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Synopsis

The effects of geometrical confinement and viscosity ratio on droplet coalescence in shear flow are

experimentally investigated by means of a counter rotating parallel plate device, equipped with a

microscope. The ratio of droplet diameter to gap spacing is varied between 0.03 and 0.33 to study

both bulk and confined conditions. Three grades of a Newtonian droplet material are combined

with a Newtonian matrix, resulting in three different viscosity ratios, namely, 0.1, 1.1, and 2.6. The

effects of confinement are qualitatively similar for all three viscosity ratios. For each system,

confinement decreases the coalescence angle and renders coalescence possible up to higher

capillary numbers and initial offsets. Moreover, for all three viscosity ratios, confinement induces a

lower initial offset boundary below which the approaching droplets reverse flow direction without

coalescence. However, there are quantitative differences between the systems. With increasing

viscosity ratio, the critical capillary number and critical upper and lower offset boundaries

decrease. Since the decrease of the upper offset boundary is more predominant, the coalescence

efficiency decreases with viscosity ratio. The droplet trajectories of interacting droplets are affected

by both the viscosity ratio and geometrical confinement, which clearly has implications on the

coalescence behavior. VC 2014 The Society of Rheology.
[http://dx.doi.org/10.1122/1.4897266]

I. INTRODUCTION

Polymer blending is a fast and economic route to produce new materials with

enhanced properties. The properties of an immiscible blend not only depend on the prop-

erties of the component materials but are also affected by the droplet size and its distribu-

tion. The latter is determined by a balance between droplet breakup and coalescence.

These processes can occur simultaneously when the blends are subjected to complex flow

fields during processing. Nowadays, there is a growing interest in small scale mixing

equipment [Son (2009); Cassagnau and Fenouillot (2004)]. Especially during the research

and development stage of polymer blends and composites, these devices can be very use-

ful. Due to the small scale of these processing devices, interactions of the droplets with

the walls cannot be excluded. Although the flow in mixing devices is in principle a
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combination of shear and extension, shear flow is often the main flow component. Hence,

to gain fundamental insight in the effects of wall proximity (¼confinement effects) dur-

ing processing, a large amount of research has been devoted to morphology development

in confined shear flow.

For droplet-matrix systems in confined shear flow, interesting new phenomena were

observed. For example, when shearing concentrated blends in a confined parallel plate

geometry, Migler (2001) found a droplet-to-string transition with a pearl necklace mor-

phology as an intermediate regime. Pathak et al. (2002) reported that pearl necklaces can

occur as a stable morphology; layered morphologies can also form as a result of droplet

interactions. Moreover, for low viscosity ratio systems shear-induced banding, i.e., the

formation of alternating regions of high and low volume fractions of droplets, was

reported due to confinement [Caserta et al. (2008); Caserta and Guido (2012)]. These

morphologies certainly have potential for applications such as the production of wires

and fibers [Migler (2001)]. However, fundamental insight in the formation of these super-

structures is still lacking. Obviously, coalescence plays a key role in their formation. To

develop a thorough understanding of morphology development in confined flow, studies

in which either droplet breakup or droplet coalescence are studied separately, are

essential.

For a fundamental investigation of the effects of confinement on droplet coalescence,

the study of the interaction and coalescence of isolated droplet pairs is a good approach.

Coalescence of an isolated droplet pair has typically been described as a three stage pro-

cess [Chesters (1991)]. The first stage is the approach of the droplets as a result of the

flow. When the distance between the droplets becomes small, the matrix fluid in between

the droplets needs to be squeezed out. This is the beginning of the second stage: the film

drainage. When the distance between the two droplet surfaces becomes sufficiently small,

van der Waals forces can destabilize the film, leading to film rupture, which is the third

and final stage. This final film rupture stage occurs almost instantaneously. The interac-

tion time of droplets in a glancing collision will only be sufficient to allow for film drain-

age up to the rupture stage, and thus coalescence, if the shear rate is sufficiently small

[see, e.g., Yang et al. (2001)]. Similar to the deformation and breakup of single droplets,

as pioneered by Taylor (1932), the effect of shear rate on droplet coalescence can be

described by means of the capillary number Cað¼ gm � _c � R=C, with gm being the matrix

viscosity, _c being the shear rate, R being the droplet radius, and C being the interfacial

tension). As a consequence, there is a critical capillary number below which coalescence

occurs.

The effect of viscosity ratio on droplet coalescence has already been experimentally

investigated by Yoon et al. (2005) for pure extensional flow. They found that the drain-

age time increases and the critical capillary number decreases with increasing viscosity

ratio. These observations were later confirmed by means of numerical simulations [Yoon

et al. (2007)]. Moreover, the effect of initial offset between the droplets in the velocity

gradient direction was investigated. For a viscosity ratio of 0.1, the critical capillary num-

ber decreases monotonically with increasing offset [Yang et al. (2001)]. On the other

hand, when the viscosity ratio is larger than 0.1, the critical capillary number only

decreases with increasing offset for the smallest offsets and then increases with increas-

ing offset until a critical offset is reached above which no coalescence is possible [Leal

(2004); Yoon et al. (2005)]. This phenomenon is caused by the fact that for the largest

offsets there is a shift of the coalescence angle to the extensional quadrant, so coales-

cence occurs while the droplets are being pulled apart by the external flow. The experi-

mental studies of Tretheway et al. (1999) showed that the trajectories of interacting

droplets in extensional flow depend on the viscosity ratio. Mousa et al. (2002) calculated
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the coalescence efficiencies for different viscosity ratios in shear flow using the partially

mobile interface model and found a decrease of the coalescence efficiency with viscosity

ratio. Minale et al. (1997) experimentally investigated the effect of viscosity ratio on the

average droplet size in concentrated sheared blends and found that the accuracy of the

fully mobile drainage model increases with decreasing viscosity ratio, whereas the oppo-

site is true for the immobile drainage model. Also Lyu et al. (2000) and Caserta et al.
(2006) investigated the effect of viscosity ratio in concentrated sheared blends and found

that the coalescence rate slowed down with increasing viscosity ratio. Loewenberg and

Hinch (1997) numerically investigated the collision of two deformable drops in shear

flow at different viscosity ratios. More recently, Singh and Sarkar (2009) and Bayareh

and Mortazavi (2011) numerically studied the effect of viscosity ratio on droplet colli-

sions at finite inertia. Singh and Sarkar (2009) found reversing droplet trajectories in the

presence of inertia. Moreover, it was found that the tendency of the droplets to reverse

decreases with increasing viscosity ratio.

The first experimental study dealing with the effects of confinement on the coales-

cence of sheared droplets was performed by Chen et al. (2009). They systematically

investigated the effects of geometrical confinement on the coalescence angles and critical

Ca numbers in pure shear flow for two equal-sized droplets with a droplet-to-matrix vis-

cosity ratio of one. It was found that a low degree of confinement only decreases the ori-

entation angle at which the droplets coalesce, whereas the critical conditions for

coalescence remain the same. On the other hand, when the confinement ratio (¼2R/H
with R being the droplet radius and H being the gap width) is larger than 0.2, the critical

capillary number up to which coalescence can occur, increases. Thus, confinement can

clearly promote droplet coalescence. De Bruyn et al. (2013) further explored the effects

of geometrical confinement on the coalescence of droplet pairs by varying the initial off-

set between the droplet centers in the velocity gradient direction. For droplet pairs with a

droplet-to-matrix viscosity ratio of 0.1, a new phenomenon of reversing trajectories for

droplets with low initial offsets was demonstrated. Since the droplets reverse flow direc-

tion without coalescence, the reversal induces a lower initial offset boundary for coales-

cence in confinement. In addition, it was observed that due to confinement coalescence is

possible up to higher initial offsets. Reversing trajectories were also encountered in simu-

lations of solid particles interacting in confined shear flow [Zurita-Gotor et al. (2007)].

Recently, Sarkar and Singh (2013) numerically investigated the effect of confinement on

droplet collisions in shear flow. They studied collisions that do not result in coalescence

and focused on the wall-induced migration of the two droplets to the center of the gap af-

ter collision. Shardt et al. (2013) performed a limited number of numerical simulations of

droplet coalescence in confinement. They observed that above a certain confinement ra-

tio, the critical capillary number increases with confinement ratio, which is in agreement

with the data of Chen et al. (2009).

