
 Eindhoven University of Technology

MASTER

Particle resolved simulations of agglomeration of fine particles

Liu, Yuan

Award date:
2018

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/fb8963da-d122-4f64-9e86-45ac0a67c4bf


Particle resolved simulations of agglomeration of fine particles

Master thesis

Master： Sustainable Energy Technology

Department： Mechanical Engineering

Research group: Energy Technology

Student: Yuan Liu

Identity number: 1010233

Thesis supervisor: Niels Deen

Daily supervisor: Yali Tang

Date: 17/10/2018





Nomenclature

ρ fluid density(kg/m3),

U fluid velocity(m/s),

τij shear tensor of the fluid phase.

mp particle mass(kg),

up particle phase velocity(m/s),

Fi sum of forces(N),

Ip moment of inertia(kg·m/s),

ωp particle angular velocity(rad/s),

Ti sum of torques(N·m).

Fdrag drag force(N),

Fg gravity(N),

Fvdw Van der Waals force(N),

Fc contact force(N).

Y Young's modulus(Pa),

G shear modulus(Pa),

ν Poisson's ratio,

r radius(m),

A Hamaker constant(J),

s surface distance(m),

δ particle displacement(m2),

vf kinematic viscosity(m2/s).

Greek letters

β0 coefficient of tangential restitution

εl volume fraction of liquid phase.

εg volume fraction of gas phase.

εs volume fraction of solid phase.

κ curvature of free surface.

η damping coefficient.

ν kinematic viscosity.

ρ density.

σ surface tension.

τ viscous stress tensor; time.

Ω computation domain.

ω angular velocity

Subscripts

0 prior to collision.

a,b particle indices.

l liquid phase.

g gas phase.

s solid phase.

ij cell indices.

n normal direction.

t tangential direction.
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1 Introduction
1.1 Background
Fluidized bed conversion of solid fuels is a well-established and widely used technology of great

concern. However, operational problems are encountered in several industrial practice, in which

one of the most important problems is the occurrence of agglomeration, meaning that bed

particles adhere to each other to form larger entities (agglomerates)[1]. Agglomerates consist of a

number of primary particles being bound together in a compact way or having complex

structures involving dendrites, depending on the way of creation. This phenomenon can have

some negative effects on the performance of fluidized bed. For instance, it will affect the

otherwise uniform heat distribution and finally result in loss of fluidization and unscheduled

shutdown of the plant. However, that phenomenon is often hard to be recognized or detected

until sudden defluidization happens[2]. Thus, understanding of fundamentals of this phenomenon

is of primary importance for design and optimization of fluidized beds.

To understand the mechanisms of agglomeration, we need to have knowledge of the

inter-particle interactions and what happens during collision between particles on the

micro-scale. In the early studies of the gas – solid system, researchers focus more on the

interactions between gas and solid particles. The most important foundation is the well-known

Ergun equation, where Ergun developed a pressure drop model for the laminar flow of fluid

through the packed column which revealed the friction factor as a function of the Reynolds

number. Akgiray and Saatçı[3] modified Ergun equation as an extension from packed bed to

fluidized bed to estimate the fluid force acting on individual particles in fluidized bed.

As for solid phase Molerus[4] provided theoretical interpretation of Geldart's[5] classification of

particle type by taking the inter-particle (cohesive) force into account. As for dry powders, the

inter-particle forces are mainly the van der Waals force and electrostatic forces[6]. Hamaker[7,8]

presented the micro-scale computational formula of Van der Waals force between spherical

particles. When the cohesive force between particles is strong enough to compare with the other

acting forces (gravitational, drag force), bed particles tend to agglomerate and the fluidization

regime may be changed.

Moreover, in general, the modeling approaches involving the treatment of particle – particle

collision through the Lagrangian method can be roughly divided into two types: hard-sphere

approach and soft-sphere approach[9]. The soft-sphere approach was first adopted for

gas-fluidized bed by Tsuij et al.[10]. In this approach, it is assumed that particles are experiencing

deformation when interacting with each other, where the contact forces are calculated from the

deformation history of the contact within a contact force scheme.

