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We report a study of droplet generation in two phase flows of non-miscible fluids in a T-shaped
array of circular channels, at the mesoscale between micro- and milli-fluidics. Our experiments show
that the balance between the different types of forces (capillary forces, shear viscous forces, etc.)
may differ significantly from that found by previous authors in smaller, microfluidics channels. The
results may, therefore, be applied to practical systems in which droplets act as small chemical reactors
or help enhance mixing. We suggest a possible interesting extension to the generation of drops inside
porous media. We report experiments in which the length of the droplets and the residual thickness of
the surrounding fluid film are systematically measured as a function of the respective flow rates of the
two fluids: These results are carefully compared to theoretical models taking into account in different
ways the capillary and viscous effects and to results obtained by other authors for smaller channels.
Several dimensionless control variables are tested (capillary number, ratio of the flow rates of the two
fluids, etc.). Capillary film thickness is shown to be a useful variable to identify the different regimes
of formation. Testing of the theoretical models with the experimental data showed that the change
from one formation regime to the other is accompanied by a change in the role of viscous effects.
Two models of breakup mechanisms were tested: on the one hand, the pressure buildup mechanism
and, on the other hand, a second mechanism corresponds to the balance of tangential shear stresses
and interfacial tension. According to the formation regimes, both models have provided satisfactory
predictions of the experimental results. However, at this mesoscale, the experimental data were better
described by the models dependent on the capillary number, as previously reported in systems with
a low degree of confinement. Published by AIP Publishing. https://doi.org/10.1063/1.5033451

Nowadays, microfluidics is the basis of many biotechno-
logical developments, simply because biological samples
are in a liquid state and biological organisms live in an
aqueous environment. Compared to conventional tech-
niques, the use of microdevices has many advantages: the
volumes of sample and reagents are significantly reduced,
which diminishes the cost of the process, and the results
(diagnostic) or the products (biochemistry) are obtained
in much shorter times, which is also necessary for medical
emergency reasons or portability.

In porous media, microfluidic techniques allow for
detailed studies of the flow at the confluence of chan-
nels within the media. The studies include the possible
formation of drops at the micro- and mesoscale with
effects on higher scales. The formation of droplets within
the porous medium modifies the mixture of different
solutions, increases the efficiency of chemical reactions,
etc.

The study of capillary film and breakup mechanisms
in the squeezing to dripping transition regime is pro-
posed. The capillary film is the wetting film that sur-
rounds the trapped droplets inside the cylindrical cap-
illary tubes. These capillary tubes simulate the channel
network in a porous medium. The breakup mechanism is
the process responsible for drop formation in the conver-
gence of two streams of fluids at the intersection of two
channels.

I. INTRODUCTION

The main objective of this work is to achieve a
better understanding of the transport of fluids in porous
media formed by channels at the micro- and mesoscale.
There are many works studying the effect on transport
of fluids in porous media of such phenomena as local
viscosity variations,1,2 pattern formation by hydrodynamic
instabilities,3–8 chemical reactions on the contact surface of
different fluids,9–17 porosity variations,18 and formation of
precipitates.19,20 Most of these studies are carried out in Hele-
Shaw cells, which facilitate the observation of the phenomena
in the laboratory, but leaves aside the characteristics of the
porous media such as their porosity and tortuosity. For that
reason, microdevices are a good tool to carry out local studies
of transport processes within porous media. The microdevices
allow a direct visualization and study of the phenomena in
zones such as channel bifurcation or zones with sudden varia-
tions of the pore diameter in which strong flow variations are
produced. These variations modify the mixing conditions of
different substances and, under certain conditions, the forma-
tion of droplets and microdroplets could become an important
phenomenon to consider. For this reason, we are interested in
a systematic study to a better understanding of the behaviors
observed at meso- and macroscales, such as those in porous
media. From this point of view, it is very useful to carry out
the study of droplet formation at mesoscales in the intersection
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of the microscale and the milliscale (scale length ranging from
500 μm to 1 mm), by clarifying the role of the different con-
trol parameters and the progression of their behavior from the
microscale (scale length <500 μm) to the macroscale (scale
length >1 mm).

