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A flexible fractal-like aggregate model was used to study deformation and fragmentation of the structure
of fractal-like aggregates via their impaction with rigid rough surface. Aggregates were conveyed one at
the time towards a surface under vacuum conditions. The number of primary particles remaining in each
fragment, ratio of average fragment radius of gyration after impaction to the average fragment initial
radius of gyration and ratio of average coordination number to the initial coordination number were
monitored for each individual aggregate. Results demonstrate that depending on the impact velocity,
the fractal dimension of the aggregate, the strength of bonds between primary particles, the stiffness
of the aggregate structure and the diameter of primary particle composing an aggregate, restructuring
or breakage of the aggregate occur. Moreover, in the analysis of the ratio of coordination number of
aggregates after impaction to the initial coordination number, three regimes were distinguished: first
no deformation at low impact velocities, second restructurisation regime and finally fragmentation
regime where partial or total fragmentation of aggregates was observed.
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1. INTRODUCTION

Investigating the structure breakup of aggregated particles plays a significant role in the chemical and
pharmaceutical industries, where careful control of the impact breakage of aggregates provides the source
of nanoparticle aerosol (Grzybowski et al., 2009) for new materials like catalysts or electrical sensors
(Strobel and Pratsinis, 2007). However, one can look as well into the restructuring of aggregate structures
during impact, which can lead to formation of structures with the desired morphology (Ilmura et al., 1998).
The question arises whether the initial velocity of the aggregate will guarantee complete de-aggregation of
its structure or the aggregate will be restructured. Another question is how the morphology of aggregates
and the strength of bonds between primary particles determine the degree of aggregate breakage. It is
possible to understand the mechanical stability of such structures by investigating collision of aggregates
with a rigid obstacle (Froeschke et al., 2003). Understanding how different factors can influence the
breakage of the structure of an aggregate is mandatory from the perspective of process optimisation.

Research on the breakage of aggregate structures must be enhanced by theoretical modelling using math-
ematical models that enable to investigate different factors, which influence restructuration and fragmen-
tation.
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Theoretical studies over the fragmentation of aggregate structures provide important information which
would be not accessible via laboratory investigation. Thornton et al. (1996) used Discrete Element Mod-
elling (DEM) and found that, depending on the values of impact velocities and surface free energy of
particles, three regimes of behaviour may be observed; shattering, semi-brittle fracture and elastic re-
bound. Ilmura et al. (1998) studied deformation of aggregates during their impaction, using modified
Discrete Element Modelling (mDEM) approach. They found that at low impact velocities, aggregate mod-
ification degree is adequate to the impaction force. Moreno et al. (2003) studied the influence of the
impact angle on breakage characteristics of spherical agglomerates. Moreno-Atanasio and Ghadiri (2006)
proposed a simple mechanistic model that relates the number of broken contacts in an agglomerate due to
impact velocity, interparticle adhesion energy and particle properties. Wittel et al. (2008) employed DEM
to study wave energy propagation during agglomerate impaction with a rigid obstacle and mechanisms
involved in fragmentation of structures. The very physical and accurate DEM approach has become in-
creasing used in the literature over the past few years and is used to study various processes concerning
aggregates (Cundall and Strack, 1979; Dai 2010; Kafui and Thorton, 1993; Tamadondar et al., 2017; Zhang
et al., 2019). However, it has not been applied to study fragmentation of fractal-like aggregates. The fact
is that fractal-like aggregates, during impaction behave very differently from compacted agglomerates.
In order to simplify the description of internal forces, Grzybowski et al. (2009) developed a model of
aggregate where interactions between non-contacting particles in the aggregate are described by van der
Waals theory, coupled with adhesion forces modelled by Derjaguin et al. (1975) for primary particles in
contact. The model takes into account only forces acting in normal direction between connected primary
particles. Grzybowski et al. (2009) found that a combination of nano-size particles and micro-size particles
differentiate the fragmentation process, which provides necessarily information for structure control size
produced by impaction.

As one can see, although there are many different mathematical approaches, most studies involve com-
pacted aggregates (or agglomerates). One wish to distinguish fractal-like aggregate is defined according
to Chambers Science and Technology Dictionary (Walker, 1988), as an assemblage of particles, which are
loosely coherent. On the other hand an agglomerate is defined as an assemblage of particles rigidly joined
together, as by partial fusion (sintering) or by growing together. For that reason, it is necessary to further
research to involve fractal-like aggregates with a variety of shapes.

According to state-of-the-art, fragmentation of soft aggregates has never been investigated numerically
in the function of fractal dimension of aggregate. The number of studies on the subject is limited. Only
experiments conducted by Froeschke et al. (2003) deliver us important information that more compacted
aggregates are less breakable because of higher coordination number of primary particles, defined as the
number of its immediate neighbours, compared to aggregates with lower fractal dimension. This needs
to be verified for a much more wider range of shapes of fractal-like aggregates. Secondly, collision of
fractal-like aggregate with rigid surface has never been investigated for low impact velocities. Only results
reported by Moreno-Atanasio and Ghadiri (2006) indicate that at low impact velocities, aggregates do not
experience any restructuration. We show that aggregates can develop another functional structure when
they are impacted with very low velocities. There exist a work of Ilmura et al. (1998), which showed
that as aggregate impact velocity rises, the aggregate becomes more compacted. Looking at the average
coordination number of primary particles before and after the collision one can monitor this phenomenon.
Another factor which has not been investigated and which can influence the behaviour of aggregate after
impaction is its stiffness. Aggregate stiffness can strongly influence its restructuration.

