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10~ m3/s to 5.28 - 1072 m3/s and that of the continuous phase from 2.78 - 10~10 m3/s
to 1.94- 1072 m3/s. The visualization of different flow regimes (drop, plug, and annular)

ff/‘lzi{‘::)ofﬁ?clics was carried out for three configurations (not inverted in a horizontal position, inverted in
Two-phase flow patterns a horizontal position, and inverted in a vertical position) for low capillary numbers. The
T-junction model of Gauss was also chosen for a droplet size distribution in the dispersed phase, with
Coefficient of variation the flow quality x varying from 0.016 to 0.44. The evolution of the drop size distribution
Size distribution as a function of the flow quality in the dispersed phase shows that the variation coefficient

of the droplet’s diameter is inversely proportional to the flow quality.
© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Droplets are often encountered in multiphase microfluidics and have many potential applications in emulsions and are
present in many everyday life products. They may be natural, as in the case of milk, egg yolk or the protective film on
the skin or produced artificially for sauces, creams, gels, or paints. Therefore, they are of interest to the food, cosmetic or
pharmaceutical industries and frequently found in many reactors and unit operations. The control and stability of these
emulsions are primordial from a chemical engineering point of view. One of the most common techniques for their training
is to emulsify a phase in another using a mechanical stirrer, a surfactant, and optionally a stabilizer. Thus, the dispersed
phase droplets in the order of tens nanometers to a few hundred microns are generated in a continuous phase. A wide
distribution of particles is obtained mainly due to the coalescence of the drops within the production vessel [1-4].

Therefore, the development of a device to control the generation of emulsions represents a major challenge for the
development of water in an oil emulsion or of oil in water.
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Nomenclature
Ca Capillary number, (Ca = ”y—u) U Superficial velocity of the continuous
Ccv Coefficient of variation phase.......cooviiiiiiiii m-s~!
D Capillary tube diameter..................... m Ug Superficial velocity of the dispersed
F Frequency..............oooii 57! Phase. . vt m-s~!
f gra\{lilty aclcelergtion --------------------- ms? oy, Volume of droplet................... e m?
de  Droplet dismeter.....oor X Dispersed phase flow qualty x= (i)
e Mass flow rate of the continuous Greek letters

Phase ..ttt kg-s~1 -
g Mass flow rate of the dispersed phase kg-s~! o p.&  Fitting ParameFers 1
n Number of samples y Interfacial tension...................... N-m

; -1

Qc Volumetric flow rates of the continuous o Surface tension............cooeveiunn.. N-m

PRASE .o veee e m3.s~1 2 Dynamic viscosity.............oooiinnnnnn Pa-s
Qq Volumetric flow rate of the dispersed Pe Density of the continuous phase...... kg-m~—3

Phase ....ooiii i m3.s~1 0d Density of the dispersed phase....... kg-m~3
Re. Reynolds number of the continuous phase, .

_ pcUcD Subscripts

(Rec = —C)
Req4 Reynolds number of the dispersed phase, C Continuous phase (oil)

(Req = %) D Dispersed phase (water)

The development of microfluidic systems that produce micro- and nano-drops inside microfluidic devices has received
significant attention over the past five years.

Miniaturization in microfluidics allows the handling of small sample volumes. Reducing the size of the systems and of
the samples will have more impact on the properties of the solutions and the rate of chemical reactions. This is partly due
to the fact that when the size of the devices and of the samples decreases, the surface-to-volume ratio increases [1].

Many investigators exhibited an interest in the production mechanism of the drops using T-junction microfluidic devices
and critical process parameters [5-17].

Kabayashi [18], Wacker [19], and Husney [20] determined the influence of viscosity in a two-phase system. Husney [20]
studied the formation of drops and the dynamics of Newtonian and non-Newtonian fluids by varying the viscosity of the
two phases. They determined that the size of the drop is inversely proportional to the viscosity ratio.

Ismagilov [21] characterized a simple method for the formation of plugs with several reagents. For optimum mixing of
the reactants in the micro-channels, the plugs with an initial distribution of the reactants can be formed simply by adjusting
the phases of the flow.

Depending on the value of the capillary number (Table 1), three regimes can be observed, which are squeezing, dripping,
and jetting regime [14,16,12,13,22].

In the squeezing regime, the capillary number is very small (Ca < 1072), the shear force exerted by the continuous phase
is not enough to produce a detachment of the drop. The formation of the drop is controlled by the flow rate of the two
phases [14].

The dripping regime is observed at high values of the capillary number (Ca > 10~2), where the viscous forces are
dominant compared to surface forces. Drops were formed at the intersection of two phases [12].

