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a b s t r a c t

Soft-agglomerate restructuring, break-up (or fragmentation) and relaxation are studied in a simple shear
flow by a discrete element method (DEM). The agglomerates, held together by van der Waals forces,
rotate in the shear flow and are stretched into nearly linear structures (fractal dimension approaches
unity) until they fracture at their weakest point resulting in lognormally-shaped fragment size distribu-
tions asymptotically. Individual fragments relax in the flow towards more compact agglomerates than
the parent ones. The evolution of the average number of particles per fragment is described by general-
ized scaling laws between shear rate, onset (time-lag) of fragmentation, asymptotic fragment mass and
size consistent with experimental and theoretical studies in the literature. The initial effective fractal
dimension of the agglomerates influences the final one of the fragments.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

The dispersion of solid particles, such as inorganic nanoparticles
or polymer latexes, in a fluid is an important process for commer-
cial products containing particulate materials, like pigments,
chemical–mechanical polishing agents or cosmetics. Population
balance equations (PBE) are commonly used to model large particle
systems using appropriate kernels for coagulation and breakage
[1]. Shear-induced coagulation alone leads to gelation [2]. However
in aerosol flow reactors, fluid flow promotes restructuring and
fragmentation, which delays or prevents gelation [3]. Though coag-
ulation by Brownian and shear forces seems to be reasonably well
understood [1], fragmentation rates and size distributions are typ-
ically based on different assumptions [4]: namely instantaneous
break-up of agglomerates once the hydrodynamic stress reaches
a critical value [5], empirical breakage distribution functions [6–
8] and a power law for the average fragment mass [5,9]. Moreover,
fragments are more compact than their parent agglomerate after
break-up in constant shear [5,10–12] but the mechanism of frag-
ment relaxation is still subject of current research. Power law rela-
tionships were found in various experimental [5,13] and numerical
studies [9,14]. The time-lag for the onset of breakage and the frag-
ment size distribution functions, however, are both difficult to
study experimentally and are not yet understood. Blaser [15] ap-

plied digital image analysis to determine the deformation and
breakage of flocs in shear flows, from which it can be concluded
that break-up happens fast or even instantaneously [16] for brittle
polymeric aggregates. Harada et al. [17] simulated restructuring of
dense clusters and suggested a relationship of the long-term struc-
tural change to the fatigue crack growth of solid materials that
takes a long time.

The present work investigates the restructuring, break-up and
relaxation of soft-agglomerates held together by van der Waals
forces using DEM simulations. The time-lag for fragmentation
and the evolution of fragment mass are extracted from simulations
and a scaling law is obtained which is supported analytically. Final-
ly restructuring during and after break-up is discussed using the
evolution of the average effective fractal dimension, Df,F, of the
fragments.

2. Theory

Agglomerates are formed by cluster–cluster agglomeration [18],
an important growth mechanism e.g. in flame synthesis of materi-
als [19], flocculation, and many natural systems [20]. These
agglomerates are exposed to a shear flow and experience a drag
force, determined for each particle with the free-draining approx-
imation [21]. The shear stress is defined as the product of fluid vis-
cosity, gf, and shear rate, G. Here, the flow field is defined as a
simple shear flow with a velocity gradient in y-direction. The
simulation starts with a fully developed shear profile. This is the
case, for example, in flame aerosol reactors in manufacture of
fumed SiO2 [3] and TiO2 [22]. There agglomerates are formed by
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coagulation in highly turbulent (up to Re = 106) tubular flows [23]
to large enough sizes that are then broken by shear-induced frag-
mentation [3]. Initially one agglomerate is placed at the center of a
simulation cell (solid volume fraction us = 10�5) and the initial par-
ticle velocity is set according to flow velocity at the particle posi-
tion. The trajectories are calculated from the force and torque
balance on each particle. Lees–Edwards boundary conditions are
applied [24]. When particles leave the simulation cell they reenter
on the opposite side accounting for shear flow. The model permits
restructuring as well as coagulation of the agglomerate fragments.