In the development of microfluidics from the late 1990s,
different droplet-based microfluidic platforms have been
developed. In this approach, all molecular processes are con-
fined to the volume of a single drop, allowing for even
stronger reductions in reagent volume and reaction time. A
second advantage of using droplets is that the contact with
solid walls is eliminated. This strongly reduces problems
related to the adsorption of dissolved components on the
channel walls and increases the efficiency of chemical reac-
tions. On the other hand, as far as the porous media are
concerned, it leaves aside the problem of absorption on the
channel walls, allowing the flow to be studied separately
from the absorption effect. Microdroplets can be generated
within microfluidic devices using different methods such as
electric fields,21 microinjectors,22 and needles.23 However,
the most widely used methods for the droplet generation
rely on interfacial instabilities between immiscible fluids.
Droplets are produced via snap-off or Rayleigh instability
mechanisms by either T-junction or flow-focusing methods,
respectively. A T-junction is a simple intersection of one fluid
entering another stream at a 90° angle.24 Thorsen demon-
strated that varying disperse and continuous phase pressures
in T-junctions yielded an array of fascinating structures.25

Since then, many important aspects of fluid behavior have
been elucidated by studying droplet breakup26,27 and droplet
manipulation,28,29 using a T-junction setup. A flow-focusing
design consists of a focusing fluid flanking or surrounding
the core fluid so as to give rise to droplet or bubble break-
off in the vicinity of an orifice through which both fluids are
extruded.30,31 Shelley Anna et al.30 described two different
droplet formation regimes in a flow-focusing design at the
microfluidic systems. They studied the relationship between
the size of the droplets formed and the ratio of flow rates
between the dispersed phase and the continuous phase. Ward
et al.31 studied flow-focusing geometries and focused on the
comparison between systems of droplet production driven by
pressure and systems driven by flow rate. However, there
are only a few studies at the mesoscale between the micro-
and millifluidics using channels with diameters in the range
over 500 μm. Working at this scale offers many advantages.
From a practical point of view, microdroplets can be gener-
ated by using devices with mesoscale channels32 over 500 μm
to 1 mm, which allows the access to microscale benefits such
as reduced reaction volumes, but using mesofluidics instead
to microfluidic devices whose fabrication is simple, fast, and
inexpensive. The phenomena involved in such a mesofluidic
system cannot be entirely described without taking account
of a description of the complete range of scales from the
microfluidic level to the system level, as could be the case of
a porous medium. Investigations in the mesoscale are largely
lacking, and the present work will deal specifically with the
scale length ranging from 500 μ to 1 mm.

In the present work, droplets were generated in a
T-junction of circular cross-section channels with diameter

850 μm, and droplets over 400 μm in diameter were formed.
The formation regimes and the controlling parameters such
as flow rates and capillary number were investigated. The
capillary film thickness was studied in order to describe
and characterize the different behaviors. The film is formed
between the drops and the channel wall. This analysis takes
into account the size of the drop and the thickness of the resid-
ual film, at the scales studied. It is important to distinguish
different droplet formation regimes, as well as to have con-
trol of the droplet dimensions based on the possible technical
applications.

We present the mechanism of droplet breakup in Sec. II A
and capillary film thickness in Sec. II B. In Sec. III, we give a
description of the system used in our experiments. The exper-
imental results are shown in Sec. IV. In this section, we show
a study of the size of drops and the dependence of the residual
film thickness on the capillary number. In Sec. V, we discuss
the obtained results, and conclusions are shown in Sec. VI.

II. MODELS

A. Mechanism of droplet breakup

Different mechanisms of droplet breakup have been pro-
posed. The analysis of breakup models has been related to
different droplet formation regimes. According to experimen-
tal observation,25,33,34 four regimes have been identified for
droplet formation at a T-junction, namely, the squeezing, drip-
ping, jetting regimes, and, in a recent work, Tarchichi et al.35

presented a fourth droplet formation regime called balloon
regime.

