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This paper reports a breakup regime of bubbles and droplets that is caused by a
sudden channel expansion in a microfluidic device. In this regime, bubbles or droplets
generated at a flow-focusing geometry periodically breakup into smaller bubbles or
droplets, respectively, upon entering an expansion. In addition to Capillary number Ca,
which is previously shown to govern the dispersion breakup in such geometries, we
find that, at a high-inertia regime, the Weber number We also plays a significant role in
specifying the transition from non-breakup to breakup regimes. Furthermore, we identify
different periodic breakup modes, for example, symmetric and asymmetric breakup, which
are dictated by the Ohnesorge number. A power law of f*3 o« We%!Ca®?, where f denotes
the frequency at which the dispersions arrive at the expansion region, governs when the
droplets and bubbles breakup. This power law highlights the importance of inertia to
the dispersion breakup in an expansion-mediated geometry. Our results demonstrate that,
without modifying the geometry and by only tuning several dimensionless parameters
related to the fluid flow, a microchannel expansion region can produce mono-, bi-, or
tri-disperse bubble or droplet populations. These discoveries may find utility in the design
of multi-disperse bubble or droplet populations using microfluidics.

DOI: 10.1103/PhysRevFluids.5.013602

I. INTRODUCTION

When two immiscible fluids meet at a microfluidic junction, interfacial instabilities, such as
Rayleigh-Plateau, causes one fluid to break into a series of dispersions—bubbles or droplets [1].
Due to many applications that utilize bubbles and/or droplets, the formation strategies [2,3] and
breakup regimes [4,5] of droplets and bubbles impact fields such as emulsion and colloid formation
[6,7], bioagent encapsulation [8], polymerase chain reaction (PCR) [9], ultrasound contrast agent
production [10], and food processing [11]. The primary droplets and bubbles, which are formed
when the two immiscible fluids first meet in a microfluidic device, are also observed to break
into secondary droplets and bubbles in various geometries, including at microfluidic T junctions
[4,12,13], and constrictions [14]. In all of these breakup cases, the droplet or bubble is physically
obstructed, compressed, and then eventually broken into smaller droplets or bubbles, respectively.

One important dimensionless number describing the generation of bubbles and droplets in a
microfluidic channel is the Capillary number Ca = pv/o, where p, v, and o are the liquid viscosity,
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liquid flow rate, and interfacial tension, respectively. Typically, the breakup of droplets and bubbles
flowing in a microfluidic channel occurs at relatively low Capillary numbers, where Ca = O(1072)
[5,15-18]. Hashimoto et al. shows that, in a system of droplets with sufficiently low Capillary
number and low interfacial tension, o = O(10~!) mN m~!, driven in a microfluidic Hele-Shaw
cell (HSC), capillary and shear-driven instabilities induce the breakup of droplets [15]. In such a
HSC configuration, droplets generated at a flow-focusing junction are delivered into an expanded
channel that is fifty times wider than its height (so that the two-dimensional flow in the HSC obeys
Darcy’s law, mathematically equivalent to the flow in a porous medium). The timescale required for
these instabilities to evolve is relatively long, 1 = O(10) ms [15], compared with another regime in
a similar geometry studied by Vecchiolla et al., which is shown to have a shorter breakup timescale,
t = 0(0.1) ms [19]. In the latter regime, however, bubbles split near the entrance of the expansion
region, at a higher Capillary number Ca = O(10~") and at a higher rate of about 10000 bubbles
per second. Vecchiolla et al. also show that bubbles can either flow undisturbed, break periodically
into equal-sized daughter bubbles, or break irregularly depending on the value of Capillary number.
They demonstrate that periodic asymmetric breakup, where the daughter bubbles are of unequal
sizes, can only be achieved if an asymmetric geometry of the expansion region is employed. In
all designs reported by Vecchiolla et al., the channel width at the expansion region increases at an
angle less than 90°, and thus, as bubbles enter the expansion region, their travelling speed decreases
gradually. In such a geometry, the competition between interfacial tension and the viscous stress
imposed by the continuous flow appears to govern the periodic breakups, and thus, the Capillary
number is the major dimensionless number in the power-law relationship [19].

