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Shear induced aggregation of a pectin
stabilised emulsion in two dimensions

Abstract Shear induced aggrega-
tion of a Pectin stabilised emulsion
trapped at the air-liquid interface
was studied in a Couette system by
video enhanced microscopy. From
dimension analysis, Brownian
motion was identified to enhance
the probability of bond formation.
The characteristic time scale of
aggregation was found to scale as
t. ~ n/¢ rather than t. ~ 1/9¢ as
expected for orthokinetic aggrega-
tion. The structure of very large

clusters showed strongly rearranged
strands and fractal scaling for low
7 and ¢, analysed by density auto-
correlation. At high j and ¢, the
cluster was dominated by larger
drops and no fractal scaling could
be determined for the accessible
length scales.
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Introduction

Aggregation of colloid systems has received much
attention because of its technical importance, e.g. as
food emulsions and cosmetics. The theoretical founda-
tion of how particle interactions affect the aggregation
kinetics and the final cluster structure has been obtained
from model experiments and computer simulations [1, 2].
The models have mainly dealt with monodisperse
particle systems and concerned rigid particles. Only
recently, investigations have begun by computer simu-
lation of Brownian aggregation of slightly polydisperse
system [3], and for bi- and tri-dispersed systems [4]. It
was shown that the polydispersity does not change the
fractal scaling of the aggregates, but affects the structure
at short length scales, comparable to the mean particle
size [3, 4].

In shear induced aggregation, the collision frequency
scales with the object size and is not compensated for
by larger diffusion of the smaller objects. When only
convection is considered for highly attractive monodis-
perse particles, both simulations [5] and experiments [6]
show that the aggregation rate is increased by a
predominance of cluster-cluster aggregation. Differences

in structure, compared to a diffusion-controlled system,
occur when the particle bonds are weakened to allow
rearrangement and breakup [7]. If the particles are
affected by both diffusion and convection, the aggrega-
tion process display a transition from particle-cluster to
cluster-cluster aggregation when the average cluster size
increases. This has been demonstrated experimentally in
both two [8] and three [9] dimensions.

In this context, a polydisperse system is expected to
display a complex behaviour as the relative importance of
diffusion and particle rearrangements vary with the
particle size. Recently, Wilson et al. [10] numerically
investigated the combination of diffusion and convection
for a weakly interacting system, including double-layer
repulsion. They found that, although diffusion or con-
vection alone were unable to aggregate the system, the
combination of the two caused significant aggregation.
Consequently, in a polydisperse emulsion, where a large
region in parameter space is covered simultaneously,
suitable combinations of drop sizes may be favoured in
the aggregation process.

Experimental studies using polydisperse particles
are scarce. This is probably related to the difficulty in
evaluating the data, using, e.g. light scattering where the
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form and structure factor has to be separated. This is a
procedure that becomes difficult when both a size
distribution of primary particles and a size distribution
of aggregates are present and spatially distributed [11].
In this work, we chose to simplify the experimental
conditions by investigating a two-dimensional system
of emulsion drops trapped at the air-liquid interface.
Thereby, the structure and the aggregation Kkinetics
may be monitored by ordinary light microscopy, and
we can use customised image analysis to determine
the spatial distribution of drops in the clusters.

We have chosen to investigate an oil-in-water emul-
sion stabilised by pectin (mainly polygalacturonic acid
with varying amounts of methoxylated carboxylic acid
groups depending on preparation). The use of pectin is
growing in consumer products based on natural ingre-
dients, e.g. in cosmetics [12]. Pectin additions result in
emulsions that are stable over a wide pH-range [13]. The
emulsions showed limited coalescence and no floccula-
tion in the absence of CaCl,.