In an experimental and numerical approach34,36 for the
squeezing regime, Garstecki found that the breakup mech-
anism responds essentially to a buildup of pressure, which
results from the blocking of the main channel by the dis-
persed phase. In this regime, the shear force is small, the
droplets can enter the main channel and grow until the channel
is almost blocked, as shown in simulations by Kashid37 (for
more details, see Refs. 34, 36, and 37). Remarkably, the inter-
facial forces do not drive the breakup in this regime, at least
not up to the end of the stage.34 In this description, the droplet
volume does not depend strongly on the capillary number but
on the flow rate ratio of two fluids. The relationship between
droplet sizes and flow rate ratio, in the squeezing regime at the
microfluidic systems,25,34,36,38–42 is given by

L

wc
= 1 + α

Qd

Qc
, (1)

where L is the length of the droplet, wc the channel width, Qd

and Qc the flow rates of the dispersed and continuous phases,
respectively (see Fig. 1), and α is a fitting parameter with
different values in several references.

Another mechanism of droplet breakup was proposed by
Thorsen,25 who suggested that the dynamics of droplet forma-
tion is dominated by the balance of tangential shear stresses
and interfacial tension (i.e., the capillary number) as expected
in unbounded shear flows, via an analogy to breakup pro-
cesses in shear and extensional flows.43–45 In this mechanism
(shear-driven breakup), an estimation of the droplet volume
can be obtained by balancing two effects: the viscous drag
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FIG. 1. (a) Diagram of the droplet
formed in a T-junction experiment and
notations used in the text. (b) Process of
forming a drop.

applied on the emerging droplet by the continuous phase and
the interfacial force opposite to the neck elongation connect-
ing the reservoir of the dispersed fluid with the droplet.25,46

The predicted size of a droplet under external shear force is
then approximated by equating the Laplace pressure and the
shear force,

L

wc
∝ 1

Ca
. (2)

With this model, we obtain a relationship between the length
of the droplet and the capillary number, Ca, calculated
from Qc,47

Ca = μcQca−1σ−1, (3)

where μc is the viscosity of the continuous phase, σ is
the interfacial tension between the dispersed and continuous
phases, and a is the channel cross section. This definition of
capillary number will be used throughout the work.

In an alternative approach, Van der Graff47 assumed that
the final droplet volume in a T-shaped microchannel is a result
of two stages of droplet growth, namely, an expansion stage
and a necking stage,

Vd = Vcrit + tneckQd, (4)

where Vcrit is the critical volume; it represents the volume at
which the drag force exerted on the droplet is just as large as
the interfacial tension-based force that attaches the droplet to
the channel mouth, determined by a force or torque balance.
This balance condition is similar to the Thorsen condition.
tneck is the time needed for necking; Qd is the to-be-dispersed
phase flow rate. By numerical and experimental analysis, Van
der Graff arrives at a power law for Vcrit and tneck; in this pic-
ture, the droplet volume dependence on the capillary number,
Vd(Ca), is given by

Vd = aCam + bCanQd. (5)

In most cases, m = n is a good assumption, i.e., the droplet
volume scales as Can. Van der Graff found that Vd scales as
Ca−0.75 and, therefore, L scales as Ca−0.25.