Here, we use a flow-focusing microfluidic design, coupled with a sudden increase in channel
width, to further study different flow regimes in expansion-mediated geometries, and quantify
symmetric and asymmetric breakup of bubbles. In contrast with the geometry used by Vecchiolla
et al., in our microfluidic design, the channel width increases at 90° at the expansion region, which
causes the speed of the bubbles to decrease immediately once they enter the expansion region. This
sudden increase in the channel width causes the effect of inertia to become critical, especially at
the entrance of the expansion region. Therefore, we find that the inertial force—as quantified by
the dimensionless Weber number We—significantly contributes to determining the transition from
non-breakup to breakup regimes. In addition to mono-disperse and bi-disperse output populations
reported by Vecchiolla e al., we observe an additional regime, where the microfluidic system
produces periodic tri-disperse populations. To better understand the breakup mechanism, we
perform dimensional analyses to characterize the competition between governing physical effects,
which are inertia, viscosity, and interfacial tension. Our finding suggests that the dimensionless
Ohnesorge number Oh defines the breakup transition from symmetric to asymmetric modes. We
also ask the additional question of what happens when we flow different liquid droplets, instead of
bubbles, into the expansion, and we find the same flow regimes as in our bubble experiments. Finally,
we find that all of our experimental results follow a power law, % o« We®!Ca®2, which precisely
predicts when dispersions will breakup. The dimensionless theoretical framework presented here
can be applied to other expansion-mediated geometries and various types of fluids to help engineer
multi-disperse populations for applications such as producing complex wet foams [20-22], and
self-assembling hyperuniform materials [23,24].

II. METHODOLOGY

The microfluidic device we use for the generation of air microbubbles is shown in Figs. 1(a) and
1(b), where the two flows meet at a flow-focusing cross-junction. The same geometry is used to
generate droplets. The dispersed phase, which is a gas in bubble experiments and a liquid in droplet
experiments, is supplied by using a pressure regulator (Omega Engineering, USA) and a pressure
pump (Fluigent, USA), respectively. The aqueous continuous phase is infused by a syringe pump
(Harvard Instruments, USA).
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FIG. 1. (a), (b) Schematic diagram of the device showing a microfluidic flow-focusing geometry coupled
with an expansion region at the breakup junction. First, air microbubbles (shown in black) are generated at
the flow-focusing cross-junction and then travel through the connecting channel, which leads to the expansion
region. The two geometries used in this study have identical dimensions except at the breakup junction. In
panel (a), the connecting channel has a uniform width w =40 um. In panel (b), the connecting channel
width tapers from 40 um to a width w = 20 um at the breakup junction, over a 100 um distance that begins
300 um upstream from the breakup junction. At specific values of certain geometrical and flow parameters,
the microbubbles are squeezed at the entrance of the expansion region, and thus periodically break into smaller
daughter bubbles (shown in blue). w and W represent the widths of the breakup junction and expansion region,
respectively. The continuous and dispersed phases are shown in gray and black, respectively. (c)—(e) Different
flow regimes observed in our bubble-generation experiment. Here, the geometry has the breakup junction
width w = 40 um and the experiment uses two different aqueous solutions: (c) Ag-bl; (d) Ag-b2 (see Table I).
At an aqueous flow rate Q,, > 5 mL hr™', increasing the gas pressure P, eventually leads to the transition
from mono-disperse bubbles to periodic symmetric or asymmetric breakup, and then random breakup. (e)
Microscope images of each flow regime in this experiment. The scale bars represent 50 pm.

The aqueous continuous phase in our study consists of different mixing ratios of glycerol,
deionized water, Pluronic F-68, and sodium dodecyl sulfate (SDS). We tune the viscosity and
interfacial tension by adjusting the amount of glycerol and SDS in the aqueous solution, respectively.
The viscosity is measured by using a Cannon-Fenske Routine viscometer, and the interfacial tension
is measured by using the pendant drop method [25]. We use the following three different aqueous
solutions for bubble generation experiments: Ag-bl is a mixture of glycerol, DI water, and Pluronic
F-68 at a 0.5:1:1 volume ratio, which has a liquid-air interfacial tension o = 41.9 mN m~! and
viscosity n = 3.23 mPa s; Ag-b2 is the mixture of glycerol, DI water, and Pluronic F-68 at a
1:1:1 volume ratio, plus 1 wt. % SDS, and has liquid-air interfacial tension o = 37.6 mN m~!
and viscosity n = 6.45 mPa s; Aq-b3 is a mixture of glycerol, deionized water, and Pluronic F-68
at a 1:1:1 volume ratio, and has liquid-air interfacial tension o = 40.6 mN m~! and viscosity
n = 5.16 mPa s. Table I shows a list of the aqueous solution abbreviations and their properties
that we use in the bubble experiments. It also contains the properties of solutions that we use in the
droplet experiments, which are mentioned later in the text.