2.1. Agglomerate generation

Agglomerates are generated with a hierarchical cluster–cluster
agglomeration algorithm in three dimensions [25]. To produce a
cluster of np = 2k primary particles, initially n1 = np/2 clusters con-
sisting of two primary particles are generated independently by
off-lattice random walk. In the next step, the two-particle clusters
diffuse through the empty space to build n1/2 four-particle clus-
ters. This process is continued until one ramified cluster consisting
of 2k primary particles is obtained finally. The fractal dimension of
the generated agglomerates is calculated with the density–density
correlation function [26] and is 1.79 ± 0.03, consistent with Meakin
[27], Df = 1.78. The agglomerates are highly ramified and almost
loopless.

2.2. Equations of motion

A discrete element method (DEM) is implemented to calculate
the translational and rotational motion of each particle [28]. The
particle position is obtained by integrating the force balance with
a Verlet algorithm:

mi
d2

dt2 xi ¼
X

F ¼
X

j

Fi;j þ Fdrag
i ; ð1Þ

where mi is the particle mass, xi, the particle position vector, Fi,j are
the inter-particle forces and Fdrag

i , the coupling force between parti-
cle i and the surrounding fluid. As the primary particles are spheres,
the orientation is of no importance and the rotational velocity, xi, is
calculated with the torque balance:

Ii
d
dt

xi ¼
X

M ¼
X

j

Mi;j þMdrag
i ; ð2Þ

where Ii = midi
2/10 is the moment of inertia for a solid spherical par-

ticle with diameter di [29], Mi,j the inter-particle torques and Mdrag
i is

the hydrodynamic torque. Brownian motion of the particles is ne-
glected as the agglomerate break-up is simulated at high Peclet
numbers, where convection is dominant. The Peclet numbers,
Pe = 6pgf(d/2)3G/kBT, in these simulations range from about 140 to
7000, where T is the temperature and kB the Boltzmann constant.
The applied force models and underlying assumptions are described
below.

2.3. Inter-particle forces

Particles of 500 nm diameter in a simple shear flow are investi-
gated. Corresponding to the DLVO theory [30], repulsive electro-
static and attractive van der Waals forces affect particles in
aqueous solutions. For simplicity, more complex force models
accounting for the retardation of van der Waals forces in liquids
or electrostatic double layer repulsion are not included. The signif-
icant forces for the break-up process are the maximum attractive
force and the hydrodynamic force [13]. Furthermore, gravity can
be neglected for particles in this size range because the difference
between particle and fluid density is very small.

The normal interaction forces between particles are separated
in three regimes. For large distances, no force acts between parti-
cles. As particles approach each other, van der Waals forces start
to attract the particles. The van der Waals force, FvdW, is calculated
by the simplified formula proposed by Hamaker [31]:

Nomenclature

A Hamaker constant, J
Df fractal dimension
d diameter, m
E Young’s modulus, N m�2

F force, N
F force vector, N
G shear gradient, s�1

I particle inertia, kg m2

k spring constant, N m�1

kB Boltzmann constant, m2 kg s�2 K�1

M moment vector, N m
m particle mass, kg
n number of particles
n unit vector
Rg radius of gyration, m
t time, s
V volume, m3

v velocity, m s�1

v velocity vector, m s�1

x particle position vector, m
x, y, z coordinates, m

Greek letters
c damping coefficient, kg s�1

d particle surface to surface distance, m
g dynamic fluid viscosity, Pa s
l friction coefficient

q particle density, kg m�3

us solid volume fraction
X vorticity, s�1

x angular velocity, s�1

Subscripts
b break-up
eff effective
F fragment
f fluid
i, j index of particle
max maximum
min minimum
n number based average
P parent
p primary particle

Superscripts
drag stokes drag force
dmin chemical dimension
k positive integer
n normal direction
q, r scaling law exponents
t tangential direction
vdW van der Waals force
w, z scaling law exponents
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FvdW
i;j ¼ A � deff

12 � d2
i;j

; ð3Þ

with deff = (di�dj)/(di + dj), A being the Hamaker constant, di,j =
(xi � xj)n � 0.5�(di + dj) is the distance between their surfaces and
the unit vector n = nij = (xi � xj)/|xi � xj| pointing from particle j to
i. The Hamaker formula has a singularity of the van der Waals force
at di,j = 0. Nevertheless the formula is well applicable as in reality
particle surfaces are not smooth and can only approach up to a min-
imal distance, dmin, which is chosen as 4 Å, the typical size range of
involved molecules (for example CH3 groups [30] or SiO2, TiO2

molecular size [32]) and often used [9,33]. For this reason the force
is shifted with dmin to reach its maximum attraction when particle
surfaces touch. Here, the ideally spherical particle surface is consid-
ered as an average over the surface roughness and of how close par-
ticles can get. The particles belong to the same agglomerate when
surfaces touch or overlap.

