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Abstract Droplet breakup in systems with either a vis-

coelastic matrix or a viscoelastic droplet is studied

microscopically in bulk and confined shear flow, using a

parallel plate counter rotating shear flow cell. The ratio of

droplet diameter to gap spacing is systematically varied

between 0.1 and 0.85. In bulk shear flow, the effects of

matrix and droplet viscoelasticity on the critical capillary

number for breakup are very moderate under the studied

conditions. However, in confined conditions a profoundly

different behaviour is observed: the critical capillary

numbers of a viscoelastic droplet are similar to those of a

Newtonian droplet, whereas matrix viscoelasticity causes

breakup at a much lower capillary number. The critical

capillary numbers are compared with the predictions of a

phenomenological model by Minale et al. (Langmuir

26:126–132, 2010); the model results are in qualitative

disagreement with the experimental data. It is also found

that the critical dimensionless droplet length, the critical

capillary number, and the dimensionless droplet length at

breakup show a similar dependency on confinement ratio.

As a result, confined droplets in a viscoelastic matrix have

a smaller dimensionless length at breakup than droplets in a

Newtonian matrix, which affects the breakup mode.

Whereas confined droplets in a Newtonian matrix can

break up into multiple parts, only two daughter droplets are

obtained after breakup in a viscoelastic matrix, up to very

large confinement ratios.

Keywords Droplet breakup � Confinement �
Viscoelasticity � Grace curve � Critical capillary number �
Critical droplet length

1 Introduction

To achieve the diverse and intricate material properties that

are demanded nowadays for a wide variety of applications,

many complex fluids with an internal microstructure have

to be formulated, transported, and processed. In the case of

emulsions, the product properties and rheology are largely

determined by the mean droplet size and the droplet size

distribution. The last decades, the opportunities of micro-

fluidics as a tool for droplet generation and manipulation

have elaborately been investigated (Baroud and Willaime

2004; Günther and Jensen 2006; Shui et al. 2007; Teh et al.

2007). In general, microfluidic devices contain a network

of small channels that can be connected by means of simple

junctions, but also flow-focussing connections or tapered

geometries are commonly applied to tailor the droplet

characteristics (Christopher and Anna 2007; Teh et al.

2007). Since the droplet size is generally of the order of the

dimensions of the channels of the microfluidic device, wall

effects can cause deviations from bulk behaviour. This has

led to the discovery and development of a wide range of

novel applications and many more are expected to follow

(Baroud and Willaime 2004; Günther and Jensen 2006;

Christopher and Anna 2007; Shui et al. 2007; Teh et al.

2007). One of the assets of microfluidics is its ability to

generate arrays of highly uniform droplets, as reviewed by

Christopher and Anna (2007).

To gain physical insight in droplet dynamics and droplet

breakup, several researchers have studied droplets in a

uniform shear field that is generated between moving
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parallel plates or concentric cylinders. Due to the absence

of pressure gradients and the presence of a constant shear

rate over the complete channel height, this type of flow

facilitates the interpretation of effects of for instance vis-

coelasticity and geometrical confinement on the droplet

dynamics. Apart from being a model flow type, simple

shear flow is also the main flow component during polymer

processing, mixing and other operations that involve

rotating or moving parts. In the absence of buoyancy and

inertia, the dynamics of a Newtonian droplet in a Newto-

nian matrix in bulk shear flow depends on the ratio k of

droplet to matrix viscosity and on the capillary number Ca

(=gm � R � _c=C; with gm the matrix viscosity, R the droplet

radius, _c the shear rate, and C the interfacial tension). The

droplet deformation increases with increasing capillary

number and above a critical value Cacr, the droplet deforms

irreversibly under flow until it breaks into two or multiple

parts. The critical capillary numbers in bulk shear flow

have been documented for a broad range of viscosity ratios

(Grace 1982). In particular, it has been found that droplets

with a viscosity ratio k above 4 can not be broken in bulk

shear flow (Taylor 1934; Rumscheidt and Mason 1961;

Grace 1982). At large Ca, droplets with k� 4 rotate away

from the direction of maximum stretch towards the flow

direction. Hence, an increase of the shear rate merely

causes an increase of the rotation rate of the droplet fluid,

without enhancing the droplet deformation. The droplet

elongation thus remains limited, which prohibits necking

and breakup (Taylor 1934).

