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This study investigates bubble-particle interactions in viscous liquids through three-phase numerical simula-
tions, with the aim of understanding the hydrodynamic mechanisms governing their interaction regimes in
real-scale slurry bubble column reactors. The simulation method combines a Volume of Fluid (VOF) approach
for tracking the interface between the fluids, and an Immersed Boundary Method (IBM) for resolving the
solid-fluid one. The numerical framework is first validated against the data from two existing experimental
studies in the literature, showing correctness of implementation and accuracy in predicting relevant interfacial
physics. Afterwards, it is used for the small-scale investigation of bubble-particle interactions in a background
liquid of varying viscosity, unveiling different possible physical regimes: penetration, bouncing, and shuttling.
An energy analysis is conducted on the system, with particular focus on the exchange between the particle
kinetic energy and the bubble interfacial energy. The results prove how the energy interplay is a key factor for
the transition from one regime to another. Two different simulation campaigns are carried out: one related to
an in-line collision between a settling particle and a rising bubble, and one related to an off-center collision,
where the particle and bubble center are misplaced with an initial offset. The two sets reveal fundamental
differences that are closely investigated in this study. The main contribution of the findings lies in providing
small-scale physical insights into the hydrodynamics of bubble-particle interactions, which are essential for
future development of upscaling simulation methods for real-scale liquid-gas-solid systems.

1. Introduction Three-phase systems, including a gas, a liquid and a solid are

particularly interesting due to their applicability in problems with

Multiphase flows are widely present in many real-scale industrial
applications and constitute essential components of various chemical
processes, where the complex interactions between phases are often
difficult to investigate experimentally and require numerical modeling
techniques. While two-phase flows (e.g., suspensions, emulsions, foams,
biological fluids) have been the subject of intense numerical study
by the scientific community [1-6], a three-phase system involving a
two-fluid interface interacting with an additional solid phase remains
relatively less explored at the small-scale level, despite its utter im-
portance for industrial applications [7-9]. This is partially related to
the intricate underlying physics of such a system, which has led to
numerous attempts to develop numerical methods able to deliver trust-
worthy results without requiring extensive computational resources.
Such approaches pursue a combination of particle-resolved techniques
e.g. immersed boundary method (IBM) with conventional interface
capturing methods including volume of fluid (VOF) method [10-16],
front tracking (FT) technique [17-20], or phase-field method [21,22].
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relevant environmental impact. One example lies in the transport of
plastic particles in oceans, experimentally studied by Masry et al. [23].
Furthermore, production of methanol through slurry bubble column
reactors is connected to the storage of energy from renewable sources,
as pointed out by Mahmoudi and Hlawitschka [24]. In this kind of
reactor, solid particles are dispersed in the liquid phase by bubble
motion, resulting in higher heat transport and yield. Another important
application of three-phase systems is flotation, which plays a central
role in the wastewater treatment and mining industries [25-27], where
solid particles interact with gas bubbles in a liquid medium and are
transported for separation. Other important applications relevant to
environmental sustainability and clean energy production also involve
three-phase gas-liquid—solid systems, such as gas diffusion electrodes
[28] and electrocatalysis [29].

The undeniable scientific interest of three-phase flows with complex
interactions of bubbles and moving particles, specifically at small-scale
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Fig. 1. Representation of the three different phases in the solver: (i) ¢ = 0, a = 1, first fluid phase (light blue) (ii) ¢ = 0, « = 0, second fluid phase (white) (iii)
¢ =1, a =0, solid phase (gray). The zoom on the right highlights the interface between the first fluid phase and the solid one: cells in this area must respect the

criteria ¢ +a < 1.

standpoint is also confirmed by two recent works on the topic of
the interaction between a freely rising bubble and a settling particle
in a surrounding liquid medium. First, Abdal et al. [30] performed
a numerical investigation, describing the different hydrodynamic be-
haviors when varying dimensionless parameters such as Archimedes,
Galilei, and Bond number. Their work produced interesting insights
on bubble deformation, liquid film drainage, and particle wettability.
Nevertheless, the viscosity of the background fluid was kept constant
throughout the simulation campaign. A second important work on the
topic is the recent experimental campaign by Outokesh et al. [31],
which defined four different regimes depending on the system parame-
ters: penetration, bouncing, shuttling, and flotation. This follows up on
their previous experimental investigation [32], where the rising bubble
interacts with a fixed cylinder, highlighting the presence of a regime
change: the bubble could either be cut (resembling penetration regime
with moving particle) or slide by without rupture (more similar to
bouncing regime). Due to the limitations of an experimental approach,
however, some of the physical aspects, such as variation of interfa-
cial energy associated with bubble deformation could not be further
investigated.

This work presents a coupled Volume of Fluid - Immersed Boundary
Method (VOF-IBM) simulation of bubble-particle interactions in viscous
media. The numerical study is validated against experimental data
to strengthen the reliability of the proposed approach. The previous
numerical and experimental studies are then complemented through
a simulation campaign concerning the interaction between a settling
particle and a rising bubble in a surrounding fluid of varying viscosity.
This allows to gain further insights into the physics of such a complex
three-phase system, addressing a gap in the existing literature.

