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Abstract We experimentally examine the dynamics of

droplet assembly and recombination processes in a two-

dimensional pore-model system. Monodisperse trains of

droplets are formed by focusing streams of immiscible fluids

into a square microchannel that is connected to a diverging/

converging slit microfluidic chamber. We focus on the limit

of dilute emulsions and investigate the formation and sta-

bility of crystal-like structures when droplets are hydrody-

namically coupled in the chamber. The minimal distance

between droplets and the spread of droplet lattices are

measured as a function of initial control parameters and the

relationship between droplet velocity and trajectory is dis-

cussed. We demonstrate that the onset of coalescence

depends on both the capillary number based on the viscosity

of the external phase and the droplet concentration. The

draining time of the thin film between droplets in apparent

contact is found to depend on fluid characteristics. Such

property allows us to examine the crossover between non-

coalescing and coalescing droplet microflows by varying the

residence time of the dispersion in the microfluidic chamber.

This work characterizes droplet interaction and coalescence

phenomena during multiphase transport in a simple exten-

sional microgeometry.

Keywords Multiphase flow � Pore � Emulsion �
Flow pattern � Lattice � Hydrodynamic coupling

1 Introduction

Liquid/liquid dispersions have a broad range of applications

in material synthesis and petroleum engineering (Larson

1999; Leal-Calderon et al. 2007). In the context of immis-

cible two-fluid flows in porous media, recombination pro-

cesses between droplets can significantly alter flow behavior.

Although droplet coalescence in air is relatively well

understood (Eggers 1997; Wu et al. 2004; Rabe et al. 2010),

less is known about droplet merging in flowing emulsions

(Yoon et al. 2005). For instance, two droplets in air coalesce

upon contact but this process is delayed in viscous environ-

ments due to the presence of a thin liquid film between

droplets (Jones and Wilson 1978; Aarts and Lekkerkerker

2008). As a result, two droplets, which appear to make

contact with one another in an external liquid phase, do not

necessarily coalesce even in the absence of surfactant. In

confined systems, variations and irregularities in the flow

geometry introduce additional complexities for predicting

and modeling droplet interactions and coalescence phe-

nomena during multiphase transport at the small-scale.

Microfluidic devices are useful for generating and

manipulating arrays of monodisperse droplets. The flow

combination of two immiscible fluids in microgeometries

produces many flow patterns (Thorsen et al. 2001; Dreyfus

et al. 2003; Hashimoto et al. 2008; Teh et al. 2008; Cottin

et al. 2011). Microfluidic droplets facilitate a variety of

controlled operations and can be used as microreactors for

encapsulating cells and chemicals (Brouzes et al. 2009; Gu

et al. 2011; Schultz and Furst 2011). Numerous methods

based on channel designs have been developed to produce,

transport, break, merge, and store droplets in microsystems

(Anna et al. 2003; Link et al. 2004; Tan et al. 2007; Bremond

et al. 2008; Cubaud 2009; Boukellal et al. 2009). An

important microfluidic component consists of a chamber
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made of a planar microchannel connected to multiple ports.

A recent theoretical study has shown the possibility to

assemble complex structures in a chamber using elaborated

time-dependent flows (Schneider et al. 2011). The formation

of compact three-dimensional droplet arrays was achieved

by controlling the ratio of the chamber height to the droplet

diameters in conjunction with several small inlet channels

(Hatch et al. 2011). At the transition between a single inlet

channel and a wide two-dimensional cell, droplets having a

very low interfacial tension with the continuous phase can

stretch normal to the main flow direction and breakup into

complex arrays (Hashimoto et al. 2008). Overall, chambers

are useful for manipulating microfluidic droplets and provide

insights for displacing immiscible fluids in porous media.

In this work, we study the flow behavior of droplets as

they traverse a microfluidic chamber designed as a slit

diverging/converging channel. The flow geometry repre-

sents a simplified model system of a two-dimensional pore

with practically ‘‘stagnant pockets’’. This type of inter-

connected pore is often encountered in natural porous

matrices (Bear 1972). The extensional geometry also offers

new functionalities for probing multiphase flows. For

instance, separated flows (i.e., core-annular flows) can

experience a significant lubrication failure in a planar flow

cell (Darvishi and Cubaud 2011) and dispersed flows of

droplets can form an effective jet or ‘‘spray’’ of droplets

(Cubaud and Mason 2007). In this study, we examine drop

hydrodynamic coupling and the relationship between dis-

persed and separated flows with high-viscosity fluids in

microfluidic chambers.

