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Synopsis

he deformation and orientation of droplets during transient shear flow is studied in a
ounterrotating device using microscopy. The effect of the degree of confinement and viscosity
atio is systematically investigated. The system consists of polydimethylsiloxane droplets of
arying sizes and viscosities dispersed in a polyisobutylene matrix. The observations are compared
ith the predictions of an adapted version of the Maffettone and Minale model �Maffettone, and
inale, J. Non-Newtonian Fluid Mech. 78, 227–241 �1998�� which includes confinement effects

Minale, Rheol. Acta 47, 667–675 �2008��. For flow start-up at low capillary numbers, the
eformation of confined droplets and their orientation towards the flow direction are increased with
espect to the unconfined situation for all viscosity ratios under investigation. The confined model
esults for start-up and the experimental data at low capillary numbers are in good agreement both
howing similar monotonous transients. At high degrees of confinement and high shear rates, one
r more overshoots in the droplet deformation are experimentally observed, depending on the
iscosity ratio. In addition, droplets become sigmoidal when highly confined. Under these
onditions, the confined Maffettone and Minale model, which assumes an ellipsoidal droplet shape,
annot be used to predict the droplet behavior. The relaxation of confined droplets upon cessation
f steady-state shear flow is also studied. It is experimentally observed that confinement only
ffects the relaxation at degrees of confinement above 60% of the gap spacing. Highly confined
roplets experience a slightly slower relaxation with respect to bulk conditions. The relaxation
redictions of the confined model are in rather good agreement with the experimental data.

2008 The Society of Rheology. �DOI: 10.1122/1.2978956�

. INTRODUCTION

The analysis of the dynamics of droplets dispersed in an immiscible fluid started in the
930s with the well known studies of Taylor �1932, 1934�. Ever since, a great deal of
heoretical, experimental, and numerical work has been performed to characterize two-
hase systems during flow �Rallison �1984�; Stone �1994�; Ottino et al. �1999�; Tucker
nd Moldenaers �2002�; Guido and Greco �2004��. It was shown that in the absence of
uoyancy and inertia effects, the behavior of a Newtonian droplet in a Newtonian matrix
uring shear flow is determined by two nondimensional parameters: the capillary number
a �=�mR�̇ /�, where �m, R, �̇, and � denote, respectively, the matrix viscosity, the

�
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1460 VANANROYE et al.
roplet radius, the shear rate, and the interfacial tension� and the viscosity ratio �
=�d /�m, in which �d is the droplet viscosity�. In shear flow for � close to 1, a Newtonian
roplet deforms monotonically towards a steady-state shape and rotates simultaneously
owards a specific orientation, as long as Ca does not exceed the critical value for
reakup. For Newtonian systems, this critical capillary number only depends on the type
f flow and the viscosity ratio � �Grace �1982��. Various models have been proposed to
escribe the deformation, orientation and breakup of droplets subjected to a flow field
Rallison �1984�; Stone �1994�; Guido and Greco �2004��. Many among these determine
he droplet deformation assuming small deviations from sphericity so that a perturbation
xpansion could be adopted �e.g., Cox �1969�; Frankel and Acrivos �1970�; Rallison
1980��. Other models start from the assumption that the droplet shape is ellipsoidal at all
imes �Guido and Greco �2004��. A widely used model in this respect is the Maffettone
nd Minale model �Maffettone and Minale �1998, 1999��. This simple phenomenological
odel is capable of predicting the time dependent axes and the orientation angle of

llipsoidal Newtonian droplets in a Newtonian matrix in any type of flow field.
Recently, a growing trend towards miniaturization is observed in the chemical pro-

essing industry. This is reflected in a broad field of applications such as the design of
icroreactors, micromixers, and other microfluidic applications �Thorsen et al. �2001�;
ink et al. �2004�; Stone et al. �2004�; Utada et al. �2005��. This growing trend has raised

he need to analyze fluids in a confined environment. In emulsification or blending pro-
esses, the proximity of one or two walls can alter the deformation and breakup behavior
f single droplets during flow �for an overview, see Vananroye et al. �2006c��. In such
onfined blends, several morphological transitions are perceived, ranging from a com-
letely disordered state to layered structures with pearl necklaces and strings �Migler
2001��. For example, for blends consisting of polyisobutylene �PIB� and polydimethyl-
iloxane �PDMS� with equal viscosities, these observations were presented in a morphol-
gy diagram in the parameter space of shear rate and concentration �Pathak et al. �2002��.
lso the deformation of confined Newtonian droplets in concentrated blends was inves-

igated �Pathak and Migler �2003�; Vananroye et al. �2006a�; Tufano et al. �2008��. It was
hown that for individual droplets in 1% and 5% blends, bulk behavior still prevails up to
confinement ratio—defined as the ratio of droplet diameter 2R to gap spacing d—of 0.4.

