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Abstract

Flow behavior of gas–liquid mixtures in thin channels has become increasingly important as a result of miniaturization of fluid and
thermal systems. The present empirical study investigates the use of the unit cell or periodic boundary approach commonly used in two-
phase flows. This work examines the flow patterns formed in small tube diameter (<3 mm) and curved geometry flow systems for air–
water mixtures at standard conditions. Liquid and gas superficial velocities were varied from 0.1 to 7.0 (�±0.01) m/s and 0.03 to 14
(�±0.2) m/s for air and water respectively to determine the flow pattern formed in three geometries and dispersed bubble, plug, slug
and annular flow patterns are reported using high-frame rate videography. Flow patterns formed were plotted on the generalized
two-phase flow pattern map to interpret the effect of channel size and curvature on the flow regime boundaries. Relative to a straight
a channel, it is shown that a ‘C shaped’ channel that causes a directional change in the flow induces chaotic advection and increases phase
interaction to enhance gas bubble or liquid slug break-up thus altering the boundaries between the dispersed bubble and plug/slug flow
regimes as well as between the annular and plug/slug flow regimes.
� 2007 Published by Elsevier Ltd.
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1. Introduction

The recent emergence of micro-scale fluid, thermal and
chemical systems has led to a renewed emphasis on the
research of fluid flow behavior in small tube diameter flow
systems such as ultra-compact heat exchangers, fuel cells,
micro reactors, micro turbomachinery, micro thermal sys-
tems for a range of applications [1]. The advantages of such
compact systems are the high surface area per unit volume,
narrow residence time distribution, low installation cost,
high efficiency and improved performance. Micro-fluidic
technologies also address the demand for dissipating
increasingly larger heat fluxes from energy sources. Thus,
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a great deal of research has been directed towards charac-
terizing the flow morphology and transport phenomena
with or without phase change in mini and micro-channels.

Flow regimes, established at a certain combination of
the gas and liquid superficial velocities, depend upon fluid
properties, flow channel dimensions, phase interaction and
gravity, shear, inertia and surface tension forces. Transport
phenomena in small diameter channels differ from those in
conventional larger diameter channels primarily due to the
differences in relative magnitudes of such forces. Surface
forces and local rates of strain are dominant phenomena
in small diameter channels that significantly reduce slip
velocity rendering the flow characteristics independent of
channel orientation with respect to gravity. The large
aspect ratios (channel width to height = D/L) introduce
relatively high pressure gradients at low velocities owing
to high shear stress at the channel walls [2]. Unfortunately,
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Nomenclature

D channel internal diameter, m
Eo Eotvos number=(g(qL � qG)D2)/r, –
F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qG=ðqL � qGÞ

p
UG=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gD cos h
p

, –
g gravitational constant, m/s2

L length of channel, m
P pressure, Pa
R radius of curvature as displayed in Fig. 2, m
T ½ðdP=dxÞSL=ððqL � qGÞg cos hÞ�0:5
U superficial velocity, m/s
x unit length, m
X ½ðdP=dxÞSL=ðdP=dxÞSG�

0:5

Greek symbols

r surface tension, N/m
h angle of inclination, �
q density, kg/m3

Subscripts

G gas
L liquid
S superficial
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there is no universal agreement that defines the limiting size
of a small channel. Mehendale et al. [3] and Kandlikar [4]
differentiated channels based on a hydraulic diameter
where the delineation between small and conventional size
channels is DH = 6 mm for the former and DH = 3 mm for
the latter. Tripplett et al. [5] derived an expression using
surface tension and gravitational forces and described a
‘‘characteristic length” as the delineation parameter for
small channels and arrived at a diameter size of 2.75 mm
for an air–water system at ambient temperature and pres-
sure. Brauner and Moalem-Maron [6] defined an Eotvos
number and proposed that a channel is considered small
when surface force is significantly greater than gravita-
tional force.