If particles get into contact, a linear spring dashpot model sim-
ulates their repulsion and deformation [34]. The linear spring
dashpot model of Cundall and Strack [35] with the normal force,
Fn, and the normal spring constant, kn, is used:

Fn
i;j ¼ kndi;j þ cn _di;j; ð4Þ

with the damping coefficient c, the normal relative velocity,
_di;j ¼ vi;j � n ¼ ðvi � vjÞ � n, and the particle velocity vector v. The
complete modified normal force model becomes:

Fn
i;j ¼

kndi;j þ cn _di;j þ
A�deff

12�d2
min

; di;j < 0

A�deff

12�ðdi;jþdminÞ2
; 0 6 di;j 6 dmax

0 ; dmax < di;j

8>>><
>>>:

: ð5Þ

Higashitani et al. [9] proposed an approximation for the normal
spring constant, kn = 0.5�pdE, where E is the Young’s modulus of the
particle material. Here the Young’s modulus is chosen to achieve a
particle overlap at equilibrium of less than 1% of the particle radius,
reducing the E-modulus of polystyrene by a factor of 1000. Simula-
tions have been performed for various E moduli and no influence
on the breakage time as well as the agglomerate breakage behavior
was found. The upper cut-off length, dmax, is set to 10 nm, where
the van der Waals force drops to less than 1% of the maximum
attractive force. Note, that the damping in the linear dashpot mod-
el leads to an artificial attraction force in normal direction [36]. To
avoid this effect in most simulations of purely repulsive particles
[36] only repulsive forces are considered, otherwise the force is
set to zero. Here, this is not done because the effect is negligible
as the dissipative capture is dominated by the van der Waals force.
The ratio between the maximum artificial attractive contribution,
cn _dmax, and the van der Waals attraction, A � deff =12 � d2

min, is on aver-
age 0.5% for the highest shear stresses applied here (gfG = 100 Pa).

Pantina and Furst [37] showed experimentally that colloidal
particles have tangential forces capable of supporting bending mo-
ments from ion bridges between particles. Luding [38] extended
the model of Cundall and Strack [35] to rolling and torsion resis-
tances. Recently Becker and Briesen [21] used a similar tangential
force model for DEM simulations of agglomerate restructuring and
break-up in shear flows. They concluded that without tangential
forces, restructuring of agglomerates is predicted incorrectly as
agglomerate compaction is overestimated. The importance of tan-
gential, rolling friction and torsion has already been shown by
Kadau et al. [39] and Bartels et al. [40]. The complete contact forces
and torques of Luding [38] are applied for all simulations here and
account for normal repulsion and tangential forces as well as
sliding/sticking, torsion and rolling torques. The spring constants
for the tangential forces are defined as kt = kn/10. Critical damping
is assumed for both normal and tangential directions [41]:

cn = 2�(meffk
n)0.5 and ct = 2�(meffk

t)0.5, with meff = m1�m2/(m1 + m2).
The friction coefficient is chosen as l = 0.3 for polystyrene [41].

The particle interactions involve elasto-plastic repulsion, dissi-
pation, adhesion, friction as well as rolling and torsion resistance.
The employed parameters are summarized in Table 1 and are used
throughout all simulations, if not stated otherwise. Here the phys-
ical properties are selected as polystyrene latex particles in water,
except the E-modulus as described above. It is one of the most
studied systems for particle agglomeration and break-up in shear
flows [11,42] and the simulations can be compared to experimen-
tal work. Yet the results for the scaling laws are characteristic for
the breakage process and applicable for different systems if the
same physical mechanisms occur.