Droplet dynamics and droplet breakup in confined shear

flow have extensively been studied for blends consisting of

Newtonian components, as reviewed by Van Puyvelde

et al. (2008). For a viscosity ratio of 1, confinement hardly

affects the critical capillary number (Sibillo et al. 2006;

Vananroye et al. 2006). However, for viscosity ratios

below 1, confinement suppresses breakup whereas for

viscosity ratios above 1, it promotes breakup. Even drop-

lets with a viscosity ratio larger than 4 can be broken in

confined conditions (Vananroye et al. 2006; Janssen and

Anderson 2008; Janssen et al. 2010). Janssen et al. (2010)

attributed this to a suppression of the rotation of the droplet

towards the flow direction, which enhances the droplet

elongation and thus promotes breakup. The dependence of

Cacr on viscosity ratio and geometrical confinement is

qualitatively predicted by the phenomenological confined

Minale model for ellipsoidal droplets (Minale 2008) and by

numerical simulations (Janssen and Anderson 2007;

Janssen et al. 2010). It has to be noted that studies on

confined single droplets are almost exclusively dealing

with droplet sizes smaller than the gap spacing. However,

in concentrated blends, several authors obtained droplets

and strings with a retracted diameter that is much larger

than the gap spacing. These squashed droplets can show

different behavior as compared to the unsquashed ones.

Pathak and Migler (2003) for instance observed a stabil-

ization against breakup for a blend with a viscosity ratio of

1. In this study, only non-squashed droplets will be studied.

In general, it has been established that both droplet and

matrix viscoelasticity stabilize unconfined droplets against

breakup (Elmendorp and Maalcke 1985; Mighri et al.

1998; Lerdwijitjarud et al. 2003; Lerdwijitjarud et al.

2004; Li and Sundararaj 2008). In addition, component vis-

coelasticity can cause elongation and eventually breakup

along the vorticity direction (Migler 2000; Cherdhirankorn

et al. 2004; Mighri and Huneault 2006; Tanpaiboonkul

et al. 2007; Li and Sundararaj 2008). Contrary to the

results for fully Newtonian systems, this mechanism can

cause breakup in bulk shear flow at viscosity ratios above 4

(Mighri and Huneault 2006). Data on the dynamics of

confined droplets that contain a viscoelastic component are

scarce (Cardinaels et al. 2009; Minale et al. 2010; Cardi-

naels and Moldenaers 2010) and the critical conditions for

breakup are unexplored up to now. Recently, it has been

suggested that under confined conditions a uniform shear

flow can be exploited to generate quasi monodisperse

emulsions by controlled breakup at near-critical conditions

(Sibillo et al. 2006; Renardy 2007). However, this has only

been demonstrated for systems consisting of Newtonian

components whereas blend components often have a rather

complex flow behaviour, including viscoelasticity and

shear thinning. The question then arises whether this

technique is also applicable to these blends. In this study,

the effect of viscoelasticity of the components on the

breakup mode of confined droplets will be investigated

systematically. In addition, the conditions that are required

to generate near-critical breakup in confinement will be

mapped out for blends with either a viscoelastic matrix or a

viscoelastic droplet. The results will be used to validate a

recently developed phenomenological model for droplet

dynamics of confined droplets in systems with viscoelastic

components (Minale et al. 2010).

2 Materials and methods

Droplet breakup is studied here with a home-built counter

rotating shear flow cell, that is an adapted version of a

Physica MCR300 rheometer. A schematic of the setup is

given in Fig. 1. With this setup, a droplet in the stagnation

plane between two parallel plates, that rotate in opposite

directions, can be visualized with a non-moving micro-

scope connected to a camera. The relative speed of the

plates can be varied while keeping the shear rate in the gap

constant. Hence, the position of the stagnation plane can be

shifted vertically, thereby providing a means to track the

position of the droplet within the gap. Only droplets near
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the midplane of the gap have been used for the breakup

experiments. In this study, the droplet dynamics is

observed from the top, i.e., in the velocity–vorticity plane.

To explore the effects of confinement on droplet breakup,

the ratio of droplet diameter 2R to gap spacing H is varied

by adapting the spacing between the plates in the range

from 3 to 0.4 mm. The temperature is controlled to within

0.2�C by controlling the temperature of the room. More

details about the experimental setup can be found else-

where (Vananroye et al. 2006; Verhulst et al. 2007;

Cardinaels et al. 2009).

The critical Ca-numbers for breakup have been deter-

mined by increasing Ca in steps of 0.01. After applying a

Ca-number that does not result in breakup, the droplet was

allowed to relax back to the spherical shape before flow

with a higher Ca was started. Cacr is defined as the smallest

Ca-number for which droplet breakup was observed. With

this direct startup protocol, the ambiguity is avoided of

choosing an acceleration or time spend at each Ca, which

can affect Cacr obtained from a gradual increase of Ca

(Torza et al. 1972). In addition, literature data for blends

containing Newtonian components have also been obtained

with this protocol (Vananroye et al. 2006; Janssen et al.

2010). Hence, the data for systems with viscoelastic com-

ponents can be directly compared to these literature data.