B. Capillary film thickness

The analysis of the lubrication film permits a better com-
pression of the dynamics of the droplets propelled by an
enfolding fluid in confined geometries. Landau and Levich48

were the first to determine theoretically the thickness of the
film deposited by the withdrawal of a flat substrate from a bath
of liquid with a clean interface. In the early 1960s, Bretherton
studied the motion of an inviscid bubble in a cylindrical tube49

and the influence of the lubrication film surrounding the bub-
ble. The film has a uniform thickness, ε, a long distance from
the meniscus. This thickness, ε, is related to the velocity of
the bubble by means of a capillary number, Ca. In the regime
where Ca << 1, the thickness of the film is

εBreth = 1.34rcCa2/3, (6)

where r is the radius of the channel, rc = wc/2.
Cachile et al.50 reported a scaling law of the capillary film

thickness, in a capillary tube of radius about 1 mm, resulting
from the displacement of a fluid by an immiscible fluid. They
studied the thickness average over the tube length, far from
the meniscus tip, and reported

εCach ∝ Ca0.6. (7)

Studying the inner and outer flow patterns of the droplet,
Hodges et al.51 derived a thickness correction:

εHod = εBreth + δεviscδεvisc = ArcCa. (8)

The prefactor A depends on the viscosity contrast between
two fluids and verifies49 A = 8.68 for a droplet with a vis-
cosity contrast μd/μc = 25. Recently, Huerre et al.52 stud-
ied droplets of oil in water moving in a Hele-Shaw cell
after being generated in a T-junction microfluidic system.
They characterized two dynamical regimes of the film as
a function of the capillary number, Ca < 10−4 (disjoining
pressure-driven regime): the film thickness remains constant;
Ca > 10−4 (viscosity-driven regime): the film thickness shows
a quantitative agreement between the experimental data and
theory for the viscous model proposed by Hodges et al. All of
these studies were done without changing the droplet volume
and in the same droplet formation regime, normally squeezing
or dripping.

III. EXPERIMENTAL SETUP

The system was built using polydimethylsiloxane
(PDMS, Sylgard 184). The usual process to fabricate
microfluidic devices includes soft lithography techniques,
which generally involve the replication using a soft polymer
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of a master structure etched on a photoresist plate. The meth-
ods are not adaptable to the mesoscale of interest to us because
the photosensitive layers available commercially are too thin
and they are not suitable for circular cross section. In the
present work, the key idea is to implement a rapid prototyp-
ing easily adaptable to the mesoscale (500 μm to 1 mm range)
because the usual methods based on master molds in silicon
wafers are not an option for such scales. Master molds built
using rectified steel rods with 850 ± 5 μm of diameter were
used. The PDMS was poured on the rod master mold and put
in a vacuum chamber to eliminate air bubbles. The PDMS was
cured at 80 °C for 45 min. Finally, after peeling off the PDMS,
the steel rods were extracted from the ends. The resulting T-
junction channels have a circular cross section with a diameter
of 850 μm.

Water (1 cP viscosity and 1 g/l density) and mineral oil
(60 cP viscosity and 0.85 g/l density) were used at the con-
tinuous and dispersed phases, respectively. No surfactant was
employed. Previously, in the present work, we studied these
wetting properties prior to performing the droplet genera-
tion experiments. Mineral oil was chosen as continuous phase
since it wets the PDMS surface more efficiently than water.
As a result of the particular method to obtain the PDMS
millifluidics chips, the PDMS surface was not treated with
the plasma cleaning process commonly used in microflu-
idics. Two syringe pumps (Harvard Pump 22) were employed
for injecting the dispersed phase and continuous phase flow,
respectively, and the fluid was injected by homemade injectors
placed at the ends of the channels and parallel to them.

Droplet formation at the T-junction was observed using
a camera (Nikon D70) with its magnification increased by
extension tubes. Images were recorded at full frame size,
height: 3008 pixels, width: 2000 pixels. The droplet size was
measured by counting pixels.

In order to remain close to technical applications, we
mainly vary the flow of the continuous phase that is com-
monly used as a control fluid. In these applications, the
dispersed phase is the fluid to be analyzed, and the continuous
phase acts as dispersant and carrier. While the dispersed phase
is limited by the amount of fluid available, there are fewer lim-
itations for the choice and use of the continuous phase so that
in many cases, it is interesting to study the behavior of the
system as a function of the flow rates of the continuous phase.