Flow regime boundaries in horizontal and inclined small
or mini-channels have been the subject of research for
many years. Suo and Griffith [7] investigated the flow pat-
terns in horizontal channels of 1–1.6 mm in diameter. They
identified slug, annular and dispersed bubble flow patterns
and correlated flow regime transition boundaries based on
the velocity of bubbles and average volumetric flow rates of
the gas and the liquid phases. Taitel and Dukler [8] pro-
posed a generalized dimensionless two-phase flow regime
map based on momentum balances in each phase and the
Kelvin–Helmhotz stability criterion for wave propagation.
Barnea et al. [9] observed air–water flow morphology in
horizontal channels of 4–12 mm in diameter and classified
the flow patterns into dispersed bubble, annular, intermit-
tent (plug and slug) and stratified. They suggested that
the flow regime map reported by Taitel and Dukler was
suitable for all flow regime boundaries except between
stratified and intermittent flow. Damianides and Westwater
[10] developed individual flow regime maps for air–water
mixtures flowing through different tubes of 1–5 mm in
diameter and observed dispersed bubble, intermittent,
annular and dispersed flow patterns. Fukano et al. [11]
investigated the flow patterns in tubes (d = 1–9 mm) for
air–water mixtures and reported that surface tension forces
become important for diameters less than 5 mm and that
separated flow was not observed. Coleman and Garimella
[12] studied the effect of tube diameter and shape on flow
regime transition boundaries for air–water mixtures in
tubes with hydraulic diameters of 1.3–5.5 mm They also
confirmed that surface tension plays an important role in
determining the flow patterns and transition boundaries
for tube diameters less than 10 mm and found that the flow
map developed by Taitel and Dukler [8] may not be valid.
Tabatabai and Faghri [13] proposed a flow regime map,
based on a force balances, that accounts for surface ten-
sion, shear and buoyancy forces and reported that the
map was particularly effective in small diameter tubes of
less than about 4 mm Overall, the contradictions in the
findings [8–13] may be due to dissimilar geometries and test
conditions.

There has been considerably less experimental work on
the gas–liquid flow patterns in curved and serpentine chan-
nels with a ‘C’ shaped repeating unit. Wang et al. [14–16]
studied the influence of a single return bend on the flow
patterns of air–water mixture in 6.9, 4.95 and 3 mm circu-
lar horizontal channels and proposed flow regime maps.
However, the effect of geometry on two-phase flow mixing
and the resulting variation in flow regime boundaries has
not yet been reported. Methods for developing computa-
tional models for two-phase flows in curved or ‘C’ shaped
channels, such as serpentine flows in fuel cell applications
and mini heat exchangers, have relied on a unit cell
approach where periodic boundary conditions are affixed
to a repeatable ‘C’ channel. This technique has been quite
useful for single phase as well as reactive flows. However
periodic boundaries do not account for phase transition
and mixing encountered in two-phase mini flow systems.
The extension of the periodic boundary modeling
approaches needs to be validated at scale by a set of well
defined experiments for small channels. Thus, the objec-
tives of the present work are (1) Further investigate two-
phase flow morphology and resulting regimes formed in
curved channels and (2) Design an experimental procedure
for evaluating the use of the unit-cell or periodic boundary
modeling approach. Efforts were focused on developing
two-phase flow regime maps for air–water mixtures in 1
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and 3 mm diameter circular channels with a straight chan-
nel, a single curved ‘C’ channel and a serpentine or multiple
‘C’ shaped channels.
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Fig. 1. Experimental set-up for thin channel two-phase flow studies.
2. Experimental setup

Experiments were performed with air–water mixture
flowing through horizontal channels. The schematic dia-
gram of the experimental setup is shown in Fig. 1. Purified
air with minimum impurities (laboratory grade) was used
in the experiments. De-ionized (reverse osmosis) water
was circulated using a gear pump through the flow chan-
nels from a 0.005 m3 storage tank maintained at a temper-
ature of 295 K and was dyed with methylene blue to
provide a contrast between the two for analysis of collected
images. Water flow meters with ranges of 0–1.6 � 10�6 m3/
Fig. 2. Schematics of the 1 and 3 mm diameter glass channels used in the study.
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s and 1.6 � 10�6–3.3 � 10�5 m3/s, and air flow meters with
ranges of 0–8.3 � 10�6 m3/s (STP) and 1.6 � 10�6 � 6.7 �
10�5 m3/s (STP) were used to measure the volumetric flow
rates of the two phases. Water and air were pre-mixed in a
tee connector before the fluid mixture was introduced into
the mini-channels. Also, pressure measurements were made
near the entrance of the flow channels as shown in Fig. 1. A
Redlake� CCD high-frame rate video camera with a
700 mm focal length lens, operating at 250 frames per sec-
ond and a shutter speed of 1/2500, was used to capture
images of the flow in the channels shown in Fig. 1. The
images were recorded and further processed with imaging
software for analysis. The video measurements were
repeated at least three times in order to minimize any dis-
crepancy in observations.