In order to exclude concentration effects, single droplet experiments were conducted
o study the deformation, orientation, and breakup during confined shear flows �Vanan-
oye et al. �2006b, 2007�, Sibillo et al. �2006��. These single droplet experiments clearly
evealed specific effects of confinement on the breakup behavior: when ��1, confine-
ent suppresses breakup whereas for ��1, breakup is enhanced �Vananroye et al.

2006b��. In addition, droplet breakup can also occur in a confined shear flow for viscos-
ty ratios exceeding the critical value for breakup in unconfined conditions ��crit=4�. For
iscosity ratios ranging from 0.3 to 5, it was shown that confinement induces both an
ncrease in steady-state deformation and an increased orientation towards the flow direc-
ion �Sibillo et al. �2006�; Vananroye et al. �2007��. For viscosity ratios both below and
bove unity, the steady-state deformation parameter is in agreement with the predictions
f the analytical theory by Shapira and Haber �1990� for confined droplets �Sibillo et al.
2006�; Vananroye et al. �2007��. However, this theory, which resulted in an expression
or the droplet deformation that consists of the small deformation result of Taylor �1932,
934�, corrected with a term depending on the degree of confinement, is limited to small
eformations. In addition, it only yields the steady-state deformation, and a constant
rientation angle of 45° is predicted for all capillary numbers and confinement ratios. To
vercome these drawbacks, the phenomenological Maffettone–Minale model for bulk

ow was recently adapted to include confinement effects �Minale �2008��.
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1461TRANSIENT BEHAVIOR OF CONFINED DROPS
Data on the transient dynamics of confined droplets are scarce in literature. For ex-
mple, for a viscosity ratio of 1, Sibillo et al. �2006� studied drop deformation in shear
ow. The main effects reported were complex oscillating transients and very elongated
roplet shapes. For a viscosity ratio of unity, numerical simulations—either using a
oundary integral method or a volume-of-fluid method—have been performed �Janssen
nd Anderson �2007�; Renardy �2007��. Vananroye et al. �2008� demonstrated that the
xperimental transient and steady-state results were in excellent agreement with the
oundary integral simulation results. In addition, the simulations are capable of predict-
ng the complete shape of highly confined droplets, a feature that is not present in the

odels of Shapira and Haber �1990� and Minale �2008�. In the present work, the transient
ynamics of single Newtonian droplets in a Newtonian matrix is systematically studied
uring shear flow. Both the start-up and the relaxation behavior are determined for a
eries of blends with variable viscosity ratios and degrees of confinement. The results are
ompared with the adapted version of the phenomenological model of Maffettone and
inale that includes confinement effects �Minale �2008��.

I. MATERIALS AND METHODS

. Materials

The two-phase system consists of a PIB liquid as the matrix phase �Parapol, obtained
rom ExxonMobil Chemical, USA� and PDMS oils as the droplet phase �Rhodorsil and
ilbione, obtained from Rhodia Chemicals, France�. All pure components are transparent

iquids at room temperature and have a constant viscosity up to the highest shear rates
sed in the present experiments. Since elasticity effects are fairly low, the pure materials
an be considered as Newtonian under the measurement conditions �Vinckier et al.
1996��. Gravitational effects can be omitted since the densities of the pure materials are
early identical ��PIB=890 kg /m3 at 20 °C and �PDMS=970 kg /m3 at 20 °C� �Minale et
l. �1997��. In Table I, the measured zero-shear viscosities �0 at 24 °C and the activation
nergies Ea of the components are summarized together with the viscosity ratios �, and a
alculation of the critical capillary numbers Cacrit according to de Bruijn �1989�. The
nterfacial tension � of the PDMS/PIB system, measured by Sigillo et al. �1997�, is
.8 mN /m and is independent of the molecular weight of PDMS for grades with rela-

TABLE I. Zero-shear viscosities at 24 °C and activation energies of the
blend components; viscosity ratios and critical capillary numbers of the
blends at 24 °C.