We fabricate the microfluidic device by using photolithography followed by soft lithography
[26]. All microfluidic channels have a height of 26 um. The molded polydimethylsiloxane (PDMS)
replicate of the microfluidic channels is then bonded to a glass slide by plasma treatment.
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TABLE I. List of aqueous solutions and their properties used in our experiments.

Aqueous Interfacial tension Viscosity

Experiment solution o (mNm™) n (mPa s)
Ag-bl 41.9 3.23
Air bubble Aqg-b2 37.6 6.45
Ag-b3 40.6 5.16
Aq-dl 8.61 3.23
Dodecane droplet Aqg-d2 5.82 6.45
Ag-d3 9.52 5.16
Aq-ml 1.83 15.41
Mineral oil droplet Ag-m2 1.48 20.36
Aq-m3 2.84 21.98

Once dispersions are generated at the cross-junction, they travel through the connecting channel
before entering the expansion region. The connecting channel is designed to be long (850 um) to
ensure that the dispersion generation at the cross-junction does not interfere with breakup at the
expansion region.

We design two microfluidic geometries that have identical cross-junction width, connecting
channel length, and expansion region width, and differ only by the breakup junction geometry
[Figs. 1(a) and 1(b)]. The first geometry has a uniform breakup junction width w =40 um
[Fig. 1(a)]. The second geometry has a breakup junction width w = 20 um. The connecting channel
width of this geometry tapers, at a constant angle, from 40 um to w =20 um over a 100 um
distance that begins 300 «m upstream from the breakup junction [see Fig. 1(b)].

III. RESULTS AND DISCUSSIONS

In a typical cross-junction bubble generation microfluidic device, gas pressure, interfacial
tension, and the aqueous solution flow rate and viscosity are the main parameters governing the
size of the bubbles pinched off from the gas thread [27,28]. In these systems, the output of the
device is either mono-disperse (or under specific conditions poly-disperse [29]) bubbles or jets
(governed by nonlinear instabilities [30,31]). These regimes can also be observed in our bubble
breakup experimental results. As shown in Figs. 1(c) and 1(d), at low aqueous solution flow rates
Q,, < 5mL hr™! and relatively low gas pressure P,, we observe mono-disperse bubbles, as expected
[28,32]. For a gas pressure P, ~ 50-100 kPa the gas thread reaches the expansion region (also called
jetting regime) and no bubble generation occurs.

However, as shown in Figs. 1(c) and 1(d), at relatively high liquid flow rates Q,, > 5 mL hr™!,
we observe a third regime at high gas pressures P,, where mono-disperse bubbles generated at the
cross-junction breakup into two smaller daughter bubbles once they enter the expansion region (see
Supplemental Material Videol and Video2 [33]). At this point increasing the gas pressure P, causes
the periodic bubble breakup regime to transition into a random breakup regime. Here, the term
“periodic” denotes the phenomenon of a constant number ratio of breakup to non-breakup bubbles
at the expansion region (for example, one out of every three bubbles breaks into daughter bubbles).
Random breakup refers to the case where this number ratio is not constant. Additionally, we observe
both symmetric (i.e., roughly-equal-sized daughter bubbles) and asymmetric (i.e., unequal-sized
daughter bubbles) breakup. We find the experimental best fit transition lines P, o 8.35Q,, and
Py, o 12.920Q,, for the transition between mono-disperse to periodic regimes in Figs. 1(c) and 1(d),
respectively.

