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The novel approach to modeling clusters aggregation which is based on the paradigm of discrete-event
simulation (DES) with the help of particles random walk and aggregation on the 3-D stochastic lattices has
been applied for describing the aggregation in the heterogeneous poly-dispersive systems. The goal of the
work is to generalize the models and results, obtained by the authors earlier for describing aggregation
processes, applying to mixed kinetics in batch and flow reactors. The submitted approach allows accounting a
different hierarchy of random drift times of particles and aggregation times of clusters of different orders in
different areas of the apparatus working volume.

The article presents also the principal part of the developed algorithm for the numerical experiment and the
main results of the numerical experiment realizing submitted algorithm for wide range of control parameters.
As a result, opportunities may open up both to better understanding the nature of scaling in devices with
dispersed phase aggregation and for determining the possible ways to optimize the technological regime and
apparatus design.

1. Introduction

There are many areas in modern science of processes in chemical apparatuses, in which the issues of
calculating the kinetics and dynamic characteristics of reactors with the formation and aggregation of
polydisperse solid or liquid phases in the working volume are extremely relevant (Zhou et al.,, 2015).
Aggregation processes play an important role in nanotechnology (Kacalak et al., 2018), chemical and
pharmaceutical engineering, metallurgy and other industries (Chen et al., 2015). The term “aggregation” here
applies to the processes of coagulation, coalescence, and fusion (Markus et al., 2015).

At the same time despite the long-standing interest of researchers and many outstanding works, theoretical
analysis of many problems remains poorly developed (Shadrack et al., 2018).

The first visible problem is that classical models based on Smoluchowski or Becker-Doering equations
accounting only binary collisions of particles are little applying to fast processes in the high-dense disperse
systems (Wattis, 2006). The other open problem is a description of the influence of clusters age and current
state on their internal and surface structure, what, in turn, affects the aggregation activity and aggregation
kinetics (Yassen and Mansoori, 2018).

The noted problems significantly limit the ability of the engineering calculation of many technological
processes and reduce the reliability of recommendations on the determination of optimal control parameters
(Chowdhury et al., 2015). In several of the previous works (Brener et al., 2017), the authors submitted a novel
approach to this problem, based not on the model kinetic equations, but on the paradigm of discrete-event
simulation (DES) while particles random walk on the stochastic lattices with formation of aggregates (Zeigler
and Sarjoughian, 2012). This approach can be applied for describing the aggregation in the heterogeneous
poly-dispersive systems, and the noted limitations can be eliminated.
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The direct approach that seems to be well modeling this process is in setting the probability of completion of
the collision of two or more particles with a combine cluster formation (Kébalili et al., 2009). However, in fact,
the calculation of this probability is a separate problem, the formulation and solution of which should be based
on peculiarities of the physical mechanism of particle bonding in a single cluster (Tammet, 1995). Since the
physical mechanism in different systems can be different (charged or uncharged patrticles, amorphous or
crystalline clusters, and so on). So the control parameters of the model lose their certainty, and the simulation
results become difficult to interpret (Morganti et al., 2016).

Another approach proposed in the paper (Brener et al., 2017) is in considering the competition of the
characteristic times of diffusion transfer of particles and the times of particles "sticking together" during the
formation of a combined cluster. The clustering mechanism does not play a principal role in such a model,
since the control parameter is the characteristic time of the process.

The main goal of this work is to generalize the 3D-models and results obtained before for describing
aggregation processes in bulk batch and flow reactors, applying to mixed kinetics.

2. Problem setup and results of numerical experiment
2.1 Concept and algorithm

The concept is based on the algorithm which has been submitted firstly in the work (Brener et al., 2017), and it
has been adapted then to the case of flow tubular reactors in the work (Musabekova et al., 2019). The idea is
that the region, in which the diffusion and aggregation processes take place become covered by a fixed spatial
lattice.

The change in the local distribution of the fractional composition in the cells of the lattice caused by random
drifts or captured by main stream migrations of particles as well as the aggregation processes is described
according with discrete-event simulation paradigm (DES) (Zeigler et al., 2000).

