Chemical Engineering Science 320 (2026) 122273

% CHEMICAL
ENGINEERING
SCIENCE

Contents lists available at ScienceDirect

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Wet particle collisions simulated using the local front reconstruction
method, a DNS approach

A.H. Huijgen® 2, T.J.A. Janssen (¥ " F. Bunke
J.A.M. Kuipers”, M.W. Baltussen 2 #*

2 Department of Chemical Engineering and Chemistry, Multiphase Flows for Energy Applications, Eindhoven University of Technology, P.O. Box 513, 5600 MB,
Eindhoven, the Netherlands

b Department of Chemical Engineering and Chemistry, Multiphase Reactors Group, Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, the
Netherlands

¢ Institute of Solids Process Engineering and Particle Technology, Hamburg University of Technology, DenickestrafSe 15, Hamburg, 21073, Germany

¢, S. Pietsch-Braune¢, S. Heinrich®¢,

ARTICLE INFO ABSTRACT

Keywords:

Wet collisions

Liquid injection

Liquid bridge

Direct numerical simulations
Immersed boundary method
Local front reconstruction method

In addition to particles and gas, liquid is sometimes introduced into fluidized beds to, for example, cool the
reactor or to provide reactants. However, the introduction of liquids can lead to agglomeration, which may
be desirable or undesirable. To control the formation and impact of these agglomerates on the process, it is
important to understand the collision of wet particles. To effectively understand the collision dynamics of wet
particles, this work investigates the interaction between a wet particle and a dry particle using a novel Front-
Tracking (FT) approach in combination with an Immersed Boundary Method (IBM). After thorough verification,
extensive simulations were conducted producing excellent agreement with the experimental results of Bunke et
al. (Chemical Engineering Journal, 2024, vol. 489, 151016). From the simulation results, the primary source of
energy dissipation was found to be the extension of the liquid bridge directly after the collision, where the liquid is
transferred to the liquid bridge effectively causing the deceleration of the particle. The friction coefficient, which
is affected by the lubrication by the liquid, is a material property that should be modeled using the experimental
value. Based on the simulation results, effective collision parameters for the hard-sphere model are obtained.

1. Introduction particles. If the entire kinetic energy dissipates during a collision, the

particles aggregate. The formed complex is stabilized by the capillary

Fluidized beds are widely used in industries because of their excel-
lent mass and heat transfer characteristics and particle mobility. In these
systems, solid particles are suspended and fluidized by an upward gas
flow, creating vigorous motion that improves contact between particles
and fluids. When liquid is introduced into the bed, the particles might
form agglomerates. These agglomerates can have different roles in the
fluidized bed process. If the introduced liquid is a binder, the agglom-
erates will form raspberry-like porous particles. These newly formed
particles have improved wettability and solubility, as a result of their
controlled porosity. In some processes, the liquid is introduced as a re-
actant or is (one of) the product(s) whereas the particles act as a catalyst.
The formed agglomerates reduce the efficiency of heat and mass trans-
fer, which can cause operational problems such as channeling or deflu-
idization (Milacic et al., 2023). For all of these applications, it is critical
to understand how wet agglomerates form, grow, and disintegrate. A
crucial step in the formation of agglomerates is the collision of the wet
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forces and requires additional force to disintegrate. These aggregates
will grow and form agglomerates.

To unravel the complex dynamics of agglomerate formation, it is cru-
cial to understand the wet particle collisions, for which there are gener-
ally two approaches. In the first approach, particle collisions are inves-
tigated experimentally. As experiments are costly and time-consuming,
and it is challenging to measure and mimic physical phenomena in a
lab-scale setup, only limited research has been done in this direction.
In addition there are limitations regarding the permissible size of the
impacting particles due to the difficulties to observe (especially) the
evolution of rotational motion.

Donahue and co-workers have used a wet Newton’s Cradle to in-
vestigate the lower restitution coefficient if a viscous liquid is added
(Donahue et al., 2010a,b, 2012). Another relevant experiment is the
collision of a particle with a thin liquid sheet. In the rebound phase, a
liquid bridge is formed, similar to wet particle collisions. This is widely
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Table 1
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Overview of interface techniques with their advantages and disadvantages. (Adapted from Van Sint An-

naland et al. (2005)).

Method Advantage

Disadvantage

Front-Tracking Extremely accurate

Robust

Controlled merging and breakage

Mapping interface mesh onto Eulerian mesh
Dynamic remeshing required
Sub-grid model required for topological changes

Level set Conceptually simple Limited accuracy
Easy to implement Mass conservation
VOF Relatively simple Difficult to implement in 3D

Accurate

Automatic merging and breakage

Marker and Cell Extremely accurate

Robust

Computationally expensive
Re-distribution of markers required

done experimentally and numerically in the literature (Jain et al., 2012;
Tang et al., 2017; Antonyuk et al., 2009; Ma et al., 2016; Shao et al.,
2022). The collision of freely moving wet particles adds additional chal-
lenges in measuring and controlling the wetting of both particles. Until
now, only Bunke and co-workers have managed to perform wet particle
collisions. In their work, a wetted particle collided with a dry particle
while tracking their positions in three dimensions (Bunke et al., 2024).
We will use the work of Bunke et al. (2024) as a validation of the sim-
ulations in this work.