The combined effects of confinement and viscosity ratio have already been investi-

gated for droplet breakup. It has been shown that confinement effects on droplet breakup

can be qualitatively different, depending on the viscosity ratio [Vananroye et al. (2006)].

For viscosity ratios below one, confinement suppresses breakup, whereas for viscosity

ratios above one, breakup is promoted by confinement [Vananroye et al. (2006)].

Furthermore, Cardinaels and Moldenaers (2011) studied the combined effect of confine-

ment and viscoelasticity of one of the components. They found that droplet breakup in

confined shear flow is also strongly dependent on the viscoelasticity of the components.

More specifically, in confinement matrix viscoelasticity causes breakup at much lower

critical Ca numbers as compared to that for droplets in a Newtonian matrix, whereas the

viscoelastic effects in bulk conditions were limited [Cardinaels and Moldenaers (2011)].
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These studies clearly show that confinement effects can substantially differ, depending

on the component rheology.

Although it has been demonstrated in previous studies that geometrical confinement

can promote droplet coalescence, it is not clear up to now, how the coalescence of confined

droplets is affected by viscosity ratio. In the present study, the effects of geometrical con-

finement on droplet coalescence in shear flow are investigated for three different viscosity

ratios k, namely, k around 1, k larger than 1, and k smaller than one. A complete study of

the effects of confinement on the coalescence process including critical Ca numbers, criti-

cal offsets, coalescence angles, droplet trajectories, and doublet rotation speeds is pre-

sented for the first time. Finally, 2D numerical simulations, providing streamlines and

stresses on the droplet interfaces in bulk and confined conditions, allow to improve the

present understanding of the hydrodynamics of the confinement and viscosity ratio effects.

II. MATERIALS AND METHODS

A. Materials

Polyisobutylene (PIB Glissopal V-190 from BASF) with a viscosity gm of 10.5 Pa�s at

27 �C was used as the matrix phase. To provide systems with different viscosity ratios,

three different grades of polydimethylsiloxane (PDMS Rhodorsil 47 V1000 and V12500

from Rhodia and PDMS Silbione 70047 V30000 from Bluestar Silicones) were used as

the droplet phase. Table I summarizes the viscosities gd of the three PDMS grades at

27 �C and the resulting viscosity ratios k of the corresponding droplet-matrix pairs. In the

relevant experimental shear rate range, all materials behave Newtonian and there is no

measurable elasticity. The interfacial tension C between PDMS and PIB was obtained by

fitting deformation data of a single droplet at low capillary numbers with the small defor-

mation theory of Greco [Guido et al. (2003)]. This resulted in a value of 1.8 mN/m, irre-

spective of the PDMS grade. PIB is known to be slightly soluble in PDMS, whereas

PDMS is totally insoluble in PIB [Guido et al. (1999)]. Consequently, systems consisting

of PDMS droplets in a PIB matrix can be considered completely immiscible. Due to the

small density difference between PDMS and PIB (0.08 g�cm�3) [Guido and Simeone

(1998)], buoyancy effects are expected to be negligible.

B. Experimental setup

The experiments were performed with a counter rotating parallel plate shear flow de-

vice (based on an Anton Paar MCR 300 rheometer). This device consists of two parallel

quartz plates with a diameter of 50 mm, which can rotate in opposite direction. Hence, in

between the plates a stagnation plane with a velocity of zero is created, in which interact-

ing droplets can be easily visualized with a nonmoving microscope setup. A detailed

description of the device can be found elsewhere [Vananroye et al. (2006); Verhulst

et al. (2007)]. The optical train uses a combination of a stereo microscope (Wild M5A)

TABLE I. Zero-shear viscosities of the different PDMS grades at 27 �C and the resulting viscosity ratios of the

blends at 27 �C.

PDMS grade gd (27 �C) (Pa s) k¼ gd/gm (27 �C)

PDMS Rhodorsil 47 V1000 0.95 0.1

PDMS Rhodorsil 47 V12500 11.2 1.1

PDMS Silbione 70047 V30000 27.8 2.6
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and a digital camera (Basler A631fc) for visualization, resulting in a resolution of 1.34

pixels/lm. The droplet pair was visualized in the velocity–velocity gradient plane and

images were taken with Streampix Digital Video Recording Software (Norpix).

C. Terminology

A schematic of two colliding droplets in shear flow is shown in Fig. 1. The x-axis is

the velocity direction, the y-axis is the velocity gradient direction. The relative trajectory

of two colliding droplets is expressed by the distance between the droplet centers in the

flow direction DX ¼ ðX2 � X1Þ and in the velocity gradient direction DY ¼ ðY2 � Y1Þ,
with ðX1; Y1Þ and ðX2; Y2Þ the coordinates of the droplet centers. The center-to-center dis-

tance between the droplets is d. The orientation angle h is the angle between the flow

direction and the line connecting the droplet centers. For all experiments, the two droplets

are always placed approximately symmetric with respect to the gap center.

D. Experimental protocol

A homemade injection device was used to inject a PDMS droplet of the required size

in the PIB matrix. Subsequently, this droplet was broken up in two daughter droplets by

applying a strong shear flow. This method results in two droplets with a difference in di-

ameter of less than a few percent. To obtain the desired initial offset DY between the

droplets, the following protocol was employed: A shear rate is applied which results in

an approach of the droplets and subsequent rotation of the droplets over each other.

When during the rotation the desired offset is reached, the flow is stopped and the flow

direction is reversed. The flow is stopped again when the desired distance DX is reached.

The initial dimensionless distance in the velocity direction DXin/2R was fixed here at 1.6

for all experiments. After retraction of the droplets to their spherical shape, droplet colli-

sion was induced by applying a low shear rate, leading to creeping flow conditions. This

methodology is similar to that used by Guido and Simeone (1998). In this work, a gap

spacing H of 3 mm is used to represent bulk conditions and a gap spacing H of either 0.5

or 1 mm is used to represent confined conditions. The droplets are non-Brownian with

diameters between 85 and 315 lm. This leads to confinement ratios 2R/H up to 0.33.

FIG. 1. Schematical representation of two colliding droplets in shear flow.
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During all experiments, the sample temperature was kept constant at 27 �C by controlling

the room temperature.

E. Data analysis

For the image analysis, ImageJ Software was used. As a consequence of the curvature

of the cup around the bottom plate [see schematic of device in Vananroye et al. (2006)],

the images in the velocity–velocity gradient plane are slightly elongated in the velocity

direction. Hence, the first step of the image analysis is a rescaling of the images in the ve-

locity direction. For the next step, the detection of the droplet edges, a Laplace operator

was used. For images in which the two droplets are in apparent contact, a watershed algo-

rithm was applied to separate the images of both droplets from each other. This algorithm

generates a white line between the cusps on both sides of the doublet. In a final step, an

ellipse was fitted on the droplet contour.

F. Numerical simulations in 2D

In addition to the experiments, numerical simulations of two interacting droplets in

shear flow were performed in 2D. The simulation results are presented in Figs. 12 and 15.

The computational domain is a rectangle with a length of at least 30 times the droplet ra-

dius. It was verified that, under these conditions, simulation results are not affected by

the length of the computational domain. As in the experiments, the gap height H is varied

between 0.5 and 3 mm. The upper wall of the channel is moving with a velocity U, and

the lower wall moves with the same velocity but in the opposite direction, resulting in a

shear rate _c ¼ 2U=H. As boundary condition at the inlet and outlet a linear velocity pro-

file, characteristic for shear flow between two parallel plates, was imposed. The two drop-

lets are placed symmetric with respect to the gap center. Before the start of the

simulation, the two droplets are spherical and the startup of the flow is instantaneous.

Both the matrix and droplet fluid are incompressible and density-matched. At the droplet

interfaces continuity of velocity and a balance between interfacial tension and normal

stresses is assumed,

um ¼ ud; (1)

n � ðTm � TdÞ ¼ Cðr � nÞn; (2)

where n is the normal vector at the interface and T is the total stress in each fluid,

T ¼ �pI þ gðruþ ðruÞTÞ: (3)

The values for the viscosities and the interfacial tension were taken equal to the experi-

mental values. The equations that have to be solved in both fluid domains are the continu-

ity equation and the momentum balance,

r � u ¼ 0; (4)

q
@u

@s
þ u � ru

� �
¼ r � ð�pI þ gðruþ ruð ÞTÞÞ: (5)

To discretize these equations, a finite element method from the COMSOL Multiphysics

4.2 package was used. The matrix and droplet domains were discretized by means of a

1960 DE BRUYN et al.

 Redistribution subject to SOR license or copyright; see http://scitation.aip.org/content/sor/journal/jor2/info/about. Downloaded to IP:

131.155.151.8 On: Wed, 22 Oct 2014 11:22:14



fine mesh with element sizes between 5 and 17.5 lm for the simulations with a gap of

0.5 mm and between 30 and 105 lm for the simulations with a gap of 3 mm. In both

cases, this resulted in about 30 layers of triangular mesh elements across the gap width.