In the case of diffusion-limited aggregation (DLA), the aggregation of clusters occurs immediately in the
moment of the collision. In terms of the lattice model this can be interpreted as the hit of clusters in a common
cell (Brener et al., 2017). In the case of mixed kinetics (Zhou et al., 2015) the scale unit of the time pace was
assumed to be equal to the characteristic coagulation time of clusters falling into one cell. It means the
particles that reach one cell do not necessarily have time to form a single cluster, but can continue drift
separately. It is assumed that the particles are glued together only if, once they hit the common cell, they
again migrate to the common cell at the next time unit (Brener et al., 2017).

In this paper, in contrast to the previous works of the authors, the algorithm for describing the process of
clusters aggregation in a flow reactor for both DLA and mixed kinetics in the 3D setting has been developed. It
should be noted that physically meaningful interpretation of the results of a numerical experiment, strictly
speaking, makes physical sense only for 3D models.

At the same time, the algorithm used here according to its methodological content follows the one developed
and described in detail in our previous works (Brener et al., 2017) and (Musabekova et al., 2019) for the 2D
case. During the calculation, four 3D arrays are formed. The first array simulates the entire lattice with clusters
of different orders, obtained in the process of their drifts and aggregation at each time unit. The second array
simulates an analogous lattice with clusters that fall into the reactor with a fresh dispersive stream that flows
into the reactor with a given average horizontal velocity. The third array simulates the situation at the end of
the calculation time unit and generates the initial situation for the next unit. It is formed as the sum of the two
previous arrays. The fourth array indicates the number of collisions of particles in each cell at each time unit.
This algorithm used for the numerical experiment applying to 3D case.

Only the new code has been carried out. The flowchart used for the numerical experiment applying to 3D case
depicts at Appendix A.

2.2 Results of simulation

In the calculation process, the distribution of clusters in orders in the reactor volume along the flow direction,
depending on the flow rate, the number of collisions of various orders (i.e., the number of clusters colliding in
one cell) in time and in the reactor volume were studied. All experiments were conducted in parallel for a batch
reactor and a flow reactor. The order of any cluster means the number of constituent its particles-nuclei, and
the order of any particle-nucleus is assumed to be 1 (Wattis, 2006).

Numerical experiments were carried out on 3D arrays simulated a flow parallelepiped reactor with a square
cross section 5 X 5 and a length of 20 for flow rates W = 0 (batch reactor) and W = 2; 4; 6. The chaotic drifts of
the clusters were superimposed on the rate of the main stream, and the mobility of each cluster was assumed
to be dependent on its order (Zatevakhin et al., 2015). The density of the array means that at the initial
moment clusters of the first-order were placed one at a time in each cell of the lattice. It was assumed that



1137

first-order clusters are also introduced into the tubular reactor with the main stream. The aggregation of these
clusters begins only in the reactor volume.

Figures 1-4 depict some numerical results for dense 3D arrays, where each calculated point is averaged over
ten series of calculations.
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Figure 1: Time dependences of the clusters number of different orders in the batch reactor, clusters orders: 1-
first, 2-second, 3-third, 4-fourth, 5-five, 6-six. A- DLA aggregation; B- mixed kinetics
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Figure 2: Time dependences of the collisions number of different orders in the batch reactor, collisions orders:
2-second, 3-third, 4-fourth. A- DLA aggregation; B- mixed kinetics
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Figure 3: Dependences of the clusters number of different orders in the flow reactor (W=4) on the longitudinal
coordinate L(W=2; T=24), clusters orders: 1-first, 2-second, 3-third, 4-fourth, 5-five. A- DLA aggregation; B-
mixed kinetics
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Figure 4: Time dependences of the clusters number of different orders in the flow reactor (W=4), clusters
orders: 1-first, 2-second, 3-third, 4-fourth, 5-five. A- DLA aggregation; B- mixed kinetics

Figures 1, 2 depict the results of numerical experiments carried out for the batch reactor. The results obtained
in 3D case for a batch reactor do not differ qualitatively from those for 2D case. These data are shown here for
comparison with numerical data obtained for flow reactor in Figures 3, 4.

The results of numerical experiments show that in the case of aggregation processes occurring in the region
of mixed kinetics, the formation of high-order clusters is significantly inhibited. This braking is somewhat
smoothed out in flow reactors (Figures 3, 4). It can be explained by equalization of the total concentration of
clusters of various orders along the reactor length.