The article is organized as follows. First, we charac-

terize the microfluidic design, apparatus, and physical

properties of fluids used in the study. Continuously

focusing immiscible fluid streams into a square channel

generates regular trains of monodisperse droplets upstream

from the chamber. As this method sets the initial flow

conditions prior to the pore, we determine the relationships

between droplet size, distance, and velocity in the square

channel as a function of flow rates of injection and fluid

properties. Downstream, droplets enter the chamber and

form a variety of compact lattices. The central part of this

paper is devoted to examining the morphology and

dynamics of these arrangements. The morphological study

includes discussions of the evolution of the droplet distance

and the spread of the effective droplet spray in the cham-

ber. Then, we investigate the dynamics of droplet assembly

by recording and comparing droplet velocities and resi-

dence times in the cell with theoretical predictions. The

final part deals with the recombination processes occurring

in various droplet lattices. We measure the critical droplet

concentration for the onset of coalescence as a function of

the capillary number and we demonstrate that the time

required for the intercalating film between two nearby

droplets to drain and permit coalescence is proportional to

the viscous-capillary time-scale based on the viscosity of

the external fluid.

2 Experimental setup

The microfluidic platform consists of a double-side-pol-

ished silicon piece sandwiched between two borosilicate

glass slides. Microchannels are etched through the entire

height of the silicon wafer (h = 250 lm) using deep

reactive ion etching. Glass pieces are sealed on each side of

silicon using anodic bonding. This method is used to make

high-pressure, non-deformable microflow devices having

the top and bottom walls made of glass and the sidewalls

made of silicon. The fluidic system is composed of four

consecutive elements including: (1) a right angle focusing

section with square microchannels to generate arrays of

monodisperse droplets, (2) a long inlet square microchan-

nel of width h and length 20h, (3) a diamond-shaped

diverging-converging slit microfluidic chamber of width

w = 20h, and (4) an outlet square microchannel (Fig. 1).

The large chamber aspect ratio, w/h = 20, is chosen to

provide a two-dimensional flow approximation (i.e., Hele-

Shaw flow). The microfluidic module is placed on top of an

inverted microscope, which is equipped with a high-speed

camera (Redlake, HG-100 K), and a fiber-optic bundle

connected to a 150 W halogen bulb is placed above the

microchannel to provide a collimated light source. Droplets

are generated by introducing the liquid 1 (L1) of viscosity

g1 into the central channel with a volumetric flow rate Q1

and the liquid 2 (L2), having a viscosity g2, into the side-

channels with a total flow rate Q2. Each channel is fed

independently with fluids that are injected into the device

using high-pressure syringe pumps. The role of the long

inlet square microchannel is to decorrelate droplet

Fig. 1 Schematics of microfluidic module with focusing section,

inlet square microchannel, chamber, and outlet channel (see text for
details)
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production from droplet arrangement in the chamber. The

reference point (x, y) = (0, 0) is set at the transition

between the square and the diverging microchannels. In the

chamber, single-phase flows at low Reynolds numbers can

be described as a combination of a virtual point source and

point sink separated by w = 20h. However, given the finite

size of the inlet and outlet square channels of width h, the

effective length of the microfluidic chamber is wL = 19h.

Droplets are made of a mixture of water and glycerol

(WG) and the continuous phase is composed of silicone

oils (PDMS). Four fluid pairs with different viscosity ratios

v = g1/g2 and similar interfacial tensions c12 are examined

in the absence of surfactant, i.e., for a clean interface

(Table 1). The viscosity of fluid L1 is chosen large to

examine the behavior of droplets made of high-viscosity

fluids in bounded microflows. The interfacial tension c12

between liquids is measured using the combined capillary

rise method (Rashidnia et al. 1992) and the viscosity of

water–glycerol mixtures is measured using viscometer

tubes. Since silicon and borosilicate glass have similar

wetting properties, we measure the dynamic wetting

properties of L1 on borosilicate glass when immersed in a

bath of L2 using a goniometer and a capillary tube con-

nected to a syringe pump for droplet feeding. When the

contact line velocity V ? 0, the advancing contact angle is

hA & 95 ± 10�. Varying the speed of the contact line and

fitting data with the hydrodynamic theory of dynamic

contact angles (Blake 2006), h = hA ? aCa1/3 with

a being a constant, indicates that the advancing contact

angle hA tends to 180� for capillary numbers Ca = g2V/

c12 * 10-3. In this work, droplets are steadily generated

above this critical capillary number and do not wet the

walls of the inlet square microchannel. For all experiments,

the Reynolds number Re is calculated based on the vis-

cosity of the external fluid and ranges between 8 9 10-3

and 4 in the chamber.

