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The hydrodynamic coupling between droplets and viscous stratifications is examined in square micro-
channels. A segmented flow of droplets is injected into a viscosity-stratified flow region. The large differ-
ence in velocity between parallel streams having dissimilar viscosities produces a variety of droplet
dynamics, including breakup into an array of daughter droplets. We characterize stable viscous stratifi-
cations generated using hydrodynamic focusing into a square microchannel and we present a general
phase-diagram of droplet behavior. The capillary number is shown to influence both the morphology
and dynamics of daughter droplets. In particular, the film thickness between droplets and walls is mea-
sured along with the droplet velocity. Deformable droplets significantly disrupt viscous stratifications at
low Reynolds numbers and a plume is produced in the trail of the last daughter droplet. The formation
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Fingering and evolution of viscous fingers from the edges of high-viscosity stratifications are discussed. This study
Plume shows the possibility to displace high-viscosity oil with droplets in microgeometries.
Microfluidics © 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Multiphase flows in microfluidic platforms have attracted much
attention in recent years due to a wide range of applications
(Squires and Quake, 2005; Giinther and Jensen, 2006; Tabeling,
2005; Guillot et al., 2006). The laminar property of microflows is
useful for structuring streams and the combination of microgeom-
etries and fluid injections allows for manipulating complex
sequences of events. Microfluidic droplets constitute the elemen-
tary building blocks of emulsions and offer well-controlled vessels
for enclosing and transporting microreactions (Song et al., 2006;
Teh et al., 2008; Christopher and Anna, 2007; Brouzes et al.,
2009; Baroud et al., 2010). Recent developments have shown the
possibility to generate multiple-emulsions where diverse droplets
are sequestered inside larger droplets (Seo et al., 2007; Wan et al.,
2008; Pannacci et al., 2008; Koster et al., 2008; Wang et al., 2011).
Continuous-flow-based methods for micro-manipulating droplets
include geometrically induced breakup at T-junctions (Link et al.,
2004; Ménétrier-Deremble and Tabeling, 2006; Leshansky and
Pismen, 2009) and breakup with focusing sections (Prat et al.,
2006; Cubaud, 2009; Che et al., 2011). Better understanding the
underlying principles governing the dynamic response of droplets
to external microflows is of both fundamental and practical inter-
ests. In particular, modifying the physicochemical environment of
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microfluidic droplets is a key step in the development of new
methods for processing on-demand soft materials.

Multiphase flows are classified into two broad categories: (a)
dispersed flows, and (b) separated flows (Crowe, 2006). In dis-
persed microflows, fluids are typically distributed along the flow
direction and form alternated fluid segments. For instance, immis-
cible fluids tend to adopt the configuration of elongated droplets
separated by continuous liquid plugs. By contrast, separated
microflows involve phases that are structured normal to the flow
direction. In stratified flows, the interface between miscible fluids
is generally aligned with the microchannel axis.

Stratified microflows have received considerable interest for
their ability to generate a variety of concentration gradients
(Ismagilov et al., 2000; Irimia et al., 2006). In turn, the destabiliza-
tion and recombination of parallel flows enhance fluid micromix-
ing (Nguyen and Wereley, 2006; Neils et al., 2004; Aubin et al.,
2010; Lee et al., 2011). A common technique used for generating
parallel flows consists in focusing a central sample stream within
a sheath fluid injected from side-channels (Knight et al., 1998;
Lee et al., 2006; Wu and Nguyen, 2005; Larsen and Shapley,
2007). For fluids having a large difference in viscosity, previous
studies showed the possibility to form lubricated threads when
the more viscous liquid is injected into the central channel (Cu-
baud and Mason, 2006) or viscosity-stratified flows when the
highly viscous fluid is injected into the side-channels (Cubaud
and Mason, 2008b). In the latter case, parallel fluid layers exhibit
a large difference in velocity with a fast central stream and a slow
sheath flow.

Here, we inject a segmented flow of droplets into a viscous-
stratified flow using two consecutive hydrodynamic focusing
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sections. We investigate the interrelation between droplet dynam-
ics and streams having different velocities in a compact micro-
channel. First, focus is on the deformation and breakup of a
“mother” droplet into a variety of “daughter” droplets. We charac-
terize stable viscous stratifications produced using hydrodynamic
focusing into a square microchannel. The role of the viscosity con-
trast between separated flows on droplet breakup is demonstrated
and a general phase-diagram of droplet behavior is presented. The
capillary number is shown to influence both the morphology and
dynamics of daughter droplets. In particular, the film thickness be-
tween droplets and walls is measured and the droplet speed is
compared with theoretical models.