Initial experiments, carried out using sodium casei-
nate and f-casein stabilised emulsions, had the drops
trapped within a viscoelastic surface film of the emul-
sifier. These latter observations are in line with the
pronounced viscoelasticities reported for interfacial
layers of proteins of both globular and flexible types;
see for example work by Graham and Phillips [14, 15],
Dickinson et al. [16] and Murray et al. [17]. However,
pectin was found to perform well in this respect, in
agreement with the lower surface viscosities and elastic-
ities reported [18].

This paper presents experimental results on how
changes in electrolyte concentration, shear rate and
surface fraction of emulsion influences the kinetics and
the structure of the aggregates.

Materials and methods

The emulsion

The stock emulsion was prepared from rapeseed oil (Karlshamns,
Sweden), consisting of 10% oil and 89% Milli-Q water which
contained 1% (w/v) of pectin (high methoxyl citrus pectin, degree
of esterification 68-75%, Classic CU 201, Herbstreith & Fox,
Neuenburg, Germany). A log-normal volume-weighed diameter
distribution, ranging from 0.05 yum to 40 um was obtained by
mixing 100 g solution in an Ultra-Turrax at 24,000 rpm for 60 s
followed by treatment in a Microfluidizer for 60 s at a pressure of
5 bar. After preparation, the emulsion drops had a number volume
mean diameter of 2.3 um. The emulsion proved to be very stable;
during 15 weeks of storage, the drop size distribution was only
slightly shifted to a mean value of 3.6 um.

Preparing the colloidal system

The stock emulsion was diluted to a volume fraction of 0.5% of oil.
A total of 120 pl emulsion — divided into 20 drops — were spread
at the air-liquid interface of a glycerol/water mixture (50/50 w/w).

This resulted in thin surface films (20 um thick) containing
emulsion droplets that within 30 min were reduced to a monolayer
at the interface when the less dense emulsion droplets creamed.
Consequently, the drops became trapped at the air-liquid interface
and formed a two-dimensional colloidal system of droplets partly
immersed into the liquid. The fraction of surface covered
by droplets, ¢, were controlled by the initial amount of added
emulsion and resulted in a value of ¢ ~ 0.1 under the experimental
conditions mentioned above.

Finally, interactions were modified by means of electrolyte
concentration. After creation of the interfacial emulsion film, a
volume of glycerol/water containing 0.91 mol/l CaCl, were added
from the bottom of the cell to control the final bulk electrolyte
concentration. In present work, the final concentration was set
to 0.1, 0.3 or 0.5 mol/l CaCl, in the bulk solution. All glycerol/
water mixtures were buffered with 50 mmol/l TRIS yielding a
pH of 8.4.

The shear cell

Ordinary light microscopy and a specially made cell enabled the
study of shear induced aggregation in two dimensions. The cell is
basically a sealed container with two axis-symmetric cylinders that
allows inspection by a microscope. This cell and the setup are
described in detail elsewhere [8]. The gap between the cylinders,
that rotate in opposite directions, is fairly wide (10.3 mm) to allow
proper illumination of the interfacial emulsion by the microscope.
The viscosity of the liquid in the cell had to be increased to 6 mPa s
by mixing glycerol and water to ensure that Taylor instabilities are
absent in the Couette flow. Furthermore, the setup is restricted to
low shear rates (1/s or 5/s) in order to avoid large gradients in the
shear rate of the interface.

Image preparation

The shear cell was placed on the specimen table of an inverted
microscope (Zeiss Axiovert 100). The microscope was equipped
with long working-distance optics to view the air-liquid interface
through the liquid medium. An objective of 32x or 20x lateral
magnification was used with ordinary light transmission micros-
copy. For viewing a larger area, an objective of 8x lateral
magnification was used with dark field microscopy. The magnified
images were projected onto the CCD-chip of a 1/3” CCD-camera
(Hamamatsu C5405-10) capturing images of the aggregates. The
video signal from the CCD-camera was contrast enhanced by a
preprocessor (Hamamatsu Argus-20) before the images were
digitised using a SLIC frame-grabber (MultiMedia Access Corpo-
ration) and stored on a Sun Ultra 1, UNIX work station. As a
reference, the images were also video recorded (on a Sony SVO
9500 MDP). In this setup, the use of a 32x objective results in an
effective image of 620 x 512 pixels, corresponding to an area of
156 x 129 um (1 pixel =0.252 pm).

