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A unique pattern interpreting the restructuring of non-fractal aggregate is established. The restructuring
of an aggregate from initial structure toward a stable structure is well presented by a linear relation
between the saturation degree of particle connection, and the inversed strength of aggregate. The dynam-
ics of restructuring for different initial configuration of aggregate, from very loose to dense, in various
simple shear flow condition is numerically performed. The temporal change in properties of aggregate
is analyzed in terms of coordination number and volume fraction. The simulation employs Stokesian
dynamics for the estimation of many-particle hydrodynamic interaction while the particle–particle inter-
action is calculated by van der Waals potential. Simulation results show that the aggregate restructures
and exists in a stable state corresponding to the shear flow condition. The transition among the stable
aggregates somewhat expresses reversible behavior. Especially in weak flow, the aggregate gradually
reaches its limit structure whose properties such as coordination number and volume fraction are typi-
cally determined. Such limit aggregate plays an important role for predicting the restructuring of any
non-fractal aggregate in any fluid condition. Moreover, the penetration effect of fluid flow on aggregate
is discussed by means of porous sphere model.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The behavior of colloidal aggregate in fluid flow is fundamen-
tally important for the prediction and control of dispersion of par-
ticles. In general, the behavior of aggregate in flow field, such as
rigid-like motion, restructuring and breakup, depends on the
hydrodynamic stress acting on the aggregate, and the strength of
aggregate itself [1–5]. The task of determining such hydrodynamic
stress and strength of aggregate is very complicated since the col-
loidal aggregate has a wide variety of structure which greatly
affects those properties. The restructuring of aggregate, where
the primary particles of the aggregate are relatively in motion
but still attach together, can be considered as an intermediate
stage between the rigid-like motion and breakup. While the
breakup of aggregate is well established by extensive studies
[1,2,4–9], the restructuring has not been properly understood.
The restructuring of aggregate has significant impact on the
breakup and aggregation of aggregate [10,11] because it possibly
occurs either before [4,8] or after the breakup event [6,9]. As a
result, the structure of aggregate and, consequently, the rheologi-
cal properties of the colloidal suspension are completely affected.
The behavior of aggregate in simple shear flow has attracted a
lot of interest due to its ubiquity in engineering fields. Fractal
dimension, which can be interpreted as a space-filling property,
is often used to characterize the structure of particle aggregates.
In non-sheared system, the aggregate often has ramified structures
whose fractal dimension is low. In sheared system, the aggregate
appears more compact and is apt to exist in the form of high fractal
dimension, which is demonstrated by experiment [1], simulation
[6,9,12], and analytical model [13]. One of the possible reasons is
that the restructuring of the aggregate has occurred, the branches
of the aggregate bends and reconnects, leading to a more compact
structure [4,5,14]. Furthermore, the breakup of the high fractal
dimension aggregate behaves diversely whereas that of the low
fractal dimension aggregate is predictable [4,15]. Explanation for
the former can be analyzed from two perspectives. From the static
point of view, the complex connectivity inside the high fractal
aggregate influences the way of distribution and propagation of
force, therefore the resulting stress differs within parts of the
aggregate [15,16]. From the dynamic point of view, the restructur-
ing of aggregate occurs, leads to significant change in aggregate’s
structure compared to its initial configuration, and eventually
determines the way that the aggregate breaks [4,17,18]. Therefore,
understanding the restructuring behavior of high fractal dimension
aggregate contributes important information for kinetics of
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Table 1
Basic simulation conditions.

Parameter Value

Number of particle of aggregate N = 100
Particle radius a = 325 nm
Particle density qp = 1056 kg/m3

Fluid density qf = 790 kg/m3

Fluid viscosity l = 1.2 � 10�3 Pa s
Non-retarded Hamaker constant (for the condition of

this study)
AH = 9.68 � 10�21 J

Cut-off distance d = 1 nm
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aggregation model and breakup model. The aggregates at upper
limit of fractal dimension, df = 2.0 for two-dimensional or df = 3.0
for three-dimensional aggregate, are dense and radial-density
independent structures [16]. In the scope of this study, we define
such aggregate as non-fractal aggregate to emphasize the differ-
ence of its structure compared to the fractal and ramified aggre-
gate. Experimental study for two-dimensional non-fractal
aggregate shows that there is a significant change in the internal
structure of aggregate: under shear flow, the particles of the aggre-
gate rearrange into a more ordered structure [19]. For three-
dimensional aggregate [1], the change of internal structure of
aggregate is unknown due to lack of proper observing devices.
We have conducted numerical simulation to study about the
restructuring behavior of non-fractal aggregate in the previous
work [20]. We have found that in simple shear flow, the non-
fractal aggregate restructures via change in internal connectivity
so that a more stable structure is obtained. Such stable structure
has similar appearance but notable difference in internal connec-
tivity compared to the initial structure. A kinetic model represents
change in coordination number of aggregate is proposed.

