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The breakup mechanism of high-viscosity thread for droplet formation in a flow-focusing device is investigated using a
high-speed digital camera. Aqueous solution of 89.5%-glycerol is used as the dispersed phase, while silicone oil as the
continuous phase. The breakup process of the dispersed thread presents two categories: symmetrical rupture and asym-
metrical rupture. Furthermore, the rupture behavior could be divided into two stages: the squeezing stage controlled by
the squeezing pressure and the pinch-off stage controlled by viscous stresses of both phases and surface tension. Specifi-
cally, it suggests that the differences in the shape of the liquid-liquid interface and the dynamics in the two breakup
processes are caused by the disparity of the strain field at the point of detachment. Moreover, the thinning rate and the
dynamics of the dispersed thread change with the viscosity of the continuous phase, but are less dependent of the flow

rate of the continuous phase. © 2015 American Institute of Chemical Engineers AIChE J, 62: 325-337, 2016
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Introduction

In recent years, microfluidic technology has attracted wide-
spread attention and now it has been used in various applica-
tions such as emulsification, drug encapsulation, materials
synthesis, crystallization, and chemical reactions owing to the
characteristics of safety, high efficiency, and ease to con-
trol.'™ In the applications mentioned above, the high-viscosity
droplets are frequently encountered and the monodispersity of
the droplets usually determines the quality of the product. For
example, the droplets’ monodispersity has significant influ-
ence on the release of pharmaceuticals, emulsions ageing,
and the refreshing feeling of a cosmetic lotion, and so forth.*~°
As the rupture behavior affects the size and the polydispersity
of the droplets,™”® it is of great significance to study the
breakup mechanism of high-viscosity thread for droplet for-
mation in microfluidic devices.

The breakup mechanism of dispersed thread for droplet for-
mation under macroscopic scale has been systematically stud-
ied by investigating the dynamical behaviors of the dispersed
thread (Table 1).”27'"'2% The dynamics and profile shape of
the thread of the dispersed phase depend closely on the viscos-
ity of fluids. When the effect of viscosity of the external fluid
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is negligible, there are three types of rupture behaviors: (1) If
the viscosity could be ignored for the thread of the dispersed
phase, the dynamics is in the “potential flow” regime. In this
case, based on the asymptotic balance between the surface ten-
sion and inertia in the dispersed thread,7’9 the variation of the
minimum width wy, of the dispersed thread with the remaining
time (T—t) could be described by a power-law relation:
wm o (T—1)*3, where T is the formation period of the droplet
and ¢ represents the time. Moreover, the profile shape is asym-
metrical. (2) If the thread of the dispersed phase has a high vis-
cosity, the variation of the minimum width of the dispersed
thread with the remaining time near-pinching could be scaled
as a linear relationship: wm =k (T—t), where k is a propor-
tionality factor, ¢ the interfacial tension and g, the viscosity
of the dispersed phase. In this situation, if the inertia in the
thread could be ignored, the dynamics might fall in the
“viscous thread” regime, and the shape of the dispersed thread
is cylindrical with k£ = 0.0709.2' (3) The dynamics would be in
the “inertial-viscous” regime when the inertial effect of the
high-viscosity dispersed thread cannot be ignored. The shape
of the interface is asymmetrical, and the value k=0.0304 pre-
dicted by an asymptotic balance between inertial, viscous, and
capillary forces.”> Additionally, if the influence of the viscos-
ity of the external fluid cannot be ignored, the “Stokes flow”
regime will occur, and the viscous stress must be considered
no matter how small the external fluid viscosity is. In this

January 2016 Vol. 62, No. 1 325



‘spinbi| onse[ooosia syudsardor NN pmbi] ueruoimoN sjuasardar N :SyIewy

uoIsuQ) doeyns ~ saseyd

SOOIAQP SUISNI0J-MO[] 1ordoIg 10q JO SISSAIS SNOISIA oM LO€—LL0 L€ST 002 ‘00T ‘0S SIom STy,
uorsuo) Q0eJIns ~ soseyd
SOOIAQP SUISNI0J-MO[] jo1doIg 10q JO SISSAIIS SNOISIA 090U —L)X LOS—LL0 L€ST 002 ‘001 ‘0S SIom STy,
L9°0-6C0="%
SQIIAQP SUISNO0J-MO[] Jerdoiqq — LI—1)0"n LOE=LLO LSl 00T ‘001 ‘0S oM ST
QOYLIO [[BWS B PIM
SQJIAQP FUISNO0J-MO[] jordoiq Qoueleq Areqidesoise[g (Hdxax™m 90 9 = NN/ = Nyf 01 o T8 19 snequiag
QOYLIO [[eWS B PIM
SQOIAQP SUISNO0J-MO[] jordoig BIIQUI ~ UOISU) d0RLING eeU—1)x"n 90 9 = NNyof = Nyf 01 o T8 19 snequiag
SQOIAQP SUISNO0J-MO[] jordoIq anssaid ooejde ~ ssans [eipey 0% m 1 Opg = NNif = Nyif ore 1 T8 10 ENRLY
Q0BJIOIUI 9} OPISINO PUE JPISUl
SQOIAP SUISNO0J-MO[] jordoIq U29M]9q doue[Rq SSANS (1)dxax™m 1 Opg = NNii = Nyif ove o T8 10 ENRLY
SOOIAQP SUISNI0J-MO[] 1o1doIg e LM 11 €01 2060 o Te 10 ng
2y USIY 10} €/°0-¢S0="»
2y MO[ 10} y€'0—CE'0="%
SA1AP SUISNO0J-MO[] 1erdoiq — (=) n (45! €01 ‘11 81°01 “TET ‘T60 ¢ 'Te 30 ng
QOYLIO [[BUWIS B [JIM
SOOTAQP SUISNO0J-MO[] J[qqng soseyd yjoq Jo eruouy =) n 8100 81070 I S LRERI el
QOLLIO [[BWIS B 1M
SQOIAQP SUISNO0J-MO[] 91qqng/1erdoig anssaid 3urzeanbg 0Mm 810°0-8100°0 8100 01-1 o T8 12 Dpd21sIED
Q01AQ( OIPINPOIIIA Jrqqng/erdoiq SQ010,] uore[aLI0) /e (s equr) Pri K31SOOSIA (s equr) > AJISOISIA sioyiny
Q[BISOIDIN
UOoISUQ) 90BJINS
Qugar ~ soseyd yloq ,
[Mop SY0IS,, jordoig JO S9SSAIS SNOOSIA AN\&VM:QEHE\S [0} 0S6 0001 11 Te 10 uago)
owrgar $9010J o TE 1R
..SNODSIA Arepideds ~ , JRETTON|
-fenJour,, rordoxq SNOJSTA ~ TelIau] (1—1) Wwom.ouei 00SS ‘TTLy 66 ‘S8 8100 6 1B 30 UYD
uorsua)
owrgar Qoeyms ~ oseyd
peary pasadsip ay) ,
SNOJSIA,, 1o1do1g JO SSa1S SNOJSIA (1—1) Woon.onﬁs 00SS 66 810°0 or TE 32 11ROy
Quigal eIIOUL
Moy Tenuajod,, 1o1do1g ~ UOISUQ] 90BJINS ¢ —L)xm S 1 810°0 & Te 10 uay)
sy Jrqqng/erdoiq $90104 UoIe[LI0) R (s-equr) P11 K)1SOOSTA (s-equr) > KJISOOSIA sioyny
orwreulq
Q[eISOIdRIN

