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Dynamics of sheared droplets filled with non-Brownian particles
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Abstract
The dynamics of single droplets containing non-Brownian particles are studied. The particle over droplet size ratio (r/R) is
changed by using different particle sizes (r/R = 0.02–0.4). Additionally, the effect of particle concentration (5–20 vol%) is
investigated. The dynamics of droplets with r/R = 0.02 show good agreement with the corresponding particle-free reference
system which has a comparable viscosity ratio. Hence, this droplet phase can be considered as a homogenous medium charac-
terized by its bulk viscosity which is governed by the particle concentration. However, droplets with r/R ≥ 0.1 show a more
suppressed deformation and slower transient dynamics and, therefore, behave as a slightly more viscous medium than expected
based on their bulk viscosity. These effects becomemore pronounced at higher particle concentrations and higher r/R. Moreover,
local particle effects like asymmetric droplet shapes, oscillating droplet shapes, and tip streaming start to influence the droplet
dynamics at particle concentrations around 15 vol%.
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Introduction

Polymer blends are used in many everyday products and ma-
terials to achieve superior properties as compared with their
single polymer counterparts. The final properties of blends of
immiscible polymers can be optimized by tailoring the phase
morphology (for a recent review, see Cardinaels and
Moldenaers (2016)). Over a wide composition range, such
blends exhibit a droplet-matrix morphology. Therefore, the
relationships between the applied flow and the single droplet
dynamics of systems consisting of two Newtonian fluids have
been studied extensively (Taylor 1934; Torza et al. 1972;
Rallison 1984; Kennedy et al. 1994; Janssen and Anderson
2007). In this case, the droplet dynamics depend only on two
dimensionless numbers: the capillary number Ca and the

viscosity ratio λ. The capillary number represents the balance
of the deforming viscous forces induced by the applied flow
and the restoring forces of the interfacial tension.

In the specific case of simple shear flow, Ca is given by

Ca = (ηmRγ̇ )/Γ, with R as the droplet radius, ηm as the matrix

viscosity, γ̇ as the applied shear rate, and Γ as the interfacial
tension. The viscosity ratio is the ratio of the droplet phase
viscosity ηd over the matrix phase viscosity ηm: λ = ηd/ηm.
Maffettone andMinale (1998) developed a phenomenological
model which is able to describe the droplet dynamics of ellip-
soidal Newtonian droplets in a Newtonian matrix in various
flow fields and shows good agreement between model predic-
tions and experimental data (Maffettone and Minale 1998;
Vananroye et al. 2007; Vananroye et al. 2008).

Solid particles are often incorporated in polymer blends to
enhance the overall material performance, such as mechanical
properties (Liu and Kontopoulou 2006; Wahit et al. 2006;
Kelnar et al. 2007; Yang et al. 2007) or thermal stability
(Hong et al. 2006b; Elias et al. 2007; Filippone et al. 2010).
Furthermore, particles can introduce additional functionalities,
such as electrical conductivity (Geuskens et al. 1987; Huang
2002; Bharati et al. 2015). Particles are also often added to
control the blend morphology as they can act as
compatibilizers when they are trapped at the interface (Ray
et al. 2004; Zhang et al. 2004; Vandebril et al. 2010;
Yoshida and Trifkovic 2019). Prior work on single droplets
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has already shown that particles trapped at the interface of a
sheared droplet significantly suppress droplet deformation and
breakup and cause hysteresis in the droplet dynamics (Mei
et al. 2016).

In the present work, we focus on the effects of particles
localized in the droplet phase. Several authors (Gahleitner
et al . 2006; Hong et al. 2006b; Zou et al. 2006;
Kontopoulou et al. 2007; Amoabeng et al. 2017) agree on
the fact that the addition of particles to the dispersed phase
of a polymer blend results in an increased droplet size and
coarser microstructure. According to Hong et al. (2006b)
and Kontopoulou et al. (2007), droplet breakup is hindered
by the addition of particles to the dispersed phase. In addition,
cocontinuous structures are more likely to develop when par-
ticles are present in the dispersed phase (Zou et al. 2006;
Filippone et al. 2010; Nuzzo et al. 2014). In contrast with
these results, Elias et al. (2007, 2008) report a reduced droplet
size regardless of the location of the nanoparticles. They attri-
bute this reduction to the decrease in effective interfacial ten-
sion caused by the addition of nanoparticles. However, Elias
et al. (2007, 2008) also observed a small amount of nanopar-
ticles trapped at the interface. To our knowledge, these nano-
particles, present at the droplet interface, can be held respon-
sible for the reduction in interfacial tension and droplet size
(Hong et al. 2006a). Filippone et al. (2010) also observed a
droplet size reduction, yet only at low particle concentrations.
They associated this reduction with the increased viscosity of
the dispersed phase which hinders coalescence and
coarsening.

Only a few studies elucidate the effects of nanoparticles
localized in the dispersed phase of a polymer blend on the
droplet dynamics. The addition of carbon nanotubes to the
dispersed phase of a PP/PA6 blend suppresses the droplet
deformation and breakup. Additionally, the dynamics to reach
steady-state deformation slow down, while droplet retraction
accelerates (Gooneie et al. 2015; Gooneie et al. 2016). In
contrast, Kong et al. (2011) observed a retarded retraction
and suppressed breakup by the addition of silica
nanoparticles to the dispersed phase of a PS/PA6 blend. In
both cases, the observed effects are attributed to the increased
viscous and elastic properties of the dispersed phase.
Numerical simulations by Usta et al. (2009) also predict a
reduced deformation with increasing particle concentration
due to the additional viscous stresses introduced by the
suspended particles.

Besides in polymer blends, droplets encapsulating particles
are also of great importance in the oil, printing, and food
industry (Smith and van de Ven 1985b; Desse et al. 2009;
Usta et al. 2009; Bonnoit et al. 2012; Mehrabian et al. 2015;
Merkel et al. 2015). Consequently, several studies focus on
the droplet dynamics of water/oil systems containing particles
suspended in the dispersed phase. In an early study, Powell
and Mason (1982) investigated the effect of high particle

concentrations (~ 50 vol%) on the deformation and breakup
behavior. Smith and van de Ven (1985b) later extended this
study to lower particle concentrations (0.5–50 vol%) and dif-
ferent flow types. Both authors concluded that the effect of
microsized particles is qualitatively similar to an increased
fluid viscosity of the dispersed phase, thereby resulting in a
higher bulk viscosity ratio. Both studies used particles
resulting in small particle over droplet size ratios (r/R~0.02–
0.11). Mehrabian et al. (2015) on the other hand used higher
particle over droplet size ratios (r/R~0.21–0.47) at high parti-
cle concentration (72 vol%) and concluded by variation of the
viscosity ratio (λ = 0.032–2.5) that breakup is in this case
completely governed by the viscosity of the interstitial fluid
of the dispersed phase.