2. Numerical methods
2.1. Mathematical model

The proposed approach integrates two well-established methods
of IBM for fluid-solid [33] and VOF for fluid-fluid [34] interfaces,

extending their coupling to three-phase systems. The modified version
of the Navier-Stokes equations reads:
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solved using the Finite Volume Method (FVM) with a PIMPLE algorithm
for the pressure-velocity coupling. p, is the total density of the two
fluids which reads p, = ap; + (1 — @)p,, with p, and p, being the
densities of the two fluid phases. Similar to the density, the total

viscosity of the two fluids, ie. u, = au; + (1 — @)uy, is also updated
at each time-step through the solution of the VOF method. To this
end, a Multidimensional Universal Limiter of Explicit Solution (MULES)
scheme to advect the phase indicator function a:
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This allows the computation of the surface tension force F, as a

continuous volumetric force using the Continuum Surface Force (CSF)

method [35]:
F,=yxné 4

In this method y is the surface tension coefficient, i = % is the
interface unit normal vector, x = —V - i is the interface curvature,
and §, is the mathematical delta function to confine the surface tension
force to the fluid-fluid interface, which is approximated by |Va|. It has
to be mentioned that in the algebraic VOF approach implemented in
OpenFOAM through the interFoam solver, an additional interfacial
compression flux, V-(a (1—a)u,), is incorporated into the Eq. (3) during
the solution, where u, is a relative velocity field in the vicinity of
the interface. This term preserves the sharpness of the interface while
keeping the computational cost lower, as the higher order treatment
remains limited to the interfacial region [36].

F ;g represents the Immersed Boundary contribution to the momen-
tum balance, which ensures that the fluid feels the influence of the solid
phase. In this work, a continuous forcing implementation of the IBM is
employed, which is also known as the penalization method, meaning
that a source term is explicitly added to the undiscretized version
of the Navier-Stokes equations, rather than being enforced through
a subsequent correction step that is conventional in the other IBM
approach known as direct forcing [37]. Thus, the continuous forcing
implementation ensures a computational speed-up compared to the di-
rect forcing [4], providing a balance between computational efficiency
and practical accuracy for engineering applications. The expression for
this source term reads:

Pior @ (up — )
Fis= =4
CFD

)

with ¢ being the solid volume fraction in the considered cell of the
domain and k the so-called permeability factor of the solid region,
with 0 < k < 1. 4t is the simulation time step, while (up, —u) is the
relative velocity between particle and fluid. The density p,,, employed
in Eq. (5) includes a contribution from the solid particle density to
prevent from penetration of the fluid phase in the solid one by adjusting
the penalization term without requiring case-dependent adjustment of
the permeability factor, and it is computed before the calculation of the
immersed boundary force using the following formula:

Piot = (L= Plap; + (1 = a)p,] + dp, 6)
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with p, being the particle density. It has to be noted that no explicit
wetting model is included in the solver at the current stage, therefore
the fluid-fluid interface follows the fluid velocity field u without being
additionally corrected for a hydrophobic or hydrophilic behavior of
the surface it is in contact with. The penetration of interface into
solid region is then entirely avoided through the application of the
IBM term, whereas further improvement of this implementation and its
uncertainty quantification remain for future studies. Fig. 1 illustrates
how the fluid-solid interface is represented in the solver using the
combination of a and ¢ fields.

The particle positions and velocities are updated using the Discrete
Element Method (DEM):

mp%=mpg+F;+;Fs+ZFx+F;’“ @)
» w

m, is the particle mass. g is the gravitational acceleration, while Ff,
Fg, Fy and F;’“ are particle-fluid, particle—particle, particle-wall and
particle-external source interaction forces. The term F{, is computed
through a boundary condition imposed on the boundary between the
fluid and the solid particle (called I7):

T-ng=1tp (€))

7 is the fluid stress tensor, n is the normal vector pointing outside
the particle itself, and s the traction vector of the fluid acting on the
particle. Integrating this condition over the interface, it is possible to
numerically calculate the force exerted by the fluid on the particle [38].

2.2. Solver algorithm

The VOF-IBM solver was developed within the open-source software
CFDEMcoupling, which combines the other two open-source codes of
OpenFOAM and LIGGGHTS, respectively, for the CFD and DEM parts
[14,39-43]. CFDEMcoupling enforces the Immersed Boundary algo-
rithm necessary for the solid-fluid treatment, while the Volume of Fluid
method is entirely based on the OpenFOAM framework. Fig. 2 depicts
a schematic for the solver main loop. A more detailed explanation for
each step follows:

1. First, the information is gathered from the DEM part. The nec-
essary parameters are generally the particles’ center positions,
radius, linear and angular velocities, and any other quantity
needed for the CFD calculations.

2. Afterwards, each particle center is assigned to a cell in the CFD
grid.

3. Since each particle center position and radius are known, it is
possible to set the volume fraction field.

4. Once the volume fraction field is set, the forces exerted by the
fluid on the particles can be computed based on Eq. (8).

5. The computed forces are sent to the DEM part. This initiates
a number of internal DEM loops updating particle properties
through Eq. (7).