3 Droplet formation

The initial morphology of the microfluidic emulsion is

examined in the inlet square microchannel. Adjusting the

flow rates Q1 and Q2 permits the control of droplet length

d0 and spacing L0. Two important dimensionless quantities

are the flow rate ratio u = Q1/Q2 and the droplet concen-

tration (or volume fraction) a1 = Q1/(Q1 ? Q2). For dilute

systems (a1 B 0.5) in the dripping regime, the droplet

production mode is characterized by a pseudo-constant

droplet size d0 * h with large variation of the droplet

spacing L0. In contrast, the continuous microflow genera-

tion of concentrated emulsions (a1 C 0.5) is characterized

by a droplet spacing that remains nearly constant

L0 * h and a wide change in droplet size d0. Here, we

focus on dilute systems as this regime allows for building

elaborated droplet assemblies in the chamber. For large

viscosity ratio v C 22, previous study on droplet formation

in square hydrodynamic focusing sections (Cubaud and

Mason 2008a) showed that the droplet size scales with

a2Ca2 where a2 is the volume fraction of the continuous

phase (i.e., a2 = Q2/(Q1 ? Q2) = 1 - a1) and Ca2 is the

capillary number associated with the superficial velocity of

the continuous phase at the junction (i.e., Ca2 = g2Q2/

(c12h2)). In the dilute regime, we measure the normalized

droplet size d0/h as a function of a2Ca2 and find that the

relationship d/h = 0.5(Ca2a2)-0.17 shows agreement with

experimental data for u\ 0.8 (Fig. 2a). We note a

departure from this scaling for droplets having a low vis-

cosity contrast with the external phase. Overall, experi-

ments are conducted with a droplet size d0/h ranging

between 0.7 and 1.8. Although the change in droplet size is

relatively modest, it has implications on flow dynamics.

The droplet velocity in the square channel V0 is mea-

sured from high-speed movies and compared with the

multiphase flow superficial velocity J0 = (Q1 ? Q2)/h2 as

a function of the capillary number Ca = g2J0/c12 in the

square channel (Fig. 2b). Similar to the theory of elongated

bubbles and droplets in circular and polygonal capillaries

(Bretherton 1961; Ratulowski and Chang 1989; Wong et al.

1995), the droplet speed exceeds the superficial velocity

and data are fit with the function V0/J0 = 1 ? aCa2/3, with

a = 2.5. The scatter is due in part to the variety of droplet

sizes obtained at similar capillary numbers. The droplet

size and shape modify the drag force exerted by the

external fluid but the general trend for small droplets

compares well with that of elongated droplets. The multi-

phase flow production is steady when droplets are

Table 1 Properties of pairs of liquids

Fluid pair L1 g1 (cP) L2 g2 (cP) v c12 (mM m-1)

G1 WG 80 36 PDMS 0.82 44 33.8

G2 WG 92 272 – 19.0 14.3 30.4

G3 WG 80 36 – 4.59 7.8 33.7

G4 – 36 – 19.0 1.9 33.0

Droplets are made of L1 and the continuous phase is composed of L2. The volume percentage of glycerol in the water/glycerol mixture (WG) is

given for L1. The viscosity ratio is v = g1/g2 and the interfacial tension is c12
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dynamically non-wetting the walls (i.e., for Ca [ 10-3).

For larger capillary numbers Ca * 10-1, satellite droplets

are observed during breakup. The sizes of satellite droplets,

however, are negligible compared to the dimensions of the

main droplets and such droplets do not significantly influ-

ence the system.

In the dilute emulsion regime, the distance between

droplets L0 can be controlled over several orders of mag-

nitude. This property is advantageous for examining

hydrodynamic coupling between droplets. In Fig. 2c, the

droplet spacing normalized by the droplet size L0/d0 is

measured as a function of the flow rate ratio u. While the

droplet size d0 depends on both the volume fraction a2 (or

flow rate ratio since 1/a2 = 1 ? u) and the capillary

number Ca2, mass conservation in segmented flow suggests

a simple scaling: L0/d0 * Q2/Q1, which is independent of

the absolute flow velocity (i.e., the capillary number). Here,

experimental data fit very well with the expression

L0/d0 = 0.45u-1. This property is shared between liquid/

liquid and liquid/gas microfluidic multiphase flows in the

absence of significant compressibility effects (Sun and

Cubaud 2011). The initial distance between two consecu-

tive droplets L0 is used as a control parameter to describe

droplet arrangements in the microfluidic chamber.