Grade
�0�24 °C�

�Pa s�
E�

�kJ/mole�
�=�PDMS /�PIB

�24 °C� Cacrit���

PIB
Parapol 1300

101 64.4 Matrix Matrix

PDMS
Silbione 70047V30000

30 12.6 0.30 0.48

PDMS
Rhodorsil 47V100000

103 12.9 1.02 0.48

PDMS
Rhodorsil 47V200000

200 12.6 1.98 0.69
ively high molecular weight, as is the case here �Kobayashi and Owen �1995��.



B

P
s
d
F
T
2
t
t
h
a
t
w
u
I
p
d
v
v
i
v
t
o

m
M
m
e
s

I
t

F
p

1462 VANANROYE et al.
. Methods

The dynamics of droplets is studied in a counterrotating parallel plate flow cell �Paar-
hysica�. The advantage of using a counterrotating device is the possibility to create a
tagnation plane in the flow field, which facilitates continuous observation of a droplet
uring flow. More details about the setup are given elsewhere �Vananroye et al. �2006b��.
or practical reasons, the gap spacing d between the parallel plates is chosen to be 1 mm.
he degree of confinement is varied by injecting droplets with different sizes �diameter
R ranging from 200 to 900 	m� in the matrix fluid. The droplets are carefully posi-
ioned at the center plane between the two plates and remain there for the duration of the
ests due to the close matching of the densities of PIB and PDMS in combination with a
igh matrix viscosity. Droplets are observed by means of a Wild M5A stereo microscope
nd a Basler A301f camera. Both microscope and camera are mounted on vertically
ranslating stages such that droplets can be visualized in the velocity-vorticity plane as
ell as in the velocity-velocity gradient plane �Figs. 1�a� and 1�b��. Images are recorded
sing Streampix Digital Video Recording Software �Norpix� and analyzed using Scion-
mage Software. During flow start-up, images are first taken in the velocity-vorticity
lane until steady-state is reached. Then, the flow is stopped and after relaxation of the
roplet, the same experiment is performed while capturing images in the velocity-
elocity gradient plane. By fitting an equivalent ellipse to the drop contour in the
elocity-vorticity plane, Lp and W are obtained at each time instant. From the sideview
mages, the height Lv of the droplet is measured at the corresponding times. Using the
olume preservation condition, the projection equations for an ellipsoid on a plane, and
he measured dimensions Lp, W, and Lv, the two remaining droplet axes L and B and the
rientation angle 
 of a droplet during transient flow are determined.

The experimental results are compared with the predictions of the phenomenological
odel proposed by Minale �2008� which is an adapted version of the bulk model of
affettone and Minale �1998� �MM model� to include confinement effects. The bulk MM
odel assumes that during flow, the droplet displays an ellipsoidal shape which can be

xpressed by a symmetric, positive-definite, second rank tensor S with eigenvalues de-
cribing the square semiaxes of the ellipsoid. The evolution equation of S is given by

dS

dt
− � · S + S · � = −

f1

�
�S − g�S�I� + f2�E · S + S · E� . �1�

n Eq. �1�, t represents the absolute time, �=�mR /� is a characteristic emulsion time, I is

IG. 1. Scheme of a deformed droplet with the geometrical parameters in shear flow; �a� velocity-vorticity
lane; �b� velocity-velocity gradient plane.
he second rank unit tensor, and E and � are the deformation rate and vorticity tensors of
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1463TRANSIENT BEHAVIOR OF CONFINED DROPS
he appropriate flow field. For simple shear flow, E and � are given by

E =
1

2�0 �̇ 0

�̇ 0 0

0 0 0
� �2�

nd

� =
1

2� 0 �̇ 0

− �̇ 0 0

0 0 0
� . �3�

The parameters f1 and f2 are nondimensional, non-negative functions of � and Ca,
hosen to recover the small deformation limits of Taylor �1932, 1934� for the droplet
hape. g�S� is a specific function to preserve the volume of the droplet during flow

g�S� = 3
IIIS

IIS
, �4�

ith IIIs and IIs the third and second invariants of S. For bulk conditions, the model is
ell capable of predicting the evolution of the three main axes of a droplet and its
rientation in an arbitrary flow field �Maffettone and Minale �1998��. In the adapted
odel proposed by Minale �confined MM model� the same evolution equation for S is

sed, but new parameters f1� and f2� are defined in a way that the droplet axes recover the
nalytical limits of the small deformation theory of Shapira and Haber �1990� for con-
ned droplets in shear flow. However this way, only the ratio of f1� and f2�, which now
ecomes a function of the degree of confinement, could be imposed. The remaining
egree of freedom in the choice of f1� and f2� was assigned with a best fit through the
xperimental confined steady-state data of Vananroye et al. �2007� and Sibillo et al.
2006�. More information about this model and expressions for f1� and f2� can be found in

inale �2008�. So far, the results of this model are not yet validated for transient shear
ow.

