
Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2012, 8, 11939

www.rsc.org/softmatter PAPER

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
A

T
 B

A
Y

R
E

U
T

H
 o

n 
5/

8/
20

20
 1

0:
25

:4
4 

A
M

. 
View Article Online / Journal Homepage / Table of Contents for this issue
Wet granular rafts: aggregation in two dimensions under shear flow
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The aggregation and fragmentation of cohesive granular particles trapped at an air–liquid interface

under shear flow are investigated by experiments and compared with numerical simulations. The

cohesion owing to the formation of capillary bridges from a thin oil film covering the particles is found

to dominate other particle–particle interactions. In the steady state the radius of gyration Rg of an N

particle cluster follows a power law Rg f N1/d. The fractal dimension d of the clusters lies in the range

between 1.5 and 1.6 and depends only weakly on the shear rate _g. The probability to find a cluster of N

particles or larger P(N) displays an exponential tail P(N) f exp(�N/Nc) with a characteristic cluster

size Nc. A power law Nc f _g�b with an exponent b ¼ 0.65 � 0.06 (b ¼ 0.68 � 0.02) is found in our

experiments (simulations). The fractal dimension of the clusters and the value of b are consistent with

an estimate of the largest stable cluster based on the balance between the capillary force and the viscous

drag force.
1 Introduction

Aggregation of macroscopic particles or bubbles trapped at an

air–liquid interface into clusters is a common phenomenon that

can be observed, e.g., for cornflakes floating on milk, during a hot

foam bath or in a glass of champagne.1 The formation of these

aggregates is driven by interfacial tension that is also responsible

for the attraction and ordering of non-spherical objects such as

tree needles or mosquito eggs floating at the water interface of a

pond.2 Applications based on the aggregation of particulate

materials at interfaces are widespread and reach into industrial

processes such as pharmaceutics, floatation processes in mining,

and waste water treatment.3–5 As a consequence, the structure,

rheological behavior of the particle aggregates at interfaces, as well

as their interactions with liquid interfaces within emulsions have

attracted considerable interest over the past few decades.6–10

Furthermore, a theory of interfacial particle aggregation and

break-up can add to a better understanding of the rheology of

Pickering emulsions.11 From the perspective of fundamental

research, the dynamics and self-organization of particles, emulsion

droplets or bubbles at a fluid–liquid interface provide a well

accessible model system to study, for example, colloidal crystals

and glass transitions in two dimensions (2D).12–18

The spectrum of interactions between particles trapped in a

fluid–liquid interface depends largely on the size of particles. For

colloidal or submicron particles, the driving force behind
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aggregation is mainly due to van der Waals interaction and

surface charges in the presence of electrolytes in the bulk

liquid.19–22 For particles with a diameter larger than tens of

microns, i.e., within the granular realm,23,24 the typical interac-

tions include monopolar forces such as the buoyancy force,

dipolar forces due to the electrostatic charges at the interface,

and the capillary forces mediated by deformations of the fluid–

liquid interface.1,25,26 For sub-millimeter particles focused here,

the aggregation is mainly caused by the latter type of interaction.

The disintegration of dense particle clusters in the presence of

shear flow has been extensively studied by Vassileva and co-

workers.27 They found that the critical shear rate required to

break the aggregates depends weakly on their size, and is

explained by a model considering the balance of the viscous drag

and capillary interaction between particles. In a following

work,28 the breakup mechanisms, namely fragmentation and

erosion, have been explored in detail.

In the present study, we focus on 2D wet granular clusters

composed of sub-millimetric spherical glass beads trapped at an

air–liquid interface. The beads are laden with a thin film of a

secondary liquid immiscible with the viscous subphase. Upon

contact this secondary liquid forms capillary bridges between

adjacent particles, giving rise to a well-defined attractive particle–

particle interaction.29–32 This short ranged attractive force

mediated by the capillary bridges is much stronger than the

interactions which cause the clustering of ‘dry’ particles (without

the secondary liquid). A quantitative comparison of the cluster

size distributions in the steady state obtained from our experi-

ment and our discrete elements method (DEM) simulations

assuming frictionless soft core particles allows us to address the

role of hydrodynamic interaction and interparticle friction. By

considering the balance between the viscous drag force and the
Soft Matter, 2012, 8, 11939–11948 | 11939
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cohesive force of the capillary bridges we are able to relate the

shear rate dependence of the cluster size distributions to the

fractal dimension of the clusters.

This article is organized as follows: in the subsequent Section 2

we describe the experimental setup and the sample preparation

procedure, the numerical methods used in the data analysis, and

the physical model employed in the DEM simulations. In Section

3, the analyses of the structure and size distributions of the

aggregates as well as a model based on the balance between the

viscous drag force and the capillary force are presented.
2 Methods

2.1 Experimental setup and sample preparation

Spherical glass beads (Whitehouse scientific GP165) with diam-

eters D ¼ (165 � 25) mm are cleaned subsequently with ethanol,

acetone and purified water. After completely dried at 110�C, the
spheres were etched in an oxygen plasma (Harrick Plasma) and

treated with a Piranha solution, i.e., a 1 : 1 volume mixture of

concentrated sulfuric acid and hydrogen peroxide (35%).

Subsequently, they are coated with OTS (octadecyltri-

chlorosilane) in a bicyclohexyl solvent (Fluka) and dried in a

vacuum. After the treatment, the glass spheres are hydrophobic

and exhibit a contact angle of z110� for an air–water interface

as measured by optical microscopy.