4 Microfluidic droplet sprays

4.1 Phase-diagram

In the diverging–converging channel, droplets can form

compact multi-layer flow arrangements (Fig. 3a). Droplets

previously elongated in the square channel (d0 [ h) adopt a

symmetric circular shape as they experience a change in

confinement when they enter the chamber. On average, the

number of droplets in the chamber remains constant since

Fig. 2 Characteristics of microfluidic emulsions in the inlet square

microchannel. Symbols of different fluid pairs: G1 (diamond), G2

(square), G3 (triangle), and G4 (circle). a Normalized droplet length

d0/h as a function of Ca2a2, solid line: d/h = 0.5(Ca2a2)-0.17.

b Droplet velocity V0 normalized with total superficial velocity J0

as a function of capillary number Ca in the square channel. Solid line:

V0/J0 = 1 ? 2.54Ca2/3. c Initial distance between two consecutive

droplets in the square channel normalized with droplet diameter L0/d0

as a function of flow rate ratio u. Solid line: L0/d0 = 0.45u-1

Fig. 3 a Formation of multiple layers in the microfluidic chamber,

fluid pair G4. Flow rates in ll/min, Q2 = 400 (i) one layer, Q1 = 14;

(ii) two layers, Q1 = 30; (iii) three layers, Q1 = 40 and (iv) six layers

formation Q1 = 85. b General phase diagram with all fluid pairs, G1

(diamond), G2 (square), G3 (triangle), and G4 (circle). Shaded
region: stagnation of droplets at low capillary numbers; dashed-line
(1) Ca = 1.5 9 10-2; dashed-line (2) L0/d0 = 10
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the time-average number of incoming droplets is identical

to the number of droplets exiting the chamber. The for-

mation of regular and irregular packing structures depends

on the initial droplet concentration in the square channel.

For large initial spacing (L0/d0 [ 10), droplets form a

single layer in the chamber. As L0/d0 is progressively

lowered, ordered arrangements of two, three, or six layers

of droplets are observed (Fig. 3a). To our surprise, no

occurrence of four or five ordered layered arrangements is

obtained. Rather, a complex transition regime is seen from

three- to six-layered arrangements. Our cell shape and

aspect ratio (w/h = 20) appear to prevent the formation of

regular structures with more than six layers. While droplets

are generally monodisperse, small size differences con-

tribute to the formation of irregular layers.

A general phase-diagram of flow patterns obtained for

all fluid pairs is displayed in Fig. 3(b). For low inlet cap-

illary numbers Ca \ 1.5 9 10-2, a few droplets attach to

the top and bottom walls in the diverging channel. This

stagnation regime is related to the dynamic wetting prop-

erties of our system. Indeed, in the center on the chamber,

the superficial flow velocity is reduced by a factor

w/h = 20 compared to the square channel velocity J0.

Therefore, droplets can partially wet the glass substrate in

the chamber for Ca/20 \ 10-3. In this case, the contact

angle hysteresis yields a droplet adhesion force on the solid

that is larger than the drag force exerted by the external

fluid L2. The critical value of the local capillary number

(Ca * 10-3) for droplet detachment from our surface

compares well with previous work on bubbles adhesion in

slit microchannels (Blackmore et al. 2001). The viscosity

of the external phase g2 also plays an important role in the

formation of droplet assemblies. Over the range of

parameters investigated, ordered layered arrangements are

observed for fluid pairs G2 and G4, which have a relatively

viscous continuous phase (g2 = 19 cP). In contrast, for a

less viscous external phase g2, experiments with fluid pairs

G1 and G3 yielded only one-layered arrangements since

droplets in close proximity are found to rapidly coalesce,

which significantly alters flow morphologies.