Second, the alteration of viscous strata is examined. We show
that droplets significantly disturb viscous layers at low Reynolds
numbers. The closing of viscous stratifications in front of the drop-
let and the resulting high-viscosity fluid displacement is reported.
The difference in velocity between droplets and stratifications pro-
duces a slow moving plume in the trail of the last daughter droplet.
The plume is characterized by the evolution of two fingers
stretched from the high-viscosity matrices and dragged into the
central stream. The initial plume size is measured as a function
of fluid properties and flow parameters. Finally, we discuss the
dynamics of small droplets confined between streams having a
very large viscosity contrast and acting as “soft walls”.

2. Material and methods

The flow geometry consists of two hydrodynamic focusing junc-
tions connected in series (Fig. 1). The microfluidic device is made of
glass and silicon. All channels are square in cross-section and have
identical height h =250 um. The initial or “mother” droplets are
generated in the first junction by steadily injecting the disperse
phase (L1) in the central channel with a volumetric flow rate Q;
and by symmetrically introducing the low-viscosity continuous
phase (L2) from the side-channels with a total volumetric flow rate
Q>. Adjusting the flow rates Q; and Q, allows for controlling the
mother droplet size dy with the initial flow rate ratio ¢q=Q;/Q>
as well as the average inlet flow velocity carrying the droplets
Jo =~ (Qq + Q5)/h?. The high-viscosity continuous phase (L3) is con-
tinuously introduced in the second junction with a total flow rate
Qs. This method produces parallel viscous stratifications composed
of a low-viscosity central stream of width ¢ ensheathed between
two high-viscosity streams. For a given fluid selection (L1, L2,
L3), the width ¢ is adjusted with flow rate ratio ¢ =(Q; + Qy)/
Qs ~ Jp[Js, where Js = Qs/h? is the superficial velocity of the viscous
stratifications. Upon entering the parallel streams region, a mother
droplet can breakup into an array of “daughter” droplets. The num-
ber of daughter droplets is labeled with the index n. In turn, the
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velocity differential between droplets and stratifications leads to
the closure of stratifications in the front of the droplets and the for-
mation of a plume (or wake) at the rear of the last daughter droplet
(Fig. 1).

Droplets are made of pure DI water and both external phases
are composed of silicone oils having various viscosities. The low
and high-viscosity oils are miscible and chosen to examine the ef-
fect of the viscosity contrast between parallel streams. The Péclet
number associated with these miscible flows is large and diffusion
effects are neglected. To focus on the influence of the viscosity on
strata, we have fixed #; =1 cP and 7, = 4.6 cP and varied 13 = 4.6,
48, 486, and 4865 cP. Therefore, the system is characterized by
11 < N2 < 13, with a constant viscosity ratio yo=#1/12=0.22 for
the initial segmented flow and four different viscosity ratios
x =M12/m3=1, 1/10, 1/105, and 1/1057 between the low-viscosity
(L2) and the high-viscosity fluid (L3). Over the range of silicone oils
used in this study, the interfacial tension between silicone oil and
water is measured as y12 ~ 713 ~ 41 mN/m. When immersed in a
bath of silicone oil, the static contact angle of water on glass is
measured using a goniometer and found relatively large
0s ~ 110°. However, the advancing contact angle 04, — 180° for
small capillary numbers, Ca > 103, where Ca=#V/y;,, with 5
being the viscosity of the oil and V the speed of the contact line.
Since mother droplets are injected at relatively low speed in the
low viscosity oil (L2), we observe the dewetting of L2 between
the walls and the droplet in the “dispersed flow region” (Fig. 1).
However, in general, dynamic wetting phenomena do not signifi-
cantly influence our system.

3. Structure of stratifications

We first examine the morphology of unperturbed stratifications
between L2 and L3. The stability of viscosity-stratified flows has
been examined in the axisymmetric pipe (Hickox, 1971; Cao
et al.,, 2003, 2004; d’Ocle et al., 2008; Selvam et al., 2007) and plane
(Yih, 1967; Yiantsios and Higgins, 1988; Gondret and Rabaud,
1997) flow configurations but less is known for square microchan-
nels. Here, the Reynolds number associated with the flow is small
and inertial effects are neglected. The base flow consists of para-
bolic profiles in each layer (Fig. 2a). During the period of time be-
tween each incoming droplet, viscous stratifications are observed
to “heal” and the width of the low-viscosity stream & remains con-
stant in the observation channel. For a given viscosity contrast
X = 12/n3, the width ¢ depends on the flow rate ratio between the
central and the sheath streams ¢ = (Q; + Q2)/Qs. For hydrodynamic
focusing in plane geometries (Cubaud and Mason, 2008b), the
width of central stream ¢ can be analytically deduced assuming
continuity of the tangential stress at the fluid interface according
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Fig. 1. Schematics of the microflow geometry with a two-step hydrodynamic focusing section. Droplets are formed in the first section and viscous stratifications are