At the moving walls, an additional boundary layer consisting of six layers of quadrilateral

mesh elements was inserted. Along the droplet interfaces, an extra fine triangular mesh

with 160 vertices per droplet interface was used. This resulted in a finer mesh in between

and around the droplets, which gradually coarsened to the mesh size of the matrix and

droplet domains. The degree of refinement was chosen such that, either a further refine-

ment of the overall size of the mesh elements, or an increase of the number of mesh ele-

ments along the droplet interface, does not have a noticeable effect on the presented

simulation results (Figs. 12 and 15). In these simulations, a moving mesh method using

the arbitrary Langrangian-Eulerian formulation is used, which allows the droplets to

deform. However, because in this method the mesh is fixed to the interface, topological

changes such as droplet coalescence cannot be simulated. It should be stressed that, given

the intrinsic nonaxisymmetrix 3D nature of the problem [Loewenberg and Hinch (1997)],

a 2D simulation is only a rough approximation of a real droplet collision. For example,

the 2D simulations show deviations of 9% and 48% with respect to 3D simulation results

of Aggarwal and Sarkar (2007) for, respectively, the droplet deformation and peak value

of the normal stress on the droplet interface of a single droplet with k¼ 1 deformed in

shear flow at Ca¼ 0.2. However, the stress profile along the droplet interface qualita-

tively corresponds to that obtained from the 3D simulations. Although the simulations

allow to shed light on the origins of the confinement effects, the absolute values of the

simulated stresses may thus not quantitatively match those in the real 3D system.

III. RESULTS AND DISCUSSION

A. Critical capillary number for coalescence

For droplet-matrix systems with a viscosity ratio of 1.1, it was shown that geometrical

confinement can substantially increase the critical Ca number and hence, promote coales-

cence [Chen et al. (2009)]. In order to assess the effect of viscosity ratio on these phe-

nomena, critical Ca numbers as a function of droplet diameter were determined for

systems with viscosity ratios k of 0.1 and 2.6 and compared with the values for a viscos-

ity ratio of 1.1 from Chen et al. (2009). Figure 2 displays the results both for unconfined

and confined droplets. To determine the critical Ca number for a certain droplet size,

droplet collisions were performed for a range of Ca numbers. First a collision experiment

was performed at a small Ca number for which coalescence is expected. Consequently

the experiment is repeated with a new droplet pair, but each time the Ca number is

increased with steps of maximum 0.001, until at a certain Ca number the droplets rotate

over each other without coalescence. The symbols in Fig. 2 represent the highest Ca
number for which coalescence still occurred. The initial dimensionless offset DYin/2R is

fixed at 0.23 for k¼ 0.1 and 2.6. For the measurements at viscosity ratio k¼ 1.1, the ini-

tial dimensionless offset was 0.16. The filled symbols are the critical Ca numbers at a

gap of 3 mm (or 4 mm for the largest droplet sizes), which results in confinement ratios

2R/H below 0.08. The droplet behavior at this small confinement ratio can be considered

as the reference case of unconfined shear flow. The open symbols are the critical Ca num-

bers at a gap of 1 mm, resulting in confinement ratios 2R/H between 0.08 and 0.32. This

dataset represents more confined conditions. In the unconfined case the critical capillary

number decreases with droplet size for all three viscosity ratios. The fact that the critical

capillary number decreases with droplet size is in qualitative agreement with literature
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results for mixed linear flows [Hu et al. (2000); Park et al. (2003); Leal (2004)]. It is also

clear from Fig. 2 that in unconfined conditions the critical Ca number decreases with

increasing viscosity ratio. Such a decrease of the critical Ca number with increasing vis-

cosity ratio has already been reported in literature for droplet coalescence in extensional

flow [Hu et al. (2000); Yoon et al. (2005)]. It should be noted here that due to the

decrease of the critical Ca number with viscosity ratio, coalescence does not occur within

the experimentally accessible range of Ca numbers for systems with viscosity ratios

higher than those shown in Fig. 2.

In confined conditions, the trend is clearly different. Up to a droplet diameter 2R of

approximately 200 lm and thus a confinement ratio of 2R/H¼ 0.2, the critical capillary

number is almost the same as for unconfined conditions. On the other hand, for droplets

with a diameter 2R larger than 200 lm and thus a confinement ratio larger than

2R/H¼ 0.2, the critical capillary number increases with droplet size. As a result, for these

big droplets there is a range of capillary numbers for which coalescence is not possible in

bulk conditions, but becomes possible in confined conditions. Clearly in this case con-

finement promotes coalescence. Moreover, the magnitude of the confinement effect on

the critical Ca number for coalescence is almost equal for the three viscosity ratios under

investigation. For example, both for the viscosity ratio of 0.1 and that of 1.1, at a droplet

size of 300 lm the critical Ca number is increased to approximately the same value as

the critical Ca number for a droplet size of 100 lm. This is in contrast with the breakup

behavior for which confinement effects can be qualitatively different depending on the

viscosity ratio [Vananroye et al. (2006)]. Although the qualitative behavior is the same

for the three viscosity ratios, as in bulk conditions, the critical capillary number decreases

with increasing viscosity ratio.

B. Critical initial offset for coalescence

The effect of geometrical confinement on the critical initial offsets for coalescence

was already investigated by De Bruyn et al. (2013) for droplet-matrix pairs with a

FIG. 2. Critical capillary number for coalescence Cacrit as a function of droplet diameter 2R. Filled symbols:

H¼ 3 or 4 mm. Open symbols: H¼ 1 mm. For k¼ 0.1 and 2.6 the initial dimensionless offset DYin/2R¼ 0.23,

for k¼ 1.1 the initial dimensionless offset DYin/2R¼ 0.16. The symbols represent the highest Ca for which coa-

lescence occurred. These values were determined by varying the Ca number in steps of maximum 0.001. Lines

to guide the eye.

1962 DE BRUYN et al.

 Redistribution subject to SOR license or copyright; see http://scitation.aip.org/content/sor/journal/jor2/info/about. Downloaded to IP:

131.155.151.8 On: Wed, 22 Oct 2014 11:22:14



viscosity ratio k¼ 0.1. It was found that, due to confinement, coalescence is possible up

to higher initial offsets. In addition, it was demonstrated that confinement induces a lower

critical initial offset, below which coalescence does not occur, because the two droplets

exhibit reversing trajectories. Figure 3 displays time sequences of the interaction of two

droplets with a diameter 2R¼ 165 lm at Ca number 0.004 for three different initial

offsets in confined conditions (H¼ 0.5 mm). These sequences are similar to Fig. 2 of

De Bruyn et al. (2013), except that in Fig. 3 the viscosity ratio is 2.6 instead of 0.1. It can

be seen that, similar to systems with viscosity ratio 0.1, also for a system with viscosity

ratio 2.6, a lower critical initial offset exists, below which coalescence does not occur,

but instead the two droplets exhibit reversing trajectories. An example of such a reversing

trajectory can be seen in Figs. 3(a)–3(e) in which the droplets turn back after their inter-

action. At intermediate offsets, droplet coalescence occurs, as shown in Figs. 3(f)–3(j),

whereas above a critical offset, the droplets rotate over each other without coalescence,

as illustrated in Figs. 3(k)–3(o). Figure 4 compares droplet trajectories for systems with

viscosity ratios of 0.1 and 2.6 for droplets with size 2R¼ 165 lm. Figures 4(a) and 4(c)

display the trajectories in bulk conditions (2R/H¼ 0.055) and Figs. 4(b) and 4(d) display

FIG. 3. Time sequence of the interaction of two droplets, DXin/2R¼ 1.6, 2R¼ 165 lm, H¼ 0.5 mm, 2R/

H¼ 0.33, Ca¼ 0.004, k¼ 2.6. (a)–(e) DYin/2R¼ 0.152; (f)–(j) DYin/2R¼ 0.233; and (k)–(o) DYin/2R¼ 0.292.