4.2 Distance between droplets

The distance between two consecutive droplets L is an

important factor governing flow assembly. In the chamber,

L is a function of the spatial coordinate x. One-row

arrangements (n = 1) are characterized by a droplet tra-

jectory following a straight line. In this regime, the con-

tinuous measurement of L(x) is performed using

spatiotemporal diagrams. Such diagrams are created from

high-speed movies by plotting a line along the micro-

channel axis x at y = 0 and using the ‘‘reslice’’ function in

ImageJ. Fortran routines are then implemented to extract

the time and position of droplets. For a given droplet pair at

the instant t, the rear position of the first droplet xR(t) and

the front position of the second droplet xF(t) are used

to compute L(t) = xR(t) - xF(t). The spatial coordinate

associated with L corresponds to the average position of the

droplet pair x = [xR(t) ? xF(t)]/2 (Fig 4a). Figure 4b dis-

plays the evolution of the droplet distance normalized by

the initial distance L/L0 in the square microchannel. This

method shows that L is minimal at the center of the cell,

LM = L(x = wL/2), which corresponds to the transition

between the diverging and the converging channel. In the

very dilute regime, the normalized distance is seen to

decrease in the inlet channel since the first droplet decel-

erates in the chamber, while the second droplet has a

constant velocity the inlet channel. Using the constant-

speed property in the inlet channel allows for calculating

very large initial distance L0 by extrapolating spatiotem-

poral diagrams for the dilute case. For a variety of fluid

pairs and flow rates, we measure the minimal distance

between droplets LM/d0 as a function of the initial droplet

train morphology factor L0/d0 and find that the curve

LM/d0 = 5 9 10-3(L0/d0)1.6 fits data well (Fig. 4c). The

minimum distance is negligible for L0/d0 \ 10. In this case,

droplets are strongly coupled with one another and form

multi-layer arrangements. Above this critical value, the

minimum distance LM monotonically increases with L0 and

droplets behave independent of one another. Our

Fig. 4 a Evolution of the distance between two droplets L(x) in the

chamber for one-layer arrangement (very dilute emulsion), fluid pair

G4, flow rates in lL/min, fixed side flow rate Q2 = 400 and varying

Q1 = 2, 4, and 10 (from top to bottom). b Droplet spacing

L normalized by initial spacing L0 as a function of dimensionless

position x/h. c Evolution of normalized minimal distance LM/d0

between two droplets as a function of droplet train aspect ratio L0/d0,

fluid pairs G1 (diamond), G2 (square), G3 (triangle), and G4 (circle),

solid line: LM/d0 = 5 9 10-3(L0/d0)1.6
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experimental data suggest that the critical value for the

crossover between collective and individual droplet

behavior, L0/d0 * 10, is imposed by the aspect ratio of the

chamber w/h = 20 since d0 * h and xM = wL/2.

4.3 Envelope of droplet streams

The microfluidic chamber offers the possibility to study the

formation of compact arrays of droplets confined by the

flow of the external fluid L2. The dense stream of droplets

or ‘‘spray’’ remains enclosed within an envelope of

amplitude A that typically increases with the dispersed

phase concentration a1 (Fig. 5a). The evolution of the

envelope amplitude A(x) for each flow configuration is

calculated from a composite image made by superimposing

consecutive micrographs from a high-speed movie. The

droplet lattice is widest in the center of the cell Amax =

A(x = wL/2), similar to a stream made of continuous fluid

(Darvishi and Cubaud 2011). This property results from

mass conservation since the minimal droplet distance LM is

also found at this location. The shape of the envelope is

determined by the chamber geometry. A typical experi-

ment consists in fixing the side flow rate Q2 and increasing

Q1. In the one-layer arrangement, the maximal envelope

amplitude is constant Amax * d, where d is the diameter of

the droplet in the chamber (Fig. 5b). As Q1 augments, Amax

reaches various steps corresponding to different layered

patterns. A collection of two-dimensional droplet lattices is

observed, including hexagonal close packing, centered

regular packing, hexagonal dilute packing, and random

close packing (Fig. 5c). The most compact arrangement is

obtained for hexagonal close packing and the amplitude An

associated with n rows of droplets is An = d [1 ? (n - 1)

(3/4)1/2]. The calculated amplitudes An are displayed in

Fig. 5b and overall show good agreement with the mea-

sured maximal amplitudes Amax associated with each row.

A comparative study is conducted between streams

made of discrete droplets and streams made of continuous

fluid. In a plane channel of width w, the thickness e of a

hydrodynamically focused stream of miscible fluid having

the same viscosity as the sheath fluid follows the expres-

sion e/w = (1 ? u-1)-1 (Cubaud and Mason 2008b). In

Fig. 5d, we plot this relation for the continuous fluid

thickness e/w along with the maximum amplitude Amax/

w of droplet streams as a function of the flow rate ratio u.

A major difference between the two cases occurs for low u
since the amplitude Amax of the droplet stream remains

constant for one-layer arrangements and is equal to

d * h = w/20 given the chamber aspect ratio. For larger

droplet concentrations, however, a more direct comparison

can be drawn between Amax and e using the packing factor

a, which is defined as the fraction of volume occupied by

droplets in a unit lattice structure. A two-dimensional

hexagonal close arrangement of spheres of diameter

d * h has a packing factor a = (pd3/12)/[(3)1/2d3/

4] & 0.6. Balancing the volume flow rate of a continuous

stream Q = Vhe with the effective flow rate of the stream

made of droplet Qd = VhAmax such as Qd = aQ yields

Amax = ae & 0.6 h(1 ? u-1)-1. This relation is plotted in

Fig. 5d and show good agreement with the smallest mea-

sured values of Amax/w. The upper value of Amax appears to

correspond to a lower packing factor a & 0.4 and is

associated with random packing.