The aim of this study was to investigate the subject with a new model, which constitutes an alternative way
to simulate the dynamics of complex structures of fractal-like aggregates (Żywczyk and Moskal, 2015). The
approach that has been presented in this study offers another mathematical description to study mechanical
stability of complicated aggregate structures. The new model can be used to investigate the stability of
aggregates under the influence of different factors, such as fractal dimension, constitutive primary particle
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diameter, strength of primary particle bonds, structure flexibility as a function of impact kinetic energy.
Those factors are often difficult to investigate experimentally and therefore must be addressed in the
present study.

2. FLEXIBLE AGGREGATE MODEL (FAM)

2.1. Numerical algorithm for the generation of fractal-like aggregates

Three-dimensional aggregates composed of N identical spheres are considered in the simulation. Irregular,
porous structures of aggregates can consist of between a few and thousands of primary particles, ranging
between 5 to 100 nm in diameter (Friedlander, 2000). To cover a large range of shapes and sizes of
aggregates in the simulation, populations of aggregates composed of the numbers of primary spherical
particles of N = 40, were generated using the Diffusion Limited Aggregation (DLA) algorithm (Witten
and Sander, 1981). Some generated structures are depicted in Fig. 1.

a) b) c)

D f = 1.6 D f = 1.8 D f = 2.2

Fig. 1. Various configurations of the generated fractal-like aggregates (N = 40, dp = 20 nm)

Particle-cluster aggregation was used to generate a variety of aggregates with different fractal forms. Each
population, varied with D f contained ten different aggregates. The following procedure was used, which
is only briefly described here. A seed particle is placed in the centre of a sphere, denoted here as the
control volume with a chosen radius. The adjoining particles are randomly generated at the edge of the
control volume, and their movement towards the centre of the control volume is described by the Brownian
dynamics (BD) equations (Bałazy and Podgórski, 2007). A particle is assumed to be attached to the
structure when the distance between joined particles is less than the diameter of the primary particle, as
defined in the procedure. The fractal dimension of the created aggregate will depend on the chosen radius
of the control volume sphere. Each of the subsequently generated aggregates has different features from
other aggregates in the population. Note that particles moved in the air, whose temperature and viscosity
were 293.15 K and 1.821 × 10−5 Pa·s, respectively. The time step used to integrate BD equations was
two orders of magnitude smaller than relaxation time of particle with diameter dp. Relaxation time was
calculated using Eq. (1):

τ =
ρpd2

pCc

18µ
(1)

where ρp and dp are density and diameter of the primary particle, respectively, and CC is the Cunningham
slip correction factor expressed by:

Cc = 1 + Kn
[
1.257 + 0.4 exp(−0.55Kn)

]
(2)
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where Kn is the Knudsen number based on particle diameter. Cunningham factor becomes more significant
for a smaller particle and when mean free path of gas molecules becomes greater and accounts for the slip
condition, which is more significant when Knudsen number is increasing.

In the simulations, the density of the primary particles used was ρp = 2600 kg·m−3, and the primary
particle diameter used was dp = 5, 10 and 20 nm.

2.2. Equation of motion

To determine the motion of an aggregate and to evaluate its internal forces is a complex mathematical
problem. Nevertheless, solving the motion equations for each constituent spherical particle of the aggregate
structure can follow the evolution of the aggregate structure. The set of the equations combines translational
and rotational Newton’s second law of motion.

Conveniently, Eq. (3) represents a sum of all forces contributing to the movement of the i-th particle of an
aggregate in a single time step:

mpi
dvi
dt
=

N∑
i=1

Fs
i +

N∑
i=1

Fdpp
i +

N∑
i=1

Fb
i +

N∑
i=1

Ft
i +

N∑
i=1

Fp
i +

N∑
i=1

Fub
i +

N∑
i=1

Fdub
i +

N∑
i=1

Fps
i +

N∑
i=1

Fdps
i +Fg (3)

where mpi and vi are the mass and velocity of primary particle, respectively. Fs
i , Fb

i , Ft
i , Fp

i are the bond
(spring), bending, torsion and inversion internal interaction forces in aggregate structure, Fg is the gravity
force, Fps

i surface-particle interaction force, Fub
i is the Urey–Bradley force which supports bending force in

each tee configuration and Fdpp
i is the damping force of harmonic oscillations between connected particles

in an aggregate.

2.3. Model of the inter-particle interaction

Nano-particle chain aggregates (NCA) show properties similar to those of molecular polymers (Friedlander,
1999). This was proved by extensive studies (Friedlander et al., 1998). The aggregate structure can be
stretched under tensile stress and, when stress relaxes, the aggregate contracts to its initial shape. However,
as indicated by Friedlander (1999) the basic properties of aggregates differ from the properties of polymers.
Nevertheless, the mathematical equations that are used to describe molecular polymers can be used to
simulate internal interactions between primary particles composing the structure of fractal-like aggregate
(Allen and Tildesley, 1987; Gao, 1998).

First, subsequent configurations of primary particles in fractal-like aggregates can be distinguished (Ży-
wczyk and Moskal, 2015):

• Pairs of bonded particles i–j, Fig. 2(a), described by the harmonic bond potential energy function,
Eq. (4). Tees (triplets) of particles i–j–k and two pairs of bonded particles, i–j and k–j, connected via
one common particle j, Fig. 2(b), described by the harmonic cosine angle potential energy function,
Eq. (13).

• Quadruple of particles i–j–k–l and two pairs of bonded particles, i–j and l–k, connected via a middle
pair j–k, Fig. 2(c), described by the torsion potential energy function, Eq. (17).