Another approach to study the dynamics of wet particle collisions is
to use numerical simulations. Accurate numerical simulations of mul-
tiphase systems rely on an accurate description of the gas-liquid inter-
face. Several different techniques for describing the gas-liquid interface
are shown in Table 1. The most promising techniques for the simula-
tion of agglomerates are the Front-Tracking and the Volume of Fluid
(VOF) method, because of the accuracy and volume conservativeness,
respectively. In VOF, the position of the interface is indicated by a color
function. Kan and co-workers have used VOF to simulate the collision of
partially wetted particles. In their work, the particles are represented by
a Constrained Interpolation Profile (CIP) method in combination with an
Immersed Boundary Method to represent the particles (Kan et al., 2015,
2016, 2018). In the work of Shao et al., the Volume of Fluid method is
used in combination with overset grid method from Ansys Fluent to sim-
ulate the collision of a dry particle with a partially wet stationary parti-
cle (Shao et al., 2022). In their further efforts, they used this technique
to conduct an exploratory study of the collision of a fully wet particle
with a dry particle (Fan et al., 2024). Despite these advances, a compre-
hensive understanding of wet particle collisions, especially in scenarios
involving freely moving particles, remains challenging because of ex-
perimental and computational challenges.

This study aims to address these gaps by simulating the collision of
a wet and dry particle using a validated, state-of-the-art Front-Tracking
approach, the Local Front Reconstruction Method (LFRM). LFRM rep-
resents the interface as a triangulated mesh, like the original Front-
Tracking method, but enables the detection and handling of major topo-
logical changes (i.e. break-up and coalescence). Hereby, giving it similar
capabilities as VOF, LFRM has been shown to offer improved accuracy
over VOF at similar grid resolutions for droplet-droplet collisions (Hui-
jgen et al., 2024a,b).

2. Numerical method

In this study, Direct Numerical Simulations are employed to simulate
this three-phase system. The fluids are assumed to be Newtonian, im-
miscible, incompressible, and isothermal. The solid is assumed to be
non-porous with a no-slip boundary at the surface. By applying the one-
fluid formulation, the velocity and pressure fields are calculated from
the continuity and Navier-Stokes equations in Egs. (1) and (2).
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Fig. 1. Calculated drag force compared to the analytical value for flow around
a sphere in stokes flow, compared to literature (Baltussen, 2015).
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Fig. 2. Calculated drag force compared to the analytical value for flow around
a sphere in stokes flow, compared to literature (Baltussen, 2015).
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Where the fluid stress tensor is defined as © = —u[Vu + (Vu)T], u is the
velocity, p the pressure, g the gravitational constant, and F, a body force
representing the surface tension (further explained in Section 2.1). The
density (p) and the viscosity () are obtained by linear averaging and
harmonic averaging of these properties in the liquid phase (¢ = 1) and
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the gas phase (¢ = 0), according to Egs. (3) and (4). The color function
¢ indicates the fractional liquid occupation, which is explained further
in Section 2.1.

p=pb+p,(1-9) 3
Lo lyy Py @
H H Hg

This highly coupled system of equations is solved using a two-step
projection-correction method. The first step consists of a predictor step
to compute the velocity based on Eq. (2). The second-order Barton
scheme is used to discretize the convective term, and the diffusive
term is discretized using a second-order central difference scheme (Van
Sint Annaland et al., 2005; Van Leer, 1977; Centrella and Wilson, 1984).
This equation is solved explicitly except for the viscous stress term,
which is solved semi-implicitly according to the formulation of Di-
jkhuizen et al. (2010). The decoupled set of linear equations is solved
using the Biconjugate gradient stabilized method (BiCGSTAB2) (van der
Vorst, 1992), using the incomplete LU-decomposition preconditioner
from the Ifpack2 package of the Trilinos project (Team The Trilinos
Project, 2023). To satisfy the continuity equation (Eq. (1)), the veloc-
ity prediction is corrected using the correction factor 6p = p"+! — p", in
Egs. (5) and (6).

V. [vap)] —V.u 5)
"
Wt =yt - HV&p 6)
ot

With u* being the predicted velocity from the first step. p” and p"*! are
the pressures at the previous and current time step, respectively. The
time step is adjusted during the simulation to satisfy both the Courant-
Friedrichs-Lewy (CFL) condition and the capillary time step constraint,
as shown in Eq. (7) (Brackbill et al., 1992; Mirsandi et al., 2018).

3

. N NN IETALS
At < min (AICFL’ AtCapi”a,y) = min o\ T
max

)

4ro

with A being the grid size, v,,, the maximum velocity in the entire
computational domain and ¢ the surface tension.

2.1. Gas-liquid interface

The representation of the gas-liquid interface is key in accurately
describing the dynamics of the encounter process. For binary droplet
collisions, the Local Front Reconstruction Method (LFRM) showed im-
proved performance compared to the Volume of Fluid (VOF) method at
similar grid resolutions (Huijgen et al., 2024a,b). Therefore, this work
will also use LFRM to represent the gas-liquid interface. In LFRM, this
interface is explicitly tracked by a triangular mesh, which allows topo-
logical changes (merging and breakup) as opposed to the traditional
Front-Tracking approach (Shin et al., 2011). The corner points of the
triangular elements, which are called marker points, are advected using
a 4th-order Runge-Kutta scheme using an interpolated velocity field,
obtained using cubic spline interpolation. The individual advection of
the marker points will result in unevenly distributed and sized mark-
ers, which will decrease the mesh quality, and thus the accuracy of any
calculations based on it over time. Therefore, the markers must be re-
distributed using a remeshing procedure.