Image analysis

The images were processed and analysed using an image analysis
software (microGOP 2000S, Contextvision) to extract kinetic and
structure information independently [8]. The kinetics may be
described by dynamic scaling of the cluster-size distribution, n(s, t)
[19]. This has previously been done for monodisperse systems [8]. In
this work, images are analysed by a texture operation which, for the
polydisperse emulsion system, results in a distribution of objects
that correspond to the bright centres of the images of the drops.
The objects are mathematically enlarged and overlapping objects
are identified as part of a cluster. The enlargement of the objects
depended on their individual sizes and was calibrated to connect
the objects of a known large cluster. Once objects are identified as
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being connected, the number of objects in the cluster is counted and
the number included in the cluster-size distribution.

However, with the experimental setup in this work, drops of
the smallest sizes are not resolved by the combination of the
microscope and CCD-camera and the numbers of the smallest
drop sizes are thus underestimated. Furthermore, determination of
the full cluster-size distribution is precluded by the difficulty to
distinguish between drops being at close separation and drops
actually forming a bond. Hence, in this study, the analysis is
limited to the basic aggregation processes for larger drops and
clusters.

The structure is analysed by means of auto-correlation of large
clusters spanning the whole image. The results from several images
are averaged to yield the density auto-correlation function of the
aggregate structure [20].

Results and discussion
Characteristics of the interfacial emulsion

We assume that the geometry of emulsion drops at the
interface may be approximated by two segments of a
sphere, one immersed in the aqueous phase and one
extending into the vapour phase, see Fig. 1. The drop
shape may be described by the angles of the spherical
segments, 0,4 and 0,, and the radius of the interfacial
drop, a. These three parameters may be calculated from
the interfacial energies, based on two assumptions: (i)
the volume of the drops do not change when transferred
to the air-liquid interface; (ii) mechanical equilibrium is
established at the three-phase line. The latter results in
relations for the angles of the segments of spheres:

2 2 2
_ Yaqv . Yaqo + Vaqv + Vov

cos b, = (1)
Yov 293,
and
2 2 2
Vago + oy — 1
cos Qaq _ /dqo yqu Yov (2)

Zyovyaqo

Fig. 1 Illustration of the drop geometry including different variables

where 7,4y is the surface energy at the aqueous-vapour
interface, y,, is the surface energy at the oil-vapour
interface, and 7,4, is the surface energy at the aqueous-
oil interface. The volume of a spherical segment is a
function of the angle 6 and the interfacial drop radius a.
Hence from the assumption of constant volume (i), we
may relate the radius of the interfacial drop, a, with the
radius of the drop in bulk, r, as a=Qr.

Interfacial energies relevant to the experimental
conditions have been estimated by the pendant drop
method for the aqueous-vapour interface, y,qv, as well as
for the oil-vapour interface, 7.y, and for the aqueous-oil
interface, y,q0, Table 1. The results agrees fairly well
with the work of Semenova et al. [18], which found
an oil-water interfacial energy 7,w=11 mN/m’ at a
pectin concentration of 0.1%. In our measurements the
aqueous phase consisted of 50/50% glycerol/water
mixture including 0.008 wt% pectin, 0.3 mol/l CaCl,,
buffered to a pH of 8.4. The concentration of 0.008 wt%
of pectin is well in excess of the bulk concentration
calculated by assuming homogeneous mixing of the
excess pectin in the continuous phase during aggregation
experiments (i.e. 0.0005%). Inserting the measured
interfacial energies into Egs. (1) and (2) results in angles
of the spherical sectors, given in Table 1, and a value of
Q of 1.55.