From studies of the detachment of droplets from a needle, it
is concluded that the droplet medium can no longer be con-
sidered as a continuum when a thin thread is formed or when
concentration gradients exist due to particle rearrangements,
(Furbank and Morris 2004; Bonnoit et al. 2012).
Subsequently, different stages are identified during droplet
detachment of a suspension. In the first stage of detachment,
the system can still be treated as a continuum, hence the dy-
namics are similar to those of a pure fluid with an increased
viscosity (Furbank and Morris 2004; Bertrand et al. 2012;
Bonnoit et al. 2012). When the droplet is further detached,
particle rearrangements in the filament start to create
particle-free regions which dominate and accelerate the dy-
namics. Finally, close to complete detachment, localized thin-
ning is responsible for accelerated droplet detachment
(Bertrand et al. 2012; Bonnoit et al. 2012). These situations
also typically occur during droplet breakup, for example dur-
ing breakup of starch-filled droplets under shear flow (Desse
et al. 2009). By rearrangement of the starch granules in shear
flow, the droplet can easily break up at the depleted zone
between two granules. However, the yield stress present in
these highly concentrated particle–filled droplets also inhibits
breakup completely for droplets with a viscosity ratio above
0.1 (Desse et al. 2009).

In general, some of the studies suggest that particle-filled
droplets can be treated as droplets with a bulk viscosity higher
than that of the droplet fluid. This bulk viscosity is governed
by the particle concentration in the droplet. Consequently,
particles are likely to reduce the droplet deformation and slow
down the startup and retraction behavior. In addition, a stabi-
lizing effect against droplet breakup is expected. However, a
full quantitative study to investigate whether droplet dynamics
of particle-filled droplets is indeed governed by the bulk vis-
cosity and to explore possible additional particle effects is still
lacking.

Additionally, it has to be noted that in most studies on
dynamics of particle-filled droplets in shear flow, the added
(nano)particles not only increase the droplet viscosity but also
introduce non-Newtonian rheological behavior such as shear-
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thinning, viscoelasticity, and yielding (Desse et al. 2009;
Desse et al. 2011; Kong et al. 2011; Gooneie et al. 2015).
The observed changes in deformation and breakup dynamics
are then associated with these non-Newtonian properties.
However, non-Newtonian behavior makes it also difficult to
compare different systems at similar capillary numbers or vis-
cosity ratios (Desse et al. 2011).

The intrinsic effects of particles localized in the dispersed
phase on the single droplet dynamics remain poorly under-
stood to date. Therefore, we experimentally study the
steady-state deformation, transient dynamics, and breakup be-
havior of single droplets containing microsized particles that
do not introduce non-Newtonian properties. The results are
systematically compared with the droplet dynamics of
particle-free reference systems with comparable viscosity ra-
tios. This will allow verifying the hypothesis that particle-
filled droplets can be treated as a homogeneous medium char-
acterized by its bulk viscosity which is governed by the parti-
cle concentration.

Materials and methods

Materials

Various grades of poly(dimethylsiloxane) (PDMS;
Rhodorsil 47 V12500, Silbione 70047 V30000, Bluesil
47 V5000; Bluestar Silicones) are used as matrix phase
in this study. Poly(ethylene glycol-ran-propylene glycol)
(PEG-ran-PPG; Mn∼12,000; Sigma Aldrich; batch
MKBW7320V and MKBF0164V) is selected as droplet
phase. The density of PDMS is 973 kg/m3 at 20 °C
(Minale et al. 1997) and the density of PEG-ran-PPG
is 1092 kg/m3 at 25 °C (data from supplier). In order to
obtain a specific desired viscosity ratio, PDMS mixtures
are prepared according to the viscosity mixing rule de-
scribed in Velankar and Moldenaers (2002). The viscos-
ities of all fluids were measured with an AR-G2 rheom-
eter (TA Instruments) equipped with a cone-plate setup.
All components behave as Newtonian liquids in the
shear rate range applied during the experiments (0.1/s–
10/s).

Polystyrene particles (Dynoseeds; ρPS = 1050 kg/m3 at
20 °C (data from supplier)) are used to prepare the particle-
filled droplets. The number average particle diameters are de-
termined with optical microscopy and are equal to 25 ±
2.7 μm and 82 ± 5.1 μm, which is in good agreement with
the information given by the supplier (respectively, 23.1 μm
and 80.4μm). This method was not applicable for the smallest
particles; hence, a particle size of 5.3 ± 0.093 μm as given by
the supplier is used for these particles.

Suspensions are prepared by adding the particles to PEG-
ran-PPG (batch MKBW7320V; η = 37.4 Pa s at 23 °C) and

mixing with a spatula for 10 min. Hereafter, entrapped air
bubbles are removed by keeping the suspension overnight in
a vacuum oven at room temperature. Suspensions with a par-
ticle concentration of 5, 10, 15, and 20 vol% are prepared and
used as droplet phase. The creaming of particles in the bulk
suspensions can be neglected regarding the timeframe of the
rheology and droplet dynamics experiments as demonstrated
in Supplementary information. To verify that the suspensions
behave as purely Newtonian liquids in the shear rate range of
interest, their rheological behavior is characterized by
performing a strain sweep and a frequency sweep in the linear
viscoelastic region as well as a steady-state flow sweep. These
experiments are performed with a parallel plate setup (D =
40 mm, gap height = 1 mm). The viscosity is indeed indepen-
dent of the shear rate in the shear rate range of interest (0.01/s -
10/s). Moreover,G” linearly increases with angular frequency
and G’ is negligibly small, thereby indicating negligible
elasticity.

Figure 1 displays the relative viscosity ηr of the suspensions
as a function of their particle concentration φ. The relative
viscosity is defined as the ratio of the bulk suspension viscos-
ity over the viscosity of the suspending medium, being PEG-
ran-PPG (batch MKBW7320V). As expected, the suspension
viscosity only depends on the particle concentration and is
independent of the particle size. The full line in Fig. 1 repre-
sents the Maron–Pierce equation (Mewis and Wagner 2011),
with 0.64 as maximum packing fraction (φm):

ηr ¼ 1−
φ
φm

� �−2

ð1Þ

This model is a good fit for the measured data and, hence,
can be used to estimate the viscosity of suspensions with in-
termediate particle concentrations.