Six different geometric configurations for the small
diameter channels were examined to characterize the flow
patterns formed and evaluate the applicability of periodic
boundary conditions or unit cell approach for multiphase
flow modeling of a series of curved channels or serpen-
tine-like channel. The channels, made of glass, having inner
diameters of approximately 1 mm (Eo = 0.134) and 3 mm
(Eo = 1.2). For the test conditions, the Eotvos number,
Eo� 1, to ensure that surface forces strongly influence
the flow patterns formed for the 1 mm channel and
Eo � 1 with the 3 mm channel to study the effect of surface
viscous and inertial forces. Fig. 2 illustrates the geometries
studied in this work.
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Fig. 3. Observed flow patterns for 1 mm diameter channels of different
geometrical configurations mapped on the generalized two-phase flow
map (Taitel and Dukler, 1976). (a) Straight channel, (b) ‘C-shaped’ curved
channel and (c) Multiple ‘C-shaped’ curved serpentine channel.
3. Results and discussion

3.1. Flow regime transitions

3.1.1. The 1 mm flow channel

Initial experiments were performed on 1 mm diameter
flow channel. The liquid and gas superficial velocities were
varied from 0.4 to 6.0 m/s and 0.04 to 12 m/s, respectively.
For the straight channel length, only the plug and slug flow
regimes were observed due to the prevalent surface forces
that limit the formation of stratified, bubble and annular
flow patterns. The observed flow patterns were also plotted
on the flow regime map proposed by Taitel and Dukler [8]
as shown in Fig. 3. The limitations of the Taitel and Dukler
map are obvious, at low Eotvos numbers, and dispersed
flow was predicted by the map while the observed flow pat-
tern was slug flow. The gas flow rate was further increased
during the experiments to obtain a dispersed bubble flow
pattern. However, even at operating pressures of
200 kPa(g)., the dispersed flow pattern was not achieved.
This may be due to the dominant surface forces in the
mini-channel. It should be noted that surface forces, critical
at low Eotvos numbers, are not accounted for in the Taitel
and Dukler map. At high superficial gas velocities (>10 m/
s), gas–liquid flows were relatively unsteady and slugging
increased and high amplitude pressure fluctuations were
observed but annular flows could not be obtained. Thus
the range of flow patterns reported by Triplett et al. [5]
was not observed in this work.

Tabatabai and Faghri [13] performed a force balance on
the phases and proposed a modified flow regime map that
accounts for surface, shear and buoyancy forces. However,
the model is not easily applicable because a priori knowl-
edge of flow conditions is required for implementing the
model. The addition of multiple ‘C’ channels or serpentine
loops (1 ‘C’-channel to 3 ‘C’ channels) shows limited gas
bubble break-up and changes in flow pattern were not
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observed over a wide range of conditions. The observed
flow patterns were found to be limited to the intermittent
or plug and slug flow patterns only. The limitation in deter-
mining the flow patterns formed can be attributed to vis-
cous and surface forces and local rates of strain in small
diameter channels used in this study. Periodic boundary
modeling does not incorporate flow pattern information
and the changes in flow patterns for repeating unit cells,
such as ‘C-shaped’ channels is not accounted for in the
modeling approach.
3.1.2. The 3 mm flow channel studies

Flow patterns formed in the �3 mm internal diameter
flow channel were studied over a wide range of liquid
and gas superficial velocities. The gas and liquid superficial
velocities were varied over the range of 0.1 < QL < 7.0 m/s
and 0.03 m/s < QG < 14 m/s, respectively. In this case, the
dispersed bubble, plug, slug and annular flow patterns were
obtained for the straight channel the single ‘C’ curved
channel and the serpentine channel. However, stratified
flow pattern was not observed in the specified operating
range. Select images illustrating the flow patterns formed
are shown in Fig. 4. Fig. 5 represents the observed flow pat-
terns plotted on the flow regime map proposed by Taitel
Fig. 4. Flow patterns observed in the 3 mm diameter serpentin
and Dukler [8]. Unlike the 1 mm diameter channels, the
flow patterns formed are found to be in reasonable agree-
ment with collected images from a straight channel. Also,
unlike the 1 mm diameter flow straight channel flow, very
few discrepancies exist (Fig. 5) in the flow pattern predic-
tions. In a micro-channel, motion of a particle (bubble),
equivalent in size to the channel, can be determined by
the resulting force due to hydrodynamics and inertial
effects [17]. As inertial forces and viscous forces, become
more significant than in 1 mm channels, the liquid tends
to move towards the channel wall forcing the onset of
intermittent flow leading to enhanced phase interaction.
This change in flow patterns, from annular to intermittent
flow patterns, becomes increasingly prominent by the inclu-
sion of single ‘C’ curves and multiple ‘C’ curves or serpen-
tines in the channel geometry.