introduced in the second section (see text for details).
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Fig. 2. (a) Sketch of the velocity profile of viscous stratified flows in a square
microchannel where V¢ is the average velocity of the central stream and Vs is the
average velocity of stratifications. (b) Evolution of the normalized central stream
width ¢/h as a function of the flow rate ratio ¢ = (Q; + Q>)/Qs and the viscosity ratio
% =1a2/3=1/10 (A), 1/105 (O), and 1/1057 ($). Solid line: e/h =[1+ (@y'/?)~1]L.
Inset shows normalized central stream width ¢/h as a function of ¢.

to e/h ~[1+ (@) '"". In square microchannels, a previous study
(Cubaud and Mason, 2007) showed that when central and sheath
streams have identical viscosity (i.e., ¥ = 1), the width ¢ follows
the plane geometry approximation: &/h~(1+ ¢~ ')"!. Here, we
measure ¢ as a function of ¢ for three viscosity ratios y ~ 1/10,
1/105, and 1/1057 (Fig. 2b - inset). As expected, the widths & cor-
responding to different y do not collapse on a single curve. We also
find that, on the contrary to the plane geometry configuration, the
width of the central stream ¢ does not scale with the viscous stress
ratio parameter ¢ . However, the morphology of viscous-stratified
flows in square microchannel is characterized by ¢ < h (Fig. 2a) and
suggests an analogy with the 2D free-shear layer problem of paral-
lel streams of different viscosities (Batchelor, 1967). In this case,
similarity variables can be used for the stress condition at the
interface and, for fluids having similar densities, the thickness of
the transition layer depends on the ratios x'/2 and Ua/Ug, where
U, and Uy are the uniform velocities of each stream far away from
the transition. This scaling for the viscosity parameter y!?> was
used in this work and data for ¢ collapse into a single curve when
plotted as a function of ¢y'/? (Fig. 2b). In particular, we find that
the central stream width can be estimated with e/h ~[1+ (@
2)-1]-1, This approximation is also in good agreement with the case
% =1 since the equation ¢/h ~ (1 + ¢~ ')"! is recovered for viscos-
ity-matching streams. Another aspect of parallel flows having a
large difference in viscosity is the tendency for low-viscosity fluids
to migrate toward the region of high shear (Yu and Sparrow, 1969;
Than et al., 1987; Cubaud and Mason, 2009). The “self-lubrication”
property yields a small curvature of the miscible fluids interface
between L2 and L3 and the measured widths ¢ slightly surpass
our empirical correlation for ¢/h < 1 (Fig. 2).

When the side streams have a large viscosity (y < 1), the cen-
tral stream moves at a significantly larger velocity compared to
the sheath streams. The average velocity of the central stream is
denoted by V¢ =~ (Q; + Q2)/(he) and the average speed of the sheath
flow can be written as Vs ~ Qz/[h(h — ¢)]. The experimental correla-
tion for ¢ allows us to estimate the effective slip ratio between the
two parallel phases according V¢/Vs ~ ¢ + ¥~ '/2 when ¢/h < 1. This
heterogeneous flow field has a strong effect on droplet dynamics.

4. Droplets
4.1. Conditions for breakup

A droplet entering the viscosity-stratified field typically experi-
ences a deformation of its front end-cap. The droplet nose first be-
comes elongated due to the additional viscous stresses caused by
the side flow. If the deformation of the front end-cap is large

enough, a neck appears along the droplet core and capillary forces
induce breakup to reduce interfacial area. For long droplets (do/
h > 1), this mechanism can repeat itself on the remaining initial
droplet volume and, eventually, a mother droplet can breakup into
an array of n smaller daughter droplets.