Table 1 gives an overview of the materials and blends

that have been used in this study. The properties of the

droplet and matrix fluid are denoted with d and m. As

viscoelastic material a polyisobutylene (PIB) Boger fluid

[BF2 from Verhulst et al. (2007, 2009a)] was prepared. This

fluid has a constant viscosity and first normal stress coeffi-

cient in the shear rate range of interest. As Newtonian com-

ponents, PIB and different grades of polydimethylsiloxane

(PDMS) have been used. Blends containing either a visco-

elastic droplet or a viscoelastic matrix and reference blends

consisting of Newtonian components have been prepared

with viscosity ratios of 0.45 and 1.5. In addition, a blend with

a viscoelastic matrix and a very low viscosity ratio of 0.025

has been used. The interfacial tension of the systems was

determined by fitting the slow flow droplet deformation data

to the second order theory of Greco (2002). Since PIB is

slightly soluble in PDMS (Guido et al. 1999), the PDMS is

saturated with low molecular weight PIB when it is used as

matrix phase. The thus obtained systems have a constant

interfacial tension, that is given in Table 1. It has theoreti-

cally been derived that viscoelastic effects show up in the

droplet deformation if the ratio of fluid relaxation time to

droplet emulsion time becomes on the order of 1 (Greco

2002). This ratio is termed the Deborah number De

(=W1 � C=ð2 � R � g2), with W1 the first normal stress coeffi-

cient and C the interfacial tension). In all experiments, the

droplet size is controlled (on the order of 150 lm) to obtain a

constant Deborah number of approximately 1. This results in

Weissenberg numbers Wi ð¼ W1 � _c2=g � _cÞ in bulk condi-

tions between 0.4 and 1.7.

3 Experimental results and discussion

3.1 Critical Ca-numbers

3.1.1 Comparison between viscoelastic droplet

and viscoelastic matrix

The critical Ca-numbers (Cacr) for breakup as a function of

confinement ratio are given in Fig. 2 for blends with vis-

coelastic components at viscosity ratios of 1.5 and 0.45. It

Fig. 1 Counter rotating shear flow cell and schematic representation

of a deformed droplet in the velocity–vorticity (top view) and

velocity–velocity gradient (side view) planes

Table 1 Blend and component

characteristics
Droplet Matrix T

(�C)

gm

(Pa s)

W1;d

(Pa s2)

W1;m

(Pa s2)

C
(mN/m)

k

PDMS100-200 PIB1300 25.5 83.5 0 0 2.7 1.5

PDMS30-100 BF2 26.4 36.5 0 197 2.0 1.5

BF2 PDMS30 26.0 25.2 212 0 2.2 1.5

PDMS30-60 PIB1300 26.2 74.2 0 0 2.5 0.45

PDMS12,5-30 BF2 26.2 37.2 0 204.5 2.0 0.45

BF2 PDMS100 26.2 82.6 204.5 0 1.85 0.45

PDMS1 BF2 26.0 37.8 0 212 2.0 0.025
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is clear from Fig. 2 that at low confinement ratios (bulk

flow), droplet viscoelasticity with a De-number of 1 does

not influence Cacr for both viscosity ratios. Matrix visco-

elasticity, however, slightly stabilizes droplets against

breakup, an effect that is more pronounced at a viscosity

ratio of 0.45 (Fig. 2b) than at k = 1.5 (Fig. 2a). Sibillo

et al. (2004) observed an increase of Cacr with increasing

values of the De-number of the matrix for systems with

different viscosity ratios. The De-number at which matrix

viscoelasticity started to affect Cacr was below 1 at a vis-

cosity ratio of 0.6 but above 1 at a viscosity ratio of 2.

Hence, the different sensitivity of Cacr to matrix visco-

elasticity at De = 1 for k = 1.5 and 0.45 is in line with the

results of Sibillo et al. (2004). For viscoelastic droplets in a

Newtonian matrix, a stabilization against breakup was

generally observed (Elmendorp and Maalcke 1985; Migler

2000; Lerdwijitjarud et al. 2003, 2004; Li and Sundararaj

2008). In several studies, De and Wi of the droplet were

equal to or lower than those used in this study. However,

some of the experimental results in the literature may be

hampered by effects of shear thinning of the components

and diffusion of the droplet fluid into the matrix phase

(Guido et al. 1999). In addition, in all studies except the

first one, the critical Ca-number is defined as the highest

Ca-number that can be reached without causing the droplet

to break during a gradual increase in shear rate. Since

viscoelasticity of one of the phases can cause overshoots in

the droplet deformation after startup of shear flow, a

gradual increase of Ca can result in profoundly larger

critical Ca-numbers as compared to the direct startup

experiments that are applied here (Verhulst et al. 2009b).

From Fig. 2 it is clear that confinement substantially

affects the critical conditions. It is shown in Fig. 2a that the

critical Ca-number for systems with a viscosity ratio of 1.5

initially decreases with increasing degree of confinement.

At high confinement ratios, Cacr goes through a minimum.