Fig. 6 illustrates the shift in flow regime boundaries by
re-configuring the flow path with ‘C’ curves. The regime
boundary shifts indicate the relative transition in flow pat-
terns that are obtained by varying the flow geometry only.
As shown, the transition from intermittent (or slug) regime
to annular and dispersed bubble regimes occurs in serpen-
tine channels at significantly lower superficial liquid veloc-
ities. From a hydrodynamic point of view, as fluid flows
e channel at different liquid and gas superficial velocities.
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through the curved channel, the centrifugal force drives the
heavy fluid (water) with higher inertia as compared to gas
which may result in breakage of gas bubbles. The presence
of curved flow paths reduces the dispersed phase velocities
and increases the probability of contact between bubbles
that may coalesce or breakup depending on the bubble
Weber number. The flow pattern formed is either annular
flow at moderate gas superficial velocities and dispersed
bubbles at high gas superficial velocities and pressure.
Moreover, the curvature of channels increases the pressure
gradient relative to an equivalent length of straight chan-
nel. The findings from this work also confirm that the tran-
sition from an intermittent to dispersed bubble flow occurs
at lower liquid superficial velocities and the transition from
intermittent to annular flow occurs at lower gas superficial
velocities due to increased pressure gradient as previously
reported by Coleman et al. [12].

The inclusion of curved channels tends to translate the
flow patterns from intermittent flow to dispersed bubble
or annular flow and flow patterns formed change by
increasing the number of repeatable ‘C’ curves from a sin-
gle ‘C’ curve channel to a multiple ‘C’ curves (or serpen-
tine) in the fluid path. This flow pattern transition due to
curvature provides an increase in pressure drop and mixing
of phases and periodic boundary models may not be appro-
priate for the periodic albeit flow pattern changing multi-
phase geometry.

3.2. Dispersed phase break-up dynamics

3.2.1. Intermittent-dispersed bubble flow

The flow pattern changes over the length of the channel
starting with the formation of large gas bubbles or slugs
indicating, intermittent flow, that tend to break-up as they
traveled through the bends of the curved channels, thus
leading to dispersed bubble flow, was observed to be more
predominant in serpentine channels and was found to be
limited by gas slug length in the 3 mm diameter channel.
Fig. 7 shows the break-up of a gas slug as it travels through
the second C-curve bend of the 3 mm channel. In Frame 1,
the highlighted large gas bubble travels through the first
bend of the channel without any breakage. In the next
image (Frame 2) and the second ‘C’ curve, the bubble elon-
gates and finally breaks up (Frame 3). Further break-up of
the gas bubble is not observed in the final straight length of
the channel. This shows that the distortion of the gas–
liquid interface, even at lower Reynolds numbers, illus-
trates that the twists in the flow through the serpentine
channel generate strong secondary flows that provide sig-
nificant stretching and eventual breakup of the bubbles.
Although, this study assumes isothermal behavior of the
fluids, irrespective of size, channel curvatures generate sec-
ondary flows in the channel cross plane that increase fric-
tion factors moderately and Nusselt numbers significantly
[2].

For the serpentine channel, the threshold limit for initi-
ating break-up of gas bubbles commences at low superficial
liquid and gas velocities of 0.1 m/s and 1.03 m/s, respec-
tively. At this flow condition, small gas pockets tend to
break away from the wave of the large gas bubbles as
shown in Fig. 7. At higher liquid velocities, the break-up
of gas bubbles occurred at lower gas velocities indicating
a critical ratio of inertial forces between the gas and the
liquid for initiating bubble breakup in a specified curved
geometry. The mechanism of bubble break-up due to cur-
vature can be further extended from an inertial force ratio
to include flow geometry by developing a two-phase dimen-
sionless number, analogous to the Dean number, that
accounts for secondary vortices and phase distribution
and includes the straight lengths (L) between consecutive



Fig. 8. High speed video frames showing break-up of liquid slugs
occurring at high liquid flow rates in the 3 mm serpentine channel.