The approach of combining computational fluid dynamics (CFD) for continuum fluid and the

discrete element method (DEM) for discrete particles has been increasingly used to study and

explain the fundamentals of the coupled particle – fluid flows. However, most of the CFD-DEM

models based on the assumption that the flow patterns would not be altered with small spring

constants and Van der Waals force, which, in other word, could be improved when studying fine
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particles. Indeed, for non-cohesive particles, it has been shown that the flow patterns in CFD–

DEM simulations aren't sensitive to spring constants[11]. However, for cohesive particles, it has

been clearly shown that the spring stiffness does affect flow behaviors in fluidization of cohesive

particles[12]. Then our interest of how to improve the method about quantization of the effect of

Van der Waals force on flow patterns is stimulated.

The immersed boundary method was originally developed by Peskin[13] as a way to incorporate

the effect of flexible interfaces into fluid simulations. The basic notion of that method is to apply a

set of forces on the computational grid to imitate the presence of an interface. This has several

advantages over conventional boundary or body-fitted grids, especially for problems involving

moving interfaces. First, there is no overhead for grid generation, which can add considerable

computational expense even for non-deforming geometries. Second, IBM is intended to be

implemented on regular Cartesian meshes that require much less storage overhead than general

unstructured or curvilinear meshes[14]. Third, the convergence of the solvers is generally better for

Cartesian meshes than for unstructured meshes. The primary disadvantage of IBM is the reduced

resolution near the interface, but this can be remedied by adopting adaptive mesh techniques[15].

With IBM method we could simulate viscous flows with immersed (or embedded) boundaries on

grids that do not conform to the shape of these boundaries, thus the grid generation could be

greatly simplified[16].

In the present study, particle resolved simulations will be performed with CFD-IBM method to

study the agglomeration behavior of cohesive particles with mainly Van der Waals force

dominant.

1.2 Aim and plan of project
This project aims at modeling and simulation of particle agglomeration under fluidization

conditions. To this aim, particle-resolved simulations of particle-laden flow is carried out using

open source package CFDEMcoupling.

In detail, for the fluid flow a dry fluidized bed condition will be created and tried out. Typical

laminar model would be the fundamental model. For the particle part, soft-sphere model will be

chosen to simulate the collision. DPM will discrete time and solve every particle's motion

equation according to Newtonian second law, after that the position of particles could be solved.

For the gas-solid interaction, IBM will be used to define the interface and track the location of

particle through Lagrange maker on fixed grid.

First, sedimentation of two spheres following drafting-kissing-tumbling process will be regarded

as a reference to validate the IBM model. Then the Van der Waals force will be implemented in the

code which will be subsequently validated by carefully modeling approaching of two spheres.

Immediately afterwards, a bench simulation of sedimentation of particle groups without the

cohesive force will be performed. Quantity of particles and volume of domain will be determined

for appropriate simulation time during this process. Finally, the simulations of particle

agglomeration with cohesive force will be performed, during this stage possible factors will be

taken into consideration and adjusted as different cases for comparison.
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Regarding the agglomeration structure, information including the agglomerate growth and size

is to be investigated. The influence of operation conditions such as temperature, pressure,

superficial gas velocity and properties of the particle such as diameter, porosity, and roughness,

would be studied in this work. Comparison between simulations with and without Van der Waals

force implemented between particle pairs will also be made.
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2 Numerical method
At present, there are mainly two different approaches applied in the CFD technology to simulate

multiphase flow systems[17]: the Eulerian method and the Lagrangian method. For the Eulerian

approach, phases are treated as fully interpenetrating continuous phases and all the phases have

same form conservation equations. The Lagrangian approach solves the Newtonian equations of

motion for the object of dispersed phase like each individual particle or bubbles considering the

effects of particle collisions and forces acting by other phases. This approach can track the

trajectories of each individual particle and describe the discrete character of the solid phase at

micro-scale or meso-scale. By coupling the two methods an interaction of both phases in

respective domain and information transfer from different phases are enabled. Based on options

for different phases, different models are adopted for multiphase flow system in Table.1[18]. The

resolved discrete particle model is utilized in this work.

Table.1 Classification of the various models used for simulating dense gas-solid flow

2.1 CFD-governing equations
The fundamental basis of CFD method are Navier-Stokes equations, which describe the motion of

a viscous fluid by conservation equations of mass and momentum.

  0

 u
t

(1)

  gτuuu 





ijp
t

(2)

Where ρ is the fluid density, u is the fluid velocity, i and j are cell indices, τij is the shear tensor of

the fluid phase, g is the gravity constant.