Fig. 1 Relative viscosity ηr of bulk PEG-ran-PPG suspensions with 5
μm, 25μmand 82μm sized particles as function of particle concentration
at 23 °C. The full line indicates the Maron-Pierce equation (Eq. 1) with
0.64 as maximum packing fraction
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Particle systems and reference systems

To study the effects of particles on the single droplet dynam-
ics, experiments are performed on different particle systems
(PSX-Y, with X as the particle size and Y as the particle
concentration in vol%). Table 1 summarizes the main charac-
teristics of these particle systems. All particle systems consist
of a PDMSmatrix phase with a viscosity of 28.7 Pa s (23 °C).

The particle concentrations of the injected droplets differ
significantly from the concentrations of the prepared suspen-
sions due to the formation of some small particle–free satellite
droplets during injection. To determine the particle concentra-
tion of the droplets, an average of at least 8 single droplets is
investigated. First, the droplet size is determined and thereaf-
ter, the single droplet is transferred with a spatula to a micro-
scope slide. Subsequently, the droplet is carefully squeezed
between two microscope slides which make it possible to
count the number of particles present in the droplet. Hence,
with the particle size, droplet size, and number of particles
known, the particle concentration in the droplet can be calcu-
lated. However, this method is not applicable for the system
which contains 5-μm-sized particles (PS5–25) because the
particles are too small to individually count them at a magni-
fication that allows seeing the complete droplet in the field of
view. For this reason, the particle concentration of this system
is determined by using confocal microscopy. Droplets con-
taining 20 vol% fluorescent silica particles with a similar par-
ticle size (7 μm) as system PS5-25 are injected into PDMS
and scanned in 3D to determine the particle volume fraction
with image analysis. We assume that the determined particle
volume fraction of the droplets filled with fluorescent silica
particles is similar to that of the droplets containing polysty-
rene particles with a similar size.

The bulk viscosity of the particle-filled droplets is then
determined by measuring the viscosity of a suspension with
a particle concentration equal to the average particle concen-
tration of the droplets. These data are included in Fig. 1.
Finally, the bulk viscosity ratio λ is determined and listed in
Table 1. In all further figures, this value of the viscosity ratio is
used. In Table 1, we also estimated a corresponding droplet
viscosity for the observed minimal and maximal particle

concentrations with the Maron-Pierce model (Mewis and
Wagner 2011), indicated by the full line in Fig. 1.

The interfacial tensionΓ is determined by fitting the droplet
axes at small deformations to the second order theory of Greco
(2002). Table 1 shows the average interfacial tension of at
least three experiments. However, the interfacial tension is
determined separately for every investigated droplet in sys-
tems for which deviations larger than 5% were observed. By
comparison of the interfacial tension values of the particle
systems in Table 1 with those of the particle-free reference
systems (8.5 mN/m, see Table 2), it becomes clear that the
particles do not significantly alter the interfacial tension.

The droplet dynamics of particle systems (PS) and particle-
free reference systems with comparable viscosity ratios are
compared in this work. These reference systems consist
of a PEG-ran-PPG droplet (batch MKBF0164V, η =
40.0 Pa s at 23 °C) and a PDMS matrix phase.
Table 2 shows the matrix viscosities and resulting vis-
cosity ratios of the different reference systems RS-Z
with Z the viscosity ratio. The matrix and droplet phase
of reference system RS-1.4 consist of exactly the same
grades as those of the particle systems, while the matrix
viscosity of the other reference systems is adjusted in
order to match the viscosity ratio with that of a specific
particle system.

The interfacial tension of RS-1.4, determined by
fitting small droplet deformations with the second order
theory of Greco (2002), is equal to 8.5 ± 0.07 mN/m.
The interfacial tension is independent of the molecular
weight of PDMS for the used molecular weight
(Kobayashi and Owen 1995; Vananroye et al. 2007),
and hence, the value of 8.5 mN/m is also used for the
other reference systems.

Experimental setup and protocol

Experiments are conducted using a counter-rotating parallel
plate shear cell. Figure 2 shows a sketch of the parallel plate
shear cell, more details about this setup can be found else-
where (Vananroye et al. 2006; Verhulst et al. 2007). Images
of the droplet, kept in the stagnation plane, are captured with a

Table 1 Characteristics of the
particle systems (PS): average
particle volume concentrations (±
standard deviation), viscosity
ratios λ at a temperature of 23 °C,
range of viscosity ratios resulting
from the variation in particle
concentration and average
interfacial tensions (± standard
deviation)

Particle system Particle concentrations [vol%] λ [−] Range λ [−]a Γ [mN/m]

PS25-6 6.0 ± 1.0 1.6 1.5–1.7 8.0 ± 0.11

PS25-13 12.5 ± 2.3 2.0 1.8–2.2 8.2 ± 0.08

PS25-19 19.3 ± 2.2 2.6 2.3–3.1 8.3 ± 0.16

PS25-23 22.8 ± 1.5 3.1 2.8–3.5 8.6 ± 0.16

PS82-20 20.1 ± 0.3 2.9 2.7–2.8 8.3 ± 0.12

PS5-25 25.2 ± 1.4 3.4 3.1–3.8 8.9 ± 0.07

a Range is estimated using the Maron–Pierce equation (Eq. 1) and the minimal and maximal observed particle
volume concentrations
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microscope and camera in two planes: the velocity–vorticity
plane (top view) and the velocity–velocity gradient plane (side
view). The droplet axes and orientation angle θ of the de-
formed droplet, as indicated in Fig. 2, can be determined from
these images by assuming an ellipsoidal droplet shape.

In this work, the droplet radius (R) is equal to 109 ± 3 μm
and the gap height (H) is set to 3 mm. As shown in
Supplementary information, gravitational effects can be
neglected regarding the time frame of the experiments. In
addition, the vertical position of the droplet is always checked
to ensure that wall effects can be neglected. The temperature
of the sample is determined with a thermocouple for every
experiment. This temperature is used to calculate the viscosity
ratios of the data shown in the results section. The experimen-
tal temperature is equal to 23.2 ± 0.3 °C.

The random particle distribution in the droplet after injec-
tion is always verified with microscopy images (top and side

view). It is verified that the particles do not migrate to the
interface nor to the matrix phase when the droplet is kept
under quiescent conditions. However, during the application
of shear, the particles migrate towards the central droplet axis
in the top view. The nonhomogenous steady-state particle
distribution is independent of the applied shear rate, an exam-
ple can be found in Figs. S1a–b of the Supplementary infor-
mation. The systematic investigation and discussion of the
kinetics of this particle migration will be the subject of another
work, currently under preparation. For the present work, it is
verified that the particle distribution has no significant effect
on the droplet dynamics, an example can be found in
Supplementary information.