In the jetting regime, the flow is in jet form; in this case the generated droplets are smaller than the channel diameter.
A filament of the dispersed phase is created and the generation of drops takes place farther than the intersection of two
phases [23].

There is also some very interesting research work done on the generation of drops as well as the modeling of droplet
size in microfluidic T-junctions using the squeezing regime. Garstecki et al. [14]| have determined that the generation of
drops at low capillary number in a T-junction is governed by the ratio of the flow rate of the two phases. They proposed
the following model:

L/W =1+a(Qda/Qc) (1)

where L represents the drop length, W the channel width and « is a constant that depends on geometry. This model is
valid for capillary numbers lower than 0.01.

Xu [9] and Fu [13] also studied the formation of drops in squeezing regime and proposed models that approximate that
of Garstecki [14]: L/W =1.38+42.52Q4/Q for Xu [9] and L/W =0.64+ 0.32Qq4/Q for Fu [13].

The present work aims to contribute to a better understanding of the two-phase flow of two immiscible liquids in a
T-junction-shaped microfluidic system.

In the first part of this work, we describe the experimental set-up used to study the two-phase flow in the microfluidic
system with different orientations of the T-junction and the method used for deducing the diameter of the drops followed
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Table 1
Dimensionless numbers for the characterization of the two-phase flow.
Dimensionless number Formula Definition
. _ pnUc Viscous forces
Capillary n'umber of Cac = v Interfacial forces
the continuous phase
. _ nUg Viscous forces
Caplllary number of Cag = =5 Thterfacial forces
the dispersed phase
_ paUgD Inertial forces
Re(}j/polds r:jumll)er of Req = == Viscous forces
ispersed phase
_ pcUcD Inertial forces
Reynol.ds number of Rec = S Viscous forces
continuous phase
1
3
S = 9

1. 2 Syringe pumps
3.4 Syringes

5.6.7 PTFE capillary tubing
8 Microfluidics T-junction

9 Light source z___/
10 Fast camera 11

11 Computer
12 Becher

Fig. 1. Schematic of the experimental set-up.

by the results obtained in the visualization of the different flows regimes (annular, plug and drop) for each orientation of
the T-junction.

A comparison between two usual models (Gauss and Lorentz) for the droplet size distribution was carried out. One
model was finally chosen to monitor the distribution of the drops.

Finally, the evolution of the size distribution of the droplet diameter and the variation coefficient for each experiment
were calculated. The limit between the polydispersity and the monodispersity of the droplets was determined as a function
of the dispersed phase flow quality x.

2. Materials and methods

The schematic diagram of the experimental set-up for the study of a two-phase flow in a microfluidic system is shown
in Fig. 1. The set-up consists of three main parts: the supply and control of the two phases (continuous and dispersed),
the mixing zone and a last part for the visualization of flows. Two syringe pumps (Fresenius Vial, France) have been used
to ensure the two phases fluids supply and the flow rate control with a precision of +0.2% to +2% depending on the
flow rate (2.78-10711-2.78 - 10~8 m?3/s). In the T-junction (Fig. 2) made of PTFE (Vici, France), the two fluids are supplied
perpendicularly to one another in the junction, which is 250 ym in internal diameter. Capillary tubing made of PTFE (Kinesis,
UK), 500 pm in internal diameter, insures the fluid transport of the two phases between the syringe and the T-junction.

The flow visualization is carried out using a high speed camera (FASTCAM, Photron Ultima 1024) with a macro lens of
105 mm (SIGMA, Japan) enabling the making of fast videos in 1024 by 512 at a rate of 1000 images per second. A cold-light
source lamp (Dedolight 400D, Germany) is used as a light source in the visualization zone.

Distilled water and Vaseline oil were used for all experiments, and the properties of the two fluids are given in Table 2.
The surface tension of the two fluids was measured with a tension meter (Kruss K20, Germany), the contact angle is mea-
sured by the sessile drop method at 23 °C, the viscosity of the two fluids is measured using a digital viscometer (Brookfield
DV-E, USA), the density with a pycnometer, the refractive index of the fluids with an Abbe refractometer (Carl Zeiss) and
that of the tube is given by the manufacturer’s data sheet.