In a similar flow configuration (i.e., two focusing sections in
series) but in the absence of viscous stratifications (#, = #3), previ-
ous work (Cubaud, 2009) identified three regimes of droplet
behavior: (a) relaxing deformation for small Qs, (b) convective
breakup for moderate Qs, and (c¢) absolute breakup for large Qs.
The term convective breakup refers to a droplet splitting mecha-
nism that occurs downstream from the junction and the term
absolute breakup corresponds to a droplet fragmentation process
localized at the junction, similar to the dripping regime (Cubaud
and Mason, 2008a). The convective breakup regime was not
observed here given the small droplet viscosity (17 =1 cP). We
find that for strictly identical flow rates (Q; and Q, for the droplet
generation and Qs for the side flow), increasing the viscosity of
stratifications #3; produces a larger number n of daughter droplets
(Fig. 3). Although different plateaus of fixed n are found as Qs in-
creases, overall, the number of daughter droplets n appears to be
roughly proportional to the side flow rate Qs. In order to conserve
the mass of the initial droplet, the typical size of daughter
droplets decreases with n. In this example, the mother droplet
length dy is measured between the tips of the two end-caps
(Fig. 1) and remains approximately constant do/h ~ 3.4. The size
of initial droplet dy, however, has a highly non-linear effect on
deformation and breakup mechanisms.

The presence of viscous stratifications at the second junction
effectively changes the environment of droplets. In particular, the
sharp increase in the viscosity of the external phase modifies the
ratio of capillary to viscous stresses exerted at the droplet interface
and triggers a variety of dynamics. To account for this effect, we
define the capillary number associated with the side-flow based
on the superficial velocity of L3 by Cas = 113Qs/(,3h?). For a fixed in-
let flow (constant Q; and Q,), droplets deform for small Cas and
breakup for large Cas. The droplet dynamic response also depends
on the relative change of Cas compared to the inlet flow. For in-
stance, if Casz is fixed, a change in Q; and Q, will yield different
transitions between droplet regimes. To quantify this relative
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Fig. 3. Evolution of the number of daughter droplets n for fixed inlet flow rates
(Q1=5 and Q»=20pl/min) and increasing stratification volume flow rate Qs,
viscosity ratios y =1/10 (A), 1/105 (O), and 1/1057 (). (b) Droplet breakup with
three daughter droplets (n = 3), Q3 = 30 pl/min (y = 1/105). (c) Droplet breakup with
four daughter droplets (n =4), Q3 =40 pl/min (y = 1/105).
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change, a useful dimensionless quantity is the homogeneous side-
flow volume fraction o3 =Qs3/(Q; + Q2 + Q3). The parameter o3Cas
was previously used to locate droplet deformation regimes on a
phase-diagram in the absence of viscous stratifications (7, =#3)
(Cubaud, 2009). In a similar fashion, we find here that for a given
viscosity ratio y, droplet regimes can be located on a phase-dia-
gram where do/h is plotted as function of o3Ca;. However, when
data collected for the four viscosity ratios (y =1, 1/10, 1/105, and
1/1057) are plotted together on the same phase diagram, the
breakup/non-breakup transition lines are shifted for each y. In-
deed, the viscosity contrasts between the external phases plays
an important role in the stratification morphologies. Our study of
the central width ¢ indicates that the quantity y'/? is relevant in
this system. We find empirically that transition lines are superim-
posed when the viscosity contrast between parallel streams is ta-
ken into account with the dimensionless quantity asCasy /. This
quantity is interpreted as a modified capillary number
Cay = imVm/y12, where the effective viscosity 1y = (172173)'7? is the
geometric mean of the carrier viscosities and V= (Qs/h?)[Qs/
(Q; + Q2 +Q3)] is the superficial velocity of L3 weighted by its
homogeneous volume fraction «3. When data for all y are plotted
together, breakup and non-breakup regimes are located on each
side of a clear separation curve defined by dy/h = aCa,(,,", with
a=0.58 and b = 0.3 (Fig. 4). In the absence of viscous stratifications
(x=1), we retrieve the original parameter o3Caz and find very
good quantitative agreement with previous work on high-viscosity
droplets. In this work, the droplet viscosity #; was not varied since
previous results showed that #; does not significantly influence
breakup process. These results also highlight the non-linear depen-
dency of droplet size dy on breakup mechanism in strongly
bounded flows with an imposed length scale h. In general, breaking
smaller droplets is difficult due to the necessary large deformation
of the end cap curvature. Here, to focus on breakup dynamics,
experiments were conducted with relatively large droplets do/
h > 2. In summary, we find that the dimensionless quantity Ca-
m = 03Casy ' = Q3% (n2m3) 2 [y12(Q1 + Q2 + Q3)h?] is very useful to
locate droplet regimes. Once droplets are produced, however, the
main capillary number based on the multiphase flow superficial
velocity and the stratification viscosity #3, Ca=173(Q; + Qy + Q3)/
(h?y13), is more relevant. The use of this capillary number in the
observation channel is justified by the fact that droplets are almost
entirely surrounded by the more viscous fluids L3 while being car-
ried away at near the average multi-component flow velocity.
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4.2. Daughter droplet size