The following measurement protocol is applied. For every
droplet, the steady-state droplet deformation at Ca = 0.30 is
first determined immediately after droplet injection and,
hence, with a homogeneous particle distribution. For system
PS25-23, the steady-state droplet deformation as function of
capillary number is also determined. Subsequently, the tran-
sient startup and retraction behavior of this droplet is observed
at capillary numbers of 0.2 and 0.3. Finally, the breakup be-
havior is studied in more detail by stepwise increasing the
applied capillary number until droplet breakup occurs. The
transient and breakup experiments are performed with a non-
homogeneous steady-state particle distribution. To ensure this
steady-state particle distribution, a long period of shear flow
(5–10 min. at Ca = 0.30) is applied between the deformation
experiment and the subsequent transient and breakup experi-
ments. Every capillary number is applied for maximum 5min.
Hereafter, the shear flow is stopped, and hence, the droplet
retracts back to a spherical shape, before applying the next
capillary number.

Results

This section describes the steady-state deformation, startup,
retraction, and breakup behavior of the particle systems. We

Fig. 2 Sketch of parallel plate shear cell in side view with the vorticity
direction perpendicular to the plane. The camera position to capture
images in top view is indicated with an arrow. The droplet axes L, B, W
and Lp and orientation angle θ are indicated on the schematic of the
deformed droplet in top and side view.

Table 2 Newtonian matrix viscosities and resulting viscosity ratios of the particle-free reference systems (RS) at a temperature of 23 °C

Reference system ηm [Pa s] λ [-] Γ [mN/m]

RS - 1 .4 28.7 1.4

RS - 1.7 23.1 1.7

RS - 2.2 18.5 2.2 8.5 ± 0.0 7

RS - 3.2 12.6 3.2

RS - 3.4 11.9 3.4
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expect to observe a reduced droplet deformation, slower tran-
sient dynamics, and droplet breakup at higher critical capillary
numbers compared with RS-1.4 as a consequence of the in-
creased viscosity ratio. The droplet dynamics are also com-
pared with those of reference systems with a comparable vis-
cosity ratio in order to verify the hypothesis that particle-filled
droplets behave as a homogeneous medium characterized by
the bulk viscosity of the suspension. Therefore, every section
first compares the behavior of PS25-23 with RS-1.4, RS-3.2,
and predictions of the Maffettone–Minale (MM) model
(Maffettone and Minale 1998). Hereafter, the effect of particle
over droplet size ratio and particle concentration is discussed
in a summarizing graph of a characteristic parameter for the
specific experiment as function of the bulk viscosity ratio.

Steady-state deformation and orientation

Figure 3 compares the dimensionless droplet axes (L/2R,W/2R,
andB/2R) and orientation angles θ of deformed droplets of PS25-
23 as function of capillary number with those of the particle-free
reference systems RS-1.4 and RS-3.2. In addition, predictions of

the MM model (Maffettone and Minale 1998) are shown as
dashed lines in Fig. 3.

As expected, Fig. 3a shows good agreement (deviations <
5%) of L/2R with the corresponding MM model up to rela-
tively high capillary numbers for RS-1.4 and RS-3.2. In addi-
tion, the model is able to accurately predict the droplet orien-
tation of systems with a viscosity ratio around one, as can be
seen in Fig. 3b for RS-1.4. However, for viscosity ratios much
higher than one (RS-3.2), the model predicts more orientation
towards the flow direction than experimentally observed
(Maffettone and Minale 1998; Vananroye et al. 2007).

It is clear from Fig. 3 that the observed steady-state defor-
mation of PS25-23 does not correspond to that of RS-1.4. The
particle-filled droplets of PS25-23 deform less and orient
more towards the flow direction compared with RS-1.4. A
reduced deformation is also observed experimentally in
nanoparticle-filled blends (Gooneie et al. 2015) and in numer-
ical simulations (Usta et al. 2009). The addition of
(nano)particles introduces additional viscous and/or elastic
stresses resisting droplet deformation (Usta et al. 2009).

The data for PS25-23 in Fig. 3 are also not in agreement
with the data of the corresponding particle-free system with
the same viscosity ratio (RS-3.2). The deviations between
particle system PS25-23 and RS-3.2 are relatively small (≤
7%) at low and intermediate capillary numbers (Ca ≤ 0.30),
but become more pronounced at higher capillary numbers
(14% at Ca = 0.45). The MM model is fitted through the L/2R
data of PS25-23 with the viscosity ratio λ as fitting parameter.
The resulting fit (λ = 4.9) is also depicted in Fig. 3 as a full line.
According to the MM model, the steady-state deformation of
system PS25-23 is thus similar to the steady-state deformation
of a particle-free droplet with a viscosity ratio of 4.9, which is
higher than the bulk viscosity ratio of this system (λ= 3.1).

The effect of particle concentration and particle size on the
steady-state droplet deformation is summarized in Fig. 4,
which gives an overview of L/2R at Ca = 0.30 as function of
the bulk viscosity ratio λ. For every reference system, three
droplets with similar parameters are measured and indicated
as separate data points in Fig. 4. Analogously, experiments
with 3–5 droplets are performed for the particle systems be-
cause these particle systems are less reproducible than the
reference systems, but differences between different droplets
remain smaller than 5.5%. Repeated measurements on the
same droplet show a deviation in Lp/2R of less than 4%. It
has to be noted that Fig. 4 is a detailed figure compared with
Fig. 3a as the L/2R-axis in Fig. 4 only spans a very small range
(1.20–1.50). All measured values of the reference systems
(RS) are slightly larger than the MM model predictions, al-
though deviations are small (< 2.5%).

The effect of particle concentration is studied by means of
the systems PS25-Y in Fig. 4. Figure 3 already demonstrated
that PS25-23 behaves as a system with a viscosity ratio higher
than its bulk viscosity ratio. Figure 4 confirms this trend for

Fig. 3 (a) Dimensionless droplet axes L/2R, W/2R and B/2R and (b)
Orientation angles θ [°] as function of capillary number Ca.
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other particle concentrations as most particle-filled droplets of
PS25-Y show a reduced deformation compared with droplets
from the corresponding reference system. This effect increases
with increasing particle concentration but remains relatively
small for a capillary number of 0.30. Deviations of PS25-23
from RS-3.2 range from 2 to 7% (Ca = 0.30). However, Fig. 3
already illustrated that this effect becomes more pronounced
at higher capillary numbers.

Figure 4 also illustrates the effect of particle size. Similar to
PS25-23, also PS82-20 shows a reduced dimensionless drop-
let axis L/2R. This reduction is even more pronounced for
PS82-20 than for PS25-23, which shows that the particle ef-
fect depends on particle size. On the other hand, PS5-25 has
an average deformation even slightly larger (2.4–6.8%) than
the reference system with the same viscosity ratio, but still
smaller or equal to the original reference system RS-1.4 (de-
viations: 0–6%).