The content of this article shows succeeding output of our pre-
vious study [20]. The previous article focuses on the existence of
stable aggregate during the restructuring, and the dependence of
the internal connectivity of aggregate on the condition of fluid flow
as well as the initial aggregate. In this article, we attempt to estab-
lish a comprehensive approach to predict the corresponding struc-
ture of a given aggregate in simple shear flow by considering the
physical interpretation of the restructuring in terms of the capacity
of making particle connection and the strength of aggregate. In
detail, investigations for the uniqueness of stable aggregate, the
limit of restructuring, the governing properties that decide the
structure of aggregate, and the role of hydrodynamic stress, are
carried out. The dynamics of restructuring behavior of non-
fractal aggregates before breakup in simple shear flow is per-
formed by Lagrangian simulation approach. The many-body hydro-
dynamic interaction among the identical particles composing the
aggregate is estimated by Stokesian dynamics. The restructuring
of non-fractal aggregate with different initial configuration is
examined under various fluid shear flow conditions.

2. Simulation method

The simulation method is almost similar to our previous study
[20]. For convenience, we emphasize the concept, governing equa-
tions and simulation conditions of the study. The basis of our sim-
ulation method for the hydrodynamic interaction of multiple
particles in fluid flow is Stokesian dynamics [21,22]. The content
of the lengthy and complicated Stokesian dynamics can be found
in the work of Durlofsky et al. [22] and the references therein.
The FTS version of Stokesian dynamics is used to study the motion
of particles in an imposed flow. In summary, when the particle is in
relative motion to the fluid flow, the particle exerts force FH and
torque TH on fluid. In opposite, fluid exerts on particle the hydro-
dynamic force �FH , torque �TH , and stresslet S. For a particle with
hydrodynamic interaction �FH , �TH and non-hydrodynamic inter-
action F , T , the neglect of particle inertia leads to FH � F and
TH � T . Finally, for a finite number of particles in fluid flow, the
relation between the force exerting on particles and the relative
motion of particles to the fluid flow is shown as following
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where U;X is the particle velocity and rotational velocity;
u1;X1;E1 the velocity, rotational velocity and rate of strain tensor
of the undisturbed flow; RFU ;RTU , etc. the components of the resis-
tance matrix which are determined from the mobility matrix M
and dependent only on the position of the particles. The calculation
method of the mobility matrix M can be found in Durlofsky et al.
[22]. According to Eq. (1), the translational and rotational velocity
of particles is calculated as below
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where RFU ;RFX, etc. are the components of the grand resistance
matrix R in which the lubrication correction is included by the fol-
lowing form

R ¼ M�1 �M�1
2B þ R2B ð3Þ

where M2B is the two-body mobility matrix calculated in a similar
way with M, R2B the two-body resistance matrix [22–24]. The
dynamic behavior of all particles is performed by numerical inte-
gration of Eq. (2) while the matrices are continuously updated with
each time step.

The behavior of an isolated aggregate is investigated in simple
shear flow characterized by shear rate _c. The undisturbed flow

u1 ¼ ð _cy;0;0ÞT in Cartesian coordinates, which is viably used in
Eq. (2), is described as

u1ðrÞ ¼ X1 � r þ E1 � r ð4Þ
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The simulation condition is similar to our previous study [20];
the summary can be found in Table 1. The interaction between
the hard-sphere particles is estimated by retarded van der Waals
potential based on Hamaker geometrical factor and Lifshitz theory.
The complicated formulae for the renowned potential are com-
pletely given in the relevant articles [25,26]. Additionally, when
the surface distance of particles is less than a cutoff distance of
1 nm, the attractive force is simply set zero since the other com-
plex phenomena at molecular scale may be dominant and should
be taken into account [27]. The overlap of particles does not occur
due to the lubrication correction and suitably small time-step.
Recently, researches on the behavior of aggregate sometimes
involve more complicated interparticle interaction, e.g. tangential
force, due to its significant effect on the restructuring fractal aggre-
gate [5,6,14]. In particular, it is reported that the branches of the
fractal aggregate is more invulnerable to bending moment
[5,6,28]. However, a systematic understanding on such tangential
force has not been well established yet, leading to difficulties and
uncertainties in constructing models. Our simulation with the pre-
scribed force in this study is simple but able to represent an exam-
ple of particle aggregates with central force, and the scope of our
study is to examine the effect of hydrodynamics of many-body
rather than the effect of interparticle interaction on the aggregate.
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Due to these reasons, we do not consider tangential force in the
simulation. We have found that although the force model in our
study is simple, some properties expressing the dynamic behavior
of aggregate in fluid flow is reasonably comparable with experi-
ment results [3,18] and simulation results [6,29] where more com-
plex force model is applied. About the simulation condition, the
effect of fluid inertia, particle inertia and Brownian motion of par-
ticle is negligible because of small Reynolds number, Stokes num-
ber and large Péclet number. Further discussion on the
assumptions, calculation conditions and validation of the simula-
tion can be found in the articles [4,17].