For n > 3, the length of the first daughter droplet d; is mea-
sured from the micrographs and found to increase with the flow
rate ratio ¢ = (Qq + Q2)/Qs (Fig. 5a). For the asymptotic regime asso-
ciated with very small viscosity ratios (y < 1/10), the normalized
droplet size dq/h follows a scaling that is independent from y
according to d;/h = ap®®® with a = 2.7 (Fig. 5a). For viscosity ratios
x near unity (77, ~ #3), the previous scaling underestimates the
droplet size d;. Further experimental and theoretical work is re-
quired to better understand droplet breakup in this regime. The
behavior for y <« 1, however, is in good qualitative agreement with
the scaling of gas bubbles and liquid droplets found in the flow-
focusing literature (Gafian-Calvo, 1998). We also show that the
intrinsic ratio d,/L;, where L, is the length of the liquid plug be-
tween the first and the second droplet, is directly proportional to
the flow rate ratio according to dq/L; = agp with a = 1.5 (Fig. 5b).

As the capillary number Ca increases, the film thickness & be-
tween the droplet and the walls grows and droplets become slen-
der. Although the volume of the first droplet decreases with Ca, its
length d, is found to remain relatively independent from Ca. This
property is not conserved for the length of the second droplet d,.
Indeed, after the first breakup, the front end-cap of the remaining
mother droplet is already deformed due to the large capillary num-
ber in the observation channel and the length of the second droplet
d, is typically smaller than d;. For a large number of daughter
droplets, n > 4, data show that the size ratio I = d,/d; decreases
with Ca according to I' =1 — aCa®®, with a = 0.22 (Fig. 5¢). In this
graph, data points for different viscosity ratio y are distributed in
different regions of the capillary number Ca as the stratification
viscosity #s; varies. The length of the following droplets (ds,
ds,...) are very similar to do. This property holds until the last
two droplets (d,_; and d,), which are usually adjusted by the

r=d,id,

05k o o oaaaedt 00l il RS PP .

10° 107 10" 10° 10'

(C) Ca

Fig. 5. Evolution of daughter droplet size. Viscosity ratios: y =1 (O), 1/10 (A), 1/
105 (O), and 1/1057 (). (a) Size of the first daughter droplet d; as a function of the
flow rate ratio ¢. Solid line: d;/h =2.7¢%%5. (b) Aspect ratio of daughter droplet
segmented flows d;/L; versus flow rate ratio ¢. Solid line: dq/L; = 1.5¢. (c) Aspect
ratio between the second and first daughter droplets I" = d;/d, versus the capillary
number Ca. Solid line: I'=1 — 0.22Ca%>.
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stratified system to “swallow” the remains of the mother droplet.
The size reduction after the first breakup was also observed in a
similar system when droplet breakup is induced by velocity differ-
ence between inlet and side flows (Che et al., 2011). Overall, this
mechanism introduces polydispersity in the resulting droplet
population.

4.3. Droplet dynamics

For large capillary numbers Ca, droplets are significantly dis-
torted by viscous stresses and adopt a characteristic bullet-shape
with a large curvature at the droplet front and a nearly flat bottom.
The film thickness 6 between the sidewalls and the center of large
droplets (d > 2h) is measured from micrographs as a function of Ca
in the observation channel (Fig. 6a). For low Ca< 1072, the film
thickness is very small and cannot be directly determined using
our system so we assume 4 ~ 0. For very low Ca ~ 1073, the film
breaking is revealed by the presence of wetting contact lines be-
tween the droplet and the walls. Overall, we find that data are well
fit with the function §/h = aCa®, with a = 0.11. The exponent 2/3 is
given by lubrication approximation for thin films and is consistent
with previous experimental and theoretical results on the motion
of bubbles in circular and polygonal capillaries (Bertherton,
1961; Ratulowski and Chang, 1989; Wong et al., 1995).

The droplet velocity Vp in the viscous stratifications is measured
from high-speed movies and compared with the superficial multi-
phase flow velocity J = (Q; + Q, + Q3)/h? as a function of the capil-
lary number Ca (Fig. 6b). For small Ca <1072, the film thickness
is negligible and as expected the velocity ratio Vp/J ~ 1. For larger
value of Ca, the droplet velocity rises compared to the average
superficial velocity with Vp[J ~2 for capillary numbers Ca near
unity. Similar to the motion of long bubbles in circular tubes
(Bertherton, 1961), data can be described with a power law based
on the capillary number with an exponent 2/3. In particular, we
find that data points collapse on a single curve that can be fit with
the function Vp/J = 1 + aCa®® with a = 1.1. We conclude that droplet
speed can be approximated by Vp~J, which shows that this
dynamical system self-adapts and regulates flow to maintain a
steady droplet velocity. This property has major implications on
the dynamics of miscible viscous stratifications since the central
stream velocity V¢ > J and the stratifications average velocity Vs <]J.