An additional particle effect observed during steady-state
deformation is illustrated in Fig. 5. Figure 5a shows the di-
mensionless parameter Lp/2R after startup of shear flow at
Ca = 0.30, followed by a period of steady shear flow. Lp rep-
resents the projection of the droplet axis L in the top view (see
Figs. 2 and 5c). Time is made dimensionless by dividing it
with the respective emulsion time τE (= ηmR/Γ). The startup
dynamics will be discussed in detail in the next section, here
we focus on the steady-state behavior after startup (t/τE > 20).

As expected, the reference systems (RS) have a stable ellip-
soidal droplet shape during steady shear flow and hence, also
constant values of Lp/2R. As illustrated in Fig. 5a, PS5-25 be-
haves in a similar way. This is in contrast to systems PS25-23
and PS82-20, which clearly show a small overshoot in Lp/2R
after startup of shear flow followed by small-amplitude oscilla-
tions ((Lp,max–Lp,min)/Lp,ss ≤ 1.1%). The oscillations observed in

our experiments are still present after several minutes of shearing.
For the same particle system, it was qualitatively observed that
the time period of the oscillations decreases with increasing cap-
illary number and the fluctuations become more pronounced at
higher capillary numbers, higher particle concentrations, or
higher particle over droplet size ratios. A similar phenomenon
has been reported for droplets submersed in a suspension in
which the particles in the matrix phase cause local flow distur-
bances (Kaur and Leal 2010). An overshoot during startup of
shear flow is also observed by Smith andVan deVen (1985a) for
a droplet containing a single particle.

In general, the rotational flow inside the droplet causes the
particles to circulate. At high particle concentrations and high
particle over droplet size ratios, particle confinement during
this circulation results in outwards bulging of the particles.
This also results in considerable deviations from the assumed
ellipsoidal droplet shape as can be seen in Supplementary
video ESM 1 and Fig. 5b–e. Desse et al. (2009) also men-
tioned irregularities in droplet shape when starch granules are
added to water in oil droplet. These irregularities are attributed
to the internal circulation of the granules inside the droplet.
For system PS82-20, the oscillations are caused by individual
particles bulging out of the droplet, while for system PS25-23,

Fig. 5 (a) Dimensionless parameter Lp/2R as function of dimensionless
time t/τE after startup of shear flow. Images of PS25-23 (b-c) and PS82-20
(d-e) during steady-state shear. Images are taken in the top view (b-d) and
the side view (c-e). All data are for Ca=0.30

Fig. 4 Dimensionless droplet axis L/2R as function of the bulk viscosity
ratio λ. Data points with approximately the same viscosity ratio represent
different droplets of the same particle or reference system. Linear fits
through the data points of RS and PS25-Y are shown by dashed lines to
guide the eye. The full line indicates the MM model prediction. All data
are for Ca=0.30
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the irregular shape of the large particle cluster is responsible
for the oscillations and deviations in droplet shape.
Consequently, the oscillations observed for PS82-20 have a
larger amplitude and smaller time period. However, consider-
ing the limited amplitude of the oscillations and lack of regu-
larity, a full quantitative analysis of these oscillations is con-
sidered beyond the scope of the experiments.

Transient droplet deformation after startup of shear
flow

In Fig. 6a, the startup curves of reference systems RS-1.4, RS-
3.2, and PS25-23 are compared with each other and with the
corresponding predictions of the MM model. In this figure,
the time evolution of the dimensionless parameter ((Lp/2R)-1)
is shown from the moment shear flow is started until a steady-
state deformation is reached. However, as discussed in the

previous section, the systems attain different steady-state
values for the droplet axes. To be able to adequately compare
the startup dynamics of the different systems, we therefore
normalize ((Lp/2R)-1) by its steady-state value ((Lp,ss/2R)-1).
In addition, time is made dimensionless by dividing it with the
respective emulsion time τE.

Differences between the startup curves in Fig. 6a remain
limited, and the overall shapes are similar. RS-1.4 reaches its
steady-state deformation somewhat later than expected from
theMMmodel prediction, while theMMmodel prediction for
the high viscosity ratio system (RS-3.2) is in good agreement
with the experimental data.

The startup curve measured for PS25-23 clearly deviates
from the curves measured for the reference systems. The par-
ticle system reaches its steady-state value at a later time;
hence, it is characterized by slower startup dynamics. This
result is similar to the findings of Gooneie et al. (2015) who
reported a decreased droplet deformation rate when carbon
nanotubes are added to a PP/PA6 blend and hinder the mobil-
ity of the dispersed phase.

To be able to compare the different systems in a more
quantitative way, a characteristic time scale for the startup
curves is determined. All startup curves at Ca = 0.20 have a
sigmoidal shape which is very similar to the shape of the
Gompertz function (Tjørve and Tjrøve 2017):

y tð Þ ¼ Ae−e
− k t−tið Þð Þ ð2Þ

in which k is the slope at the inflection point, ti the time at
inflection, and A the upper asymptote, which is in our case
equal to one. A two-parameter fit of Eq. 2 is made through
all the startup curves, including the MM model predictions
and ti is selected as the characteristic time scale for the
startup process. The resulting values of k are also com-
pared, but no significant differences or clear trends could
be observed. A summary of the resulting ti values for the
different systems can be found in Fig. 6b. Note that the
characteristic time scale ti is made dimensionless with the
corresponding emulsion time τE.

The characteristic time scales calculated from the experi-
mentally determined curves of the reference systems do not
always agree with theMMmodel prediction, approximated by
the full line in Fig. 6b. Therefore, caution is recommended
during the interpretation of these results. Additionally, there
exists quite some variability on the fitted ti values, yet some
general conclusions can be made.

The characteristic time scales of all particle systems are
larger than those of the corresponding reference systems.
This confirms the conclusion, already made from Fig. 6a for
system PS25-23, that the startup dynamics are slowed down
by the addition of particles, more than could be expected on
the basis of the bulk viscosity ratio. This effect increases with
particle concentration.

Fig. 6 (a) Dimensionless parameter ((Lp/2R)-1) normalized by its steady-
state value ((Lp,ss/2R)-1) as function of dimensionless time t/τE during
startup of shear flow (b) Dimensionless startup time ti/τE as function of
the bulk viscosity ratio λ. Data points with approximately the same vis-
cosity ratio represent different droplets of the same particle or reference
system. Linear fits through the data points of RS and PS25-Y are shown
by dashed lines to guide the eye. The full line indicates the MM model
prediction. All data are for Ca=0.20
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Surprisingly, the characteristic time scales for all systems
containing 20 vol% particles are approximately in the same
range and thus independent of particle size. Hence, the kinet-
ics towards steady-state are almost independent of the particle
over droplet size ratio, while the reduction in steady-state de-
formation increases significantly with this ratio.