The sharp fluctuations and peaks in the concentration of clusters of various orders in Figure 3 can be
explained by the fact that the selected orders of the main flow velocity W and the amplitudes of the random
particles drift are comparable and close. It should be noted that this phenomenon needs further more detalil
investigations.

However, the general trend is quite noticeable. The experiments showed that the number of multiparticle
collisions is noticeably greater during aggregation in a batch reactor at the initial stage of the process than in a
flow reactor (Let's compare Figures 2 and 4). In the case of mixed kinetics, the effect of multiparticle collisions
on the aggregation intensity is also blurred along the length of the reactor (Figure 3), and does not play such
an important role in a flow reactor.

This phenomenon is especially evident with increasing flow rate, because of competition of the three
characteristic times: time of the random drift, kinetic time of aggregation and the particles residence time in the
working area of the apparatus. It follows that the flow rate affects not only the productivity of the reactor, but
also the fractional composition of the dispersion at the outlet. This confirms the conclusion that the average
rate of flow through the reactor can serve as a control parameter for stabilizing the desired fractional
composition. The influence of flow velocity on the kinetics of aggregation manifests itself in the 3D case much
more clearly than in the 2D model (Musabekova et al., 2019).

3. Conclusions

The use of the paradigm DES allows partially circumventing the difficulties arising in the numerical study of
models based on systems of kinetic differential equations. Of course, this approach does not mean total
criticism of the well-known kinetic models, as such, and it does not decrease their significance. The results
obtained in this paper can be analyzed only by qualitative characteristics. Direct comparison with experimental
data will not be correct in this case, because first it is necessary to establish the values of the control
parameters as applied to specific physicochemical systems, which was not part of the objectives of the
submitted study. The authors plan to carry out detailed work on checking the frames of the adequacy of the
proposed model in subsequent studies. May be such work will also be undertaken by other researchers who
are interested in the results presented in this article.

The results of numerical investigations manifest that as the flow rate increases, stabilization of the fractional
composition along the length of the reactor occurs at shorter initial section. It was established also that the
total number of collisions with a multiplicity higher than two cannot be ignored in the initial transition region.
These effects are due to the greater share of multiparticle collisions in the initial sections, since the total
concentration of clusters of various orders along the length of the reactor decreases due to intense
aggregation.
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The total number of multi-particle collisions is comparable to the number of binary collisions at the initial
region, what is especially visible in the case of batch reactor. The conducted simulation allows making
quantitative estimates of the ratio between the lengths of the initial and stabilized aggregation sites in flow
reactors, depending on the scale of the reactor. This gives reason to conclude that the developed method for
modeling aggregation processes in flow reactors may be useful in engineering practise for calculating and

optimizing chemical technology apparatuses.

Appendix A. Flowchart used for the numerical experiment applying to 3D case

Initial data for the

n2;n1;n3 number of collisions,
ssV3, ¢, U0_3d for particle and the
stream

[

ssV3li,j,k]:=0,
1,j,k=[1,n2;n1;n3]

cfi,j,k,u]:=0;
U0_3d(i,j,k,u]:=0;

ifthe cell is not
empty

T+vg3wl(i,j,k
ul<1) or
(i+vg3wli,j,k,
ul>n2)

kk:=n2+1;
ii:=1; uu:=1

+vv3li,j,k,
>=1) and
(J+vv3l[i,j,k,ul

<=nl)

_ @

| clkk, |k, t1]:=c[kk,|k,t1]+a[i,j.k,u] |

c[kk,l,k,t]:=c[kk,1,k,t]+ali,j,k,ul;
blkk,l,k,t]:=(i-1)*n1+j+n1*n3*(k-1);
ssV3[kk,|,k]:=ssV3[kk,I,k]+1;

kk:=n2+1; uu:=1;

Fvg3w(i,j,k
-w<1) or
(i+vg3wli,j,k,u]

kk:=i+vg3wl[i,j,k,ul-w;

Fvv3[i,j,k,ul>
1) and
(j+vv3li,j k,ul<=
nl)

U0_3d[kk, |, k,u]:=U0_3d[kk,|,k,ul+U_3d[i,j,k,ul;

l:=j+wv3l[i,j,k,ul;

[
| I cli,j,k,1]:=cli,j,k,1]+ali,j,k,1]; I |
I

I cli,j,k,ul:=cli,j,k,ul+U0_3d[i,j,k,u]; I I
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