If the droplet is viscoelastic, the minimum occurs at a

lower confinement ratio as compared to the case when the

matrix is viscoelastic. The overall picture is in qualitative

agreement with the behaviour of blends with Newto-

nian components at a viscosity ratio slightly above 1

(Vananroye et al. 2006). A quantitative comparison with

the results for blends with Newtonian components will be

presented in Sect. 3.1.2

From Fig. 2b it can be concluded that, at a viscosity

ratio of 0.45, the variation of Cacr as a function of con-

finement ratio is very moderate for blends with a visco-

elastic matrix; Cacr only shows a slight minimum at a

confinement ratio of about 0.6. The critical Ca-number for

viscoelastic droplets is unaffected by confinement up to

2R/H = 0.4. For more confined droplets, Cacr increases

with increasing confinement ratio, indicating that breakup

is suppressed. The latter behaviour is qualitatively similar

to that of Newtonian droplets in a Newtonian matrix with a

viscosity ratio below 1 (Vananroye et al. 2006; Janssen

et al. 2010). In summary, Fig. 2a and b demonstrate that,

although the effects of component viscoelasticity on the

critical conditions are very moderate in bulk shear flow,

droplet and matrix viscoelasticity have a profoundly dif-

ferent effect in confinement. The viscosity ratio is also an

important parameter in this respect.

3.1.2 Comparison with blends containing Newtonian

components for different viscosity ratios

To quantitatively compare the effect of confinement

for blends that contain viscoelastic components with

blends consisting of Newtonian components, the critical

Ca-numbers for the different systems are summarized in

Fig. 3. The data are normalized by dividing them with their

respective bulk values. Figure 3a displays the experimental

results for systems with a viscoelastic droplet and viscosity

ratios of 0.45 and 1.5. Results for blends that contain only

Newtonian components at viscosity ratios of 0.4 and 1.5

Fig. 2 Critical Ca-number for breakup as a function of confinement

ratio; a k = 1.5 and De = 1 and b k = 0.45 and De = 1
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are added to this figure. In Fig. 3a it can be seen that, at a

viscosity ratio of 1.5 the results for Newtonian and visco-

elastic droplets essentially coincide, indicating that droplet

viscoelasticity has almost no effect on droplet breakup,

neither in bulk nor in confined conditions. The bulk critical

capillary numbers for blends with Newtonian components

and viscosity ratios of 0.45 and 0.4 are 0.465 and 0.461,

respectively (De Bruijn 1989). Due to the minor difference

in Cacr, results for viscoelastic droplets with k = 0.45 and

Newtonian droplets with k = 0.4 can be directly compared.

Hence, Fig. 3a shows that droplet viscoelasticity provides a

very moderate stabilization against breakup at a viscosity

ratio of 0.45.

The normalized critical capillary numbers for systems

containing a viscoelastic matrix are compared with their

Newtonian counterparts in Fig. 3b. When the matrix is

viscoelastic, an increase of Cacr with confinement ratio is

barely visible at a viscosity ratio of 0.45 (Fig. 3b) as

opposed to a viscoelastic droplet in Fig. 3a. Therefore,

additional breakup experiments in a viscoelastic matrix

were performed at a very low viscosity ratio of 0.025. It

can be seen from Fig. 3b that the normalized critical

Ca-number in confined conditions increases when the vis-

cosity ratio is reduced, a trend that is similar to the results

for systems with a Newtonian matrix (Fig. 3a and Vanan-

roye et al. (2006)). However, for each viscosity ratio, the

normalized critical Ca-numbers for breakup in a visco-

elastic matrix are significantly lower than those for New-

tonian droplets in a Newtonian matrix. Hence, matrix

viscoelasticity promotes breakup of confined droplets

under all conditions investigated. It can be noted that for

systems with a viscosity ratio of 0.025 no experimental

data are available in literature for blends with only New-

tonian components but the normalized critical Ca-numbers

for droplets in a viscoelastic matrix at k = 0.025 are lower

than those for blends with a Newtonian matrix at even

higher viscosity ratios. Therefore, the destabilizing effect

of matrix viscoelasticity clearly remains present up to very

low viscosity ratios.

3.1.3 Comparison with predictions of the Minale model

The question now arises if these results can be described by

phenomenological models for droplet dynamics, that are

available in literature. It is known that the effects of vis-

cosity ratio and geometrical confinement on the critical

Ca-numbers in systems with Newtonian components are

qualitatively reproduced by the phenomenological Maffet-

tone and Minale (1998) and confined Minale (2008) models.

These models describe the dynamics of ellipsoidal droplets

in flow by considering a competition between the restoring

interfacial forces and the deforming hydrodynamic forces.