6. The Volume of Fluid method is used to update the fluid-fluid
interface using Eq. (3). This allows for a correct computation
of the density field (Eq. (6)) and of the surface tension force
(Eq. (4)) used in the subsequent step.

7. Navier-Stokes equations are solved to update the fluid properties
fields (Egs. (1) and (2)).

This procedure is iterated until the end of the simulation. Some
differences need to be taken into account if the considered time step
is the first of the simulation.
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3. Results
3.1. Solver validation

The solver is validated against the experimental results provided
in [44]. The work investigates the water entry of spheres with different
density ratios compared to water (p* = :—*) at constant radius R, =
1.27 cm and impact speed U, = 217 2. 1t also compares the results with
a simplified theoretical model that assumes constant drag and added-
mass coefficients, along with additional simplifications listed in the
original paper. Fig. 3 shows the setup for the simulation campaign. No-
slip boundary conditions are applied to all the walls, except for the top
one, which has an imposed atmospheric pressure constraint. It has to
be noted that [44] used hydrophobic materials for the particles, while
the solver at the current state does not apply any wettability correction.
Nevertheless, all the particles used in [44] had the same values of the
contact angle. Due to the good agreement of the simulation results
with the experiments, it is here assumed that this is not a strong
factor in influencing the dynamics presented in this section. Besides,
as it will be shown later, most of the cases with the bubble-particle
collisions, except at low viscosity ratios with water, do not entail direct
contact between bubble and particle; thus, an explicit contact angle
model at this stage is not necessary for a physical conclusion on the
bubble-particle interaction regimes.

Before testing the solver, it is necessary to ensure the grid indepen-
dence of the obtained results through a mesh convergence procedure.
Fig. 4 shows the plot of depth over time and of the corresponding
relative error for three different grid sizes (4x; = 1 mm,4x, =
0.80 mm, Ax; = 0.66 mm) for a density ratio between the solid sphere
and water of pi = 0.86. The results with a mesh element size Ax, =
0.8 mm align well with the experimental curve, with a maximum
relative error around 5%. It has to be noticed how the simulations
outperform the simplified theoretical model presented in [44], whose
relative error steadily increases over time. Given these results, for the
remainder of this part of the validation study, the mesh size is kept
constant and equal to Ax,.

After this step was performed, an additional comparison with three
other density ratios was carried out (p; = 1.14, Py =230, p, =7.86). Fig.
5 extends the results of Fig. 4 to this additional range of parameters.
Simulation results agree fairly well with the experiments, improving the
results of the theoretical model for all the cases except the one with the
highest density.

The proposed VOF-IBM coupled solver is able to correctly capture
the intricate physics of three-phase systems, showing sensitivity to
different density ratios. Fig. 6 illustrates three different snapshots of
the simulation for the lowest (pT = 0.86) and highest (pj; = 7.86) density
ratios, highlighting how this parameter also affects the formation of the
air column inside the water pool.

Another important test to verify that the solver does not produce
unphysical results, is to check the eventual penetration of the water
phase into the solid one. Fig. 7 refers to the same case and time instants
of Fig. 6b, proving that the solid region remains basically impermeable
for the duration of the simulation. Fig. 7a shows a cut-plane in the
middle of the domain, with the contours of « = 0.5 and ¢ = 0.5, with the
two interfaces almost perfectly overlapped. Fig. 7b further strengthen
this point, illustrating all the cells in the domain region where ¢ = 1
(completely filled with solid), colored by the a value. It can be noticed
how only a negligible amount of cells have a value slightly higher than
zero over the course of the simulation. Fig. 8 shows the percentage of
solid volume occupied by the water phase over time. This quantity is
calculated through a volume integral average considering only the cells
in the volume region depicted in Fig. 7b (called here V,):

f, av, av

%V, =
T fveav

- 100 (C)]
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Fig. 2. Schematic explanation of a single time-step algorithm in CFDEMcoupling; Solid arrows represent the communication between the CFD and DEM sides at
a specific point in the algorithm. Dashed arrows connect a certain stage with the describing images.
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Fig. 3. Setup for the validation cases presented in this section. D = W =
80 mm, H, =216 mm, and H,, =24 mm.
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Despite growing in time as a result of numerical diffusion at the
interface, the percentage of water in the solid region remains below
0.1%, which is considered a negligible amount, ensuring that the solver
produces physically sound and accurate results.

While validation of the proposed numerical approach against the
water-entry benchmark of Aristoff et al. [44] provides a general assess-
ment of solver functionality and VOF-IBM coupling accuracy, it is also
necessary to evaluate the performance of the solver in more relevant
interfacial flow scenarios involving bubbles and particles. However,
such experimental benchmarks are inherently challenging to reproduce
by simulations due to the smaller sizes of particles compared to the case
of Aristoff et al. [44] and more complex interfacial dynamics, such as
strong bubble deformation, misalignment, and presence of impurities
in the liquid that are not relevant in numerical solution. Nevertheless,
following a strategy similar to that of Abdal et al. [30], an additional

validation case is considered, where the assessment is partly based
on verifying individual bubble and particle attaining their respective
terminal velocities prior to interaction, and partly on the formation of
a thin liquid film and the rise of the bubble-particle after the collision.
For this purpose, one of the experiments of Outokesh et al. [31] is
selected, where the interaction between a spherical particle with a
diameter of d, = 2 mm and a density of p, = 3200 kg/m?, and a bubble
with a diameter of d, = 3d,,, is investigated. The surrounding liquid has
a density of p, = 0.38 p, and a dynamic viscosity of u, = 90 u,,, where
u,, denotes the dynamic viscosity of water.