5. Alteration of viscous stratifications
5.1. Closure of front stratifications
We examine the deformation of stratifications due to the pres-

ence of a translating droplet. The velocity difference between drop-
lets and strata has a variety of effects on flow morphologies. In
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Fig. 6. Influence of capillary number Ca on film thickness and droplet speed.
Viscosity ratio: y =1 (O), 1/10 (A), 1/105 (O), and 1/1057 (). (a) Evolution of the
film thickness & as a function of the capillary number Ca for large droplets d > h,
solid line: 5/h = 0.11Ca?". (b) Evolution of the normalized droplet speed Vp/J as a
function of capillary number Ca, solid line: Vp/J =1 + 1.1Ca%?.

Fig. 7. Initial stages of droplet ingestion. Time-series in the reference frame of the
droplet front: (i) droplet entering a steady viscous-stratified flow, (ii) strata
displacement and formation of a pinching neck (iii) propagation of closure front,
and (iv) zipping mechanism downstream from the droplet. Viscosity contrast y = 1/
105, flow rates in pl/min, Q; =5, Q> =20, and Q3 =1 (a), 2 (b), and 10 (c).

particular, since the droplet velocity Vp is larger than the average
stratification velocity Vs, the droplet displaces the high-viscosity
fluid L3 into the central stream. This effect causes the closing of
strata in front of the droplet. Fig. 7 displays the successive stages
of a droplet entering a viscous-stratified flow in the reference
frame of the droplet nose. The droplet emission frequency is cho-
sen low to give enough time for strata to repair between each drop-
let and the spacing ¢ between layers is initially constant. The first
stage corresponds to the displacement of L3 in the second junction
(Fig. 7i). As the droplet progresses inside the microchannel, the
droplet nose elongates to accommodate for the new viscous envi-
ronment and two symmetrical bulges grow from the high-viscosity
layers into the central stream (Fig. 7ii). These bulges are fed by the
displaced liquid L3 and form a pinching neck in front of the droplet.
The neck develops into a front that effectively closes the stratifica-
tions (i.e., ¢ » 0) ahead of the droplet (Fig. 7iii). The closure front
then propagates faster than the droplet suggesting a zipping mech-
anism (Fig. 7iv). The solid-like behavior of this propagation front is
interpreted as being due to the large viscosity coefficient 73 of
stratifications, which overall facilitates the diffusion of momentum
(Guyon et al., 2001). This process suggests an analogy with an
ingestion mechanism and locally produces a high-viscosity sur-
rounding for the first droplet. We observe that stratifications be-
tween each following daughter droplet are also closed and
droplets are nearly entirely enveloped with the high-viscosity fluid
L3.

5.2. Plume formation and evolution

A viscous plume is observed in the trail of the last droplet
(Fig. 8a). After the final droplet passes the source of injection of
the more viscous oil (i.e., second junction), stratifications progres-
sively recover their initial morphology. In the process, the distance
between strata ¢ decreases and the transition region between
plume and steady stratifications is slowly convected at a speed
on the order of Vs. As L2 enters the viscous constriction, the fluid
experiences a convective acceleration until the average velocity
reaches V¢~ Qq/(¢h). Since for y < 1, the central stream average
velocity is much greater than the stratifications velocity, V¢ > Vs,
the fluid L2 progressively fills a cavity between droplet and strata,
which leads to the formation of a plume. The plume evolution is
characterized by the formation and propagation of two viscous fin-
gers. We define the initial plume size Lpg when the strata front in-
verses curvature due to the drag exerted on its edges by the fast
flowing central stream (Fig. 8a — bottom). The plume is defined be-
tween the source of the fingers in the high-viscosity matrix and the
back of the droplet. We measure the size of the initial plume Lpq for
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Fig. 8. Plume formation in the trail of the last droplet translating in stratifications.
(a) Time-series of the “swallowing” of a droplet leading to plume formation,
At =10 ms, viscosity contrast y =1/105, flow rates in pl/min, Q; =5, Q2 =20, and
Q3 =10. (b) Evolution of the normalized initial plume length Lpo/h as a function of
flow rate ratio ¢. (c) Dimensionless plume length Lpo/h versus ¢y~ "2, solid line:
Lpo/h =0.05¢ 2.

the small three viscosity contrasts y as a function of the flow rate
ratio ¢ (Fig. 8b). This phenomenon is relatively complex and the
volume of the initial plume Voly~ (h — 26)?Lpy is determined
during the closing of back stratifications. Although, Lpy increases
with the flow rate ratio ¢, we also expect Lpg to be proportional
to the viscosity parameter ¥~/ since our scaling analysis suggests
that the slip ratio of compact viscosity-stratified microflows
depends on both ¢ and y~'2. Here, we empirically find that the
initial plume length Lpg is linearly proportional with the dimen-
sionless quantity @y /> according to Lpo/h=apy '? with
a=0.05 (Fig. 8c).