II. RESULTS AND DISCUSSION

. Start-up of shear flow

In a first series of experiments, the effect of confinement on the start-up behavior of
ingle droplets is studied. Two start-up conditions are explored; in a first part, the start-up
ehavior at a relatively low capillary number is investigated. In a second part, the behav-
or at near-critical conditions for breakup is observed. For both cases, viscosity ratios
anging from 0.28 to 2.2 are explored.

. Low capillary number „Ca=0.2…

For the three studied viscosity ratios between 0.28 and 2.2 no breakup is expected to
ccur at an imposed Ca of 0.2, even for the most confined droplets �Vananroye et al.
2006b��. Figure 2 shows the evolution of the dimensionless axes �L /2R, B /2R, and

/2R� and the orientation angle �
� of three droplets ��=1� as a function of the dimen-
ionless time for three degrees of confinement. The time t is made dimensionless with the
haracteristic emulsion time � of the droplet, and t /�=0 corresponds to the start-up of the
ow. The full lines in the figure are the predictions of the confined MM model for �

1, calculated from Eq. �1�, using the adapted parameter values f1� and f2� �Minale
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1464 VANANROYE et al.
2008��. The experimental data in Fig. 2�a� show that confinement has little or no effect
n the transient deformation during the first part of the start-up transient �t /��3�, which
grees with the model results. For longer dimensionless times, it is observed that the
eformation �Fig. 2�a�� of confined droplets �2R /d�0.3� further increases whereas non-
onfined droplets have already reached steady state. Consequently, the steady-state de-
ormation of confined droplets increases and is reached after a longer shearing time with
espect to bulk conditions. As can be observed in Fig. 2�b�, the orientation angle de-
reases with increasing degree of confinement, i.e., the droplet is more oriented towards
he flow direction. Both the measured deformation �Fig. 2�a�� and orientation angle �Fig.
�b�� of the least confined droplet �2R /d=0.27� are in good agreement with the predic-
ions of the confined MM model. At this degree of confinement, the confined MM model
ardly differs from the original unconfined MM model. This indicates that bulk theories
an still be used for 2R /d�0.3. For increasing degrees of confinement, the confined MM
odel predicts the correct trend in droplet deformation. The orientation angle is also

IG. 2. Dynamics of three droplets with �=1 and varying degrees of confinement during start-up of shear flow:
omparison of experimental data with the confined MM model for Ca=0.2; �a� dimensionless axes L /2R, B /2R,
/2R; �b� orientation angle 
. Microscopic images for 2R /d=0.60.
icely described by the model for all degrees of confinement. The microscopic images of
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1465TRANSIENT BEHAVIOR OF CONFINED DROPS
he droplet with 2R /d=0.6 �inset in Fig. 2�b�� show that at this specific confinement ratio,
he droplet still has an ellipsoidal shape and deforms monotonically towards its steady
tate. The highly confined droplet on the other hand �2R /d=0.91�, showed a slightly
igmoidal shape upon start-up of flow �not shown here�. To enable comparison with the
ess confined data and the confined MM model, the droplet axes were still obtained with
he method described in the Sec. II, which assumes an ellipsoidal droplet shape. For this
ase, an absolute match between experimental results and model predictions is thus not
xpected. It can be seen, however, that the increasing time needed to reach steady state is
icely predicted. Whereas it was demonstrated that the breakup criterion of single drop-
ets with �=1 is hardly influenced by the degree of confinement �Vananroye et al.
2006b��, the present results clearly show that confinement has a considerable effect on
he transient and steady-state deformation and orientation of droplets with �=1.

In Fig. 3, the transient dimensions of three equally confined droplets �2R /d=0.73�, yet
ith different viscosity ratios ��=0.28, �=1.2, and �=1.9�, are shown as a function of