The experimental setup to create the shear flow is illustrated in

Fig. 1. The outer and inner cylinders of a Couette shear cell are

driven independently by two stepper motors with angular

velocities uo and ui, correspondingly. Pure glycerol with density

r1 ¼ 1.26 g cm�3 and dynamic viscosity m ¼ 1.2 Pa$s is filled in

the cell up to a height of 10 cm. Assuming a linear velocity profile

the shear rate is constant and can be determined by _g ¼ |uiri �
uoro|/Dr, where ri ¼ 4.5 cm and ro ¼ 6.5 cm correspond to the

radius of the inner and outer cylinder, respectively, and Dr h ro
� ri. This assumption is justified because the Reynolds number of

the Couette flow, Re ¼ rl _gDr
2/m, is smaller than 10 for the range

of shear rates explored in our experiments.

As shown in Fig. 2(a), the hydrophobic glass spheres initially

deposited onto the air–glycerol interface will pile up
Fig. 1 Sketch of the experimental setup. The outer (a) and inner (b) cylinde

velocities to create a linear shear profile in the gap. Hydrophobic glass spheres

oil. The particles are illuminated by parallel light emitted from the light source

in the top view (f) by a high speed camera (e) and subjected to an image proces

procedure. All particles in a cluster are displayed in the same color.

11940 | Soft Matter, 2012, 8, 11939–11948
occasionally. A solution of silicone oil (AK5, Wacker) in hexane

with a mass concentration of 0.1% is then applied to the air–

glycerol interface. After completely immersing in the solution,

the particles redistribute and form a monolayer, as indicated in

Fig. 2(b). Driven by the evaporation front of the hexane, the

packing of the spheres becomes more and more dense. As all the

hexane evaporates, a monolayer of ‘wet’ granular clusters is

obtained, cf.Fig. 2(c). Owing to the compact structure we refer to

these clusters as ‘wet’ granular rafts. To quantify the amount of

the added oil phase we employ the dimensionless concentration

W¼ Vo/Vp, defined as the ratio of the volume Vo of the added oil

to the total volume Vp of the particles. It is kept within a few

percent so as to promote the formation of capillary bridges

between adjacent particles instead of large liquid clusters, see also

the image in Fig. 2(c).

The sketch in Fig. 1 illustrates how the aggregates floating on

the air–liquid interface are illuminated from below by means of a

collimated light source in combination with an annular mirror

placed at the bottom of the Couette cell. Fig. 1(f) shows a top

view of the ‘wet’ granular rafts in a steady state captured by the

high speed camera (PCO h1200s). The captured image is in turn

subjected to an image processing procedure, which is capable of

detecting more than 95% of the particles in the field of view and

locating the cluster boundaries, as illustrated in Fig. 1(g). To

achieve a steady state, the sample is initially sheared at the largest

possible shear rate 48.8 s�1 for 10 minutes, and with a desired

shear rate for a period of 30 minutes.
2.2 Numerical simulations

The dynamics of the ‘wet’ particles in a linear shear flow is

numerically simulated applying a two-dimensional discrete

element model (DEM). To account for the polydispersity of the

particle size in the experiments we consider a 1 : 1 bidisperse

mixture of spheres with radiiR> andR<, respectively, fixed by the

ratio l h R>/R< ¼ 1.05 of large to small radius and the mean

particle diameter D ¼ R< + R>. Each particle is assigned a mass

mi ¼ 4prpRi
3/3 where rp is the mass density of the particles.

Particle–particle interactions are modeled employing a repul-

sive soft core potential and a constant attractive capillary force
rs of the Couette device are able to rotate independently at fixed angular

with a diameter of (165� 25) mm floating on glycerol are ‘wet’ by silicone

(d) and reflected by the mirror (c). Images of the aggregates are recorded

sing procedure. Panel (g) shows a typical image after the image processing

This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Preparation of two-dimensional ‘wet’ granular clusters. The upper and lower rows show snapshots taken with an optical microscope and

sketches to illustrate the procedure, respectively. (a) Initial state where particles are poured gently onto the air–glycerol interface; (b) particles covered by

a lens composed of silicone oil solved in hexane; (c) particles bound together by capillary bridges (the white bars between adjacent particles) after

evaporation of hexane.
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acting below a finite separation. Tangential forces due to sliding

or rolling friction, as well as dissipative normal forces are not

considered, i.e., two particles binding together via a liquid bridge

can roll or slide freely relative to each other.

Following ref. 33 and 34 we chose an elastic repulsive inter-

action of the form

f
ðrÞ
ij ¼

8<
:

� 3A

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��rij � Ri � Rj

��
q

eij for rij\Ri þ Rj

0 else

(1)

where rij is the distance from the center of particle i to the center

of particle j with radii Ri and Rj, respectively, and eij is the unit

vector pointing from the center of particle i to the center of

particle j. The advantage of this non-linear spring force over, e.g.,

a Hertzian contact is the diverging compressibility at zero

indentation. The prefactor A in eqn (1) controls the particles’

hardness.

To model the attractive capillary interaction we implemented

the minimal capillary model proposed by Herminghaus in ref. 31

in our simulation code. At the same moment two particles touch,

a capillary bridge is created which exerts an attractive force onto

the particles. The capillary bridge is destroyed whenever the

separation between the surfaces of the particles exceeds a certain

threshold separation s*.