3[BISOIDIJA] PUB J[BISOIIBIA] UI ISEYJ PISIASI(] 3Y) JO PRIIY], Y} JO SOTWRUA( Y} UO SAPNIS [BIudWILIdAXT T d[qe],

Published on behalf of the AIChE January 2016 Vol. 62, No. 1 AIChE Journal

DOI 10.1002/aic

326



regime, the shape of the pinching region is conical. And based
on the asymptotic balance between the surface tension and vis-
cous stresses of the two fluids,”"! 124 the minimum width of the
thread of the dispersed phase decreases linearly with the
remaining time as wm=k().),7”d (T—t), where k(2) is a dimen-
sionless function depending on the viscosity ratio A for the dis-
persed phase to the continuous phase As reported previously,
the dynamics of the breakup process may shift from one
regime to another as the width of the dispersed thread evolves
during the droplet formation.”**

In comparison to the macroscopic scale, both the external
fluid flow and the confinement of the channel, as well as the
viscosity of fluids, have significant effects on the droplet gen-
eration in the microscopic scale. When the capillary number
of the continuous phase Ca, < 1072, the drop formation is
controlled by the squeezing mechanism,®?* where the shear
stress of the continuous phase has almost no influence on the
breakup process and the droplet formation is driven by the
pressure of the continuous phase. The droplet size depends
only on the flow rates of two phases.25 When Ca. > 1072, the
shearing mechanism is predominant, where the shear force of
the continuous phase plays an important role, and the droplet
formation is dominated by the balance between the viscous
shear force and surface tension.”* In addition, a transient
regime was proposed recently, where the droplet formation is
controlled by a combination of squeezing mechanism and
shearing mechanism.”**’

To gain insight into the droplet formation in microscale, the
dynamical behaviors of the thread of the dispersed phase have
also been investigated in microfluidic devices as shown in
Table 1. It is known that both the cross-sectional shape of the
microchnnel and the initial conditions, such as the flow rate
and the viscosity of liquids, could influence the breakup
dynamics of the neck of the dispersed phase. In a flat micro-
channel with w./h=1-5, where w, and h are the width and
depth of the channel respectively, the breakup of the low-
viscosity dispersed thread surrounded by low-viscosity liquids
goes through a slow linear two-dimensional (2-D) collapse
(wm o< f) when the interface is confined by the channel, and
then ends in a fast three-dimensional (3-D) nonlinear pinch-
off (wy oc (T—1)'/?) when the interface detaches from the
wall.® Nevertheless, the low viscosity dispersed thread only
undergoes a 3-D pinch-off (wp, o< (T—t)l/ ?) in the microchan-
nel with a square cross-section.'? It is also worth noting that
the process of 3-D collapse with the exponent 1/3 is driven by
the inertia of both phases.12 However, the exponent is 1/2
when the variation of the neck width is unaffected by the
dynamical radial pressure imposed by the flow of the continu-
ous phase.18 In addition, Fu et al.'? indicated that the exponent
is related to the initial conditions for the low-viscosity droplets
formation in square microchannels, and the dispersed thread
decreases linearly with time wy, o t when the viscosity of the
dispersed phase is high. Nevertheless, for the high-viscosity
droplet formed in another high-viscosity fluid, the scaling law
and the driving forces for the evolution of the dispersed thread
are distinct in the two dynamic regimes.'*

Although several efforts have been devoted to studying the
breakup mechanism of the dispersed thread for droplet forma-
tion in microscale, the effects of the viscosities of both phases
on the dynamics of droplet formation, especially the high-
viscosity droplet, in the microchannel have not yet been fully
understood. In addition, the study on the dynamical behaviors
associated with the high viscosity droplet formation would
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Figure 1. (a) Schematic diagram of the microfluidic
device. All the cross-sections of these micro-
channels are 200 gym (height) X 200 um
(width). Unit: mm. (b) Water droplets are gen-
erated at the intersection of microfluidic
device (dashed line box in Figure 1a).

allow a better understanding of the driving mechanism for the
droplet formation in complex fluids,"*"> such as viscoelastic
fluid, shear thinning fluids or yield stress fluids. This can facil-
itate its potential applications in drug delivery, crystallization,
materials synthesis, and so forth.'3

In this work, the breakup process of the dispersed thread for
high-viscosity aqueous phase droplets formed in high-viscosity
silicone oils in a flow-focusing device is studied. Furthermore,
the effects of the flow rate and viscosity of the continuous phase
on the thinning rate and the dynamical behaviors of the thread of
the dispersed phase are also investigated. Compared to the previ-
ous work with high-viscosity liquids,>*® this study is mainly
focused on the breakup dynamics of the high-viscosity dispersed
thread instead of the flow pattern or the size of the formed drop-
lets. The study on the interfacial dynamics is an effective and
intuitive method to understand the mechanism for droplet forma-
tion. Furthermore, this work also emphasizes the importance of
the fluid flow and the viscosity of the continuous phase to the
breakup dynamics and the profile shape of the liquid-liquid
interface, which is always neglected in the study under macro-
scopic scale. This study could serve as a complement for previ-
ous work on the breakup mechanism during the process of the
high-viscosity droplet formation in microchannel.

