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Gas-liquid-liquid three-phase flow systems have unique advantages of controlling reagent manipulation

and improving reaction performance. However, there remains a lack of insight into the dynamics and

controllability of water droplet fusion assisted by gas bubbles, particularly scaling laws for use in the

design and operation of complex multiphase flow processes. In the present work, a microfluidic reactor

with three T-junctions was employed to sequentially generate gas bubbles and then fuse two dispersed

water droplets. The formation of the dispersed phase was divided into multiple stages, and the bubble/

droplet size was correlated with operating parameters. The formation of the second dispersed droplet at

the third T-junction was accompanied by the fusion of the two dispersed water droplets that were

formed. It revealed a two-stage process (i.e. drainage and fusion) for the two droplets to fuse while

becoming mature by breaking-up with the secondary water supply stream. In addition, a droplet contact
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model was employed to understand the influence on the process stability and uniformity of the merged/

fused droplets by varying the surfactant concentration (in oil), the viscosity of the water phase, and the
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1. Introduction

Microreactors are miniaturized reactors that typically consist of
flow channels with characteristic dimensions ranging from
a few tens of microns to several hundred microns. Over the last
two decades, microreactor technology has been developed and
applied as a powerful platform for process intensification owing
to its intrinsic advantages, such as fast heat and mass transfer,
large surface volume ratio, low reagent hold-up, and control-
lable laminar flow."* One of the most extensively studied topics
in this field has been focused on two-phase (either liquid-
liquid, or gas-liquid) droplets formed along the flow channel
network for fluid manipulation, reaction, and/or detection.’”
More recently, there has been increasing interest in the more
complex three-phase system involving gas-liquid-liquid, such
as gas-oil-water, mainly owing to its advantages in, e.g,
controlling the segmented flow hydrodynamics,® intensifying
the multiphase mass transfer,”'® improving the multiphase
reaction selectivity and reproducibility,"** and precisely
manipulating reaction reagents.*
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flow rates of different fluids. The study provides a deeper understanding of the droplet fusion
characteristics on gas-—liquid—-liquid three-phase flow in microreactors for a wide range of applications.

Compared to two-phase droplet systems (gas-liquid or
liquid-liquid), the most prominent advantage of the gas-oil-
water three-phase system is the effectiveness in regulating the
desired droplet merging or coalescence of segmented droplets.
Zheng and Ismagilov'* pioneered the use of segmented aqueous
droplets as micro-batch reactors flowing along microchannels
by introducing inert gas bubbles for protein crystallization.
Onal et al.® developed a gas-liquid-liquid three-phase capillary
microreactor with an increased specific surface area for the
regioselective catalytic hydrogenation of o,B-unsaturated alde-
hydes. Su et al' introduced inert gas bubbles as stirrers to
enhance the liquid-liquid two-phase mass transfer by a factor of
two.

The capability of gas-liquid-liquid microfluidics has also
been explored for precisely regulating reagent distribution and
mixing."** Nightingale et al.*® investigated two broad strategies,
namely, droplet fusion and direct injection, for the quantitative
manipulation of two streams of droplet flow. The design of
channel network architectures, the precise timing of flow
streams, and the necessary external physical fields all play
important parts in controlling droplet fusion and/or direct
injection.' Li et al' designed a multi-junction injection
configuration to extend the range of the volumetric ratios,
providing a controllable system for evaluating the enzymatic
activity of thrombin and determining the coagulation time of
human blood plasma. Also, the uniformity of the added/
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injected reagent volume has been considered to be an impor-
tant but challenging factor to implement, and only a few reports
are available."" Suhanya et al.™ advanced the methodology
with a direct injection approach in a gas-liquid-liquid droplet
reactor for synthesizing monodispersed gold nanostructures.
Nightingale et al.*® designed a side-channel network for the
direct injection of reagents with controlled quantities into the
existing droplets.

Along with the device development, efforts have been made
to understand the mechanism of the complex multiphase
microfluidics.*** Wang et al.?® investigated the mechanisms of
bubble and droplet generation and correlated the average
droplet volume with the control parameters in a cross-junction
microchannel. Yue et al.** identified the conditions for creating
gas-liquid-liquid flow patterns of slug flow and parallel-slug
flow along a serpentine channel. Liu et al.** studied the char-
acteristics of bubble splitting under three-phase flow in
a double T-junction microchannel, revealing the critical
breaking length and the size of the sub-bubble/slug. More
recently, Liu et al.*® further investigated the effects of the three-
phase slug sub-regime flow on hydrodynamics and local mass
transfer, confirming that the alternate bubble and droplet flow
is in favor of mass transfer.