2.2 Motion of solid particles-governing equations
Particle motion is followed by solving Newton's equations of motion.

cvdwgdragipp dt
dm FFFFFu  (3)

 iPp dt
d TωI (4)

Where mp represents the particle mass, up is the particle phase velocity, Fi is the sum of forces, Ip is

the moment of inertia, ωp is the particle angular velocity and Ti is the sum of torques. Fdrag is the

drag force, Fg is the gravity, Fvdw is the Van der Waals force, Fc is the contact force.

In the soft sphere model the particle overlap is denoted as the particle displacement δ i . In the

conducted simulations the particle contact forces Fc are differentiated into a normal force and a

tangential force n
ijc,f and t

ijc,f . For Hertzian contact model, n
ijc,f and t

ijc,f are calculated by the
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following[17,18]:

(5)

(6)

Where,

(7)

(8)

(9)

Here, Y is Young's modulus, G is shear modulus, ν is Poisson's ratio, and r is particle radius.

Additionally, the magnitude of Van der Waals force Fvdw between particles i and k is modeled by

the following:

(10)

where A is the Hamaker constant which depends on the material properties, s is the surface

distance between particle i and k, r is the particle radius.

It is assumed that the force saturates at a minimum separation distance, smin. This constant

maximum force is also applied when the particles are in contact or overlap. Since the magnitude

of the Van der Waals force quickly decreases as the distance between the surfaces increases, a

maximum cutoff distance scutoff = (ri + rj)/4 is used to accelerate the simulation. For s＞scutoff, the

Van der Waals force is not accounted for. An example force distribution for particle pair with

A=2.1x10-21 J, smin=10-8 m and ri=rk=5x10-5m is displayed in Fig.1.

Fig.1 Example distribution of Van der Waals force along with surface distance.

smin
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2.3 Resolved Immersed boundary method
The resolved method, which is used here, requires that the particles are significantly larger than

CFD cells. This will lead to a very high resolution of the simulation domain and very accurate

calculation of interaction between two phases.

Fig.2 A schematic showing the computation of the immersed boundary forcing for a stationary
particle.

In the immersed boundary method, the mass and momentum equations are solved in the entire
domain that includes the interior regions of the solid particles as well. The momentum
conservation equations solved in IBM are
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Where vf is the kinematic viscosity, u is the instantaneous velocity field. In the above momentum
conservation equation, fu is the additional immersed boundary force term that accounts for the
presence of solid particles in the fluid-phase by ensuring zero slip and zero penetration boundary
conditions at the particle-fluid interface. At the n +1 time-step, it is given by
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In Figure 2, a schematic describing the computation of the immersed boundary forcing is shown.
The surface of the solid particle is represented by a discrete number of points called boundary
points, by discretizing the sphere in spherical coordinates. Another set of points called exterior
points are generated by projecting these boundary points onto a sphere of radius r+∆r, where r is
the radius of the particle. Similarly, the boundary points are projected onto a smaller sphere of
radius r-∆r and these points are called interior points. In our simulations, ∆r is taken to be same
as the grid spacing. The immersed boundary force is computed only at the interior points[19].
Additionally, in CFDEM@coupling actually the IB solver is implemented as a combination of
immersed boundary method and fictitious domain method. The main idea of the fictitious
domain method is to relax the constraint that imposes the mesh to fit with the computational
domain. The principle is to embed the computational domain in a mesh without matching the
elements with the boundary. This method has been proved to be convergent and own
consistency of forcing terms. The details could be found in reference[20] and will not be discussed
here.
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3 Simulation results and discussion
3.1 Sedimentation of two particles
The sedimentation of two spherical particles serves as the simplest problem to study
particle-fluid and particle-particle interactions mentioned above. Thus many experimental and
numerical studies have been carried out to investigate the behavior of sedimentation of spherical
particles. Fortes et al. [21] observed experimentally that in the sedimentation of two particles in a
Newtonian fluid inside a vertical channel, the two particles would undergo the drafting, kissing
and tumbling (DKT) phenomenon.

This phenomenon has been established experimentally in papers such as literature[22,23] and
demonstrated numerically in paper[22], which could be justified physically as follow.
The leading particle creates a reduction of pressure in its wake as it falls under the influence of
gravity. Provided that the trailing particle is close enough to interact with this wake, it
experiences a smaller drag force than the leading particle. As a result the trailing particle falls
faster and the particles approach each other, this is the initiation of the “drafting phase”. As the
distance between the particles decreases, they eventually become close enough to nearly touch,
which is referred to as “kissing”. The kissing particles momentarily form a single longer body that
is aligned parallel with the flow, however, the kissing of the particles is an unstable equilibrium
state and the particles eventually tumble relative to each other and swap leading/trailing
positions, this is the “tumbling phase”[23].