The capillary force f (c)ij particle j exerts onto particle i is related to

the interfacial tension of the wetting liquid and the radii of the

particles by

f
ðcÞ
ij ¼ 2ps

ffiffiffiffiffiffiffiffiffiffi
RiRj

p
eij for rij\Ri þ Rj þ s�; (2)

where eij is the unit vector pointing from the center of particle i to

the center of particle j and s is the interfacial tension of the air–

liquid interface.

The spherical particles interact with the flow of the ambient

liquid following Stokes’ viscous drag force

f (d)i ¼ 3pmRi(vi � _gxey) (3)

for a sphere which is half immersed into the liquid. The dynamic

viscosity of the ambient liquid is m while _g denotes the shear rate.
This journal is ª The Royal Society of Chemistry 2012
The particle coordinate perpendicular to the direction of shear is

denoted by x. We assume a linear flow profile which is not altered

in the presence of the floating particles, i.e., we do not account for

any hydrodynamic interaction between the particles. To avoid

boundary effects, and in consistency with the linear shear profile,

we apply Lees Edward boundary conditions to the particles in the

simulation box. For all simulation runs we set the side length of the

square simulation box toL¼ 80D. To obtain the particle positions

ri(t) as a function of time t, Newton’s equation of motion,

mi €ri ¼
XNp

isj

f
ðrÞ
ij þ

X
j˛BðiÞ

f
ðcÞ
ij þ f

ðdÞ
i ; (4)

is solved for every particle i¼ 1,.,Np using a predictor corrector

algorithm for second order ODEs. Here, the set B(i) is the set of

particles i s j which share a capillary bridge with particle i.

During each simulation run clusters of particles connected by

capillary bridges are detected. Besides the cluster size distribution,

we estimate distributions of the spatial extension of the clusters,

and their elongation and orientation relative to the shear flow. For

given coordinates ri of the particles i ˛ I a in a cluster a, the latter

quantities can be computed from the two-dimensional tensor

~M ¼ 1

Na

X
i˛I a

ri5ri � hri5hri with hri ¼ 1

Na

X
i˛I a

ri: (5)

Note that the definition of this tensor is similar to the moment

of inertia tensor known in classical mechanics. Here, the index set

I a contains all indices of particles being a part of cluster a, while

the number of particles in the cluster is Na ¼ |I a|.

A number of quantities characterizing the geometry and

orientation of a cluster can be deduced from ~M . The radius of

gyration Rg of the particle cluster is defined as

Rg h (tr ~M)1/2, (6)

while the ratio l¼M>/M< > 1 of the larger eigenvalueM> to the

smaller eigenvalue M< of ~M can be employed to define the

anisotropy of the cluster.

To non-dimensionalize all physical quantities relevant in our

analysis we measure lengths and distances in units of the mean
Soft Matter, 2012, 8, 11939–11948 | 11941
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diameter of the spheres, D, forces and energies in units of F0 h
sD and E0 h sD2, respectively, and time in units of T0 h mD/s.

From 1/T0, one obtains the conversion factor between experi-

mental and simulation shear rates to be 101 s�1. Using this

particular rescaling, we can set the mean particle diameter D,

interfacial tension s, and the dynamics viscosity m to unity.

Consequently, the mass and mass density of the particles is

measured in units of M0 ¼ m2D2/s and rp ¼ m2/sD, respectively.

Throughout all simulation runs we set the prefactor in the non-

linear spring force eqn (1) to A ¼ 100sD1/2. This guarantees to

observe only small indentations between particles at small shear

rates _g < T0
�1. Moreover, we set the rupture distance of the

capillary bridges to s* ¼ 0.1D independent of the radii of

the particles. According to the analysis by Willett et al.35 of the

volume dependence of s* on the liquid volume, this value

corresponds to a liquid saturation of W z 0.7% as an upper

limit, assuming six bridges on a bead. The integration time step is

set to DT ¼ 10�3T0 in all simulation runs. Before starting the

shearing motion of the liquid bath in our simulations, a number

of N ¼ 1304 particles where sequentially placed randomly in the

box without overlaps resulting in a covered area fraction of 0.16.

The total duration of a simulation run was set to Ts ¼ 200/ _g, to

ensure that the distribution of particle clusters is given enough

time to relax into a stationary state. During the time interval

[0.5Ts,Ts], the size distribution of particle clusters connected by

capillary bridges and their radius of gyration are sampled in

regular intervals. Besides time averages over 20 measurements in

each simulation run we take a further ensemble average over 20

realizations to improve the statistics.
Fig. 3 Panels (a) and (b) display inverted sample images used for the

morphological characterization for ‘dry’ and ‘wet’ particles, respectively,

for a shear rate 7.3 s�1, particle diameterD¼ (165� 25) mm, and a global

area fraction of particles f¼ 5.7%. Scale bar length 1 mm. (c) The nearest

neighbor distribution for ‘dry’ and ‘wet’ particles as a function of the

reduced distance d/D. (d) Euler characteristic c* for ‘dry’ and ‘wet’

particle aggregates normalized by the total number of particles as a

function of the reduced disk diameter 3/D. Inset: a close view of the Euler
3 Results and discussion

In this section, we first demonstrate the enhanced cohesion of

‘wet’ granular rafts by comparing the aggregates formed by the

same particles without (‘dry’ case) and with (‘wet’ case) oil film

for the same driving in subsection 3.1. For ‘wet’ aggregates, we

then characterize their fractal dimensions and size distributions

in subsections 3.2 and 3.3 correspondingly. Finally in subsection

3.4, we rationalize the scaling factors obtained in subsections 3.3

and 3.2 with a model based on the balance between the viscous

drag force and the cohesive force.