Experimental Procedure

The microfluidic device used in this work is shown in Fig-
ure 1. The microchannel with the square cross-section of 200
um X 200 pum enables the dispersed thread to undergo a 3-D
collapse during the droplet formation.'>?%*° The device was
fabricated by a soft lithography technique using polydimethyl-
siloxane (PDMS) as the channel material. The PDMS surface
was treated with plasma technology and then bonded to a glass
cover plate. Three holes (d=1mm) were drilled into the
PDMS surface, and stainless steel tubes (d;=1mm) were used
to connect the inlets and outlet of the microchannel to tygon
tubes (ID =1.02 mm). The dispersed phase was introduced
from the main channel at a flow rate of Q4 and the continuous
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Table 2. Physical Properties of Various Liquid-Liquid Systems Used

Density Viscosity Continuous Density Viscosity Interfacial
Pair Disperse Phase pa (kg m ) g (mPa s) Phase oo (kg m %) 1. (mPa s) Tension ¢ (mN m™ ) A
1 89.5% glycerol 1229 153.7 Silicone oil 957.2 50 342 3.07
2 89.5% glycerol 1229 153.7 Silicone oil 961.4 100 37.1 1.54
3 89.5% glycerol 1229 153.7 Silicone oil 962.8 200 38.4 0.77

phase was introduced from the two lateral channels at a flow
rate of Q./2. The droplet forms as the two phases converge in
the flow-focusing region. The flow rates of fluids were con-
trolled by syringe pumps (Harvard Apparatus, PHD 2000).

A microscope (ECLIPSE Ti-CU, Nikon, Japan) coupled
with a high-speed camera (Redlake Motion Pro Y-5) was used
to capture the breakup process of the dispersed thread for
high-viscosity droplets formation. A 12 VDC halogen lamp
with a dedicated power supply (Nikon TI-PS 100W, Japan)
was utilized to illuminate the channel. Frame rates used in the
experiment were 8000 and 10,000 frames per second, with the
exposure time of 15 us. All images were taken when the fluid
flow reached a steady state after adjusting the flow rate.

Aqueous solution of 89.5% glycerol was used as the dis-
persed phase, and silicone oil with various viscosities (50-200
mPa s) as the continuous phase. We defined A1=p,/u, as the
viscosity ratio of the dispersed phase to the continuous phase,
where the subscripts “d” and “c” represent the dispersed phase
and continuous phase, respectively. In the experiment, the
flow rate of the dispersed phase was varied between 0.83 and
1.67 uL/min. For each fixed flow rate of the dispersed phase,
we changed the flow rate of the continuous phase (from
3.33 uL/min to 100 pL/min for A=3.07; from 1.67 uL/min to
50 pL/min for A=1.54; and from 1.67 pL/min to 25 uL/min
for 2=0.77). The Reynolds number of the continuous phase
Re.=p weuc /11, ranges from 0.0007 to 0.16. The capillary
number of the continuous phase Ca.=p u./o ranges from
0.002 to 0.06. p,, fi, and u.=Q./w? are the density, viscosity
and the superficial velocity of the continuous phase, respec-
tively. w, is the width of the microchannel, and ¢ the surface
tension. All of our experiments were conducted at room tem-
perature and atmospheric pressure. The contact angles of the
silicone oil with various viscosities were less than 20° on
both the PDMS surface and the glass surface. Meanwhile, the
contact angles of the aqueous droplet and silicone oil were
measured by dropping the aqueous solution on the channel
surface in the presence of silicone oil, and the contact angles
were found to be more than 106° and 98° with the PDMS sur-
face and the glass surface, respectively. In our experiment,
stable water-in-oil emulsion droplets could be formed. An
Ubbelohde viscometer (iVisc, LAUDA, Germany) was used
to characterize the viscosity of the liquids. The density of the
liquids was measured by a vibrating tuber density meter
(Anton Paar DMA-4500-M, Austria). The surface tension
was measured using a tensiometer, by the pendant drop tech-
nique on a Tracker apparatus (Dataphysics, Germany). The
properties of the experimental fluid are given in Table 2.

Results and Discussion

Two breakup types of high-viscosity thread for droplet
formation

The rupture process could be divided into two categories
based on the critical capillary number of the continuous phase
Cac crit= 1072. Under low capillary numbers of the continuous
phase (Ca. < 1072), the fluid filament connecting the separat-
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ing droplet is nearly cylindrical (Figures 2a—c) and the breakup
behavior is symmetrical. This is similar to the calculated result
of the breakup of the viscosity thread without the external
drag,”! here we name the process as “symmetrical rupture proc-
ess.” Under high capillary numbers of the continuous phase
(Cae > 107%), the fluid filament is conical near-pinching
(Figures 2d—f) and the breakup behavior is asymmetrical. This
rupture behavior often occurs in low-viscosity droplet formation
under an unconfined environment,’! and the process is named
as “asymmetrical rupture process.” Moreover, both the breakup
types were also observed in low-viscosity droplets formation in
flow-focusing devices,* in which the symmetric and asymmetric
rupture processes were also classified according to the critical
capillary number of the continuous phase Cacci= 1072
However, the inertia of the high-viscosity dispersed thread in
our experiment (10™* < Reg < 10™%) was 3-6 orders of magni-
tude smaller than that for the low-viscosity thread
(10° < Regq < 10%), indicating that the driving mechanisms are
different for the two types of droplet formation.

