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a b s t r a c t

We study the formation of nanoliter-sized droplets in a microfluidic system composed of a T-junction in
PEEK and tubing in Teflon. This system, practical for a ‘plug and play’ set-up, is designed for droplet-
based experiments of crystallization with a statistical approach. Hence the aim is to generate hundreds
of droplets identical in size and composition and spatially homogeneous. Therefore, parameters of
control are droplet size and frequency. However, the geometry of the T-junction is not perfect and,
moreover, its channels are circular, as opposed to the planar geometries with rectangular cross-sections
that are usually used. However, based on 3D experiments and 2D simulations, we observe the same
regimes of droplet generation in circular channels as in planar geometries, and with the same stability.
Therefore, we refer to velocities instead of flow rates to characterize the system. Then we define
operating range in terms of droplet size and frequency through empirical relations using total velocity,
velocity ratio and capillary number, to ensure homogeneous droplets in channels of 500 mm and 1 mm
diameters.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoliter-sized droplets are increasingly used as nano-reactors
in chemistry, for crystallization (Li et al., 2006; Selimovic et al.,
2009), reaction (Li and Ismagilov, 2010) and analysis (Zare and
Kim, 2010; Brouzes et al., 2009; Burns et al., 1998) studies. First,
less material is consumed in nanoliter-sized droplets than in
milliliter crystallizers. It is important to reduce material consump-
tion when only small quantities of material are available, i.e. rare
molecules such as pharmaceutical ingredients, purified proteins,

or dangerous materials (energetic materials). Second, generating
hundreds of nanoliter-sized droplets permits statistical analysis.
Therefore microfluidic technologies are used with two-phase non-
miscible flows, through flow-focusing (Gañán-Calvo and Gordillo,
2001; Anna et al., 2003), co-flowing (Umbanhowar et al., 1999;
Garstecki et al., 2005) and cross-flowing (Thorsen et al., 2001;
Garstecki et al., 2006). In our application, the microfluidic system
is dedicated to droplet-based crystallization experiments. Nano-
liter volumes makes it possible to nucleate a limited number of
crystals that we can locate easily, and the generation of hundreds
of nanoliter-sized droplets allows stochasticity of nucleation to be
addressed Candoni et al. (2012). Therefore, our purpose is to
generate hundreds of droplets identical in size and composition.
Moreover, as we mix different solutions before the generation of
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droplets, the droplets' spatial homogeneity is also a crucial
consideration.

In this paper, we study a ‘plug and play’ microfluidic system
composed of a T-junction in PEEK and tubing in Teflon. Droplets are
generated by cross-flowing the crystallization solution and the non-
miscible oil, which is the continuous phase. The advantage of both
Teflon and PEEK polymers over PDMS, which is only compatible
with water, is their compatibility with organic solvents such as
ethanol, acetone or nitrobenzene (Ildefonso et al., 2012). We choose
ethanol as crystallization medium in order to ensure maximum
versatility; we use as continuous phase fluorinated oil FC-70 which
has no or very low miscibility with solvents like ethanol and good
wettability with Teflon. Hence the shear of the continuous phase,
which is injected into the junction perpendicular to the dispersed
phase, leads to the break-up of dispersed phase droplets. We use
Nemesys pumps to inject the continuous and the dispersed phase
with reproducible flow rates, allowing us to generate droplets of the
dispersed phase identical in size and frequency. Mixing inside
droplets after their break-up is accelerated by the flow of the
continuous phase if droplets can twirl in the channel, and hence the
droplets are spatially homogeneous. But this twirling requires
spherical droplets, which means that droplet diameter must be
smaller than or equal to the channel diameter. However, droplets
smaller than channel diameter can move in the channel and
coalesce, depending on the frequency at which they are generated.
The minimum droplet size must therefore be of the order of
channel diameter and the frequency must be low.

The literature contains many experimental studies and simula-
tions investigating the size of droplets. To the best of our knowledge,
the studies presented in the literature use planar geometries with
rectangular cross-section typically between 50 and 300 mm. They
explore phase properties (viscosity (Garstecki et al., 2006; Xu et al.,
2008; Christopher et al., 2008; Liu and Zhang, 2009; Gupta and
Kumar, 2010; Glawdel et al., 2012a, 2012b; Chen et al., 2011;
Wehking et al., 2013) and surface tension (Thorsen et al., 2001; Xu
et al., 2008; Wehking et al., 2013), channel geometry (the height and
the width of the channels (Garstecki et al., 2006; Glawdel et al.,
2012a, 2012b; Wehking et al., 2013; Van Steijn et al., 2010)) and
operating parameters (flow rate ratio (Garstecki et al., 2005, 2006; Xu
et al., 2008; Christopher et al., 2008; Liu and Zhang, 2009; Gupta and
Kumar, 2010; Glawdel et al., 2012a, 2012b; Chen et al., 2011; Van
Steijn et al., 2010; Tice et al., 2003; Zhao and Middelberg, 2011)).
Droplet size is shown to be influenced by flow rate ratio and capillary
number (Garstecki et al., 2006; Xu et al., 2008; Christopher et al.,
2008; Liu and Zhang, 2009; Wehking et al., 2013; Van Steijn et al.,
2010; Tice et al., 2003; Zhao and Middelberg, 2011) (Ca). Moreover
flow velocities are generally used instead of flow rates to represent
droplet parameters (Xu et al., 2008; Christopher et al., 2008; Glawdel
et al., 2012a, 2012b; Chen et al., 2011; Tice et al., 2003; Nisisako et al.,
2002). To date, four distinct regimes of droplet formation or break-up
within the confined geometry of a microfluidic T-junction have been