In the remeshing procedure, the triangles (markers) are cut on the
edges and vertices of the faces of an introduced remeshing grid, which
has a grid spacing of half the size of the Eulerian grid in this work.
To allow for topological changes, i.e. break-up and coalescence, the
tetra-marching procedure of Yoon and Shin (2010) is implemented. Af-
ter remeshing the points, the smoothing operation of Kuprat et al. is
performed to correct small distortions, originating from remeshing or
advection (Kuprat et al., 2001).
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Table 2
Simulation settings flow around sphere, compared to
empirical correlation (Schiller and Naumann, 1935).

Parameter Value Unit
Diameter (Dp) 1 mm
Resolution 20 D,/AX
LHD 12D, x8D,x 8D, mm
Position % L, %H, %D mm
Viscosity 1073 Pas
Density 100 kg/m’

Drag coefficient for flow on a sphere

\ © IBM (20 Dp/ Ax
10°4 o ( P )

\ Schiller-Naumann
\ ——- Cp=24/Re
0 -
\ — = Cp=044
\
2 | \
10 ©
\
\
S X
\
101 5 g
\\‘
\oq
\
100 4 \ &

AR
—--Coeooe

10-2 10°! 10° 10! 102 103 10* 10°
Re

Fig. 3. Drag force coefficient for different Reynolds numbers, compared to cor-
relation (Schiller and Naumann, 1935).

The surface tension force F, is calculated using the hybrid method
of Shin et al. (2005) in Eq. (8).

F, =oky Vo, (8

Where ¢ is the phase fraction field, ¢ is the surface tension coefficient,
and ky; represents the twice mean interface curvature. For further refer-
ence, the reader is referred to Rajkotwala et al. (2018). The color func-
tion ¢ is calculated by integrating the area under the triangular mesh,
derived from the work of Dijkhuizen et al. (2010).

The particles considered in the work of Bunke et al. (2024) are super-
hydrophilic, i.e. the apparent contact angle is smaller than 15°. To cor-
rectly take this superhydrophilicity into account, a contact angle model
can be applied that imposes the contact angle of 15° at the three-phase
contact line. However, this results in rapid changes in the interface mesh
in the initial state of lubrication of the dry particle, resulting in un-
physical configurations. Therefore, we have chosen to initialize a Front-
Tracking object with the same radius and position as the dry particle,
i.e. the dry particle has a virtual liquid layer with a thickness of zero.
As the particle is now prewetted, the superhydrophilic condition can be
easily applied, and contact angles of approximately O can be simulated.

2.2. Fluid-solid interface

The fluid-solid interface is represented using a second-order ghost
cell Immersed Boundary Method. In this method, the no-slip boundary
condition is directly incorporated at the level of the discretized Navier-
Stokes equations, which are solved on a structured Cartesian mesh. A
detailed explanation can be found in the work of Deen et al. (2012).
The applied boundary condition for the velocity on the surface of the
particle is derived in Eq. (9).

Us_g =vp+a)p><(rs —rp) 9
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Table 3

Simulation settings falling particle.
Parameter Re = 1.5 Re = 4.1 Re = 11.6 Re = 32.2 Unit
Diameter (D,) 1.5 cm
Resolution (D,/Ax) 30 [-]
LHD 16.0x 16.0 X 16.0 cm
initial particle position [L/2,H/2,8.5* D] cm
Time step 3.4x 107 2.1x 107 1.4x107* 6.7 % 1073 s
g [0, 0, —9.81] m/s?
s 1120 kg/m?
U 373 212 113 58 mPas
p, 970 965 962 960 kg/m?

Particle position

8
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Fig. 4. Simulation of particle position and velocity for settling particle (lines) compared to experiments from literature (markers) (ten Cate et al., 2002).

Where u;_; is the Dirichlet boundary condition, v, and @, are the par-
ticle translational and angular velocity, and r, and r, are the position
of the surface and the center of mass of the particle, respectively. These
velocities are updated by solving Newton’s equations of motion given
by Egs. (10) and (11).

dv

mpd—tp=—}{rm(r-n+pn)d5+mpg (10)
do

I,—F = _fém('rm —r)X(t-n)dSs an

The viscous (r - n) drag is obtained at the surface of the particle in each
cell. The required projected area is taken as the area of the cell face
corrected with the normals of the interface and the cell face. The form
drag (pn) is calculated by linear extrapolation of the pressure at the fluid
notes near the object to the object surface. For a detailed explanation of
these calculations, the interested reader is refered to Deen et al. (2012).
m,, and I, are the mass and inertia of the object, while g is the gravita-

»
tional acceleration.