3.1.1 Bench simulation
The first validation simulation in this section is performed to validate this DKT phenomenon to
exam the implementation of immersed boundary method and code feasibility in
CFDEM@coupling.

The computational parameters are presented as follow:
Table.2 computational parameters settings of bench simulation

Parameter Values
computational region Ω (WxDxH)(mxmxm) 0.02 x 0.02 x 0.06

fluid density ρf (kg/m3) 1000
fluid viscous μf (kg/(m∙s)) 10-3

density of particle ρp (kg/m3) 1500
diameter of particle dp (m) 2.5x10-3

mesh(-) 80x80x240
mesh size(m) 2.5x10-4

time step(s) 1.25x10-4

Young’s Modulus E(Pa) 5x107

Poisson’s ratio v(-) 0.45
gravity constant(m/s2) 9.81

Initial center of particles(x,y,z)(mxmxm) (0.01+10-5,0.01, 0.05) and(0.01-10-5,0.01,0.045)
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The fluid and the particle are initially at rest. Two particles commence their motion downward
under the gravity force. The normal derivative of velocity is assumed to be zero at the outflow
boundary, and no-slip boundary conditions are applied to the left and right walls.

As for force model ShirgaonkarIB and ArchimedesIB Model are adopted to calculate the drag
force and buoyancy force around the particle. Pressure reference value in PISO solver is set as
105Pa. Hertzian contact model without cohesion is involved to control the particle interaction.
Fig.3 shows the schematic of two spherical particles settling. The coupling interval is set as 100
thus each OpenFOAM step will couple with 100 steps’ calculation in Liggghts.

Fig.3 schematic of two spherical particles setting
The initial horizontal positions of the two particles are set non-symmetric to accelerate the
growth of perturbations. Otherwise, only drafting and kissing can be observed and the tumbling
could not happen. This is because the symmetric computational algorithm lead that the
perturbations grow slowly and the small perturbation cannot break down the equilibrium state
when the two particles collide. The kissing and tumbling stages are sensitive to the choice of
initial horizontal positions of the two particles.

Fig.4 shows the particle position at different time during the sedimentation, where Fig.5 displays
corresponding results of Wang et al.[24].

t=0.05s t=0.105s t=0.155s t=0.175s t=0.230s t=0.275s t=0.320s t=0.365s
Fig.4 particle position during the sedimentation
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Fig.5 corresponding results of Wang et al.

The following Fig.6 shows the time histories of horizontal positions and vertical positions of the
two particles. The variation trends of horizontal positions for the two particles are the same, but
the vertical positions of two particles cross each other. This suggests that the drafting, kissing and
tumbling phenomenon happens for the two settling particles. The time histories of vertical
velocities of the two particles are depicted in Fig.7. The crossing of the particle velocities
indicates the happening of the drafting, kissing and tumbling phenomenon.

From all these results it is clear that the drafting, kissing and tumbling (DKT) phenomenon is
successfully reproduced. The trailing particle is caught by the low-pressure wake created by the
leading particle, then the drag acted on it is reduced and the trailing particle falls faster than the
leading one. The increased speed of the trailing particle impels a kissing contact with the leading
one. If there is a small perturbation, this equilibrium state is broken down and the particles
tumble happens.

These results are consistent in the overall trend with previous results of Wang et al.[25]. At the
mean time some differences are observed between our validation results and the reference
results. For example, the time for particles to separate is earlier than that in reference and the
maximum offset and velocity in this validation case are smaller than those in reference. First, that
might be because we adopted a coarse mesh, in same position the drag force is slightly smaller
calculated for each step as it increases gradually along with time as a function of superficial gas
velocity. For example, as the time step is larger than that in reference, drag force could be 0 at
the position where the finer case ends its first, second or even fifth steps and begin to calculate
the drag force. Thus the velocity calculated from each step will be larger than reference results.
When the particles approach the boundary our simulation will take the boundary pressure into
account earlier as a matter of the larger mesh size, which will lead to the earlier speed droop in
horizontal direction. Secondly, these differences might come from the difference ways of drag
force computing in IB method from the reference, which is inevitable to some extent.
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Fig.6 horizontal positions and vertical positions of the two particles

Fig.7 vertical velocities of the two particles

3.1.2 Refined simulations
To figure out other possible reasons for different results from the reference, code refinements
are applied into the bench simulation case.