described in the literature: squeezing, transient, dripping and jetting
(Thorsen et al., 2001; Garstecki et al., 2006; Xu et al., 2008; De
Menech et al., 2008). At low Ca, squeezing operates as a rate-of-flow-
controlled regime, break-up arising from the pressure drop across the
emerging droplet in the channel (Garstecki et al., 2006). At Ca40.01,
dripping operates, shear stress playing an important role in break-up
(Thorsen et al., 2001). Jetting operates at very high flow rates and/or
with low surface tension (De Menech et al., 2008). An intermediate
regime between squeezing and dripping, named transient, is
observed by Xu et al. (2008) for 0.002oCao0.01, in which break-
up is controlled by both pressure drop and shear stress. But most
authors did not use a transient regime and worked with a critical Ca
ofE0.015 to define the transition between squeezing and dripping
(De Menech et al., 2008). In contrast, few studies deal with droplet
frequency (Christopher et al., 2008; Gupta and Kumar, 2010;
Wehking et al., 2013) even though it is easy to calculate using
experimental results from the literature.

Our microfluidic configuration is easy to build and to use
(Candoni et al., 2012; Ildefonso et al., 2012); it has circular channels,
and the T-junction is not intended to be used for microfluidic
experiments because its geometry is not perfect. Thus in this paper,
we compare our non-perfect T-junction with circular channels to
purpose-designed planar geometries with rectangular cross-
sections molded in PDMS. We investigate the effect of total flow
rate, flow rate ratios and capillary numbers on both droplet size and
frequency. The aim is to define the operating range through
empirical relations to ensure homogeneous droplets in channels
of 500 mm and 1 mm diameters.

2. Material and methods

2.1. Experimental set-up

The microfluidic system (Fig. 1a) is composed of two tubings of
identical internal diameter W (W is either 500 mm or 1 mm) made
of Teflon. They are connected in a T-junction from IDEX in PEEK
(polyether ether ketone) at right angles. The main channel contains
the continuous phase (oil) whereas the orthogonal channel contains
the dispersed phase (ethanol). The inner diameter of the T-junction
is identical to that of the tubings, i.e. 500 mm or 1 mm (Fig. 1b).

The continuous phase and the dispersed phase are separately
loaded using separate syringes placed in a syringe pump
(neMESYS), which generates extremely smooth and pulsation-free
fluid streams from 0.01 mL/s. The two phases are injected with given
flow rates as follows: 0.15–12.3 mL/s for the continuous phase (QC)
and 0.03–6.2 mL/s for the dispersed phase (QD). The ratio between
the dispersed and the continuous flow rates (QD/QC) is varied from
0.1 to 0.8 and the total flow rate QTOT (¼QDþQC) is varied from
0.28–14 mL/s. Variation in droplet size is 5% of the mean diameter,
corresponding to 15% in terms of volume. However this variability is

Fig. 1. (a) Photo and (b) scheme of PEEK T- junction from IDEX Health and Science catalog.
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acceptable for chemical applications such as crystallization. Simi-
larly, variability in droplet frequency is also acceptable because we
are mainly interested in avoiding the coalescence of droplets.

2.2. Phase properties

The phases are fluorinated oil FC-70 for the continuous phase
and ethanol for the dispersed phase. Fluorinated oil FC-70 (Hamp-
ton research) is chosen because it shows no or very low miscibility
with ethanol and good wettability with the channel wall in Teflon,
allowing droplets to be generated without addition of surfactants.
Physico-chemical properties such as density, dynamic viscosity and
surface tension are given in Table 1. The surface tension between
the two phases is measured with the pendant drop method by
forming droplets of ethanol in the oil at 23 1C, as previously
described (Bukiet et al., 2012). Ethanol contact angle at FC-70/Teflon
interface is measured at 23 1C.