The droplet geometry may also be affected by
deformations at contact. The importance of such
deformations can be estimated from the capillary
number Ca:

Ca = no?a/yaqo (3)

where 1, is the viscosity of the surrounding liquid and
v is the shear rate. For n,=6 mPas, j=1s"!,
Yaqo =13 mN/m and a=1 um; Ca becomes very low
(Ca=4.6 x 1077), suggesting that droplet deformations
are negligible under the experimental conditions in this
work. Hence, the dispersion interaction between two
drops may be approximated by summation of the van
der Waals interaction between the two pairs of spherical
sectors, one pair in the vapour phase and one in the
aqueous phase, as outlined for solid particles by Levine
et al. [21]. The derivation is based on the Derjaguin
approximation and results in the following relation:

Table 1 Interfacial energies and angles of segments of spheres at
pH = 84

0.008 wt% pectin, 0.3 mol/l
CaCl, in glycerol/water

Interfacial energies Yov = 29.2
Yaqo = 13.6
Yaqv = 35.0
Angles of segment of spheres 0.q = 50.5°
0, = 32.6°




156

Vs (h) =

 AwRag ( o Lag )
24h (hRaq +L3,) v

AR L
24h (bR, +12)"

where A,q and A, are the effective Hamaker constants
for indentical phases and the indices aq and v denote
intermediate medium of aqueous phase or vapour phase
respective. Furthermore, h is the separation between the
spherical segments of the interfacial droplets. In line
with Fig. 1 with i=aq or v, we have R;=a/sin 0;,
and L;=aj/tan 0; with which R; and L; is substituted to
obtain the van der Waals contribution. From Eq. (4),
with A,q=3 X 1072' J and A,=4 x 1072° J, values of

-9x107°<V,<-25x 107" J was obtained for the
van der Waals interaction at separation distances
between 1 nm and 10 nm.

The interfacial emulsion is stabilised against aggre-
gation by short-range steric repulsion and long-range
electrostatic repulsion due to adsorbed pectin at the
aqueous-oil interface. The carboxyl groups in the pectin
are ionised at the investigated pH (pH=28.4) and we
assume that these groups are preferentially oriented
towards the aqueous phase. An attempt to measure the
surface potential was made by electrokinetic measure-
ments. Two sets of measurements were performed with
the emulsion: in a glycerol/water mixture (50/50 w/w)
and in Milli-Q water. Both systems contained 0.01 mol/I
CaCl, and were buffered with 50 mmol/l TRIS to
pH=8.4. The emulsion displayed a {-potential,
® ~ —13 mV in water and @ ~ —11 mV in the aqueous
mixture containing glycerol.

For a bulk system having such a low surface potential
at high electrolyte concentration, the electrostatic repul-
sion becomes very short range and double-layer repul-
sion is not expected to stabilise the emulsion droplets.
However, it is likely that the screening of surface charge
is not as efficient at an air-liquid interface as in the bulk.
Previous studies have shown that for charged latex
particles, as much as 100 times more electrolyte is
needed to aggregate an interfacial system, compared to
a bulk system [2, 8, 20]. Consequently it is likely that
also our interfacial emulsion system at least partly is
stabilised by electrostatic repulsion.

In order to induce aggregation CaCl, was added to
the system. High concentrations of Ca>" will screen the
electrostatic repulsion and may also induce bridging
between the carboxylic groups on the adsorbed pectin.

(4)

Aggregation kinetics

The aggregation process by which clusters grow may
be divided into heterogeneous or homogeneous cluster

aggregation, i.e. addition of single particles or clusters to
the growing clusters. During heterogeneous cluster
aggregation, the number-average cluster size, N(t), and
the weight-average cluster size, S(t), scale similarly with
time. However, at homogeneous cluster aggregation
S(t) increases more rapidly than N(t) with time. It was
previously found that a transition between the two
processes can occur, which depends on the magnitude of
the attractive forces and the dominant transport mech-
anisms in the system. Such a transition of the dominat-
ing aggregation process may be identified by the
polydispersity, P(t), of the cluster-size distribution
[8, 22], defined as the ratio between the weight-average
and the number-average cluster size.