characteristic c (not normalized) around c ¼ 0.
3.1 ‘Dry’ vs. ‘wet’ aggregates

Initially without shearing, we observe for both ‘dry’ and ‘wet’

particles an accumulation in the central region of the gap, along

with the evaporation front of the volatile solvent hexane. As the

steady state is reached after a certain time of shearing, the

behavior of ‘dry’ and ‘wet’ aggregates are dramatically different,

as shown in Fig. 3(a) and (b). For the case of ‘dry’ particles, no

large scale heterogeneities are observed and the particles follow

the shear flow. The dilation of ‘dry’ particles compared with the

initial state is mainly due to the hard core repulsion between

neighboring particles.

A different behavior is observed if a certain amount of oil is

added to the solvent. In our experiments, we varied the volume

fraction of oil in the range between W z 0.5 and 2.5%. In any

case, large, persisting clusters are formed by the ‘wet’ particles.

These clusters rotate around their center while following the
11942 | Soft Matter, 2012, 8, 11939–11948
shear flow. During this motion they may also collide and merge,

deform or break into several parts.

Inspection of the clusters by optical microscopy demonstrates

that these clusters are formed by particles connected with each

other through capillary oil bridges. The attractive forces induced

by the bridges keep the particles in close contact. However, the

relative positions of two merging clusters are not fixed at their

first contact. Instead they could roll or slide with respect to each

other until further contacts are formed that keep the newly

formed structure stable. Generically, they are composed of a

rigid backbone and floppy parts in their periphery. Folding or

unfolding of clusters with chain-like structures under the shear

flow could also be observed in some cases. As a result of the

complex evolution, these ‘wet’ granular rafts are assemblies of

dense, highly ordered domains which display a certain porosity

on larger length scales.
This journal is ª The Royal Society of Chemistry 2012
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Interactions between ‘dry’ particles can be explained by weak

long-ranged capillary forces which are mediated by the distorted

glycerol interface. These distortions are either caused by gravi-

tational forces pushing the particles into the liquid interface or by

the irregular shape of the three phase contact line which is pinned

to the rough particle surface.1,25 In the latter case, the capillary

interaction depends on the relative orientation of the particles

and may also be repulsive. Both interactions decay with a power

law at medium separations on the scale of the particle diameter

and are screened off by gravity on length scales larger than the

capillary length of the glycerol–air interface. The above

comparison indicates that the force owing to the formation of

capillary bridges acting on adjacent particles dominates any

other particle–particle interactions.

For a more quantitative characterization of the local

arrangement of particles in ‘wet’ granular rafts we first computed

the nearest neighbor distributions (NND) from our experimental

data. To this end we detected the position of each particle with

the image processing procedure proposed in ref. 36. This

procedure is capable of locating more than 95% of the particles

(on average�850 particles in each image) in the field of view. The

statistics of the NND is further improved by averaging over 1000

frames.

As shown in Fig. 3(d), the decay of the distribution above a

normalized distance d/D ¼ 1, i.e., the mean particle diameter, is

much faster for the ‘wet’ aggregates than for the ‘dry’ ones. There

are almost no neighboring particles with d/D > 1.3, strongly

suggesting that each ‘wet’ particle is connected to at least one

neighbor via a capillary bridge. The broader distribution for

assemblies of ‘dry’ particles clearly indicates that more particles

are isolated as a result of the dilation driven by the shear flow.

The mobility of the spheres arises from the viscous drag force

which dominates the capillary interaction mediated by distor-

tions of the liquid interface. Therefore no large clusters can be

observed and the particles tend to follow the shear flow.

However, it is difficult to quantify the formation of structures on

length scales above the diameter of particles with the information

of the NND alone.

To overcome this problem, we employ in addition the Euler

characteristic of the particle distribution. The Euler character-

istic, which is one of the three Minkowski measures in two

dimensions, is particularly suited for this type of analysis because

the Minkowski measures are well-known to capture all possible

correlations within an ensemble of objects, by virtue of Had-

wiger’s theorem.37 In this analysis, circular disks with diameter 3

are placed at the center of each particle, and the set union of these

disks is considered. The Euler characteristic c of this set is

defined as the number of disjoint objects minus the number of

holes and is a function of the normalized disk diameter 3/D.

Together with the other two Minkowski measures in two

dimensions, the boundary length and the total area of the union

set, it contains the same information on the particle configura-

tion as all n-point correlation functions together.37 We consider

here only the Euler characteristic, as it contains the relevant

information about the clustering of particles. As for the NND,

we improve the statistics of the Euler characteristic by averaging

over a large number of frames.

As shown in Fig. 3(e), the Euler characteristic c for both ‘dry’

and ‘wet’ particles under shear flow shows a similar trend but is
This journal is ª The Royal Society of Chemistry 2012
quantitatively very different. Here, we made use of the Euler

characteristic c* h c/N normalized by the particle number N for

3/Dwith c/ 1 as 3/D/ 0. While increasing the normalized disk

diameter 3/D, the curves c* show a drop from 1 to a negative

value followed by a slow increase. A drop of c* to a negative

value indicates transition to a network-like structure. The sharp

drop of c* for ‘wet’ aggregates shows that particle positions in

‘wet’ aggregates have a higher structural organization. The drop

starts at 3/D z 1, because the merging of particles in contact

reduces the number of objects and raises that of holes. Note that

the slope drops much faster for the ‘wet’ case than for the ‘dry’

one, which is in accordance with the decay of NND for distances

d/D > 1 discussed above. This sharp drop to negative values

indicates that ‘wet’ particles have a much stronger tendency to

form large and compact aggregates, since the number of holes

increases substantially. The local minimum of c* gives rise to a

characteristic value c*min and a corresponding characteristic disk

size 3min/D, which are related to the local spatial structure of

particles.