Droplet retraction after cessation of shear flow

Figure 7a illustrates the shape retraction of reference systems
RS-1.4, RS-3.2, and particle system PS25-23, represented as
the time evolution of ((Lp/2R)-1) normalized by its steady-
state value during shear flow ((Lp,ss/2R)-1). Time is made
dimensionless by dividing it with the respective emulsion time
τE, and time zero corresponds to the moment shear flow is
stopped. The flow is stopped when a steady-state droplet de-
formation is reached. All retraction experiments are performed

after applying a shear flow corresponding to Ca = 0.20. As
expected, the retraction curves of RS-1.4 and RS-3.2 corre-
spond well with the MM model predictions.

On the other hand, PS25-23 retracts significantly slower as
compared with the corresponding reference system with sim-
ilar viscosity ratio, namely RS-3.2. Thus, PS25-23 retracts in a
similar way as a particle-free system with a higher viscosity
ratio than its bulk viscosity ratio. The PA6/PS system studied
by Kong et al. (2011) also showed slower retraction dynamics
of single droplets containing silica nanoparticles. In contrast,
Gooneie et al. (2016) found an accelerated retraction process
of PA6 droplets filled with carbon nanotubes which form an
elastic network. However, the particle-filled blends exhibit in
both cases viscoelastic behavior which is not the case in our
study. In addition, both studies only compared the retraction
behavior of the particle-filled droplets with those of the neat
blend which has different viscous and elastic properties.

From each retraction curve in Fig. 7a, a single characteristic
relaxation time scale τ can be calculated by fitting an expo-
nential function (e−t/τ). Figure 7b provides a summary of these
relaxation times, scaled by the respective emulsion time τE, as
function of the bulk viscosity ratio λ. The qualitative trend
observed in Fig. 7a is confirmed by this overview.

The experimentally determined relaxation times of the
reference systems agree well with the MM model predic-
tions, while particle systems PS25-Y and PS82-20 show
longer relaxation times when the particle concentration is
10 vol% or higher. Hence, these particle-filled droplets re-
tract slower and thus behave similar to systems with a higher
viscosity ratio than their bulk viscosity ratio. This effect
becomes again more pronounced at higher particle concen-
trations and higher particle to droplet size ratios. In contrast,
the relaxation times of PS5-25 are in good agreement with
those of the respective reference system (RS-3.4). At this
low particle to droplet size ratio, the particle suspension that
constitutes the droplet can thus be considered as a homoge-
neous medium characterized by the bulk viscosity ratio
governed by the particle concentration.

It has to be noted that significant deviations (13–
38%) in relaxation time are observed between different
experiments with droplets containing 15 vol% or more
particles. However, different retraction experiments at
Ca = 0.20 and Ca = 0.30 performed with the same drop-
let of PS25-Y resulted in one retraction master curve,
and hence a reproducible value (deviations < 10%) of
the relaxation time per droplet. This suggests that the
variability in relaxation time is caused by variations in
particle concentration between different droplets. To
verify this hypothesis, the particle concentration of dif-
ferent droplets of PS25-19 is determined after the per-
formed experiments, using the method explained in the
“Materials and methods” section. The bulk viscosity ra-
tio of that particular system is then calculated with the

Fig. 7 (a) Dimensionless parameter ((Lp/2R)-1) normalized by its steady-
state value ((Lp,ss/2R)-1) as function of dimensionless time t/τE during
droplet retraction (b) Dimensionless relaxation time τ/τE as function of
bulk viscosity ratio λ. Data points with approximately the same viscosity
ratio represent different droplets of the same particle or reference system.
Linear fits through the data points of RS and PS25-Y are shown by
dashed lines to guide the eye. The full line indicates the MM model
prediction. All data are for Ca=0.20
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Maron–Pierce equation (Mewis and Wagner 2011).
However, as illustrated in Supplementary information,
the trend with viscosity ratio does not become clearer
when the results are plotted as a function of the calcu-
lated viscosity ratio per droplet instead of the average
viscosity ratio as tabulated in Table 1. Hence, the var-
iation in particle concentration can only partially explain
the increase in variability for concentrations above
15 vol%. Probably, local intrinsic particle effects cause
an additional variation in droplet behavior.

On the other hand, for system PS82-20, experiments at
different capillary numbers on the same droplet already
give rise to slightly different retraction curves. From these
results, we can assume that at high particle over droplet
size ratios (PS82-20), droplet retraction is affected by local
particle effects which cause an increase in variability. This
interpretation is supported by the deviations in droplet
shape and resulting oscillations observed during steady-
state shear flow in Fig. 5, which could be linked to the
particle circulation inside the droplet.

Droplet breakup

Droplet breakup is studied by increasing the applied capillary
number with small discrete steps until breakup occurs. Thereby,
after every applied capillary number, the shear flow is stopped
and, hence, the droplet starts from a spherical shape. Figure 8
provides an overview of the observed breakup mechanisms,
illustrated by images taken at Cacrit in the top view.

As expected, all reference systems break up by necking,
which results in two identical daughter droplets and some

satellite droplets. This is illustrated in Fig. 8 for system RS-1.4.
The breakup modes observed for PS5-25, PS25-6, and some
droplets of PS25-13 are similar to those of the reference systems.
However, satellite droplets of PS25-6 and PS25-13 do not con-
tain any particles, while satellite droplets of PS5-25 are partially
filled with particles. For larger particles, the neck width during
thinning becomes comparable with the particle size, and particles
are forced towards the larger daughter droplets. Hence, a particle-
free neck is created where droplet breakup occurs. Similar be-
havior is observed by Furbank and Morris (2004) during droplet
formation of concentrated suspensions from a needle (≥
15 vol%), yet with a lower particle over droplet size ratio.

On the other hand, PS25-19, PS25-23, PS82-20, and some
droplets of PS25-13 show a completely different breakup be-
havior. As can be seen in Fig. 8 and in Supplementary video
ESM 2, the particle-filled droplets do not break into two iden-
tical daughter droplets, instead particle-free droplets are re-
leased from the droplet tips. Attempts to break the remaining
particle cluster by immediately applying a very high shear rate
only resulted in the release of more and smaller particle-free
satellite droplets from the tips. In blends and emulsions, this
different breakup mechanism may lead to a broader droplet
size distribution.