In spite of the great efforts put into studying different aspects
of gas-oil-water multiphase microfluidics, there remains a lack
of insight into the dynamics and controllability of water droplet
fusion, especially the scaling laws for use in the design and
operation of such complex flow processes. Therefore, the
present study was aimed toward gaining a deeper under-
standing and further controllability of the droplet fusion
process within a microfluidic reactor channel network consist-
ing of three T-junctions for gas bubble and water droplet
generation. With oil as the continuous phase, the formation of
gas bubbles, the primary water droplets and the secondary
water droplets were investigated by varying a range of opera-
tional parameters (including flow rates of different phases,
aqueous phase viscosity and surfactant concentration), together
with force balance analysis, where the two water inlets had
different colors to assist visualization. Based on the experi-
mental results, scaling laws were established for correlating the
key parameters (including bubble/droplet size, channel geom-
etry and fluidic conditions) governing the bubble/droplet
generation. To further understand the dynamics of droplet
fusion and ultimately control their fusion, a droplet contact
model was employed while identifying two stages across the
process, namely, the drainage time and the droplet fusion time.
Finally, the uniformity of the fused droplets and the stability of
the process under different operating conditions were quanti-
tatively characterized.

2. Experimental section
2.1 Materials

n-Hexadecane (Shanghai Macklin Biochemical Co. Ltd.) with
Span80 (Tianjin Zhiyuan Chemical Reagent Co., Ltd.) at
selected concentrations were used as the continuous phase.
Nitrogen was purchased from Yantai Feiyuan Special Gas Co.
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Ltd., and was used as the dispersed gas phase. The deionized
water (made in-house) dyed with methyl blue (Sinopharm
Chemical Reagent Co. Ltd.) and magenta (Tianjin Hengxing
Chemical Reagent Manufacturing Co., Ltd.) was introduced into
the microreactor as the primary water (pw) and the secondary
water (sw) injection, respectively.

2.2 Microreactor design and fabrication

The microreactor was designed to have a microfluidic channel
network consisting of a straight main flow channel, an oil inlet
to one end of the main channel, three side inlets (linked to three
T-junctions, respectively) for gas, first aqueous and second
aqueous, and an outlet at the other end of the main channel
(Fig. 1a). The straight main channel was 14 cm long with
a squared cross-section (600 pm x 600 pm). The side channel
linked to TJ-1 as the gas inlet had a cross-section area of 450 pm
X 450 um, while the other two side channels to TJ-2 and TJ-3
had the same squared cross-section of 250 um x 250 um for
injecting two aqueous phases, respectively. The selection of the
different geometries of the three channel cross-sections was
aimed toward forming alternating flow patterns of long gas
bubbles and small aqueous droplets.

The microreactor was made according to published proce-
dures with minor adaptations.>** Briefly, the channel network
was fabricated by precision milling on a polymethyl methacry-
late (PMMA) sheet (thickness 5 mm), which was closed with
a cover sheet (thickness 10 mm) by thermal bonding at
a temperature of 50 °C after washing both in an ethanol bath at
70 °C for 3 min. Before the experiments, all channels were
flushed with n-hexadecane and then deionized water, followed
by nitrogen drying.

2.3 Experimental set-up and methods

The experimental set-up is illustrated in Fig. 2b, consisting
mainly of the microreactor, fluid feeding/withdrawal, and
monitoring systems. During the microreactor operation, the
continuous oil phase was supplied through Inlet-1 into the
main channel. Dispersed phases were injected through the
three side channels via T-junctions into the main channel; gas
nitrogen from Inlet-2 through TJ-1, water with methyl blue dye
from Inlet-3 through TJ-2, and water with magenta dye from
Inlet-4 through TJ-3. PTFE tubes with an internal diameter of
2 mm were used for connecting the feeding syringes to the
microreactor inlets, and for linking the outlet to the sample
collector. All fluids were driven by syringe pumps (LSP02-1B,
Longer Pump, China) into the microreactor at selected flow
rates ranging from 120 uL min ' to 660 pL min .