2.3. Flow properties

The two phases are Newtonian. For a given T-junction geome-
try, the physico-chemical properties influencing droplet formation
are density, dynamic viscosity, surface tension between the con-
tinuous and the dispersed phases, velocity of the flows and
dimensions characteristic of the system, i.e. the radius of channels
(W/2) (Zhao and Middelberg, 2011). We calculate the following
parameters:

- The inertial forces and the viscous forces are compared through
the Reynolds number, which is calculated using the continuous
phase properties: its density ρC, viscosity mC and flow velocity
vC. It gives values of Re lower than 1, showing that the effect of
inertia can be ignored:

Re¼ ρC � vC � ðW=2Þ
μC

ð1Þ

Thus the flow is laminar and their average velocity in our
cylindrical microfluidic system is evaluated from the diameter
W of channels and the flow rate Q as follows:

v¼ Q

πðW=2Þ2
ð2Þ

- The generation of droplets in a T-junction leads to the creation
of a free interface between the two phases, characterized by the
surface tension γCD. The corresponding capillary effects are in
competition with gravity effects. The length above which
gravity effects dominate capillary effects is the capillary length
lc:

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γCD

Δρ� g

r
ð3Þ

with g the gravity acceleration and Δρ the difference in density
between the two phases. From the values of Table 1, lc¼2.4 mm.
Hence the gravity does not influence the deformation of the
interfaces in millimetric or sub-millimetric channels.

- The shear stress and the surface tension are compared through
the capillary number Ca. In the generation of droplets of a
dispersed phase in a continuous phase, Ca is usually calculated
using the average velocity vC and viscosity mC of the continuous
phase, and the surface tension γCD: (Thorsen et al., 2001;
Garstecki et al., 2006; Xu et al., 2008; Christopher et al.,
2008; Liu and Zhang, 2009; Gupta and Kumar, 2010; Wehking
et al., 2013; Van Steijn et al., 2010; Tice et al., 2003; Zhao andTa
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Middelberg, 2011).

Ca¼ μC � vC
γCD

ð4Þ

Note that in this work mC and γCD are fixed. We have varied vTOT
(¼vDþvC) in a large range, i.e. more than one order of magnitude.
And for a given vTOT, we have varied the flow velocity ratio (vD/vC)
from 0.1 to 0.8. Therefore, vC is varied in almost two orders of
magnitude.

2.4. 2D numerical simulations

2D numerical simulations are performed with software ANSYS
and its computational phase dynamics package Fluent (version
12.1). The geometry is designed with DesignModeler, included in
ANSYS software. The chosen geometry is a 2D T-junction similar to
the experimental 3D geometry. The main channel is planar, with a
width of 1 mm and a length of 20 mm. The secondary channel is
similar, with the same width and 30 mm long. The entrance to the
second channel is 30 mm away from the entrance to the main
channel, assuming that the continuous phase is fully developed
after 30 mm. Mesh is generated with meshing included in ANSYS
software. A homogeneous structured mesh is used with 30 square
cells per channel width.

Given that both phases are incompressible and immiscible, we
choose the Volume of Fluid (VOF) model because it clearly
describes the interface. Two-phase flows are fixed as laminar,
unsteady and isothermal. The velocity and pressure fields are
solved through the classical continuity equation and Navier–
Stokes equation with the density ρ and the dynamic viscosity μ
such that:

ρ¼ϕCρCþϕDρD ð5Þ

m¼ϕCμCþϕDμD ð6Þ
with ϕC and ϕD the volume fraction, ρC and ρD the density, and mC
and mD the dynamic viscosity of continuous and dispersed phases
respectively.

An additional source term F is added to the Navier–Stokes
equation to take into account the interfacial tension through a
continuum surface force model, with κ the interface curvature, n!
the interface outward normal vector and γCD the surface tension:

F
!¼ 2γCD � ρκ n!

ρCþρD

� � ð7Þ

The governing equations are discretized to algebraic equations using
a pressure based unsteady solver. The PRESTO! method is used for
the pressure interpolation. The PISO algorithm and second-order
upwind scheme is used for the pressure–velocity coupling and
momentum equation respectively. A non-iterative time advancement
(NITA) scheme is used in preference to a classical iterative time
advancement scheme to speed up the simulation with equally
accurate results. The time step is 10�4 s and the global courant
number is kept under 2.

At the initial stage, the main channel is filled with the contin-
uous phase and the secondary channel with the dispersed phase.
The contact angle of droplets is set constant to 1401 as ethanol
contact angle at FC-70/Teflon interface is 140731 (Table 1). Phase
properties are the same as described in Section 2.2. The outflow
condition for the outlet is chosen. At the inlet of each channel, a
constant and flat velocity profile is imposed. This 2D numerical
simulation is a preliminary feasibility test, which needs to be
developed further. Additional numerical simulations will be rea-
lized, including 3D and complex geometries.

3. Results

Our aim is to define operating range in terms of droplet size
and frequency to achieve homogeneous droplets in circular
channels using our T-junction. We begin by comparing our circular
3D geometry to our 2D simulation. This 2D simulation yields the
same results as the planar geometries generally used in the
literature. Then we investigate the role of total flow rate, flow rate
ratios and capillary numbers on both droplet size and frequency in
order to establish empirical laws that will help in defining the
operating range in channels of 500 mm and 1 mm diameters.