Figure 2 shows the effect of salt concentration on the
aggregation rate. Without salt, no formation of large
clusters occurred but the polydispersity is not unity as
particles are orbiting sufficiently close to each other to
be interpreted in the image analysis as dimers and
occasionally trimers. Increasing salt concentration re-
sults in a transition from constant to increasing poly-
dispersity, which suggests that above the transition point
aggregates grow by cluster-cluster aggregation rather
than particle-cluster aggregation.

A system aggregating under shear displays a charac-
teristic time scale, t.,, which is expected to scale
according to
t.=C E x L . (5)
o) ¢y
where ¢ is the volume or area fraction of particles and
the stability ratio, W, represents the inverse likelihood of
bond formation at a collision. C is a numerical factor.
At constant salt concentration, W is considered constant
and ¢ and y should determine the collision frequency
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Fig. 2 Polydispersity, P(t), of the emulsion aggregates as function of
time in minutes for ¢ ~ 0.1 and = 1s~! with different CaCl,
concentrations: ((J) 0.0 mol/l CaCl,, (O) 0.1 mol/l CaCl,, (@)
0.3 mol/l CaCl,, (+) 0.5 mol/l CaCl,
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and t.. However, we find that plotting in dimensionless
form by putting ¢ = ¢/t. = t¢y does not collapse the
data but indicates that aggregation is promoted if the
area fraction of drops and the shear rate is reduced
(Fig. 3). This seems inconsistent with the scaling above
and we performed a simple dimension analysis in order
to estimate other contributions to the characteristic time
not accounted for in the simplified approach.

During initial heterogeneous aggregation, drops
will stick or not stick depending on the strength of the
interparticle attraction and the stress from the applied
shear. This process may be regarded as a particle capture
event where the polydispersity of the drop sizes is
expected to be of importance. The efficiency of the
capture event determines when a critical cluster size is
reached and when homogeneous aggregation is expected
to take over as the dominating aggregation process. A
dimension analysis of the particle capture event [23]
shows that both the Reynolds number and the Stokes
number were low for our experimental conditions.
Hence, inertial forces are unimportant. The relative
motion between two particles results from convection
and diffusion. The Péclet number expresses the ratio
between the time scale for diffusion and convection and
can be written as

6mn,aa’y
T (6)

where 7, is the viscosity of the medium, a is the radius of
the smaller particle, and «. is the radius of the collector
particle. At high Pe numbers, convection dominates and
particles are restricted to follow the flow lines, whereas
for low Pe numbers their relative motion is purely
stochastic. Péclet numbers close to unity indicate that

Pe =

S 1o J R —— e —
[ ]
= 10 b . .
a C ]
L o ]
I . |
) o |
o o gttt
1 Coddd |||IP bbbt bkt d AR
10 100 1000 10* 10°
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Fig. 3 Polydispersity, P(t), of the emulsion aggregates as function of
dimension less time, t* = ¢¢?y, for different area fraction of drops and
shear rates at 0.3 mol/l CaCly: (O) ¢ =~ 0.03 cmd j=1s71, (@)
¢~02and =551, (O)p~012and j=1s"

the trajectories vary randomly during the time scale of
a collision. This may result in an enhancement of the
aggregation rate if particle attractions are sufficiently
long-range to create an asymmetry in the fluctuation of
the trajectories. The attraction number, Ny,

Na = g ™

ea™y

expresses the ratio of the time scales for the passage and
the time scale for the particle attraction to reduce the
interparticle separation distance. This quantity also
takes into account the lubrication forces, which tend
to diminish the effect of the interparticle attraction.