Basically, the same non-fractal aggregate as previous paper is
investigated [20]. The initial appearance (at _c t ¼ 0) of some aggre-
gate is given in Fig. 1a. The non-fractal aggregate is created by uti-
lizing the particle-cluster aggregation model while applying
centripetal force to a given number of particles randomly dis-
tributed [30]. This simulation procedure for assembling the aggre-
gate is independently carried out before the aggregate is subjected
to fluid flow, meaning that from the onset of simple shear flow, the
force model for interaction between particles is the retarded van
der Waals and the hydrodynamic interaction. In order to identify
the cause of the restructuring, we have conducted the simulation
for the aggregate with the used interparticle interaction in zero
shear condition. The aggregate remains almost the same state after
a long time, suggesting that the restructuring of the aggregate is
Fig. 1. Temporal change in (a) shape and (b) coordination number of various aggregates i
in (b). Some data are obtained from [20].
triggered by the motion of fluid flow. The average coordination
number is used to evaluate the internal connectivity of the aggre-
gate during its restructuring. The coordination number for an iden-
tified particle is defined as the number of its surrounding particles
within a designated separation of particle surface which is chosen
to be 2 nm. The value of coordination number is verified not dra-
matically affected if the designated separation varies with a few
nanometers. The initial configuration of the aggregate ranges from
a very loose structure, whose coordination number is low at
k0 = 2.00, to intermediate ones with k0 = 3.02, 4.20 and 5.04, then
to a very dense structure, k0 = 5.54 [20]. Regarding the sensitive-
ness of the restructuring result to the number of aggregate, we
have created five independent aggregates for a given initial config-
uration and performed the simulation at some conditions related
to initial configuration and fluid shear flow. The properties of the
aggregate at the stable state are determined. A standard deviation
within 2% of the mean is found out. In the previous studies [17,20]
the coordination number is an important parameter because it
directly represents the internal structure of the aggregate. In this
paper, the coordination number is revealed inadequate to under-
stand the restructuring nature of the aggregate. Therefore, we
additionally determine the effective volume fraction of the aggre-
gate, and subsequently introduce the other properties such as the
saturation degree of connectivity, and strength of aggregate. The
details will be given in the next section. Aside from the aggregates
n fluid shear stress condition l _c = 26.9 Pa. The arrow is to indicate the position of _c t
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mentioned earlier, new aggregates are prepared in this study. They
are non-fractal aggregates whose k0 = 2.50, 3.98, 4.80, and a fractal
aggregate whose fractal dimension and initial coordination num-
ber are df = 1.8 and k0 = 2.00, respectively.
3. Results and discussion

3.1. Change in coordination number

As mentioned in the introduction, the previous work has found
out that in simple shear flow, the non-fractal aggregate restruc-
tures into another configuration by changes in either outer shape
or internal connectivity [20]. Fig. 1 shows the temporal change in
such two properties for five non-fractal aggregates at the same
fluid shear stress condition l _c = 26.9 Pa. Part of data are extracted
from our previous study [20]. In terms of deformation of its shape,
Fig. 1a shows that the aggregate instantly deforms from sphere to
ellipsoid at the onset of shear flow at l _c = 26.9 Pa; as time contin-
ues, the ellipsoidal aggregate gradually turns into spherical one
while rotating around the vorticity axis. This behavior occurs when
the initial structure of the aggregate is rather loose (k0 = 2.00, 3.02,
4.20): the more loose aggregate exhibits more obvious deforma-
tion. In the case that the aggregate is dense (k0 = 5.04, 5.54), the
aggregate rotates and shows almost no visible change in its shape.
In parallel, Fig. 1b, conducted at the simulation condition similar to
Fig. 1a, expresses the coordination number k of aggregate proceed-
ing with nondimensional time _c t [20]. Whether the deformation
of shape is significant or not, changes in coordination number for
all aggregates are observed until leveled-off values are reached,
which are defined as the stable coordination number ks as shown
in the gray area. Since such stable structure is important, the
dependence of stable coordination number ks on the fluid shear
stress l _c for all aggregates is examined and displayed in Fig. 2.
In this figure, we only consider the case where the restructuring
of aggregate is not significantly influenced by breakup. Discussion
on the result can be found in our previous work [20]. Here, the
important information for this work is that (i) the stable coordina-
tion number of aggregate ks is significantly different from the
initial one k0, (ii) at the same l _c condition, little difference of ks
is observed among aggregates, and (iii) ks linearly decreases with
fluid shear stress l _c when l _c is relatively high; otherwise, as the
flow is weak below a certain value l _c�, the stable coordination
number ks is a constant independent of fluid flow. We define
the stable aggregate in weak flow as limit aggregate with kmax.
The existence of kmax implies the limit of the restructuring for
Fig. 2. Stable coordination number ks of aggregates at various shear flow conditions
l _c. Some data are extracted from [20]. The black lines along the points are to guide
the eye. The dash-horizontal lines shows the initial coordination number of
aggregate before subjected to flow l _c.
non-fractal aggregate, i.e., the simple shear flow is capable of com-
pacting the non-fractal aggregate until a limit state is reached.
Slightly difference in the value of kmax is observed for the loose
aggregate group (k0 = 2.00, 3.02, 4.20) whose kmax � 5.95 and the
dense group (k0 = 5.04, 5.54) whose kmax � 6.10. Such slight differ-
ence of kmax makes it hard to conclude whether it is caused by
either the particles at the outer layer or the inherent structure of
aggregate. However, the gaps of ks between the aggregates suggest
little dependence on the initial aggregate.