3.1. Relevance of velocities explored in 3D-experiments and in 2D-
simulations

In this work, 2D simulations are carried out by controlling flow
velocities as used in previous experimental studies to represent
droplet parameters (Xu et al., 2008; Christopher et al., 2008;
Glawdel et al., 2012a, 2012b; Chen et al., 2011; Tice et al., 2003;
Nisisako et al., 2002). Here, the aim is to demonstrate that the
displacement of phases in 3D cylindrical channels can be
expressed by the average velocity instead of the flow rate, in a
first approximation. In this way, experimental droplet generation
in our cylindrical channels can be compared to the literature in
which planar geometry with rectangular cross-section is used.

The experimental results are obtained by varying the flow rates of
the continuous and the dispersed phases. In order to study the role of
the total flow velocity vTOT (¼vDþvC), the total flow rate QTOT

(¼QDþQC) is varied in a large range, i.e. more than one order of

Fig. 2. Plot of the total flow velocity vTOT versus Ca for diameters of (a) 500 mm and
(b) 1 mm from 3D-experiments (open symbols) and 2D-simulations (square filled
symbols).
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magnitude. Then for a given QTOT, i.e. vTOT, the protocol consists in
varying the flow rate ratio (QD/QC) and so the flow velocity ratio (vD/
vC) from 0.1 to 0.8. Therefore, vC is varied in almost two orders of
magnitude. As different regimes of droplet generation are observed in
the literature according to the capillary number Ca, experimental and
simulation conditions are represented in Fig. 2 by plotting the
explored values of vTOT versus Ca. Here, we limit the simulations to
three total flow velocities and flow velocity ratios for a channel of
1 mm diameter (Fig. 2b), due to numerical calculation time. Fig. 2
shows that Ca is explored over a wide range which surrounds the
critical value of 0.01–0.015 described in the literature to represent the
importance of shear stresses on interfacial forces (Thorsen et al., 2001;
Garstecki et al., 2006; Xu et al., 2008; Christopher et al., 2008; Liu and
Zhang, 2009; Van Steijn et al., 2010; Tice et al., 2003; Zhao and
Middelberg, 2011). However Ca is based on the continuous phase only.
Hence Ca is not enough to characterize the flow regime as a Ca value
can be obtained for different vD and so different vTOT. Therefore we
have also explored different values of vTOT for the same Ca by varying
vD while keeping vC constant.

3.2. Observation of droplet formation regimes with 3D-experiments
and 2D-simulations

Experimental results obtained with 3Dmicrofluidics using channels
of 500 mm diameter are compared with 2D simulations using channels
of 1 mm diameter, in Fig. 3. In experimental results (Fig. 3a, c and e),
ethanol plugs were generated and transported by the flow of oil in a
transparent ETFE (Ethylene tetrafluoroethylene, a fluorine-based plastic
from IDEX Health and Science catalog) T-junction. The observations
were made under an optical microscope (Zeiss Axio Observer D1)
equipped with a camera sCMOS (Neo, ANDOR Technology).

In experiments of Fig. 3a, c and e, different regimes of droplet
formation are observed for a given vD/vC, depending on Ca value:

- Up to Ca¼0.02, the droplet emerges in a hemispherical shape
and the channel is filled by the dispersed phase as the droplet
approaches the opposite wall. Then the droplet feeding pro-
ceeds making it grow in length before it forms a neck due to
the flow of the continuous phase, which finally pulls it out.
Hence the length of droplets is longer than W. This is the
squeezing regime (Garstecki et al., 2006).

- When Ca is greater than 0.02, the flow of the continuous phase
appears to compress the dispersed phase against the upper
channel wall. In fact, due to the pressure exerted by the
continuous phase, the dispersed phase forms a neck just after
its outlet. For a given flow velocity, this neck becomes longer
and thinner with increasing Ca, reducing droplet feeding before
detachment. Hence droplets are shorter than W. This is called
the dripping regime (Thorsen et al., 2001).

- At high values of Ca (near 0.2), a jet of the dispersed phase is
observed at the junction (first pictures, Fig. 3 Ca¼0.2 and 0.24,)
with droplets forming far away from the junction. The reason
why the dispersed phase jet breaks is that the surface tension
γCD is lower for droplets than for a cylinder, while having the
same volume. These Rayleigh-Plateau instabilities make dro-
plets form farther from the dispersed phase outlet, and with a
greater diameter, as the value of vTOT increases. Therefore jet
length increases with vTOT. This is the jetting regime (De
Menech et al., 2008). From our experiments, this jetting regime
is obviously due to high values of both vC and vD.

Interestingly the simulations in Fig. 3b and d show that the
behavior of phase flows qualitatively resembles that observed in
experiments in similar conditions, even though the geometry is
not perfect at the experimental junction. Moreover, simulations
add the following information to experimental observations:

- In the dripping and the squeezing regimes, the droplet first
emerges from the dispersed phase channel, and then grows
until it detaches and moves under the pressure of the
continuous phase.

- The transition Ca between dripping and jetting regimes
decreases from 0.2 to 0.1 when (vD/vC) increases.