2.4. Hydrodynamic interaction

The hydrodynamic drag force and torque is calculated for each
particle separately using Stokes law which is valid for particle Rey-
nolds numbers much smaller than unity, Re = q�v�d/gf = q�G�d2/gf,
where q is the particle density. Here these Reynolds numbers are
5.0 � 10�4–2.6 � 10�2. The free-draining approximation is applied
for the open-structured agglomerates which neglects the feedback
of the particles to fluid flow [21,43]. The disturbance of the flow
field by neighboring particles has certainly an effect on the drag
force and the free-draining approximation applied here will over-
estimate the drag on shielded particles. Higashitani et al. [9] simu-
lated with a DEM the break-up of agglomerate particles in shear
and elongational flows. Mainly agglomerates of effective fractal
dimension 2.4 were investigated and detailed geometrical calcula-
tions accounting for a reduced drag force by shielding and a distur-
bance of the flow field by neighboring particles were applied.
Harada et al. [14] applied Stokesian dynamics to estimate the effect
of the surrounding fluid on the motion of multiple particles for
agglomerates consisting of 100 primary particles. Their results
with a detailed fluid description are compared with the free-drain-
ing assumption simulations of this work and it is shown below,
that the scaling laws are reproduced. Here, larger agglomerates
are simulated with the drag force calculated for an undisturbed
flow field at the particle position [44]:

Fdrag
i ¼ 3pgf dðvi � vf Þ; ð6Þ

where vf is the fluid velocity vector at the particle position. Addi-
tionally the particle experiences a torque by the velocity gradient
along its size [44]:

Mdrag
i ¼ pgf d3ðxi �XÞ; ð7Þ

with X = 1/2r� vf being the vorticity of the fluid.

3. Results and discussion

Fig. 1a shows three snapshots during the break-up of an
agglomerate consisting of 1024 primary particles. In the beginning
the agglomerate is stretched as it is rotating (Fig. 1b) and fractures

Table 1
Simulation parameters for particle and fluid properties.

us 1 � 10�5 Solid volume fraction
d 5 � 10�7 m Particle diameter
q 1050 kg m�3 Particle density
E 1 � 106 N m�2 Young’s modulus
A 1 � 10�20 J Hamaker constant
gf 0.001 Pa s Dynamic viscosity of fluid
dmin 4 � 10�10 m Minimum distance particle surfaces can approach
dmax 1 � 10�8 m Cut-off length for van der Waals force
l 0.3 Friction coefficient for Coulomb’s law
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at its weakest point. Individual fragments are elongated and rotate
in the flow. This rotation leads to relaxation and finally more com-
pact agglomerates (Fig. 1c). These results are consistent with
experimental [15,45] and numerical data [46].

3.1. Fragment size distribution

The agglomerate break-up simulations result in detailed frag-
ment size distributions as a function of time, t. Fig. 2 shows the
evolution of the normalized fragment volume, Vi/Vn, distribution
for shear stress gfG = 50 Pa averaged over all simulations. Vi is the
solid volume of an agglomerate and Vn is the geometric average
of the agglomerate volume. The three circles in Fig. 2 represent
the parent agglomerates consisting of 512, 1024 and 2048 parti-
cles. The agglomerates break-up forming several fragments of dif-
ferent sizes forming a broad distribution at the initial stage of
break-up (t = 3.82 � 10�5 s, diamonds). Further break-up of the lar-
ger fragments, however, narrows the distribution until steady state
is reached (t = 3.82 � 10�4 s, triangles up) and the distribution of
the fragments does not change anymore with time (t = 3.82 �
10�3 s, squares, and 2.10 � 10�2 s, triangles down) attaining a
log-normal shape (broken line). This is consistent with Rwei

et al. [13] who reported log-normal fragment distributions from
break-up of soot agglomerates in polydimethyl siloxane (d = 1–
2 mm). The existence of such asymptotic distributions (e.g. self-
preserving [1]) greatly facilitates the design of particulate
processes as it simplifies the description of particle populations
[3] by a single moment that can be easily interfaced with compu-
tational fluid dynamics (CFD) simulators [47].

3.2. Scaling law for fragment mass

Fig. 3 presents the evolution of the average number of primary
particles per agglomerate, hnpi, for gfG = 5–100 Pa. Each data point
represents an average over five different agglomerates of the same
size.