The microreactor was placed on a microscope (SZX16,
OLYMPUS) stage with a high-speed CCD camera (Phantom
R311, Vision Research) working at 1000-3200 fps coupled to the
microscope (Fig. 2b). This allowed the direct in situ monitoring
of the fluidic behaviour within the microchannel, and subse-
quent processing of the recorded images/videos with an image
analysis program (Image J). The experiments were carried out at
room temperature. All experiments were repeated three times,
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Fig. 2 The development of dispersed gas bubbles in the oil phase
around TJ-1.

and averages were taken over these repeated runs for further
analysis.

3. Results and discussion

3.1 Controllable generation of dispersed phase bubbles or
droplets at three T-junctions (TJs)

3.1.1 Formation of dispersed gas bubbles around TJ-1. In
a typical process for the formation of dispersed gas bubbles,
under a steady flow of the oil continuous phase along the main
channel, while the dispersed gas phase nitrogen was injected in
from Inlet-2, the two immiscible fluids met at the first T-
junction (TJ-1) where a gas-oil interface was created which
further formed a bubble head (Fig. 2a). With a continuous gas
supply, the bubble grew and took more space into and along the
main channel (Fig. 2b). On further growth, the bubble flowed
along the main channel downstream to a critical point when the
neck of the bubble at the junction started to shrink (Fig. 2c),
turning the process into another stage of breaking-up of the
bubble neck (Fig. 2d). That breaking-up resulted in a mature gas
bubble flowing downstream along the main channel (Fig. 2e),
while a subsequent bubble head for the dispersed gas phase
started to form at junction TJ-1, repeating the cycle of the
growing/breaking-up/maturing process.

Based on fluid mechanics, this dynamic process is the result
of the interplay of multiple significant factors (Fig. 2), including
the shear force (F;) favorable to bubble formation, the gas-oil

interfacial tension (y) hindering the bubble moving
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nd (b, right) the experimental set-up.

downstream, and the static pressure difference across the
bubble (F;,) affecting the geometry of the bubble neck at the
junction. When the initial gas-oil interface was created at the
junction, Fy, was in the opposite direction to v, leading to the
formation of the bubble head (Fig. 2f). Once the bubble grew
and started to “block” the main channel, it caused an increase
in Fyp,, which together with Fg contributed to the break-up of the
bubble neck towards generating a complete mature bubble
flowing downstream (Fig. 2g).

In practice, these force-related factors were all determined by
the properties of the fluids and the channel wall surface, the
channel geometry, and the flow conditions, in particular, the
flow rate of each fluid. In a given system, it was the flow rate of
each fluid that determined the size (i.e. length) of the bubble
formed. Furthermore, an empirical correlation,® regarded as
a scaling law for this process (eqn (1)), allowed the length (L) of
the gas bubbles to be predicted with varying flow rates.

(1)

Ly _ O
o a@ +b
where Qg and Q, are the volumetric flow rates of the gas phase
and continuous oil phase, respectively, and w is the width of the
main channel.

Fig. 3 illustrates the correlation of the bubble length with the
flow rate ratio of gas to oil, given a gas inlet channel width of 450
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Fig. 3 The correlation of the gas bubble length with the flow rate ratio
(gas/oil).
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um and different concentrations of surfactant Span80 (Cspango)-
The measurements were taken at fixed flow rates of oil (Q, = 60
uL min~') and water injected through both Inlet-3 and Inlet-4
(Qpw = Qsw = 30 pL min ', ppw = psw = 0.8937 mPa s). As can
be seen from Fig. 3, a good linear relationship was obtained
between the dimensionless groups of (Li/w) and (Q/Q,). Using
the experiment data, constants a and b were determined to be
0.09028 and 0.0119 in the system examined. This observation
confirmed that the bubble length was independent of the fluid
property and also the concentration of surfactant added.>

3.1.2 Formation of dispersed primary water droplets
around TJ-2. When the primary water supply (dyed in blue) from
Inlet-3 arrived at TJ-2, while the gas bubble dispersed in the
continuous phase oil followed from upstream along the main
channel, the formation of the water droplets underwent
a similar process (i.e. growing/breaking-up/maturing) to the
formation of gas bubbles (Fig. 4a-e). However, some unique
characteristics were observed with the water droplet being (i)
dispersed in oil but not in the gas phase, and (ii) quasi-
spherical.