The parameter 3min/D indicates a characteristic length above

which the filling of holes starts to overwhelm the reduction of c*

induced by the merging of clusters. We find 3min/Dz 1.14 for the

‘wet’ particles, much smaller than the one for the ‘dry’ particles.

This suggests that the holes in ‘wet’ aggregates are smaller than

the ones in ‘dry’ aggregates. Moreover, the sudden jump of c* for

the ‘wet’ case indicates that the closing of holes is much more

coherent or, in other words, the holes have a much more uniform

structure when compared to the ‘dry’ case.

The organization of the particles into extended clusters can be

observed as a maximum of the Euler characteristic for large

values 3/D[ 1. The positive maximum of c in the inset of Fig. 3

for ‘wet’ particles is a clear indication of dense aggregates while

the corresponding curve for ‘dry’ particles does not display a

maximum and approaches a constant value z1 from below. In

this respect, it resembles qualitatively the form c* ¼ (1 � 3/‘)

exp(�3/‘) derived for uncorrelated particle positions (Poisson

process) with a length scale ‘h n�1/2, where n corresponds to the

area density of particles.38

Besides the Euler characteristic, other statistical quantities

such as pair correlation functions26 and bond orientation order

parameters39,40 are also frequently used to characterize the local

particle order in clusters. A further analysis of ‘wet’ granular

rafts with these tools will be a focus of our further investigations.

The high prevalence of a locally hexagonal packing of particles

in ‘wet’ granular clusters revealed from the above comparisons

also enables us to identify clusters conveniently by reconstructing

images with a disk size 3/D > 2/
ffiffiffi
3

p
(as shown in Fig. 1(g)). To

account for the polydispersity in the radii of the glass beads, a

disk radius 3/D ¼ ffiffiffi
3

p
is chosen for the analysis below. Based on

this procedure, we can perform statistics on the properties of

clusters including the fractal dimensions and cumulative size

distributions, based on the snapshots from both experiments and

DEM simulations.
3.2 Fractal dimension

A powerful approach to quantify the internal and overall

structure of particle aggregates is to compute their fractal

dimensions. This method has been successfully applied in a wide
Soft Matter, 2012, 8, 11939–11948 | 11943
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range of problems, from the formation of galaxies to the growth

of urban city.41 Here we use the fractal dimension to characterize

the structure of clusters formed under the shear flow in a steady

state. In such a state, no temporal evolution of the cluster size

distributions could be observed, although clusters keep deform-

ing, breaking or merging with each other under the shear flow.

To achieve good statistics, more than 4 � 104 clusters from

recorded images taken under various steady states are analyzed.

The fractal dimension d is obtained from double logarithmic

plots of the cluster sizeN and the average radius of gyrationRg of

the clusters as defined by eqn (5) and (6).

Both experimental and simulation results, as shown in Fig. 4,

suggest a quite well defined fractal dimension d. The averaged

value d of the exponents from experiments (1.57 � 0.03) and

simulations (1.56 � 0.03) agrees with each other, cf. the solid

lines in Fig. 4. This agreement again indicates that the balance

between the Stokes’ drag force and the capillary force due to the

formation of liquid bridges determines the dynamics of ‘wet’
Fig. 4 The scaling between the number of particle in a cluster,N, and the

gyration radius of the cluster rescaled by the averaged particle diameter,

Rg/D, at various shear rates _g from both experiments (a) and DEM

simulations (b). The liquid content for the experiments is W ¼ 1%. The

solid line in both plots corresponds to the scaling averaged over all shear

rates. See insets for the scaling d at various shear rates. To have a better

comparison, only three simulation results with shear rates closest to the

experimental ones are shown in (b).

11944 | Soft Matter, 2012, 8, 11939–11948
granular rafts, and it is appropriate to employ the minimal

capillary model to describe the capillary force. Increasing the

shear rate may lead to a slightly more fractal structure, as indi-

cated by the subtle decrease of the fractal dimensions with

increasing shear rate for the simulation results in a wider range of

_g, as shown in the inset of Fig. 4(b). This feature may be

attributed to the reduced relaxation time for the clusters that are

stretched under the shear flow. As the shear rate increases, the

time for the floppy parts of the clusters to relax into a more stable

structure via finding further possible bounds is limited, which

presumably leads to a slightly more fractal structure.

The fractal dimension also offers a convenient classification of

aggregates in two and three dimensions and has been used

frequently to characterize aggregations of colloidal particles.42

Typical fractal structures for colloidal aggregates are the diffu-

sion-limited aggregation (DLCA) and the reaction-limited

aggregation (RLCA), with characteristic fractal dimensions of

1.44 and 1.55 correspondingly for 2D systems.19 In our system,

the fractal dimension of sheared clusters consisting of ‘wet’

granular particles is closer to that of RLCA than DLCA. This is

not surprising, because the mobility of the particles is governed

by the shear flow instead of diffusion, and the binding of particles

via the formation of capillary bridges is selective and reversible:

only those capillary bridges strong enough to sustain the viscous

drag force persist. In addition, the mixture of elongational flow

and rotations leads to a permanent back-folding of more distant

parts of the cluster onto its main body. This will clearly lead to a

more compact structure of the granular rafts and a larger fractal

dimension.