Firstly three cases with Coarse/Fine/Muchfine meshes are executed to analyse the influence of
different mesh size. The original validation case is the coarse case in this part. Basic settings
remain the same. The normal derivative of velocity is assumed to be zero at the outflow
boundary, and no-slip boundary conditions are applied to the left and right walls. Settings with
difference in three cases are lists in Table.3 below.

Table.3 computational parameters settings of refined simulations

Setting
Validation Case

Wang’s Case
Coarse Fine MuchFine

computational
region Ω(mxmxm)

0.02 x 0.02 x
0.06

0.02 x 0.02 x
0.06

0.02 x 0.02 x
0.06

0.02 x 0.06

Fluid density ρf
(kg/m3)

1000 1000 1000 1000

fluid viscous μf

(kg/(m s))
10-3 10-3 10-3 10-3
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density of particle
ρp (kg/m3)

1500 1500 1500 1500

diameter of particle
dp (m)

2.5x10-3 2.5x10-3 2.5x10-3 2.5x10-3

mesh 80x80x240 160x160x480 512x512x1536 512x1536

mesh size(m) 2.5x10-4 1.25x10-4 3.906x10-5 3.906x10-5

Time step(s) 1.25x10-4 6x10-5 6.25x10-5 6.25x10-5

Young’s Modulus
E(Pa)

5x107 5x107 5x107 5x107

Poisson’s ratio v 0.45 0.45 0.45 0.45
Gravity

constant(m/s2)
9.81 9.81 9.81 9.81

Initial center of
particles(x,y,z)(mxm

xm)

(0.01+10-5,0.0
1, 0.05) and

(0.01-10-5,0.01
,0.045)

(0.01+10-5,0.01,
0.05) and

(0.01-10-5,0.01,
0.045)

(0.01+10-5,0.01,
0.05) and

(0.01-10-5,0.01,0
.045)

(0.01+10-5, 0.05)
and

(0.01-10-5,0.045)

As displayed in Fig.8, results for horizon position and vertical position of two particles in three
cases are compared. From the results it is clear when precision gets higher the period for
kissing phenomenon lasts longer and with same initial position perturbations the particles are
harder to tumble and separate after they become an equilibrium whole. Fig.9 depicts vertical
velocities of the two particles in three cases, in which large differences deviating from
expectation are observed although the conclusion for time of period change consists with
previous analysis.
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Fig.8 horizon position and vertical position of two particles in three cases
(Reff: following particle in Reference; Cf: following particle in Coarse mesh case; ff: following

particle in fine mesh case; mff: following particle in much fine mesh case;the last letter l stands
for leading particle)

Fig.9 vertical velocities of the two particles in three cases(same line symbols as Fig.8)

As for finer mesh calculation of forces are more accurate, which means the results should be
more precise, meanwhile small perturbation will result in large difference in final results.
In the second case, it is observed that at 0.3s the drafting phenomenon just starts but the
particles have already dropped to the bottom. From 0.2s to 0.3s the particles drop together as a
whole, displayed in Fig.10. Thus we regard the initial 2x10-5m(0.16 times mesh size) too small for
triggering the tumbling phenomenon in case with mesh of this order of magnitude.
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Fig.10 vertical position of two particles in second case (0-0.3s)
In the third case the time node for special phenomenon perfectly matches the results in
reference. But the time for two particles to start kissing is later than that in reference. At 0.28s
the height of the following particle is lower than 0.01 cm , according to the reference this
happens around 0.33s. That means particles drop with faster velocity compared with the results
in reference. Moreover, the maximum velocity in this case is larger than reference velocity . That
might be because the calculations of drag force in this solver around and away from the walls are
different owing to boundary pressure.

Secondly, the effect of coupling interval setting (how many steps will each OpenFOAM step
couple in Liggghts) was tested. The original setting of coupling interval with reasonable result is
100, here the setting for two cases are 50 and 10 while remaining all other settings the same. For
convenience only vertical positions are compared.