In order to find the relation of the initial aggregate and limit
aggregate (i.e. the stable structure of aggregate obtained in weak
flow), a reversed simulation is carried out. Fig. 3 shows how the
initial aggregate (for the case k0 = 2.00, 5.54) and its limit aggregate
affect the stable structure at l _c = 26.9 Pa. As given in the figure, the
initial aggregate k0 at a shear rate of l _c = 26.9 Pa restructures to its
stable state. At the same time, the aggregate with k0 gradually
obtains the limit structure kmax in weak flow l _c = 12.0 Pa, then
such corresponding kmax aggregate is subjected to a stronger flow
condition l _c = 26.9 Pa, and the new stable structure is observed.
It reveals that such a new stable coordination number is similar
to the value at which the initial aggregate k0 directly achieves in
strong fluid flow condition l _c = 26.9 Pa. This behavior is met for
both the very loose aggregate k0 = 2.00 and the very dense aggre-
gate k0 = 5.54. The results indicate that the stable aggregates corre-
sponding to given conditions of simple shear flow are somewhat
reversible. Perhaps the limit aggregate obtained at weak flow can
act as a ‘‘standard” for the restructuring. Studying on the properties
of limit aggregate can provide important information for the pre-
diction of aggregate behavior.

As mentioned earlier, the small difference of kmax values in
Fig. 2 seems inadequate to interpret the limit structure. Therefore,
we investigate another property of the aggregate: volume fraction
/. The volume fraction of aggregate is defined as the ratio of vol-
ume of all particles to the volume occupied by aggregate, which
is considered as an ellipsoid having the same principal moment
of inertia [31]. Readers may refer to Appendix A.1 for the detailed
calculation. Fig. 4 shows the temporal change in coordination num-
ber and volume fraction for the aggregate k0 = 3.02 at various shear
conditions. The inset shows the data for weak flow l _c = 12.0 Pa.
The horizontal line indicates the coordination number kmax and
volume fraction /max of the limit aggregate at l _c = 12.0 Pa.
The coordination number and volume fraction of aggregate are
Fig. 3. Coordination number profile for aggregate at initial structure k0 and limit
structure kmax at the same shear flow condition l _c = 26.9 Pa.



Fig. 4. Change in (a) coordination number k and (b) volume fraction / at various
shear flow conditions for the aggregate with k0 = 3.02. The horizontal line shows the
value of kmax and /max for this aggregate. The blurred profile shows the irregular
change of aggregate toward breakup. Legend in (a) and (b) has the same meaning.

Table 2
Typical properties of limit aggregate obtain at weak flow condition l _c = 12.0 Pa.

k0 /0 kmax /max

2.00, fractal 0.054 5.90 0.500
2.00 0.371 5.92 0.516
2.50 0.438 5.94 0.570
3.02 0.488 5.96 0.596
3.98 0.534 5.90 0.590
4.20 0.559 5.92 0.602
4.80 0.618 5.95 0.628
5.04 0.654 6.09 0.658
5.54 0.665 6.10 0.666
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determined when the aggregate still keeps a spherical or ellip-
soidal shape. When the shape of aggregate is irregular and toward
breakup, the fitting ellipsoid is no longer suitable to describe the
occupied space of the aggregate. Illustration of the irregular aggre-
gate and its equivalent ellipsoid in xy plane in Fig. 4 demonstrates
the inapplicability of fitting ellipsoid method. Therefore, we do not
continue the calculation for such cases. The figure shows that the
volume fraction profile is smooth, whereas the coordination num-
ber one is sharply fluctuated. This is because the later is directly
determined from each particle of the aggregate, which reflects
the connectivity at a local scale. On the other hand, fitting the
aggregate by the equivalent ellipsoid involves the global character-
istic. Consequently, the temporal change in volume fraction is
more gradual and less abrupt than that of coordination number.
As can be seen in Fig. 4, during the restructuring of aggregate,
the behavior of volume fraction is quite similar to coordination
number, such as the change to stable value, and the dependence
on fluid flow. The result suggests that there is a correlation
between the coordination number and the volume fraction during
the restructuring of the non-fractal aggregates. However, this cor-
relation, as shown in Fig. 4, seems complicated because there are
many affecting factors such as the initial configuration of the
aggregate and the fluid shear stress. Moreover, we find that the
limit structure of aggregate in weak flow also has highest volume
fraction /max. Table 2 gives the properties of several aggregates
at the weak flow condition of l _c = 12.0 Pa. The data shows that
for the limit structure of the aggregate, the difference of volume
fraction /max (/max � 0.50–0.66) is more significant than that of
coordination number kmax (kmax � 5.90–6.10). In other words, the
effect of initial aggregate on limit aggregate is clearly expresses
by /max rather than kmax. The reason explaining such a situation
that the aggregate has quite similar coordination number but dif-
ferent volume fraction possibly originates from the arrangement
of the particles. Although the coordination number describes the
average number of connection of particles, the distribution of these
connections cannot be expressed by coordination number but
partly by the volume fraction. The other issue is the dependence
of /max on the initial configuration of aggregate. As can be seen
in Table 2, aggregate of smaller /0 results in smaller /max. More-
over, by conducting similar simulation for the other non-fractal
aggregates, we have found that the /max is somewhat typical value
depending on the initial one. Such typical /max is approximately
0.52 for initial aggregate of very loose structure (even including
the fractal aggregate with fractal dimension df = 1.8), 0.59 for mod-
erate loose one. The dense aggregate does not vary /max so much
compared to /0. Limit structure of the fractal aggregate is in agree-
ment with Seto et al. [14]. In their study, the fractal aggregate
restructures to a more compact spherical or rod structure whose
volume fraction is about 0.48–0.54 [14], similar to /max � 0.50 in
our study. In conclusion, the properties of the limit aggregate, kmax

and /max become available for the investigated conditions of this
study. The dependence of /max on /0 is unclear. It may relate to
the mobility of the particle during the restructuring of aggregate.
Interestingly, we find out that the compaction of the limit aggre-
gate is quite similar to the jammed packing of identical hard
spheres in two aspects: (i) the range of /max in our study
/max � 0.50–0.66 while the volume fraction of jammed-packing
is in the range of 0.52–0.74, and (ii) how the initial volume fraction
affects final one [32]. Another notable point on the restructuring of
the three-dimensional aggregate in our study is that, the restruc-
turing in weak flow for a loose aggregate, whose initial volume
fraction is less than the random close packing or initial coordina-
tion number is less than about 6, results in more compact structure
but does not exceed the random close packing limit. Meanwhile,
the restructuring of two-dimensional aggregate possibly leads to
a more compact and more order structure [19].