4.4 Velocity and residence time in the chamber

The multiphase superficial velocity J is modified in the

microfluidic chamber. The creeping flow situation (i.e., low

Reynolds number Re) permits a simple expression for

J(x) using a source and a sink flow approximation. In the

diverging channel (x B wL/2), the velocity decreases as

J = J0/(2x/h ? 1) until it reaches J = J0/20 for x = wL/2

at the transition between the diverging and the converging

channel. In the converging section (x [ wL/2), the flow

experiences a similar convective acceleration until J = J0

for x = wL. To examine droplet motion in the chamber, the

Fig. 5 a Spatial evolution of the envelope amplitude A/w for fluid

pair G4 and fixed Q2 = 400 lL/min, with Q1 = 120, 100, 85, 40 30,

13 lL/min (from top to bottom). Inset: micrograph with superimpo-

sition of envelope amplitude. b Maximum amplitude normalized by

droplet diameter in the chamber Amax/d as a function normalized

distance between droplets L0/d0 with amplitude An associated with

n rows of hexagonal close packing of spheres between two plates

(fluid pair G4 with constant Q2 = 400 lL/min and varying Q1).

c Examples of droplet arrangements: (i) hexagonal close packing (ii)
centered rectangular packing (iii) hexagonal dilute packing, (iv)

random close packing. d Evolution of dimensionless maximum

amplitude Amax/w as a function of flow rate ratio u with equivalent

width e of a continuous fluid stream in the chamber, fluid pairs G1

(diamond), G2 (square), G3 (triangle), and G4 (circle)
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droplet velocity V(x) is normalized by the initial droplet

velocity V0 in the square channel. For one-row arrange-

ment, the droplet velocity is calculated from processing

spatiotemporal diagrams (created from a straight line in

y = 0) such as V(x, t) = dx/dt where x = (xF ? xR)/2 with

xF being the front location and xR the rear location of the

same droplet. In multi-layer formation, the velocity and

trajectory of each droplet are found using the ‘‘Manual

Tracking’’ plug-in in ImageJ. Figure 6a shows a time series

of the trajectories of six consecutive droplets for n = 6.

Droplets are periodically deposited into the upper and the

lower branch similar to thread folding (Cubaud and Mason

2006; Chabert and Viovy 2008). Trajectories resemble that

of the continuous phase streamlines and can be roughly

modeled as circular arcs between a source and sink located

inside the chamber at x & h (i) and x & wL - h, respec-

tively. In this example, the separation point for trajectories

of the three droplets in the upper branch (ii) is located

further downstream. A similar behavior is observed for the

two droplets near the edge (iii). The normalized local

velocity of each droplet V/V0 is computed from experi-

mental movies and show good agreement with the model

velocity and the velocity extracted for n = 1 (Fig 6b). In

the region where J changes significantly, droplets tend to

adopt a smoother velocity that our simple prediction. An

intriguing effect of droplet assembly is that the velocity of

droplets near the envelope edge is similar to the one

associated with droplets in the center of the envelope with

V/V0 & J/J0. Indeed, the distance traveled by droplets near

the edge only slightly surpasses the distance in the center of

the chamber at y = 0. As a result of this property, droplet

lattices flow such as a solid crystal of droplets having a

velocity equivalent to a one-row arrangement. Droplets are

found to exit the channel in the same order of entrance.

Using the symmetry between the diverging and con-

verging channels, the residence time sR,theo is calculated by

integrating dsR = [2/J(x)]dx for x varying from 0 to wL/2

and yields sR,theo = wLwh/(Q1 ? Q2). For a variety of

droplet arrangements, the residence time sR,exp is experi-

mentally measured from movies and overall shows good

agreement with sR,theo (Fig. 6c). Small residence times are

typically associated with large capillary number Ca and

sR,exp are lower than the calculated values indicating that

droplets travel faster than J as shown in Fig. 2b. In general,

this system allows for modulating the residence time in the

chamber with flow rates of injection regardless of the flow

morphology. The residence time is an important quantity

for estimating coalescence events between droplets.

4.5 Droplet coalescence

Microfluidic chambers are useful for merging two con-

secutive droplets in mixing applications (Lai et al. 2009;

Shemesh et al. 2011). When two droplets make direct

contact, capillary forces join them together over a short

period of time, which defines the coalescence time-scale

sc \ 10-3 s. This mechanism is nearly spontaneous for two

droplets in close proximity in air. In a viscous environment,

however, two droplets in apparent contact do not neces-

sarily rapidly coalesce even in the absence of surfactant.