Fig.11 vertical positions of two particles with coupling interval setting of 100,50 and 10

It is evident that even for same mesh and case, different coupling interval will have a large impact
on the particle track according to the results in Fig.11. But if the coupling interval is large enough
the results will be comparably stable.

Thirdly, precision of results acquiring through dynamic refine mesh and static mesh were tested
in this solver. For the same bench case above, keep all other settings the same except the
dynamic refine mesh setting. Fig.12 shows the vertical velocities of two particles in two cases.
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Fig.12 vertical velocities of two particles without(left static) and with dynamic refine mesh

Dynamic mesh means that the computational mesh is not the same but can change during
computation. In this case meshes at the interface of fluid and particles are refined with maximum
level 2, which means one mesh will be at most split into sixteen isotonic meshes with the width
of 1/2 or 1/22 the base mesh. That will increase the computation accuracy at the coupling
interface thus acquiring better results without running too much time with static high resolution
meshes. In Fig.13 an example of level 3 dynamic refine mesh is shown for better understanding.

Fig.13 Example of level 3 dynamic refine mesh

Additionally, in the dynamic refine mesh case we set the basic mesh size 4 times larger than the
left static one, thus the maximum resolution for two simulations remains the same. Fig.12 shows
that during sudden change of velocity stage the static mesh case owns more gentle
change(0.15-0.2s). When the particles get close to the boundary, the velocity matches the
results in reference better and the trend for velocity change is more regular and reasonable(after
0.3s). From that we can see the static mesh performs better in continuity and robustness but
actually the dynamic refine mesh simulation saves up to 60% execution time. As the trend and
typical point of inflexion for two cases are similar in gross, dynamic refine mesh could be adopted
to some extent to balance the computing expense and result precision. To sum up, by
implementing CFDEM IBsolver, DKT phenomenon is successfully reproduced and results are
compared with existing results. Reasons for results’ differences are analyzed and code
refinements are performed to convince the suspicion.
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3.2 Relative motion of two particles
In the second validation case, the effect of Van der Waals force on fine particle pair with size of
micron scale was examined by simulating the relative motion of two particles.
The computational parameters are presented as follow:

Table.4 computational parameters settings of relative motion simulation

The particles are located with an initial horizontal velocity -0.008m/s and 0.008m/s. The gravity
constant is set as g=0m/s2 to focus on effect of the drag force and Van der Waals force. The
Hamaker constant is set as A= 4.2 x10−20 J. All the boundaries are set as walls of no-slip boundary
conditions.
The cutoff surface distance of Van der Waals force is set as 1/4 dp, and the initial surface distance
is 3/5 dp, which means at the beginning of the simulation no Van der Waals force is added to the
particles. Fig.14 shows the schematic of particle pair settling.

Fig.14 schematic of particle pair settling
According to model analysis, the particle should move toward each other, while the drag force
will prevent them from getting touched. But after the particles’ surface distance reduces below
the cutoff distance, the Van der Waals force will lead the particles to accelerate and become a
group. The results shown in Fig.15,16,17,18 match the analysis fine.

Parameter Values
computational region Ω (WxDxH)(mxmxm) 2x10-4 x 2x10-4 x 2x10-4

gas density ρf (kg/m3) 1.205
gas viscous μf (kg/(m∙s)) 1.81× 10-5

density of particle ρp (kg/m3) 700
diameter of particle dp (m) 10-5

mesh(-) 60x60x60
mesh size(m) 3.3333x10-6

time step(s) 5x10-6

Young’s Modulus E(Pa) 108

Poisson’s ratio v(-) 0.22
gravity constant(m/s2) 0

Initial center of particles(x,y,z)(mxmxm) (1.08x10-4,10-4, 10-4) and (0.92x10-4,10-4,10-4)
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In Fig.15, the y label follow the function:
0)lg(
0)lg(





sumsum

sumsum

ifFFy
ifFFy

Fig.15 horizontal position of two particles

Fig.16 Sum force of particle 1

Fig.17 horizontal velocity of particle 2

Contact time

Contact time

Contact time
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Fig.18 particle surface distance,ylabel of the right picture is lg(distance)
It is clear that the velocity of particle 2 decreases with time and gradually accelerates after the
Van der Waals force takes the lead. After the agglomeration there will be soft-sphere overlap in
the particle pair, which is shown in the Fig.19 below. Then the Van der Waals force will bind the
two particles and they will then move as a whole. From Fig.15 we can know that in this case, the
agglomerate will move with a positive(direction) and gradually decreasing velocity as a matter of
the existence of drag force. After analyzing the data, this is because the contact and overlap
process will take several steps to turn stable as the existence of inertia, which could be improved
by using finer mesh.