Fig. 7. High speed video frames showing break-up of large gas bubbles at
low gas to liquid velocity ratios due to secondary vortices in the 3 mm
serpentine channel.
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curves. If the non-linear dimension between curves in the
channel (L/D) that represents the straight length between
curved flow paths is sufficiently long, then the original flow
pattern has sufficient time to recover and the elongated
large bubbles from the curved section may revert back to
inlet bubble size. Alternately, small straight lengths
between curves may not provide sufficient residence time
in the straight channel leading to elongated bubbles that
travel through the serpentine. The high local rates of strain
due to the walls of the channel also contribute significantly
towards limiting the breakup of gas bubbles in the 1 mm
channels.

This passive phase mixing approach in serpentine mini-
channels, that does not include the complexities of obstruc-
tions, can be used to obtain a phase re-distribution to dis-
persed bubbles. This may be suitable for improving mass
transfer in thin channel applications that are limited since
baffles or other mixing devices cannot be used. This study
can be further investigated, particularly with multiple cur-
vatures thin channel geometries to understand the irregular
nature of break-up gas bubbles. In this study, the tracking
of bubbles in smaller diameter channels (<1 mm) is limited
due to the resolution of collected images and can be
enhanced by using advanced diagnostic approaches such
as local laser interferometry, neutron radiography and
micro-particle image velocimetry can be used to study the
gas–liquid interface, phase velocities and distribution.
3.2.2. Intermittent -slug flow

At relatively high gas and low liquid superficial veloci-
ties, liquid slugs are formed in a gas-continuous phase.
Further evidence of enhanced mixing was obtained in the
curved flow channels as liquid slugs flowed through the
straight length of the channel and churn flow was induced
when the slugs passes through the curved portions or flow
reversal sections of the channels. This effect was more sig-
nificant in the serpentine channel where the liquid slug
passed through multiple ‘C’ geometrical curvatures as
shown in Fig. 8. Visually, tangential flows are induced as
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liquid slugs twist while passing through the curvatures in
the serpentine channel. Secondary flows, formed in the
curved profile, generated due to forced centrifugal motion,
tend to drive the gas phase into the concave profile of
the curved channel, while the heavier fluid or liquid moves
to the convex part to slow down. This phenomenon gener-
ally leads to a transition from intermittent to annular
flow.
4. Conclusion

An experimental assessment of two-phase flow behavior
in thin channels (1 and 3 mm) with different geometrical
configurations was performed with air–water mixtures.
For the 1 mm diameter channel, in contrast to previous
work, only plug or slug flow patterns were observed, irre-
spective of the change in liquid and gas flow rates. Surface
forces acting on the slugs of liquid or large gas bubbles
govern the flow behavior and changes in flow geometry
had limited impact on the flow pattern formed. The gener-
alized flow regime map of Taitel and Dukler [8] was also
found to be limited in predicting the flow behavior for
the 1 mm diameter channel.

For the 3 mm diameter channels, Taitel and Dukler’s
flow map was found to be in agreement for the straight
channel. However, other geometrical configurations that
include single and multiple curved ‘C’ bends, with limited
recovery zones or straight lengths in between the bends,
produced secondary flow patterns inducing gas and liquid
slugs break-up. This led to flow regime changes and
reduced the dependability of the flow map. This study
showed that passive phase re-distribution, based on geo-
metrical configurations, can be applied to thin channel
two-phase flow devices to improve heat and mass transfer.
Chaotic advection, required for improved phase interac-
tion, depends on the three dimensionality of the flow field
and is influenced by the inertial and viscous forces.

This work also confirms that flow modeling techniques,
such as periodic boundary methods, that are applicable for
single phase flows may be limited in curved two-phase flow
applications due to the regime transitions that occur as a
result of geometrical configurations. The flow distribution
through the serpentine channel shows that the two-phase
distribution changes with every ‘C’ bend in the channel
and the geometrical profile of the channel significantly
impacts the flow behavior. The changes in fluid flow behav-
ior due to changes in flow path need to be addressed in flow
maps and in two-phase flow simulations.
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