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Abstract

The co-current oil-water flow in a horizontal serpentine channel is studied experimentally by high-speed imaging. Due to the
channel geometry, the flow exhibits curved streamlines, which can induce secondary flows and alter the flow pattern transition
boundaries in comparison with those observed in straight channels. This can have important applications in the development
of microfluidic mixing devices. The serpentine channel was cut out in a black polypropylene sheet sandwiched between two
transparent polypropylene sheets and bonded by selective laser welding. Different flow patterns were generated by changing
independently the superficial velocities of the two fluids using a dual-drive syringe pump. Results enable the construction of a
flow pattern map, which shows significant differences with the equivalent map obtained for straigt microchannels.

Introduction

Co-current flows of two immiscible liquids are common in
food, pharmaceutical, personal and health care products, as
well as in many industrial formulations. In particular, oil-
water two-phase flows in microfluidic devices have been suc-
cessfully employed in creating emulsions commonly used in
the chemical and textile industries, food, and many other do-
mains. In these applications, controlling the size distribution
and polydispersity of the dispersed phase can improve sig-
nificantly the characteristics of the final product (Tan et al.
2008).

Early studies on liquid-liquid flows focused mainly on oil-
water systems in straight pipes of circular cross section, with
diameters ranging between 1 cm and 10 cm (Brauner 2003).
Later on, there was a growing interest in capillary tubes
of millimetric diameter to investigate the flow behaviour in
micro-gravity conditions (Beretta et al. 1997). More recently,
investigations of the hydrodynamics and mass transfer as-
pects of liquid-liquid two phase flow have been extended to
micro-channels with diameters < 1 mm, for their relevance
in bio- and micro-fluidic applications (Burns & Ramshaw
2001; Kashid & Agar 2007). Experimental parameters in-
clude the inlet geometry (e.g. T-type and Y-type), the micro-
channel cross-sections (e.g. square, rectangular and circular),
flow rates and the flow ratio, and the physical properties of
the fluids. The majority of works was limited to low flow ve-
locities where surface forces dominate, in which intermittent
flow patterns are generally observed.

The first step in the study of a liquid-liquid flow system re-
quires the identification of flow patterns, which can be clas-
sified into four basic morphologies: (i) stratified layers with

either smooth or wavy interface; (ii) large slugs, elongated
or spherical, of one liquid in the other; (iii) a dispersion of
relatively fine drops of one liquid in the other; (iv) annular
flow, where one of the liquids forms the core and the other
liquid flows in the annulus. In many cases, however, the
flow pattern consists of a combination of these basic mor-
phologies (Dessimoz et al. 2010). The identification of the
flow pattern is usually based on visual observations, photo-
graphic/imaging techniques, or on abrupt changes in the av-
erage system pressure drop, sometimes combined with con-
ductivity measurements or high frequency impedance probes
for local holdup sampling, or local pressure fluctuations and
average holdup measurements (Bertola 2003).

Oil-in-water flow patterns and slug hydrodynamics were
experimentally studied in rectangular and square glass micro-
channels of different hydraulic diameters ranging between
200 µm and 600 µm (Cao et al. 2018). The three main flow
patterns observed were annular flow, slug flow and droplet
flow, and general flow pattern transition criteria were pro-
posed based on the Reynolds and the Weber numbers. In ad-
dition, a scaling law was proposed to predict the slug length,
while the the slug velocity was shown to be a linear func-
tion of the bulk velocity of the two phases. Flow pattern
maps for the same systems were produced as a function of
the flow rates ratio and the Capillary number of the dispersed
phase (Wu et al. 2017). Alternatively, flow pattern maps can
be reported as a function of the Reynolds and the Capillary
numbers (Kashid & Kiwi-Minsker 2011).

Experiments on liquid-liquid flow of different fluids in a
square microchannel (200 µm hydraulic diameter) concluded
that flow pattern maps based on Weber numbers cannot be
generalised, and propose to introduce the product of the We-
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ber and Ohnesorge numbers to as universal parameter to gen-
eralise flow maps (Yagodnitsyna et al. 2016).