→

Fig.19 two particles overlap

3.3 Agglomeration simulations
3.3.1 Bench simulation
The agglomeration bench simulation is performed after IBM and Van der Waals force are both
tested to be effective.
Here we would like to observe a 4X4X4 lattice distributed particle group ‘s motion and
agglomeration phenomenon. The computational parameters are presented as follow:
The 64 particles obey the lattice distribution with center distance of 1.1dp in three dimensions.
The two corner particle positions are (1.16e-04m,1.16e-04m,5.33e-04m) and (8.5e-05m,
8.5e-05m 5e-04m) at time t=0s. All of the particles are set initially at rest. All the boundaries are
set as walls of no-slip boundary conditions. The superficial gas velocity is not taken into account
in this case(us=0). The maximum execution time for simulation is set as 0.01s.
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Table.5 computational parameters settings of agglomeration bench simulation

In the bench simulation, the Hamaker constant A is set as 0J, which means the Van der Waals
force between particle pair is always 0. Thus except for possible collisions, no agglomeration
caused by attractive force between particles will form in this case. Fig.20 displays the particle
positions varying with time and especially plots a group shape picture at t=0.01s.
From the results it is clear that no agglomeration forms without Van der Waals force. The
particles just start falling under gravity. Similar to previous validation case, DKT phenomenon
occurs as a matter of drag force differences among particles, those particles inside the “lattice”
will drop faster than that at the periphery, while the whole group tends to spread until heights of
inner particles are lower than the exterior ones.

t=0s , 0.00125s , 0.0025s , 0.00375s , 0.005s , 0.00625s , 0.0075s , 0.00875s , 0.01s, 0.01s
Fig.20 Particle positions vary with time and group shape at t=0.01s

Parameter Values
computational region Ω (WxDxH)(mxmxm) 2x10-4 x 2x10-4 x 6x10-4

gas density ρf (kg/m3) 1.205
gas viscous μf (kg/(m∙s)) 1.81× 10-5

density of particle ρp (kg/m3) 700
diameter of particle dp (m) 10-5

mesh(-) 160x160x360
mesh size(m) 1.25x10-6

time step(s) 5x10-7

Young’s Modulus E(Pa) 108

Poisson’s ratio v(-) 0.22
gravity constant(m/s2) 9.81
Hamaker constant A(J) 0
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3.3.2 Agglomeration simulations
In the agglomeration cases the Van der Waals force is taken into account while keeping all other
basic settings the same as the bench case. The cutoff surface distance of Van der Waals force is
set as 1/4 dp, thus all these particles will be affected by Van der waals force from the beginning.
Additionally, the minimum separation distance is set as 10-10m.

Since there are no inlets and outlets, the particle motion is mainly affected by the gravity, the
movement of neighbouring particles under the consideration of agglomeration and their
interaction with the wall-bounded fluid flow. All primary particles as well as formed agglomerates
are permitted to rotate freely. If short-range phenomena such as hydrodynamic interactions
before a collision are too weak to change the trajectory of the approaching objects, particles may
collide with each other in the progression of sedimentation. Moreover, the molecular attraction
between the particles is assumed to be strong enough for particles to always stick together thus a
low speed collision will result in forming of agglomerates and the restructuring or breakup of
formed agglomerates is not considered. After analysis, two cases are implemented by adjusting
which force takes the lead during the simulation.
The basic settings are as following:

Table.6 computational parameters settings of agglomeration simulations

In the first case, the superficial gas velocity are set as 0, thus the gravity is far lager than Van der
Waals force. Fig.21 illustrates the growth history of the largest agglomerate formed. Fig.22
displays the particle positions varying with time.