Further analysis of the scaling behavior reveals two features:

first, there exists a slight change of the fractal dimension at a

cluster size between 10 and 20, which presumably corresponds to

the length scale of the rigid components of a cluster. While taking

a closer look at the structure of clusters formed (see Fig. 3(b)),

the branches of large clusters typically end with relatively more

compact and rigid parts with a similar length scale. We anticipate

that this type of rigid component is the basic unit to form a

cluster. Further analysis based on an accurate definition and

determination of those rigid components will be a focus of

further investigations in order to decode further the physics

behind this length scale. Second, the scattering of the rescaled

gyration radius, Rg/D, also grows with the cluster size. This could

be attributed not only to the statistical error, but also to the

deformation of clusters under the shear flow as well as interac-

tions between clusters. For example, multiple clusters may collide

with each other and form transient clusters. They may break

immediately or fold into more a compact cluster and survive for a

longer time, which presumably depends on the balance between

the number of bonds created and the total viscous drag force

acting on various rigid parts of the cluster. Therefore, the larger

the cluster size, the higher the probability is for a cluster to

deform into various structures, i.e. various Rg.
3.3 Cluster size distribution

For both experiments and DEM simulations, the cluster size

distributions are obtained by counting the number of clusters

with a certain size N (number of particles) for all the images

captured. The distributions obtained in experiments are in a
This journal is ª The Royal Society of Chemistry 2012
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steady state, because three distributions obtained with time

intervals of 30 minutes agree with each other. Variations of the

total simulation times show that 100 complete turns of the shear

flow is already sufficient to reach a stationary distribution of

cluster sizes. These distributions are also independent of the

initial conditions: starting with _g ¼ 0 or 20 s�1 yields the same

result, provided that the sample has been initialized with the

desired shear rate. The global area fraction f of the particles,

defined as the area covered by the spheres over the total area of

the interface, is also found to play a minor role, since a variation

of f from 10% to 25% does not lead to an apparent change of the

size distribution. For the experimental results shown in Fig. 5(a),

the global area fraction is around 10%, which is slightly higher at

the center of the ring. In the DEM simulations, the area fraction

is fixed to 16%.

Fig. 5(a) and (b) correspond to the cumulated cluster size

distributions obtained from both experiments and DEM simu-

lations. Here the cumulated probability P(N) to find a cluster

withN or more particles is preferred over a histogram because we

mainly focus on the statistics at large N with typically low

number of counts and because it facilitates comparisons owing to
Fig. 5 Left: cumulative cluster size distribution P corresponding to the proba

for various liquid contents W and shear rates _g and (b) corresponding results

cluster sizeNc¼ k�1 and the shear rate _g, where the decay rates k are obtained

in the semi-logarithmic plane. Right: corresponding P as a function of the resca

corresponds to the scaling of Nc with _g.

This journal is ª The Royal Society of Chemistry 2012
the normalized initial value. In the experiment, counting starts

fromN¼ 2 to avoid the error counting of isolated particles at the

image borders. For both experimental and simulation results,

P(N) decays exponentially with growing N for cluster sizes

greater than z8, as the semi-log plot indicates. Different from

the size distribution of droplets in an emulsion43–45 and particle

aggregates in three dimensional shear flow,46 ‘wet’ granular rafts

display a broader size distribution. Unlike a three dimensional

liquid droplet that has the tendency to evolve into a spherical

shape under the influence of interfacial tension, ‘wet’ granular

rafts consist of densely packed rigid substructures, as the snap-

shots in Fig. 3 indicate. The existence of an internal structure

dramatically enhances the number of possible breaking processes

for larger clusters, and consequently contributes to the different

size distributions. More detailed analysis of the size distribution

in relation to the Smoluchowski rate equation47,48 will be a focus

of further investigation.

As the shear rate increases, the cluster size distribution decays

faster, because the larger viscous drag force facilitates the

breaking of clusters. To quantify the shear rate dependence of the

distributions, we extract the decay constant k of the exponential
bility to find a cluster out of N or more particles. (a) Experimental results

of DEM simulations. Insets show the scaling between the characteristic

from linear fits of the corresponding data within the range 0.001#P# 0.1

led cluster sizeN _gb. The exponent b for (c) experiment and (d) simulation

Soft Matter, 2012, 8, 11939–11948 | 11945
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tails of the cumulative distributions P(N) for various shear rates

_g. As shown in the insets of Fig. 5, the decay of the characteristic

cluster sizeNc ¼ k�1 with increasing shear rate _g follows a power

law Nc f _g�b. The error bars in Fig. 5(a) correspond to the

variation of the decay rate with the liquid content. The exponent

b ¼ 0.65 � 0.06 from our experimental data agrees with the

corresponding value b ¼ 0.68 � 0.02 derived from DEM simu-

lations within the errorbar.

Different from the shear rate dependence in the experiments,

varying the liquid content W will not influence the cluster size

distribution dramatically as shown in Fig. 5(a). This suggests

that the forces exerted onto adjacent particles by capillary

bridges in our system barely depend on the bridge volume as

described for pendular capillary water bridges in three-dimen-

sional piles of spherical glass beads.32 The higher probability for

cluster sizes N < 5 in the experiment than that in the simulation

could be attributed to the error counting of particles at the

borders.