IV. RESULTS

A typical process of droplet formation in the T-junction
geometries was analyzed. Two immiscible fluids form an
interface at the junction of two channels in T-type geometry.
The stream of the dispersed phase from one of the channels
penetrates into the other one, and a droplet begins to grow.
When the interface approaches the downstream edge of the
inlet for the dispersed phase, the neck connecting the inlet
channel with the droplet breaks. The disconnected liquid plug
flows downstream in the main channel, while the tip of the
stream of the discontinuous phase retracts to the end of the
inlet and the process repeats [see Fig. 1(b)].

Over a wide range of flow rates of both phases, this pro-
cess generates uniformly sized droplets. The volume of these

droplets can be controlled by changing the flow rates of the
dispersed phase and the carrier fluid. We chose the range of
flow rates to obtain stable droplet formation regimes. Taking
into account the channel sizes, fluids used and the nonuse of
surfactants, for capillary numbers greater than those studied,
the droplet formation process would be unstable and we would
not obtain monodisperse droplet trains in that conditions.

Figure 2 show the images of droplets recorded at differ-
ent flow rates of the continuous phase, with constant flow
rate of the dispersed phase. These images exhibit two dif-
ferent regimes of droplet formation: squeezing and dripping.
The squeezing regime is characterized by having elongated
droplets that practically block the channel. Defining L as
the length of the drop axis in the direction of the channel
and wd, the length of the axis in the direction transverse to
it [see Fig. 1(a)], in the squeezing regime L > wd, L > wc,
and wd ∼ wc. This confinement level determines the breakup
mechanism of the drop, the dominant contribution to the
dynamics of breakup arises from the buildup of pressure
upstream of the emerging droplets Garstecki explains. In the
dripping regime, the dimensions are L ∼ wd and L, wd < wc.
Previous work34,36 pointed out that the squeezing breakup
mechanism is specific to the geometries used because it
depends crucially on physical confinement of the interfa-
cial dynamics. The analysis of the squeezing regime may
be the key to understanding the transition of the micro- and
macrofluidic behavior.

Figures 3 and 4 show plots of the dimensionless droplet
length, L/wc (see Fig. 1) as a function of, respectively, the flow
rates Qc and Qd (the other flow rate being kept constant). The

FIG. 2. Regimes of droplet formation, Qd = 0.8 μl/s. Squeezing regime:
(a) Qc = 0.5 μl/s, (b) Qc = 1.6 μl/s. Dripping regime: (c) Qc = 5 μl/s, (d)
Qc = 7.5 μl/s. L, Droplet length; wc, channel width. (e) Detail of formation
Qc = 5 μl/s, (f) largest droplet size Qc = 0.16 μl/s, (g) smallest droplet size in
Qc = 10 μl/s.
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FIG. 3. Dimensionless droplet length (L/wc) vs. flow rate of continuous phase
(Qc), flow rate of water (Qd = 0. 8 μl/s). Errors: 3% for L/wc, 1% for Qc.

droplet breakup proceeds at a rate driven by the carrier flow
rate, which sets the time for the growth of the droplet. As the
carrier flow rate decreases, the time lapse until the breakup
and, therefore, the volume of the droplets increase. We can
observe this effect in Fig. 3. The flow rate of the dispersed
phase, in turn, sets the final volume of the droplets reached at
the time given by the carrier flow rate. The volume of droplets
increases as the flow rate of the dispersed phase increases, as
shown in Fig. 4.

The results shown in Figs. 3 and 4 are consistent with
Eq. (1) proposed by Gartescki, but in order to analyze this
dependence, a precise identification of droplet formation
regimes is necessary. For this purpose, the experiments shown
in Figs. 3 and 4 were performed: first, varying the continuous
phase flow rate, Qc, and leaving the flow rate of the dispersed
phase, Qd, fixed. Second, varying Qd and fixing Qc. In the first
series of experiments, two regimes were observed: squeezing
and dripping; in the second one, only the squeezing regime
was observed.