he dimensionless time t /�. For all viscosity ratios, the corresponding predictions of the
onfined MM model are added for comparison. As can be seen, the magnitude of the
eformation of these droplets changes monotonically with time until steady state is
eached, as is the case for nonconfined droplets at this Ca. For nonconfined droplets at
a=0.2, the start-up deformation at viscosity ratios of 0.28, 1.2, and 1.9 are quite similar,
nd L /2R evolves towards a value of 1.27 �not shown in Fig. 3� for all three viscosity
atios. However, as can be seen in the figure, under confinement, the droplets only behave
imilarly during the first part of the start-up transient. For �=0.28, it was shown that
onfinement has little effect on the steady-state deformation �Vananroye et al. �2007��. As
xpected, also the transient deformation is hardly changed compared to the bulk behavior.
or ��1, the experimental steady-state deformation is substantially larger than the bulk
eformation �Vananroye et al. �2007��, and as expected, the start-up dynamics of confined
roplets at ��1 evolve to increased values at longer time scales compared to bulk
roplets. Similar to the steady-state results �Vananroye et al. �2007��, little to no differ-
nce is seen when comparing the experimental start-up dynamics for �=1.2 and �=1.9.
n agreement with the data, the confined MM model predicts monotonous transients and
he time scales at which steady state is reached nicely match those of the experimental
esults. However, the steady-state values obtained by the model slightly differ from the

IG. 3. Dynamics of three droplets with 2R /d=0.73 and varying viscosity ratios during start-up of shear flow:
omparison of experimental droplet deformation with the confined MM model for Ca=0.2.
xperimental results, especially at the lowest viscosity ratio. The discrepancies might be
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1466 VANANROYE et al.
artially due to experimental errors combined with the fact that a limited number of
xperimental data at high confinement ratios is used to determine to model parameters.
his will not be further explored here, however, since the present work focuses on the

ransient results. From the results of Figs. 2 and 3, it can be concluded that after start-up
f flow at Ca=0.2, confined droplets deform monotonically towards their steady-state
eformation. For ��1, hardly any deviations from bulk behavior are seen. For ��1,
onfined droplets elongate more and orient further towards the flow direction than non-
onfined droplets, and the increased steady-state deformation and orientation are reached
fter longer shearing times. The confined MM model is quite capable of describing the
onfined transient dynamics at low capillary numbers.

. Near-critical capillary number

In bulk flow, it is known that after start-up of flow at Ca�Cacrit and for viscosity
atios around unity, a droplet deforms monotonically towards its steady-state deformation
ven for capillary numbers close to the critical one. When Ca�Cacrit, a nonconfined
roplet will continuously deform under flow until breakup is achieved �Grace �1982��.
ere, the start-up behavior of highly confined single droplets is studied at high degrees of

onfinement for several viscosity ratios. As an example, Fig. 4 shows microscopy images
f a highly confined droplet �2R /d=0.83� with a viscosity ratio of 0.32 upon start-up of
hear flow. It was reported that the critical capillary number for breakup at �=0.32
ncreases with increasing degree of confinement �Vananroye et al. �2006b��. For 2R /d
0.83, Cacrit is approximately 0.7 at this viscosity ratio. Therefore, a capillary number of

IG. 4. Time evolution of the droplet shape during start-up of shear flow: Ca=0.6, 2R /d=0.83, and �=0.32;
a� images taken in the velocity-vorticity plane for a series of t /�; �b� image taken in velocity-velocity gradient
lane at t /�=88.25.
.6 is chosen to study the near-critical transient dynamics of this droplet. As can be seen
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1467TRANSIENT BEHAVIOR OF CONFINED DROPS
n Fig. 4�a�, which are microscopy images taken in the vorticity-velocity direction, a
articular behavior is recorded. After starting the flow, the droplet stretches into a fibril.
hen the fibril reaches its maximum elongation, some necking is seen, though, instead of

reaking, the fibril partially retracts. Figure 4�b� shows an image taken in the velocity-
elocity gradient direction after t /�=88.25. From Fig. 4�b�, it can be concluded that the
entral part of the fibril is cylindrical and completely oriented in the flow direction. The
nds of the fibril are blunt and oriented under an angle with respect to the flow direction,
iving the fibril its sigmoidal shape. This shape is more prominently observed for �
1, and especially at high capillary numbers. The elongation of the droplets is rather

arge. Nevertheless, no breakup was observed during flow nor after stopping the flow.
Figure 5 quantitatively shows the transient deformation of the confined droplet de-

icted in Fig. 4. Since the droplet shape at near-critical conditions can no longer be
pproximated by an ellipsoid, the projections Lp and W directly measured in the velocity-
orticity plane �see Fig. 1�, are used to express the deformation of the droplets. The time
cales at which the overshoots occur in Fig. 5 are significantly larger than the ones at
hich steady state is reached at lower capillary numbers �see Fig. 3�. Even after a
imensionless time of 150 �approximately 2000 s�, steady state has not yet been reached.
he corresponding predictions of the confined MM model at Ca=0.6 and 2R /d=0.83

full lines� are also added to the graph. As can be seen, the model predicts a continuously
ncreasing deformation and thus breakup at Ca=0.6. Therefore, an additional comparison
s made with the confined MM model at a capillary number of 0.5, which is slightly
elow the critical capillary number as predicted by the confined MM model �Cacrit

0.52 at 2R /d=0.83 and �=0.32�. The predictions at Ca=0.5 �dashed-dotted lines� show
monotonic deformation towards the steady-state shape which is reached after approxi-
ately 100 dimensionless time units. Hence, the model is not capable of predicting the

vershoots at near-critical conditions. This was expected since it assumes an ellipsoidal
roplet shape, which is clearly not the case anymore.