Recently, these models have been extended to predict

droplet dynamics in confined systems with viscoelastic

components (Minale et al. 2010). However, this extended

model has not yet been validated for droplet breakup. As an

example, in Fig. 4 the predicted critical Ca-numbers at a

viscosity ratio of 0.45 for systems with viscoelastic com-

ponents are compared with the experimental data for blends

with viscoelastic components and the predictions for the

Newtonian reference system at this viscosity ratio. In the

calculations, Cacr is determined as the smallest value of

Ca for which no steady state droplet deformation was

obtained. It can be seen from Fig. 4 that there is a large

deviation between experimental and model results.

At a viscosity ratio of 1.5, the model predictions show a

limiting droplet deformation for large Ca-numbers. Hence,

at this viscosity ratio, no critical Ca-number for breakup

could be calculated from the model. In summary, it can be

Fig. 3 Effect of viscosity ratio on the normalized critical Ca-number

Ca*cr as a function of confinement ratio; a Viscoelastic (De = 1) or

Newtonian droplet in a Newtonian matrix and b Newtonian droplet in

a Newtonian or a viscoelastic matrix (De = 1). Symbols are

experimental data for systems with a viscoelastic component and

lines are for systems with only Newtonian components [data taken

from Janssen et al. (2010) and Vananroye A. (Personal communica-

tion 2009)]. Ellipses indicate conditions where multiple neckings

occur
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concluded that the simple phenomenological model for

ellipsoidal droplets is not capable of predicting the critical

Ca-numbers for blends with viscoelastic components in

confined conditions. Most probably, this is caused by the

fact that the Minale model has been derived for blends that

consist of components that can rheologically be charac-

terized by means of the second-order fluids model. Despite

the fact that in the range of shear rates that is relevant in

this study, the steady shear rheology of the Boger fluid can

be well described by means of this second-order model

(Verhulst et al. 2007), Boger fluids have a spectrum of

relaxation times and a very high elongational viscosity, two

factors that can affect the droplet dynamics. In addition, the

Minale model has been developed for ellipsoidal droplets,

an assumption that is no longer valid for highly confined

droplets at near-critical conditions, as will be discussed in

the following sections.

3.2 Critical dimensionless droplet length

For systems with Newtonian components in bulk flow, it

has been shown that the critical conditions for breakup can

be characterized by means of a critical dimensionless

droplet length L/2R; once the critical value is exceeded the

droplet will elongate irreversibly and break up (Grace

1982; Stone et al. 1986). The evolution of this critical

value as a function of confinement ratio might contribute to

gain insight in the differences between the critical

Ca-numbers for confined droplets in systems with either a

viscoelastic matrix or a viscoelastic droplet. Experimen-

tally, it has been observed that both component visco-

elasticity and geometrical confinement can cause the

droplet length after startup of shear flow to go through a

maximum (Sibillo et al. 2006; Vananroye et al. 2008;

Verhulst et al. 2009a, 2009b). This maximum at near-

critical conditions (Cacr–Ca = 0.01–0.02) is used here to

characterize the critical dimensionless droplet length.

Droplet breakup will occur if the maximum of L/2R during

such a transient exceeds the critical value. This is illus-

trated in Fig. 5, where the transient droplet length after

startup of shear flow is shown for two representative cases.

Since the shape of highly deformed droplets deviates from

an ellipsoid [see, e.g., Sibillo et al. (2006)], it is not

straightforward to define a droplet length and orientation

angle unambiguously. The projection of the dimensionless

droplet length L in the velocity direction (=Lp/2R, Fig. 1) is

used in this study to characterize the droplet elongation.

The maximum dimensionless droplet length during

startup of shear flow at near-critical conditions is shown in

Fig. 6a and b as a function of confinement ratio for vis-

cosity ratios of respectively 1.5 and 0.45. The evolution of

the critical dimensionless droplet length in Fig. 6 should be

Fig. 5 Evolution of the dimensionless droplet length after startup of

shear flow for various Ca-numbers; a Newtonian droplet in a

viscoelastic matrix with k = 1.5 and 2R/H = 0.34 and b Viscoelastic

droplet in a Newtonian matrix with k = 1.5 and 2R/H = 0.62

Fig. 4 Critical Ca-number for breakup as a function of confinement

ratio for systems with a viscosity ratio of 0.45; Experimental data

(symbols) and predictions of phenomenological models (lines) for

systems with Newtonian (Minale 2008) and viscoelastic components

(De = 1) (Minale et al. 2010)
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compared with the dependency of Cacr on the confinement

ratio under the same conditions, as displayed in Fig. 2.

When comparing the results at a viscosity ratio of 1.5

(Figs. 2a and 6a) and at a viscosity ratio of 0.45 (Figs. 2b

and 6b), it is immediately clear that the trends for the

critical capillary number and the critical dimensionless

droplet length are quite similar. For both viscosity ratios,

the critical dimensionless droplet length starts to increase at

approximately the degree of confinement where Cacr in

Fig. 2 shows an upturn. This clearly shows that the sig-

nificant differences in the critical capillary numbers of

confined droplets in a viscoelastic matrix as compared to

confined viscoelastic droplets are caused by the substantial

effect of matrix viscoelasticity on the critical dimensionless

droplet length of confined droplets.