• Quadruple of particles i–j–k–l and triplet of particles i–j–k connected with the last particle l via a bond
with the middle particle j, Fig. 2(d), described by the inversion potential energy function, Eq. (22).

Pairs of non-bonded particles i–k, (see Fig. 2(b)), described by the harmonic bond potential energy function,
Eq. (26).
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a) b)

c) d)

Fig. 2. Various configurations of connected particles in fractal-like aggregates

Functions that describe the interactions between particles in the above-mentioned configurations are
represented by five potential energy functions, which will be described below. Those potential energy
functions control resistance to any modification of aggregate structure caused by an external factor like
impaction with surface.

Interaction forces between pairs of bonded particles depicted in Fig. 2(a) are derived, as a harmonic bond
potential energy, Vs, from

Vs (ri j ) =
1
2

k3(ri j − r0i j )2 (4)

where ks is the bond constant, ri j is the distance between geometrical centres of joined particles, and r0i j
is the equilibrium distance between geometrical centres of joined particles. Eq. (4) is used to provide the
internal force acting in normal direction between joined primary particles. The force derived from Eq. (4)
keeps the distance between geometrical centres of connected particles i–j close to the value of r0i j . In order
to obtain the force acting on i-th particle one has to differentiate Vs over the radius of the i-th particle:

Fb
i = −

∂Vs (θi jk )
∂ri

(5)

The bond constant ks in Eq. (4) can be obtained from (Przekop et al., 2004; Vainshtein et al., 1997; Ziskind
et al., 2000):

ks = 2.4 *,γκ2s
d2
p

4
+-

1/3

(6)

where γ is the surface energy between the joined particles. Surface energy is defined by the Dupré equation
(Israelachvili, 1985) as:

γ = γ1 + γ2 − γ12 (7)

where γ1 and γ2 are the surface energies of two particles made of different materials which are in contact
with each other and γ12 is the interaction energy between them. For surfaces of the same material γ12
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is zero and therefore interface energy is equal to the sum of surface energies taken from both particles
(Moreno-Atanasio and Ghadiri, 2006).

The elastic constant, κs, which represents material properties, in Eq. (6) can be calculated using Eq. (8)
for two non-identical connected materials (Guingo and Minier, 2008; Przekop et al., 2004):

κs =
4
3

(1 − νp1

Yp1
−

1 − νp2

Yp2

)−1
(8)

If the aggregate is composed of particles from the same material and diameter, Eq. (8) reduces to Eq. (9),
(Moreno-Atanasio and Ghadiri, 2006):

κs =
2
3

(1 − νp
Yp

)−1
(9)

where Yp is the Young’s modulus and νp is Poisson’s ratio of the material.

The oscillations between primary particles are damped by the force, whose vectors are directed opposite
to the relative velocity of i-th particle:

Fdpp
i = − fppν

rel
i (10)

where νrel
i is the relative velocity between connected (neighbouring) particles in an aggregate. Relative

velocity is calculated by taking into account only the neighbouring particle of i-th particle. Parameter, fpp,
called damping factor is defined as the resistance of the particle-particle mechanical interaction, and it was
estimated from (Reeks et al., 1988):

fpp =
2.4
π

mpk2
s

ρ

(
Yp
ρp

)3/2 (11)

where ks is the “spring” constant.

Apart from forces, which are acting in normal direction between connected particles, other forces contribute
to the interactions between joined particles. Pantina and Furst (2005) experimentally demonstrated the
existence of tangential forces, which describe bond-bending effects between connected particles. Becker
et al. (2009), Cundall (1979), Dominik and Tielens (1997), Ilmura et al. (1998) and Paszun and Dominik
(2009) included resistance against sliding (bending) effect between connected primary particles, which
can exactly be modelled by tangential forces. In the present model, in order to include resistance against
bending, harmonic cosine angle potential energy is implemented. The calculation of bending was performed
by Ermak and McCammon (1978) or quite recently by Isella and Drossinos (2011).

The harmonic cosine angle potential energy function, Vb, was used to keep the angle between the pairs of
particles i–j and k–j in a tee configuration i–j–k close to equilibrium value θ0i jk :

Vb (θi jk ) =
1
2

kb
[
cos(θi jk ) − cos(θ0i jk )

]2
(12)

where θi jk is the angle between the vectors i–j and k–j created by the joined particles, kb is the bending
constant. Eq. (12) represents resistance to bending of configuration depicted in Fig. 2(b). The value of the
angle θi jk can be obtained from:

cos(θi jk ) =
ri jrk j
|ri j | |rk j |

(13)

The bending force is given by:

Fb
i = −

∂Vb (θi jk )
∂ri

(14)
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The same procedure is applied to particles k in tee configuration. Bending force acting on middle particle
j of tee configuration, will equal the negative sum of bending forces acting on i and k particles:

Fb
j = −Fb

i − Fb
k (15)

In addition, Becker et al. (2009), Dominik and Tielens (1997) and Paszun and Dominik (2009) introduced
resistance of connected particles against the internal torsion. In the present model torsion potential energy
function was implemented in order to represent resistance forces against torsion of aggregate structure.
The torsion potential energy function, Vt , applied to each i–j–k–l quadruple, keeps the angle φijkl between
the normal vectors of planes created by the triplets of particles i–j–k and j–k–l close to the value φ0i jkl . It
represents resistance to torsion of configuration depicted in Fig. 2(c):

Vt (θijkl) =
1
2

kb
[
cos(φijkl) − cos(φ0ijkl)

]2
(16)

where kt is the torsion constant, φijkl is the angle created between the normal vector of the triplet i–j–k
particles and the normal vector created from the triplet j–k–l. The angle φijkl can be established from:

cos(φijkl) =
A B
|A| |B| (17)

where A and B are the normal vectors of planes created by the vectors of the i–j–k and the j–k–l particles
configurations, respectively