Fluid mixing can be enhanced by fluid breakup in chaotic
liquid-liquid flows (Muzzio et al. 1991). Chaotic fluid mix-
ing can be obtained, for example, by means of secondary
flow induced by curved streamlines (Castelain et al. 2001;
Belkadi et al. 2011). Thus, one can build a simple, con-
tinuous flow chaotic mixer using a long serpentine channel.
Adding complexity to the flow field has potential to increase
the amount of mixing also in microchannels with zigzag ge-
ometry (Branebjerg et al. 1995) and three-dimensional ser-
pentine channels designed to introduce chaotic advection into
the system and further enhance mixing over a 2-D serpen-
tine channel (Liu et al. 2000). Whilst these studies concern
single-phase flows, the literature about liquid-liquid flows in
serpentine or coiled channels is very limited (Sarkar et al.
2012; Wu & Sundén 2018).

The present work investigates experimentally the co-
current oil-water flow in a polypropylene serpentine mini-
channel of millimetric size with a square cross-section. Flow
patterns were identified by high-speed imaging, and flow pat-
tern maps were constructed with respect to different flow pa-
rameters and compared with those reported in the literature
for straight channels.

Test section design and fabrication

The test section consisted of a polypropylene serpentine
channel having a square cross section with a width w = 3
mm, consisting of a sequence of 46 circular half turns, with
inner and outer radii of 1 mm and 4 mm, respectively, as
shown in Figure 1a.

(a)$

(b)$

(c)$

Figure 1: Schematic of the test section: (a) dimensions of the
serpentine channel (in mm); (b) schematic of the
laser welding process; (c) assembled test section.

The channel had two inlets, respectively for oil and water,
merging together through a Y-junction, and one outlet. The
channel shape was cut out into the black polypropylene sheet
(3 mm thickness) using a LS1290 PRO Laser Cutter (maxi-
mum power: 80 W; cutting area: 1200 mm x 900 mm). The
quality of the cut was determined mainly by the kerf width,
which was kept as small as possible, and the roughness of
the cut edge (Choudhury & Shirley 2010). To improve the
cut edge finish, cutting was carried out repeating several en-
graving passes, removing approximately 0.1 mm of material
at each pass. The surface of the cut polypropylene sheet was
washed with an ethanol and distilled water to remove dust
and impurities.

The channel was then sealed between two sheets of clear
polypropylene (0.4 mm thickness each) by laser transmission
welding (Amanat et al. 2010), using a nanosecond pulsed fi-
bre laser (SPI G4 HS-L 20W) with a wavelength of 1064 nm
and pulse repetition rate of 500 kHz. In this process, the laser
beam goes through the clear transmissive layer and is ab-
sorbed by the adjacent black layer, melting the two sheets ex-
actly at the interface (Humbe et al. 2014) as shown schemat-
ically in figure 1b.

Experimental setup and procedure

A schematic of the experimental layout is displayed in Fig-
ure 2. The two fluids (water and a commercial vegetable oil)
were dispensed independently at controlled rate using a pro-
grammable syringe pump with dual drive system (Chemyx
Fusion 4000). To minimise the transient inertial effects, the
syringes were connected to the test section inlets by rigid ny-
lon tubes.

For each fluid the flow rates, respectively V̇o for oil and V̇w
for water, were varied between 0.5 mL/min and 5 mL/min,
with increments of 0.5 mL/min; correspondingly, the super-
ficial velocities, defined as Jw = V̇w/L

2 and Jo = V̇o/L
2

ranged between 0.926 mm/s and 9.26 mm/s.

TS#

HSC#

OI#

WI#

PC#

OWO#

LED#
SP#

Figure 2: Schematic of the experimental setup displaying the
two-channel syringe pump (SP), the test section
with a water inlet (WI), an oil inlet (OI), and an
oil-water outlet (OWO), the LED illumination sys-
tem (LED), and the high-speed camera (HSC) con-
nected to a computer equipped with frame grabber
(PC).