Under such high-viscosity conditions, the interaction happens in a
Shuttling regime [31], which can be divided into three main stages.
In the first stage, the bubble and particle are sufficiently far apart and
move independently at their respective terminal velocities, U, and U,,.
In the second stage, as the bubble approaches the settling particle, it
arrests the downward motion of the particle and acts as a temporary
platform, shuttling the particle for a considerable duration. Finally, in
the third stage, the equilibrium is broken, and the particle slips over
the bubble interface and resumes free settling at a new lateral position.

For the simulation, a rectangular box with no-slip surrounding walls
is considered as the computational domain where bubble and particle
are initially placed at rest with a distance corresponding to the experi-
ment, and the domain is discretized with uniform finite volume grids.
It should be noted that, unlike the water entry benchmark of Aristoff
et al. [44], the small particle size in this case imposes additional
limitations on the choice of grid size. On the one hand, a minimum
of approximately 10 cells per particle diameter is commonly required
to properly resolve particle dynamics using IBM. On the other hand,
a very fine grid resolution would entail computational costs that are
beyond available resources for this study. Therefore, as a compromise,
two grid sizes are selected, corresponding to 12 and 16 mesh cells per
particle diameter, which are referred to as M1 and M2, respectively.

At the first part of validation, we compared the bubble and particle
terminal velocities. Table 1 presents a comparison of the terminal
velocities of the simulations against experimental values during the first
stage. The results demonstrate that the relative error remains below 7%
for both meshes, while M2 shows a deviation below 2% for the particle
and almost identical terminal velocity for the bubble.

In the next step, the behavior of the bubble and particle in close
proximity, prior to collision at the start of the second stage, was
examined. Outokesh et al. [31] reported the variation of the vertical
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Fig. 4. Comparison between the experimental and theoretical work of Aristoff et al. [44] and simulations carried out in this work for p* = 0.86 and three different
mesh sizes: (a) depth over time and (b) relative percentage error compared to experimental values over time. Notice that the plot in (b) starts slightly later than
the one in (a). This is due to the value of the depth being close to zero at the start of the experiment, making the percentage error extremely high. For better
readability of the plot, that part has been cut, considering that the absolute error was completely negligible (as it is evident from (a)).
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Fig. 5. Depth over time for different density ratios, compared to [44]: con-
tinuous line represents the current work simulations, dashed lines and circle
represent respectively [44] theoretical and experimental work.

Table 1
Comparison of individual bubble and particle terminal velocities obtained by
simulation with the ones from experiment.

Case U, [m/s] Error (%) U, [m/s] Error (%)
Exp. 0.042 - 0.144 -

M1 0.0431 2.619 0.134 6.94

M2 0.0427 1.66 0.1449 0.625

component of particle velocity (U* = |U,|/|U,|) in the range of
the minimum distance between the interfaces (h), and identified two
distinct surrounding environments. As demonstrated in Fig. 9a, when
the particle is far from the bubble interface, it has its own terminal
velocity, while when it reaches a distance of 84, the velocity starts
to reduce due to sensing the approaching bubble. The rate of this
reduction becomes stronger until the particle reaches ~ 1 d, the bubble
interface, and at that moment, the viscous liquid film between the
bubble and particle has the ability to completely stop the particle and
starts to lift it. As a result, the particle experiences a stall condition,

and then the velocity starts to reach the new terminal velocity, which
is the velocity of the bubble-particle rise during the shuttling stage
(second stage). As the results of the simulation show, both M1 and M2
cases follow each other very well. Although the simulation cases sense
the particle in a smaller band in comparison with the experimental
results, the stall location of the particle is predicted very well by both
grid resolutions. It has to be emphasized that due to the importance of
the liquid film hydrodynamics in determining the regimes of bubble-
particle interaction [31,32], the primary focus of this validation is the
accuracy in prediction of the film dynamics. From this perspective, the
results can be considered grid-independent as further grid refinement
does not practically improve the deceleration profile of the particle in
Fig. 9a, and instead may only entail high computational costs.