Figure 6 shows the transient deformation of a highly confined droplet with �=1. Since
he critical capillary number for breakup at a viscosity ratio of unity is not affected by the
egree of confinement �Vananroye et al. �2006b��, the droplet is expected to breakup at
a=0.48 �Grace �1982�, de Bruijn �1989��. Therefore, a capillary number of 0.43 was

IG. 5. Confined dynamics of a droplet with 2R /d=0.83 and �=0.32 during start-up of shear flow: comparison
f experimental data for Ca=0.6 with the confined MM model for Ca=0.6 and Ca=0.5.
hosen to study the near-critical transient dynamics of this droplet. In Fig. 6, the predic-
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1468 VANANROYE et al.
ions of the confined MM model for Lp /2R and W /2R at 2R /d=0 �dashed-dotted lines�,
hich represents the bulk situation, and at 2R /d=0.83 �full lines� are also added. The

xperiments show that around t /�=60, a maximum elongation is reached from which the
roplet retracts slowly until steady state is reached. The steady-state value of Lp is two
imes larger than the bulk model prediction and it takes about ten times longer to reach it
s compared to the unconfined case. The confined MM model at 2R /d=0.83 again pre-
icts a monotonic evolution of Lp towards the steady-state deformation. The steady-state
alue for Lp overestimates the experimental results, though, compared with the uncon-
ned prediction, the confined prediction is rather good, especially since the shape of this
roplet is sigmoidal instead of ellipsoidal. Similar experiments for a viscosity ratio of 1
ere performed by Sibillo et al. �2006�. They showed the transient length L /2R of a
roplet with a degree of confinement of 1 at Ca=0.4. Under these conditions, they
bserved a damped oscillation in droplet deformation with a first maximum �L /2R
4.5� at a dimensionless time of 25. The steady-state deformation was reached after a
imensionless time of 140 �L /2R=3.5�. The experiments presented in Fig. 6, which are
un at a lower confinement ratio yet at a slightly higher capillary number, are in agree-
ent with the results of Sibillo et al. �2006�.
In Fig. 7, the experimental data at near-critical conditions for �=2.2 and 2R /d

0.82 are compared with the results of the confined MM model. At a viscosity ratio of
.2, bulk breakup is seen around a capillary number of 0.66 �Grace �1982�; de Bruijn
1989��, whereas for 2R /d=0.82 breakup is expected around Ca=0.45 �Vananroye et al.
2006b��. Therefore, similar to �=1, also a capillary number of 0.43 is chosen to inves-
igate the droplet behavior at near-critical conditions for �=2.2. Although the flow con-
itions are similar, in the case of �=2.2 the overshoot in deformation is less pronounced
han for �=1 �see Fig. 6�. From this, it could be stated that the presence of one or more
vershoots at near-critical capillary numbers depends on the viscosity ratio of the system.
ith increasing viscosity ratio, a transition from damped oscillations towards a single

vershoot which becomes less pronounced at higher viscosity ratios, is seen. It is ex-
ected that the oscillatory effect will completely disappear above a certain viscosity ratio.
s can be observed, the confined MM model at 2R /d=0 significantly underestimates the

IG. 6. Confined dynamics of a droplet with 2R /d=0.83 and �=1 during start-up of shear flow: comparison of
xperimental data with the confined MM model for Ca=0.43.
xperimental deformation at 2R /d=0.82 and is therefore not capable of predicting con-
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1469TRANSIENT BEHAVIOR OF CONFINED DROPS
ned near-critical dynamics at �=2.2. The confined MM model at 2R /d=0.82 largely
verestimates the experimental results. According to this model, breakup is expected at
a=0.44 for 2R /d=0.82 and �=2.2, so at Ca=0.43, the model predictions are just below
ritical. As a result, the model predicts an extended ellipsoidal droplet shape and a long
ime before steady state is reached.