The x-direction is the velocity direction, the c-direction is the velocity gradient direction. Original images with-

out rescaling of the x-axis.
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the trajectories in confined conditions (2R/H¼ 0.33). It must be noted that the trajectories

of the three image sequences shown in Fig. 3 can be found in Fig. 4(d). It is clear that for

both viscosity ratios the upper critical initial offset, which is the initial offset above which

the droplets rotate over each other without coalescence, increases due to confinement.

Moreover, it can be seen that for both viscosity ratios, confinement induces a lower

boundary for the initial offset, below which the droplets reverse during their interaction

and separate without coalescence. Also for droplet-matrix pairs with a viscosity ratio of

1.1, confinement induces a lower boundary for coalescence and increases the upper

boundary for coalescence (results not shown). Hence, it can be concluded that the effects

of confinement on the critical offsets for droplet coalescence are similar for the viscosity

ratios under investigation.

A quantitative comparison of the upper critical initial offsets in Fig. 4 for the two vis-

cosity ratios reveals that both in bulk and confined conditions, an increase in viscosity ra-

tio substantially decreases the upper critical initial offset. In bulk conditions, the upper

critical initial offset at k¼ 2.6 is decreased to such a low value that at a Ca number of

0.004, coalescence does not occur anymore. The decrease in the upper critical initial off-

set with increasing viscosity ratio is in agreement with the decrease in critical Ca number

with increasing viscosity ratio. Both observations are a result from the fact that coales-

cence is more difficult at higher viscosity ratios. For bulk conditions, this decrease of

the upper critical initial offset with increasing viscosity ratio was already reported by

FIG. 4. Evolution of the dimensionless offset DY/2R as a function of dimensionless position (DX/2R) for differ-

ent initial offsets. DXin/2R¼ 1.6, 2R¼ 165 lm, Ca¼ 0.004. (a) k¼ 0.1, H¼ 3 mm, (b) k¼ 0.1, H¼ 0.5 mm, (c)

k¼ 2.6, H¼ 3 mm, and (d) k¼ 2.6, H¼ 0.5 mm. Filled symbols indicate trajectories for which coalescence does

not occur. UCO is the upper critical initial offset and LCO is the lower critical initial offset.
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Yoon et al. (2005) for mixed linear flows. Above the upper critical offset boundary, drop-

let interactions result in cross-flow migration of the droplets because the offset after inter-

action is much higher as compared to that before interaction. In confined shear flow, this

migration contributes to the formation of layered structures [Pathak et al. (2002)]. Since

the upper critical offset boundary and offset after separation depend on the viscosity ra-

tio, it is expected that the occurrence of layered structures and the layer spacing can be

tailored by varying the viscosity ratio.

In addition to the upper initial offset boundary, also the lower initial offset boundary,

which is only present in confined conditions, can be compared between different viscos-

ity ratios. Figure 5 plots this lower initial offset boundary as a function of the viscosity ra-

tio. The lower boundaries plotted in this figure are measured at a capillary number of

0.010. The trajectories of these measurements will be shown in Fig. 12. It is clear from

Fig. 5 that the lower initial offset boundary decreases with increasing viscosity ratio.

Hence, for a lower viscosity ratio, the tendency of the droplets to move on reversing tra-

jectories is larger. This observation is in qualitative agreement with the simulation results

of Singh and Sarkar (2009), albeit these authors studied reversing trajectories induced by

inertia.

It can be concluded that with increasing viscosity ratio both the lower (see Fig. 5) and

upper initial offset boundaries (see Fig. 4) decrease. As the decrease of the upper initial

offset boundary with viscosity ratio is larger than the decrease of the lower initial offset

boundary, the range of initial offsets for which coalescence occurs and thus the coales-

cence efficiency decreases with viscosity ratio both for bulk and confined conditions. The

coalescence efficiencies according to Eq. (7) in De Bruyn et al. (2013) are calculated [co-

alescence efficiency¼ (upper critical initial offset)2� (lower critical initial offset)2] and

the results are summarized in Table II. It is clear that the coalescence efficiency increases

due to confinement for both viscosity ratios. Moreover, it is clear that an increase in vis-

cosity ratio results in a decrease of the coalescence efficiency both in bulk and confined

conditions. The causes for the effects of viscosity ratio and geometrical confinement on

droplet coalescence will be explored in Secs. III D–III F.

FIG. 5. Lower initial dimensionless offset boundary as a function of viscosity ratio. DXin/2R¼ 1.6,

2R¼ 165 lm, 2R/H¼ 0.33, Ca¼ 0.010. Upward triangles: largest initial offset for which the two droplets

reverse and do not coalesce. Downward triangles: smallest initial offset for which the droplets either coalesce or

rotate over each other without coalescence.
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C. Coalescence angles

The results shown in Secs. III A–III B clearly show that, both in bulk and confined

conditions, the parameter space in which coalescence occurs is smaller for systems with

a higher viscosity ratio. Apart from the critical conditions for coalescence, also the coa-

lescence angles are investigated for droplet-matrix pairs with different viscosity ratios in

bulk and confined conditions. Chen et al. (2009) observed that, for a viscosity ratio

k¼ 1.1 and a constant initial offset, the coalescence angle increases with the Ca number.

This increase is partially caused by the higher doublet rotation speed at larger values of

Ca [Allan and Mason (1962)]. In addition, for higher Ca numbers the hydrodynamic

forces are larger, resulting in a larger film drainage area and slower film drainage

[Chesters (1991); Yang et al. (2001)]. Chen et al. (2009) also observed that the coales-

cence angles in confined conditions are lower than the coalescence angles in bulk condi-

tions. To assess the generality of these observations, Fig. 6 plots the coalescence angle as

a function of the Ca number for a viscosity ratio k¼ 0.1. It can be seen that, also for a

viscosity ratio smaller than 1, the coalescence angle indeed increases with the Ca number

and the coalescence angles in confined conditions are also lower than the coalescence

angles in bulk conditions. It can also be seen from Fig. 6 that, at least for a reasonable

range of Ca numbers under the critical Ca number, the difference between the coales-

cence angles in bulk and confinement is independent of the Ca number. Also for a viscos-

ity ratio k¼ 2.6, it was observed that the coalescence angles are lower in confined

conditions (e.g., for a droplet size of 130 lm it was found that for Ca¼ 0.002 and DYin/

2R¼ 0.23 the coalescence angle was 56� for H¼ 3 mm and only 51� for H¼ 1 mm).

TABLE II. Coalescence efficiencies for viscosity ratios k¼ 0.1 and k¼ 2.6 both in bulk and confined conditions.

k¼ 0.1 k¼ 2.6

H¼ 3 mm bulk H¼ 0.5 mm confined H¼ 3 mm bulk H¼ 0.5 mm confined

Ca¼ 0.002 0.31 0.55 0.03 0.23

Ca¼ 0.004 0.16 0.25 0 0.04

FIG. 6. Coalescence angle as a function of Ca. k¼ 0.1, DXin/2R¼ 1.6, and DYin/2R¼ 0.23. The filled symbols

represent the coalescence angles in the unconfined case, the unfilled symbols represent the coalescence angles

for more confined conditions. Lines to guide the eye.
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However, as can be seen in Fig. 2, the Ca number range for which coalescence occurs,

and thus coalescence angles can be determined, is very limited for this viscosity ratio.

Nevertheless, it can be concluded that the effect of confinement on the coalescence angle

is similar for all three viscosity ratios.

Since differences in initial offset lead to differences in the gaps between the droplets

and the walls, confinement effects on the coalescence angle might be affected by the ini-

tial offset. Hence, the coalescence angle as a function of initial offset was investigated

for bulk and confined conditions. Figure 7 presents coalescence angles for systems with a

viscosity ratio k¼ 0.1 as a function of initial dimensionless offset for a droplet diameter

2R¼ 165 lm and a Ca number of 0.006. It can be seen that both for the unconfined and

the confined case the coalescence angle increases with increasing initial offset, which is

in agreement with literature results for unconfined mixed linear flows [Yoon et al.
(2005)]. An increase of the coalescence angle with increasing initial offset is expected

because two droplets that start at a larger initial offset come into apparent contact at a

larger orientation angle. Hence, by the time film drainage has proceeded enough to allow

film rupture, droplet pairs with a larger initial offset will already be at larger orientation

angles as compared to droplet pairs with a lower initial offset. It is clear from Fig. 7 that,

at a fixed initial offset, the coalescence angle is smaller in the confined case as compared

to the unconfined case. This is in agreement with the results of Chen et al. (2009) for a

viscosity ratio of 1.1, and with the results shown in Fig. 6, for a viscosity ratio of 0.1 and

one specific initial offset. From Fig. 7, it can be concluded that this is valid for the whole

range of initial offsets. Moreover, it can be seen that the difference between the coales-

cence angles in bulk and confinement is approximately the same regardless of the offset.