For the sake of completeness in the last part of the validation, the
velocity of the particle is monitored during the first and second stages in
Fig. 9b. It is evident that both simulations reproduce trends consistent
with the experiment. However, as mentioned before, experiment on
bubble-particle interactions during shuttling may involve other effects
that cannot be fully reproduced in simulations such as the presence
of impurities, which can alter surface tension [45] and other material
properties compared to the ideal conditions assumed in simulation. As a
result, both grids predict lower rising velocities than in the experiment,
although the M2 grid is still a closer match. In accordance with the
similar velocity profiles of M1 and M2 in Fig. 9a, and given that
both mesh resolutions produce closely consistent behavior in resolving
the nature of the viscous liquid film, which plays a crucial role in
characterizing the interaction regimes, the observed deviation in the
shuttling velocity magnitude is assumed to lie within an acceptable
range. This is further supported by the fact that the shuttling velocity
in the experiment results from a sensitive balance of multiple physical
factors that are collectively captured by the simulation within an
acceptable range. Therefore, no further grid refinement was pursued. A
visual comparison of the bubble and particle situation in the shuttling
regime is also included in Fig. 9b in the M2 case. Given the smaller
error percentage for both bubble and particle terminal velocities, the
M2 grid resolution is maintained for all simulations in the remainder of
this study. This ensures more than 40 mesh cells per bubble diameter
which is particularly important for cases with lower liquid viscosity,
where the bubble is subject to stronger deformation.

Finally, with these two validation cases against the water entry
benchmark and bubble-particle interaction, and despite the aforemen-
tioned limitations that should be addressed in future studies, it is
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Fig. 6. Snapshot of the simulation at three different instants of time for (a) p; =086 and (b) p; =1.86. The interface is obtained by plotting the iso-contour of

the phase indicator a for a value of 0.5.

reasonable to conclude that this VOF-IBM solver can be used for the rest
of this study on the physics of bubble-particle interaction in different
regimes.

3.2. Bubble-particle interaction in viscous medium

This section investigates the interaction of a freely rising bubble
with a settling particle in a viscous medium, considering different
surrounding liquid viscosities and extending the works of Abdal et al.
[30] and Outokesh et al. [31]. Two different simulation campaigns
are carried out: the first one related to an in-line contact, where the
bubble and particle centers are perfectly aligned at the beginning of
the simulation, while in the second one, a slight offset equal to z, =
i—" is considered. The simulation setup is shown in Fig. 10, while
Table 2 contains the relevant simulation parameters, which are kept

constant over this study. As described in the previous sub-section, the
computational domain is discretized on a uniform structured mesh with
a spatial resolution of 40 and 16 cells per diameter for the bubble and
particle, respectively. No-slip boundary conditions are applied to all the
walls of the domain.

As mentioned in the introduction, the main difference with the work
of Abdal et al. [30] is the investigation of a wide range of carrier
fluid viscosities (expressed as the ratio compared to water viscosity
n* = ﬂ). This is aligned with the experimental work of Outokesh et al.
[31], and allows additional insights into the mechanisms regulating the
different regimes of particle-bubble interaction. According to their ex-
perimental campaign, four different regimes can be observed: shuttling,
bouncing, penetration and flotation. The latter is only possible when
the bubble-to-particle size ratio is extremely high, and is therefore
not observed in the simulation results. The other three were instead
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Fig. 7. Snapshot of the simulation at three different instants of time for p; = 7.86: (a) cut-plane in the middle of the domain visualized by the iso-contours of
a=0.5 and ¢ = 0.5; (b) cells in the solid region of the domain (¢ = 1) colored by water volume fraction.

occurring depending on the simulation parameters and bubble-particle
initial position, and will be further described in the upcoming sections.
Fig. 11 illustrates a simulation snapshot showcasing the bubble-particle
interaction for each regime. Fig. 1la depicts the shuttling regime,
in which the particle experiences a full inversion of its velocity and
trajectory direction, from settling downward to being carried upwards
by the bubble, which slightly deforms without breaking. Fig. 11b
concerns instead the bouncing regime, in which the particle bounces
off to the side after interaction with the bubble, and after gaining a
mild upward momentum, continues its settling. Finally, Fig. 11c shows
the penetration regime, in which there is a full breakage of the bubble.
The particle might or might not, depending on the viscosity of the
carrier fluid, shortly invert its momentum direction before continuing

the settling. Further details about each regime will be provided in the
following sections.

3.2.1. In-line collision

When releasing the bubble and the particle with their centers per-
fectly aligned, only two regimes are observed in the simulations: (i)
penetration at lower viscosities and (ii) shuttling at higher ones. It is
important to point out this first relevant difference with experimental
work: in the absence of any external disturbance, and in the considered
range of parameters (as proven by Zhang et al. [46]), if the particle
and bubble are perfectly aligned at the start of the simulation, they
would remain aligned for the whole duration, due to the lack of any
symmetry-breaking source. This explains the non-appearance of the
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Fig. 8. Percentage of solid volume occupied by water over time, for p; = 7.86,
calculated through Eq. (9).