Parameter Values
computational region Ω (WxDxH)(mxmxm) 2x10-4 x 2x10-4 x 6x10-4

gas density ρf (kg/m3) 1.205
gas viscous μf (kg/(m∙s)) 1.81× 10-5

density of particle ρp (kg/m3) 700
diameter of particle dp (m) 10-5

mesh(-) 160x160x360
mesh size(m) 1.25x10-6

time step(s) 5x10-7

Young’s Modulus E(Pa) 108

Poisson’s ratio v(-) 0.22
gravity constant(m/s2) 9.81
Hamaker constant A(J) 4.2x10-20



20

Fig.21 agglomerate growth history(us=0)

t=0s , 0.00125s , 0.0025s , 0.00375s , 0.005s , 0.00625s , 0.0075s , 0.00875s , 0.01s
Fig.22 Particle positions vary with time

As a matter of the lattice distribution, the particles on the top are easier to move toward the
center, thus there will be the first formation of agglomerate, where the quick formation of
doublets and chains of three or more particles within a short time leads to the formation of
larger agglomerates. During the performed translational motion and, in particular, the rotational
movement, the agglomerates collide with other primary particles as well as other agglomerates
and form larger and more complex structures. With the increase in the total agglomerate mass,
the largest agglomerate accelerates faster than the other ones and, finally, overtakes all
remaining primary particles and small-scale agglomerates. From the last picture shown in Fig.23,
we can see the largest agglomerate spin during the drop and attracted all possible other
agglomerates to form a larger ‘sphere’. This trend behavior matches our factual experience. At
last the largest agglomerate contains 56 of the initials particles. Besides, the dropping velocity of
larger agglomerates are observed larger than small-scale one, if they are not close enough the
larger one will move away from smaller one.
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In the second case, the superficial gas velocity is set as 0.0022m/s thus the drag force would
roughly equal to the gravity. Then the Van der Waals force is easier to take the lead. Fig.24
illustrate the results in this case. Fig.25 shows the relationship of an additional no dimensional
number of Fvdw/(Fg+Fd) varying with s/d, which explains how the Van der Waals force takes the
lead.

Fig.23 agglomerate growth history(us=0.0022m/s)

t=0s , 0.00125s , 0.0025s , 0.00375s , 0.005s , 0.00625s , 0.0075s , 0.00875s , 0.01s
Fig.24 Particle positions vary with time

Compared with the first case, it is clear that the starting of agglomerate are both from the top
particles in two cases, but as the Van der Waals force takes the lead the agglomeration starts
earlier than the first case. Although the behavior could be regarded as same motion pattern, case
two shows that the agglomerates formed under larger Van der Waals force action tends to be
more regular and the shape of agglomerates is more like a bigger ‘sphere’. Finally, the largest
agglomerate contains 59 of the initial particles. These might prove that Van der Waals force do
have significant effect in agglomeration in fluidization bed. Fig.26 illustrates the growth speed
and largest particle size varying with time, in which the largest agglomeration is represented by
the number of primary particles in an agglomerate.
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Fig.25 Fvdw/(Fg+Fd)---s/d when us=0.0022m/s

Fig.26 Largest agglomerate size varies with time

Moreover, when we put the final particle positions at t=0.01s in three cases together, we could
have some interesting conclusions. First, agglomeration will slow down the dropping velocity of
particles. Relative larger Van der Waals force(larger Fvdw/(Fg+Fd)) will form larger agglomerate
with more regular shape, with that regular shape the friction on agglomerate will be smaller, thus
leading to faster drop. Even there is an upward gas velocity, the particles in the third simulation
drop faster than those in the second one. However, agglomerates of different scales tend to
separate in larger Van der Waals force case as a matter of the same reason. Fourthly, inertia of
particles will lead agglomerates to spin after formation, which will result in further aggregation as
this makes it possible for more primary particles to collide with others.

smin
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Fig.27 particle positions at t=0.01s in three simulations
(without Van der Waals Force, us=0, us=0.0022m/s)

4 Conclusion
In this study, a series of resolved simulations have been performed to study particle
agglomeration under fluidization conditions. IB/FD method is applied in simulating fine particle
movement of micro size and cohesion force between particles are focused to evaluate its effect
on agglomeration. Most of the simulation conclusions match the results in reference and
experience. All these simulations are in high accuracy thus could relatively accurately reflect the
fundamental of forming agglomeration, which could be helpful for future work to better
understand this phenomenon.
However, there are still a lot to be done. Further simulations in more complex fluid flows will be
required in order to analyse agglomeration processes in terms of industrial applications. The
experimental IBsolver doesn’t show robustness all the time for high resolution method. The Van
der Waals force in simulations always experience sudden change under the available accuracy
nowadays. More realistic influencing factor such as electrostatic repulsion should be taken into
consideration in future work.
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