When the head of the blue water droplet started to form at
junction TJ-2, it was initially mostly in contact with the long gas
bubble. Instead of penetrating the main channel and being
broken up by the gas phase, the head was inclined to stretching
downstream and slipping along the water-gas interface
(Fig. 4a). While the main stream of gas bubbles and oil
approximately retained the original velocity, the stretched head
of the water droplet switched from its contact with the gas phase
to the arriving oil phase (Fig. 4b), where an oil-water interface
was formed. As the stretched water droplet completely estab-
lished an interface with the oil phase, it tended to re-shape and
grow in the oil phase (Fig. 4c and d), followed by breaking-up to
form a mature water droplet dispersed in the continuous oil
phase (Fig. 4e), similar to gas bubble formation (Fig. 2).

This observation was primarily associated with the upstream
gas bubbles dispersed in the continuous oil phase, bringing in
additional interfaces and more influential forces (Fig. 4f and g).
Firstly, the flow rate of the water (injected at 30 uL min~*) was
relatively lower than that of the oil and especially the gas (oil
60 uL min ", gas 120-600 uL min ). It was unable to take much
space in the main channel or “pinch” in the bubble, thus there
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Fig. 4 The formation of the dispersed primary water droplets around
TJ-2.
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was no significant pressure difference (Fs,) to break-up the
water phase (in contrast to that observed for gas bubble break-
up shown in Fig. 2). At the same time, the water-gas interfacial
tension (y) was dominant over the shear force (Fs) of the gas
bubble, which also hindered the break-up of the aqueous phase
(Fig. 4f and g).

Secondly, the variation in interfacial tension (y) at different
stages played a crucial part in the break-up of the aqueous
phase, depending on whether a water—gas or water-oil interface
was formed. When the water-oil interface was established, the
interfacial tension was smaller than that of the gas-water
interface, enabling the breaking-up of the aqueous phase to
increase and finally form a droplet (Fig. 4c and d). Also, as the
interfacial tension of the gas-oil interface (at the front of the
upstream gas bubble) was almost five times larger than that of
the oil-water,”” the force (Fp) exerted by the gas-oil interface
further contributed to cutting-off the droplet (Fig. 4f and g).

Finally, when the water droplet was formed and dispersed in
the continuous oil phase, the droplet tended to become
spherical. This can be attributed to the oil-water interfacial
tension and also the relatively small amount of water supplied
at a lower flow rate. With the matured water droplet dispersed
while flowing with the continuous oil phase, a new contact
interface was formed between the tip of the inlet water and the
upstream gas bubble at TJ-2, repeating another cycle of water
droplet formation (Fig. 4e).

As analyzed above, the variation in the interfacial tension
had a notable effect on the water droplet formation. This was
further investigated by varying the concentration of Span80 in
the oil phase ranging from 0.1 wt% to 0.5 wt%, with an attempt
to establish a scaling law in the form of eqn (1). The experi-
mental results are depicted in Fig. 5, correlating the droplet size
(La)/the main channel width (w) with the flow rate ratio (Qpw/
Qo+g+w) of water/(oil + gas + water), and different concentrations
of surfactant Span80 in oil, Cspango-

The effects of surfactant Span80 concentration were notice-
able but insignificant. Overall, for both the oil-water and gas-oil
interfaces, the decrease in Cgpango increased both interfacial
tensions. The increase in the oil-water interfacial tension was in
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N’G 0.6 L] CSpan80=0'1 wt%
(] CSpan80=0'2 wt%
0.4 A Copangg™03 W%
ozl v CSpan80=0'4 wt%
< CSpan80=0'5 wt%
0.0 L L L L L !
0.04 0.06 0.08 0.10 0.12 0.14
Opw/Qt

Fig.5 The size of the dispersed primary water droplets as a function of
the flow rate ratio of water/(oil + gas + water) around TJ-2.
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favor of forming larger droplets, while the increase in the gas-
oil interfacial tension had the opposite effect. As a result, the
combination of these two forces gave an indistinguishable
correlation between the water droplet size and Cgpango. Never-
theless, with the experimental data, it was still possible to
correlate the water droplet size with flow rates, as expressed in

eqn (2):

L w
La _ 54376 9o +0.4583

w o+g+w

(2)

where Qpw and Qoigiw are the volumetric flow rates of the
primary water injection and the sum of oil, gas and water,
respectively.