Table 2

Simulation parameters.
Parameter Value
Bulk fluid density p, 1120

Bubble density p, 1.240 %
Particle density p, 3200 %
Bubble kinematic viscosity v, 1.5-107° mTZ
Surface tension coefficient y 0.064 %
Particle diameter d, 2-107° m
Bubble diameter d, 5-107° m
Bubble-particle distance D, 521072 m
Domain size L, = L, 10-1072 m
Domain height L 601072 m
Grid size Ax 125-107* m

bouncing regime, which requires a preferred direction (namely, the one
the particle would “bounce” towards). Such fine-tuning of the center
positions is not possible in experiments, which explains the differences
between the results of the current work and Outokesh et al. [31].
While observing a similar transition regime upon increasing viscosity,
bouncing only appears for off-center collisions, as shown in the next
section, leading to the disappearance of the shuttling regime. For the
in-line collision, nine different values of n* are analyzed: [10, 15, 17.5,
20, 22.5, 25, 30, 40, 50]. The crossover happens between n* = 20
(penetration) and n* = 22.5 (shuttling). It is interesting to conduct
a mechanical energy analysis on the system, specifically focusing on
the two components of the energy balance with the higher magnitude:
particle kinetic energy E, and bubble interfacial energy E, (which, to
be meaningful, has to be expressed as AE,, the difference with the one
of a perfectly spherical bubble of surface area A4, = ndg):

E = =m,lu,|? (10)

1
2
AE, = y(A - Ag) an

with A surface area of the bubble. The bubble kinetic energy is ne-
glected in this analysis since it has been proven to be at least two
orders of magnitude lower than the other two due to the density of
the bubble being three orders of magnitude lower than that of the
particle. For the remainder of the work, variables of interest will be
normalized using: the kinetic energy associated with a particle settling
at the terminal velocity for E,; the interfacial energy associated with
the peak deformation during the interaction for AE,; the time at which
this peak deformation happens for ¢. All the normalized quantities will
be referred to with their name followed by an * apex.

Fig. 12 describes the dimensionless system energy over time, with
a specific focus on the bubble-particle interaction period. During the
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initial phase of the simulation, both the particle and the bubble reach
their stationary energy value, with a small oscillation for the bubble
at this low viscosity. The interaction starts when they are still not in
contact, with the particle beginning to feel the influence of the liquid
film between its interface and the bubble. This moment (t* = 0.85)
marks the onset of the kinetic energy dissipation phase for the particle.
Slightly afterwards, the bubble initiates to deform as a result of the
energy transfer, increasing its interfacial energy (r* = 0.95). As proven
by Abdal et al. [30], this kinetic energy dissipation phase is connected
with the drainage of the liquid film between the particle and the
bubble. For such a low liquid viscosity, the complete drainage happens
fast enough for the particle to still have some kinetic energy left.
Therefore, there is a small window of time in which E} increases since
there is no more viscous dissipation possible, and AE, increases as well
as a result of the further bubble deformation, until a breakage happens
(#* = 1). In the first moments after the breakage (until * = 1.05), the
particle accelerates again, while the bubble starts to slowly recover
its original shape, reducing its interfacial energy. The particle then
completely exits the bubble, feeling the effects of the liquid viscosity,
together with the ones associated with the bubble wake. This leads to
a further deceleration (+* = 1.1) before the undisturbed settling starts
over. At the same time, after the particle’s exit, the bubble can fully
recover its shape and resume oscillation around its undisturbed energy
value. Fig. 13 illustrates the aforementioned interaction steps through
snapshots of the simulation results.

Fig. 14 presents the same results as Fig. 12, but relative to the case
with #* = 50, where a shuttling regime is observed. The physics of the
system is much less complex in this case. Similarly to what happens
in the penetration regime, the kinetic energy of the particle starts to
be dissipated by the liquid film (+* = 0.85); the bubble deforms to
accommodate the energy transfer, increasing its interfacial energy (* =
0.95). Nevertheless, due to the higher viscous dissipation, the kinetic
energy of the particle reaches zero in a very short interval of time,
and the particle inverts its velocity direction, starting to rise together
with the bubble. This inversion is first coupled with an additional
deformation of the bubble (until * = 1), but almost immediately, the
recovery phase starts. After that, the bubble goes back to an almost
undeformed shape, except for a dimple on top caused by the particle,
which slightly alters its interfacial energy compared to the freely rising
conformation [47]. The particle instead gains additional kinetic energy,
since the rising velocity is much higher than the undisturbed settling
one. Fig. 15 illustrates the interaction steps described in this paragraph.

After describing the two extreme cases, it is interesting to consider
the regime transition. Fig. 16 presents the energy evolution of the

system for three cases, all showing a penetration regime: y* = 15,
n* =17.5, and 5* = 20. The first one presents a similar energy behavior
as the case with #* = 10: the kinetic energy of the particle never

reaches zero, while the bubble deforms until the breakage happens. Of
particular interest, instead, are the latter two cases. When the viscosity
of the surrounding liquid is increased to n* = 17.5, the increase in
the dissipation rate allows for a complete consumption of the particle
kinetic energy. This first stage resembles the one happening in the
shuttling regime. The bubble and the particle start to rise together,
but as described in the previous paragraph, this first phase is coupled
with an additional bubble deformation, which increases its interfacial
energy. At this value of the viscosity, the bubble can barely lift the
particle up before reaching a maximum interfacial energy that leads
it to break, allowing particle penetration. This is even more evident
at n* = 20, where the particle actually gains an upward momentum
for a short time, before the limit interfacial energy for the bubble
is reached. This causes a breakage again, and the particle inverts its
velocity direction, with a second zero in the kinetic energy over time.
Finally, the case with #* = 22.5 shows again the characteristics of a full
shuttling, with the bubble being able to completely absorb the kinetic
energy of the particle without breaking (the dynamics corresponds to
the one shown for #* = 50, which has been illustrated by Fig. 14).
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Fig. 9. Comparison of the current simulations at two different grid resolutions with the experimental results of Outokesh et al. [31]: (a) Variation of the particle
vertical velocity in the range of the minimum distance between bubble and particle (h), (b) comparison of the particle velocity variation over normalized time
in the first and second stages of the interaction in the shuttling regime. Two instantaneous snapshots of the simulation with M2 and the experiment are included

for visual comparison.
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Fig. 10. Initial setup for the simulation campaign, values of the geometrical
constants can be found in Table 2.