- The jetting regime appears to be correlated to total flow rate
value vTOT (¼vDþvC), the transition occurring at vTOT close to
50 mm s�1. This value is observed experimentally for all ratios
of flow velocities. Hence the continuous phase confines the
dispersed phase near the upper wall, reducing jet diameter.

In conclusion, how Ca affects squeezing-to-dripping transition
and how vTOT affects dripping-to-jetting transition are clearly
shown in Fig. 3. To our knowledge, how vTOT affects the jetting
regime is observed here for the first time. However, we do not aim
for droplets smaller than W diameter because of the risk of
coalescence due to their mobility in the tubing. Therefore, in the
quantitative comparisons of our results below, we will focus on
squeezing and dripping regimes.

3.3. Quantitative comparison of 3D-experiments and 2D-simulations

For quantitative comparison between 2D simulations and 3D
experimental results, two parameters are explored in this work:
droplet size and frequency (Fig. 4).

3.3.1. Droplet size
The experimental droplet length L is evaluated on pictures

using the software ImageJ and L/W is calculated in order to
compare results obtained with both channel diameters W. Fig. 4a
represents L/W versus (vD/vC) for given values of vTOT. For each
value of (vD/vC) and vTOT, L is measured on roughly one hundred
droplets. Simulations are carried out for 1 mm channel diameters
and values of L/W are consistent with those measured in 3D
experiments for given (vD/vC) and vTOT.

In Fig. 4a, values of L/W increase linearly with (vD/vC) as reported
in the literature for L versus flow rate ratio QD/QC (Garstecki et al.,
2006; Christopher et al., 2008; Liu and Zhang, 2009; Van Steijn
et al., 2010; Tice et al., 2003). Our study is consistent with the
literature because we define velocities by the ratio between flow
rates and channel diameter, leading to (vD/vC) values equal to (QD/
QC). However the linear fitting curves of L/W obviously depend on
vTOT. This is confirmed by 2D simulations at (vD/vC) of 0.2, which
lead to distinct values of L/W due to different values of vTOT.

Note that droplets of similar size to the channel diameter or
smaller (L/Wr1) are generated with high values of vTOT and low
values of (vD/vC). Moreover, for vTOT values higher than 7 mm/s,
the dependence of droplet size on vTOT is less marked. In fact, it
corresponds to the dripping regime observed in Fig. 3 at
Ca40.015, where the presence of a neck reduces droplet feeding.
Hence the dependence on vD/vC is also reduced.

3.3.2. Droplet frequency
In the literature, droplet frequency, defined as the number of

droplets per second, is given by the ratio between the flow rate of
the dispersed phase and the volume of droplets in a steady regime,
in order to conserve the mass of the dispersed phase. As our aim is
to represent a flow by its velocity, we define the droplet frequency
fD as the production rate of a dispersed phase of L length due to
injection at a velocity vD. Hence fD is given by:

f D ¼ vD
L

ð8Þ

Fig. 4b represents fD measurements, varying (vD/vC) and vTOT in
experiments with both W values and in simulations with 1 mm
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channel diameter. As for L/W, fD values obtained in 2D simulations
are consistent with fD measured in 3D experiments for given (vD/
vC) and vTOT.

Furthermore, fD values increase as a power-law of (vD/vC) as
reported in the literature for fD versus flow rate ratio QD/QC

18.
However the fitting curves of fD obviously depend on vTOT. This is

Ca vTOT

vD/vC 0.016 5,1mm/s

0.1

0.075 23.6mm/s

0.24 75mm/s

0.2

0.014 4.9mm/s

0.25

0.02 10.2mm/s

0.237 84.9mm/s

0.335

0.14 54.3mm/s

0.8

0.02 10.2mm/ s

0.05 26mm/s

0.2 111mm/s

a

b

c

d

e

Fig. 3. (a), (c) and (e): droplet formation in 3D-experiments using channels of 500 mm diameter; (b) and (d): droplet formation in 2D-simulations using channels of 1 mm diameter.
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confirmed by simulations at (vD/vC) of 0.2, which lead to distinct
values of L/W due to different values of vTOT.

In conclusion, 3D experimental and 2D simulation results taken
together confirm that it is relevant to interpret experimental
results through flow velocities, even though the geometry is
cylindrical at the experimental T-junction. Moreover, the average
velocity of flows being defined proportional to flow rates in this
paper, it is easy to compare with flow rates in the literature. We
not only observe that L/W and fD are influenced by (vD/vC) as
described in the literature but our experimental and simulation
results also show clearly that vTOT plays a significant role in the
generation of droplets. This contribution of vTOT through the
absolute values of vD and vC is described thoroughly in Section 4
of this paper.

4. Discussion

4.1. Is vD/vC alone sufficient to describe L/W?

According to Sections 3.2 and 3.3, L/W is influenced by vD/vC, as
found in the literature. However, it is obvious that the parameters
vTOT and Ca also play a role in droplet formation. Therefore, we
start the investigation by exploring the influence of vTOT and Ca, in
addition to vD/vC on L/W.