3.1.3 The formation of dispersed secondary water droplets
around TJ-3. At TJ-3, the head of the secondary water supply
(dyed in red) injected via Inlet-4 underwent a similar process to
that occurring at TJ-2 when it came in contact with the gas
bubble to form a head and stretch, before the upstream primary
(blue) water droplet dispersed in oil arrived (Fig. 6a). However, it
was interesting to observe the merging and fusion processes of
the primary and secondary droplets. When the head of the red
drop formed an interface with the oil slug, it started to grow
while sharing the slug space with the blue droplet (Fig. 6b).
With further growth of the red droplet, it started to squash the
blue one and caused the deformation of both, where an oil film
was believed to exist between them (Fig. 6¢). That was followed

| growth
drainage

(©)
(@)

(o) e |

Fig. 6 The formation of the secondary (red) water droplet and its
fusion with the primary (blue) water droplet around TJ-3.

| collapse
penetration
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by the crushing of the separating oil film where both droplets
tended to reshape towards spherical, however with direct
contact (Fig. 6d). Finally, the two droplets fused and merged,
while the neck of the red one at the junction was reduced and
eventually cut-off by the upstream gas-oil interface or gas
bubble (Fig. 6e).

With an additional water droplet formation, the dynamic
force balancing around TJ-3 became more complicated as
indicated in Fig. 6f and g, compared to that at both TJ-1 and TJ-
2. It was again the result of the combination of the interplaying
factors including fluid material properties and flow operational
parameters. In that regard, a more focused investigation would
be carried out for the dynamic process of droplet fusion, as
detailed in the following section.

As demonstrated above, by using the microreactor with three
T-junctions, the size of dispersed droplets and the fusion
between them can be well controlled, which is particularly
suitable for synthesizing nanoparticles with high mono-
dispersity through controllable mixing. While the injection of
each reactant is independent and predictable, it also provides
a useful platform for characterizing chemical reaction kinetics
and/or the effect of fluid properties on reactions. Also, the
continuous phase as the carrier can prevent the reaction
mixture within the droplet from coming into direct contact with
the microchannel wall, thus minimizing potential clogging and
adhesion to the channel walls by nanoparticles. Moreover,
although three T-junctions were designed in this study, addi-
tional T-junctions may be incorporated into the microreactor to
facilitate complex multi-step reactions.

3.2 Dynamics and controllability during droplet fusion in
the vicinity of TJ-3

3.2.1 Typological diagram of the droplet fusion. As the
formation of liquid droplets fusion assisted by gas bubbles
occurred, it provided a platform for a wide range of applica-
tions, e.g. mixing, reaction and analysis, in a controllable
manner. To further explore the operational windows for
multiple parameters to control the process, typological
diagrams (Fig. 7) were obtained under different experimental
conditions. By varying the experimental parameters with
a range of combinations, three types of (blue and red) water
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Fig. 7 (a) The effects of Cspango and Qg on droplet fusion at TJ-3; (b) the effects of up, and Qs,, on droplet fusion at TJ-3 (Cspango = 0.1 wt%).

14326 | RSC Adv, 2020, 10, 14322-14330

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00913j

Open Access Article. Published on 07 April 2020. Downloaded on 6/22/2026 12:32:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

» Sec—oec——m V) E2wec——wc—

60-240-30-30-(1-0.8937)

(©) PN (0) BB

60-240-30-50-(0.3-0.8937)

(o) D ec—es () = ec——ee—

60-420-30-30-(0.1-0.8937)

(2) 5 e e 8 (h)m

Paper
60-240-30-30-(0.1-0.8937)
60-520-30-30-(0.1-0.8937)
60-240-30-30-(0.1-17.96)
60-240-30-30-(0.1-8.823)
Fig. 8

C?pw_Osw_CSpanSO_lJ'pw-

droplet fusion were observed, i.e. fusion, partial fusion and non-
fusion, as indicated in different zones (Fig. 7). Some typical
images are displayed in Fig. 8, illustrating the processes of
different types of fusion at varying stages of flow along the main
channel.