We note that the breakup regime studied here is different from the bifurcation of bubble sizes
observed at a flow-focusing device [29], where at the orifice, the system produces sequences of
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FIG. 2. (a)—(c) Images of different modes of periodic breakup occurring at the entrance of the expansion
region. Intact bubbles are shown in black, whereas daughter bubbles that result from breakup are in blue. (a)
The periodic symmetric mode, and (b), (c) the periodic asymmetric mode. The asymmetric mode can be further
categorized into two sub-modes A and B, which occur consecutively one after another, meaning that every
asymmetric A sub-mode is followed by an asymmetric B sub-mode. As shown, the presence of the pre-arrived
bubbles 1 and 2 is crucial for the breakup of bubble 3. Each bubble is elongated to its maximum length /,,
once it enters the expansion region. In a sequence of three arriving bubbles, only one bubble is elongated to
its critical length of /.., at which point breakup occurs. The images in panel (a) are from experiments that use
Ag-bl, and in panels (b), (c) Ag-b2 is used. (d) A plot of the volume ratio of the daughter bubbles (top graph),
and dimensionless critical length immediately before breakup (bottom graph) versus the inverse Ohnesorge
number Oh~'. The value of Oh~! determines the periodic breakup mode. As shown, for each geometry, a
decrease in [, /D is observed by increasing Oh~', suggesting that the effect of shear force becomes significant
in asymmetric breakup. However, in the symmetric mode, shear appears to be a secondary dominant force. All
data depicted in panel (d) are collected at the transition pressure of P,,, the point at which the mono-disperse
regime changes to the periodic breakup regime [see Figs. 1(c) and 1(d)].

bubbles with two (or more) different sizes. In such a system, bubbles of different sizes are pinched
off from the gas thread, whereas in our system, mono-disperse bubbles breakup at the expansion,
regardless of where and how they are generated.

In both of our geometries, the liquid flow velocity in the expansion region is approximately an
order of magnitude lower than the velocity in the connecting channel. The lower velocity dictates
that once the bubbles enter the expansion region, they decelerate significantly and mimic slow-
moving obstacles that cause the flow streamlines to deviate to the sides of the expansion region.
If the subsequent bubble enters the expansion region before the streamlines are relaxed to their
original position, the subsequent bubble becomes squeezed, elongates, and breaks into daughter
bubbles [see, for example Fig. 2(a)].

All bubbles experience a high degree of shear and inertia at the entrance of the expansion region,
which causes them to become elongated to a maximum length /,, perpendicular to the average flow
direction. At this position, if the pro-elongation inertial and shear forces overcome the interfacial
tension force, the bubble will break up. We denote the corresponding critical bubble length [, as
the measured length of the bubble right before breakup. Based on our observations, in a periodic
breakup regime, the number of bubbles entering the expansion region between two successive
breakups for all experiments is within the range of 2, where one of every two bubbles break, to
5, when one of every five bubbles break.

Figures 2(a)-2(c) show an example sequence of bubble breakup for both symmetric and
asymmetric modes, where the period is three. As shown, no breakup occurs for bubbles labeled
1 and 2, which have maximum length /,, < I., as they regain their original shape after moving
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downstream. This means that not all bubbles break. The presence of pre-arrived bubbles 1 and 2 at
the expansion region is a key factor for the breakup of an arriving bubble 3.

As shown in Fig. 2(a), bubble 2 temporarily (based on our observations, ~1072 ms) blocks the
path of bubble 3 at the entrance of the expansion region. Thus, for this time period, the role of
bubble 2 is physically similar to that of the channel wall in a T-junction geometry [4,12].

In contrast to T junctions, where asymmetrical channel dimensions lead to asymmetrical breakup
[5,34], in our device, both symmetrical and asymmetrical breakup can occur in a symmetrical
microchannel geometry. The type of breakup depends on the flow conditions. Asymmetric A and B
regimes shown in Figs. 2(b) and 2(c), respectively, are the two sub-modes of asymmetric breakup
that occur consecutively. Every asymmetric A sub-mode is followed by an asymmetric B sub-mode.
The difference between these two sub-modes is the location of breakup. As shown in Figs. 2(b) and
2(c), the breakup location of bubble 3 is shifted towards one side of the expansion region, and the
larger daughter bubble 3’ flows adjacent to bubble 1 while the smaller daughter bubble 3" flows
adjacent to bubble 2.

Inspired by the observations of droplet breakup occurring at microfluidic T junctions [12,35,36],
we hypothesize that, in our system, the major force competition governing breakup is between the
inertial force, which scales as pv?D?, and interfacial tension force, which scales as o D. Here, p, v,
and D are the liquid density, average velocity at the connecting channel, and the (projected) initial
diameter of the bubble, respectively. We note that the actual bubble diameter is different from the
projected diameter because the bubble diameter, upon exiting the device, is larger than the channel
height, and thus the bubble within the microchannel is squeezed from its top and bottom. Therefore,
we calculate the actual volume of the bubbles by using a mathematical approach that is explained
elsewhere in the literature [7]. Briefly, the volume of a discoid bubble is approximately equal to
the volume of an undeformed bubble minus two caps. By measuring the discoid diameter, we can
calculate the volume of the bubble.

