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This study aims to investigate the breakup of slender bubbles in non-Newtonian fluids in microfluidic flow-focusing devices
using a high-speed camera and a microparticle image velocimetry (micro-PIV) system. Experiments were conducted in 400-
and 600-um square microchannels. The variation of the minimum width of gaseous thread with the remaining time before
pinch-off could be scaled as a power-law relationship with an exponent less than 1/3, obtained for the pinch-off of bubbles
in Newtonian fluids. The velocity field and spatial viscosity distribution in the liquid phase around the gaseous thread were
determined by micro-PIV to understand the bubble breakup mechanism. A scaling law was proposed to describe the size of
bubbles generated in these non-Newtonian fluids at microscale. The results revealed that the rheological properties of the
continuous phase affect significantly the bubble breakup in such microdevices. © 2012 American Institute of Chemical

Engineers AIChE J, 58: 3560-3567, 2012
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Introduction

Recently, with the development of microchemical technol-
ogy, microelectromechanical system and micrototal analysis
technology, significant progress has been made in microflui-
dics.' Bubbles and droplets are frequently encountered in
the various applications of microfluidics and usually gener-
ated by either a flow-focusing device or a microfluidic T-
junction based on cross-flowing rupture technique.*® Highly
uniform bubbles and droplets can be produced by these
methods. However, the mechanisms for bubble formation
depend closely on the employed methods,*” the flow rates
of both phases, the geometry and size of microfluidic devi-
ces, as well as the properties of liquids.5 20

At low capillary numbers, gas bubbles formed in hydrody-
namic flow-focusing liquids in a rectangular channel proceed
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through a linear collapse, followed by a fast unstable pinch-
off.” During the collapse stage, the gaseous thread thins line-
arly with time, while during the unstable pinch-off, the mini-
mum neck width and the time before breakup can be scaled
with a power-law relation with an exponent of 1/3.”> The size
of formed bubbles is relevant to the gas and liquid flow rates
as well as to the viscosity of the liquid phase.6’21

When bubbles generated in a microfluidic T-junction at
low capillary numbers, the gaseous thread is squeezed by
the accumulated pressure in the obstructed liquid phase
and the thread neck thins linearly with time.” A recently
experimental result showed that the breakup is initiated by
the reverse liquid that flows from the thread tip to the neck
where the pinch-off occurs.”? The bubble size is propor-
tional to the gas/liquid flow rate ratio.” At medium and
high capillary numbers, the breakup process is also
affected by the shear forces exerted on the thread and the
resulting bubble, or droplet size is also relevant to the cap-
illary number.”'?
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Most of above-mentioned works dealt with the bubble or
droplet formation in Newtonian fluids, while many fluids for
microfluidic applications are likely to exhibit complex non-
Newtonian behaviors.'""!*142324 Moreover, the bubble dy-
namics in non-Newtonian fluids is of great fundamental in-
terest and industrial relevance in such diverse domains as
polymer devolatilization, fermentation, wastewater treatment,
plastic foam processing, and metallurgy.”> Some authors
have investigated the effect of fluids’ rheological properties
on bubble or droplet formation and breakup mechanism in
microfluidic devices. In a microfluidic T-junction, for the
breakup of high molecular weight of polyethylene oxide
(PEO) dispersed into Newtonian fluids, two distinct regions
of filament-thinning dynamics were observed: a prestretch
region and an exponential self-thinning region due to the
elasticity of PEO solution, and the droplet size can be pre-
dicted based on force balance, concerning the shear, and
drag forces, the inertia and interfacial forces."" In a micro-
fluidic flow-focusing device, the elasticity of the dispersed
phase can delay the filament thinning and breakup,'*""
which could be divided into flow-driven regime and capil-
lary-driven regime.'*

The non-Newtonian character of continuous phases can
also influence the bubble and droplet formation and breakup
mechanism. For bubbles generated in gelatin solutions in a
circular vertical tube coupled to a microfluidic device, the
experimental results show that the flow patterns are mainly
controlled by the gas and liquid flow rates, and the bubble
size can be scaled with the gas/liquid flow rate ratio due to
the inertial effect on bubble breakup.'® For droplets formed
in non-Newtonian fluids, the numerical results indicate that
the rheology of the continuous fluid affects significantly the
formation process and the size of droplets.15 The droplet size
decreases with the increase of apparent viscosity of continu-
ous phase and can be predicted by an analytical model based
on the force balance.'” However, detailed information about
the breakup mechanism of bubbles formed in non-Newtonian
fluids in microfluidic devices is still missing until now.