For the range of shear rates explored, the characteristic cluster

size determined from the experiment is always larger than that

from the simulation. This is presumably due to the reduced

effective driving force arising from hydrodynamic screening.

Other sources of this systematic difference may stem from the

fact that the particles are not exactly half immersed into the

viscous bath as assumed in our model. Another explanation for

the systematic deviations may be linked to the tangential friction

at the particle contacts: the additional work required to roll or

slide two bounded particles could impede the formation and

opening of cracks.

Utilizing the shear rate dependence obtained from the exper-

iments, we are able to replot the cluster size distribution as a

function of the rescaled cluster size N _gb. As shown in the right

panels of Fig. 5, the collapse of the cumulative probabilities onto

a master curve over the whole range of the rescaled cluster size

N _gb clearly demonstrates the power law dependence of the

cluster size on the shear rate. A comparison between the data

collapse obtained from the experiment in Fig. 5(c) and the

simulation in Fig. 5(d) reveals a similar decay, which demon-

strates the key role that the viscous drag force and the capillary

force plays in determining the cluster size distributions.

Qualitatively, the shear rate dependence is plausible since the

larger cluster experiences a larger viscous drag force which

effectively increases the tensile stress in their center and tears

them apart. In the following Section 3.4 we will introduce a

model which is based on the balance between the viscous drag

force and the capillary force. This model allows us to rationalize

the power law scaling suggested by both the experiment and the

simulation.
Fig. 6 (a) A sketch showing that any linear shear profile can be replaced

by a superposition of a rotating and a hyperbolic straining flow field. (b)

The hyperbolic stream lines of the hyperbolic flow profile will tend to

compress the cluster with an effective radius Rc along the y axis and

stretch it along the x axis. The center of the axes corresponds to the

centroid of the cluster, and the half of the cluster located at x > 0 is

highlighted by red color.
3.4 Model

The agreement between experiments and DEM simulations in

the above analysis in terms of both the size distributions and

structural aspects of the clusters suggests that the balance

between the capillary force and the viscous drag force dominates

the dynamics of ‘wet’ granular rafts. Following this idea, we

developed a model based on the balance between the viscous

drag force that deforms and eventually breaks the clusters and

the attractive capillary forces that hold the particles in the cluster
11946 | Soft Matter, 2012, 8, 11939–11948
together. Any linear shear profile, as the one used in our exper-

iments, can be decomposed into two parts: a hyperbolic strain

flow and a rotation (cf. Fig. 6(a)). As sketched in Fig. 6(b), the

strain flow compresses the cluster in one direction and stretches it

in an orthogonal direction. Thus the cluster, which continuously

rotates in the frame of reference of the strain flow, will prefer-

entially break along the direction of elongation, provided that

the viscous drag force is large enough to overcome the capillary

forces.

According to the Stokes’ law, the viscous drag force acting on

a single particle scales as f (d) f mDv, where m is the dynamic

viscosity of the suspending liquid, D the diameter of the particle,

and v the relative velocity of the particle in the hyperbolic flow

field around the particle. For a cluster shown in Fig. 6(b), we

assume that the stretching part of the viscous drag forces tends to

break the cluster along the y axis, since it has different sign for

the region with x > 0 (highlighted in Fig. 6(b) by the red trans-

parent color) and that with x < 0. From the sketch Fig. 6(a), we

see that the strain flow velocity in the x direction grows linearly

with x: vx ¼
ffiffiffi
2

p
_gx=2. Here, we use for convenience a coordinate

system which is rotated by 45� with respect to the direction of the

shear flow.

Thus we can calculate the total viscous drag force F(d) exerted

on the cluster along the central cutting line x ¼ 0 by integrating

the drag force on a single particle F(d) over the red transparent

region of the cluster. Assuming that the effective radius Rc of the

region covered by the cluster is identical to the radius of gyration

Rg, we have
This journal is ª The Royal Society of Chemistry 2012
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F(d) ¼ Ð
A f

(d)fdA f mf _gRg
3/D, (7)

where f h ND2/Rg
2 f N1�2/d is the area fraction of particles in

the cluster, and A is the area of a semi-circular region of the

cluster with radius Rc, cf. also the sketch in Fig. 6.

On the other hand, the total capillary force F(c) acting along a

cut x ¼ 0 into the direction of the x axis can be estimated by31

F(c) f nsD (8)

where s is the interfacial tension of the wetting liquid, n is the

number of capillary bridges in a cut along the line x ¼ 0.

To obtain the upper limit of the number of capillary bridges

which have to be destroyed during a break-up, we assume that

this number is proportional to the number of particles which are

cut by the line x ¼ 0. Then, the number of bridges per length in

the cut is proportional to the area density f, and we have n f

fRgD. This leads to the estimate

F(c) f sfRgD
2 (9)

The maximum radius of gyration, R*, of a stable particle

cluster is reached when F(c) ¼ F(d), leading with eqn (7) and (9) to

the estimate R* f _g�1/2 and a maximum number of particles N*

following the scaling

N* f _g�d/2. (10)