This breakup mechanism in Fig. 8 is comparable with tip
streaming which is observed for systems with an interfacial
tension gradient (de Bruijn 1993), although the physical origin
is different. During shear flow, no particles are present in the
droplet tips due to the particle clustering around the droplet
center. As a result, a lower viscosity ratio, which is compara-
ble with the viscosity ratio of RS-1.4, exists locally in the
droplet tips. This lower viscosity ratio gives rise to easier

Fig. 8 Images of RS-1.4, PS5-25,
PS25-Y and PS82-20 taken dur-
ing droplet breakup at Cacrit (in-
dicated in the first column) in top
view. Second and third column
show images taken at time t/
tb=0.2 and t/tb=0.7, respectively,
with tb the breakup time. Last
column shows the droplets just
after breakup (t/tb=1). The sym-
bols in the first column refer to the
symbols used in Figures 9 and 10
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breakup of the particle-free droplet tips as compared with the
particle-filled cluster in the droplet center. Consequently, only
satellite droplets without particles are formed. As a result, the
particle concentration of the remaining particle cluster is
higher than the particle concentration of the original droplet.
This effect stabilizes the droplet against further breakup
(Powell and Mason 1982). The opposite behavior is observed
for water in oil systems with particle-filled droplets with low
viscosity ratios (Smith and van de Ven 1985b; Desse et al.
2011). In these systems, particles spend more time in the
droplet tips during circulation. Consequently, particle clusters
are ejected from the droplet tips at high shear rates.

In Fig. 9, a quantitative analysis is made by comparing the
critical capillary number at which breakup occurs (Cacrit).

Additionally, the critical strain γcrit (= γ̇crit tb, with tb the break-
up time) and the dimensionless critical droplet length Lp,crit/2R
are calculated (Fig. 10). However, results have to be
interpreted with caution because the breakup mechanisms dif-
fer among the different particle systems, as already presented
and discussed in Fig. 8. Therefore, data points in Figs. 9 and
10 of droplets that break up according to the tip streaming
breakup mechanism are marked in the figure legend. The
symbols refer to the symbols used in the first column of Fig. 8.

Cacrit values measured for the particle-free reference sys-
tems (RS) agree with the de Bruijn (1991) curve at viscosity
ratios around 1 but deviate when reaching viscosity ratios
close to 4. It has to be noted however that Fig. 9 is a detailed
figure because only a limited range of viscosity ratios is shown
and both scales are linear. The inset of Fig. 9 therefore shows a
complete breakup diagram of the critical capillary numbers
determined in this work and the experimental data of Grace
(1982) together with the de Bruijn curve (1991). This inset
shows that the experimental data of Grace show similar

deviations from the de Bruijn fit in the investigated viscosity
ratio range. Furthermore, the experimentally determined crit-
ical capillary numbers in the work of Zhao (2007) are also
consistently lower than the predictions of de Bruijn (1991).
The authors attributed these discrepancies to the fact that the
gradual increase in capillary number used by Grace (1982)
leads to higher critical Ca numbers than direct startup of flow,
as applied here and in the work of Zhao (2007).

After the addition of high particle concentrations (≥
15 vol%), the breakup behavior shows more variability. In
general, the viscosity ratio is increased by the addition of
particles compared with the original system RS-1.4 which
results in this case in a higher value of Cacrit. Therefore,
particle-filled droplets are more difficult to break and larger
average droplet sizes are expected in blends. This particle
effect is already extensively studied in literature for concen-
trated polymer blends (Zou et al. 2006; Gooneie et al. 2016)
and diluted oil in water emulsions (Merkel et al. 2015). In
addition, Kong et al. (2011) observed a higher critical breakup

Fig. 10 (a) Critical strain γcrit and (b) critical droplet length Lp,crit/2R at
which breakup occurs as function of bulk viscosity ratio λ. Data points
with approximately the same viscosity ratio represent different droplets of
the same particle or reference system. Entries indicated with * refer to the
tip streaming breakup mode. The same symbols are used in Figure 8 to
indicate the specific breakup mode

Fig. 9 Cacrit at which breakup occurs as function of bulk viscosity ratio λ.
Data points with approximately the same viscosity ratio represent
different droplets of the same particle or reference system. Entries
indicated with * refer to the tip streaming breakup mode. The same
symbols are used in Figure 8 to indicate the specific breakup modes.
Inset: Comparison with experimental data of Grace (1982)

945Rheol Acta (2020) 59:935–949



aspect ratio for single PA6 droplets containing silica nanopar-
ticles which introduce viscoelastic effects in the dispersed
phase. However, most of these works only compare the drop-
let size of particle-filled blends with that of the neat blend
which has different viscous and/or elastic properties.

When we compare the Cacrit values of PS25-6 and PS25-13
with the Cacrit values of the corresponding reference systems
with matched viscosity ratios, a slight increase is still ob-
served. Hence, there is a small additional intrinsic effect of
the particles that stabilizes the droplets further against break-
up. Figure 10 shows that the critical strain and critical droplet
length are in the same range as those of the respective refer-
ence systems.

At higher particle concentrations (PS25-19 and PS25-23),
droplets break up according to the tip streaming mechanism,
which results in a lower critical droplet length and lower critical
strain. Cacrit, on the other hand, is equal to or higher than Cacrit
observed for RS-3.2 (see Fig. 9). Hence, even though the central
particle cluster does not break, the shift of the necking from the
droplet center to the droplet tips caused by its presence, post-
pones breakup as compared with that in the neat RS-1.4 system.

Similar conclusions can be made for PS82-20, which also
shows breakup by tip streaming. However, if smaller particles
are added to the droplet phase (PS5-25), the breakup process is
in most aspects comparable to the breakup behavior of the
particle-free system RS-3.2 which approximately matches
the viscosity ratio of PS5-25.

Discussion

In this section, the particle effects in the different experiments
(steady-state deformation, transient droplet dynamics, and
breakup behavior) are quantitatively compared with each other.

In general, we can state that particle systems behave in a
similar way as a particle-free system with a higher viscosity
ratio λ*. For every data point of PS25-Y, PS5-25, and PS82-
20 presented in Fig. 4 (λ*deformation), Fig. 6b (λ*startup), and
Fig. 7b (λ*retraction), λ* is determined as the viscosity ratio
which gives the same deformation (L/2R) or characteristic time
scale (ti or τ) according to theMMmodel, shown as a full line in
Figs. 4, 6b, and 7b. λ* is not determined for the breakup ex-
periments because a different breakup mode is observed for
PS25-19, PS25-23, and PS82-20, which makes direct compar-
ison difficult. For these systems, only tip streaming was ob-
served, and it was impossible to break the particle cluster within
the possible shear rate range. Therefore, we assume λ* for these
systems larger than 3.8, which is the upper viscosity limit to
break droplets in shear flow (Grace 1982; de Bruijn 1991).