As a consequence of the lower coalescence angle in the confined case, the initial offset

needs to exceed a higher value before the droplets rotate over each other without coales-

cence, which leads to the higher upper initial offset boundary in confinement as shown in

Fig. 4. It can be noted that both in bulk and confined conditions, the coalescence angle

always remained below 90�. Hence, coalescence in the extensional quadrant of the flow,

FIG. 7. Coalescence angle as a function of initial dimensionless offset DYin/2R. DXin/2R¼ 1.6, 2R¼ 165 lm,

k¼ 0.1, and Ca¼ 0.006. The filled symbols represent coalescence angles in the unconfined case, the unfilled

symbols represent coalescence angles in the confined case. Vertical lines depict the initial offset boundaries

below which (for the bulk case, solid line) or between which (for the confined case, dashed lines) coalescence

occurs. Other lines added to guide the eye.
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which was reported in literature for pure extensional flow [Borrell et al. (2004); Yoon

et al. (2005); Bremond et al. (2008)], was never observed here. For the confined droplet-

matrix pairs, Fig. 7 also shows the lower boundary for the initial offset, below which

there is no coalescence because of the reversal of the droplets. Here, the coalescence

angle remained above 0� for all Ca numbers and droplet sizes studied. Hence, coales-

cence again always occurred during the approach of the droplets. A comparison of the

initial offset boundaries between bulk and confined conditions for a system with k¼ 0.1

and a whole range of Ca numbers is presented by De Bruyn et al. (2013). As already

shown in Sec. III B, the upper critical offset in bulk conditions is much lower for viscos-

ity ratio k¼ 2.6 than for viscosity ratio 0.1. As a consequence, for droplet-matrix pairs

with viscosity ratio k¼ 2.6, even for the smallest Ca number used in this study

(Ca¼ 0.002), the range of initial offsets for which there is coalescence both in bulk and

confinement is very small. For example, for Ca¼ 0.002 and 2R¼ 165 lm in bulk condi-

tions coalescence is only possible up to an initial dimensionless offset of 0.17, which is

very close to the initial offset below which the droplets reverse in confinement (see Fig.

5). As a consequence, a comparison of the coalescence angles over a range of initial off-

sets was not possible for this viscosity ratio.

D. Droplet trajectories

In Secs. III A–III C it was clearly shown experimentally that geometrical confinement

and viscosity ratio have a substantial effect on several aspects of droplet coalescence such

as the coalescence angles, critical Ca numbers and critical offsets. To obtain more insight in

these phenomena, the droplet trajectories have been investigated. First, the effects of con-

finement are examined. Subsequently, the effects of viscosity ratio will be discussed.

1. Effects of confinement

In the previous sections, it has been shown that the coalescence angle is lower in the

confined case as compared to the bulk case. As a result of this lower coalescence angle, a

larger Ca number or a larger initial offset is needed before two droplets rotate over each

other without coalescence. This means that, due to confinement, coalescence is promoted

for all three viscosity ratios. In order to identify the origin of the lower coalescence angle

in confined conditions, the droplet trajectories are studied in detail. Figure 8(a) provides

two trajectories which start at the same initial offset, one for bulk conditions at a gap H
of 3 mm and one for confined conditions at a gap H of 0.5 mm. As already seen in Fig. 4,

it is clear from Fig. 8(a) that, while in bulk conditions there is a slight increase of the off-

set during approach of the droplets, in confined conditions the offset decreases during

approach. This decrease of the offset during approach can be explained by the presence

of recirculation flows at the front and rear of the droplet pair (see further). As a conse-

quence of this decrease in offset during droplet approach, the offset at which the droplets

make apparent contact is smaller in the confined case, even though the initial offset is the

same as in the unconfined case. Obviously, if the droplets make apparent contact at a

smaller offset and hence, at a smaller orientation angle of the droplet doublet, the film

drainage can already start at a smaller orientation angle, thereby facilitating droplet coa-

lescence at a smaller angle. However, Fig. 8(a) also shows that, even for droplets that

come into apparent contact at the same offset, the confined droplets coalesce at a smaller

orientation angle. This implies that due to confinement either the droplet rotation is

slowed down or the film drainage is enhanced, even at the same value of the offset.

Figure 8(b) shows the orientation angle of the droplet pair as a function of time for the

confined and unconfined collisions shown in Fig. 8(a). This allows for a comparison of
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the rotation speed of the droplet pairs in bulk and confined conditions. The starting point

at time t¼ 0 s is the time at which DX/2R¼ 1.6. The instant at which d/2R¼ 1, which is

an indication for the onset of film drainage, is marked by vertical lines. It is clear from

Fig. 8(b) that, in confined conditions, due to the decrease in offset during the approach of

the droplets, the increase in the orientation angle with time is much slower as compared

to bulk conditions. This is expected because, even in the case when there would be no

hydrodynamic interaction between the two droplets, the relative velocity in the x-direc-

tion between the two droplets is proportional to DY. Also after apparent contact, the drop-

let pair in confined conditions rotates much slower than that in unconfined conditions due

to the lower offset. This can be explained by the fact that the rotation speed increases

with the doublet orientation angle up to an angle of 90� [Allan and Mason (1962)].

Hence, in confined conditions there is more time for film drainage, which further contrib-

utes to a reduction of the coalescence angle as compared to bulk conditions. Figure 8(b)

also compares the rotation speeds between an unconfined and a confined droplet pair

with the same offset at apparent contact. Thereto, the time for the collision in bulk condi-

tions (gray circles) is shifted so that the time of apparent contact coincides with the time

of apparent contact for the collision in confined conditions. It is clear from Fig. 8(b) that

in confined conditions the droplets rotate slower than in bulk conditions even if they

make apparent contact at the same offset. This difference between the confined and

unconfined collisions can be explained by the flow fields around the droplet pair (see fur-

ther). As a consequence of the slower rotation, the orientation angle of the droplet pair at

which coalescence occurs, is lower in confined conditions, even when the droplets make

apparent contact at the same offset. Figure 9 shows the coalescence angle as a function of

the offset at apparent contact. This figure confirms that the coalescence angle is lower

due to confinement, even for droplet pairs for which the offset at apparent contact is the

same. Moreover, it can also be seen that the offset at apparent contact up to which coales-

cence occurs is larger in confined conditions. A comparison of the drainage times

between bulk and confinement in Fig. 8(b) reveals that the drainage times are approxi-

mately the same. According to Borrell et al. (2004), the drainage process is dominated by

the time history of the force along the line of centers of the droplet pair. Due to the

FIG. 8. Comparison of the trajectories for a collision in bulk (H¼ 3 mm, 2R/H¼ 0.055) and a collision in con-

finement (H¼ 0.5 mm, 2R/H¼ 0.33) with the same initial offset (DYin/2R¼ 0.225) and a comparison of the tra-

jectories for a collision in bulk (H¼ 3 mm, 2R/H¼ 0.055) and a collision in confinement (H¼ 0.5 mm, 2R/H
¼ 0.33) with the same offset at apparent contact (DYcont/2R¼ 0.19 at d/2R¼ 1). DXin/2R¼ 1.6, 2R¼ 165 lm,

Ca¼ 0.008, k¼ 0.1. (a) Offset DY/2R as a function of DX/2R. (b) Orientation angle of the droplet pair as a func-

tion of time, vertical lines indicate the instants at which d/2R¼ 1, t¼ 0 corresponds to DXin/2R¼ 1.6. For the

trajectory in bulk conditions represented by the gray circles the time is shifted so that the time at apparent con-

tact coincides with the time of apparent contact for the trajectory in confined conditions.
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smaller rotation speed in confined conditions in comparison to bulk conditions, a droplet

pair in confined conditions spends more time at lower orientation angles. In bulk condi-

tions the hydrodynamic force, pushing the droplets together, reaches a maximum at an

orientation angle h of 45�, which is equivalent to a dimensionless offset of DY/2R¼ sin

45� ¼ 0.707 [Batchelor and Green (1972); Zinchenko (1978); Jaeger et al. (1994)]. In

confined conditions, this maximum occurs even at a larger orientation angle [Chen et al.
(2009)]. Hence, at first sight it could be expected that the force pushing the two droplets

together is smaller in confined conditions in comparison to bulk conditions. However, at

the same orientation angle, the hydrodynamic force might also be affected by confine-

ment, an aspect which is discussed in Sec. III F.