Indeed, one needs to consider the draining time required

for displacing the thin liquid film between two droplets.

Measurements of draining times are relatively scarce in the

literature due to the difficulty in manipulating individual

droplets in a viscous matrix (Yang et al. 2001; Yoon et al.

2005). Here, different sets of experiments are conducted

for each fluid pair by fixing Q2 and progressively increas-

ing Q1. For large initial distances L0/d0 [ 30, no coales-

cence is observed since the minimal distance between

droplet is always LM [ 0. As L0/d0 decreases (or Q1

increases), however, various coalescence regimes are

observed. The fusion of two droplets produces a larger

droplet, which is displaced at a lower speed due to its

Fig. 6 a Temporal evolution of the trajectories of six successive

droplets in a six-layer arrangement (fluid pair G4, flow rates Q1 = 80

and Q2 = 400 lL/min) (i) separation point for trajectories between

the upper and lower branches, (ii) separation point for three droplets

in the upper branch, (iii) separation point for two droplets at the edge

of the upper branch. b Evolution of droplet velocity V normalized by

inlet velocity V0 as a function of location x/wL with model velocity,

single-layer (fluid pair: G4, flow rates Q1 = 6 and Q2 = 200 lL/min)

and multi-layer velocities corresponding to (a). c Measured residence

time sR,exp versus theoretical residence time sR,theo, solid line:

sR,exp = sR,theo, fluid pairs G1 (diamond), G2 (square), G3 (triangle),

and G4 (circle)
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increased drag (Blackmore et al. 2001). For low capillary

numbers and n = 1, incoming droplets merge with larger

front droplets and steady regimes where fused droplets

made of three or four initial droplets are observed (Fig. 7a).

Over the range of parameters investigated, droplets made

of more than five initial droplets become stagnant and

produce the ‘‘stagnation regime’’ for very low Ca. For

moderate capillary numbers, steady binary droplet coales-

cence regimes characterized by leading droplets made of

two initial droplets are also observed (Fig. 7b). The slow

motion of a leading droplet in one-row arrangement can

lead to the buckling of the droplet chain, as indicated by the

arrows in Fig. 7b. For large capillary numbers, although

coalescence events do occur, they remain relatively rare.

Using our experimental protocol, we progressively

decrease L0/d0 and note the critical value where the first

droplet coalescence is observed as a function of the cap-

illary number Ca = g2J0/c12 (Fig. 7c). Experimental data

show that the critical L0/d0 decreases with Ca according to

L0/d0 = 4.8Ca-0.32. This finding gives evidence that the

critical droplet concentration a1C for coalescence in a

microfluidic chamber increases with the capillary number

according to a1C & (1 ? 10.7Ca-0.32)-1. In other words,

the stability of dilute emulsions in microgeometries

improves with the speed of injection. The draining time sD

required for two droplets to coalesce is measured by

counting the number of frames in a movie between the first

contact and coalescence (Fig. 7d). Data suggest that the

draining time sD is proportional to the viscous-capillary

time-scale scap = g2h/c12 with a functional relationship

such as sD * 103scap. Experiments conducted at different

injection speeds do not show any particular influence on

the draining time sD as would be expected for creeping

flows. This work shows that the droplet viscosity g1 does

not play a significant role in triggering coalescence pro-

cesses. In contrast, the influence of the absolute viscosity of

the external phase g2 is paramount. Overall, a method for

predicting coalescence processes consists in comparing the

draining time sD with the droplet residence time sR in the

chamber: for sD \ sR coalescence is significant while for

sD [ sR droplets behave as solid spheres.

Coalescence processes are known to introduce signifi-

cant structural rearrangements in concentrated dispersions

(Larson 1999). Here, in one-layer arrangement, the out-

come of recombination consists in the formation of a row

of larger droplets in the converging section. For multi-layer

arrangements, a variety of situations are observed as a

function of flow conditions. The actual merging of two

adjacent droplets typically introduces local transient flows

around the droplets that alter interstitial spaces between

neighboring droplets, which may trigger their fusion sim-

ilar to a chain reaction. Figure 8a displays the time-series

of a coalescence cascade in two-row arrangements. Two

droplets in close proximity fuse and create a larger, slow

moving droplet that collects new incoming droplets. For

larger n, the position of surrounding droplets is directly

affected by a single coalescence event. For n = 3, the

merging of two droplets in the center row can produce a

larger droplet with eight neighboring droplets circularly

aligned (Fig. 8b). Coalescence avalanches are more likely

to occur in compact arrangements with n = 6. For

Fig. 7 Onset of coalescence in the microfluidic chamber. Time-series

of successive droplet coalescences for one-row arrangement (n = 1),

fluid pair G3: a low capillary number Ca & 1.5 9 10-2, Dt =

48 ms; b moderate capillary number Ca & 3 9 10-2, Dt = 9 ms.