A. Size of droplets

The validity of the theoretical models at the mesoscale
between the micro- and milliscale was tested. Figure 5

FIG. 4. Dimensionless droplet length (L/wc) vs. flow rate of dispersed phase
(Qd), flow rate of continuous phase (Qc = 0. 8 μl/s). Errors: 3% for L/wc, 1%
for Qd.

FIG. 5. Dimensionless droplet length (L/wc) vs. flow rate ratio (Qd/Qc). °,
Squeezing regime; •, Dripping regime. Errors: 3% for L/wc, 2% for Qd/Qc.

displays the dimensionless length of droplets (L/wc) vs. the
flow rate ratio (Qd/Qc). In the squeezing regime, Eq. (1)
accurately fits the experimental data. However, the param-
eters for this fit by different authors are notably different,
mainly because there are differences between the geometries
considered. The occurrence of a squeezing regime even at
the mesoscale is remarkable. This squeezing regime is well
characterized by usual models independently of the capillary
number; in contrast with the present experimental observa-
tions, models have been developed in highly confined geome-
tries at the microscale. In Fig. 5, the experimental values
corresponding to the squeezing and dripping regimes are dis-
tinguished (full circle, squeezing regime; empty circle, drip-
ping regime). We consider, to this schematic differentiation,
squeezing regime when the dimensions of the drops are such
that L > wd and wd ∼ wc and dripping regime when L < wc

and L ∼ wd, A better determination of the regimen transition
arises from the analysis of the results obtained. In Figs. 5–7,
different variables of the same group of experiments are ana-
lyzed, so we will continue using the same markers styles to
differentiate the two studied regimes.

Most previous studies have analyzed the regimes (drip-
ping, squeezing, and jetting) separately; in most cases, these
studies were centered in one regime observed. Particularly, in
our work, the scaling law given by Eq. (1), where the dimen-
sions of the formed droplets only depend on the flow rate
ratio, fails to predict the behavior in the dripping regime. In
the dripping regime, Ca plays a more important role than in
the squeezing regime. On the other hand, Ca characterizes the
transition between the regimes as discussed in Sec. III B.

Figure 6 shows the evolution of the droplet sizes as a
function of the capillary number. In previous work at the
microscale,36 it was reported that the variation of L/wc with
Ca changes sharply from the squeezing to dripping regime.
In the mesoscale system, the Cacr number that delimits the
transition from one regime to the other is better defined
by analyzing the residual film thickness curve or the slope
changes of the L/wc vs. Qd/Qc curve.
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FIG. 6. Dimensionless droplet length (L/wc) vs. capillary number (Ca). °,
Squeezing regime; •, Dripping regime. Errors: 1.5% for L, 3% for Ca.

At the microscale, the capillary film thickness typically
remains below the tenth of a micrometer,52 while at the
mesoscale, the capillary film is in the range between 25 μm
and 50 μm for the squeezing regime. At this scale, the influ-
ence of the viscous drag on the breakup mechanism becomes
important. Therefore, a strong dependence of Ca even in the
squeezing regime is observed as is shown in Fig. 6 and no
sharp change in the droplet size is observed in the transi-
tion from squeezing to dripping. The experimental data were
adjusted with the Van der Graaf model, which predicts a cap-
illary number dependence of the droplet size, obtaining that
L scales with Ca−0.32, which is close to the data obtained by
numerical approaches by Van der Graaf,46 L ∝ Ca−0.25, and by
De Menech,36 L ∝ Ca−0.4.

B. Capillary film thickness of confined droplets

The capillary film thickness, ε, is defined as the size of the
space between the droplet contour and the channel inner wall,
measured at the middle of the droplet (see Fig. 1). The behav-
ior of this observable is linked to the evolution of droplet
formation regimes.