A lower limit for the size of the largest mechanically stable

cluster can be derived from the assumption that the number of

bonds that needs to be broken is independent of the size of the

cluster. This picture may apply to a system where the particle

clusters are build as a hierarchy of rigid subclusters. For example,

two rigid subclusters are forming a rigid cluster after creation of

only three new capillary bridges. Two of these rigid clusters can

now merge to form a larger, rigid cluster and so on. In each

hierarchy, we will have F(c) f sD independent of f and Rg

leading to a scaling estimate of the form

N* f _g�d/(1+d). (11)

Both the experimental and simulation results showed that a

scaling N f Rd
g with d z 1.6 is valid over a wide range of N and

only weakly dependent on the shear rate _g. If we assume that the

critical cluster size N* scales linearly with the characteristic

cluster size Nc we have Nc f _g�b with an exponent in the range

d

1þ d
# b#

d

2
: (12)

By explicit calculation, we indeed find that the values of b are

consistent with the scaling estimates for both our experimental

data and our simulation data: assuming d z 1.6, we obtain a

lower bound bmin z 0.6 and an upper bound bmax z 0.8 for b. It

is remarkable that the values of both experiments and the DEM

simulations lie closer to the lower bound that corresponds to the

assumption of a constant number of contacts that need to be

destroyed in a cluster break-up. This agrees with the qualitative

analysis based on visual inspections described in Section 3.1.

Besides the viscous drag force, inertial forces arising from the

rotation of the clusters may also play a role in the break up of
This journal is ª The Royal Society of Chemistry 2012
clusters. The internal force acting on a single particle scales as f(i)

f rpD
3 _g2r, with r being the distance to the cluster center. The

power of the spatial dependence of the relevant component on

the inertial force and that of the viscous drag force on the

elongational flow is identical. Similar to the viscous forces the

inertial forces acting in the x-direction on the upper half of

the cluster act on the cut along the y-axis. It is immediately clear

that the viscous force is dominant for small shear rates and that

the inertial forces becomes prominent for shear rates _gT m/rpD
2

z 105 s�1, only. Inertial effects can be safely neglected as the

shear rate used in our experiments is much smaller.

Similar criteria have also been used to describe the breaking of

aggregates trapped at an air–water interface under shear flow.27

The attraction between particles in that case is due to the force

arising from gravity-induced interfacial deformations25 that

corresponds to the ‘dry’ situation in our current investigation.

Despite this difference, the criteria based on the force balance

could explain the size of aggregates for both cases.
4 Conclusion and outlook

It has been shown that cohesive spherical particles trapped at an

air–liquid interface aggregate into clusters with a characteristic

size in the presence of a linear shear flow. In our experiments, the

cohesive particles are prepared by introducing an immiscible

second liquid that adheres to the surface of submillimetric glass

beads. Capillary bridges formed by the oil phase on the surface

induce a strong attractive force which dominates all other

particle–particle interactions and leads to the formation of ‘wet’

granular rafts. In corresponding DEM simulations of particle

aggregation in shear flow, the capillary force is modeled by a

short ranged attractive force between adjacent particles.

The cohesion induced by the second liquid is demonstrated to

dominate other particle–particle interactions, as a comparison of

the snapshots to the ‘dry’ case reveals. The Euler characteristic

shows that this strong cohesion leads to a closer packing of the

particles into extended clusters. We were able to show that the

size of the clusters and their gyration radius follow a power law

scaling over at least one and a half order of magnitudes. Their

fractal dimension d, as revealed by both experiments and simu-

lations, is in a range between 1.5 and 1.6, with a weak dependence

on the shear rate. The values are closer to those of RLCA in 2D

than for 2DDLCA. The cumulated size distribution in the steady

state decays exponentially with the number of particles in the

clusters. The characteristic cluster size Nc decreases with

increasing shear rate. In addition, we could demonstrate that the

experimentally measured cluster size distributions depend only

weakly on the amount of wetting liquid in accordance with the

known fact that the force between spherical bodies induced by an

axially symmetric pendular bridge approaches a constant value

in the limit of small volumes.

The scaling of the characteristic cluster size Nc f _g�b with the

shear rate is consistent with a model considering the balance

between the viscous drag force that tends to break the cluster and

the capillary force that binds particles together. This balance,

together with the fractal dimension d, provides an estimated

scaling relationship between the cluster size and shear rate which

agrees fairly well with the values of the exponent b ¼ 0.65 � 0.06
Soft Matter, 2012, 8, 11939–11948 | 11947
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obtained from experiments and 0.68 � 0.02 derived from DEM

simulations.

The strong cohesion forces arising from the capillary bridges

and their robustness against changes in the thickness of the oil

film covering the particles qualify this system as a suitable model

system to study the dynamics of driven wet granular matter in

two dimensions. For the particle size chosen gravity does not

play an important role, and the particles are driven homoge-

neously by the linear shear profile. Besides the importance as a

model system, this investigation also suggests to enhance the

efficiency of particle aggregation by wetting films. This may be

relevant for a number of applications, such as waste water

treatments and ore handling.

Further characterizations of the aggregation will be focused on

the anisotropy, the dynamics of the rigid components of a cluster,

and the scaling with other control parameters such as viscosity and

surface tension. By simulation, we would also like to check the role

that hydrodynamic interactions play in such a system. At a suffi-

cient large area fraction, the ‘wet’ particles under shear flow may

self-organize themselves into a single large cluster. The dynamical

behavior of such a cluster could help to elucidate fundamental

questions about melting or jamming transitions49,50 of cohesive

and non-cohesive materials in two dimensions. In addition, it

could also shed light on the stability mechanism of bicontinuous

interfacially jammed emulsion gels.7,9
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