It is noted that the water contact angle is greater than 90°, which promotes the formation of water droplets in the oil,
as Vaseline oil wets well the walls of the capillary tube with a lower contact angle of 90° (Table 2).
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Fluid 1
b)
. Two phase
Fluid 2—»
2ol flow
Fig. 2. (a) Photo and (b) scheme of the T- junction.
Table 2
Properties of the test fluids and PTFE tube and their precisions are given in the following table.
Properties Distilled water Vaseline oil PTFE tube
Contact angle in a PTFE flat plate (6°) 109.78 £3 71.97 £3 -
Surface tension o (mN/m) 71.22 £ 1% 33.37+1% -
Viscosity (Pa-s) 8.9-107% +1% 0.07+1% -
Density p (kg/m?) 1006 +0.2% 850+ 0.2% -
Refractive index [-] 1.33£0.01 1.476 +0.01 1.350+0.001
A) Water B) Oil
Water Water
<+«—Oil <«— Water
/ /
0il 0il

Fig. 3. Drop formation mechanism: a) in the orientation “a” and b) in the orientations “b” and “c” [9].

3. Results and discussion
3.1. Drops diameter and drop size distribution

The process of the video recordings and image captures are performed by the Photron FastCam Viewer Software. The
process of images is performed with Image] software. The mean diameter and drop size distribution is obtained by measur-
ing individually 150 drops to ensure a good sampling method. In order to evaluate the drop size distribution, a coefficient
of variation (CV') is calculated using the following formula:

CV(%) = (0 /Lg) x 100 (2)
where 02 = ',7:1 % is the standard deviation of the droplet length and Ly the mean of the droplet length.

3.2. Visualization of the different flowing regimes

For the orientation “a” (Fig. 3a), the dispersed phase enters the main channel containing the continuous phase (oil) and
then begins to undergo shear. A constriction is formed and more the dispersed (aqueous) phase moves in the main channel,
more the constriction narrows until it intersects and forms a drop or a plug, and the process starts again [14].

For the orientations “b” and “c” (Fig. 3b), the dispersed phase (water) arrives in the main canal. Then, the continuous
phase (oil) introduces vertically in the main canal and induces the development of a thread neck in the dispersed phase
(water). Finally, the water thread collapses and breaks rapidly, forms a drop or a plug, and the process starts again [9].

Three regimes have been visualized at a low capillary number: namely annular, plug and drop regime. The capillary
number is calculated using the superficial velocity and viscosity of the continuous phase [12,14,24,25].

In the annular regime, the initial dispersed phase (water) flows to the center of the capillary tube, whereas
the initial continuous phase (oil) flows to a thin film between the dispersed phase fluid and the capillary tube
wall.
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Fig. 4. Two-phase flow patterns for each orientation of the T-junction. a) Flow map of the two-phase flow in the horizontal position of the T-junction,
b) Flow map of the two phases flow in the horizontal position of the T-junction and inversion of the fluids, c) Flow map in the vertical position and with
inversion of the fluids.

The annular flow (Fig. 5) occurs for high speeds of the dispersed phase (water). In the configuration where the T-
junction is in a horizontal position and with non-inversed fluids, the annular regime is observed for a continuous phase
flow rate (oil) of 2.8 -10719 m3/s and a dispersed phase flow rate (water) of 5.5-10~7 m3/s; for the inversed configu-
ration in a vertical position, a dispersed phase flow rate ranges from 4.2 -10~7 to 5.5-10~7 m3/s and from 2.8 - 1010
to 1.1-10~7 m3/s for the continuous phase. The superficial velocity and the Reynolds number of the continuous phase
(oil) varies between Uc =5.7-1073 m/s, Regjj =3 - 1072 to U. = 2.3- 1072 m/s, Reyjj = 0.145. The superficial velocity and
the Reynolds number of the dispersed phase (water) vary between Ugq = 8.5 - 1072 m/s, Reyater =49 to Ug = 0.113 m/s,
Rewater = 64.

In the plug flow regime (Fig. 6), the dispersed phase forms a plug with an equivalent diameter bigger than the channel
diameter. The plugs are separated by slugs of the continuous phase, where probably a thin layer of the continuous phase
flows between the plug and the wall of the capillary tube. As we can see in Fig. 4, the plug flowing occupies a big surface
ranging, for the non-inverted configuration in the horizontal position, from Uc =5.6- 1073 m/s, Reyjj =3.6-1072 to Uc =
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Water (Q d) oil (Qc) PTFE tube

E—
Flow

Fig. 5. Annular flow in the configuration “a”: U. =2.8-10~* m/s (oil) and Ug =5.5- 10~ m/s (water).

Vaseline
Water (Qq) 0il (Qc) PTFE tube

e
Flow

Fig. 6. Plug flow in the configuration “a” U. =2.3-10~2 m/s (oil) and Uq =0.11 m/s (water).

Vaseline
Water (Qq) 0il (Qc) PTFE tube

—>
Flow

Fig. 7. Drop flow in the configuration “a”: U, =4-10"2 m/s (oil) and Ug =5.6-10~3 m/s (water).