To test our hypothesis, we define the Weber number as We = pv>Do~! and map the values of
We for the two geometries that correspond to the breakup regime. We observe that the breakup
regime is 2 < We < 8 for the geometry with junction width w = 40 um, and 10 < We < 45 for
the geometry with junction width w = 20 um. We are unable to run experiments for We > 8§, and
We > 45 in the two geometries, respectively, due to the large pressure at the tubing connections.
Thus, we find the non-breakup to breakup critical Weber number We,, =~ 2 and We.. =~ 10 for the
two geometries, respectively.

In our system, since mono-disperse bubbles are first generated upstream in the same microfluidic
device, ensuring that We > We,, causes the generation of bubbles of specific size and at generation
frequencies that can lead to periodic breakup. Thus, We > We,, is the only requirement for
breakup to occur in our system. If bubbles are first generated elsewhere, and then transferred into
a microfluidic device equipped with an expansion geometry similar to ours, then there will be a
minimum ejection rate (in our experiments it is within the range 10-30 kHz), at which the bubbles
are required to enter the expansion region, in addition to having We > We,,, to ensure that breakup
occurs. This range ensures that the bubble enters the expansion region before the streamlines are
relaxed to their original position. This is different from the case of breakup in T-junction geometries,
where the ejection rate of bubbles does not play a significant role. In a hypothetical case of very low
ejection rate (not shown here), the probability of breakup would be minimized. In such a case, We,,
would be much higher than the values reported here, and the symmetric breakup would be dominant
over the asymmetric breakup. Maintaining a small value of the design ratio, W/w, would also help
in achieving breakup at lower We,,. In contrast, assuming a very high ejection rate of bubbles, the
breakup regime would still be achievable at a We,, value that is in the same range as those reported
here. At this extreme case, the breakup would have to be asymmetric, since the expansion region
would be fully occupied by bubbles, and the arriving bubbles would be pushed to the sides of the
expansion region [37].

In order to characterize symmetric and asymmetric periodic breakup modes, we define the
Ohnesorge number Oh = u/,/pow, which compares the strength of viscosity to inertia and

—1
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interfacial tension. Our results show that, when Oh~! < 7, bubbles entering the expansion region
move periodically to the sides of the expansion. This is due to an abrupt decrease in the liquid speed
that causes the bubbles to slow down and push against each other [Figs. 2(b) and 2(c)]. If a bubble
becomes squeezed and the shear stress overcomes the interfacial tension, it will stretch beyond /,,
and eventually break asymmetrically into two daughter bubbles with unequal sizes. This is shown
in Fig. 2(d), when Oh~!' < 7, and for all different aqueous solutions, the daughter bubbles’ volume
V < 0.1, where the dimensionless volume V is the volume ratio of the smaller daughter bubble to
the intact bubble.

Asymmetric breakup can only occur if the inertial force is relatively low, whereas, at high inertial
forces, the breakup becomes more symmetric, meaning that bubbles break into two equal size
daughter bubbles. In this situation, the flow inertia is strong enough to push the preceding bubbles
away from the breakup junction, prior to the arrival of the subsequent bubble. This causes the
breaking bubble to experience two equal forces, and thus the bubble breaks into two roughly-equal-
sized daughter bubbles. This observation corresponds to V & 0.4-0.5 when Oh~' > 7 [Fig. 2(d)].
Therefore, we define a critical Oh~! number Oh_' = 7 that roughly separates symmetric and
asymmetric breakup modes. This finding enables us to design a tri-disperse bubble generation
device, without adding asymmetry to the geometry as in Vecchiolla ez al. [19].

Our observations also reveal that the critical bubble length /., is in the range 1.7 < I.,/D < 2.4
and depends on the Ohnesorge number Oh scaling as Oh o I.,W/Dw. As shown in lower graph of
Fig. 2(d), in both geometries, the dimensionless critical length /.,/D of an asymmetric breakup is
greater than in symmetric breakup. The value of /., /D is directly proportional to the magnitude of
viscous stress. This suggests that, in asymmetric breakup, shear stress contributions are comparable
to, and in some cases more significant than, inertial contributions. In symmetric breakup, however,
inertia is the dominant contributor. Therefore, we also need to consider the Capillary number in
order to fully characterize the breakup over different experimental conditions. Note that, for larger
values of W/w, a larger inertial force is required to trigger the breakup regime. This explains why
We,, is lower in experiments with the geometry w = 40 um than those with w = 20 um. Our
observations also suggest that, once the periodic breakup regime begins, geometries with smaller
aspect ratio W/w induce a more stable breakup, and thus the transition between symmetric and
asymmetric modes is less dependent on the flow properties. Furthermore, Fig. 2(d) reveals that an
increase in the bubble size will shift the breakup regime in each geometry towards the symmetric
mode, as opposed to the breakup of smaller bubbles that will be shifted towards the asymmetric
mode.