2.3. Collision model

To simulate the collision of the solid objects, the hard-sphere model
of Hoomans et al. (1996) is used. The following model describes the
collision dynamics (Bunke et al., 2024; Walton, 1993). For further ref-
erence the reader is referred to Walton (1993). The translational(v;) and
rotational velocity(w;) are changed to v,’ and ®,;” due to the collision as
shown in Egs. (12) and (13):

’ J
v/ =v; £ —
m;

(12)

’_ R; J
®; —("i—T("X )

1

13

where i indicates particle 1 or 2 and R; is the radius of particle i. n is
the normal to the collision plane. The slip velocity (g) is calculated with
the following expression:

14

From the collision, a normal restitution coefficient (e), tangential resti-
tution coefficient (3), and an effective friction coefficient (u) are defined
as follows, using q and q’ as the slip velocity before and after the col-
lision. In the hard-sphere model these coefficients are used as model
parameters (Walton, 1993) , ), and u, respectively. Further J is the
exchanged momentum during the encounter.

q=v; -0 - (Rj@ + Ryw,) Xn

n-q =—e(n-q (15)
InxJ|=—-un-J) (16)
nxq =-p(nxq an

The collision angle y is the angle between the slip velocity and the nor-
mal vector of the collision plane. The critical angle y, determines the
angle from which the collision mode changes from rolling to sliding. If
¥ > 79, a rolling collision occurs.

7= arccot( a-n > (18)
lg xn|
1+
Yo = arccot(—g—ﬂo) (19)
7 (1+ eg)to

Further, two dimensionless metrics ¥, and ¥, are developed for com-
parison purposes, describing the normalized entrance and exit angles,
which are often used in experimental studies and clearly indicate the
transition from the sliding to the rolling regime.

-t v,
w o4t _ ol 20)
qg-n |Un|
Wy, — q -t . ' '
, = ——— =sign(q’ - Hiran(y')e, (21)

q-n
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Fig. 5. Collision of a wet and a dry particle (y = 160°) for different grid resolutions.
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Fig. 6. Particle velocity of the wet particle colliding at y = 160° with a dry particle for different grid resolutions.

¥, depends on the model parameters with the following relation:

rolling, if y > y,.

—B¥,,
w, = AT e 22)
¥, - 5 (1 + eg)ug, sliding, if y < 7.

From the slip velocity and the velocities after the collisions, the values
for e, p, and p can be derived from Egs. (15) to (17). The combination
of Egs. (20) and (22) gives the following expression for f:

Bo» rolling, if y > y,.
P=q 100 giding ify < (23)
2 2ltan(y)| & 1y = 7o
A similar relation is known for the friction coefficient u:
;40(% ) rolling, if y > y,. 24)

Ho» sliding, if y < y,.

These expressions can be used to characterize the collisions. The post-
processing of the simulations will be done similarly to the experimental
results from the literature (Bunke et al., 2024). q is taken by determining
the moment just before the liquid film lubricates the dry particle, which
can be tracked with the number of Front-Tracking interfaces present in
the simulation. Experimentally, this moment is visually selected. The
positions and velocities are then extrapolated to the moment of solid
contact. For the retrieval of q’ the moment is selected when the liquid
bridge is broken. Experimentally, this frame, when the liquid bridge is
broken, was selected visually. The velocities and positions at that mo-
ment are extrapolated back to the moment of solid contact. In the sim-

ulations, the moment of liquid bridge rupture is determined when the
number of interfaces changes from one to two.

3. Verification

The implementation of the fluid-fluid method has already been car-
ried out and verified in earlier work (Huijgen et al., 2024a,b). There-
fore the focus of the verifications in this work is on the fluid-solid in-
teractions. In addition, the collision of particles has been verified by
simulating the collision of particles with a wall and other particles and
comparing it to the predictions obtained from the hard-sphere model.

To determine the correct implementation of the drag force, the drag
acting on a stationary sphere in the Stokes regime (Re < 0.1) will be
examined. In this case, the drag force, the pressure field, and the ve-
locity field can be derived analytically. In spherical coordinates, these
expressions are given by Bird et al. (2007):

3

3D, 1(Dy\
v, =y, [1—52—:+§<2—:> ]cos(&) (25)
vy =0 (26)

3
3D, 1(D )
Vg = Uy |:—1+Zz—: Z(E) :| sin(0) (27)
2
3 2uvy, Dp

=z — () 28
p 27D, (Zr cos(8) (28)
Fy, =3zuD,v,, (29)
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Fig. 8. Schematic representation of the experimental setup used in Bunke et al. (2024) and the simulation setup.

To verify the drag force calculation, the velocity field is imposed with
vy, = 107* and the physical properties as unity.

In Fig. 1, it can be seen that the drag force is accurately calculated.
In addition, it shows that the order of convergence for the drag force
calculation is second order. This is due to the second-order interpola-
tion used in the calculation in the viscous drag component. The results
overlap with those of Baltussen (2015), who used the same method. It
is important to note that there are significant fluctuations in the error
due to unfortunate cancellation of terms related to the exact alignment
of the interface with the pressure or velocity grid.