This work aims at providing new insights into the bubble
breakup mechanism in non-Newtonian fluids within micro-
fluidic flow-focusing devices. The influence of fluid’s rheo-
logical property on the bubble breakup dynamics was experi-
mentally investigated.

Experimental Setup

The microfluidic devices were fabricated in a plate (45 x
27.5 x 2 mm®) of polymethyl methacrylate (PMMA) by pre-
cision milling and sealed with another thin PMMA plate.
The square sections were 600-um wide x 600-um deep and
400-um wide x 400-um deep (designated as +600 and
4400, respectively). Stainless steel tubes (d; = 1 mm) were
used to connect the inlets and outlet of the microchannel to
tygon tubes (inner diameter = 1.02 mm), which were used
to connect the microchannel device with gas and liquid sup-
plies. Gas was fed by a N, cylinder, and the gas flow rate
was controlled by a high-precision micrometering valve
(Sagana Instrumentation, Luxembourg). Liquid was delivered
from a 60-mL syringe by a syringe pump (Harvard Appara-
tus, PHD 22/2000). The gas and liquid were introduced from
the main channel and the two side channels, respectively.
They met at the crossing section, which was located at 13.75
mm downstream of the inlets. When setting a new flow rate,
the system was run for at least 300 s to reach steady state,

AIChE Journal November 2012 Vol. 58, No. 11

Published on behalf of the AIChE

10F @,

0.1% PAAmM
0.25% PAAm
0.5% PAAmM
0.75% PAAm
1% PAAmM
1.25% PAAmM

Viscosity (Pa-s)
o

D1 20+0

0.01¢

001 0.1 1 10

00 1000
Shear rate (s™)

Figure 1. Rheological properties of PAAm solutions
used.

verified by the camera visualization before measurements
through two major parameters: the bubble formation fre-
quency and the bubble size.”® All of our experiments were
conducted at room temperature and atmospheric pressure.

A high-speed camera CamRecord600 (up to 100,000
frames per second, Optronis GMBH, Germany) equipped a
microscopic magnification lens mounted on an extension
tube was set above the channel. A frame rate of 1000 fps
and a shutter speed of 1/20,000 s were used. The resolution
of the camera was 1280(H) x 512(V) pixels. A cold fiber
light (Jeulin S.A., France) was placed at the other side of the
channel to illuminate the channel. The images were proc-
essed by a Matlab program to obtain the quantitative features
for bubbles.

A micro-Particle Image Velocimetry (micro-PIV) system
(Dantec Dynamics, Denmark) was used by seeding the carrier
fluid with 0.88-um diameter calibrated Latex particles (Merck,
France). The x10 objective with a numerical aperture of 0.25
was used. The flow was illuminated by a stroboscope. By
shadowgraph of the seeding particles, images of the flow
were taken by a double image digital camera through the
microscope at 2048 x 2048 pixels® resolution (1500 x 1500
umz). The measurements were realized on a slice of the
microchannel of a value around 10 pum due to the focus of
the microscope. The FlowMap software (Dantec Dynamics,
Denmark) was used to analyze these raw image pairs, using
an interrogation window size of 64 x 64 pixels® and a 50%
window overlap. The images were processed by the cross-cor-
relation function to compute velocity fields.

N, was used as the gas phase, and the flow rate was cali-
brated by a soap bubble flow meter at the inlet of the micro-
device. Different concentrations of polyacrylamide (PAAm;
SNF Floerger, France; 0.1-1.25 wt %) in demineralized
water were used as non-Newtonian fluids. The surface ten-
sion was measured using a tensiometer, by the pendant drop
technique on a Tracker apparatus (I.T. Concept, France).
The contact angle of PAAm solutions on a flat PMMA sur-
face varied from 44 to 67°. A Rheometric Fluid Spectrome-
ter RFS II (Rheometric Scientific) was used to measure the
rheological property of the liquids. They behaved as shear-
thinning fluids and could be fitted by the power-law model
in the range of the shear rates (1-500 s™') corresponding to
the volumetric flow rates of the fluids (Figure 1)
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Table 1. Physical Properties of PAAm Solutions Used