Figure 3 shows the bubble size distributions at the outlet of our device with a maximum bubble
production rate of 1.6x10° s~!. When no breakup occurs, only a monodisperse size distribution
is obtained [Fig. 3(a)]. By only adjusting the flow rate and gas pressure, however, we are able to
achieve bubble breakup at the expansion region to yield a multi-disperse population at the outlet
[see Figs. 3(b) and 3(c)].

It is known that the mechanisms governing the formation of bubbles and droplets in microfluidic
devices are similar [2,38], so we hypothesize that expansion-mediated breakup mechanisms may
also be similar. We thus design analogous experiments that use oil, i.e., dodecane and mineral oil,
as the dispersed phase, and the same continuous phase as in the bubble experiments, albeit with
different amounts of added glycerol. By changing the glycerol ratio in the continuous phase, we
study the droplet breakup over a range of different viscosities.

We use aqueous solutions Aq-d1 with liquid-liquid interfacial tension ¢ = 8.61 mN m~!, Aq-d2
with liquid-liquid interfacial tension o = 5.82 mN m~!, and Ag-d3 with liquid-liquid interfacial
tension o = 9.52 mN m™~! for the dodecane droplet experiments. In mineral oil droplet experiments,
we use the following aqueous solutions: Aq-m1, is a mixture of glycerol, DI water, and Pluronic
F-68 at a 3:1:1 volume ratio, which has a liquid-liquid interfacial tension 0 = 1.83 mN m~! and
viscosity n = 15.41 mPa s; Ag-m2 is the mixture of glycerol, DI water, and Pluronic F-68 at a
4:1:1 volume ratio, plus 1 wt. % SDS, and has a liquid-liquid interfacial tension ¢ = 1.48 mN m™~!
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FIG. 3. Different output populations obtained in our bubble-generation experiments. Here, the geometry
with the breakup junction width w =40 um and continuous phase Ag-bl is used. (a) P, = 100 kPa,
Q, =5mLhr™!; (b) P, =160 kPa, Q,, = 10mL hr™'; (c) P, = 180 kPa, Q,, = 10 mL hr~'. As shown,
using a single geometry, we obtain (a) mono-disperse, (b) bi-disperse, or (c) tri-disperse populations only
by controlling the aqueous phase flow rate and gas pressure. In panels (b) and (c), one in every three bubbles
breaks. Therefore, the number of intact bubbles in panel (b) is approximately equal to the number of daughter
bubbles, and in panel (c) the number of intact bubbles is approximately two times greater than the number of
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FIG. 4. (a)—(c) Different flow regimes observed in our dodecane droplet generation experiment for the
geometry of breakup junction width w = 40 wm and two different aqueous solutions: (a) Aq-d1; (b) Aq-d2
(see Table I). To be consistent with the results presented in Figs. 1(c) and 1(d), here we report the dispersed
phase pressure versus continuous phase flow rate. At an aqueous flow rate Q,, > 0.1 mL hr~!, increasing
the oil pressure P, leads to the transition from mono-disperse bubbles to periodic symmetric or asymmetric
breakup, and then random breakup. (c) Microscope images of each flow regime in this experiment. Droplet
breakup regimes exhibit similar trends of mono-disperse, periodic symmetric, and asymmetric breakup that are
observed in bubble breakup experiments [see Figs. 1(c) and 1(d)]. (d) The frequency f at which dispersions
arrive at the expansion region versus the product of Weber number and the squared Capillary number, WeCa?.
Here, the dashed curve kW e*!Ca®? is fit to the experimental data points obtained from bubble experiments. The
inset shows a log-log plot of f versus WeCa?, where the dashed line shows the scaling, f*3 = kWe%!Ca®2. All
data depicted here are collected at the transition pressure P, ,, at which point the mono-disperse regime changes
to the periodic breakup regime [see Figs. 1(c), 1(d) and 4(a), 4(b)]. The proportionality constants x for bubble,
dodecane oil droplet, and mineral oil droplet experiments are 1.2x10?, 2.9x10%, and 6.0x 10", respectively.
The bubble and droplet experimental results show a good agreement with the scaling, f%° oc We®!Ca®2. The
scale bar represents 50 pm.

and viscosity n = 20.36 mPa s; Aq-m3 is a mixture of glycerol, DI water, and Pluronic F-68 at
a 4:1:1 volume ratio, and has a liquid-liquid interfacial tension o = 2.84 mN m~! and viscosity
n = 21.98 mPa s. These properties are listed in Table I.