A = ri j × rjk (18)

B = rjk × rkl (19)

The bending force is derived by differentiation as indicated in Eq. (20):

Fb
i = −

∂Vb (φijkl)
∂ri

(20)

The interactions in the last configuration of particles depicted in Fig. 2(d) are modelled mathematically by
the inversion potential energy:

Vt (ξijkl) =
1
2

kp
[
cos(ξijkl) − cos(ξ0ijkl)

]
(21)

where kp is the inversion constant, ξijkl is the angle between the plane created by the triplet of particles
i–j–k and the vector created by the particles j–l. This potential energy function prevents this configuration
of primary particles, depicted in Fig. 2(d) from inversing into its mirror configuration. Angle ξijkl can be
established by the following equation, using normal vector A of the plane created by the triplet of particles
i–j–k:

sin(ξijkl) =
A ri j
|A| |ri j |

(22)

A = ri j × rjk (23)

In the same quadruple configuration, Fig. 2(d), one can observe two more angles: the angle between vector
k–j and the plane i–j–l and the angle between the vector i–j and the plane k–j–l. Therefore, the inversion
potential energy function involves three angles in the same configuration of four particles. Note that the
central particle j can have up to several neighbouring particles. All harmonic functions were differentiated
to give adequate forces acting on primary particles composing configurations. A detailed solution can be
found in Appendix (Żywczyk and Moskal, 2015).

Fp
i = −

∂Vp (ξijkl)
∂ri

(24)
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Apart from the above configurations, another potential function is used in FAM model. In order to support
stiffness of the whole aggregate structure, Urey–Bradley spring potential function was imposed between
each border k–i particles in the tee configuration, as one will see in Fig. 2(b). Note, that it is not a bond
between particles k–i. Urey–Bradley spring potential function is expressed by:

Vub(rik) =
1
2

kub (rik − r0ik )2 (25)

Where r0ik is the equilibrium distance between particles k–i. Note that Urey–Bradley potential function is
differentiated in the same way as the bond potential function represented by Eq. (4). Therefore one has:

Fub
i = −

∂Vub(rik )
∂ri

(26)

Note that, the value of kub ≪ ks.

Damping oscillation force imposed on Urey–Bradley force is expressed by:

Fdab
i = − fubν

rel
i (27)

where fub is estimated by Eq. (11).

Neighbouring particle (also connected or bonded particle) of i-th particle, is defined as a particle whose
geometrical centre is located at the distance less than diameter of i-th primary particle. Bond strength
is controlled by ks value. Stiffness (or flexibility) of the aggregate structure is controlled by imposing
particular value of constants kt , kp, kb, kub. In case when the value of the constant is small, appropriate
configuration can experience greater excess throughout external excitation. If you increase the value of
each constant, each configuration and the whole aggregate stay closer to its equilibrium state.

The order of magnitude of three constants: kt , kp, kb will be considerably smaller than ks. A similar
situation appear in the work of Becker et al. (2009) where torsion constant appears to be a small value with
respect to tangential spring stiffness constant or work of Seizinger et al. (2012) where torsion constant is
smaller compared to rolling or sliding motion.

3. RESULTS AND DISCUSSION

Calculations were performed using a self-written programme in C++ language. The equation of motion for
primary particles was integrated using Runge–Kutta 3rd order method. Restructuration and fragmentation
processes of aggregates were investigated numerically by colliding aggregates with a rigid obstacle using
flexible fractal-like aggregate approach. From the population of 10 different aggregates with a particular
D f each individual aggregate was directed to collide perpendicularly with the rigid surface, one at a time.
This procedure was repeated 100 times for each individual aggregate. Each aggregate was composed of
N = 40 primary particles. Before the aggregate was moved towards the surface, its structure was rotated
around an arbitrary axis, in order to generate different relative orientation to the surface. There were no
aggregate structural changes before its collision with the obstacle. Simulation time for each individual
aggregate was sufficient in order to follow structural changes during the collision. In order to cut down
computational time for each realization, the structure of the aggregate was suspended at a distance of one
half of the diameter of primary particle, between the surfaces of the particle located at the lowest position of
the aggregate. Aggregates composed of spherical particles of the same diameter collided with the surface
composed of primary particles with the diameter dp/4, Fig. 3. Note, that aggregates where conveyed in
vacuum, towards a rigid rough surface.
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a) b) c)

Fig. 3. Snapshots of aggregate collision with surface with impact velocity U = 10 m/s

After the collision of the aggregate, the remaining bonds were counted. The ratio of coordination number
ζ/ζ0 was used to express the degree of aggregate damage. The value of ζ/ζ0 is defined as the average
coordination number of all primary particles in the aggregate after the impaction to the initial average
coordination number of primary particles in the aggregate before the collision. The coordination number
was first applied to study impaction of complex structures by Kafui and Thornton (1993). Also, for
generated fragments or restructured aggregates after impaction, the ratio between average value of radius
of gyration of fragments to the initial value of radius of gyration of aggregate before collision is used.
⟨Rg⟩/⟨Rg,0⟩. ⟨Rg⟩ was calculated by averaging Rg values over all developed fragments after the impaction
and ⟨Rg,0⟩ was obtained by averaging the initial value of Rg,0 before collision over all generated aggregate
structures.

Fragmentation here is defined as a split of aggregate into two or more than two often unequal parts, which
leads development of new smaller aggregate structures. Eviction here is defined as an escape of a single
particle from the structure of aggregate during its collision with rigid surface. Eviction is a particular
case of fragmentation. Resistance of aggregate against breakage here is defined by the value of the critical
distance between neighbouring primary particles.