Surface
Density, Tension, Consistency, Flow
Fluid o (kg m?>) omNm') K@Pas") Index,n
0.1% PAAm 1000 71.0 0.34 0.49
0.25% PAAm 1000 70.3 1.05 0.41
0.5% PAAm 1000 69.6 2.87 0.36
0.75% PAAm 1000 69.3 4.32 0.34
1% PAAm 1000 67.7 7.91 0.29
1.25% PAAm 1000 67.2 10.85 0.26
n=Kj"" (1)

where 7 and 7 are viscosity and shear rate, respectively; K is
consistency, and n, flow index. The values of K and »n are
gathered in Table 1 for these fluids used.

Results and Discussion
Dynamics of breakup for slender bubbles

Different flow patterns: slug bubble, deformed slender
bubble (missile bubble), annular, and intermittent flows were
observed at the cross junction.26 Slug bubble occurs at low
gas and liquid flow rates (Q, and Q,, respectively). At me-
dium liquid flow rate, deformed slender bubbles (missile
bubbles) can be observed, and they are no longer in contact
with the channel walls.

The typical formation processes for both slug and
deformed slender bubbles (missile bubbles) in non-Newto-
nian fluids are shown in Figure 2. The breakup process for
slug bubbles can be described by three stages: expansion,
collapse, and pinch-off (Figure 2a), which is quite similar to
the generation of slug bubbles in Newtonian fluids.?” At the
expansion stage, the gaseous thread expands in the radial
direction and propagates in the axial direction, until the
width of the thread reaches its maximum. Then, the gaseous
thread experiences the collapse stage, during which, it con-
tinues to propagate in the axial direction and contracts in the
radial direction. After a neck is formed, the focusing liquid
flow pinches off the gaseous thread rapidly.
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Figure 2. Optical micrographs of the evolution of peri-
odic bubble formation process.
Liquid phase: 0.25 wt % PAAm. 4600, scale bar: 600
pm. Qg = 154 yL/min, (a) @ = 220 pL/min, T = 355
ms; (b) Q) = 2200 yxL/min, T = 112 ms.
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For deformed slender bubbles (missile bubbles; Figure
2b), the gaseous thread is efficiently elongated by the focus-
ing liquid. A cusp is observed at the rear of formed bubble,
which is more visible for slender bubbles. This phenomenon
was also found in conventional bubble columns at macro-
scale and can be attributed to the shear-thinning character of
PAAm solutions.”® In this case, the thread expands mainly
in the axial direction, and a neck is formed after a certain
moment. When its length exceeds the circumference, the
thread becomes unstable and breaks up into bubbles.> After
the pinch-off, the thread retracts. The deformation dynamics
of the thread neck can give information for the bubble for-
mation mechanism.*® Therefore, the temporal evolution of
the minimum width W,, for the gaseous thread during the
thinning process is presented in Figure 3.

After having reached a plateau, the gaseous thread stretches
for a certain period and then diminishes nonlinearly (Figure
3). This trend is similar to the bubble formation in Newtonian
fluids: the thread first contracts linearly with time followed by
a rapid nonlinear collapse.®*’ In non-Newtonian fluids, the
thread for slender bubbles is narrower than the square channel
and is assumed to be axisymmetrical by the hydrodynamic
flow-focusing fluids. It is a special 3-D case of the more gen-
eral stability analysis of core-annular flow.”® Dollet et al.’
recently found that at small Reynolds numbers, the growth
rate of the instabilities on the gaseous thread is positive, and
the 3-D collapse is always unstable. The stretching phenom-
enon is peculiar for bubbles generated in non-Newtonian flu-
ids in microfluidics. The shear-thinning fluids delay the final
pinch-off of the gaseous thread, as the viscosity of the sur-
rounding liquid varies with the local shear rate, which was
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Figure 3. Temporal evolution of the minimum width of
the gaseous thread during the thinning pro-
cess, optical micrographs represent the vari-
ation of the thread neck, 0.25 wt % PAAm, Qq
= 154 uL/min, +600. (a) Slug bubble Q, = 220
uL/min; (b) missile bubble Q, = 2200 xL/min.
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Figure 4. Scaling law for the minimum width of the
gaseous thread during the collapse stage
and W,, scaled with the remaining time (T —
t) as a power-law relationship.