2. Effects of viscosity ratio

Besides the effects of confinement, in Secs. III A–III C, also the effect of viscosity ra-

tio has been investigated systematically. In Secs. III A and III B, it was reported that the

critical Ca number and the upper critical initial offset decrease with increasing viscosity

ratio. A first reason for this is the lower mobility of the interface at the higher viscosity

ratio, which hinders film drainage [Chesters (1991); Mousa et al. (2002)]. However, a

comparison of Fig. 4(a) with Fig. 4(c) learns that also the droplet trajectories are different

for different viscosity ratios. To clarify this further, Fig. 10(a) compares two trajectories

in bulk conditions with the same initial offset but with a different viscosity ratio. It is

clear from Fig. 10(a) that for the higher viscosity ratio the offset increases more during

approach of the droplets. This implies that hydrodynamic interactions between droplets

are more pronounced in systems with a high viscosity ratio as compared to systems with

a low viscosity ratio, which is in agreement with the observations of Tretheway et al.
(1999) in extensional flow. As a consequence of the stronger hydrodynamic interactions,

for the higher viscosity ratio the droplets make apparent contact at a higher offset and

consequently a larger orientation angle, thus providing a second cause for the suppression

of coalescence with increasing viscosity ratio.

Finally, Fig. 10(b) plots the orientation angle of the droplet pair as a function of time

corresponding to the two trajectories shown in Fig. 10(a). The starting point of each

FIG. 9. Coalescence angle as a function of the dimensionless offset at apparent contact DYcont/2R. DXin/2R
¼ 1.6, 2R¼ 165 lm, k¼ 0.1, and Ca¼ 0.006. Vertical lines depict the offset boundaries at contact below which

coalescence occurs for bulk conditions (solid line) and confined conditions (dashed line).
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curve, which is the point at time t¼ 0 s, is the time at which DX/2R¼ 1.6. The instant at

which d/2R¼ 1, which is an indication for the onset of film drainage, is marked by verti-

cal lines. It can be seen from Fig. 10(b) that for the higher viscosity ratio, due to the

larger increase of the offset during approach of the droplets, the increase in the orienta-

tion angle with time is faster as compared to that for the lower viscosity ratio system.

For a better understanding of the lower initial offset boundaries shown in Fig. 5, drop-

let trajectories for initial offsets close to the lower initial offset are compared in Fig. 11

for viscosity ratio 0.1 and 2.6. For offsets below the lower critical offset boundary,

reversing trajectories occur, which have been attributed to the presence of reversing

streamlines at the front and rear of confined droplet pairs [De Bruyn et al. (2013)]. It can

be seen that the shape of the trajectories is different for the different viscosity ratios. In

Fig. 11(b), one trajectory for viscosity ratio 0.1 is added to allow for a direct comparison

of the shape of the trajectory between viscosity ratios 0.1 and 2.6. This figure shows that

during the first stage of the approach (DX/2R¼ 1.6 till approximately 1.2), the decrease

in offset is slightly larger for the higher viscosity ratio. However, when the droplets

approach each other closer (DX/2R� 1.2), there is an inflection in the curve for the larger

FIG. 10. Comparison of the trajectories for a collision with viscosity ratio k¼ 0.1 and a collision with viscosity

ratio k¼ 2.6. Both collisions are in bulk conditions and have the same initial offset. DYin/2R¼ 0.229,

DXin/2R¼ 1.6, H¼ 3 mm, 2R¼ 165 lm, and Ca¼ 0.006. (a) Offset DY/2R as a function of DX/2R and (b) orien-

tation angle of the droplet pair as a function of time, vertical lines indicate the instants at which d/2R¼ 1, t¼ 0

corresponds to DXin/2R¼ 1.6.

FIG. 11. Evolution of the vertical offset DY/2R as a function of position (DX/2R) for different initial offsets

around the lower critical offset boundary. DXin/2R¼ 1.6, 2R¼ 165 lm, H¼ 0.5 mm, 2R/H¼ 0.33, and

Ca¼ 0.010. (a) k¼ 0.1 and (b) k¼ 2.6 and one trajectory for k¼ 0.1 at DYin/2R� 0.184.
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viscosity ratio, i.e., the trajectory goes from slightly concave downward (negative second

derivate) to concave upward (positive second derivate). When the droplets approach even

closer (DX/2R� 1.1), the offset goes through a minimum and then starts increasing. For

the viscosity ratio of 0.1 [Fig. 11(a)], on the other hand, the curves remain concave down-

ward almost up to the point where the two droplets make apparent contact. Then, the

droplet trajectory abruptly changes direction when the droplets make apparent contact. It

can also be noted that for the viscosity ratio of 0.1, there is a range of initial offsets above

the lower critical offset, for which the droplets start rotating in the direction of the revers-

ing streamlines after apparent contact and subsequently coalesce. On the other hand, it

can be seen from Fig. 11(b) that for the higher viscosity ratio, most droplets that undergo

reversing streamlines, remain at a rather large separation distance. The decrease of the

offset range in which reversing trajectories occur with increasing viscosity ratio (see

Fig. 5) is thus caused by the fact that droplets with a larger viscosity ratio have a greater

tendency to being pulled along with the clockwise rotation of the fluid in the second droplet.

Numerical simulations in 2D of the approach and interaction of two droplets under the

same conditions as that of the experimental trajectories of Fig. 11 were performed.

Figure 12 plots the simulated trajectories in confined conditions for viscosity ratios 0.1

and 2.6. The simulations confirm that, when starting at the same initial offset, the offset

at apparent contact increases with viscosity ratio (e.g., see trajectories for DYin/2R
¼ 0.30). In addition, it is clear from Fig. 12 that the lower initial offset boundary, below

which the droplets reverse flow direction, is larger for the smaller viscosity ratio. This

is in agreement with the results in Fig. 5. As for the experimental trajectories, it can also

FIG. 12. (a) and (b) Simulated droplet trajectories for different initial offsets. DXin/2R¼ 1.2, 2R¼ 165 lm,

H¼ 0.5 mm, 2R/H¼ 0.33, Ca¼ 0.010. (a) k¼ 0.1 and (b) k¼ 2.6. After apparent contact the simulations are

stopped. Coalescence is not included in the graphs. (c) and (d) Simulation in 2D of the streamlines around two

colliding droplets. 2R¼ 165 lm, H¼ 0.5 mm, 2R/H¼ 0.33, Ca¼ 0.010, DY/2R¼ 0.4. (c) k¼ 0.1 and (d) k¼ 2.6.
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be seen that, for the higher viscosity ratio, the droplet trajectory turns upward at a larger

separation distance between the droplets. This can, e.g., be seen from a comparison

between the curves for DYin/2R¼ 0.33 in Fig. 12(a) and DYin/2R¼ 0.30 in Fig. 12(b). On

the other hand, for the smaller viscosity ratio, the transition between approach of the

droplets and rotation over each other occurs almost discontinuously at the moment of

droplet contact, at least, if the initial offset is not too large. It must be noted that coales-

cence can not be predicted with the present simulations. The last point of the trajectories

thus merely corresponds to the end of the simulation run and does not indicate

coalescence.