Depending on shear stress, agglomerates start breaking and
reach an asymptotic fragment mass. For example, an agglomerate
with 2048 particles breaks after a time-lag t = 2 � 10�4 s for a shear
stress of 5 Pa and reaches an asymptotic fragment mass of about
hnpi = 100. The parent agglomerate mass has no influence on the
asymptotic fragment mass and also the time-lag for the onset of
break-up is the same for three differently sized agglomerates at a
given shear stress (Fig. 3). The agglomerates stretch in the shear
field until the shortest connecting path is completely unfolded be-
fore they start to break-up to fragments. The relative velocity of

Fig. 1. Snapshots of soft-agglomerate break-up in a linear shear profile with constant shear rate, G. The flow is characterized with the commonly used shear stress,
gfG = 100 Pa. (a) The parent agglomerate consists of 1024 primary particles and has initially a Df,P = 1.8 (t = 0 s). (b) The agglomerate rotates and is stretched in the flow field
until it breaks at the weakest point (t = 2.05 � 10�5 s). (c) Final fragment distribution (t = 8.18 � 10�2 s). Fragments rotate like rigid agglomerates and are more compact than
the parent agglomerate.

Fig. 2. Snapshots of the normalized fragment volume distribution averaged over
parent agglomerates of three different sizes (512, 1024 and 2048). Initially, at
t = 3.82 � 10�6 s, the three circles represent the parent agglomerates just before
breakage. In the beginning of breakage, the distribution is broad at t = 3.82 � 10�5 s
(diamonds). Later on, the fragment volume distribution narrows reaching steady
state at t > 3.82 � 10�4 s (triangles up) and converges to a log-normal shape
invariant with time (broken line).

Fig. 3. Evolution of the average number of primary particles per fragment, hnpi,
with time. Agglomerates of three different sizes (512, 1024 and 2048 primary
particles) are investigated in shear stresses, gfG, ranging from 5 to 100 Pa. Higher
gfG leads to earlier break-up of the parent agglomerates resulting in fragments of
fewer primary particles.

264 M.L. Eggersdorfer et al. / Journal of Colloid and Interface Science 342 (2010) 261–268
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neighboring particles is independent of size in a shear field. There-
fore the average time to unfold the connecting path does not de-
pend on its length or the parent agglomerate mass as expected.
In the following, scaling laws for the dynamics of the break-up
are investigated as shown later in Fig. 6. By plotting the asymptotic
hnpi as a function of gfG (Fig. 4), a power law between hnpi and
shear stress is found in agreement with literature for experimental
[5,13] and numerical [9,14,48] studies,

hnpi ¼ constantðgf GÞ�q
; ð8Þ

where the constant is proportional to bond strength [5]. Here q is
estimated as 0.74 ± 0.02 which is comparable to Higashitani et al.
[9] and Harada et al. [14] for the same effective parent agglomerate
fractal dimension, Df,P, although both used a more detailed descrip-
tion of the surrounding fluid. The offset between simulations in
Fig. 4 can be attributed to different primary particle sizes, bond
strength and level of description of the hydrodynamic force. The in-
ter-particle force as well as the hydrodynamic force change with
primary particle size and their ratio influences the steady state
agglomerate size, resulting in a different offset at a given shear rate.
Sonntag and Russel [5] used monodisperse latex particles to inves-
tigate break-up processes by small angle light scattering. They
found an exponent of �0.879 for agglomerates with an initial
Df,P = 2.2. Higashitani et al. [9] also distinguished different expo-
nents for the scaling law of fragment mass for different Df,P. The
influence of Df,P on the fragment mass will be discussed below.