Table 3 sums up the results of the in-line collision simulation
campaign. Per each case, different quantities of interest are reported:
the minimum dimensionless kinetic energy of the particle E pim the
number of zeros in the dimensionless kinetic energy function over time
#E;(0), the maximum interfacial energy E, yaxs the dimensionless inter-
action time interval Ar* and the regime characterizing that specific case.
Ef in holds a certain interest only for the low-viscosity penetration
cases, in which the particle does not experience a full stop or inversion
of momentum, as also pointed out by the #E;(0). It is clear that the
highest amount of kinetic energy connected with the particle settling at
low viscosities results in a higher amount of kinetic energy left after the
interaction with the bubble. The leftover energy decreases with viscos-
ity, until, when it reaches zero, a transition regime between penetration
and shuttling is observed. First, the particle is slightly lifted, but after

Table 3
Summary of the physical quantities obtained from the simulations for the in-
line collision.

" Ef #E7(0) Eypax 171 A Regime

10 0.049 0 2.05 x 107° 0.35 penetration
15 0.0136 0 1.85 x 107° 0.36 penetration
17.5 0 2 1.67 x 107° 0.45 penetration
20 0 2 1.42 x 10°° 0.47 penetration
22.5 0 1 1.15 x 107° - shuttling
25 0 1 9.92 x 1077 - shuttling
30 0 1 7.71 x 1077 - shuttling
40 0 1 5.03 x 1077 - shuttling
50 0 1 3.56 x 1077 - shuttling

a short interval of time the maximum bubble deformation is reached,
and a breakage happens, as described in the previous paragraph. This
causes a second zero in the kinetic energy, corresponding to the onset of
the new settling phase. Further increases in the viscosity leads to the
full transition to shuttling, in which the particle inverts its direction
and starts to lift together with the bubble, with a single zero present
in the function. The maximum interfacial energy, representative of
the maximum bubble area deformation, follows a constant decreasing
trend with viscosity. This can be easily attributed to the lower kinetic
energy of the settling particle, which causes a milder deformation.
The dimensionless interaction time interval is defined as the time
difference between the moment in which particle and bubble feel their
mutual interaction, and the instant in which their recovery phase to
an undisturbed settling and rising state starts. Clearly, lower viscosities
will lead to a faster interaction for the penetration case. Concerning
the shuttling regime, in our simulations, the bubble and particle would
continue to rise together indefinitely, until they exit the simulation
domain. For this reason, reporting an interaction time for this regime
would be meaningless. On the other end, as reported by Outokesh et al.
[311, in experimental situations, any small disturbance to the symmetry
of the system would cause the particle to roll off the bubble after a
certain amount of time as described in sub- Section 3.1.

3.2.2. Off-center collision
A second simulation campaign is carried out to investigate the effect
of an initial displacement between the particle and the bubble center.
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(a) n* = 50, in-line (b) n* = 22.5, off-center. (c) n* = 20, in-line

Fig. 11. Snapshots of the three different regimes, left half is a cut plane colored by total density p,, (blue: bulk fluid; cyan: bubble; gray: particle). (a) shuttling;
(b) bouncing; (c) penetration.
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Fig. 12. Dimensionless energy E* over dimensionless time * for the case with n* = 10. (a) full simulation time (b) zoom on the interaction between particle and
bubble.

Fig. 13. Snapshot of the simulation for the case with #* = 10, representing the dimensionless time interval * € [0.9, 1.15]. Corresponding energy variations are
illustrated in Fig. 12b.
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Fig. 14. Dimensionless energy E* over dimensionless time ¢* for the case with »* = 50. (a) full simulation time (b) zoom on the interaction between particle and
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Fig. 15. Snapshot of the simulation for the case with n* = 50, representing the dimensionless time interval r* € [0.95, 1.1]. Corresponding energy variations are

bubble.

illustrated in Fig. 14b.
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Fig. 16. Dimensionless energy E* over dimensionless time r* for three cases with #* = 15, n* = 17.5, and #* = 20. (a) kinetic energy E;; (b) interfacial energy E;.

Part of the simulations mentioned in the dprevious section are repeated,
giving the particle an initial offset z, = ?” The main difference lies in
the shuttling regime no longer appearing, substituted by the bouncing
regime, previously reported by Outokesh et al. [31].