The dynamics of droplet formation for both rupture proc-
esses are presented in Figure 2. Both of the processes could be
described by three stages: expansion, squeezing, and pinch-off
stages. For the symmetrical rupture process (Figures 2a’-1"),
after a retracting and waiting time at the expansion stage (Fig-
ures 2a’—"), the forefront of the droplet expands in the radial
and axial directions slowly until it penetrates into the outlet
channel and maintains a constant radial width for a period of
time. At the squeezing stage (Figures 2d'—g’), a clearly visible
neck is formed under the liquid constriction and develops into
a cylindrical filament gradually. Finally, the thread of the dis-
persed phase stretches quickly, and then both ends of the dis-
persed thread rupture simultaneously (Figures 2g'—i').
Subsequently, the ruptured thread retracts to form the satellite
droplet due to surface tension (Figures 2j’~1'). For the asym-
metrical rupture process (Figures 2a”—1"), the evolution of the
dispersed thread in the first two stages is consistent with that
in the symmetrical rupture process (Figures 2a”—f"), but the
thread width formed in the initially squeezing stage is less
than the channel width (Figure 2c¢”). At the pinch-off stage
(Figures 2f"-h"), the shape of the thread of the dispersed phase
is approximately conical (Figure 2h"). It first breaks close to
the droplet and then, near the matrix. Subsequently, many sat-
ellite droplets are formed due to the multiple breakup of the
ruptured thread (Figures 2i”’—1"), which is quite similar to pre-
vious experimental result reported by Tjahjadi et al.*?

In addition, the dynamics of the droplet head in both rupture
processes are similar to that for the viscous droplet formed in
a less viscous liquid in a microfluidic flow-focusing device.”®
As shown in Figure 3, in the early stage, the velocity of the
droplet head approaches to the velocity of the dispersed phase,
and then it is slightly accelerated under the action of the con-
tinuous phase until reaching the edge of the outlet channel
(Figures 2b', b”). Afterward, the flow of the continuous phase
becomes significantly obstructed, and the droplet head is
speeded up by the continuous phase up to the maximum speed.

January 2016 Vol. 62, No. 1 AIChE Journal
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Figure 2. Dynamics of droplet formation in silicone oil in a 200um x 200 um flow-focusing device.

Figure 3.
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(a)=(c) Moment just before the pinch-off for the symmetrical rupture of the dispersed thread. (d)-(f) Moment just before the
pinch-off for the asymmetrical rupture of the dispersed thread. (a’)-(I’) Symmetrical rupture process, Q4 = 1.67 puL/min Q.= 8.33
uL/min. I/w.=1.70. (a")—(") Asymmetrical rupture process. Q4 = 1.67 uL/min, Q.= 66.7 uL/min. l/w.=0.93. py = 153.7 mPa s,
1.=50 mPa s. The time zero is set as the moment of the final pinch-off of the newly formed droplet. / represents the asymptotic
axial length of the formed droplet.

(a)
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Head velocity of the droplet during breakup process.

(a) Symmetrical rupture process, Qq = 1.67 uL/min, Q. = 8.33 uL/min. I/w. =1.70. (b') and (I') are the same cases shown in the Fig-
ure 2. (b) Asymmetrical rupture process. Q4 = 1.67 puL/min, Q.= 66.7 pL/min. I/w.=0.93. (b”) and (h”) are the same cases shown
in the Figure 2. yg = 153.7 mPa s, u. = 50 mPa s. [ represents the asymptotic axial length of the formed droplet. u4 represents
superficial velocity of the dispersed phase, u. represents superficial velocity of the continuous phase.
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Figure 4. Evolution of the dimensionless minimum width w,,,/w. of the thread of the dispersed phase with the

dimensionless remaining time (T—t)/+

(a) Symmetrical rupture of the thread of the dispersed phase. Q. = 3.33 uL/min. The inset shows the minimum width of the thread
of the dispersed phase. (b) Asymmetrical rupture of the thread of the dispersed phase. Q. = 16.7 puL/min. The inset illustrates the
relationship of w,/w. with (T—f)/ty for the pinch-off stage. ug = 153.7 mPa s, u. = 50 mPa s. [ represents the asymptotic axial

length of the formed droplet.

The final velocity of droplet surpasses the superficial velocity
of both phases, due to the presence of a thick lubricating film
between droplets and walls.*

In general, the capillary number of the continuous phase
plays a vital role in the rupture process under the confinement
of the channel wall. As seen from Figure 2, the liquid film
thickens and the rupture behavior becomes more asymmetrical
with the increase of Ca., which is quite similar to the low-
viscosity droplets forming in microchannels.* Consequently,
the dynamics of the dispersed thread is also determined by the
external fluid flow in microchannels. In comparison to the
unconfined conditions, the dynamics for droplets formed in
static air depends only on the viscosity of the dispersed
phase.zl’3 ! To better understand the droplet formation process,
the breakup dynamics of the dispersed thread are studied in
detail in the following sections.

The breakup dynamics of dispersed thread for high-
viscosity droplet formation

Scaling Law of Two Breakup Types. The breakup mecha-
nisms of symmetrical and asymmetrical rupture processes
could be investigated by analyzing the evolution of liquid-lig-
uid interface as the neck of the dispersed phase begins to form
(the second and the third stages). This method has been widely
used by many researchers.”** We defines wy, as the minimum
width of the dispersed thread as shown in Figure 4, w, as the
width of the channel, T as the formation period of droplet, and
t as the time. The minimum width of the dispersed thread wy,
and the remaining time (T—¢) are normalized as wy,/w, and
(T—1t)/7r, respectively, where tp=*~ “0"’“ is the characteristic
viscous time. > We focus specifically on the region of breakup
dynamics of high-viscosity thread where wy, /w. > 0.05.

Figure 4 depicts the evolution of wy, /w. with the remaining
time (T —t) for both rupture processes. A conclusion could be
drawn that the effect of the flow rate of the dispersed phase
has no obvious effect on both breakup processes. As the neck
of the dispersed phase thins along a common trajectory with
varying the flow rate of the dispersed phase for a fixed flow
rate of the continuous phase in either rupture process. In addi-
tion, for each rupture process, when wp, /w, > 0.3, the dynam-
ical behaviors are in the squeezing stage; when wy, /w. < 0.3,
the dynamical behaviors fall into the pinch-off stage. In both
stages, the scaling law could be expressed as the below
equation

330 DOI 10.1002/aic
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Wen [ We (5) | (1)

T

The variation of wy, /w, for the symmetrical rupture process
is shown in Figure 4a. In the squeezing stage, the exponent o
increases with the increase of the flow rate and viscosity of the
continuous phase (Figures 5a, b), which coincides with the
results obtained in the low-viscosity droplet formation.*'* In
the pinch-off stage, the exponent 0 =0.669 * 0.03 and is inde-
pendent of the flow rate and viscosity of the continuous phase
(Figures 5c, d), indicating a self-similar thinning process for
the pinch-off stage.>

Figure 4b illustrates the evolution of wp,/w. with the
remaining time (7'—t) for the asymmetrical rupture process.
The variation of the droplet neck in squeezing stage is consist-
ent with that in the symmetrical rupture process, that is, the
exponent o3 increases with the increase of the flow rate and
viscosity of the continuous phase (Figures 6a b). In the pinch-
off stage, the exponent oy=1 and is independent of the flow
rate and viscosity of the continuous phase (Figures 6¢ d). The
pinch-off stage is also a self-similar thinning process as in the
symmetrical rupture process.