3.2. Kinetic behavior of the restructuring

The temporal coordination number and volume fraction of
aggregate are dependent on the shear flow condition (see
Figs. 1b and 4). Our attempt is to find a physical relation of these
properties by introducing two parameters. Firstly, we consider
the ratio of the number of unlinked particle to linked particle,
defined as ðkmax � kÞ=k, where kmax are taken from Table 2. This
ratio roughly indicates the saturation degree of the internal con-
nectivity, or the capability of forming connection among particles.
As the non-negative value ðkmax � kÞ=k approaches zero, the parti-
cles are more saturated and less capable of rearranging their rela-
tive position to make more connection. Secondly, we determine
the value 1/(k/), representing the inversed strength of aggregate
according to Rumpf’s theory [33]:
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rRumpf ¼ 9F

8pd2 k/ / k/ ð6Þ

where rRumpf is the tensile strength of aggregate, F the maximal
attractive force between two particle, d the diameter of particle.

The value of the proportional factor 9F=ð8pd2Þ is approximately

9F=ð8pd2Þ ¼ r0 � 220 Pa regarding the conditions of this study.
Since k and / change during the restructuring of aggregate,
ðkmax � kÞ=k and 1/(k/) are also functions of nondimensional time.
Then instead of observing the temporal change in k and /, and
the dependence on fluid flow field l _c, we calculate the saturation
degree of connectivity ðkmax � kÞ=k and the inversed strength of
aggregate 1/(k/) during the restructuring of aggregate. Fig. 5 shows
the relation of ðkmax � kÞ=k and 1/(k/) during the restructuring of
aggregate at various shear stress l _c for different initial aggregate
from loose (k0 = 2.00) to dense (k0 = 5.54). In detail, Fig. 5b presents
the result for aggregate k0 = 3.02. Such data in Fig. 5b are calculated
from the data in Fig. 4. While Fig. 4 shows that the dependence of k
and / on nondimensional time _c t and fluid shear stress l _c is com-
plicated and unpredictable, Fig. 5b reveals a simple characteristic of
restructuring process from the initial structure toward the stable
one in terms of ðkmax � kÞ=k and 1/(k/): a linear trend. Such a linear
trend is observed for all investigated aggregates in the study
(Fig. 5a–e). For the case of loose aggregate (k0 = 2.00, 3.02, 4.20),
Fig. 5a–c indicates that there is a shift from the initial value toward
smaller ones when the restructuring of aggregate occurs, i.e. the
aggregate gradually develops more internal connection and
increases its strength until a stable structure is reached. The posi-
tion of stable point depends on the flow field and is not clearly
shown. The discussion about the stable states will be examined
later. As for the very dense aggregate (k0 = 5.04, 5.54),
Fig. 5d and e shows that aside from the aforementioned behavior,
Fig. 5. Relation of the saturation degree ðkmax � kÞ=k and inversed strength of aggregat
various shear conditions.
the aggregate is able to shift from initial position outward the origin
of the graph when the flow is strong enough. It means that the
dense aggregate can becomes loose, but still maintain a specific
relation between the internal connection and strength of aggregate.
Generally, during the restructuring of given aggregate, the parame-
ter ðkmax � kÞ=k and 1/(k/) are linearly related regardless the condi-
tion of shear flow. It is implied that if the limit structure (i.e. the
aggregate in weak flow, whose position in Fig. 5 is the intersection
with horizontal axis) of a given aggregate is known, one can predict
the relation of saturation degree and inversed strength of aggregate.

About the restructuring of a given aggregate characterized by
initial coordination number k0, it has been previously shown in
Fig. 2 that the aggregate restructure to a stable state ks correspond-
ing to the applied fluid flow condition l _c; especially in low shear
rate region, ks reaches its maximal value defined as kmax. Fig. 5,
which relates the saturation degree of connection among particles
ðkmax � kÞ=k to the inversed strength of aggregate 1/(k/), and
expresses how these properties change when the aggregate
restructures from the initial configuration to the stable one, is still
insufficient to provide the corresponding stable structure for fluid
shear stress l _c. It is noted that in Fig. 5, the represented position of
stable structure, whose coordinates for horizontal axis and vertical
axis are 1/(ks/s) and ðkmax � ksÞ=ks, respectively, still belongs to the
linear trend. Now we analyze the properties of aggregates at stable
states corresponding to flow conditions. At each applied shear
stress l _c, the saturation degree of stable aggregate defined as the
ratio of unlinked particle to linked particle ðkmax � ksÞ=ks is deter-
mined. In other words, for each given aggregate k0, the saturation
degree at stable state ðkmax � ksÞ=ks is dependent on l _c. As for
the fluid shear stress condition l _c, it is rescaled with the strength
of aggregate at limit structure, i.e. l _c/(r0kmax/max). Physical image
of such scaling can be understood as following: instead of applying
e 1/(k/) during the restructuring form initial structure toward stable structure in



Fig. 7. Change in coordination number with nondimensional time by simulation
results and model results for the initial aggregate of k0 = 3.02 at different fluid shear
rate.