0.25 wt % PAAm, Q, = 154 pL/min, +600. Slug bubble:
0, = 220 yL/min; missile bubble: Q; = 2200 yL/min.

verified by the calculation of the viscosity distribution in the
liquid phase from the measured velocity field by the micro-
PIV in the last part of the section. The delay of the bubble
formation in shear-thinning fluids was also found in conven-
tional columns, owing to a direct consequence of the deforma-
tion/relaxation of polymeric molecular.’’

The physical mechanisms driving the collapse can be
inferred from the behavior of the minimum width of the
thread W, just before breakup.’®** Thus, the minimum width
of the thread W,, was plotted vs. the remaining time before
breakup (T — 1) (T is the bubble formation period, and ¢, the
time). It is clear from Figure 4 that in 4600, the minimum
thread width exhibits power-law behavior before breakup: W,

~ (T — t)*, with an exponent oo = 0.14 for slug bubble and «
= 0.12 for slender bubble (missile bubble). This power-law
behavior is reminiscent of bubble formation in Newtonian flu-
ids in either confined or unconfined systems in experimental,
numerical, and theoretical studies, 213032736

Similar behavior is observed for slender bubbles over a
wide range of gas and liquid flow rates and concentrations of
PAAm solutions (Figures 5 and 6). The analysis of these data
leads to the mean power-law index of o = 0.14 £ 0.05 in
600 x 600 pum microfluidic device and o = 0.16 £ 0.07 in
400 x 400 um microfluidic device. The differences of expo-
nents between different kinds of bubbles and between differ-
ent sizes of channels stem probably from the confinement
effects on the gaseous threads in microchannels,”® as the
dimensionless maximum width of the slender gaseous thread
neck W,/W,. ranges between 0.26 and 0.8 in 600 x 600 um
microfluidic device and between 0.35 and 0.78 in 400 x 400
um microfluidic device. While for slug bubbles, the dimen-
sionless maximum width of the gaseous thread neck is usually
greater than one. Furthermore, the exponent « is insensitive to
the concentration of PAAm solutions (Figure 6), signifying a
self-similar pinch-off phenomenon for the gaseous thread in
various concentrations of PAAm solutions.*’

It is necessary to mention that the power-law fittings
obtained in the present experiment were conducted for the
dimensionless minimum neck width W, /W, varying from
0.17 to 0.67 (W,, varying between 100 and 400 um) in 600
x 600 pum microfluidic device and from 0.175 to 0.78 (W,
varying between 70 and 310 pum) in 400 x 400 pum micro-
fluidic device. This variation range is comparable to that for
the confined bubble pinch-off in Newtonian fluids in a
microfluidic flow-focusing device performed by Dollet et al.,
in which W,/W, ranged from 0.25 to 1 (W, varying between
5 and 20 ,um).s However, for the bubble pinch-off in uncon-
fined liquids, the dimensionless minimum neck width W ./R,
(R, is the diameter of the orifice for generating bubbles) var-
ied from 0.085 to 0.8 (W,, varying between 228 and 2146
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Figure 5. Relationship between minimum neck width W,, and remaining time (T — t) before pinch-off for various
gas and liquid flow rates and concentrations of PAAm solutions: (a) 0.25 wt %; (b) 0.5 wt %; (c) 0.75 wt

%; and (d) 1 wt %, +600.
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Figure 6. Effects of concentrations of PAAm solutions
on the exponent «, +600.

pm) in the experiments®’® and from 0.081 to 0.35 (W,
varying between 220 and 500 um) in the numerical stud-
ies®®; Or, the rupture for the pinch-off of unconfined bubbles
in water was found to occur, when the width of the gaseous
thread neck reached 50 um.*°