In Figs. 4(a) and 4(b), when the liquid flow rate Q,, > 0.1 mL hr~!, increasing P, causes droplets
to transition from mono-disperse to periodic breakup. Here, mono-disperse oil droplets generated
at the cross-junction breakup into two smaller daughter droplets once they enter the expansion
region (see Supplemental Material Video3 and Video4 [33]). At this point, continuing increase of
oil injection pressure P, causes the periodic droplet breakup regime to enter into a random breakup
regime. Comparing Figs. 1(c) and 1(d) with 4(a) and 4(b), we can observe identical flow regimes
and similar transitions between different regimes in both bubble and droplet experiments.

In our system, in addition to the fluid properties and microchannel design, dispersed phase
inlet pressure and the continuous phase flow rate are the main design parameters that control the
generation of either mono-disperse, bi-disperse (i.e., the result of periodic symmetric breakup), or
tri-disperse microbubbles and droplets (i.e., the result of periodic asymmetric breakup).

In our experiments, the transition pressure P, ,, at which the dispersion behavior moves from the
mono-disperse regime to the periodic breakup regime, has a linear relationship with the continuous
phase flow rate [see Figs. 1(c), 1(d) and 4(a), 4(b)]. Since dispersions are generated at a cross-
junction in our device, this linear relationship implies that the inlet pressure of dispersed phase is
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related to the frequency at which the dispersions arrive at the expansion region, as P, oc f*3 [32].
This is also supported by our observations.

As shown in Fig. 4(d), we find experimentally that this frequency follows the scaling f0° =
kWeP1Ca%2, where k = 1.2x10%, 2.9x 102, and 6.0x 10! for the bubble, dodecane oil droplet, and
mineral oil droplet data points, respectively. This scaling law is reinforced when the data points are
plotted on a log-log graph [inset of Fig. 4(d)]. Here, we change the variables v, i, and ¢ in our
experiments, and since W e Ca®? scales as v, MO'Z, and o 03, the relative importance of each
parameter can be inferred. The variation between the pre-factor « associated with the data from
bubble and droplet experiments may be attributed to the differences in dispersed phase properties
(e.g., viscosity contrast of the fluids [39]) in the bubble, dodecane oil droplet, and mineral oil droplet
experiments. Experiments with fluids having a wider range of properties would be required to fully
characterize the k values and can be investigated in future studies.

Figure 4(d) reveals that, for both droplets and bubbles, the transition into the breakup regime
is highly dependent on the continuous phase flow velocity. This is a major difference between
the expansion-mediated and T-junction-induced breakup phenomena. However, the competition
between the viscous force, which promotes breakup, and the interfacial tension force, which inhibits
breakup, is similar in both expansion-mediated and T-junction systems [5,12,39]. Figure 4(d) also
shows that, for relatively small values of WeCa?, the transition into the breakup regime becomes
almost independent of the frequency of dispersions arriving at the expansion region, whereas, for
relatively large values of WeCa?, the transition is governed mainly by the magnitude of f%.

IV. CONCLUSIONS

In this manuscript, we extend the idea of formation multi-disperse bubbles at a microfluidic
expansion [19], by performing dimensional analyses to quantitatively identify the main physical
parameters governing this phenomenon. This microchannel expansion breakup regime is based on
bubble- or droplet-induced obstruction occurring in a microfluidic expansion region. We find that
the physical breakup mechanisms of both bubbles and droplets in this regime are identical. We
also define and experimentally fit the relevant dimensionless numbers and control the output of
the device to produce mono-disperse, bi-disperse, and tri-disperse bubble or droplet populations
without modifying the microfluidic geometry. We believe the results presented in this article are
valuable for a wide range of audiences in the fields of bubble- or droplet-based microfluidics for
various applications in medicine [40], science [41], and technology [11,24,42].
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