U.T. Lieu, S. Harada / Advanced Powder Technology 27 (2016) 1037–1046 1043
l _c directly to the initial aggregate, the aggregate is firstly put in
weak flow condition so that a limit structure is achieved, then
the weak flow is switched to l _c. As a result, l _c/(r0kmax/max) inher-
ently indicates the restructuring of the limit aggregate kmax under
the fluid flow l _c, rather than that of k0. Readers may refer to Fig. 3
for a clearer illustration. Fig. 6 expresses the relation of
ðkmax � ksÞ=ks and l _c/(r0kmax/max) for many aggregates. It reveals
that when the fluid shear stress is normalized by the strength of
the limit aggregate, the saturation degree ðkmax � ksÞ=ks becomes
independent of the initial structure. Fig. 6 also shows that
ðkmax � ksÞ=ks increases with l _c/(r0kmax/max), meaning that if
shear flow is strong, the aggregate is more loose and weaker com-
pared to the limit structure. In conclusion, with the assumption
that the limit structure of the aggregate is valid for any aggregate,
one can determine not only the properties of stable aggregate for
any fluid condition (by Fig. 6), but also the change in the properties
of aggregate toward stable state (by Fig. 5).

Furthermore, we find that the value of ðkmax � ksÞ=ks in Fig. 6
also reveals relation to kinetics of restructuring. The proposed
kinetic model of the restructuring and its verification can be found
in the previous study [20]. The model describes the temporal
change in coordination number during the restructuring. The core
of the model is analogous to micromechanics of granular material.
The change rate of coordination number dk=dð _c tÞ comprises of
two parallel components: (i) forming rate which is proportional
to the number of unlinked particles, i.e. the available space around
particle, defined as C+(kmax � k), and (ii) cut rate which is propor-
tional to the number of linked particles, defined as C�k. In the
model, C+ and C� are proportional coefficients determined by
least-square method from the simulation data. Fig. 7 shows the
simulation result and the model result for aggregate k0 = 3.02 at
different l _c. From the model, when the stable structure of aggre-
gate is obtained, the formation rate and the cut rate of particle is
equal, leading to C�/C+ = ðkmax � ksÞ=ks. This result reveals the rela-
tion of kinetic coefficients and the dynamic property of the aggre-
gate. Fig. 6 which exhibits the saturation degree of stable aggregate
ðkmax � ksÞ=ks not only helps to predict the properties of stable
aggregate in the corresponding fluid condition, but also directly
provides information for the kinetics. In addition, the value of
ðkmax � ksÞ=ks in Fig. 6 can be classified into two parts:
ðkmax � ksÞ=ks ? 0 and ðkmax � ksÞ=ks > 0. When l _c/(r0kmax/max) 6
2.3 � 10�2, the saturation degree ðkmax � ksÞ=ks ? 0, or C�/C+ ? 0,
which can be interpreted as C� ? 0 while C+ – 0. It means that
when the aggregate restructure from k0 to kmax in weak flow, the
weak flow induces the connection of particles but is not strong
enough to break the link once it is made. Then, after the limit
aggregate kmax is obtained in weak flow, C�/C+ ? 0 reveals that
Fig. 6. Relation of stable structure of aggregate with fluid shear stress l _c and the
limit structure kmax/max.
the flow has no effect on aggregate except for the rotation. Other-
wise, when the flow is strong enough l _c/(r0kmax/max)
> 2.3 � 10�2, then C�/C+ > 0, and the new stable structure is in
dynamic equilibrium. We can further confirm this conclusion by
Fig. 3: in weak flow condition (l _c = 12.0 Pa), the temporal change
after obtaining kmax is smooth with almost no fluctuation, whereas
in stronger flow l _cP 26.9 Pa, the profile after obtaining ks has
small periodic fluctuation. Such periodic fluctuation indicates the
dynamic equilibrium for C�/C+ > 0.

3.3. Factors affecting the restructuring behavior of aggregate

As mentioned elsewhere, the hydrodynamic stress acting on
aggregate and the cohesive strength of the aggregate play a crucial
role for understanding the behavior of aggregate in fluid flow.
Compared to the breakup event which is fast and instant, the
restructuring is much more complex because it takes place contin-
uously, leading to successive changes in the resulting hydrody-
namic stress acting on aggregate and the strength of aggregate.
In this section, we examine the exact contribution of these two
parameters on the restructuring of non-fractal aggregate.