Strength of connections between primary particles can be obtained using Eq. (6), (Przekop et al., 2004).
Spring constant between two neighbouring particles was calculated using Eq. (6) where κs was calculated
using Eq. (8). Eviction of primary particle from aggregate structure is available when particle will produce
sufficiently large oscillation energy to break the connection with the closest neighbouring particles during an
impaction. Large particle oscillations result in exceeding the critical distance between connected particles.
When the critical distance between primary particles is exceeded, the bond between particles breaks and
particles become separated. This means that bond (spring) force is not calculated any more for those
particles. Also, all tee and both quadruple configurations involving this separated pair of particles will be
neglected in calculations.

One can obtain the critical (maximum) distance at which a bond between two particles breaks, by analyzing
relations between the applied force, contact radius and approach, defined as a difference between particle
radius and the distance from the particle centre to the contact surface (Ziskind et al., 2000):

ycr = 2


dp

2
+ 0.437

*...,
π2γ2 dp

2
κ2s

+///-
1/3

(28)

The value of the critical distance ycr depends strongly on the parameters Y , ν and γ. Therefore, for different
values of ks, the values of ycr and fpp will vary. After the particular bond is destroyed, all the tee and
quadruple configurations associated with that bond also will be destroyed.
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On the other hand, in case when two particles approach each other at the distance less than diameter of
primary particles, those particles are considered to create a new bound, according to short-range van der
Waals forces (Becker et al., 2009). Newly bonded particles are joined by spring–damp system, described
by Eq. (5). The rest of the configurations (tee, quadruples) will be generated with that developed new bond.

Cases used in the numerical investigation are listed in Table 1. Process parameters are given in Table 2.

Table 1. Investigated cases of aggregates during numerical simulation of impaction

Case
γp ks kb kub kt kp dp D f[Jm−2] [kgs−2] [kgs−2] [kgs−2] [kgs−2] [kgs−2] [nm]

1 0.15 35.2940 10−24 0.05 2 × 10−24 2 × 10−26 5 2.20

2 0.20 38.8461 10−24 0.05 2 × 10−24 2 × 10−26 5 2.20

3 0.40 48.9429 10−24 0.05 2 × 10−24 2 × 10−26 5 2.20

4 0.15 56.0255 10−24 0.05 2 × 10−24 2 × 10−26 10 1.34

5 0.15 56.0255 10−24 0.05 2 × 10−24 2 × 10−26 10 2.20

6 0.15 88.9346 10−24 0.05 2 × 10−24 2 × 10−26 20 1.10

7 0.15 88.9346 10−24 0.05 2 × 10−24 2 × 10−26 20 1.60

8 0.15 88.9346 10−24 0.05 2 × 10−24 2 × 10−26 20 1.80

9 (flexible) 0.15 88.9346 10−29 0.0001 2 × 10−24 2 × 10−30 20 2.20

10 (semiflexible) 0.15 88.9346 10−24 0.05 2 × 10−24 2 × 10−26 20 2.20

11 (semi-stiff) 0.15 88.9346 10−21 0.5 2 × 10−22 2 × 10−22 20 2.20

12 (stiff) 0.15 88.9346 10−19 1 2 × 10−20 2 × 10−21 20 2.20

Table 2. Process parameters used in impaction simulation

Parameter Value

ρp [kgm−3] 2600

ρs [kgm−3] 2600

Ys [Pa] 2.15 × 1011

Yp [Pa] 8.01 × 1010

νs [–] 0.29

νp [–] 0.27

γp [J·m−2] 0.15; 0.20; 0.40

γs [J·m−2] 0.15

U [m·s−1] 0.1–200

During the impaction, an aggregate can i) remain unchanged preserving its initial appearance, ii) can be
restructured often to another more compact structure, or iii) can undergo fragmentation. Therefore, three
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different regimes can be distinguished. The scenario depends on the imposed impact velocity, internal
parameters defining bonding and fractal appearance of aggregate. Note that although the restructured
aggregate is one which possesses the same amount of primary particles after the impaction and before the
collision, its internal structure can be modified. Damaged or fragmented aggregate is one, which lost at
least 1 particle or was split into two or more fragments during impaction event.

Impact collision of fractal-like aggregates was simulated numerically using flexible aggregate model
(FAM). Aggregate structure movement was obtained by integration of Eq. (3) by Verlet position algorithm,
which gives stable numerical integration. Time step used to integrate the equations of motion was equal to
∆t = 110−12 s. The value of fpp was approximated by Eq. (11) and the value of fub was chosen to be equal
to fpp/100. Before the collision, the values of individual terms of the forces are close to zero because the
system of connected particles is in equilibrium. During the collision, when aggregate structure is beginning
to be compressed (at the very beginning of collision), some particles experience greater forces (for example
at the bottom of the aggregate structure) than other particles located at the top of the structure. Secondly,
individual stretching force between pairs of joined particles will depend on the distance between connected
particles and torsion, while bending forces will depend on appropriate angles. Therefore it is hard to point
out which forces contribute to the movement of particles. During the collision, forces in some particle
configuration might be grater that the other terms, for example bending forces of the referred configuration
of particles, can be smaller than stretching forces at one time, while in another configuration of particles in
aggregate, those forces can change rapidly. It would be a huge overestimation or underestimation to predict,
which of the force terms in Eq. (3) is dominant, in such a complex system as fractal-like aggregate.