For flow around a rotating sphere at low Reynolds numbers, there is
a similar analytical solution (Bird et al., 2007). In spherical coordinates,
the torque and velocity components are the following:

(30)
(31)

For w = 1073, the Stokes flow conditions are met. Fig. 2 shows a trend
similar to Fig. 1 for the error. Again, a rate of convergence of two is
found. In addition, a similar spread in the errors is found as a result of
an unfortunate cancellation based on the alignment of the interface with
the cells of the velocity grid.

Table 4

Simulation settings wet particle collision.
Parameter Value Unit
Diameter (Dp) 1.5 mm
Resolution (D, /Ax) 30 [-1
LH,D 6D,, 6D, 6D, -1
initial position particle 1 [2.5DP, 3D, 4.5DP] [-1
initial position particle 2 [2.5D,-3.5D,,3D,, 1.5D,] [-]
particle velocities -0.7, 0.5 m/s
layer thickness (8) 150 um
viscosity (u) 18.9 mPa.s
air density (p,) 1.1845 kg/m?
liquid density (p,) 945 kg/m?
solid density (p,) 6000 kg/m?3
normal restitution coefficient (e,) 0.998 [-]
tangential restitution coefficient (4,) 0.406 [-]
surface tension (o) 20.6 mN/m

4. Validation

With the drag force and torque calculation verified, the fluid-solid cou-
pling via the Immersed Boundary Method is validated. Therefore, this
validation focuses on the drag on a sphere for higher Reynolds numbers.
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Fig. 10. Development of the liquid layer distribution on a wet particle, with Re; =

In this work, the correlation of Schiller-Naumann (Schiller and Nau-
mann, 1935), as given in Eq. (32), is used for the comparison. For Stokes
flow conditions, the equation will follow Eq. (29), which is rewritten as
Cp = 24 /Re.

24 0.687 :
=({1+0.15R , if Re <1000
Cp= { R e ¢ (32)

0.44, if Re > 1000

For Reynolds numbers between 10° and 10° the laminar boundary layer
around the sphere will transition to turbulent boundary layers. To re-
solve these small Kolmogorov microscales, a much higher grid resolu-
tion is required. For the application of fluidized beds, typically Reynolds
numbers up to 10* are encountered. Therefore, the highest Reynolds
number in this simulation is 10°. In Table 2, the simulation settings are
shown. As can be observed in Fig. 3, the drag coefficient is similar to
the correlation over the entire range of Reynolds numbers. On the basis
of these results, it can be concluded that the no-slip boundary condi-
tions are correctly applied to the fluid and that the fluid-solid coupling
is correctly implemented. The values obtained are similar to the val-
ues obtained by Das et al. (2016), using the same Immersed Boundary
Method.

(a)t=5ms, Re =118 (b)t=20ms, Re =22.8

(c)t=31ms, Re =30.9 (d)t=45ms, Re =41.2

(b) Velocity field around particle

Db,

In addition, the settling of a particle in a viscous liquid is simulated.
These simulations are compared with the work of Ten ten Cate et al.
(2002). In Table 3 the simulation settings are shown. From the results
in Fig. 4, it can be concluded that the current implementation is ca-
pable of accurately simulating the sedimentation of a particle in a vis-
cous liquid. At the end of the simulation, the particle will be close to
the wall, giving an increased drag force. This force will increase once
the distance is smaller. In the current model, the associated wall lubri-
cation force is not resolved if the particle is within Ax from the wall.
Therefore, there is a deviation in the position and velocity once the par-
ticle is very close to the wall. In the current work, lubrication forces are
neglected.

5. Grid dependency study

To determine the grid resolution at which the solution is grid inde-
pendent, a grid convergence study is performed on the collision of a dry
and a wet particle with a collision angle (y) of 160°. The simulation con-
ditions from Table 4 are used, except for the grid resolution. Fig. 5 shows
a comparison of the simulation outcome for different grid resolution. It
can be observed that the formation of a liquid bridge, the moving of the
contact line, and the liquid transferred into the liquid bridge are more
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with collision angle ~ 120° compared to experiments from literature (Bunke et al., 2024).

1.0
0.6 1
0.4 : Lo.8
0.2 1 © ExpPl
. Exp P2 r 0.6
§ - —— Sim Lyet P1
= 0.0 7eeee Sim Huyet P2
> — = SiMmugy PL | g4
—-0.2 1 Sim gy P2
—0.47 0.2
()
_06 .
- : r —L 0.0
-2 0 2 4
t (ms)

Fig. 12. Velocity development for wet particle collision with collision angle ~ 120° using u,,, (solid line) and y,,, (dashed line), compared to experiments from

literature (markers) (Bunke et al., 2024).
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Fig. 13. Simulation of a wet particle collision using u,,, with collision angle
~ 145°, compared to experiments from literature (Bunke et al., 2024).

pronounced at lower grid resolutions. In addition, the liquid bridge rup-
ture is delayed at lower grid resolutions. Both are related to the criteria
for merging and breaking of interfaces, which occurs if interfaces are a
grid cell apart from each other.

To obtain a more quantitative analysis regarding the required grid
resolution, the velocity evolution of the top particle is tracked. If the grid
resolution is not sufficient, both the drag force calculation and the inter-
face reconstruction are inaccurate, yielding different values for the en-
ergy dissipation and the resulting kinetic energy and velocity. In Fig. 6,
it can be seen that, except for grid resolutions 5 and 10 D, /Ax, all other
simulations converge to the same results. Although this indicates that a
grid resolution of 20 D,,/Ax would suffice to model the bulk conditions,
the comparison of the interfaces in Fig. 5 indicates differently.