We examine the temporal evolution of the positions of the
droplet rear and plume along the observation channel (Fig. 9a).
The time is set to zero when the plume is fully developed, i.e., at
the moment when fingers emerge from the strata edges (Lp = Lpg).
The linear evolution of these structures indicates a constant veloc-
ity for both the droplet Vp = xp/t and the plume, which is assumed
to travel at the average stratification speed with Vs=xp/t. Since
Vp>Vs, the plume length Lp grows over time according to
Lp = Lpo + (Vp — Vs)t. The velocity ratio Vp/Vs between the droplet
rear and the plume is measured as a function of the injection flow

(a) t (ms) (b) 9

Fig. 9. Relative evolution of plume and droplet. (a) Temporal evolution of the
positions of the droplet rear (O) and the plume (), viscosity contrast y = 1/105,
flow rates in pl/min, Q; = 5, Q2 = 20, and Qs = 20. (b) Droplet-to-plume velocity ratio,
Vb/Vs, as a function of flow rate ratio ¢, viscosity ratio: y = 1/10 (), 1/105 (O), and
1/1057 ($). Solid line: Vp/Vs = 1.8¢%5.
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Fig. 10. Influence of film thickness 6 on plume morphology and viscous fingers.
Time-series in the reference frame of the back of the plume, viscosity ratio y =1/
105, (a) for 6~0, stratifications fully detach from the side-walls (¢ =1.5,
Ca~2 x 1073), (b) for low value of 5, droplets detach stratifications from the top
and bottom walls at their rear (¢ =1.25, Ca~ 1.4 x 1072), and (c) for moderate
value of ¢, the droplet create a cavity (¢ = 1.5, Ca~ 4.4 x 1072).

rate ratio ¢ (Fig. 9b). For a viscosity contrast y spanning over two
decades, data collapse onto a single curve that is well fit with the
scaling Vp/Vs = ap®>, with a = 1.8. This finding is in good agreement
with the observation of wide plumes for relatively large flow rate
ratios ¢ (and large spacing between strata ¢) and small plumes
for small flow rate ratio ¢ < 1. Further work is required to elucidate
the independence of the velocity ratio Vp/Vs from the viscosity con-
trast y. The morphology of the transition region between plume
and steady stratifications, however, evolves along the flow direc-
tion and partial lubrication phenomena are revealed by the pres-
ence of viscous fingers.

The plume morphology is rather intricate with the propaga-
tion of lubricated fingers in the center (Fig. 10). The fingers are
stretched from the high-viscosity streams and advected by the
low-viscosity fluid near V. Given the large difference in viscosity
between the fluids, fingers flow faster than the back of the plume
and, eventually, they close in on the droplet. Since the initial
plume morphology vaguely resembles a mushroom cloud, we
have opted for the term “plume” to describe the droplet wake
in the viscous stratifications. Fig. 10 displays time-series of the
fingers evolution in the reference frame of the back of the plume
for different capillary numbers Ca, i.e., for different thin film
thickness 5. We find that the lateral width of the plume wp re-
mains very similar to the lateral droplet width w=h —24. The
initial finger width is roughly proportional to the strata thickness
(h —¢€)/2 and, as the flow rate ratio ¢ decreases, fingers become
thicker. However, for a given ¢, the finger thickness decreases
over time to conserve mass. When 6 ~ 0, the plume fills the en-
tire channel (Fig. 10a) and strata fully detach from the walls. In
this case, secondary fingers are observed to grow from the pri-
mary finger tips due to the recirculation vortices produced at
the back of the translating droplet. In this example, we suspect
the presence of diffusion effects as indicated by the blur in the
miscible interface. For modest J, the plume is separated from
the walls by a thin film (Fig. 10b) and, for large ¢, the plume is
convected within the high-viscosity fluid (Fig. 10c). In this case,
a droplet can initiate the opening of strata in its trail (Fig. 10c
- top) and the high-viscosity fingers can buckle (Fig. 10c - bot-
tom). Incidentally in this example, the film thickness § is larger
compared to data shown in Fig. 6a because the droplet size
d<2h.