Furthermore, the above-observed scaling relationships in
the present experiments are different from those in Newto-
nian fluids either in confined or in unconfined systems. For
example, the power-law relationship between the minimum
thread width W, and the remaining time before breakup (T’
— 1) was found for unstable pinch-off stage for confined
bubble formation in Newtonian fluids in microfluidic flow-
focusing devices with an exponent oo = 1/3, where the col-
lapse is mainly driven by both the gas and the liquid inertia,
but not by the capillarity.”*' For gas bubbles formed in
unconfined quiescent liquids, a power-law exponent o = 2/3
was found, when inertia balances surface tension.>® In the
case of dominant viscous forces,30 o = 1 was observed in
unconfined systems. Finally, for a purely inertial collapse in
unconfined syste:ms,30’34 o = 1/2. For the pinch-off of uncon-
fined non-Newtonian power-law fluids, an exponent depend-
ing on the flow index n was usually found according to the
asymptotic analysis and numerical computation.*’ Moreover,
for the confined breakup of polymeric filaments in Newto-
nian fluids, an exponential thinning mechanism was observed
experimentally.“’14 The differences could be explained by a
more complex equilibrium among three major forces
involved: inertia, surface tension,'”***! and in particular vis-
cous forces depending on the local shear rate due to the
shear-thinning character of PAAm solutions. The relative im-
portance among these three forces during the bubble pinch-
off were given by the local Reynolds number Re, the local
Weber number We, and the local capillary number Ca
defined as™***

Re = meWm/n
We = pWoW? /o )
Ca=nWy/c

If the power-law relationship between the minimum width of
the gaseous thread and the remaining time before breakup was
assumed as W, ~ (T — 1)* then the radial velocity of the
interface could be expressed as Wm ~ o (T — H*", and the
local shear rate as Wy, ~ oo — 1)(T —7)* 2. And the local
viscosity could be n = K W'~ !. Therefore, if the experimental
scaling exponent is close to o = 0.14 in 600 x 600 wm
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microfluidic device, it follows that Re ~ (T — 1)1'86"72'58, We

~ (T — "% and Ca ~ (T — 1)"*", with n € [0.26, 0.49].
This signifies that Re and We divergence approaches the final
pinch-off. Therefore, inertial forces dominate both viscous
forces and surface tension.

It is worth noting that the magnitude of W, depends on the
gas and liquid flow rates as well on the concentration of
PAAm solutions (Figures 5 and 6). As the power laws are
scale-invariant, an extended scaling law was proposed as>>***

(7)) ®

where the capillary time T, is defined as T, = (pWi/o)” 2. and
for +600, T, ~ 1.8 ms, for +400, T, ~ 1 ms. The prefactor A
was found to relate to the capillary number of the liquid phase
Ca; (Ca; = ujnj/o) (Figure 7) as: A = 0.08Ca; "%

where

’7{ — K]}i’Fl
7= 3u/(We = W) C))
u = Qi/(We —aW;/4)

are the non-Newtonian viscosity, characteristic shear rate,'*
and the liquid velocity, when the gaseous thread reaches its
maximum width W,. Furthermore, the capillary number Ca
ranges from 0.008 to 0.1 in the present experiments. In view of
these results, the breakup of the gaseous thread could be driven
by increasing viscous stress, and an analogy would be drawn to
some extent with the deformation of a slender bubble in non-
Newtonian fluids in an extensional and creeping flow.*

The measurements of flow fields around the gaseous
thread could give quantitative information about the role of
liquid phase during bubble formation process.zz’27 Figure 8
illustrates an example of instantaneous velocity fields in the
continuous liquid phase, during one period of bubble forma-
tion. At #/T = 1/15 (Figure 8a), the thread expands mainly in
the axial direction, the liquid and gas flows almost do not
influence mutually. At #/T = 4/15 (Figure 8b), the liquid
flow is partly obstructed, and the liquid velocity around the
thread neck decreases. At #/T = 7/15 (Figure 8c), the thread
experiences the collapse stage. A visible neck is formed. At
t/T = 14/15 (Figure 8d), the neck of the thread collapses at
relatively high speed by the increasing focusing liquid.

It is necessary to mention that there is a stagnation zone
in non-Newtonian fluids just on the outlet side of the flow
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Figure 7. Relationship between the prefactor A and the
liquid capillary number Ca,.
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Figure 8. In-plane velocity fields in the continuous flow
during one period of a bubble formation in
the middle measurement plane, +600. Q4 =
154 ulL/min; liquid phase: 1.25 wt % PAAm, Q,
= 70 uL/min.