Figure 7 shows the dependence of the capillary film thick-
ness, ε, on the capillary number, Ca, for experiments where
Qc is varied. The capillary number was calculated in relation

FIG. 7. Dimensionless capillary film thickness (ε/wc) vs. capillary number
(Ca). •, Experimental data, dripping regime; °, Experimental data, squeez-
ing regime. Solid line, the viscous model (Hodges); dashed line, the inviscid
model (Bretherton). Errors: 3% for Ca.

FIG. 8. Dimensionless capillary film thickness (ε/wc) vs. Qd; the capillary
number remains constant.

to Qc.47 Data points in Figs. 5–7 correspond to the same 15
experiments.

Figure 7 shows that the capillary number reaches a crit-
ical value, Cacr. At this value of Ca, the system changes the
operation regime, and Cacr defines the limit when the shear
stress becomes so important that the regime switches to drip-
ping. For Ca higher than Cacr, the capillary film thickness, ε,
increases strongly and the droplet contour moves away from
the inner walls. At values of Ca lower than Cacr, the values
of ε grow slowly. In the mesoscale system, Cacr is ∼10−2,
which is close to the critical value found in previous work
at the microscale.34,36 De Menech found a transition from the
squeezing to the dripping regime at Ca ∼ 1.5 × 10−2 in numer-
ical work by analyzing the volume of droplets as a function
of Ca, and Garstecki confirmed these results in experimental
work.

In Figure 7, the experimental data and the predictions
of both the Bretherton inviscid model and the Hodges vis-
cous model with δvisc = 5rcCa are plotted. The prefactor in
δvisc, depending on the viscosity ratio μc/μd, was chosen
to fit the experimental data. The power law of Bretherton
underestimates the experimental results in the dripping regime
and fits the squeezing regime quite precisely. Probably, the
lower influence of viscosity in the squeezing regime34,36,39–42

accounts for this behavior. The Hodges viscous model is in
good agreement with experimental data, except for the tran-
sition from squeezing to dripping. At a low capillary number,
both models converge and the viscous correction, δvisc, does
not have a considerable weight. Near the critical value of Ca,
but in the squeezing regime, the viscous model overestimates
the experimental data, and the influence of viscosity becomes
important in the dripping regime.

Figure 8 also shows the variation of ε with Qd, in the
experiments where Qc remains constant. In this case, the cap-
illary number still defined from Eq. (3) remains constant and
ε does not depend on Qd.

V. DISCUSSION

The droplet formation process at a T-junction was studied
experimentally at a meso-scale corresponding to the transition
between micro- and milli-fluidics. We studied this process by
a combined analysis of the breakup mechanisms and the lubri-
cation film thickness. The effects of the control parameters,
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including the flow rate and Ca number, were investigated in
the squeezing and dripping droplet breakup regimes.

Results were compared to theoretical models and to
results reported in micro-fluidic devices in the dripping and
the squeezing regimes both observed in our experiments.
Models taking into account the influence of the capillary
number are necessary to account for the results obtained
in both regimes, while the Garsteki model is only usable
in the squeezing one. The analysis of the complete inter-
val of measurements shows that the models with a capillary
number dependence fit the experimental data quite precisely.
In the less confined geometry, compared with the classical
microfluidic geometries, droplets do not completely obstruct
the cross section of the channel, even in the squeezing regime.
In microfluidics, a typical channel of rectangular section,
100 μm × 50 μm, has an area of 5 × 103 μm2, while for the
circular channels of diameter 850 μm, used here, area is
5 × 105 μm2. The effective section of the channel increases
by two orders of magnitude and the fact that the capillary
film increases by an order of magnitude makes the degree
of confinement of the drops very different in each case. So
in the physics of drop breakup, the effects of viscous drag
and the effects of the abrupt change of pressure have different
weights. We can calculate the degree of confinement by esti-
mating the ratio between the capillary film thickness and the
effective channel radius Cf = ε/wef, where ε is the thickness
of the capillary film and wef is defined by