Another, more stringent, metric is the length of the liquid bridge.
It is inherent to the numerical method that during the bridge expan-
sion, its thickness will decrease and the liquid bridge will break if the
bridge thickness is close to the grid size. Similarly to Figs. 5, 7 shows

that if the grid resolution is increased, the break-up will be delayed.
The duration of the collision is taken as the period when there is only
one interface, i.e. the liquid bridge. The length of the bridge is taken as
the difference in the distance between the particles between the forma-
tion and the rupture of the liquid bridge. It can be seen that after grid
resolution 15 D,/Ax the order of convergence will be second-order.
This second-order nature originates from the second-order discretiza-
tion schemes used for the Navier-Stokes equations. As this trend con-
tinues, no minimum will be found. A grid resolution of 30 D,/Ax is
chosen for the rest of this study, based on the shape of the complex in
Fig. 5.

6. Results

Following the verification and validation of the method, we will pro-
ceed with the simulation of the experiments of Bunke et al. (2024). In
these experiments, a wet particle falls and collides with a dry particle.
The particles are ZrO, and have known binary collision parameters. The
collision of two dry particles can be summarized as elastic, and the resti-
tution coefficients are taken from the dry collision model. This choice is
not so evident for the friction coefficient, as this is a material property
describing the friction between the two zirconium surfaces, which is in-
fluenced by the liquid between the spheres, as it will act as a lubrication
agent. In effect, the friction coefficient was determined to be 0.109 and
0.077 for the dry and wet collisions, respectively. In this work, both
friction coefficients are used.

To arrange a collision between a wet and a dry particle, the falling
particle will fall through a ring with a thin liquid film, effectively re-
sulting in a liquid layer around the particle, as shown schematically in
Fig. 8a. The liquid used for this is a viscous oil with a high constant
viscosity, which can be assumed to behave as a Newtonian fluid.

As the distance between the collision point and the wetting ring is
too large to simulate both the full path of the wetted particle falling and
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Fig. 14. Velocity development for wet particle collision with collision angle ~ 145° using y,,, (solid line) and u,,, (dashed line), compared to experiments from
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Fig. 15. Simulation of a wet particle collision using y,,, with collision angle
~ 165°, compared to experiments from literature (Bunke et al., 2024).

the subsequent collision at once, the simulation is split into two phases.
Le. the decent of the wet particle and its collision with the dry particle.
In addition, there is an added benefit that the velocity profile around
the descending wet particle will also develop, yielding more realistic
replication of the experimental collision scenario.

For the descent of the wetted particle, an initial velocity of the parti-
cle and a stationary surrounding droplet are initialized. The simulation
is continued until the particle reaches the field of view. The shape and
position of the particle and droplet are then being copied to the sec-
ond phase of the simulation. A dry particle is added that rises from the
bottom of the field of view in step 2. These two steps are covered in
the following two sections. In Table 4, the simulation properties are
shown. The maximum capillary number in the simulation (Ca = ";“) is
1.3, which means that both the viscous forces and the capillary forces
are important during the encounter.

6.1. Liquid distribution

First, the simulation results for the wet falling particle are discussed.
To determine the correct initial velocity of the particle, a force balance
is solved for the falling particle. From the experiments, the particle has a
velocity of 0.7 +0.003 m/s when entering the field of view. In addition,
the distance traveled by the particle can be determined from the exper-

imental set-up (26.6 — 1.5 D, = 24.4mm). Using the Schiller-Naumann
correlation (Schiller and Naumann, 1935), the drag force and the grav-
itational force can be calculated.

3
4(D -
Fg:§(7”> apg 2% 1075 N (33)
1 -
Fy = 5p0?CynD, #8107 N (34)

As the gravity force is significantly larger than the drag force, the parti-
cle motion during settling can be described using the general equations
of linear motion using g as the acceleration:

s(t) = 5o + vt + %gt2 (35)

u(t) = vy + gt (36)

Based on these equations, the initial velocity of the particle can be de-
termined for the known final velocity (v) and distance (x — x).

vy =14/2 -2 g(x—x5) = 0.11 m/s 37)

The simulations of the settling of the wet particle are started using this
initial velocity and the conditions specified in Table 4. To maintain a
suitable domain to cover the flow field around the particle and especially
the wake behind the particle, the window shifting concept is applied to
ensure that the particle stays at the initial position (Deen et al., 2012).
The position and velocity of the falling wetted particle are shown in
Fig. 9, where the theoretical extimate results from Egs. (35) and (36).
It is apparent that the assumption of neglecting the drag force is valid,
as the velocity and position of the particle are predicted by Egs. (35)
and (36). During the later stages the velocity starts to deviate due to the
increased drag force at higher Reynolds numbers.