4.1072 m/s, Rey; = 0.25 for the continuous phase (oil) and from Ugq = 5.65 - 10~ m/s, Rewater =3 to Ug = 0.11 m/s,
Rewater = 60 for the dispersed phase (aqueous).

The flow pattern of the drop regime (Fig. 7) is observed when the dispersed phase forms spherical drops with diameters
smaller than the internal capillary tube diameter. The drop regime is observed at superficial velocities and Reynolds number
in the non-inversed configuration (a) in the horizontal position ranging from U, =5.6-1073 m/s, Regj =4-1072 to Uc =
4.1072 m/s, Reyjj = 0.25 for the continuous phase (oil) and from Ug =6-10~% m/s, Rewater = 0.32 to Uqg =3.4-10"2 m/s,
Rewater = 19 for the dispersed phase (water).

3.3. Measurement of the drop diameter

The diameter of the drops (water) is measured in the capillary tube just at the end of the T-junction. For each experience
and in order to obtain good sampling, 150 images were processed. A number distribution is obtained and the average
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Fig. 8. Droplet diameter with image analysis vs. drop diameter with frequency equation.

diameter is calculated using the following formula:

_ ) din
2o
where n; is the number of droplets with diameter d;.
The observed drops are not spherical in shape due to a deformation in the radial direction. This deformation is due to
the capillary tube curvature [26-29]. In order to prove that the deformation occurs only in the radial direction and validate
the method with image processing, a comparison of lengths is realized by the frequency method.
The drop generation frequency can be expressed by the following equation:

dq (3)

Qq
. 4)
d
with Qq the dispersed phase flow and V4 the drop volume.
The capillary drop length is L. = ALpg =6.38 mm with y the interfacial tension between the water and the oil, Ap the

density difference and g the gravitational acceleration. This length (L. = 6.38 mm) is great compared to the drop length,
whose values are smaller than the capillary tube diameter (d. = 0.5 mm); it means that the predominant capillary forces
and gravitational forces can be neglected. Hence, the drop will have a spherical shape and a volume is (equation (5)):

1
V4= —nd> 5
4= g™ (5)

By replacing it in the frequency equation, it gives (equation (6)):

_ 5/6Qq
d= /F (6)

This formula is used in order to determine drop diameters, to validate the method, and to demonstrate that drop deforma-
tion occurs only in the radial direction.

Fig. 8 shows a good dispersion around the line y = x and shows that the diameters obtained by image analysis are
almost the same values obtained by the frequency except for small diameters where the droplets have polydispersity; the
frequency equation does not give a precise value where the distribution is wide. Size distribution of droplet diameter will
be treated later on in this paper.

If the drops present monodispersity, measurements using frequencies gives good results. If the drops are polydisperse
in size, measurements using frequencies are not accurate because the drops do not have the same diameter. How-
ever, the imaging measurement takes into account the diameter of each drop by calculating the weighted mean of the
size distribution obtained; with a good sampling (150 images for each diameter) the measurement error is very small
(<6%).

Fig. 9 shows the evolution of the mean diameter obtained by imaging as a function of the flow ratio of the two phases.

We notice that the length of the drops is proportional to the two-phase flow ratio. This evolution of the drops length
confirms the study of Garstecki [14] on the formation of low capillary number drops by showing that it depends only
on the pressure forces exerted by the two fluids (dispersed and continuous); the evolution of size follows the following
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Fig. 9. Droplet diameter vs. two-phase flow ratio.
model:
L/iw=1+a(Qd/Qc) (1)
This study follows the work of Xu [12], who gave a more general model than Garstecki [14]:
L/w=¢e+B(Qda/Qc) (7)

with L the length of the droplet, w the width of the microchannel, Q. and Q4 the flow rate of the two phases (dispersed
and continuous), € and B are parameters than depend on the geometry of the T-junction.

According to Garstecki [14], the formation of a drop phenomenon in a T-junction at low capillary number can be ex-
plained as follows: the dispersed phase enters the main channel containing the continuous phase (oil in this case) and
then begins to undergo shear. A constriction is formed and the more the dispersed (aqueous) phase advances in the main
channel, the more constriction narrows until it intersects and forms a drop.

In order to follow the evolution of the droplet size distribution for each experiment, the number distribution was rep-
resented with a sampling of 150 values (which corresponds to 150 images). For each experiment and after testing several
models, the better distribution is the Lorentz model (Eq. (8)):

2A w
d = 8
fdq) T 4l —d0)2 4w (8)

with dq, the mode or the median and w the full width at half maximum of the distribution.