As reported previously, for the final pinch-off stage of the
droplet formation in unconfined systems, the power-law
exponent o=2/3 if the inertia could balance the surface ten-
sion”?!?73% and a=1 if the viscous force could balance the
surface tension.”*!%2! Thereupon, the difference of the scal-
ing law in the pinch-off stage for both breakup processes in
our research is possibly caused by the different driving
mechanism.

The Driving Mechanism During Breakup Process. Squeez-
ing stage. At the beginning of the squeezing stage, the fore-
front of the droplet partially or almost completely blocks the
exit channel, leading to an increased resistance to the flow of
continuous phase.'*~? So the pressure buildup in the continu-
ous phase squeezes the dispersed fluid, and pushes the dis-
persed thread into the downstream channel.” Therefore, in this
process the forces acting on the liquid-liquid interface of the
dispersed thread are: the squeezing pressure (AP), the shear-
stress force (1,), the extensional stress (7;), and the surface ten-
sion. '*?32° The extensional properties of the liquid (t,) are
also considered because the droplets are generated in
elongation-dominated flow in the flow-focusing junction.*® As
illustrated in Figure 2, ¢ is defined as the thickness of liquid
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Figure 5. Scaling of the dimensionless minimum width w,,/w. of the thread of the dispersed phase with the dimen-
sionless remaining time (T—t)/zy for the symmetrical rupture process.

(a) The effect of the flow rate of the continuous phase in the squeezing stage. Q4 = 0.83 uL/min, uq = 153.7 mPa-s, . = 50 mPa-s.
): Ca.=0.002, lI/w.=1.98; (0): Ca.=0.005, I/w.=1.55. The inset Aw,/At ~ (T—{) represents the thinning rate of the dispersed
thread with the remaining time (7—f). (b) The effect of the viscosity of the continuous phase in the squeezing stage. Q4 = 0.83 uL/
min, Q.= 3.33 uL/min, gg = 153.7 mPa s. (O): Ca.=0.002, lI/w.=1.98; (0): Ca.= 0.004, I/w.=1.59; (A): Ca.=0.007, I/w.=1.49.
Inset: Aw,, /At ~ (T—t). (c) The effect of the flow rate of the continuous phase in the pinch-off stage. Q4 = 0.83 uL/min, puq = 153.7
mPa-s, g, = 50 mPa-s. (O): Ca. = 0.002, I/w. = 1.98; (0): Ca. = 0.005, l/w.=1.55. (d) The effect of the viscosity of the continuous phase
in the pinch-off stage. Q4 =0.83 pL/min, Q.= 3.33 uL/min, ug = 153.7 mPa-s. (O): Ca.=0.002, I/w.=1.98; (0): Ca.=0.004, I/
we=1.59; (A): Ca.=0.007, lI/w. = 1.49. Inset: Aw,/At ~ (T—1). I represents the asymptotic axial length of the formed droplet.

film between the interface and the wall of channel, / is the
depth of the channel, and L is the length of the head of the
droplet.

The squeezing pressure could be calculated by the pressure
drop of the continuous phase flowing though the fluid film. In
the experiment, the thickness of the liquid film between drop-
lets and walls is in the range of ¢/w, < 26%, the squeezing

pressure could be expressed as>>%6

AP = QcL/ (he*) ©)

The shear force could be estimated as T, = iy /(2¢),
where u;=0./A is the velocity of the continuous phase flow-
ing through the gap between the liquid-liquid interface and
the wall of the channel, and A:wg— % (WC—28)2 is the cross-
sectional area of the gap between the liquid-liquid interface
and the wall of the channel.?” So the shear force could be

expressed as

.= #Qe
Y 2ew?—0.785(w.—2¢)?]

3

The extensional stress for the continuous phase is .=y, éc,
where y, =3y, is the extensional viscosity and é. ~ Q. / w? is
the extensional strain rate,'**' Thus, the extensional stress
could be expressed as

Tr:ﬂe,céc ~ 3ﬂch/W2 )
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The surface tension could be given by the Laplace pressure
jump between the head and the neck of the emerging droplet,
as shown below?>*

APL:a(r;l-I-rfl)

T

(6))

where r, is the axial curvature and r; is the radial curvature. At
the beginning of the neck formation, the Laplace pressure at the
head of the dispersed thread is P” ~ —a(2/w.+2/h) ~
—4a/w., and the Laplace pressure at the neck of the dispersed
thread is P|* & 2g/w.. Therefore, the Laplace pressure jump is
AP = =20 /w,.

At the beginning of the squeezing stage, the squeezing pres-
sure, shear force, and extensional stress can all resist the sur-
face tension and control the evolution of the thread of the
dispersed phase. To identify the leading driving force in this
stage, we compare the magnitudes of these forces for the two
breakup processes at the initial droplet neck formation stage
(Figures 2¢/, ¢”). For the symmetrical rupture process
(¢/we < 8%), AP > t,, AP > 2100Pa, and 1,=10, 4.2] Pa. For
the asymmetrical rupture process (8% < &/w. < 26%),
AP=[500—3000]Pa, t,=[16,27]Pa, and 1,=[2,32]Pa. Conse-
quently, we can expect that the variation of the droplet neck in
the two breakup processes is mainly driven by the squeezing
pressure in the squeezing stage.>

The dynamics will change from the squeezing stage to the
pinch-off stage after the thread width becomes smaller than
the critical value wy, /w.=0.3. It is interesting to note that the
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Figure 6. Scaling of the dimensionless minimum width w,,/w. of the thread of the dispersed phase with the dimen-
sionless remaining time (T—t)/z for the asymmetrical rupture process.