When inspecting the data in Fig. 6 in more detail, it can

be seen that in bulk conditions, the maximum value of

Lp/2R for systems with a viscoelastic droplet or a visco-

elastic matrix is equal to that for systems with only New-

tonian components at a viscosity ratio of 0.45 (Fig. 6b).

The corresponding microscopy images in Fig. 6b show that

the most deformed droplet that does not break up in bulk

conditions remains rather ellipsoidal. However, at a

viscosity ratio of 1.5 (Fig. 6a), an unbounded viscoelastic

droplet can withstand much larger deformations without

deforming irreversibly as compared to systems with a

Newtonian droplet. The microscopy image for the uncon-

fined viscoelastic droplet in Fig. 6a shows that even

droplets with a considerable degree of necking can retract

and reach a steady state shape. This is contrary to systems

with a viscosity ratio of 0.45 and it is caused by the fact

that, for the same viscoelastic droplet fluid, the ratio of the

viscoelastic normal stress to the shear stress in the undis-

turbed flow field is larger for the unconfined system with a

viscosity ratio of 1:5 ðW1 � _c2=ðg � _cÞ ¼ 1:7Þ, than for the

system with a viscosity ratio of 0.45 in bulk conditions

ððW1 � _c2=ðg � _cÞ ¼ 0:43Þ: Hence, the viscoelastic stresses

generated in the droplet with a viscosity ratio of 1.5 are

strong enough to cause retraction of a very elongated

droplet, whereas in the system with a viscosity ratio of

0.45, the viscous forces dominate and cause droplet

breakup at a much smaller droplet length. Matrix visco-

elasticity has no effect in bulk conditions.

In confined conditions, the critical dimensionless droplet

length for a viscoelastic droplet substantially increases with

increasing values of the degree of confinement (as did Cacr

Fig. 6 Critical dimensionless droplet length Lp/2R as a function of degree of confinement and corresponding microscopy images in the velocity–

vorticity plane for bulk and highly confined conditions; a k = 1.5 and b k = 0.45
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in Fig. 2a and b), in particular for the blend with the

smallest viscosity ratio of 0.45. For large confinement

ratios, the microscopy images in Fig. 6a and b for the

confined viscoelastic droplets show that long fibrillar

shapes are stable in shear flow, indicating that the presence

of the walls generates stabilizing hydrodynamic forces.

This is different from the critical dimensionless droplet

length for breakup of deformed droplets in quiescent con-

ditions (Cardinaels and Moldenaers 2010), indicating that

flow is necessary for the generation of stabilizing forces.

When the matrix is viscoelastic, an increase of the critical

dimensionless droplet length only occurs at high confine-

ment ratios and it remains rather limited, similar to Cacr in

Fig. 2a and b. The difference between the critical dimen-

sionless droplet length of a droplet in a viscoelastic matrix

and a viscoelastic droplet in a Newtonian matrix gradually

increases when the degree of confinement is increased.

This is most probably caused by the fact that, in a visco-

elastic matrix, confinement increases the viscoelastic

stresses around the droplet (Cardinaels et al. 2010) , which

pull out the droplet ends (Verhulst et al. 2009b). This

counteracts the viscous stabilizing effects of the walls, thus

causing breakup at much shorter droplet lengths in con-

fined conditions when the matrix is viscoelastic.

It is clear from Fig. 6 that the shape of confined droplets

at near-critical conditions significantly deviates from an

ellipsoid, which might explain the deviations between the

predictions of the confined Minale model and the experi-

mental data in Fig. 4. In summary, it can be concluded

from the results in this section that the trends of the critical

Ca-number as a function of confinement ratio, as shown in

Fig. 2, are governed by the evolution of the critical

dimensionless droplet length (Fig. 6) as a function of

confinement ratio.

3.3 Binary versus multiple droplet breakup

An unbounded droplet that breaks up at the critical

Ca-number generally forms two daughter droplets with one

or more small satellite droplets in between (Rumscheidt

and Mason 1961). Long fibrils, that can be formed in bulk

conditions by applying a supercritical Ca-number, break up

into a large number of small droplets due to capillary

instabilities (Rumscheidt and Mason 1962). However, even

at the critical Ca-number, confined droplets can deform

into long threads before breakup occurs (Sibillo et al. 2006;

Janssen and Anderson 2007, 2008; Janssen et al. 2010). For

systems with Newtonian components, this breakup into

multiple parts only occurs when Cacr increases as a func-

tion of confinement ratio and it is promoted by a low vis-

cosity ratio (Janssen et al. 2010). The conditions at which

breakup into more than two daughter droplets occurs for

systems with one viscoelastic component have not yet been

documented in the literature and have been investigated in

this study. These conditions are indicated by the ellipses in

Fig. 3. From the results for a viscoelastic droplet in Fig. 3a,

it is clear that the transition from binary to ternary breakup

coincides with the upturn in Cacr, which is similar to the

results for systems with only Newtonian components

(Janssen et al. 2010). However, the formation of multiple

neckings is strongly suppressed in a viscoelastic matrix,

even far into the region of increasing critical Ca-numbers,

as can be seen in Fig. 3b.