Fig. 17 illustrates the energy change over time for a case with
n* = 22.5. Analogously with what is observed in the shuttling regime,
the particle dissipates its kinetic energy, transferring it to the interfacial

energy of the bubble, which deforms accordingly. Nevertheless, when

11

a zero in E is reached, and the bubble starts to recover its original
shape, due to the absence of symmetry, the particle is bounced to the
side, gaining some kinetic energy through an acceleration both in the
lateral and upwards directions.

Due to the small magnitude of this increase, the particle gets im-
mediately stopped and starts again to settle, causing a second zero
in the kinetic energy, before rising again to the initial settling value.
The bubble, on the other hand, quickly recovers its shape and regains
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Fig. 17. Dimensionless energy E* over dimensionless time ¢* for the case with #* = 22.5 and off-center collision. (a) full simulation time (b) zoom on the

interaction between particle and bubble.

®

Fig. 18. Snapshot of the simulation for the case with #* = 22.5 and off-center collision, representing the dimensionless time interval * € [0.9, 1.2]. Corresponding

energy variations are illustrated in Fig. 17b.
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Fig. 19. Dimensionless energy E* over dimensionless time r* for the case with
n* = 50: comparison between the in-line and off-center collisions.

its initial interfacial energy, differently from the bouncing case, which
involved the formation of the dimple. The steps described above are
also illustrated in Fig. 18.

Fig. 19 further highlights the differences between bouncing and
shuttling, showing the bubble-particle interaction phase for the two
cases with n* = 50 (in-line and off-center). No relevant difference is
observed instead concerning the penetration regime at lower viscosi-
ties, which occurs with the same mechanisms reported in the previous
section.

Table 4 sums up the simulation campaign for the off-center collision,
in a similar fashion to Table 3. The penetration case shows a similar
qualitative pattern compared to the in-line collision case. The bouncing

Table 4
Summary of the physical quantities obtained from the simulations for the off-
center collision.

" E #EL(0) E, J] A Regime

10 0.105 0 1.83 x10°¢ 0.15 penetration
20 0 2 1.07 x107° 0.18 bouncing
22.5 0 2 9.47 x1077 0.20 bouncing
30 0 2 6.65 x1077 0.19 bouncing
40 0 2 4.49 x1077 0.21 bouncing
50 0 2 3.52 x1077 0.22 bouncing
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regime presents a double inversion of momentum, with particle being
bounced up first, and then starting to settle again. It is interesting to no-
tice that the interaction times are not extremely affected by viscosity in
this setup, and it is significantly smaller than the corresponding ones for
the in-line collisions. This could be expected because in an asymmetric
condition, the resistance between the bubble and the settling particle is
significantly lower, which in turn leads to faster dynamics. This is also
true for the maximum interfacial energy, which is generally lower for
the off-center case compared to the corresponding in-line ones.

4. Conclusions

This work introduces a novel VOF-IBM approach for the small-scale
simulation of bubble-particle interaction. The simulation method is
developed based on the open-source software CFDEMcoupling, which
handles the coupling between the OpenFOAM framework for solving
the fluid equations and the LIGGGHTS framework for solving the
particle ones. The method is first validated against two experimental
results of Aristoff et al. [44] and Outokesh et al. [31], and then
employed to investigate the interaction between a rising bubble and a
settling particle in surrounding fluids of different viscosities. The results
identify different regimes, explain the physical mechanisms behind the
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complex interplay between the particle kinetic energy and the bubble
interfacial energy, complementing previous works by Abdal et al. [30]
and Outokesh et al. [31], and subsequently, provide essential insights
into the small-scale hydrodynamic phenomena underlying industrial
slurry bubble column reactors. A full picture of quantities of interest for
each simulated case is reported to help identify underlying trends and
serve as a benchmark for future studies, potentially extending towards
a more complete regime map or the development of a priori criteria for
distinguishing between regimes.

Limitations of the work include: the absence of an explicit contact
angle treatment in the solver, which has been shown to be rele-
vant only at low viscosity ratios; only one value of the offset has
been considered for the off-center collision, while defining a possi-
ble displacement-based transition between the bouncing and shuttling
regimes at fixed viscosity holds undeniable interest; other parameters,
also not previously considered in literature, such as the effect of the
density ratio between the bubble and the background fluid were also
not investigated; possible under-resolution of the liquid film thickness
due to using uniform non-adaptive mesh, which may lead to slight
quantitative inaccuracies in the results, while preserving the presented
qualitative trends. Additionally, particle rotation has not been included
in the work, and while its influence on the presented results in such
viscous fluids can be potentially neglected, it is also possible that
quantitative differences, especially in the offset, non-symmetric cases,
can be found. Besides, the presented continuous forcing-based VOF-
IBM solver requires further uncertainty quantification regarding the
permeability treatment of the solid region, despite showing acceptable
results in agreement with experimental observations.

All the aforementioned points will be the subject of future studies.
Upcoming works will also be aimed at the development of upscaling
methods. While interface resolved methods like VOF and IBM are
of fundamental importance for the understanding of the underlying
physics, employing them for real-scale industrial simulation is unfea-
sible due to the exponential increase in computational costs. For this
reason, a meaningful strategy could be their utilization as dataset
generators for modeling activities, which can contribute to the correct
description and simulation of large-scale systems using unresolved
methods.
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