(a) The effect of the flow rate of the continuous phase in the squeezing stage. Q4 = 0.83 uL/min, uq = 153.7 mPa-s, u. = 50 mPa-s.
([: Ca.=0.010, I/w. =1.31; (0): Ca. = 0.020, l/w.=1.12; (A): Ca. = 0.030, l/w. =1.00; (x): Ca. = 0.061, l/w. = 0.83. The inset Aw,,/
At ~ (T—1) represents the thinning rate of the dispersed thread with the remaining time (7—¢). (b) The effect of the viscosity of the
continuous phase in the squeezing stage. Q4 = 0.83 uL/min, Q. = 16.7 pL/min, pq = 153.7 mPa-s. (O)): Ca. = 0.010, l/w.=1.31; (O):
Ca,=0.019, l/w. = 1.14; (A): Ca. = 0.036, l/w. = 0.88. Inset: Aw,,/At ~ (T—t). (c) The effect of the flow rate of the continuous phase
in the pinch-off stage. Q4 =0.83 pL/min, ug = 153.7 mPa-s, y. = 50 mPa-s. (O)): Ca.=0.010, I/w.=1.31; (0): Ca.=0.020, I/
we=112; (A): Ca.=0.030, I/w.=1.00. (v): Ca.=0.041, l/w.=0.91; (O): Ca.=0.051, lI/w. = 0.87; (<): Ca.=0.061, I/w.=0.83. (d)
The effect of the viscosity of the continuous phase in the pinch-off stage. Q4 = 0.83 uL/min, Q. =16.7 pL/min, gg = 153.7 mPa-s.
(: Ca.=0.010, lI/w.=1.31; (0): Ca.=0.019, l/w.=1.14; (A): Ca.=0.036, l/w. = 0.88. The inset k ~ 4 illustrates the relationship
of k with the viscosity ratio of the fluids 4 in the pinch-off stage. I represents the asymptotic axial length of the formed droplet.

critical value is irrelevant to the breakup type, indicating that
the transformation is not affected by the capillary number of
continuous phase, but is determined by the intrinsic properties
of the dispersed thread. Here we introduce the Ohnesorge num-
ber Oh=p/,/pown,, which captures the ratio of viscous forces
to capillary forces, to illustrate the properties of the dispersed
thread. Figure 7 displays the variation of the local Ohnesorge
number Oh=py/\/pgoWm of the dispersed phase with the
remaining time. Although the variation of Oh with the remain-
ing time (T—1) is different in the both rupture processes, the
value of Oh is in the same order of magnitude for the two proc-
esses. In addition, when wy, /w, > 0.3, the Ohnesorge number
changes very slowly. When wy, /w. < 0.3, the Ohnesorge num-
ber increases quickly. Therefore, it suggests that the transforma-
tion from squeezing to pinch-off stage would occur when the
viscous force of the dispersed phase becomes important and Oh
greater than a certain critical value.

Pinch-off stage. In the pinch-off stage, the Rayleigh—Pla-
teau instability eventually sets in, so that the viscous force,
inertial force, and the surface tension control the evolution of
the dispersed thread.” The relative importance of the three
forces can be characterized by the Reynolds number (the rela-
tive importance of inertial force to viscous force) and the
Weber number (the relative importance of inertial force to sur-
face tension). The local Reynolds number of the continuous
phase and the dispersed phase can be defined respectively as

332 DOI 10.1002/aic

Published on behalf of the AIChE

©)
@)

The local Weber number of the continuous phase and the
dispersed phase can be defined respectively as

— /
Re local = P WmWny / e

Red,local = pdwmud/,ud

®)
(C))

Where w/, is the decrement rate at the minimum width of the
neck of the dispersed thread, and u; is the velocity of the droplet
head of the dispersed phase. In this stage, the four dimensionless
numbers in the symmetric rupture process are, respectively, in the
same order of magnitude with the corresponding ones in the
asymmetric rupture process. In general, Re. < 0.04, Req < 0.08,
We. < 3%107%, and Wey < 6X1073. Therefore, the inertial
force is insignificant. Furthermore, viscous effects have an impor-
tant impact on the evolution of the neck due to the large viscosity
of both fluids. Accordingly, the neck thinning is controlled jointly
by surface tension and the viscous forces of both fluids.

In the asymmetrical rupture process, the profile shape of the
dispersed thread is conical and the variation of the minimum
width of the dispersed thread with the remaining time could be
described by a linear relationship. These results are very simi-
lar to the dynamics of Stokes regime in macroscale.”'"** The
evolution of the liquid-liquid interface is the result of the

_ 2
Wec,local - chme/U

— ]
Wed,local - PdWde /U
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(a) Evolution of wy,/w. with (T'—¢) for the symmetrical rupture process. Q4 = 0.83 uL/min, Q. = 8.33 uL/min. (b) The computed Oh
for the same case shown in (a). (¢) Evolution of w,/w. with (T—f) for the asymmetrical rupture process. Q4= 0.83 uL/min,
Q. =33.3 pL/min. (d) The computed Ok for the same case shown in (c). (¢) The computed Oh in the pinch-off stage for the same
cases shown in (a) and (¢). #, is the transformation time from the squeezing stage to the pinch-off stage. uq = 153.7 mPa:-s, u. = 50

mPa-s.