Figures 12(c) and 12(d) provide the streamlines around a droplet pair with DY/
2R¼ 0.40 for systems with a viscosity ratio k of, respectively, 0.1 and 2.6 in confined

conditions. These figures show that large recirculation zones are present at the front and

rear of the confined droplet pair, which are absent in bulk conditions. While in bulk con-

ditions all streamlines pull the upper left droplet over the lower right droplet, in confined

conditions there is a competition between streamlines pulling the upper left droplet over

the lower right droplet and streamlines of the recirculation zone pulling the upper left

droplet down. Hence, the second droplet will not easily rotate over the first one but

remains trapped in this recirculation zone which causes the slower rotation of the droplet

doublet in confinement, as observed in Fig. 8. These figures also clearly show that the

recirculation zone at the front and rear of the droplet pair is rather insensitive to viscosity

ratio. The larger tendency of droplets with a high viscosity ratio to rotate over each other

in the direction of the shear is thus most probably caused by the stronger tangential lubri-

cation force between the droplets. Simulations indeed showed that the tangential stress

along the droplet interface is significantly larger for the system with viscosity ratio 2.6.

The simulations thus confirm the experimental results and allow to shed light on the

effect of viscosity ratio on the lower offset boundary.

E. Mastercurves for droplet trajectories

It was shown in Fig. 8 of Sec. III D that geometrical confinement substantially affects

the doublet rotation speed, even if the droplets make apparent contact at the same offset.

An additional aspect of interest is whether these confinement effects depend on the initial

offset of the droplets or change in magnitude during the droplet interaction. To assess

these questions, the kinetics of doublet rotation was investigated for droplet pairs with

different initial offsets. Figures 13(a) and 13(b) plot the doublet orientation angle as a

function of shifted time for different collisions, starting from the instant at which the two

droplets make apparent contact (d/2R¼ 1), respectively, for a gap H¼ 3 mm and a gap

H¼ 0.5 mm. For all collisions the Ca number is 0.008 and the droplet size 2R¼ 165 lm,

whereas the initial offset was varied. The original curves (starting from DXin/2R¼ 1.6)

are shown in the insets in Fig. 13. Subsequently, the curves were shifted horizontally

with a time t*, resulting in Figs. 13(a) and 13(b). For each curve, the shift factor t* is

determined as such that the doublet orientation angle h is 90� at time t� t*¼ 0. It can be

seen that, for both confinement ratios, all curves of orientation angle versus shifted time

collapse onto a master curve. This implies that once the two droplets are in apparent con-

tact, the rotation speed does not depend on the approach history of the droplets but only

on the current orientation angle of the doublet. Also for other Ca numbers in the range

for which the droplet shapes remain approximately spherical, similar master curves could

be constructed (results not shown). Bartok and Mason (1957) have experimentally veri-

fied that the rotation speed of a pair of rigid spheres in shear flow equals the rotation

speed of a rigid prolate spheroid of axis ratio 2, which can be described by the equations
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given by Jeffery (1922). According to these equations, the orientation angle of a spheroid

as a function of time can be calculated from the following equation:

tan h� 90�ð Þ ¼ 2 tan
2t _c
5

� �
: (6)

It is clear that this equation does not predict any dependency on the approach history but

it predicts a rotation speed which is only dependent on the current orientation angle and

the shear rate, which is expected in Stokes flow conditions. The rotation speed according

to Eq. (6) is also plotted in Fig. 13. It can be seen that both for bulk and confined condi-

tions the rotation speed of the droplet pair becomes equal to the rotation speed of a hard

sphere rotation starting from an orientation angle of around 30�, which is equivalent to a

dimensionless offset DY/2R¼ sin(30�)¼ 0.5. At lower orientation angles the rotation

speed of the droplet pair is lower.

Figure 14 compares the master curves from Fig. 13 for the two confinement ratios. It

is clear from this figure that below an orientation angle of around 30�, the confined drop-

lets rotate slower than the unconfined ones. This confirms the lower rotation speed due to

confinement which was already seen in Fig. 8(b). It must be noted, however, that this

lower rotation speed due to confinement is only retained for a limited time after apparent

contact (d/2R¼ 1). When the orientation angle reaches 30�, the rotation speed becomes

equal to the rotation speed of a pair of hard spheres in bulk conditions, at least for con-

finement ratios 2R/H up to 0.33. Hence, above an orientation angle of 30�, which is

equivalent to a dimensionless offset of 0.5, the available contact time is not affected by

confinement, at least for confinement ratios 2R/H up to 0.33. For the systems with higher

viscosity ratios, master curves were also constructed (results not shown). These curves

also follow Eq. (6) at large orientation angles and show similar effects of confinement as

for the system with k¼ 0.1 at low orientation angles.

F. Forces on droplet pairs in shear flow

From a comparison between a glancing collision and a head-on collision with a time-

dependent force mimicking the force history due to rotation of the droplets in the glanc-

ing collision, Borrell et al. (2004) concluded that the drainage process is dominated by

FIG. 13. Orientation angle of the droplet pair as a function of shifted time, starting from the instant at which

d/2R¼ 1. The time for all the collisions is shifted with t*. DXin/2R¼ 1.6, 2R¼ 165 lm, Ca¼ 0.008, k¼ 0.1. (a)

H¼ 3 mm, 2R/H¼ 0.055 and (b) H¼ 0.5 mm, 2R/H¼ 0.33. The solid line is the rotation speed according to

Eq. (6). The insets show the orientation angle of the droplet pair as a function of the original time, where t¼ 0

corresponds to DXin/2R¼ 1.6. Vertical lines indicate the instants at which d/2R¼ 1.
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the time history of the force along the line of centers of the droplet pair. In bulk condi-

tions, the hydrodynamic force Fh along the line of centers of a droplet pair in shear flow

can be described by the following expression [Jaeger et al. (1994)]:

Fh ¼ 4:34
2=3þ k
1þ k

� �
p � gm � _c � R2 � sin 2 90� � hð Þð Þ: (7)

Hence, the hydrodynamic force along the line of centers is dependent on the orientation

angle of the droplet pair. The force is zero at an orientation angle of 0�, increases to a

maximum at an orientation angle of 45� and then decreases again to become zero at an

orientation angle of 90�, after which the droplets are being pulled apart. In Sec. III D (dis-

cussion of Fig. 8), it was already seen that confinement changes the angle at apparent

contact and the rotation speed of the droplet doublet and thereby affects the time history

of the hydrodynamic force.

The question that still remains is whether there is a difference in the hydrodynamic

forces for an unconfined and a confined droplet pair at the same orientation angle. Using

analytical results for single droplets between parallel plates, Chen et al. (2009) already

argued that due to confinement extra hydrodynamic wall forces arise that can have the

same order of magnitude as the hydrodynamic forces originating from bulk shear flow

and, hence, can influence the dynamics of film drainage, especially at higher orientation

angles. In this paper, 2D finite element simulations will be used to estimate the hydrody-

namic stresses on a droplet in a droplet doublet. The normal component of the hydrody-

namic stress plotted as a function of the position on the droplet interface, expressed by

the angle a, is presented in Figs. 15(a) and 15(b) for pairs of touching droplets with,

respectively, a high and a low orientation angle. Representative normalized vector plots

of the viscous stress for a low and a high orientation angle are provided as insets in Fig.

15. From Fig. 15, it can be seen that in the region opposite to the second droplet, approxi-

mately for a from 90� to 180�, there is compression. In the neighboring regions, approxi-

mately from 0� to 90� and from 180� to 270�, the droplet experiences a tensile stress. In

the region where the two droplets touch each other, the droplet interfaces are very close

FIG. 14. Orientation angle of the droplet pair as a function of shifted time, starting from the instant at which

d/2R¼ 1. The time for all the collisions is shifted with t*. DXin/2R¼ 1.6, 2R¼ 165 lm, Ca¼ 0.008, k¼ 0.1.

Upper master curve is for H¼ 0.5 mm, lower master curve is for H¼ 3 mm.
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together. For an accurate simulation of the stresses in this region, the size of the mesh

should be much smaller than the separation distance between the two droplets. This was,

however, not practically feasible in the present simulations. Therefore, the simulated

stresses in the contact region are not reliable and were thus not included in Fig. 15. Film

drainage is governed by the compression force along the line of centers of the droplet,

which can be obtained as the integral of the normal and shear stresses along the interface,

projected along the line of centers of the droplets. Hence, the values of the compressional

stress for a between 90� and 180� are the most relevant to estimate confinement effects.