Interaction forces between surface particles and particles of aggregate were included at the deposition
event. When an aggregate particle touches a particle located at the surface, a bond between those particles
is generated, which could be also broken when critical distance is exceeded. Interaction forces between
aggregate particles and surface particles were obtained using Eq. (5). Spring constant was calculated using
Eq. (6) where κs was calculated using Eq. (8) as a function of Young modulus and Poisson ratio. In case of
torsion, bending or other forces, constant values of stiffness coefficient were assumed. They were chosen
arbitrarily in an appropriate range to alter the values of stiffness coefficient in these forces, in order to
gain different physical properties of aggregate populations. The types of models based on potential energy
functions presented for example by Isella and Drossinos (2011), included bending term only. Paszun and
Dominik (2009) estimated the rolling energy between neighboring particles by critical displacement. The
surface energy between primary particles of aggregate and surface particles was obtained using Eq. (7).
Determination of damping force and damped oscillations between surface and aggregate particles was
conducted with:

Fdps
i = − fpsνi (29)

where fps was estimated from Eq. (11). Brownian force and hydrodynamic drag force of the fluid were
neglected, as aggregates moved in vacuum conditions.

3.1. Restructuration and fragmentation of aggregates as a function of spring constant, k

To investigate the strength of the bond between primary particles, expressed by the bond constant, ks, on
the restructuration and fragmentation process of aggregates, three different ks values, cases 1, 2 and 3 were
used. Value of ks is a dependent variable, and it dependents on three other arguments according to Eq. (6).
A greater value of ks is achieved by imposing here a greater value of γp, keeping other values constant.

As one can observe, the deformation of the aggregate structure depends on the strength of bonds between
primary particles. When a greater value of ks is imposed, the aggregate structure becomes more resistant
to breakage. Comparing the average value of radius of gyration for cases 1, 2, 3, one can see that aggregates
with higher ks value (higher γp) have a higher average value of ⟨Rg⟩/⟨Rg,0⟩, Fig. 4. This can be explained
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by the fact that Fs
i value acting on i-th particle during its oscillations is linearly proportional to the value

of ks. Additionally, one can take into account the fact that with increase of a value of γ, the right-hand
side of Eq. (28) has a greater value. Therefore, the critical distance that is required to break bonds between
two particles has a greater value. For small impact velocities, aggregates did not fragment at all, and value
of the ratio ⟨Rg⟩/⟨Rg,0⟩ was constant. The smallest aggregates were produced after the collision with the
highest impact velocities, between 70 and 200 m/s.

Fig. 4. Ratio of average radius of gyration to initial radius of gyration ⟨Rg⟩/⟨Rg,0⟩
as a function of impact velocity. Aggregates from cases 1, 2, 3

Looking at the standard deviation bars, one can see that they are the largest between impact velocity in the
range of 20–70 m/s. In that range of velocities, aggregates are restructured or can be fragmented. This can
be compared to experimental results delivered by Ihalainen et al. (2012), who observed that aggregates, for
some particular impact velocities, can generate smaller aggregates with different sizes or quite opposite,
aggregates can be restructured. This is why standard deviation bars will overlap each other for a particular
impact velocity.

Aggregates with a higher value of γp, must be conveyed with higher impact velocity towards the surface, in
order to break bonds between joined particles, to achieve the same damage degree of breakage as aggregates
with a lower value of γp. Looking at the coordination number plot, Fig. 5, one can see that aggregates
with a higher value of γp have a higher average ratio of coordination number for impact velocities greater
than 10 m/s. Therefore bonded primary particles with higher γp, after the impaction, preserve much more
neighbouring particles than bonded particles where γp is lower. Results are similar to work presented by
Moreno-Atanasio and Ghadiri (2006) who showed that aggregates were more resistible to breakage when
surface energy between connected particles increased.

One can also observe that after the aggregate hits the surface with high impact velocity, primary particles
are still connected. This is consistent with results reported by John and Sethi (1993) who investigated
impaction of doublets with high impact velocities, and showed that particles can be still connected after
impaction with high value of impact velocity.

In case when impact velocity is very high, ks value does not control fragment sizes. One can suppose that
lines will merge into one line at some particular impact velocity, Fig. 5.
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Fig. 5. Ratio of average coordination number ζ/ζ0 relative to surface energy.
Aggregates from cases 1, 2, 3

One can also see, in Fig. 5, a characteristic pick, which is connected with restructuration of aggregates to
more compact structures. This will be commented later on in the section regarding impact of aggregates
relative to their stiffness.

3.2. Restructuration and fragmentation of aggregates as a function of primary particle diameter

Aggregates with three different diameters of primary particles were analysed, with imposed parameters
according to cases 1, 5 and 10.

One can observe that the structure of an aggregate is more resistant to breakage when the aggregate is
composed of smaller primary particles, Fig. 6. Observing the plot, one can see that aggregates composed

Fig. 6. Ratio of average radius of gyration to initial radius of gyration ⟨Rg⟩/⟨Rg,0⟩
as a function of impact velocity. Aggregates from cases 1, 5, 10
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of smaller primary particles produced the average ⟨Rg⟩/⟨Rg,0⟩ value greater than aggregates composed of
larger primary particles in the range of impact velocities between 7 and 30 m/s. It is not trivial to explain
the results. The results are strongly connected with the value of the spring constant, ks. Several factors may
play a role here. Mathematically, with increasing diameter of primary particle of aggregate, the ks value
increases as well, according to Eq. (6). This should indicate that aggregates composed of larger primary
particles are more resistive to breakage. However, bigger aggregates are composed of primary particles
with bigger mass. Therefore at the impact event, bigger primary particle has greater kinetic energy, which
produces larger oscillations with neighbouring particles. Therefore more massive primary particles are
evicted easier from the structure of aggregate.