We analyze the aggregate in a similar manner with the analyt-
ical method for predicting the breakup of aggregate proposed by
Adler and Mills [34]. They consider that aggregate is a uniformly
porous sphere, the breakup of aggregate is fast, and deformation
of aggregate is negligibly small. The hydrodynamics inside and
outside the sphere is governed by continuity, Stokes equation
and Brinkman equation. The velocity field induces effect on the
internal stress of the porous sphere. Because the porous medium
does not deform, the relation of velocity field and the solid stress
tensor r of the porous sphere can be analytically obtained. Then
the breakup of the porous sphere is predicted by the solid stress
tensor r and the strength of the porous medium S. As the Mises
yield condition is applied, the criterion for the sphere not to
breakup is defined as Eq. (7).

rD : rD 6 2S2 ð7Þ
where rD is the deviatoric part of the solid stress tensor r. In the
case of simple shear flow, the equivalent form of Eq. (7) can be
rewritten as

l _c
S

� �
Break

6 f minðR;j; p; rÞ ð8Þ

In Eq. (8) above, f depends only on the properties of the porous
sphere, including the radius R of the sphere, the permeability j,
Poisson ratio p of the porous medium, and the position r inside



Fig. 8. Restructuring regime of aggregate as a function of screened radius of
aggregate. fmin is determined by porous sphere model [34]. The gray area shows the
restructuring regime for the investigated conditions in this study.

1044 U.T. Lieu, S. Harada / Advanced Powder Technology 27 (2016) 1037–1046
the sphere. For a given porous sphere, f varies with the position r
inside the sphere. Choosing the position r to minimize f is required
for the use of the breakup criterion in Eq. (8). Details of the calcu-
lation are given in Appendix A.2. The function f ðR;j; p; rÞ can be
roughly interpreted as the penetration effect of flow field on the
resulting stress acting on the porous sphere. The above relation
means that for a porous sphere whose properties are known, a crit-
ical fluid shear stress for the breakup can be specified. The breakup
event in the model is assumed instant, i.e., parts of sphere detach
without changing their structure.

In our study, we have shown that at weak flow condition the
aggregate exist in the form of limit structures (shown by the con-
stant region kmax of Fig. 2, or ðkmax � ksÞ=ks � 0 region in Fig. 6).
Such limit aggregate are spherical, and rotate like a rigid body,
therefore it is suitable to consider the aggregate as a porous sphere.
If the flow is stronger, the aggregate restructures from the limit
structure toward another one whose connectivity is less connected
than kmax. Differ from Adler and Mills [34] where the criterion is
used between the rigid-like behavior and breakup, here we apply
the model for the rigid-like behavior and restructuring. The crite-
rion is similar to Eq. (8) and given as

l _c
rRes

6 f minðR;j;p; rÞ ð9Þ

where rRes is characteristic restructuring strength of aggregate, the
value of fmin shows the influence of aggregate properties, e.g. size,
permeability, on the resulting hydrodynamic stress acting on the
aggregate as mentioned above. We assume that the limit aggregate
is a porous sphere whose permeability is based on Happel’s formula
[35]:

j ¼ 2
9
a2

/

3� 9
2/

1
3 þ 9

2/
5
3 � 3/2

3þ 2/
5
3

ð10Þ

In Eq. (10), a is the radius of particle, / is the volume fraction of
aggregate. Then fmin is numerically calculated for various values of
R=

ffiffiffiffi
j

p
which physically represent the screened radius of the
Table 3
Properties of initial aggregate and limit aggregate obtained at weak flow condition using po
from Fig. 2.
aggregate or, in other words, the size of aggregate compared to
the size of the pore (Appendix A.2). Fig. 8 shows the dependence
of fmin on R=

ffiffiffiffi
j

p
for p = 0. We find out that there is no significant

difference for 0 6 p 6 0.25. In general, the decrease in fmin with
R=

ffiffiffiffi
j

p
means that the fluid flow is more difficult to penetrates

the more dense aggregate. As a result, the resulting hydrodynamic
stress acting on the dense aggregate is higher than that on loose
aggregate. Moreover, according to Eq. (9), two regions are deter-
mined in Fig. 8: below and above the curve. The region below
the curve indicates the conditions that when the applied fluid
shear stress l _c and the restructuring strength of aggregate rRes

satisfy l _c=rRes 6 f min; the aggregate behaves like a rigid body.
The region above the curve denotes the case l _c=rRes > f min where
the aggregate restructures. As for the investigated condition in this
study, the restructuring regime falls in the gray area. Table 3 pro-
vides the data for the initial aggregate and the limit aggregate
obtained in weak flow l _c = 12.0 Pa. In this gray part, fmin does
not significantly vary, i.e., the effect of penetration of fluid flow
on the resulted hydrodynamic stress acting on the aggregate plays
a minor role. It means that when construct a model describing the
restructuring of non-fractal aggregate based on the hydrodynamic
stress and strength of aggregate, the parameter describing the
influence of structure on hydrodynamic stress can be simplified
even for the case of the very loose aggregate. Therefore, model
should focus on the effect of the strength of aggregate. Also in
the simulation of hydrodynamic force on the particles of non-
fractal aggregate, the screening effect of the outer particles to the
inner ones should be considered, for example, the use of free drain-
ing approximation in such case may overestimate the effect of fluid
flow. Relating to the criterion, it is worth to note that the strength
of porous media S in breakup criterion by Adler and Mills is a
known parameter [34], whereas the characteristic restructuring
strength rRes in restructuring criterion Eq. (9) is unknown. We
combine the porous sphere model and our simulation results to
determine restructuring strength rRes. We assume that the restruc-
turing strength is proportional to tensile strength of aggregate
rRes ¼ arRumpf , then the ratio of restructuring strength to tensile
strength, is determined in the range of a � 1/14–1/20 (Table 3).
It is reasonable when the restructuring strength is smaller than
the tensile strength [16]. The result can be used for developing a
restructuring model for non-fractal aggregate.
4. Conclusion