(a) t/T = 1/15; (b) t/T = 4/15; (¢) t/T = 7/15; and (d) ¢/T
= 14/15. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

focusing between the introducing liquid and a backflow due
to the collapse of the bubble thread (Figure 9), this is not
observed for bubble formation in Newtonian fluids.”” More-
over, it is remarkable that the deviation of the size of the
corner recirculation zone was observed in the two side arms
of the microdevice, reflecting the unsteadiness degree in the
time-dependent vortex dynamics.** The stagnation zone orig-
inates from the shape of the forming bubble as a conse-
quence of the spatial distribution of non-Newtonian viscosity
as shown in Figure 10. The liquid with low viscosity around
the gas-liquid interface could delay the pinch-off of the bub-
ble thread. This is probably one of the reasons for the expo-
nent o less than 1/3 with respect to Newtonian fluids. Fur-

—=0.001m/s

Figure 9. Contour and streamlines of velocity magni-
tude for the liquid phase around the gaseous
thread before pinch-off at the measurement
plane of 260 um from the middle plane, +600.
Q, = 154 pL/min; liquid phase: 1.25 wt % PAAm, Q, =

70 uL/min. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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thermore, it is also noteworthy that the back flow in the
PAAm solutions (Figure 9) is caused by different pressures
between the gaseous tip and neck, as reported for the
breakup of confined bubbles at a microfluidic T—junction.22

From the results of micro-PIV measurement, the local shear
rate was computed to obtain the viscosity distribution using
Eq. 1 (Figure 10). The liquid viscosity varies almost 10-fold
and is in the range of 1-10 Pa s. The viscosity is quite low
near the gas-liquid interface in the cross junction due to the
interplay of the gas and liquid flows. As in Figure 10c, the vis-
cosity in the liquid phase between the thread and channel wall
is quite high, which causes the slender shape of the bubble,
that is, bubbles are not in contact with the channel walls.
Close to the pinch-off point (Figure 10d), the viscosity around
the neck decreases, delaying the bubble pinch-off. This might
be another explanation for the exponent o less than 1/3. More-
over, the viscous stress distribution could also be estimated
from Figure 10 and ranges between 2 and 32 Pa. As a plausi-
ble explanation, it is possible to argue that the shear-thinning
character of the polymeric solutions used affects the bubble
breakup dynamics via the spatial distributions of the viscosity
and shear stresses. It also should be noted that the PAAm solu-
tions have viscous fluid-like behavior as the Deborah number
De is quite small (De is defined as the ratio of the characteris-
tic time of fluid to the characteristic time of process).”’ For
example, the relaxation time is about 10 ms for 1% aqueous
solution of polyacrylamide,*’ and the typical flow time is
about 300 ms (0.6 mm/2 mm/s) in the present experiment,
resulting the Deborah number De of 1/30, quite less than one.

The influence of the PAAm solutions on the thread shape
is illustrated in Figure 11. At the beginning of the bubble
formation or just after the pinch-off (Figures 11a, b), higher
concentration of PAAm solutions results in both sharper tip
of the thread and sharper rear of the formed bubble. Further-
more, the higher the concentration of polymeric solution is,
the stronger is the thread deformed (Figures 1lc, d). These
phenomena can be attributed to the greater stresses for
higher concentration of PAAm solutions.

600 pm

Figure 10. Viscosity distribution around the gaseous
thread during one period of bubble forma-
tion in the middle plane, +600. Q4 = 154 uL/
min; liquid phase: 1.25 wt % PAAm, Q, = 70
uL/min.

(a) /T = 1/15; (b) t/T = 4/15; (¢) /T = 7/15; and (d) ¢/
T = 14/15. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 11. The shape of gaseous thread formed in dif-
ferent concentrations of PAAm solutions: (a)
and (c) 0.1 wt % PAAm; (b) and (d) 1 wt %
PAAM. Qg = 154 yL/min, Q; = 70 uL/min; (a)
and (b) just after the pinch-off stage; (c) and
(d) just before the pinch-off, +600.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Scaling the bubble size

A dimensionless number is defined to quantify the bubble
size: /W, r is the equivalent radius of the bubble: r = (3V,/
4m)'3. V, is the bubble volume and was calculated directly
from the captured images by a Matlab program on the
assumption that the cross section of the bubble is circular:
Vi = ]’"‘T(’) d/, where [ is the bubble length, and w(/) is the
bubble width at a certain /. It is found that the dimensionless
bubble size r/W. is almost proportional to the dimensionless
maximum width of the thread neck W./W. (Figure 12). This
demonstrates that increasing the maximum width of the
thread results in the formation of bigger bubbles.