2



10th International Conference on Multiphase Flow,
ICMF 2019, Rio de Janeiro, Brazil, May 19 – 24, 2019

Flow patterns were observed through the transparent walls
of the channel using a high-speed CMOS camera (Mikrotron
MC1310) placed above the channel, and equipped with a 18-
108/2.5 zoom lens (Navitar Zoom 7000), with a resolution of
1280 x 440 pixels, at the rate of 200 frames per second. A
single 3 W LED backlight equipped with diffuser was used to
ensure uniform illumination and enhance the fluid interface
contrast. The camera was placed at a distance from the inlet
corresponding to 38 half-turns, i.e., 100 hydraulic diameters,
to ensure the flow was fully developed.

(a)$

(b)$

(c)$

(d)$

Figure 3: Flow patterns observed in the water-in-oil flow in-
side a serpentine channel with square cross-section
(3 mm × 3 mm): (a) drop regime (V̇W = 1
ml/min, V̇O = 3.5 ml/min); (b) slug flow (V̇W =
2 ml/min, V̇O = 2 ml/min); (c) slug/dispersed
flow (V̇W = 3.5 ml/min, V̇O = 4 ml/min); (d)
slug/annular flow (V̇W = 5 ml/min, V̇O = 2
ml/min).

The fluid densities, measured by weighing a fixed volume
of fluid with a precision analytical balance (Mettler Toledo),
were ρw = 998 kg/m3 and ρo = 942 kg/m3 for water and oil,
respectively. The fluid viscosities, measured with capillary
viscometer (Schott Gerate) were ηw = 1 mPa·s and ηo = 85
mPa·s for water and oil, respectively. A Krüss EasyDyne ten-
siometer equipped with a Wilhelmy plate probe was used to
measure the surface tensions of the two fluids, as well as their
interfacial tension at the ambient temperature of 20◦C. The
fluid surface tensions were γw = 72.8 mN/m and γo = 24.4
mN/m for water and oil, respectively, while the interfacial
tension was γwo = 20.1 mN/m. Correspondingly the capil-
lary length, defined as:

a =

√
γwo

(ρw − ρo) g
(1)

was a = 6.05 mm, while the Eötvös number, defined as:

Eo =
(ρw − ρo) gL2

γwo
(2)

where L = 3 mm is the size of the channel cross section,
was Eo = 0.246, which indicates that the interfacial tension
dominates the flow.

The other relevant dimensionless parameters, i.e. the
Reynolds number, the Weber number, and the Ohnesorge
number, were calculated respectively as:

Rew,o =
ρw,oJw,oL

ηw,o
(3)

Wew,o =
ρw,oJ

2
w,oL

γwo
(4)

Ohw,o =

√
Wew,o

Rew,o
(5)

Finally, the equilibrium contact angles of the two fluids on a
polypropylene surface, measured from side views of sessile
drops using a standard goniometer with digital image pro-
cessing software (ImageJ), were θw = 50◦ and θo = 22◦ for
water and oil, respectively.

Results

The typical flow patterns observed during the oil/water flow
are displayed in Figure 3. Since the polypropylene chan-
nel walls are moderately hydrophobic (θW = 50◦), oil was
the continuous phase in all the flow conditions considered
(water-in-oil dispersion). In particular, four different flow
patterns were identified:

• Droplet flow when the drops of the dispersed phase (wa-
ter) have a size, measured along the curvilinear direction
of the flow, Dl ≤ a (Figure 3a).

• Slug flow when the dispersed phase takes the form of
elongated slugs, having a length measured along the
curvilinear direction of the flow Dl > a (Figure 3b).
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• Slug/dispersed flow when the gap between consecutive
slugs is a homogeneous dispersion of water droplets
with a diameter D � a (Figure 3c).

• Slug/annular flow when water flows in chains of very
long slugs extending over several turns of the serpentine
channel, separated from the channel walls by a thin oil
film; the oil phase also fills the gap between the rounded
tail and head of two consecutive slugs (Figure 3d).

The corresponding flow pattern maps are displayed in Fig-
ure 4; in particular, Figure 4a displays the map obtained us-
ing the superficial velocities of the two fluids as coordinates,
while Figure 4b displays the same map using the dimension-
less parameter We · Oh for the two phases as coordinates.
This parameter arises from dimensional analysis arguments
developed for the liquid-liquid flow in straight microchan-
nels (Zhao et al. 2006; Yagodnitsyna et al. 2016).
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Figure 4: Flow pattern map for water-in-oil flow inside a ser-
pentine channel with square cross-section (3 mm
× 3 mm) plotted with respect to the superficial ve-
locities of the fluids (a) and to the dimensionless
variable WeOh (b); drop regime (◦); slug flow (�);
slug/dispersed flow (4); slug/annular (�).