We found that the Péclet number is in the order of
unity for low shear rates (j = 1 s~!) and small drop sizes
(a=0.1 and a.=1 um). Furthermore, when the drop
radius is a ~ 0.1 um we obtain N, in the range of 30 to
3500 for a collector radius of a.=0.1-10 um and
effective Hamaker constant A.g = 6 X 107! J. The esti-
mated values for Pe and N, indicate that the aggregation
rate may be enhanced by Brownian motion for large
drop size differences. When the viscosity and the shear
rate are increased, the influence of Brownian enhance-
ment to the aggregation rate is expected to decrease. We
incorporate the contribution of Brownian motion on the
stability ratio and the aggregation rate by including Ny
in a modified expression for the characteristic time:

4.
=c W Wnay 0 (8)
Nady @) acderr ¢
This suggests that the characteristic time should depend
on the viscosity and the area fraction; the effect of shear
rate is cancelled. We use the apparent viscosity, #, of the
system instead of the viscosity of the medium, #,, in the
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Fig. 4 Polydispersity, P(t), of the emulsion aggregates as function of
reduced time, t¢/n, for different area fraction of drops and shear rates
at 0.3 mol/l CaCl2 @) ¢ =~ 0.03 dl’ld y=1s", (@ ¢~ 02 and
7=5s1,(O)¢p~012and j=1s"
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expression to account for hydrodynamic effects at higher
drop concentrations. The apparent viscosity, #, is
defined by 5,5, where 5, is the viscosity of the aqueous
phase without emulsion (6 mPas) and the relative
viscosity n, is obtained by a modified Krieger and
Dougherty relation:

ne = (1 — Kagp) >/ )

where the coefficient K =1.66 and 2~ 0.94 is a correc-
not being

tion due to emulsion droplets solid;

Fig. 5a—d Representative images
of large clusters, which have been
contrast enhanced and threshol-
ded to improve printing. The
length of the scale bars equals
10 uma ¢ ~0.1,7=1s"and
0.1 mol/l CaCl, after 999 min of
shearing time (overnight);
b¢~017=1s"and

0.5 mol/l CaCl, after 240 min
shearing time; ¢ ¢ ~ 0.2,

7 =5s"1 and 0.3 mol/l CaCl,
after 240 min shearing time;
d¢~0037=1s"!and

0.3 mol/l CaCl, after 999 min
shearing time

a=(m; + 0.4n,)/(ni + no), where n; is the viscosity of
the oil [24]. From Eq (9), the following values for the
relative viscosities were obtained: #7.(¢=0.03)=1.07,
(¢ =0.12)=1.32, n(¢p=0.21)=1.67. Figure 4 shows
the aggregation kinetics plotted as a function of the
reduced time t¢/n. The collapse of the data supports the
conjecture that the characteristic time scale is propor-
tional to the viscosity rather than the inverse shear rate.
This is interesting since this is a similar scaling of t. as
for purely diffusion-controlled aggregation.
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Structure

Large clusters, obtained at long aggregation times, were
analysed for structural information. The representative
raw data pictures of clusters in Fig. 5 exemplify the
resulting structures at different conditions. In Fig. 5a, b
(aggregated at a shear rate of 1/s with addition of
0.1 mol/l and 0.5 mol/l CaCl, respectively) we observe a
similar, rather loose structure of fractal character with
large and smaller drops distributed throughout the
structures. Figure 5¢c, d represents changes in area
fraction of drops and shear rate at a salt concentration
of 0.3 mol/l CaCl,. We find that the clusters in Fig. 5c
(¢ ~ 0.2 and j = 5s7!) display a more homogeneous
pore size distribution compared with Fig. 5a, b. Fur-
thermore, larger drops dominates more than in Fig. Sa,
b. In Fig. 5d, where the area fraction was decreased to
¢ =~ 0.03, we find a structure that consists of thicker
strands with more medium-sized drops build up the
structure compared to Fig. 5a, b.