In order to quantitatively study the effects of component

viscoelasticity and geometrical confinement on the breakup

process, the dimensionless droplet length at breakup was

determined for the conditions shown in Fig. 2. This

dimensionless droplet length at breakup was defined as the

dimensionless length of the droplet at the moment just

before breakup occurs. Similar to the results in Sect. 3.2,

the projection of the droplet length in the velocity direction

(=Lp in Fig. 1) is used to characterize the droplet length at

breakup. The results are shown in Fig. 7a and b for vis-

cosity ratios of 1.5 and 0.45, respectively. From a com-

parison between Fig. 2a and b on one hand and Fig. 7a and

b on the other hand, it is clear that the trends in Cacr as a

function of confinement ratio are reflected in the curves of

the dimensionless droplet length at breakup. The dimen-

sionless droplet length at breakup is thus directly related to

the Ca-number that causes breakup. For bulk conditions,

Sibillo et al. (2004) demonstrated that the pinch-off length

shows the same trend as a function of the De-number of the

matrix phase as the critical Ca-number. Similar to the

results in Sect. 3.2, it is shown here that the relation

between critical Ca-number and pinch-off length remains

valid in confined conditions. This relation is caused by the

fact that an increase of the Ca-number at breakup speeds up

the elongation of the droplet, which allows the formation of

a longer and thinner thread before instabilities cause

necking. An increase of the dimensionless breakup time as

a function of confinement ratio, as reported by Sibillo et al.

(2006) was not observed in this study, neither for systems

with a viscoelastic matrix nor for systems with a visco-

elastic droplet.

The evolution of the dimensionless droplet length at

breakup with increasing degree of confinement (Fig. 7) can

also be compared to that of the critical dimensionless

droplet length (Fig. 6). Since it was shown that both

parameters are linked to the critical Ca-number, they vary

in a similar way with confinement ratio. However, when a

quantitative comparison is made, some differences can be

observed. In bulk conditions, the dimensionless droplet

length at breakup is substantially larger than the critical

dimensionless droplet length. This is caused by the fact that

the droplet continues to elongate once the critical dimen-

sionless droplet length is exceeded whereas necking only
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occurs after further thinning. This breakup process is

illustrated in Fig. 5a. The exception to this common bulk

breakup process is the viscoelastic droplet at k = 1.5 for

which droplets with a considerable degree of necking can

still retract, as shown in Fig. 6. When the neck has become

too thin during droplet elongation, breakup occurs during

retraction of the droplet, as illustrated in Fig. 5b. Hence,

the critical dimensionless droplet length and the dimen-

sionless droplet length at breakup have a similar value. For

all systems, the dimensionless droplet length at breakup

and the critical dimensionless droplet length become more

or less equal for confined droplets. Under these conditions,

breakup proceeds as in Fig. 5b: during retraction of the

droplet or fibril, it develops neckings and breaks.

It is clear from Fig. 7 that viscoelastic droplets can

become highly elongated before they break in confined

conditions. These highly elongated droplets form multiple

neckings due to capillary instabilities, as depicted in the

microscopy images in Fig. 7; the number of neckings

increases with increasing values of the dimensionless

droplet length at breakup. However, more than two nec-

kings do not necessarily cause the formation of four or

more droplets. Clearly, some neckings grow faster, leading

to breakup into less daughter droplets or droplets of dif-

ferent sizes. Therefore, a whole range of numbers and sizes

of droplets can be generated in a confined shear flow,

depending on the conditions. This is similar to the obser-

vations that were made by Sibillo et al. (2006) for blends

with Newtonian components. Studying these effects in

detail is however beyond the scope of this study.

As early as 1878, it was already known that instabilities

at the interface of a long thread will only grow if the

wavelength of the instability exceeds the circumference of

the cross section of the thread (Rayleigh 1878). Therefore,

only if the thread becomes sufficiently long, multiple

neckings can occur at regular distances along the droplet

axis. For Newtonian reference systems, it can roughly be

estimated that, in order to enable breakup into multiple

droplets, the droplet length should be at least six times the

undeformed droplet radius (Janssen et al. 2010). The fact

that matrix viscoelasticity causes breakup at a much

smaller dimensionless droplet length, suppresses the for-

mation of multiple daughter droplets in these systems.