To verify the hypothesis that particle-filled droplets
can be treated as a homogeneous medium characterized
by its bulk viscosity, λ* has to be compared with the
bulk viscosity ratio λ of the particle systems. Figure 11

summarizes the results. The error bars represent the
minimal and maximal determined λ*.

First, we focus on PS5-25, a system with a low particle
over droplet size ratio (r/R = 0.02). As discussed in Fig. 4,
the deformation of this system is slightly larger than the de-
formation of the corresponding reference system (RS-3.4) but
still smaller than RS-1.4. Hence, λ*deformation is smaller than
the bulk viscosity ratio λ of PS5-25. Figure 11 also confirms
that the retraction behavior of PS5-25 is comparable with the
retraction behavior of a particle-free systemwith approximate-
ly the same viscosity ratio (λ*retraction≈λ). As mentioned in the
“Results” section, also the breakup behavior of PS5-25 agrees
well with that of the corresponding reference system. These
findings support the hypothesis that particles only influence
the droplet dynamics by increasing the overall viscosity ratio
of the system to the bulk viscosity ratio λ determined by the
particle concentration. Only for the startup experiments, the
value of λ* is significantly higher than the bulk viscosity ratio
λ and more comparable with the other 20 vol% particle sys-
tems (PS25-23 and PS82-20).

Secondly, higher particle over droplet size ratios (r/R ≥ 0.1)
are studied by PS25-Y and PS82-20. In contrast to PS5-25,
these systems behave in a similar way as a particle-free system
with a viscosity ratio slightly higher than their bulk viscosity
ratio (λ* > λ). In addition, the particle clusters of PS25-19,
PS25-23, and PS82-20 could not be broken, and hence,
λ*breakup is larger than 3.8, which is in all cases also larger
than the bulk viscosity ratio λ. Furthermore, additional intrin-
sic particle effects like oscillations in deformation, asymmet-
rical droplet shapes, and tip streaming occur in these systems
at high particle concentrations. These particle effects become
more pronounced at higher particle concentrations or higher
particle over droplet size ratios. Only the values of λ* deter-
mined from the startup experiments are independent of the
particle size as PS5-25, PS25-23, and PS82-20 show similar

Fig. 11 Comparison of the bulk viscosity ratio λ with a characteristic
viscosity ratio λ* determined for all particle systems from experimental
data of deformation, startup and retraction experiments. The error bars
represent the minimal and maximal determined λ*
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values for λ*startup. Consequently, it seems that the startup
dynamics are mainly governed by the particle concentration
present in the droplet phase. It has to be noted however that the
startup dynamics of the reference systems do not always agree
with the MM model predictions. Therefore, we have to be
careful with the interpretation of λ*startup.

Despite the fact that different experiments (steady-state
deformation and transient dynamics) show similar trends,
the exact values of λ* differ. Therefore, no general scaling
law based on a corrected viscosity ratio can be composed to
predict the complete droplet dynamics based on particle
concentration and particle over droplet size ratio. Kaur and
Leal (2010) made similar conclusions in their paper about
the effect of particles in the matrix phase on droplet deforma-
tion and breakup. The authors stated that at low particle over
droplet size ratios droplet deformation and breakup can be
described by the bulk viscosity of the suspension, while at
higher ratios the particles locally disturb the applied flow field
and collide with the droplet. These last effects give rise to
more fluctuations, asymmetric droplet shapes and scatter in
the measured deformation and breakup behavior (Kaur and
Leal 2010).

In our case, particles are located inside the droplet phase,
and hence at higher particle over droplet size ratios or higher
particle concentrations, also particle confinement inside the
droplet will play a role. It is well-known that confinement
leads to an increase of the viscosity of non-Brownian suspen-
sions (Peyla and Verdier 2011). Moreover, particles will be
excluded from a volume near the droplet interface as they do
not cross the interface, which results in a higher particle con-
centration. Both types of confinement effects will be more
pronounced for larger particles. As a result, these systems
behave similar to a particle-free system with a viscosity ratio
slightly higher than their bulk viscosity ratio λ. This effect is
even observed at low particle concentrations, although very
limited, and increases with particle concentration and particle
size. Since the flow profile in the droplet is rather complex and
may vary depending on whether steady-state conditions,
startup, or retraction is considered, the effects of the particles
on each of these processes can be slightly different, as dem-
onstrated in our study.

Conclusion

In this work, the effects of non-Brownian particles localized in
the droplet phase on single droplet dynamics are experimen-
tally investigated in shear flow. The particle concentration and
ratio of particle to droplet size are systematically varied. The
results are compared with data of particle-free reference sys-
tems with comparable viscosity ratios.

In general, the particles increase the droplet phase viscosity
and thus the viscosity ratio. The increase in viscosity ratio

results in a suppressed droplet deformation, slower transient
dynamics (after startup and cessation of shear flow), and a
higher critical capillary number for breakup compared with
the neat system.

At first glance, these effects can be predicted by the bulk
viscosity ratio λ of the system governed by the particle con-
centration. However, the presented results demonstrate that
this is only possible at low particle over droplet size ratios
(r/R = 0.02). The quantitative comparison of the dimension-
less deformation axes L/2R and characteristic time scales of
the particle systems with those of the corresponding particle-
free reference systems shows that the droplet dynamics of
particle systems with r/R ≥ 0.1 are not completely governed
by their bulk viscosity ratio. Instead, the droplet dynamics are
similar to those of a particle-free system with a viscosity ratio
λ* slightly higher than their bulk viscosity ratio λ.
Accordingly, the particle-filled droplets behave as more vis-
cous than expected, although differences between λ* and λ
remain limited.

Furthermore, additional intrinsic particle effects come into
play for particle over droplet size ratios exceeding 0.1. For
these particle systems, individual particles or a particle cluster
bulging out of the droplet result in asymmetric droplet shapes
and oscillations in the dimensionless droplet axes during
steady-state shear flow. A different breakupmechanismwhich
is similar to tip streaming for surfactant-covered droplets is
also observed at high particle concentrations. Particle-free
droplets are ejected from the droplet tips, while breakup of
the central particle cluster seems to be impossible under the
current operating window of the CR setup.

These intrinsic effects increase with particle concentration
and particle over droplet size ratio. However, due to different
intrinsic particle effects for steady-state deformation, startup,
retraction, and breakup, it can be concluded that the complete
droplet dynamics cannot be described by a single correction
factor for the viscosity ratio.
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