4.1.1. Influence of vTOT on droplet size in addition to (vD/vC)
Fig. 4a shows that experimental results of L/W, obtained with

500 mm and 1 mm channel diameters (W), indicate a linear
increase of L/W with (vD/vC). These linear fitting curves involve
two parameters, a slope α and an initial value β (for vD/vC¼0) that
corresponds to the minimum droplet length:

L
W

¼αvD
vC

þβ ð9Þ

In the literature, the linear relationship between L/W and (QD/QC)
was described in rectangular channels only for the squeezing
regime for Cao0.01 (Garstecki et al., 2006; Christopher et al.,
2008; Liu and Zhang, 2009; Van Steijn et al., 2010). In contrast, in
our work the linear relationship is valid for all explored Ca values,
from 0.001 to 0.1, and thus for both squeezing and dripping
regimes (Fig. 3). Moreover, the variation of L/W is explained in
the literature essentially by the influence of (QD/QC), with fixed
values of α and β (in the order of 1 for Garstecki et al. (2006)). In
our case, both α and β decrease linearly with vTOT (Fig. 5a), with
two slopes depending on the range of vTOT. The slope change
occurs at a similar vTOT value for both α and β, i.e. 9–10 mm/s and
4–5 mm/s for 500 mm and 1 mm diameters respectively (Fig. 5a).
The value of β at the intercept of the two slopes is close to 1,
meaning that the droplet length is close to the channel diameter.
In fact two droplet regimes are generated with two slopes for α
and β variations, depending on vTOT value:

Fig. 4. Plots of (a) droplet size (L/W) and (b) droplet frequency (fD) versus (vD/vC) for given vTOT from: 3D experiments for channel diameters of 500 mm and 1 mm and 2D
simulations for a channel diameter of 1 mm (open symbols).
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– For low vTOT, β is higher than 1, meaning that whatever the
value of (vD/vC), the droplet is detached only after its diameter
has reached the channel diameter and the droplet has further
expanded length-wise. Hence even for low values of vD, vC is
low enough to let the dispersed phase fill the channel cross-
section. The evaluation of Ca related to low vTOT (Fig. 2) leads to
Cao 0.01–0.015, corresponding to the squeezing regime in the
literature. Our experimental results show that in this regime,
both α and β vary considerably with vTOT (Figs. 4a and 5a).

– For high vTOT, β is lower than 1, meaning that at low values of
(vD/vC), the droplet can detach before its diameter has reached
the channel diameter. Hence even for high values of vD the
dispersed phase does not fill the channel cross-section because
vC is also very high. Here, Ca is higher than 0.01–0.015,
corresponding to the dripping regime. Our experimental results
show that in this regime, α and β are less influenced by vTOT
and vD/vC (Figs. 4a and 5a).

The linear relationship with (vD/vC) and the two regimes
observed depending on the Ca value are in accordance with the
literature. However L/W values are obviously influenced by vTOT, i.
e. absolute values of vC and vD. Moreover two different values of
(vD/vC) can give the same L/W if vTOT varies in the right way
(Fig. 4a). We thus seek to merge (vD/vC) and vTOT influences by
plotting L/W versus [(vD/vC)/vTOT] (Fig. 5b).

The curves are fitted to the scaling law:

L
W

¼ K1 �
vD=vC
vTOT

� �m

ð10Þ

The value of m is proportional to the channel diameter (1/4 for
500 mm and 1/2 for 1 mm) leading to an increasing influence of
[(vD/vC)/vTOT] on L/W with increasing channel diameter. It is

Fig. 5. Plot of (a) parameters α (open symbols) and β (filled symbols) versus vTOT and (b) droplet size (L/W) versus [(vD/vC)/vTOT], for channel diameters of 500 mm and 1 mm.

Fig. 6. Plot of L/W versus [(vD/vC)/Ca] for 500 mm and 1 mm channel diameters.
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noteworthy that the pre-factor K1 is similar (68 mm/s) for both
channel diameters. Hence, in addition to the flow rate ratio, the
total flow rate permits droplet size to be adjusted from shorter to
longer than the channel diameter. Here therefore, mono-dispersed
droplets can be produced at a variety of (vD/vC) values, by keeping
the ratio [(vD/vC)/vTOT] constant. On the other hand, droplets of
different sizes can be produced by keeping (vD/vC) constant while
varying [(vD/vC)/vTOT]. For our application, the value of K1 can be
considered as a characteristic velocity which defines the operating
range permitting droplets to mix without coalescence, as explained
in Section 1.

However, this relationship does not take into account the
physico-chemical properties of the two phases, i.e. the viscosity
mC and the surface tension γCD. Moreover Garstecki et al. (2006)
showed that for the squeezing regime (low Ca values), the scaling
relation giving L/W is independent of phase properties. Never-
theless, as two regimes of droplet generation are observed
depending on Ca values, phase properties must play a role in
droplet size.