Therefore, when the matrix is viscoelastic, breakup into

multiple parts only occurs at very high confinement ratios,

as shown in Fig. 7b. In addition, for these systems, a

reduction of the dimensionless droplet length at breakup

with increasing confinement ratio occurs in the region

where Cacr shows the same trend. From the microscopy

images in Fig. 7 it can be seen that this reduction of the

Fig. 7 Dimensionless projection Lp of the droplet length at breakup as a function of confinement ratio (ellipses indicate conditions where

multiple neckings occur) and microscopy images in the velocity–vorticity plane for selected degrees of confinement; a k = 1.5, b k = 0.45
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dimensionless droplet length at breakup is mainly caused

by the fact that the length of the filament between the two

end bulbs of the droplet decreases with increasing degree

of confinement. This is similar to breakup under super-

critical conditions, for which it was shown that at higher

Ca-numbers, the droplet elongates more before breakup

occurs (Grace 1982). The reduction of the length of the

filament between the daughter droplets causes breakup in

confined conditions without generating satellite droplets,

which enables the formation of emulsions with a uniform

droplet size. In blends with a Newtonian matrix on the

other hand, this is only possible over a limited range of

degrees of confinement, whereas more confined droplets

break up into multiple, but not necessarily equal parts.

Finally, it can be noted that no vorticity elongation,

which was often encountered in systems with viscoelastic

components (Levitt et al. 1996; Migler 2000; Mighri and

Huneault 2001; Cherdhirankorn et al. 2004; Mighri

and Huneault 2006; Tanpaiboonkul et al. 2007; Li and

Sundararaj 2008), has been observed in this study, neither

in bulk, nor in confined conditions. Vorticity elongation

has been attributed to normal stresses, either in the droplet

or in the matrix fluid (Levitt et al. 1996; Migler 2000). The

common aspect in all studies in which vorticity elongation

has been observed is the fact that the critical Ca-numbers

are an order of magnitude larger than Cacr for Newtonian

droplets in a Newtonian matrix. Causes for these larger

values of Cacr are viscosity ratios above 4, two viscoelastic

phases that are entangled polymer melts or the use of a

gradual stepup in shear rate. Hence, the large shear rates

that correspond to these large Ca-numbers cause sub-

stantial normal stresses in the viscoelastic fluids, thereby

inducing vorticity elongation. Most probably, the absence

of vorticity elongation in this study is due to the limited

values of Ca and Wi.

4 Conclusions

The combined effects of component viscoelasticity and

geometrical confinement on droplet breakup in shear flow

have been studied experimentally. The blends under

investigation contain either a viscoelastic Boger fluid

droplet or a viscoelastic Boger fluid matrix. For a visco-

elastic droplet in a Newtonian matrix, the critical condi-

tions for breakup show the same trends as for Newtonian

droplets: for viscosity ratios below 1, confinement increa-

ses the critical capillary number, for viscosity ratios above

1, the critical Ca-number is reduced over a wide range of

confinement ratios. However, when the matrix is visco-

elastic, the critical Ca-numbers in confinement are much

smaller as compared to the values for systems with a

Newtonian matrix. In addition, a much lower viscosity

ratio is needed before confinement can suppress breakup.

The phenomenological Minale model (Minale et al. 2010)

is not capable of describing the observations. As a full

rheological characterization of the used Boger fluid, both in

shear and elongational flow, can be found in literature

(Verhulst et al. 2007, 2009a), the presented experimental

data set can be used for the future development of

numerical codes or models.

The evolution of the critical Ca-number with degree of

confinement is clearly very similar to the evolution of the

maximal droplet elongation that does not cause breakup. In

addition, the dependency of the dimensionless droplet

length at breakup on the confinement ratio is governed by

the evolution of the critical Ca-number at breakup as a

function of confinement ratio. These observations extend

literature results in bulk conditions to confined conditions.

It can thus be concluded that the relation between the

maximal dimensionless droplet length that does not cause

breakup (critical dimensionless droplet length) as well as

the dimensionless droplet length at breakup on one hand

and the critical Ca-number on the other hand is universal.

In confinement, the presence of the walls enables the

formation of very elongated droplets, mainly at high con-

finement ratios and for systems with a low viscosity ratio.

These highly elongated droplets can break up into multiple

parts. Matrix viscoelasticity suppresses the generation of

highly elongated droplets and therefore breakup in a vis-

coelastic matrix generally results in two equal-sized

daughter droplets, up to rather large confinement ratios. For

all systems, confinement prevents the generation of satellite

droplets in between the main daughter droplets, which aids

in the formation of emulsions with a uniform droplet size.

In general, it can be concluded that the effects of matrix

viscoelasticity on the droplet deformation under near-

critical conditions and on the critical Ca-number are much

more pronounced in highly confined conditions as com-

pared to bulk conditions. Therefore, component visco-

elasticity is a factor that should not be neglected in the

design of microfluidic devices and micro-scale polymer

processing equipment for multiphase systems.
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