As mentioned above, the deformation dynamics of the gase-
ous thread is influenced by the inertial effects and the spatial
distributed viscosity with changing shear rates for PAAm solu-
tions. Therefore, the bubble size varies with the gas/liquid
flow rate ratio Q,/Q; for different concentrations of PAAm sol-
utions in both microfluidic devices. As shown in Figure 13a,
the bubble size augments with the increase of the flow rate ra-
tio and with the decrease of the concentration of PAAm solu-
tions. Moreover, the dimensionless bubble size could be scaled
with the flow rate ratio as a power-law relationship (Figure
13a). The power law was also reported in the literature for
bubbles generated in Newtonian fluids in capillary flow-focus-
ing device® and in non-Newtonian fluids in microfluidic flow-
focusing device.'® In this work, a power-law relationship
between the dimensionless bubble size and the flow rate ratio
and the property of PAAm solutions could be fitted as follows

r/We =151 [(Qg/Ql)l‘”/K} o )

with a mean relative standard deviation of 7.63% (Figure 13b).
Equation 5 can be used to predict the size of bubbles generated
in shear-thinning fluids (n € [0.26, 0.49]) in hydrodynamic
flow-focusing microfluidic devices in a straightforward way,
as it contains the gas/liquid flow rate ratio, the channel size,
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Figure 12. Relationship between the dimensionless
bubble size and the maximum gaseous
thread width. Qg = 154 uL/min, +600.

and the liquid properties. However, for bubbles generated in
gelatin solutions (n = 0.45, 0.7, 0.95) in a microfluidic device,
a power law was found between the bubble size and the gas/
liquid flow rate ratio with an exponent of 0.4, which was not
highly sensitive to fluid properties.'® The difference probably
stems from the confinement effects on the bubble formation in
microchannels,zo’27 as the exit has a narrow and short orifice
which merges into a 2.75-mm circular tube in the experiment
conducted by Skurtys et al.'®

Alternatively, a power-law relation was also found for the
bubble size by taking into account the flow rate ratio, the
capillary number Caj;, and the Reynolds number Re; of the
liquid phase:

)0'27(1_n>Ca170’33R6170'04 (6)

r/We =0.41(0,/0

with a mean relative standard deviation of 5.97%. The
Reynolds number for the liquid phase is defined as: Re; =
plUIZ*"W’CI/K and ranges from 0.002 to 2, where p; is the
density. The superficial velocity is defined as u;, = Q/W>.
Equation 6 can be used to predict and analyze the size of
bubbles formed in shear-thinning fluids in flow-focusing
microfluidic devices with the involved forces such as the
surface tension, the viscous forces, the inertia, and the pressure
induced by the focusing liquid?®.
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Figure 13. (a) Effects of flow rate ratio and concentra-
tions of PAAm solutions on the bubble size;
(b) scaling law of the bubble size in function
of the gas/liquid flow rate ratio and the
shear-thinning property of PAAm solutions.
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Conclusions

The rheological properties of the PAAm solutions affect sig-
nificantly the bubble breakup in microfluidic flow-focusing
devices. The minimum width of the gaseous thread can be
scaled with the remaining time before breakup as a power-law
relationship with an exponent around 1/6 instead of 1/3
obtained for bubble pinch-off in Newtonian fluids.>*' The pre-
factor of the power-law relationship was related to the liquid
capillary number. The velocity fields and the spatial viscosity
distribution in the liquid phase, determined by the micro-PIV
system, were used to explore the bubble formation mechanism.
A scaling law was proposed to predict the bubble size, taking
into account both the flow rate ratio and the rheological proper-
ties of PAAm solutions. This study could serve as the basis for
further theoretical and experimental investigations, in particular
the modeling and numerical simulation in microfluidics.”*?
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