As can be seen from Fig. 7a, both the gas flow rate Q, and the
concentration of the surfactant Span80 Cspanso played a big role
in facilitating droplet fusion. This was also associated with the
oil film existing between the two droplets before fusion
occurred, which acted as a barrier for contact, as shown in the
contact model (Fig. 9). In Fig. 9 the contact process of two
aqueous droplets is illustrated with two surfactant concentra-
tions. The formation of blue aqueous droplets was via the
combined interaction of interfacial tension and oil-phase
shearing force as previously discussed. These two forces have
the opposite effect on the droplet geometry, therefore resulting
in unnoticeable differences in the size of the two blue droplets.

With higher Qg, smaller water droplets and relatively thicker
oil films were formed, where a higher Cgpango also increased the
thickness of the oil film. At the same time, the surfactant
molecules were adsorbed on both the primary (blue) water-oil
and the secondary (red) water-oil interfaces, where the repul-
sive forces between the hydrophobic organic groups increased
with the increase in Cspango (Fig. 9b). As a result, an increase in
either Qg or Cgpango made it more difficult for direct contact
between these two droplets, i.e. preventing them from fusing.

It was interesting to observe the effects of the flow rate for the
secondary (red) water supply (Qsw), and the viscosity of the
primary (blue) water phase (upy) on the fusion process (Fig. 7b).

Fig.9 Schematic representation of the droplet contact model with (a)
lower and (b) higher surfactant concentrations.

This journal is © The Royal Society of Chemistry 2020
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Images of three types of droplet fusion around TJ-3 under the experimental conditions specified by the parameters in the order Q,—Qqg—

At a low Qg (=5 pL min '), it was likely to form smaller
secondary (red) droplets less frequently, where the droplet
fusion occurred only with every few blue droplets, termed as
partial fusion. By increasing Qs to be comparable to Qp,, it
resulted in full fusion. However, when Q, was very high, it
pushed the process out of the fusion zone, ie. non-fusion.
When the viscosity of the primary (blue) water was increased
to a certain level (e.g 17.96 mPa s), the altered interfacial
tension made the fusion more difficult, even ceasing, where the
primary droplet became stiffer though slightly deformed
(Fig. 8e).

3.2.2 Drainage and fusion during breaking-up. To gain
further insight into the fusion mechanism, a closer examina-
tion of the process was conducted from the initial contact of
droplets, the crushing of the oil film between them, through to
full fusion (Fig. 10). For quantification, two parameters were
introduced. (i) Drainage time (¢4) refers to the period starting
from droplet contact with an oil film switched between them, to
the occurrence of the crushing of the oil film for direct droplet
contact (Fig. 10a—c). (ii) Fusion time (¢;) represents the period
between the occurrence of the oil film crushing and the
breaking-up of the secondary water droplet (Fig. 10d-f). The
entire time period for both drainage and fusion stages was
termed as the breaking-up time (¢,), thus, &, = t4 + ¢

By varying operational parameters, all three periods were
obtained. The results are depicted in Fig. 11. Overall, ¢4 domi-
nated ¢, under all the experimental conditions examined and
responded clearly to the varying parameter. Based on the
droplet contact model (Fig. 9), this observation was largely
associated with the existence of the oil film between the two
water droplets before there was direct contact between them,

!(l) I(b) ! (©) l (d) l (¢) ! ()
) fa p— t '

Fig. 10 The multi-step process of the fusion of the primary (blue)
water droplet and the secondary (red) water droplet around TJ-3.
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Fig. 11 The effects of operating conditions on drainage and fusion time.

and also with the droplet size together with the fluid property
(e.g. viscosity). Thus, an increase in ¢y was observed with
increasing Cspango (Fig. 11a), Qqw (Fig. 11c) and Qp,, (Fig. 11d), or
decreasing Q, (Fig. 11b), since the thickness of the oil film and
the stiffness were increased, creating a harder barrier for direct
droplet contact towards fusion.

Once the oil film barrier was broken through, the fusion
started and occurred over a much shorter period (¢ < 0.02 s) as
compared to the drainage time ¢, (up to 0.14 s). It was mainly
due to the direct contact and merging of the two water droplets
where the fusion was further enhanced by droplet internal
mixing, including circulation under flow,”** as shown in
Fig. 10e and f. Also, the internal mixing was improved by
increasing the overall flow velocity that was dominated by the
gas flow rate (an order of magnitude higher than the water flow
rate). This resulted in the reduction of ¢ with a higher gas flow
rate Q, (Fig. 11b). The effects on the droplet internal process
were insignificant when the other operating parameters were
varied.