asymptotic balance between surface tension and the viscous
forces of both phases. Nevertheless, in the symmetrical rupture
process, the shape of the dispersed thread is quasicylindrical
and the variation of the droplet neck with the remaining time
is a power-law relationship with an exponent approaching to
2/3. The scaling law is similar to the low-viscosity droplet for-
mation in unconfined condition, in which the force balance
between the inertia and surface tension results in a conical
shape of the dispersed thread near the pinch-off. However, in
the symmetrical rupture process in our experiment, the high
viscous force (Oh number for the dispersed phase is in
the range of 3 < Oh < 7) and the low inertia force (Req < 1,
Re. < 1) generate a quasicylindrical shape in the last stage,
indicating a totally different pinch-off mechanism. Recently,
Castrejon-Pita et al.*’ also discovered a power-law relation-
ship with o = 2/3 between the dimensionless minimum neck
width and the remaining time in a high-viscosity liquid
(Oh = 1.81) under macroscopic scale by numerical simulation.
It is worthy of note that the power-law relationship found by
Castrején-Pita et al.** was obtained for the dimensionless min-
imum neck width varying from 0.001 to 0.04. However, for
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the high-viscosity dispersed thread pinch-off in this study, the
power-law relationship was applied to the dimensionless mini-
mum neck width in the range of 0.05 to 0.3. For the breakup
of the high-viscosity dispersed thread in the microchannel, the
mechanism resulted in the power law relationship between the
minimum neck width and the remaining time with exponent 2/
3 remains unknown. Nevertheless, the viscous stress in the
symmetrical rupture process is small than that in the asymmet-
rical rupture process due to the small capillary number of the
continuous phase Ca. and the Oh number (as shown in Figure
7e) in the symmetrical one. Therefore, the viscous force is
unequal to the surface tension in the pinch-off stage of the
symmetrical rupture process. Moreover, the power-law rela-
tionship between the minimum width of the dispersed thread
and the remaining time demonstrates that the breaking of the
dispersed neck is accelerated gradually under the driven of
surface tension.

In addition, the axial velocity v of the filament dominates
the local strain field which determines the evolution of the dis-
persed thread.” To better understand the driving mechanism of
both breakup processes, we analyze the axial velocity v, at
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the point of the minimum width of the dispersed thread in the
pinch-off stage. The axial velocity v, could be calculated by
Al/At, where Al is obtained by tracing the moving distance of
the point of the minimum width of the dispersed thread near
the droplet within the time Az.

Figure 8a shows the variation of the axial velocity v, with
the minimum width wy, of the dispersed thread. For both rup-
ture processes, vy, increases with the decrease of wy,, which is
similar to the simulation result of Lister and Stone.” Moreover,
since the scaling law in this stage is unchanged with the
remaining time for the both rupture processes, it means that
the increase of v, with the remaining time only plays the role
to transport fluid, but has a negligible effect on the driving
mechanism of the neck thinning. Generally, the axial velocity
Vy,, 1 small in the symmetrical rupture process, which is not
strong enough to create a tug-of-war effect in the thread as
proposed by Lister and Stone,” therefore, the interface would
be cylindrical. However, in the asymmetrical rupture process,
the larger axial velocity v, could generate a tug-of-war
effect, Due to this effect, two cones will form in the pinch-off
region. The conical region of the forming droplet pulls the
pinching neck toward itself and stretches out the cone on the
dispersed thread, which result in a nonlocal velocity compo-
nent.” Here, the nonlocal velocity component represents the
contribution to the axial velocity v in the intermediate region
between the two cones, and v increases with the decrease of
the minimum width of the dispersed thread.”

It has been known that the local deformation in the Stokes
regime is achieved by the self-similar strain field,” so we
assume that the difference in the shape and the scaling law
between the two rupture processes might be caused by the dis-
parity of the strain field. The extensional strain rate could be
expressed as'***

Ea=—(2/wm)dwy, /dt (10)

Figure 8b illustrates the variation of the extensional strain
rate &g with the minimum width wy, of the dispersed thread.
From the figure, it could be seen that &4 increases with the
decrease of wp,. In addition, the obvious difference in &4
before pinch-off (Wwy < 30 um) indicates the disparity of the
strain field between the two breakup processes, which results
in differences in the local interface deformation in the two
breakup processes. It is the flow of the external fluid and its
properties that result in the difference in the strain fields
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between the two rupture processes. Therefore, we investigate
the effects of the flow rates and viscosity of the continuous
phase on the breaking rate and the dynamical behaviors of
both rupture processes in the following section.

Effects on the Rupture Process. Influences on the
symmetrical rupture process. Figure 5 describes the quanti-
tative influence of the flow rate Q. and viscosity . of the con-
tinuous phase on the variation of the dispersed thread for the
symmetrical rupture process. Figures 5a, b illustrate the effects
on the squeezing stage. It could be seen that the exponent o
increases with the increase of the flow rate and viscosity of the
continuous phase. In addition, as shown in the inset of the Fig-
ure Sa, a slight reduction in the thinning rate of the dispersed
thread could be clearly seen with the increase of the flow rate
of the continuous phase under the driven of squeezing pres-
sure. Obviously, this observed effect on collapse velocity of
the high-viscosity thread with varying the flow rate of the con-
tinuous phase is not remarkable as the experimental research
with low-viscosity liquid.45 This phenomenon could be attrib-
uted to the high stretching stress in the high-viscosity dis-
persed thread, which delays the rupture process.” At the same
time, From the inset of the Figure 5b, it could be easily found
that the thinning rate of the breakup process is almost not
affected by the viscosity of the continuous phase, which indi-
cates again that the change of the dispersed thread in this stage
is dominated by the squeezing pressure.®#°

In the pinch-off stage, the exponent o,=0.669 = 0.03,
which is independent of the flow rate and viscosity of the con-
tinuous phase, as seen in the Figures 5c, d. Additionally, the
flow rate of the continuous phase has no obvious effect on the
thinning of the neck. Therefore, the extensional strain field at
the point of breakup is hardly affected by the flow rate of the
continuous phase. For the symmetrical rupture process, as
shown in Figure 8a, the axial velocity v, increases with the
flow rate of the continuous phase Q.. The shape of filament is
approximately cylindrical and the length also grows with
increasing Q. (Figures 9a, b). Therefore, the axial velocity
vy,,and the state of the dispersed thread vary with the increase
of the flow rate of the continuous phase, but those changes
have no effects on the neck thinning. Conversely, the collapse
velocity of the dispersed phase decreases with the increase of
the viscosity of the continuous phase, as seen in the inset of
Figure 5d. This phenomenon could be attributed to the viscous
drag during the breakup process.'5%47
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sents the asymptotic axial length of the formed droplet.

In the pinch-off stage, the power-law exponent op=
0.669 = 0.03, and the thinning of the dispersed thread is only
related to the viscosity of the continuous phase. Thus, the scal-
ing law could be expressed as wpy/we =A(TT—;’) 99 (when
u.=50mPa-s, A=0.123; when u.,=100mPa-s, A=0.103; and
when p,=200mPa-s, A=0.058).