Those results are consistent with the work of Froeschke et al. (2003) and Seipenbusch et al. (2007) who
reported that aggregates composed of smaller primary particles are harder to break. One should look also
at standard deviation bars, which indicate that the aggregate with smaller primary particles can be more
damaged after collisions, than aggregate that was composed of bigger primary particles. As explained
before, aggregates that are impacting with middle impact velocities generate different sizes of fragments
each time they hit the surface and the impact pattern is hardly repeatable (Ihalainen et al., 2012).

Observing the coordination number one can see that aggregates composed of smaller primary particles
have higher average ratio of coordination number after the impaction, Fig. 7. This indicates that aggregates
composed of smaller primary particles after the impaction are more resistant to breakage. Those aggre-
gate primary particles are connected with more neighbouring particles after the impaction, compared to
aggregates composed of bigger constituents for specific impact velocity.

Fig. 7. Ratio of average coordination number ζ/ζ0 as a function of impact velocity.
Aggregates from cases 1, 5, 10

One can observe that, for very high impact velocities, the average ratio of coordination number is equal to
zero. This is due to the fact that, after impaction with very high impact velocities, aggregates are split into
single particles. Coordination number of a single particle is equal to zero.

3.3. Restructuration and fragmentation of aggregates as a function of fractal dimension

The simulation performed employed aggregates with different fractal dimensions according to parameters
from cases 6, 7, 8 and 10. As the results indicate, restructuration and fragmentation of aggregate structure
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was hardly influenced by its fractal dimension D f , Fig. 8. However, one can see some differences. One
can observe that aggregates with higher fractal dimension after the impaction had a greater value of ζ/ζ0.
This can be explained by the fact that aggregates with higher D f are composed of primary particles which
have higher coordination number, compared to aggregates with lower D f . Subsequently it is harder to evict
from the structure a particle which has a larger amount of neighbouring particles.

Fig. 8. Ratio of average coordination number ζ/ζ0 in dependence of fractal dimension
of aggregate. Aggregates from cases 6, 7, 8, 10

Small differences between particular aggregates for different impact velocities can be related to the material
properties of primary particles. However, one can see some differences between average values of ζ/ζ0
for aggregates with different D f for medium impact velocities. In this range of velocities more compact
aggregates have final average value of ζ/ζ0 greater than more open aggregates. This is related to the fact
that primary particles making up aggregates with higher D f have shorter distances to other neighbouring
particles, compared to aggregates that are more open, where distances between primary particles are
greater.

As the impact velocity increases, differences between aggregates with different fractal dimensions disap-
pear.

The results are consistent with Froeschke et al. (2003), who reported that aggregates with higher D f are
more resistant to breakage. Results presented here show as aggregate D f increases aggregates develop
even more compact structures for some impact velocities after the impaction. Therefore aggregates with
D f = 2.2 are more resistant to breakage than aggregates with D f = 1.1.

3.4. Restructuration and fragmentation of aggregates as a function of impact velocity

The aggregate dynamical behaviour was investigated in the range of impact velocities between 0.1–
200 m·s−1. As results indicate, impact velocity determines when the aggregate structure remains unchanged,
becomes restructured or damaged.

Observing Fig. 7, one can see that although the aggregate ratio of coordination number increased, it
remained almost the same for impact velocities 0.1 and 0.5 m/s. Increased value of ζ/ζ0 is explained by
the fact that during the impaction of aggregate some primary particles were bonded together unavoidably
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especially at the bottom of the structure, increasing the average ratio of ζ/ζ0. The same aggregate structure
behaviour was observed after numerical experiments processed by Ilmura et al. (1998) which also showed
slight modification of aggregate structure toward bottom after the impaction with small velocity. Looking
at the plot of ⟨Rg⟩/⟨Rg,0⟩ value in dependence of impact velocity one can see that ratio ⟨Rg⟩/⟨Rg,0⟩ is
constant for the smallest impact velocities, Fig. 6.

As the impact velocity increases, the aggregate undergoes restructuration. Looking at the value of
⟨Rg⟩/⟨Rg,0⟩ which slightly decreases, Fig. 6, one can judge that aggregates are modified to more compact
shapes. This is proved as well by observing ratio of coordination number plot, Fig. 7, the value of which
is increased for particular impact velocity. After the impaction, primary particles have greater amount of
neighbouring particles than before the impaction. It should be noted that the degree of aggregate structure
modification is influenced by the stiffness of structure, which will be explained in the next section.

Further increase in the impact velocity of aggregates results in producing more damaged aggregates.
One can observe an alteration from restructuration regime to fragmentation regime, as the ratio of average
coordination number suddenly decreases, Fig. 7. The boundary between those two regimes can be different,
depending on the fractal appearance of aggregate, the bond strength and the primary particle diameter of
an aggregate. At the fragmentation regime when the aggregate hits the surface, its structure can be split
into several smaller child aggregates, or the aggregate can experience erosion, where a few of primary
particles escape the structure, leaving bigger unregimented chunk of the aggregate structure behind. The
aggregate can be also split into two large fragments. A variety of fragment seizes developed after the
impaction can be observed by looking at the standard deviation of aggregate fragments, in the ⟨Rg⟩/⟨Rg,0⟩
plot as a function of impact velocity, Fig.6. In the fragmentation regime the aggregate may not experience
any particle eviction or quite opposite it may be fragmented into smaller aggregates with different sizes.
These results were confirmed in experiments conducted by Ihalainen et al. (2012; 2014). Ihalainen et al.
(2012) observed that aggregates can be fragmented or not at specific impact velocity.