4.1.2. Influence of Ca on droplet size in addition to (vD/vC)
L/W is shown above to increase with (vD/vC) (Fig. 4a). Hence we

assume that the influence of Ca on L/W is combined with the
influence of (vD/vC) by plotting L/W versus [(vD/vC)/Ca], for given
vTOT (Fig. 6). Fig. 6 shows how all the results for each channel

diameter can be combined so that the fitting curves correspond to
a scaling law:

L
W

¼ K2 �
vD=vC
Ca

� �n

ð11Þ

The value of n is proportional to the diameter (1/4 for 500 mm and
1/2 for 1 mm) leading to an increasing influence of [(vD/vC)/Ca] on
L/W as the diameter increases. It is noteworthy that the dimen-
sionless pre-factor K2 is similar (�19) for both channel diameters.
Moreover, this empirical law is consistent with the literature for
high values of Ca (0.05–1) (Xu et al., 2008; Christopher et al., 2008;
Zhao and Middelberg, 2011). It is in accordance with the increase
of L/W with the surface tension γCD observed by Wehking et al.
(2013) and the decrease of L/W with the viscosity mC observed by
Gupta and Kumar (2010). However, it must be noted that our
relation is valid over a wider range of Ca, from 0.005 to 1.

Physico-chemical parameters γCD and mC are fixed here, and so
can be moved to K2. Hence it is interesting to note that relations
(Eqs. (10) and (11)) depend on (vD/vC) with the same exponent
values (m and n) depending on channel diameter. Moreover the
parameters K1 and K2 do not depend on channel diameter. Thus
these empirical laws can be determined for a given diameter if the
absolute flow velocity and phase physico-chemical properties are
known. Moreover as vC value is fixed by Ca and vD value by (vTOT),
droplet size may be related to vTOT and Ca.

Fig. 7. Plot of droplet size (L/W) versus (a) the capillary number Ca for given vTOT and (b) [vTOT/Ca4/3] for given vD/vC, from experiments with of 500 mm and 1 mm channel
diameters.
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4.2. Influence of Ca and vTOT without using (vD/vC)

As we have demonstrated that vTOT and Ca, in addition to vD/vC,
influence L/W, the remaining question is whether we can directly
correlate L/W to vTOT and Ca without using (vD/vC), and how this
can be applied to droplet frequency?

4.2.1. Influence of Ca and vTOT on droplet size
L/W was observed above to decrease with vTOT (Fig. 4a). In

order to explore the influence of Ca, we plot L/W versus Ca, for
given vTOT (Fig. 7a). In Fig. 7a for given vTOT, L/W decreases with Ca
and fitting curves depend on Ca and vTOT:

L
W

¼ vTOT
K3 � Ca4=3

ð12Þ

Plotting L/W versus [vTOT/Ca4/3] combines all the results obtained
for different flow rate ratios vD/vC (Fig. 7b).

It is noteworthy that the pre-factor K3 is similar (10�3 mm/s)
for both channel diameters and it can be considered as a
characteristic velocity which defines the operating range permit-
ting droplets to mix without coalescence for our application.
Therefore, this empirical law allows the prediction of L/W value
for each given vTOT and Ca. In the literature, droplet length is
related either to flow rate ratio (Garstecki et al., 2006) or to
continuous phase flow rate (Liu and Zhang, 2009). Here, the total
velocity vTOT contains the continuous phase velocity vC and the
dispersed phase velocity vD, and the capillary number Ca contains
vC. Hence it is more important to know the absolute values of both
velocities than the ratio (vD/vC). Moreover, because Ca depends on
the viscosity mC and the surface tension γCD, their influence on L/W
needs to be tested in future to check the validity of our law.

4.2.2. Application to droplet frequency
Fig. 4b shows that experimental results of droplet frequency fD,

obtained with 500 mm and 1 mm channel diameters, indicate that
L/W increases with (vD/vC). However for a given (vD/vC), droplet
frequency fD also increases with vTOT. Moreover our detailed
investigation of L/W suggests that the parameter Ca plays a role
in the frequency of droplet generation. Therefore, we plot fD versus
[vTOT/Ca4/3] for given vD/vC (Fig. 8) (as above for L/W).

The fitting curves in Fig. 8 correspond to a scaling law:

f Dp
vTOT
Ca4=3

� �p

ð13Þ

For both channel diameters, it is noteworthy that the value of p is
identical (��4). Moreover the factor fD increases with (vD/vC) and
it decreases with channel diameter.

The droplet frequency in T-junction microfluidics has rarely been
studied, even though the definition of fD (vD/L) makes it easy to
calculate using the experimental results of the literature. However,
Christopher et al. (2008) and Gupta and Kumar (2010) also showed
that fD scales with Ca4/3. Nevertheless, Gupta and Kumar (2010) varied
the diameter ratio (WD/WC) between the channels of the dispersed
phase and the continuous phase, and observed that fD is influenced by
this ratio, but not by the absolute value of channel diameters. Here, the
ratio (WD/WC) is equal to 1 and we note that for given values of Ca, vD
and vTOT, fD is inversely proportional to channel diameters W (Fig. 8).