Figure 15 shows that for both viscosity ratios and irrespective of the orientation angle,

confinement causes an increase of the compressional stress. The difference in hydrody-

namic stresses between bulk and confined conditions becomes less pronounced for low

orientation angles of the droplet doublet. This confirms the argumentation of Chen et al.
(2009) that due to confinement extra hydrodynamic wall forces arise, which have the

same order of magnitude as the hydrodynamic forces originating from bulk shear flow

and thus can influence the dynamics of film drainage. It should be mentioned here that

the stress values presented in Fig. 15 are the results of a 2D simulation which most prob-

ably does not fully capture the 3D dynamics of interacting droplets. Hence, the values of

the normal stress obtained with this simulation will not be quantitatively the same as

those in the experimental system. Nevertheless, Fig. 15 clearly shows the qualitative

effects of geometrical confinement on the stresses on interacting droplets.

According to Yang et al. (2001), the effect of a higher hydrodynamic force on the film

drainage process depends on the film shape. If the droplets remain spherical during the

film drainage process, an increase of the hydrodynamic force will result in faster film

drainage. However, if the hydrodynamic force becomes too large, the pressure between

the droplet interfaces can reach the Laplace pressure and the droplet interfaces will

flatten. The lateral dimension of the thin film can be estimated by equating the hydrody-

namic force to the product of the film drainage area with the Laplace pressure, which is

of O(C/R). Hence, a rough estimation of the radius of the film a can be found [Yang et al.
(2001)],

a2 � R

C
� F; (8)

FIG. 15. Normal stress on the droplet interface of a droplet in a droplet pair as a function of the position along

the droplet interface. 2R¼ 165 lm, Ca¼ 0.008. (a) Doublet orientation angle h¼ 50�. (b) Doublet orientation

angle h¼ 6�. The insets show the simulated stress vectors on the droplet interface for a droplet pair in shear

flow with a gap height H¼ 3 mm.
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with F the hydrodynamic force on the droplet doublet. When substituting this expression

in the equation for the thinning rate of two squeezing disks [Eq. (19) in Yang et al.
(2001)], it becomes clear that the film drainage rate scales as

1

h2

dh

dt
� � C3=2

gdR3=2F1=2
: (9)

In this case, the film drainage will thus be slower if the hydrodynamic force increases.

This is because a larger force will result in a larger flattened film that needs to be drained.

In the Appendix it is argued that in most of the cases investigated here, the droplets are

flattened during the largest part of their interaction and the additional hydrodynamic wall

forces will thus hinder coalescence, thereby partially counteracting the coalescence pro-

motion caused by the differences in droplet trajectories and doublet rotation speeds.

In conclusion, the effects of geometrical confinement on droplet coalescence are gen-

erated by a complex interplay of several factors that may counteract each other. Hence,

sophisticated 3D numerical simulations are needed to unravel these effects and to predict

the outcomes of droplet collisions in confined shear flow. However, up to now simulating

droplet coalescence in shear flow still remains challenging and matching the experimen-

tal conditions is often computationally impractical [Shardt et al. (2013)].

IV. CONCLUSIONS

The effect of geometrical confinement on droplet coalescence in shear flow is system-

atically investigated for different viscosity ratios (k¼ 0.1, 1.1, and 2.6). The main conclu-

sion is that the effects of confinement are similar for all three viscosity ratios. This is in

contrast with droplet breakup, for which confinement effects can be qualitatively differ-

ent, depending on the viscosity ratio [Vananroye et al. (2006)]. Above a confinement ra-

tio of 2R/H� 0.2, the critical capillary number increases with confinement ratio for the

three viscosity ratios. Furthermore, for all three viscosity ratios, confinement makes coa-

lescence possible up to higher initial offsets. On the other hand, confinement also induces

a lower boundary for the initial offset below which the offset decreases to zero during

approach of the droplets after which the droplets reverse without coalescence. Finally,

for all initial offsets confinement decreases the coalescence angle.

The differences between bulk and confined droplet pairs can be explained by a com-

plex interplay of changes in the flow field and additional wall forces induced by confine-

ment. Confinement induces large recirculation zones at the front and the rear of the

droplet pair. As a consequence of these recirculation zones the offset decreases during

approach of the droplets. For low initial offsets, this can lead to reversing trajectories,

which cause the lower boundary for the initial offset. A second consequence of this

decrease of the offset during approach is that the offset at apparent contact is lower in

confined conditions as compared to bulk conditions. Hence, film drainage can already

start at a lower angle. Moreover, it is observed that in confined conditions, the rotation

speed is lower in comparison with bulk conditions, which results in a larger contact time

available for film drainage. Finally, as a consequence of the lower offset at apparent con-

tact and lower rotation speed in confinement, the droplet pair spends more time at lower

coalescence angles where the force pushing the droplets together is smaller. Master

curves of the orientation angles versus time could be constructed for droplet pairs with

different initial offsets. This demonstrated that, once the doublet orientation angle

exceeds 30�, the rotation kinetics becomes independent of confinement, viscosity ratio,
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and approach history. Nevertheless, in confinement additional hydrodynamic wall forces

are present during the complete interaction process.

Although the qualitative effects of confinement are similar for the different viscosity

ratios, there is a quantitative difference between the viscosity ratios. With increasing vis-

cosity ratio, coalescence becomes more difficult. This results in lower critical Ca num-

bers and lower upper initial offset boundaries for the higher viscosity ratios. The reason

for this more difficult coalescence is twofold. First, for a higher viscosity ratio the mobil-

ity of the interface is lower, which results in a more difficult film drainage. Second, for

the higher viscosity ratios the two droplets make apparent contact at a higher offset. In

addition, the lower initial offset boundary, below which the droplets reverse, decreases

with viscosity ratio. This is most probably caused by the larger tangential stress present

at the droplet interface for the higher viscosity ratios, which increases the tendency of the

droplets to be pulled over each other.

Finally, the combined effects of geometrical confinement and viscosity ratio on drop-

let coalescence in shear flow are systematically mapped out and qualitatively explained.

Furthermore, the generated dataset can serve as a reference for future development and

validation of more accurate 3D numerical simulations of the coalescence of a droplet pair

in bulk and confined conditions.
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APPENDIX: FILM SHAPE

Since the hydrodynamic force starts from zero at an orientation angle of 0�, reaches a

maximum at an orientation angle of 45�, and decreases again to zero at an orientation

angle of 90� [see Eq. (7)], a transition from the spherical film regime to the flat film re-

gime and back again can occur at certain orientation angles. Yang et al. (2001) argued

that this transition will occur when the pressure inside the fluid film (�F/a2) becomes

larger than the Laplace pressure (�C/R). By filling in the hydrodynamic force [Eq. (7)]

and the area of a parabolic/spherical film (a2¼ hR), Yang et al. (2001) found that, as a

rough estimation, in bulk conditions the film will become flat when

sin 2 90� � hð Þð Þ � O
1

f kð ÞCa

h

R

� �
: (A1)

To use Eq. (A1) an estimation of the film thickness h is needed. In order to calculate the

range of angles for which the film is certainly flat, the maximum value of h is used. An

upper limit of the film thickness h0 at the point where the transition from parabolic to flat

film takes place can be estimated from simple geometric considerations, namely as the

distance between the two surfaces of two truncated spheres at a distance d¼ 2R, where

the radius of the film drainage area is estimated using Eqs. (7) and (8), resulting in the

following formula [Yang et al. (2001)]:

h0 ¼ R� R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f ðkÞ � Ca � sin ð2ð90� � hÞÞ

p
: (A2)

As already explained, the upper limit of h0 is needed. Since it is clear that the value of h0

is maximum at h¼ 45� this maximum value for h0 is then used in Eq. (A1). This way it is
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estimated that the transition from a spherical to a flattened droplet shape occurs at a dou-

blet orientation angle of 15� (so almost right after apparent contact for most experiments

in the present study), the transition back from a flattened to a spherical droplet shape is

then estimated to occur at an angle of 75�, which corresponds to an offset of 0.966. Since

the value of h keeps decreasing after apparent contact [see Eq. (9)] and since an upper

limit is used for h0, in reality the range of the flat film regime will even be larger. In con-

fined conditions, the forces are larger and hence the tendency of the film to become flat

will be larger. It must be noted that according to this simple scaling the range of angles

leading to a flat film is not that sensitive to changes in the Ca number and the viscosity

ratio. However, simulations performed by Yoon et al. (2007) showed that there are cases,

depending on initial offset, viscosity ratio, and Ca number for which the film is always

parabolic or parabolic for a considerable amount of time at high angles. Hence, it can be

concluded that for a more accurate determination of the transition from a parabolic to a

flat film, simulations of the full problem are necessary.
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