During the fall of the particle, the liquid is redistributed over the
surface of the particle, while the velocity field develops around the par-
ticle. Fig. 10a illustrates the development of the liquid layer. Initially,
the liquid layer rapidly deforms as a result of the sudden movement of
the particle. At point a in Fig. 10b, the flow profile shows unseparated
flow, resulting in linear increase in liquid layer thickness. When the ve-
locity of the particle increases, the onset of separation is reached (point
b in Fig. 10b), which occurs at approximately Re = 20 as expected (Clift
et al., 1978). The reversal of the vorticity, which begins at this onset of
separation, causes a rapid increase in the liquid layer thickness. After
point ¢ in Fig. 10b, the flow profile transitions to a steady wake region,
which shows a steady increase of the liquid layer due to the stable slowly
growing wake (Clift et al., 1978). Comparing point ¢ and d in Fig. 10b,
it can be concluded that the increase in wake volume causes an increase
in the thickness of the liquid layer at the rear part of the particle. At
t = 60 ms, the final shape of the complex is established, which will be
used for collisions with dry particles, as discussed in the next section.
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Fig. 16. Velocity development for wet particle collision with collision angle ~ 165° using y,,, (solid line) and u,,, (dashed line), compared to experiments from

literature (markers) (Bunke et al., 2024).
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Fig. 17. Simulation of a wet particle collision using y,,, with collision angle

~ 180°, compared to experiments from literature (Bunke et al., 2024).

Table 5
Different simulation cases.

case Collision velocity wet velocity dry
angle [°] particle [m/s] particle [m/s]

1 120.2 0.7 0.50

2 144.8 0.7 0.43

3 164.9 0.7 0.53

4 177.1 0.7 0.51

6.2. Comparison with experiments

For the collisions, the simulation results of the falling wet particle are
imported to a new simulation domain, while a second particle is added.
The 4 cases studied in this work are given in Table 5 and the results
are compared with the experimental data of Bunke et al. (2024). As the
velocity of the dry particle fluctuates significantly, the experimentally
observed value is used.

In case 1 an oblique collision is studied. Fig. 11 shows the compar-
ison of the simulation with the experiments. The visualization of the
simulations are similar for both 4, and p,,.,. Therefore, Fig. 11 shows
only the results using y,,,,. In addition, the simulated interface topology
and arrangement of the particles are similar to the experiments. It is
difficult to compare the break-up of the liquid bridge as numerically the
break-up is influenced to some extent by the chosen grid size. Besides,

10

the experimental visualization of a very thin bridge is challenging and
therefore it is not trivial to deduce if the bridge is broken.

When the evolution of the simulated particle velocities is compared
with the experiments (See Fig. 12) good agreement is obtained. In this
comparison, it should be noted that the experimental data between 0
and 2.5 ms is not reliable as it is based on the particle detection of the
particles from the images, which is less accurate when the liquid bridge
is present. Based on the simulation results using 4, and u,,, in Fig. 12
it is not possible to conclude which of the friction coefficient should be
used.

For the less oblique collision in Case 2, a similar result is observed,
as shown in Figs. 13 and 14. This includes similar results when using
Hyer and py,, for the friction coefficient. In this case, the experimental
difficulty to capture the break-up of the liquid bridge is nicely captured
at t = 2.35 ms. The development of the interface topology and the par-
ticle positions is almost identical, except for the break-up of the liquid
bridge. This indicates that we can use these simulations to gain informa-
tion on the dynamics that occur in these collisions, which is not possible
using experiments.

When examining the amount of liquid in the liquid bridge, there
seems to be more liquid in the liquid bridge in the simulations com-
pared to the experiment, while the liquid layer thickness on the wet
particles is the same as in the experiments. As can be seen in Figs. 15
and 17, the volume of the bridge (t = 0.40 ms) and the amount of liq-
uid that remains on the initially wet particle (t = 2.00 ms) appear to
be larger for the simulation. A likely explanation for this discrepancy
is the non-uniform distribution of liquid on the particle. Even a slight
inaccuracy in the wetting procedure (e.g. ring circularity, positioning,
or roughness) could break the axisymmetry through the vertical axis,
leading to uneven distribution of the liquid layer on the particle. In con-
trast, the simulation assumes a fully symmetric distribution along this
axis. In addition, a small roughness of the particle could entrain a part
of the liquid on the surface of the particle, preventing it from moving to-
ward the liquid bridge. This roughness of the particles is not taken into
account in the current modeling and might be added in future work
by subgrid-scale modeling of these effects on the movement of the gas-
liquid interface. It can be seen in Fig. 16 that the particle velocities are
similar for both simulations and the experiments, where the difference
between the wet and dry friction coefficient is smaller compared to the
lower collision angles. In Fig. 18 the velocities for both friction coeffi-
cients are nearly identical, which is logical as the tangential component
is negligible for near head-on collisions ensuring that there is no effect
of the friction coefficient.

For prediction of the interactions of these collisions between wet
and dry particles, it is interesting to identify the main source of en-
ergy dissipation during the collision, which will be determined using
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the simulated evolution of the particle velocities, as the experimental
measurements of the velocities are not reliable during the extension of
the bridge. Based on Figs. 12, 14, 16, and 18, it is clear that the main
decrease in velocity occurs just after the collision of the particles (i.e. in
the first moments of the extension of the bridge), which is most clearly
shown for the initially wet particle as the liquid layer deposited on this
particle initially contributes to the liquid bridge. In Fig. 19 a head-on
collision is performed without gravity to remove any effects other than
the effects of the collision and the formation of the liquid bridge. The
flow field around the particle is visualized and shows the liquid transfer
from the wet particle to the liquid bridge, especially at point b. As the
liquid bridge becomes thin, this effect will be less pronounced as less
liquid is transferred to the liquid bridge, shown at points ¢ and d.