3.3. Time-lag and duration of break-up

Fig. 3 shows that lower shear stresses not only result in larger
stable fragments, as expected, but also the onset of agglomerate
break-up is delayed. Fig. 5 shows the time-lag for break-up, tb.
Astonishingly all agglomerates, regardless of size and orientation
in the flow, break at about the same time, depending only on the
shear stress resulting in a power law for this range of shear stres-
ses. The relation between the onset of break-up and shear rate (the
viscosity is kept constant throughout all simulations) is

tb / G�r ð9Þ

Here, the exponent r is 1.40 ± 0.06. The break-up does not hap-
pen immediately, even if the critical shear stress for agglomerates
is exceeded and the agglomerates are unstable. This is especially
important for fluctuating or turbulent shear fields. Fanelli et al.
[49] found that oscillatory shearing was most efficient at the two

lowest frequencies in their simulations. They concluded that if
agglomerates have a significant response within the first half of
the first cycle of an oscillating shear field, then oscillatory shearing
may appear more efficient, whereas if responses tend to occur over
a longer time period, steady shearing with the same mean shear
rate may lead to more efficient dispersions. The time-lag of the
beginning of break-up gives an idea of how long it takes for
agglomerates in a shear field to respond, how to choose the fre-
quency of an oscillating shear field and how the response scales
with the shear gradient. Furthermore it is shown that the assump-
tion of immediate break-up once the critical shear stress is reached
is not generally applicable as often done in simulations using PBE.

The break-up duration, however, seems to best scale with the
dimensionless time, tG. Fig. 6 shows the evolution of hnpi scaled
with Eq. (8) and the time scaled with G for parent agglomerates
of 1024 particles. The break-up takes place within about one order
of magnitude of the dimensionless time tG. Steady state in frag-
ment size is reached for all shear rates at about the same dimen-
sionless time, tG = 10. For a ten times lower G, one needs to
shear 10 times longer to reach steady state in fragment mass for
very dilute conditions, where coagulation is limited.

3.4. Discussion of scaling laws

The resulting scaling law describing the asymptotic or steady
state fragment mass and time to reach it is

Fig. 4. The power law between shear stress, gfG, and average number of primary
particles per fragment, hnpi, at steady state. The slope obtained here is comparable
to that of Higashitani et al. [9] and Harada et al. [14] for parent agglomerates with
Df,P � 1.8.

Fig. 5. The parent agglomerates break faster with increasing shear stresses, gfG,
following a power law with exponent �1.40 ± 0.06.

Fig. 6. Agglomerates consisting of 1024 particles are exposed to different shear
stresses, gfG. The average number of particles per fragment, hnpi, is scaled with G0.74

and the time is scaled with the shear rate, G, to estimate the break-up duration and
steady state fragment mass. The break-up process takes place within one order of
magnitude of the dimensionless time, tG.

M.L. Eggersdorfer et al. / Journal of Colloid and Interface Science 342 (2010) 261–268 265
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hnpiðG; tÞ ¼ G�qf ðGztÞ ð10Þ

The shear rate sets the timescale. Therefore the time should be
normalized by the shear rate, which means that our dynamical
exponent, z, is unity.

Expressions for the maximum fragment size of rigid agglomer-
ates in shear flows have been derived in literature by a force bal-
ance between hydrodynamic and inter-particle forces [50,51].
Potanin [43] studied also soft-agglomerates but assumed that all
information about original structure is lost during restructuring.
His model could not explain ours as well as experimental data
[5]. A more detailed expression for soft-agglomerates is derived
here. The fractal agglomerate consists of contorted linear chains
[52] and the stability is related to the length of a connecting path.
The connecting path relates a length, l, to the mass or number of
particles that lie within the length l of the path from the origin,
n / ldmin , where dmin is the chemical dimension [53]. In a shear flow
the path is stretched until it is linear and the agglomerate breaks at
the weakest point. Note that the following derivation will be valid
at least for highly ramified and almost loopless agglomerates as
they are obtained by diffusion or reaction limited cluster–cluster
agglomeration. The velocity difference between two agglomerate
edges in the flow is

Dv / GRg ; ð11Þ

where Rg is the radius of gyration of the parent agglomerate. The
typical hydrodynamic force on a particle in the agglomerate is

DF / gf Dv / gf GRg : ð12Þ

The total force acting on the connecting path scales like DFRdmin
g ,

where Rdmin
g is proportional to the number of particles in the con-

necting path [54]. The agglomerate will break if the total hydrody-
namic force is larger than the bond force (here van der Waals force,
FvdW). Thus the bond force scales with Rg as follows:

FvdW / gf GR1þdmin
g ; ð13Þ

and therefore:

Rg / ðgf GÞ�1=ð1þdminÞ ð14Þ

Substituting Rg in Eq. (14) with the relation for Df,P, n / R
Df ;P
g ,

where n is the number of particles per fragment, leads to the scal-
ing between n and shear rate:

n / ðgf GÞ�Df ;P=ð1þdminÞ ð15Þ

The topological properties of the parent agglomerate determine
the mass of the fragments. Here, with Df,P = 1.8 and dmin = 1.25 for
cluster–cluster growth [54], the exponent is 0.8, which is close to
the exponent 0.74 ± 0.02 obtained in our simulations (Fig. 4).