. Relaxation after shear flow

In a second series of experiments, the relaxation of single droplets after a steady-state
hear flow is studied. Similar to the start-up experiments, droplets with varying degrees
f confinement and viscosity ratios are investigated. Flow conditions include a low cap-
llary number �Ca=0.2� as well as a somewhat higher capillary number �Ca=0.3�.

. Low capillary number „Ca=0.2…

In Fig. 8, the shape relaxation after shear flow is shown as a function of dimensionless
ime for �=1.1. The relaxation behavior is expressed by means of the dimensionless
arameter �Lp /2R−1�, which can be obtained from images taken in the vorticity-velocity
lane. The parameter is normalized for each droplet by dividing it by its value at t /�
0, which is the instant the shear flow is stopped. For a relatively low capillary number
f 0.2, it was observed that only highly confined droplets display a sigmoidal shape,
hereas droplets at a lower degree of confinement still have an ellipsoidal shape, though
ith an increased deformation compared to bulk conditions �Vananroye et al. �2008��.
his shape difference in combination with the proximity of the walls could cause a
ifference in retraction. As can be seen in Fig. 8, the relaxation behavior of all droplets is
uasi similar. The experimental observations for the droplets with 2R /d=0.27 and
R /d=0.45 nicely coincide over the entire relaxation. Hence, it can be concluded that in
hese cases bulk behavior still prevails. The droplet with a confinement ratio 2R /d
0.73 seems to retract slightly slower. Nevertheless, the relaxation parameter changes as
n exponential decay function of time with a single relaxation time for all confinement
atios. It should be reminded that effects of confinement during start-up of flow become
lready visible at a degree of confinement of 0.3 for �=1. In the case of droplet relax-

IG. 7. Confined dynamics of a droplet with 2R /d=0.82 and �=2.2 during start-up of shear flow: comparison
f experimental data with the confined MM model for Ca=0.43.
tion, however, it can be stated that effects of confinement on the retraction process are
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1470 VANANROYE et al.
ostponed to higher degrees of confinement with respect to the start-up experiments. This
s probably due to the absence of the external flow field during relaxation. These results
re in line with recent data on droplets in more concentrated blends at a viscosity ratio of
.5, where at an average degree of confinement of 0.5, no confinement effects on the
elaxation behavior were observed �Vananroye et al. �2006a��. When comparing the ex-
erimental results with the predictions of the confined MM model, it can be concluded
hat at a capillary number of 0.2 and a viscosity ratio of 1.1, the model is appreciatively
apable of predicting the effect of confinement on the relaxation process. The model
redictions for the unbounded case �2R /d=0� nearly coincide with the results at 2R /d
0.27 and are omitted for the sake of brevity.

The same type of experiments is conducted for different viscosity ratios. Figures 9 and
0 show the dimensionless relaxation parameters after cessation of shear flow at Ca
0.2 for �=0.33 and �=2.2 at different confinement ratios. As shown by the experimen-

al results in Fig. 9, in the case of �=0.33, the effect of confinement on the relaxation of

IG. 8. Relaxation of three droplets with varying degrees of confinement for Ca=0.2 and �=1.1: comparison
f experimental data with the confined MM model.

IG. 9. Relaxation of four droplets with varying degrees of confinement for Ca=0.2 and �=0.33: comparison

f experimental data with the confined MM model.
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1471TRANSIENT BEHAVIOR OF CONFINED DROPS
roplets with 2R /d�0.6 is within experimental error. The relaxation data of the three
roplets with the lowest degrees of confinement all coincide. The highly confined droplet
learly relaxes slower than the less confined ones. Therefore, it can be concluded that for
viscosity ratio of 0.33, confinement has a clear effect on the relaxation process of single
roplets after shear flow at Ca=0.2, though only at confinement degrees greater than
.55. Good agreement is seen between the experimental results and the predictions of the
onfined MM model, especially at a high confinement ratio of 0.88. However, the model
lready predicts substantial confinement effects at 2R /d=0.54, which is not confirmed by
he data. For a viscosity ratio of 2.2, as is the case in Fig. 10, again clear differences
etween the more confined and less confined cases are observed. The droplets with
egrees of confinement of 0.66 and 0.91 clearly relax slower than the less confined
roplet. Similar to the results at lower viscosity ratios, for both unconfined and substan-
ially confined droplets, experimental and model results are in good agreement.