Generally, the flow in the microchannel is limited to
laminar, where the Reynolds number is typically of the order of
a few tens. Although it is not impossible to achieve turbulence
within microchannels, the immense pressure drop would cause
difficulties practically. For the purpose of mixing intensifica-
tion, different mechanisms are commonly applied such as
acoustic and magnetic forces or complex channel features.
Nevertheless, in the droplet microfluidics under laminar flow,
the large specific surface area and the internal circulation in
droplets provide sufficient and, more importantly, controllable
mixing to enhance mass transfer across the multi-phase
interfaces.

14328 | RSC Adv, 2020, 10, 14322-14330

3.2.3 Stability and uniformity of fused droplets. To eval-
uate the process stability and uniformity of the merged and
fused droplets, the stability was quantified by measuring the
average length of the fused droplets, L¢ under different oper-
ating conditions, while the uniformity was characterized by
obtaining the variation in droplet length under each specific
operating condition, V%. The results are illustrated in Fig. 12.

The effect on the length (Lg of the fused droplets was
insignificant with varying surfactant concentration Cspango
(Fig. 12a) since Ly was approximately the sum of the length of
the two individual droplets, both of which had an unnoticeable
correlation with Cgpanso, (Fig. 3 and 5). At the same time, the
addition of surfactant in the oil phase (0.1-0.4 wt%) stabilized
the water droplets and thus made the fused ones more repro-
ducible with more uniform sizes.

The influence of Q, on the fusion droplets is shown in
Fig. 12b. The length of the fusion droplets decreased as a result
of increasing Qg as it reduced the sizes of both primary and
secondary water droplets (eqn (2)). The variation in the unifor-
mity of the fused droplets was little when Qg was in the lower
range (120-300 uL min ). In contrast, when Qg > 300 pL min ™"
the variation in the fused droplet sizes increased with
increasing Q,. This was likely associated with the non-
uniformity of the gas bubbles produced at a higher gas flow
rate, which was about 5 times the oil phase flow rate.

Fig. 12c shows that both the fused droplet size and their
uniformity were pronounced by increasing Qs in an approxi-
mately a linear format, though a relatively small variation in
uniformity was observed in the lower range of Qg, (<30
uL min~"). This was also related to the larger secondary water
droplets formed while there was an increase in uncertainty.

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 The effects of the experimental conditions on the stability and uniformity of the fused droplets.

Also, the viscosity of the primary dispersed water phase had an
insignificant effect on both the process stability and uniformity
of the fused droplets (Fig. 12d). This may be attributed to the
large difference between the inertial forces and viscous forces in
the gas-oil-water multiphase flow along a microscale fluidic
channel.

4. Conclusions

With a microreactor having three T-junctions and a main flow
channel, the dynamics and controllability of droplet fusion
were investigated under gas-liquid-liquid multiphase flow. By
introducing the gas through the first T-junction, dispersed gas
bubbles were formed under a steady flow of the oil continuous
phase along the main channel. The injection of the primary
water phase via the second T-junction generated water droplets
dispersed in the continuous phase. Scaling laws were estab-
lished by correlating the size of bubbles or droplets with the
different flow rates of both fluids. The introduction of the
secondary water phase via the third T-junction produced
secondary water droplets that were also dispersed in the oil
phase. Within the continuous oil phase, the primary and
secondary water droplets met, made contact, crushed the oil
film barrier between them and finally fused under suitable
operating conditions. The conditions were further quantified by
identifying the appropriate window for each key parameter and
were collectively displayed on typological diagrams for droplet
fusion. Closer examinations of the fusion process revealed two
stages (i.e. drainage and fusion) for the two droplets to fuse
while become mature by breaking-up with the secondary water
supply stream. It was found that the drainage time was

This journal is © The Royal Society of Chemistry 2020

significantly longer (typically a few times) than the fusion time.
A droplet contact model was employed to understand the
influence on the process stability and uniformity of the merged/
fused droplets by varying the surfactant concentration (in oil),
the viscosity of the water phase, and the flow rates of different
fluids. It is believed that this systematic investigation can
provide useful guidance for understanding and further applying
the complex flow process in a range of applications.
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