The fragment radius of gyration, Rg,F, is often used experimen-
tally [5] and theoretically [51,55] to characterize the steady state
fragment size. Similar to hnpi, a power law exists between shear
stress gfG and Rg,F:

Rg;F / ðgf GÞ
�w ð16Þ

Fig. 7 shows the average Rg,F of the fragments at steady state for
different gfG. The exponent, w, is �0.35 ± 0.01, independent of the
parent agglomerate mass and size. The experimental results of
Sonntag and Russel [5] are plotted as filled symbols and show a
similar scaling behavior, even though their Df,P was 2.2. The vertical
translation depends on the ionic strength of the agglomerate which
is influenced by the flocculant and its concentration. Wessel and
Ball [51] obtained from a force balance w = 1/3 for rigid agglomer-
ates in a simple shear flow. Here, the relaxation causes the particles
to roll at their contact point until they touch another particle lead-
ing to a more compact and rigid construction. Recently Zaccone

et al. [55] carried out experiments fragmenting polystyrene
agglomerates (d � 810 nm) with Df,P = 2.69 ± 0.2. They found an
exponent w = 0.45 for an extensional flow field. These data indicate
that the exponent w may depend on the flow field.

Eqs. (15) and (16) are related through the effective fragment
fractal dimension, Df,F, when fragmentation practically ends. The
combination gives a simple equation, which relates the fractal
dimension of the parent agglomerate to that of the fragments.

Df ;F ¼
1
w

Df ;P

1þ dmin
ð17Þ

One could say the fragments have a memory, because their final
structure depends on the parent agglomerate. The fragments effec-
tive fractal dimension in a constant shear field depends on fractal
dimension and connecting path of the parent agglomerate and
exponent w, which scales the size of the fragments in the flow.
The Df,F is independent of shear rate, consistent with experiments
[11]. The parent agglomerate properties predefine the mass of
the fragments and the flow field shapes the fragments by relaxa-
tion. Applying Eq. (17) to the agglomerates studied here predicts
a Df,F = 2.28. The effective fractal dimension, which is discussed
in the next section, is estimated as 2.03 ± 0.20 and is slightly lower
than that from Eq. (17). In addition for the experimental system of
Sonntag and Russel [5] we calculated Df,F = 2.51, and they reported
a measured value of Df,F = 2.5. The chemical distance, dmin, of these
structures is unknown. We estimated it by Eq. (15) as 1.05 using
Df,P = 2.2 determined by Sonntag and Russel [5] for the unsheared
flocs from light scattering. The results of this paper might be inter-
preted as applying for an intermediate range of time, as in the limit
of infinite time the agglomerates will have no memory of their
initial configuration, when they reach a steady state between
break-up and coagulation. However for the very dilute systems
investigated here this state is usually not reached. Limited, if any,
re-agglomeration takes place during the simulated timescales.
The fragments are long enough in the shear field to relax according
to the flow but not so large or too many (us = 10�5) to re-agglom-
erate. The relevant timescales for experiments as well as natural
processes are in the intermediate time range, where one can ob-
serve the influence of parent agglomerates on fragments.