Overall, the presence of finger indicates an increase of the mis-
cible interface that enhances mixing between the low- and high-
viscosity fluids. This mechanism appears more effective for large
¢, i.e., when the high-viscosity fluid is slowly injected into the de-
vice, as well as when the droplet emission frequency is large com-
pared to the stratification healing period.
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Fig. 11. Time-series of a small droplet dynamics in highly viscous stratifications,
viscosity ratio x =1/1057, Ca~ 1.9, ¢ ~0.7. (a) Droplet deformation in a cavity
filled with low-viscosity fluid (At = 10 ms). (b) Multiple droplet snap-offs through a
viscous constriction (At=2 ms). (c) Coalescence between two daughter droplets
(At=2 ms).

5.3. Formation of low-viscosity conduits

The flow regimes associated with extremely small viscosity ra-
tios (y =1/1057) offer the opportunity to examine a variety of
intriguing fluid phenomena. The high-viscosity matrices act as
adjustable soft walls and induce droplet deformation, breakup,
and coalescence (Fig. 11). The large slip ratio between streams
facilitates the formation of channels inside the slow moving vis-
cous medium. In addition, since the system is in partial non-wet-
ting condition, we also find instances where the last daughter
droplet sticks to the walls near the entrance of the stratified field.
This droplet is then progressively displaced into the stratifications
yielding arrays of very small droplets. For ¢/h < 1, we observe
cases where the low-viscosity fluid surpasses a small droplet and
creates a cavity in its front (Fig. 11a). Deformable cavities can pro-
duce constrictions enabling the multiple snap-off of droplets
(Fig. 11b). Another example of interaction between droplets and
soft walls consists in the low-viscosity fluid invasion of closed stra-
ta between two consecutive daughter droplets that leads to their
coalescence (Fig. 11c). Finally, asymmetrical deformation of strati-
fications are found for large flow rate ratio ¢ > 50. In this case, a
droplet can channel through strata by deforming only the top layer
and leaving the bottom layer relatively unchanged.

6. Conclusions

In this work, we study the hydrodynamic coupling between
droplets and viscous stratifications using a square microchannel
with two focusing sections. A droplet is essentially pushed parallel
to flowing strips of different viscosities in a square duct. The large
difference in velocity between parallel streams produces a variety
of dynamics. Experiments are conducted with four stratification
viscosities covering three decades in viscosity ratio for the sepa-
rated flow.

We investigate the formation and morphology of stable viscous
stratifications in a square microchannel. The results indicate that
the viscous contributions to the system scale as x'/2. The condi-
tions for droplet breakup in a heterogeneous flow field are then
analyzed. We find that a high-viscosity fluid can be used to frag-
ment droplets into a controllable number of daughter droplets at
low speed. A phase-diagram is proposed where the size of the
mother droplet do/h is plotted as a function of a modified capillary

number based on the geometric mean of the viscosity coefficients
of the low- and high-viscosity fluids. The size of the first droplet is
found to depend solely on the flow rate ratio ¢ for small viscosity
ratios y < 10~". The difference in size between the first and the
second droplet is related to the main capillary number and the film
thicknesses between droplets and walls of the observation chan-
nel. The average droplet velocity is compared with the superficial
multiphase flow velocity as a function of the capillary number
and shows good agreement with previous theoretical work. We
also examine the path of a droplet across viscosity stratifications.
The closing of strata in front of the droplet and the formation of
a plume at the back of the last daughter droplet are observed.
The average velocity between the droplet and the plume is mea-
sured from high-speed movies and the formation and evolution
of viscous fingers from the edges of high-viscosity matrices are dis-
cussed. Finally, we report the formation of low-viscosity fluid con-
duits in high-viscosity medium and the concept of soft high-
viscosity walls is examined.

Overall, this study examines the possibility to probe novel mul-
tiphase flow scenarios using microfluidic devices. A difficulty in
miniaturized fluid systems consists in systematically establishing
transient flows, such as the propagation and evolution of viscous
fingers and plumes in microgeometries. Viscous-stratified flows
provide a means to build heterogeneous velocity fields and manip-
ulate dynamical structures convected at different speeds. This
study characterizes the behavior of deformable fluid particles
interacting with a structured medium. In particular, we show the
possibility to post-process microfluidic emulsions by modifying
the continuous phase as well as displace high-viscosity oil with a
low-viscosity emulsion in microgeometries. Future work will focus
on the influence of stratifications made with miscible fluids having
different interfacial tensions with droplets. The emergence and
control of transient fluid phenomena with continuous microflows
are promising for the development of new materials.
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