Figs. 16 and 18 show a small deviation in vertical velocity after the
collision when comparing the simulation results with the experimental
results. This difference arises from the lubrication force. The effect of
this lubrication is clearly shown in point a in Fig. 19, which is at the
moment the dry particle penetrates the liquid layer of the wet particle.
At this moment, the liquid between the particles is pushed out, result-
ing in an increase in pressure and a so-called lubrication force. When
there is no pressure node between the particles, these effects cannot be
accounted for in the model and a sub-grid model is required to further
improve the match between the experimental and numerical results.

6.3. Restitution coefficient

In Fig. 20, the collision parameters derived from the simulations
are compared to the experimentally obtained model from the literature
(Bunke et al., 2024). These simulations are conducted in the absence
of gravity to isolate collision dynamics and eliminating the need for z-
velocity adjustments. The simulations employ the dry normal and tan-
gential restitution coefficients from Table 4. Since Figs. 12, 14, 16, and
18 did not clearly indicate which friction coefficient to apply, the dry
and wet friction coefficients are considered in this section and are shown
separately.

The simulations using the wet friction coefficient are fitted to a new
collision model using the least square method from Python’s SciPy li-
brary. The collision parameters are presented in Table 6 and plotted
against the data in Fig. 20. In Fig. 20a, the calculated normal restitution
coefficient exceeds the experimental values; a difference is attributed to
the lubrication force, as discussed in the previous section. The usage of
the different friction coefficients does not show significant differences,
which is expected because the friction coefficient does not influence the
normal component of the collision. Although both 4, and u,,, show
similar trends for the tangential restitution coefficient (Fig. 20b), the
value of the tangential restitution coefficient is higher when p,,,, espe-
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Fig. 19. Simulation of a wet particle collision using y,,, with collision angle =
180° without gravity compared to z-velocity.

cially in the sliding regime (y < 159°). In the sliding regime, the resti-
tution coefficients using the wet friction coefficient and the wet experi-
mental data exhibit close agreement, while the simulations using the dry
friction coefficient align with the dry experimental model. This effect of
the chosen friction coefficient is also clear in the computed friction co-
efficient in Fig. 20c, which clearly shows that the simulation using the
wet friction coefficient closely matches the wet experimental model, and
the simulation with the dry friction coefficient matches the dry experi-
mental model. As the simulation using the wet friction coefficient show
close agreement with the experimental data, it can be concluded that
the friction coefficient is not affected by the development of the flow
field or the liquid bridge and should be considered as a material prop-
erty. To incorporate this effect in CFD, the wet friction coefficient from
experiments can be used directly, or a sub-grid model can be developed
to incorporate the effect of this lubrication. The comparison of ¥, and
¥, in Fig. 20d illustrates that the normalized evolution of the collisions
follows the same trend as the experimental results using the wet friction
coefficient. For both the rolling (¥, < 0.39) and the sliding (¥, > 0.39)
regions, similar behavior is observed in both the simulations and the
experiments. Furthermore, the transition from the sliding to the rolling
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Fig. 20. Collision parameters from simulations compared to experiments and wet and dry collision model from literature (Bunke et al., 2024).

Table 6

Comparison of model parameters and collision parameters between
wet collisions in simulations and dry and wet collisions in experiments
(Bunke et al., 2024).

Variable  Experiment dry Experiment wet Simulation
(Bunke et al., 2024) (Bunke et al., 2024) wet

e 0.998 0.754 0.8196

Po 0.406 0.427 0.2946

Ho 0.109 0.077 0.07887

%0 151.63 161.78 158.79

region is consistent with the experimental transition, as the values for
7o differ by only a few percentage points.

7. Conclusion

To enhance the knowledge about agglomeration, it is important to
understand the formation and rupture of a liquid bridge upon collision
of two particles. Therefore, this work focuses on understanding the in-
teraction of a wet and a dry particle. These interactions were studied
with a hybrid LFRM Immersed Boundary Method (IBM). Following ver-
ification and validation of the method, the simulation results were com-
pared with the experimental data of Bunke et al. (2024). In addition
to the shape of the formed complex, the velocities of the particles be-
fore and after the collision are nearly identical. In addition, the main
source of the energy dissipation identified as the extension of the lig-
uid film just after the collision. Based on the simulation results, effec-
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tive collision parameters were fitted. The results confirm that the wet
friction coefficient is a material property that is unaffected by the flow
field or liquid bridge dynamics and should therefore be obtained from
experiments.

To improve the results, the roughness of the particle should be in-
cluded, as the roughness might entrap some of the liquid. Additionally, it
was inferred that sub-grid repulsion forces are at play which require the
implementation of a lubrication model. In further endeavors, a paramet-
ric study should be performed to translate these results to more general
applications. This could be extended to the collision of two wet parti-
cles or partially wet particles to achieve a conclusive picture of the full
dynamics.
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