Influences on the asymmetrical rupture process. Figure 6
describes the quantitative influence of the flow rate Q. and vis-
cosity u. of the continuous phase on the variation of the dis-
persed thread for the asymmetrical rupture process. Figures
6a, b illustrate the effects on the squeezing stage. As with the
symmetrical rupture process, the exponent o3 increases with
the increase of the flow rate and viscosity of the continuous
phase. In addition, as shown in the inset of Figures 6a, b, the
thinning rate of the dispersed thread is almost independent of
the flow rate of the continuous phase and it remains unaffected
by the viscosity of the continuous phase.

In the pinch-off stage, the exponent o4 =1 is independent of
the flow rate and viscosity of the continuous phase, as seen in
the Figures 6c¢, d. Furthermore, the flow rate of the continuous
phase also has no obvious effect on the neck thinning. These
results are similar to the symmetrical rupture process in this
stage. However, for the asymmetrical rupture process, the
thread becomes longer and the asymmetry of the liquid—liquid
interface gets stronger with the increase of the flow rate of the
continuous phase. Meanwhile, more satellite droplets will be
formed as well (Figures 9c, d).

As shown in the Figure 6d, the collapse velocity of the dis-
persed thread decreases with the increase in viscosity of the
continuous phase due to the viscous drag. In this stage, the
dynamical behavior of the dispersed thread is similar to that in
Stokes regime in the macroscale. Stone et al.” suggested that
the variation of the dispersed thread in Stokes regime could be
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scaled as wy,=k(1) ™ (T—t), where k is a dimensionless func-
tion depending on the viscosity ratio of the fluids 4. The values
of k calculated in our experiment, kK = 0.064 for A =3.07, k=
0.032 for A=1.54, and k= 0.025 for A=0.77, are close to
both the results of k=0.031 + 0.008 obtained experimentally"'
and k=0.0335 by simulation’ when A=1. The correlation k
o 470935005 yag obtained in previous studies by varying the
viscosity of the dispersed phase.''**> However, in this work,
an opposite trend between & and 4 was attained by changing
the viscosity of the continuous phase. According to present
experimental result, a linear relationship £=0.01754+0.0089
was obtained, as shown in the inset of the Figure 6d. Recently,
Arratia et al.'* investigated the process of the high-viscosity
filament breakup in another high-viscosity fluid. This study
assumed a stress balance between radial stress and the Laplace
pressure p, ¢ =0/w. without considering of the viscous force
of the external fluid. Therefore, the high-viscosity filament
thins linearly as the below equation

wn(0)==1/2(0/ pte.g)(T 1) (11

The value of k obtained from Eq. 11 is k=0.17, which is
larger than the value obtained in our experiment. This indi-
cates that the viscous stress of the continuous phase cannot be
ignored, and the variation of the thread of the dispersed phase
is resulted from the combined effect of the viscous stresses of
both phases and the surface tension.

It is noteworthy that the evolution of the dispersed phase
changes with the variation of the flow rate and viscosity of the
continuous phase. Additionally, the transformation from sym-
metrical rupture process to asymmetrical rupture process
occurs in low flow rate of the continuous phase when high-
viscosity fluids are used as the continuous phase. In general,
the effects of the flow rate and viscosity of the continuous
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phase cause the transformation to occur at a critical capillary
number Ca“m=1072 for highly viscous droplets forming in
another immiscible viscous fluid under the confinement of the
microchannel.

Conclusions

In this work, the breakup mechanism of high-viscosity thread
for droplet formation in other immiscible viscous fluids in a
flow-focusing device is studied systematically. Symmetrical
and asymmetrical rupture processes of the dispersed thread are
observed during the drop formation process. Generally, the
breakup process involves two stages: squeezing stage and
pinch-off stage. In the squeezing stage, squeezing pressure
plays a leading role in the neck thinning for both rupture proc-
esses. The collapse rate is not significantly affected by the flow
rate and viscosity of the continuous phase. In the pinch-off
stage, the variation in the thinning of the dispersed neck is due
to the combined effects of the viscous stresses of both phases
and surface tension. The flow rate of the continuous phase has
no obvious impact on the collapse rate of the dispersed thread
in this stage. Nevertheless, under the effect of the viscous drag,
the breaking rate decreases with increasing the viscosity of the
continuous phase. Specifically, under the effects of the confine-
ment of the channel and the flow of the external fluid, the differ-
ences between the two rupture processes mainly stem from the
different strain fields at the point of detachment in the pinch-off
stage. This study provides the foundation for further theoretical
and experimental investigations on the high-viscosity droplet
formation and breakup processes for soft matter synthesis and
design of microfluidic devices.
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Notations

A = coefficient of power law function
h = depth of the channel, um
k = coefficient of the linear function
[ = asymptotic axial length of the formed droplet, um
L = length of the drop head, um
Py, = Laplace pressure, Pa
AP = squeezing pressure, Pa
AP = Laplace pressure jump, Pa
Qg4 = volumetric flow rate of dispersed phase, uL-min
Q. = volumetric flow rate of continuous phase, uL-min
r, = radius of the axial curvature
r, = radius of the radial curvature
T = droplet formation period, us
t = time, s
u = superficial velocity of liquid, m-s~
u’ g = velocity of the droplet head of the dispersed phase, m-s~
y = e filament, m-s!
we = width of the channel, um
Wy, = minimum width of the dispersed thread, um
w_ = e dispersed thread, m-s ™

m

1
1

1
1

Greek letters

o = exponent for power-law relationship
¢ = thickness of liquid film, um
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&= ate,s !

A= Viscosity ratio of disperse phase to continuous phase (1= /i)
1= viscosity of liquid, mPa-s
p = density of liquid, kg-m >
o = surface tension of liquid, mN-m~
Tt = viscocapillary time, us
T, = shear stress, Pa
7, = extensional stress, Pa

Dimensionless groups

Ca = capillary number (Ca = uu/o)

Oh = Ohnesorge number (Oh = p/(pow,.)
Re = Reynolds number (Re = pw.u/1t)
We = Weber number (We = CaRe = pw(.uz/a)

l/2)

Subscripts

¢ = continuous phase
crit = critical capillary number
d = dispersed phase
e = extensional viscosity
¢ = the modified continuous phase velocity
up = neck of the droplet
tip = head of the droplet
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