For our application, the operating range permitting droplets to
mix without coalescence, as explained in Section 1, corresponds
experimentally to L/W near a value of 1 and low values of fD:

- For L/WE1, [vTOT/Ca4/3] must be 1000 mm/s for both diameters
(Fig. 7b).

Fig. 8. Plot of droplet frequency fD versus [vTOT/Ca4/3] for given vD/vC, from
experiments with 500 mm and 1 mm channel diameters.

Fig. 9. Plot of fD versus (Ca4/3�ϕD) for given (vD/vC), from experiments with
500 mm and 1 mm channel diameters.
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- For [vTOT/Ca4/3] of 1000 mm/s, fD increases with (vD/vC) and this
increase is enhanced, thereby increasing the risk of coales-
cence, when the diameter is reduced (Fig. 8).

Thus for a given vC(mm/s), vD(mm/s) is first calculated for
[vTOT/Ca4/3] equal to 1000. This yields a ratio (vD/vC) permitting
droplet frequency to be evaluated graphically (Fig. 8).

For a given vD, an easy way to evaluate vC is by introducing the
ratio (vD/vTOT) which corresponds to “the fraction of dispersed
phase” ϕD as defined by Tice et al. (2003) in mixing studies. This
ratio appears in the relation of fD, with Ca and vTOT resulting from
Eq. (12):

f D ¼ K4 � Ca
4
3

W
� vD

vTOT
ð14Þ

Then by plotting fD versus (Ca4/3� ϕD) all the results obtained for
different flow rate ratios (vD/vC) can be combined with pre-factor
K4 value of 1000 mm/s for both channel diameters. In our
application, as [vTOT/Ca4/3] is equal to 1000 mm/s, K4 can be
considered as a characteristic velocity which defines the operating
range permitting droplets to mix without coalescence. vD can be
chosen (without knowing vC) so as to obtain the desired fD using
Eq. (14), and hence different ratios (vD/vC). Finally Fig. 9 shows
how the operational range of (vD/vC) can be broadened.

In conclusion, for practical applications L/W and fD can be
predicted with given pairs of absolute values (vTOT and vD or vC) or
(vD and vC), using Eqs. (12) and (14), respectively. Moreover, we
can define the operating range for these pairs of parameters for a
given vD in order to generate homogeneous droplets with droplet
size similar to the channel diameter and low frequency.

5. Conclusion

This paper presents a hydrodynamic study of our microfluidic
system used for crystallization studies (Ildefonso et al., 2012),
which is based on a T-junction with two channels of circular cross-
section with the same diameter. Firstly, 3D experiment and 2D
simulation results obtained in this work confirm that our cylind-
rical microfluidic channels can be compared to the planar geome-
tries with rectangular cross-section described in the literature.
Therefore the displacement of phases in our 3D cylindrical
channels can be represented by the average flow velocity instead
of the flow rate. Secondly, this study investigates the influence of
the total flow velocity vTOT and the capillary number Ca, in
addition to the flow velocity ratio (vD/vC), on droplet generation.
We thus demonstrate, for the first time, that the flow velocity ratio
(vD/vC) is not sufficient to predict droplet size and frequency; and
that the total flow velocity vTOT or the absolute flow velocity
values vD and vC are required. Hence, we establish empirical laws
predicting droplet size and frequency with vD, vC and Ca. These
correlations allow us to define the operating range that will
generate homogeneous droplets. Moreover, our results are
obtained for channel diameters of 500 mm and 1 mm, which are
one order of magnitude larger than that usually tested in the
literature (between 50 and 300 mm), while remaining smaller than
the capillary length (2.4 mm).

Nomenclature

Ca Capillary number (mC�vC/γCD) (dimensionless)
d Distance between 2 droplets (m)
f Frequency (s�1)
g Gravity acceleration (m/s2)
K1 Proportionality factor (m/s)

K2 Proportionality factor (dimensionless)
K3 Proportionality factor (m/s)
K4 Proportionality factor (m/s)
L Droplet length (m)
lc Capillary length ([γCD/(Δρ� g)]1/2) (m)
m Power factor (dimensionless)
n Power factor (dimensionless)
n! Outward normal vector of the interface (dimensionless)
p Power factor (dimensionless)
Q Flow rate (m3/s)
Re Reynolds number (ρC�vC� (W/2)/mC) (dimensionless)
v Absolute flow velocity (m/s)
W Channel diameter (m)

Greek symbols

α Slope (dimensionless)
β Initial value (dimensionless)
Δρ Difference in density (kg/m3)
ϕ Volume fraction (dimensionless)
γ Surface tension (N/m)
κ Curvature of the interface (m)
m Dynamic viscosity(Pa s)
ρ Density (kg/m3)

Subscripts

C Continuous phase
D Dispersed phase
TOT Total (continuous and dispersed phases)
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