. High capillary number „Ca=0.3…

Next, the relaxation of confined droplets is studied after a shear flow at a higher
apillary number of 0.3 to further investigate the effects of a larger initial deformation. In
ig. 11, the dimensionless droplet relaxation parameter �Lp /2R−1� of three retracting
roplets with a viscosity ratio of 1.1 is shown as a function of the dimensionless time
fter a steady-state shear flow at Ca=0.3. As can be seen on the figure, the two droplets
ith the lowest degree of confinement still experience a similar relaxation behavior

ndependent of their degree of confinement. However, it is observed that the highest
onfined droplet �2R /d=0.73� displays a slower relaxation as was also the case at a
apillary number of 0.2. Again, the confined MM model nicely predicts the experimental
esults.

Also experiments at other viscosity ratios are performed. In Fig. 12, the relaxation
esults are shown for droplets with a viscosity ratio � of 0.33. It is again observed that for
he three least confined droplets, the shape relaxation is hardly affected. However, for the
ighly confined droplet �2R /d=0.88�, again a slower relaxation is present. When com-
aring the experimental data of Figs. 9 and 12, no additional effect of increasing the
apillary number is visible. Reasonable predictions are made by the confined MM model.

IG. 10. Relaxation of three droplets with varying degrees of confinement for Ca=0.2 and �=2.2: comparison
f experimental data with the confined MM model.
n Fig. 13, the relaxation of two droplets with a viscosity ratio of 2.2 is shown at a
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1472 VANANROYE et al.
apillary number of 0.3. One droplet has a low degree of confinement �2R /d=0.20�
here the other one has a more moderate degree of confinement �2R /d=0.66�. Similar

rends as at Ca=0.2 are seen. Again, the model nicely covers the data for both situations.
All relaxation results after shearing at capillary numbers of 0.2 and 0.3 indicate that

he effect of confinement on the retraction of droplets is not as great as its effect during
ow. For all viscosity ratios, only for highly confined, highly elongated droplets retrac-

ion occurs significantly slower than in bulk flow. From these experiments, one can
stimate that the critical confinement ratio for droplet relaxation is situated around a
alue of 0.55. For all viscosity ratios, the results of the confined MM model are in rather
ood agreement with the experimental data at both capillary numbers, especially at high
onfinement ratios.

IG. 11. Relaxation of three droplets with varying degrees of confinement for Ca=0.3 and �=1.1: comparison
f experimental data with the confined MM model.

IG. 12. Relaxation of four droplets with varying degrees of confinement for Ca=0.3 and �=0.33: comparison

f experimental data with the confined MM model.
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1473TRANSIENT BEHAVIOR OF CONFINED DROPS
V. CONCLUSIONS

Confined start-up and relaxation dynamics of Newtonian droplets dispersed in a New-
onian matrix subjected to a shear flow are studied in the parameter space of capillary
umber and viscosity ratio. The experiments are performed in a counterrotating parallel
late cell where single PDMS droplets with specific sizes and viscosities were injected in
PIB matrix confined between the two plates. The experimental results during start-up

re compared with the predictions of an adapted version of the Maffettone and Minale
odel that includes confinement effects �Minale �2008��. For ��1, the effect of confine-
ent on droplet deformation during start-up at relatively low capillary numbers is rather

mall. For ��1, an increased deformation and an increased orientation towards the flow
irection is seen for 2R /d�0.3. In addition, the steady-state regime is reached after a
onger time period with respect to the unconfined case. At relatively low Ca, the confined

M model is in good agreement with the experimental results. Both the deformation and
rientation angle of confined and unconfined droplets are nicely predicted. At consider-
bly high confinement ratios, overshoots in the droplet deformation during start-up are
bserved at near-critical conditions. With increasing viscosity ratio, a transition from
amped oscillations towards a single overshoot, which becomes less pronounced at
igher viscosity ratios, is seen. Under these conditions, the confined MM model becomes
ess meaningful since sigmoidal droplet shapes are obtained. It is demonstrated that the
xperimentally observed overshoots are indeed not recovered by the model. The relax-
tion behavior of confined droplets is less sensitive to the confinement ratio than the
tart-up transient. The relaxation of droplets up to a moderate degree of confinement
2R /d�0.55� is hardly affected by the presence of the walls. For all viscosity ratios, it
as seen that only highly confined droplets �2R /d�0.55�, which have greater initial
eformations relax slower compared to unconfined droplets. Nevertheless, at high con-
nement ratios, the relaxation parameter still evolves as an exponential decay function of

ime with a single relaxation time. Especially at high confinement degrees, the confined

IG. 13. Relaxation of two droplets with varying degrees of confinement for Ca=0.3 and �=2.2: comparison
f experimental data with the confined MM model.
M model predictions for relaxation are appreciative.
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