of a microchannel give rise to dramatic
changes in the morphological characteristics of two-phase fluid flows at the microscale. We
show that surface hydrophobicity in rectangular elastomeric microchannels results in six
types of stratification of air–water two-phase flow with various interfacial shapes, and break-
up of the water stream into droplets originating from two-phase instabilities. Hydrophilic
microchannels were found to cause the water phase to wet channel surfaces immediately and
collect at the corners. This configuration led to the formation of annular flow and annular-
droplet flow regimes. The drastic difference in flow patterns caused by changes in surface
chemistry is particularly relevant to understanding the mechanism of the microfluidic actuation
that enables reversible switching of two-phase flow patterns using electrical modulation of
surface wettability [13]. Flow regime maps established in this study also allow us to identify the
bounds of operation in such microfluidic systems. Moreover, our data open new possibilities to
manipulate and engineer high-speed gas–liquid two-phase flows in elastomeric microchannels,
which may enable new designs of multiphase microfluidic systems and novel methods for
creating and controlling dynamic two-phase flows for various applications. We envision that
this will be greatly facilitated by various techniques that are readily available for patterning and
modifying the surface chemistry of PDMS. We believe that the transient nature and important
timescales of different types of two-phase flows (e.g. time required to form fully developed
flow) examined in our study will provide valuable design considerations for the development
of microfluidic actuation methods based on surface chemistry changes. The performance of
such microsystems can also be extended to higher levels of functionality through on-chip
integration with more sophisticated methods for reversibly modulating surface energy such as
electrowetting and thermocapillarity.

It should be noted, however, that the experimental work presented in this paper is largely
qualitative and focuses mainly on highlighting various flow patterns resulting from changes in
surface properties of a microchannel. Understanding the physics of flow patterns and transitions
observed in our system will require further analysis based on more standardized parameters
in two-phase flow such as void fraction and frictional pressure drop. This will allow us
to characterize the distribution of different phases more accurately and eventually develop
empirical correlations that can describe and predict the transition from one flow regime to
another or practically important processes such as heat and mass transfers.
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