√
A/π , A is the

channel area. This definition coincides with the radius of the
channel in the case of circular section channels. Therefore, we
can see that Cf ∼ 0 in the case of very confined drops (ε<< 1)
and Cf ∼ 1 in the case of slightly confined drops (ε∼ wef).
From the data measured by Huerre et al.,49 we obtain a value
for Cf ∼ 10−2 (ε∼ 0.1 μm, wef ∼ 12.5 μm) at the microscale
and Cf ∼ 10−1 (ε∼ 35 μm, wef ∼ 425 μm) at the milliscale.
We can see that Cf is an order of magnitude higher at the
milliscale. Therefore, the viscous effects that modify the
dynamics of the capillary film and the breakup mechanisms
are larger at the millifluid scale than at the microfluidic scale.

The different regimes of droplet formation can be identi-
fied by studying the evolution of capillary film thickness. The
critical capillary number, which marks the limit between the
squeezing and dripping regimes, was determined. Two mod-
els have been discussed and compared to predict the variation
of the capillary film thickness as a function of the capillary
number. The Bretherton model, which does not take account
of viscosity effects, fits the experimental data in the squeezing
regime at low capillary numbers. In agreement with previous
work, the effect of the dispersed phase viscosity in controlling
the droplet diameter is more important in the dripping regime,
while in the squeezing regime this influence is less impor-
tant. A similar behavior can be expected for the capillary
film thickness, and indeed the inviscid model of Bretherton
precisely fits the data in that regime. As expected, in the
dripping regime, the viscous effect is responsible for the dif-
ference between the experimental data and the Bretherton
model; in this case, the model proposed by Hodge taking into
account viscous effects is more accurate.

Based on the results obtained, we suggest that they might
be transposed to the generation of droplets by a two phase

liquid-liquid flow through porous media. This mesofluidic
study for models of porous media is of interest because,
although not being as representative as an actual core sample,
it provides in situ visualization of flow at the pore scale. Let
us now consider a porous medium with pore sizes within the
mesoscale with a pressure applied between the inlet and outlet
of the sample. As is known, the pressure is uniform through-
out the cross section to the flow; therefore, when applying the
same pressure to channels of different diameters, we find dif-
ferent flow values. For miscible fluids, the geometry of drops
increases the contact surface between different solutions and
favors their mixing. If there are chemical reactions between
the solutions, they would be favored by this effect. It is pos-
sible to amplify the difference between the flow rates with
shear-thinning fluids, as demonstrated by D’Onofrio et al.53

and Paterson et al.,1 which would control the production of
microdroplets and the squeezing or dripping regimes.

VI. CONCLUSIONS

Our work reports original experiments complemented by
a critical analysis and comparisons with several models from
the literature and experimental results reported in channels of
smaller sizes and generally different geometries. The com-
bined analysis of the Bretherton and Hodge models shows that
the role of the viscosity in different aspects of the squeezing
regime is the key to understanding the passage from the milli-
to the microscale. In droplet devices, the answer to when a
system can be considered as a microfluidic system must be
clarified in this analysis.

We showed a transition between two different droplet
generations regimes (dripping and squeezing) when the cap-
illary number based on the flow rate of the continuous phase
is varied. This transition is particularly visible on the varia-
tion of the film thickness which can be quite well reproduced
by theoretical models. The thickness varies instead, little with
the flow rate of the dispersed phase. The same transition was
also studied on the variation of the length of the drops with
the same parameters and with the ratio of the flows of the two
fluids.

We used channels with a circular cross-section that could
eliminate some problems linked to channels with square or
rectangular sections frequently used in microfluidics (influ-
ence of low velocity zones in the corners). We have developed
a simple method for obtaining these channels. The connection
of channels could simulate the inside of a porous medium.
If inside a porous medium, the appropriate conditions for the
formation of microdrops are given, it will be an effect to be
taken into account when determining the dispersion produced
by the porous medium. And if there are chemical reactions
of the intervening solutions, the presence of drops increases
the surface of contact between both of them and they will be
favored.
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