The solid lines in Figure 4b indicate the transition bound-
aries between the drop regime and the slug regime, and be-
tween the slug regime and the slug/dispersed regime, respec-
tively. The transition boundary between the drop regime and
the slug regime is well described by the following correla-
tion:

(We ·Oh)o = 500 (We ·Oh)w (6)

while the transition boundary between the slug regime and
the slug/dispersed regime is given by:

(We ·Oh)w = 3.5 · 10−5 (We ·Oh)0.1o (7)

These results confirm the dimensional analysis arguments
used to analyse flow pattern transition in straight channels
are applicable to the serpentine geometry. However, the com-
parison with the universal flow pattern map for straight mi-
crochannels (Yagodnitsyna et al. 2016), displayed in Figure
5, reveals a significant difference. In particular, the transition
between parallel flow and droplet flow in the universal flow
pattern map corresponds to the transition between droplet
flow and slug flow observed in the serpentine channel, and
is shifted towards lower value of the parameter We · Oh of
the continuous phase (oil in the present work).

A second difference is the absence of parallel flow in the
serpentine channel, where it is replaced by three flow pat-
terns: slug flow, slug/dispersed flow, and slug/annular flow,
with the points corresponding to slug/annular flow located
approximately in the centre of parallel flow region of the uni-
versal map. This suggests the secondary flow induced by
curved streamlines enhances mixing of the two phases, by
disrupting the stability of parallel flow and replacing it with
intermittent flow patterns.
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Figure 5: Comparison of results for water-in-oil flow in-
side a serpentine channel with square cross-section
with the general flow pattern map plotted with re-
spect to the dimensionless variable WeOh (Yagod-
nitsyna et al. 2016); drop regime (◦); slug flow
(�); slug/dispersed flow (4); slug/annular (�).
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The slug/annular flow, displayed in Figure 3d, is charac-
terised by very long liquid slugs with only small amounts
of oil between two consecutive slugs, therefore it could be
regarded to as a pseudo-parallel flow regime. In this perspec-
tive, one can conclude the effect of the serpentine geometry
is to shrink the region of parallel flow on the universal flow
pattern map obtained for straight microchannels.

Figure 6 displays the dimensionless drop and slug length,
Dl/L, plotted as a function of the superficial velocity of
the continuous phase, Jo, for the different flow patterns ob-
served. For Jo . 4 mm/s, the dimensionless length decreases
for increasing Jo, while above Jo & 4 mm/s it remains ap-
proximately constant and equal to the capillary length (Eq.
1).
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Figure 6: Slug and drop dimensionless length, Dl/L, as a
function of the superficial velocity of the continu-
ous phase (oil). The discontinuous horizontal line
indicates the capillary length.
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Figure 7: Slug and drop velocity as a function of the super-
ficial velocity of the continuous phase (oil). The
discontinuous line represents the linear correlation
Vs = 1.5Jo.

The slug and drop velocity, Vs, is approximately a linear
function of the superficial velocity of the continuous phase,
as shown in Figure 7, in agreement with the literature (Cao
et al. 2018; Yagodnitsyna et al. 2016).

Conclusions

The two-phase flow of oil and water flow in a horizontal
serpentine channel was investigated experimentally by high-
speed imaging. Different flow regimes were identified de-
pending on the superficial velocities of the two fluids, and
sorted into an empirical flow pattern map. Flow pattern tran-
sitions were found to be a function of the product of the We-
ber and Ohnesorge numbers, in agreement with dimensional
analysis arguments for straight channels.

The serpentine geometry enhances the fluids mixing with
respect to straight channels, by reducing significantly the area
of the separated flow region.

Finally, the slug length and velocity correlate with the su-
perficial velocity of the continuous phase, irrespective of the
flow pattern, and in agreement with the literature.
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