In case when one increases the impact velocity further, aggregates become severely damaged. It can be
seen in Fig.6 where the aggregate average ⟨Rg⟩/⟨Rg,0⟩ value is a small value. Results reported here are
in line with results reported by Froeschke et al. (2003), Rothenbacher et al. (2008) and with numerical
simulations conducted by Grzybowski and Gradoń (2009) at fragmentation regime, who stated that when an
aggregate hits the surface with greater impact velocity its structure becomes more damaged. Fragmentation
of aggregates can be explained by the fact that, as the impact velocity increases, primary particles gain a
greater value of oscillation energy, which is used to break bonds between them and their contact particles.
For the highest values of impact velocities, one can see that the aggregate ratio of average coordination
number is decreasing, Fig. 7.

3.5. Restructuration of aggregates as a function of their structure stiffness

The restructuration and fragmentation process of the aggregate structure is influenced by stiffness of the
aggregate. Stiffness of the aggregate structure can be controlled in the model of FAM by four constants
A higher value of the particular constant indicates that the particular configuration of particles in the
aggregate structure is stiffer. When the value of one stiffness parameter would be increased, and the other
stiffness parameter decreased, the aggregate will not be entirely stiff nor flexible, therefore it would be hard
to correlate results with stiffness. Aggregates from cases 9, 10, 11 and 12 were used for simulation.

Observing Fig. 9, one can see that although the aggregate ratio of coordination number increased, it
remains constant for impact velocities 0.1 and 0.5 m/s. This is due to the fact that during the impaction of
aggregate some primary particles will be bonded, increasing the average ratio of ζ/ζ0. As impact velocity
is increased, the difference in value of the ζ/ζ0 appears. Observing the ratio of coordination number at this
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regime, one can see that as the aggregate structure is stiffer, the curve is closer to unity value, Fig. 9. One
presumably cannot see the difference in ζ/ζ0 for two cases, semi-stiff and stiff. The curves almost overlap
each other. This was done to prove that small changes in the stiffness parameters influence the ζ/ζ0 ratio.

Fig. 9. Ratio of average coordination number ζ/ζ0 as a function of stiffness of aggregate
structure. Aggregates from cases 9, 10, 11, 12

As the aggregate become less stiff (lower values of stiffness parameters) the aggregate ratio of coordination
number becomes higher. This indicates that less stiff aggregates become more compact in the restructuration
regime after the impaction. For flexible aggregates, impact energy is transferred to deformation of their
structure.

It should be emphasized that stiffness does not influence at which value of the impact velocity the aggregate
will be fragmented.

Dominik and Tielens (1997) investigated soft dust colliding aggregates and found similar restructuration
regime. One aggregate was conveyed to collide with another one. The authors recognized that aggregate
structures remained unchanged when they collided with small impact velocities. When impact velocity
exceeded critical, two colliding aggregates generated more compact structure after collision (restructuration
regime), and when the impaction velocity of aggregates was very high, the aggregates became fragmented.

4. CONCLUSIONS

The evolution of aggregate structure after the collision with a rigid surface was investigated as a function
of different strengths between contacting particles (described by bonding force), fractal dimensions D f ,
diameter of primary particle of an aggregate and stiffness of the aggregate structure (described by different
harmonic potential functions) the impaction velocity. The aggregate with increased strength of bonds
between primary particles, with higher fractal dimension, composed of the smallest primary particles,
represented a structure with the highest resistance to breakage. It was also found that the aggregate,
depending on the impact velocity, showed three different dynamic behaviours. At the smallest impact
velocities the aggregate experienced no change in its structure and ratio of coordination number was
constant. As the impact velocity increased the aggregate could be restructured to another shape, remain
unchanged or be fragmented, depending on the stiffness of the aggregate structure. Finally, the aggregate
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could become fragmented, depending on the impaction energy, and could be split into fragments with
different radius of gyration. Apart from ζ/ζ0 value, one has to monitor ⟨Rg⟩/⟨Rg,0⟩ ratio, because the
⟨Rg⟩/⟨Rg,0⟩ provides more accurate information about post-collision morphology of fractal-like aggregates.

This work was financed by National Science Centre, Poland granted by decision number: UMO 2015/19/B/
ST8/0599.

SYMBOLS

A normal vector of plane created by triplet of particles i− j−k
B normal vector of plane created by triplet of particles j−k−l
dp diameter of primary particle, m
CC Cunningham slip correction factor
D f fractal dimension
kb bending constant, kg·s−2

kp inversion constant, kg·s−2

ks bond constant, kg·s−2

kub Urey–Bradley constant, kg·s−2

fpp damping factor, kg·s−1

fub Urey–Bradley factor, kg·s−1

Fb bending force, N
Fdpp damping force, N
Fg gravity force, N
Fp inversion force, N
Fps surface-particle interaction force, N
Fs bond (spring) force, N
Ft torsion force, N
Fub Urey–Bradley force, N
r position, m
r0 equilibrium distance, m
Rg radius of gyration, m
U impact velocity, m·s−1

νrel relative velocity, m·s−1

Vb cosine angle potential energy, J
Vs bond potential energy, J
Vb Urey–Bradley potential energy, J
Y Young modulus, Pa
ycr critical distance, m

Subscripts
0 initial
i, j, k, l denotes particles labelled i, j, k, l
p denotes particle
s denotes surface

Greek letters
γ surface energy, J·m−2

ζ coordination number
Θ angle, rad
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κs elastic constant, Pa
ν Poisson ration
ξ angle, rad
φ angle, rad
ρp particle density, kg·m−3

µ dynamic viscosity, Pa·s
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