The quantitative analysis of the structure of very
large clusters was performed by auto-correlation of the
cluster images. The reason for this is that even though
the smallest drops are not properly resolved in the
microscope, they still differ from the background and
an enhanced image may be thresholded to infer their
contribution to the structure. The slope of the linear part
of the auto-correlation function (in a log-log plot,
Fig. 6) is associated with the fractal dimension at that
length scale [8, 20]. Changing the salt concentration did
not change the fractal dimension (d; =~ 1.3) but the
density of the cluster was higher at a lower salt
concentration. This implies that the structure and
density of the basic building block differ and we have
a more compact structure at small length scales with low

1 E' - s _E
- : ]
S I ]
B I
o
S 01 | -
o Tt ]
o L ]
] L |
< I i
001 i bdodiiit 1 ettt bl L,
0.1 100

1 10
length [um]

Fig. 6 Auto-correlation functions of large clusters for different
systems: (O) ¢ = 0.1, 7 =1s"" and 0.1 mol/l CaCl,, (+) ¢ =~ 0.1,
7 =1s"1and 0.5 mol/l CaCl,, (O0) ¢ ~ 0.03,y = 1 s~ and 0.3 mol/l
CaCl,, (@) ¢ =~ 0.2, 7= 55! and 0.3 mol/l CaCl,

salt concentrations. The slow aggregation rate and the
low effective van der Waals attraction 4.y support a
weakly bound structure. Hence, it is unexpected that
the fractal dimension was as low as /1.3 as this value
indicates an open structure which has not been
rearranged by shear. One possible explanation is a
contribution to the bond strength due to Ca>" bridging
between carboxylic groups of the pectin adsorbed to the
oil-aqueous interface.

Decreasing the area fraction of drops has a profound
effect on the structure. We do not observe a clear
transition from the basic building block to the region of
fractal scaling as for higher area fractions. The cluster
density is much higher and the fractal dimension is
increased as well, dp ~ 1.5. Surprisingly, when both the
area fraction and the shear rate was increased the fractal
character disappears at the length scales accessible in
the microscope. Hence, depending on the experimental
conditions, the pectin stabilised emulsion displays clus-
ters of fractal as well as non-fractal character. We
speculate that this surprising feature may be due to a
competition between possible combinations of drop sizes
in the aggregation process. This competition results in
cluster structures dominated by the most favourable
drop size combination, determined by the experimental
conditions (bond strength, shear rate and area fraction
of drops) and the transport mechanisms.

Conclusion

We have used light microscopy and image analysis to
study shear induced aggregation in two dimensions. The
experimental system under study was a pectin-stabilised
emulsion with drop sizes ranging between 0.1 um and
40 um in diameter. The basic aggregation mechanism
was characterised by the polydispersity of the cluster size
distribution and structural information was obtained by
density auto-correlation analysis of large clusters.

The aggregation process was found to change from
predominantly heterogeneous cluster aggregation to
homogeneous cluster aggregation with time. However,
the position of the transition point did not scale with the
shear rate as expected for orthokinetic aggregation.
Dimension analysis suggests that Brownian motion may
increase the probability of the smaller drops to form
bonds and participate in the cluster formation. Conse-
quently, even though an increase in shear rate results in
more collisions per unit time this does not increase the
dimensionless aggregation rate because an increased
shear rate also suppress the influence of Brownian
motion. We found that a scaling of t¢/n was able to
collapse the data on one master curve. This indicates
that, even though convection is needed to aggregate the
system, the characteristic time scales similarly to that of
a diffusion-controlled system.
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The cluster composition varied with the aggregating
conditions. At low area fraction of drops and low shear
rates, the structure consisted of a large fraction of small
drops strongly rearranged at short length scales result-
ing in thick strands and a fractal dimensionality around
1.5. At higher area fractions of drops and higher shear
rate, the clusters were dominated by the larger drops.
This structure displayed no large pores and no fractal
dimension could be determined for the accessible length
scales. Finally, an increased salt concentration resulted

in a less dense structure at the smallest length
scale, probably due to increased bond strength between
drops.
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