3.5. Relaxation of fragments

Soft-agglomerates are restructured during break-up and the
fragments relax towards a more compact structure (Fig. 1). Initially
the parent agglomerate has a fractal dimension of around 1.79. It is

Fig. 7. The fragment radius of gyration, Rg,F, is shown as a function of the shear
stress, gfG, for parent agglomerates with Df,P = 1.8. The simulations are compared to
experiments [5] where the initial effective fractal dimension was 2.2. The slope for
both Df,P is �0.35.
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elongated in the flow field, before it breaks, consistent with exper-
iments [15]. Afterwards the fragments experience a compaction
[45] and form loops because of their rotation in the flow. The frag-
ments’ effective fractal dimension is investigated to characterize
their structure. Since agglomerates have a high degree of self-sim-
ilarity, but are not infinitely scale-invariant, they are often referred
to as fractal-like, as long as the diameter of the primary particle is
at least an order of magnitude smaller than the characteristic ra-
dius of the agglomerate [1]. On account of this, the effective fractal
dimension of the agglomerate fragments is estimated by ensemble
averaging. It is determined from the slope of the fragments’ radius
of gyration, Rg,F, versus the number of primary particles in a double
logarithmic plot [56],

np ¼ constant
Rg;F

d=2

� �Df ;F

; ð18Þ

where constant is a proportionality factor of order unity. The effec-
tive fractal dimension is investigated for shear stresses from 10 to
100 Pa, which result in average fragments of about 100–10 primary
particles, respectively. The determination of the effective fractal
dimension is limited by the number of fragments available. Results
are obtained with the beginning of break-up, when the parent
agglomerate is already stretched and the connecting path was torn
apart. The effective fractal dimension of the fragments is still
around 1.8 (Fig. 8). The individual fragments are stretched until
they are linear and reach a stable size (tG � 10). The fragments relax
towards an average effective fractal dimension of 2.03 ± 0.2 after
break-up. It is a slow converging behavior and the fragments of
gfG = 10 Pa have not converged yet. The time is scaled with G, which
scales Df,F well. The fragment relaxation is about 10 times slower
compared to agglomerate break-up. The shear gradient determines
the rotation of the fragments and controls the relaxation dynamics.
Harada et al. [14] observed the same scaling relation for the relax-
ation of loose non-fractal agglomerates (Df = 3) with similar connec-
tivity (coordination number around 2) by monitoring the
coordination number. For dense non-fractal clusters Harada et al.
[17] found that the restructuring/relaxation scales with a different
dimensionless time, (gfGd3/A)2.5�Gt, because the change in structure
follows a different mechanism. They relate the restructuring of
dense clusters to the successive crack growth in solid materials un-
der cyclic load. Here, the agglomerates are stretched during break-
up in the flow field (Figs. 1b and 8). The fact that the agglomerate
structure is getting more open in a shear flow has been seen in
experiments [42,57]. Selomulya et al. [42] found an increase in

the agglomerate size of latex particles (d = 60, 380 and 810 nm) in
a Couette-flow before reaching significantly smaller steady state
values. This indicates that the agglomerate is stretched during
restructuring and break-up, although coagulation takes also place
there. Wang et al. [57] investigated the perimeter-based fractal
dimension of latex particles of about 10 lm. The perimeter-based
fractal dimension increased before it reached steady state (perime-
ter-based fractal dimension: 1 = sphere, 2 = chain). Furthermore the
same trend was observed by Spicer et al. [58] for both agglomerate
size and perimeter-based fractal dimension in stirred tank suspen-
sions of latex particles at high shear rates.

4. Conclusions

The dynamics of soft-agglomerates held together by van der
Waals forces in simple shear flow is elucidated by DEM simula-
tions. Such agglomerates are stretched towards a linear shape be-
fore torn at their weakest link. The resulting fragments relax into
new agglomerates. During this relaxation, the primary particles
of the agglomerate roll over each other at their contact point until
they touch another particle leading to a more compact and rigid
structure.

For highly ramified, almost loopless agglomerates (Df � 1.8), the
break-up can be described by scaling laws for the time-lag, average
fragment mass and radius of gyration. The power law of the aver-
age fragment mass is in good agreement with literature. The aver-
age fragment mass depends on the structure of the parent
agglomerate, whereas the radius of gyration of the fragments at
steady state is defined by the shear stress. Combining the scaling
laws for fragment mass and size revealed that the fragments’ effec-
tive fractal dimension in the experimentally relevant time scales
for very dilute suspensions depends only on initial agglomerate
structure and is independent of shear stress. Agglomerate break-
up takes place within one order of magnitude of the dimensionless
time, Gt, and is about 10 times faster than the relaxation of
fragments.
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