The Lorentz model, even though it applies well to the distribution, was not chosen because, according to the definition,

it model admits neither mean nor standard deviation. It makes it impossible to compare the average value calculated with
formula (1) with that given by the model.

The model that has been chosen is Gauss’ one (Eq. (9)). This model does not apply as well as that of Lorentz, but gives
R? values close to 1 (Fig. 10 and Fig. 11).

f(dg) = — e 3

o+/2m

(9)

with dg the mean and o2 the variance. 02 =Y "], %.

Gauss’ law depends on two parameters, which are the mean i and the standard deviation o. These two parameters
will help us to compare the mean given by the model and the one calculated with formula (1), and also to monitor the
evolution of the distribution with a coefficient of variation which is the reported standard deviation to the mean.

Fig. 12 shows the mean diameter calculated with Eq. (3) as a function of the mean diameter given by the Gauss model.
We note that the points are distributed around the straight line y = 0.976x + 4.734 and which approaches the axis y =x,
which is why the average values given by the Gauss model approach those obtained by Eq. (3).

3.4. Evolution of the droplet size distribution
The variability of the data can often be best described as a relative change rather than as an absolute change, such as

that shown by the standard deviation. A common way to express the variability that reflects its relative importance is the
standard deviation relative to the mean diameter. This ratio, often expressed as a percentage, is called the coefficient of
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variation, abbreviated as CV. This way of expressing the variability is useful in many situations. It puts the variability in
perspective relative to the magnitude of the measurements and allows a comparison of the variability of different kinds of
measurements [30]. In the case of this study, it gives us the variability of the mean diameter, allowing us to determine the
degree of monodispersity of the droplets.

It is well known that microfluidic systems generate monodisperse drops with CV < 5% [23]. Nevertheless, this is not
always the case. That is why we studied the evolution of the coefficient of variation of the drops diameter throughout the
drop regime.

Fig. 12 shows the evolution of the coefficient of variation as a function of the flow rate fraction of the dispersed phase
to the non-inverted configuration. We notice at first glance that the variation coefficient is inversely proportional to the
diameter of the drops. The more the diameter of the drops increases, the more CV decreases.

For low values of the dispersed phase flow quality, we notice that there is a polydispersity in the distribution with CV
ranging from 14% to 5% for a flow quality less than 0.1. This can be seen in Fig. 13. This polydispersity is obtained for drop
diameters ranging from 160 um to 190 pm (Fig. 14).

For values of the dispersed phase flow quality greater than 0.1, we notice that there is a monodispersity in the distribu-
tion with a variation coefficient ranging from 5% to 1.6%, as shown in Fig. 13. This monodispersity is observed for diameters
ranging from 195 pm to 240 um (Fig. 14).

The drops begin having the same diameter when the flow quality of the dispersed phase increases while remaining in
the drop regime flow, which results in an increased flow rate of the dispersed phase (aqueous in this case) and an increase
in the drops size.

On flows mappings, we see that the points where flow quality is important are located in the area near the plug regime
(close to the drop-plug transition zone) and an increase in speed of the two phases results in an increase in the diameter
of the drops; the coefficient of variation decreases.

In Fig. 4, we see that the drop regime takes a large area on the flow map for the orientation “a” of the T-junction
compared to the configurations “b” and “c”, so that for the same superficial velocities of the dispersed and continu-
ous phases, a drop regime is obtained in the orientation “a” and a plug regime in the orientations “b” and “c” of a
T-junction.

The orientation of the T-junction that has a large area of drop regime in the two-phase flow pattern with low coefficients
of variation is the orientation “a”.

4. Conclusion

In the present work, an experimental setup involving a microfluidic T-junction, 250 pm in internal diameter, was made.

The visualization of the two-phase flow was performed at the capillary tube using a high-speed camera just at the exit
of the T-junction. The three flow regimes (drop, plug, and annular) were observed, and mappings were plotted for the three
configurations (not inverted in a horizontal position, inverted in a horizontal position and inverted in a vertical position).
Each regime has been identified in relation to the two phase flows.

The diameter of the drops was calculated with a sampling of 150 images. A size distribution of each experiment was
performed and modeled with Gauss’ law. The coefficient of variation of each experiment was calculated to monitor the
distribution. It was shown that the variation coefficient is inversely proportional to the flow quality of the dispersed phase.
We were able to identify areas where the distribution presents a monodisperse drop size (<2%). The orientation of the
T-junction that has a large area in the two-phase flow pattern with low coefficients of variation is the orientation “a”. The
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observation of the two-phase flow patterns reveal that the dispersed phase is water (Qq) and the continuous phase is oil
(Qc), regardless of the T-junction’s orientation, and that the change is in the drop formation mechanism.
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