Arrows show next droplet coalescence and buckling of droplet chain.

c Diagram of first coalescence observed as L0/d0 is progressively

decreased, fluid pairs G1 (diamond), G2 (square), G3 (triangle), and

G4 (circle), solid line: L0/d0 = 4.8Ca-0.32. d Comparison between

measured draining time sD and calculated viscous capillary time-scale

scap, solid line sD = 103 scap

Fig. 8 Examples of droplet rearrangement processes due to coales-

cence, fluid pair G4. a Coalescence cascade in a two-row arrangement

(n = 2), flow rates Q1 = 25 and Q2 = 400 lL/min. b Droplet merg-

ing in a three-row arrangement (n = 3), flow rates Q1 = 50 and

Q2 = 400 lL/min. c Coalescence avalanche in a six-row arrangement

(n = 6), Q1 = 41 and Q2 = 200 lL/min
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instance, the merging of two droplets in Fig. 8c induces the

coalescence of two other droplets in the immediate vicinity

of the first coalescence. In turn, the second coalescence

event displaces nearby droplets and generates a third coa-

lescence. Similar coalescence fronts were recently

observed for concentrated microfluidic emulsions (Bre-

mond et al. 2011). Overall, our study shows that although

the coalescence phenomenon may appear as a random

process, it can be manipulated with the convective time-

scale (i.e., residence time of droplets) in microgeometries.

5 Conclusion

In this study, the flow behavior of a stream of droplets in a

microfluidic chamber is quantitatively discussed. Four

immiscible fluid pairs having different viscosities and sim-

ilar interfacial tensions are examined. Generating droplets at

the junction of a focusing section permits the manipulation of

the incoming monodisperse droplet train aspect ratio L0/d0

with the injection flow rates. Fluid flow rates are selected to

produce droplets having a size similar to that of the micro-

channel height h. First, we show that the initial droplet train

aspect ratio in the square channel is inversely proportional to

the flow rate ratio such as L0/d0 = 0.45u-1. The resulting

flow patterns in the chamber consist in stagnation flow for

low capillary number Ca \ 1.5 9 10-2 and one-row

arrangement of droplets for L0/d0 [ 10. As the initial dis-

tance between droplets decreases, compact droplet lattices

having different numbers of rows n are observed. For dilute

emulsions, the minimal distance between droplets LM is

found in the middle of the chamber and can be fit with

LM/d0 = 5 9 10-3(L0/d0)1.6. The maximal amplitude of the

droplet school envelope Amax is compared with the spread of

a continuous fluid focused by a sheath fluid taking into

account the packing factor a of solid spheres between two

plates according to Amax & ah(1 ? u-1)-1. The width of

the droplet stream agrees well with a packing factor a ranging

between two-dimensional hexagonal close packing

(a & 0.6) and an arbitrary random packing factor

(a & 0.4). The evolution of the droplet velocity in the

channel compares with the local multiphase superficial

velocity. In particular, we show that droplets are displaced at

the same velocity in compact arrangement. In addition,

measured droplet residence times in the cell are found to

follow the theoretical relationship sR,theo = wLwh/

(Q1 ? Q2). Finally, the relationship between droplet con-

centration and the injection capillary number for the onset of

droplet coalescence in a pore is established. We demonstrate

that the relevant factor for determining the onset of coales-

cence is the external phase viscosity g2 and experimental

correlations suggest that the maximal droplet concentration

before coalescence is a1C & (1 ? 10.7Ca-0.32)-1. Our

experimental findings show that the film draining time sD

between droplets in apparent contact is proportional with the

viscous-capillary time scale, sD * 103scap.

Overall, this study shows the possibility to control

coalescence processes with flow rates of injection in

microchannels. In the absence of coalescence and for

moderate capillary numbers, droplets can be simply mod-

eled as solid spheres. Numerical simulations of droplets

flows in constrained geometries would provide additional

insights for modeling immiscible multiphase flows in natu-

ral porous media, such as the ones encountered in oil res-

ervoirs. Our study of droplet behavior in a simplified pore

model highlights the interplay between droplet hydrody-

namic coupling and coalescence phenomena. In microfluidic

networks, a simple practical solution for preventing droplet

coalescence in the absence of stabilizing agents (i.e., sur-

factants) is to use an external phase having a large viscosity

coefficient in conjunction with large flow rates of injection.
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