The restructuring behavior of non-fractal aggregate in simple
shear flow has been numerically investigated. The many-particle
hydrodynamic interaction is estimated by Stokesian dynamics
while the interparticle interaction is calculate from van der Waals
potential. During the restructuring, the connectivity of the particles
of the aggregate has changed toward a stable structure depending
on the shear condition. The dependence of coordination number
and volume fraction of aggregate on flow condition and nondimen-
sional time is very complex. A linear relation of the saturation
rous sphere model. The assumed Poisson ratio is p = 0, the value of l _c� is determined
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degree of particle connection, and the inversed strength of aggre-
gate during restructuring is recognized. We have found the limit
of restructuring: under weak flow, the aggregate obtains its most
compact structure whose properties can be typically determined.
Such limit aggregates play important role for the prediction of
restructuring behavior.
Appendix A

A.1. Calculation of volume fraction of aggregate

The aggregate is considered to be equivalent of an ellipsoid
which has the same principal of moment of inertia [31]. The inertia
tensor I of the aggregate is calculated as follows
I ¼

XN
i¼1

ðyi � ycÞ2 þ ðzi � zcÞ2
h i

�
XN
i¼1

ðxi � xcÞðyi � ycÞ �
XN
i¼1

ðxi � xcÞðzi � zcÞ

�
XN
i¼1

ðxi � xcÞðyi � ycÞ
XN
i¼1

ðxi � xcÞ2 þ ðzi � zcÞ2
h i

�
XN
i¼1

ðyi � ycÞðzi � zcÞ

�
XN
i¼1

ðxi � xcÞðzi � zcÞ �
XN
i¼1

ðyi � ycÞðzi � zcÞ
XN
i¼1

ðxi � xcÞ2 þ ðyi � ycÞ2
h i

2
66666666664

3
77777777775
where xc , yc , zc are the coordinates of the center of mass of aggre-
gate composed of N particle, xi, yi, zi the coordinates of the ith par-
ticle in the aggregate. The eigenvalues I1, I2, I3 of the eigenvectors
determined from the inertia tensor I are the three principal
moment of inertia. The length of the semi-principal axis of the
equivalent ellipsoid is given by the followed equations.

a1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5
2
I2 þ I3 � I1

N

r
; a2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5
2
I1 þ I3 � I2

N

r
; a3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5
2
I1 þ I2 � I3

N

r

The volume fraction of the aggregate, which is the ratio of the
total volume of particles to the volume of the equivalent ellipsoid,
is straightforwardly given as

/ ¼ N
a1a2a3
A.2. Calculation of the value f by the porous sphere model [34]

The porous sphere model proposed by Adler and Mills [34] is
able to calculate the hydrodynamic stress acting on a position
inside the non-deformable porous sphere. The calculation is per-
formed in spherical coordinates for an arbitrary position rðr; h;/Þ
inside the porous sphere of radius R. The nondimensional radius
is employed, defined as n ¼ rffiffiffi

j
p and n1 ¼ Rffiffiffi

j
p . The value of the right

hand side of Eq. (9) is calculated as following

f ¼
ffiffiffi
2

p

5
10ŵ2 þ ŵ0ffiffiffi

A
p

The n-dependent function wn and the n1-dependent function ŵn

are denoted as

wn ¼ wnðnÞ ¼
1
n
� d
dn

� �n sinhn
n

ŵn ¼ wnðn1Þ
The value of A is determined as follows

A¼2 Iþ1
2
Uŵ2ðn21�3n2Þ�Fŵ2

� �2
þn2 sin2h J

J
2
þ2I

n

� ��

þUŵ2 4Iþ J
n21�n2

n

 !
þ2U2ŵ2ðn21�2n2Þ�4Fŵ2

J
2n

þUŵ2

� �#

þ4n4 sin4hcos2usin2u� ðw2�7w3Þ2þw2
3þ

K2

2n2

(

�w4ð2Iþ JnþKnÞþUŵ2½2w3�4w4Uŵ2ðn21�n2Þ�þ2
3
U2ŵ

2
2þ2w4Fŵ

�

The function I, J, K in the above equation is dependent on n and n1
I ¼ 2ŵ2 � 2w2 þ w1; J ¼ nðw2 � 4w3Þ; K ¼ nðw2 � 6w3Þ
The parameters b, U, V andW express the property of the porous

sphere via the screened radius n1 and the Poisson’s ratio p, denoted
as

b ¼ 1� 8
ŵ3

ŵ2

; U ¼ 1þ p� 3bp
7þ 5p

;

V ¼ 4þ 2p� bð7� 4pÞ
2ð7þ 5pÞ ;

W ¼ 6þ 4p� bð7þ 2pÞ
2ð7þ 5pÞ � 1

n21
� 5ŵ1 � ŵ0 � 20ŵ2

2ŵ2

Finally, F is defined as

F ¼ n21 W þ U
2

� �
� n2

3U
2

þ V
� �

In general, for a given porous sphere whose properties are fixed, the
value of f is only dependent on the position of the porous sphere.
The extremes of f are numerically obtained by searching thorough
the porous sphere.
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