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Highlights

Investigation of particle effects on bubble coalescence in slurry with a chimera MP-PIC and
VOF coupled method

Yixiang Liao,Qingdong Wang,Utkan Caliskan,Sanja Miskovic

Film drainage and bubble coalescence is investigated with high-resolution numerical methods.

Effect of particles and their properties on thin liquid film drainage and rupture is studied in detail.

The influence of particle concentration on the coalescence time in co-axial cases is multmodal.

e Particles may block coalescence, change drainage axisymmetry and affect film instability.

Wake entrainment is a key factor influencing coalescence in bubble columns.
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ARTICLE INFO ABSTRACT

Keywords: Bubble coalescence and breakup is still a complex challenging topic. How far it is understood af-
Bubble coalescence fects directly the analysis and design optimization of multiphase reactors. Despite years of active
Chimera grid research, bubble coalescence in three-phase systems is far from being understood. Contradictory
MP-PIC and VOF coupled results on the effect of particles are often reported. Although it still lacks a unique explanation,
Particle effects a general conjecture is that the presence of solid particles affects the film drainage process, and
Slurry hence the bubble coalescence time and behaviour. This paper presents insights into bubble-pair

coalescence in slurry by coupling the multiphase particle in cell (MP-PIC) method with the vol-
ume of fluid (VOF) method. The mesh resolution for VOF fields is down to micrometers, which
allows for analysis of the film drainage and rupture mechanism in detail. The accuracy of MP-
PIC fields during the refinement of CFD grids is guaranteed by a chimera approach (Caliskan
and Miskovic, Chemical Engineering Journal Advances 5 (2021) 100054), which allows two
overlapping meshes in the Lagrangian-Eulerian framework, namely, a fine mesh for the CFD
fields and a coarser mesh for the MP-PIC ones.

1. Introduction

Gas-liquid-solid systems are commonly encountered in chemical, biological, coal and mineral process industry as
well as wastewater treatment and environmental pollution abatement devices (Krishna and Sie, 2000; Kumar et al.,
1993; Wu and Gidaspow, 2000). In these circumstances, gas bubbles and their motion play an essential role in de-
termining the performance of the system or process, and therein bubble coalescence is a major mechanism affecting
the bubble size, and correspondingly the hydrodynamics. Bubble coalescence is substantially complicated due to the
presence of particles. Despite years of active research, bubble coalescence in three phase systems is far from under-
stood. Contradictory results on the particle effects are often reported (Banisi et al., 1995; Bhunia et al., 2017; Bukur
et al., 1990; Khare and Joshi, 1990; Ojima et al., 2014; Tavera and Escudero, 2012; Vazirizadeh, 2015). A general
conjecture is that the presence of solid particles affects the film drainage process and hence the bubble coalescence
behaviour (Gandhi, 1998; Hooshyar et al., 2010; Vazirizadeh, 2015). Quantitative data for a conclusive remark and
general mathematical description are, however, lacking, and further investigations are necessary. Jamialahmadi and
Miiller-Steinhagen (1991) stated that the existence of hydrophilic particles in the liquid film may increase the resis-
tance to film drainage and bubble coalescence due to the repulsive forces between the particles and the bubbles. On
the other hand, Omota et al. (2005) suggested that if relative motion between particles and liquid as well as particle-
induced turbulence is noticeable, particles may destabilize the liquid film and enhance the coalescence of bubbles.
It has been evidenced as well that the approach velocity of the bubbles has a significant impact on the deformation
and film drainage process and consequently the coalescence (Horn et al., 2011; Zhang, 2017). Most investigations on
film drainage and bubble coalescence in presence of particles were performed under very low approach velocity (up to
0.1 mm/s), where the hydrodynamic effects are negligible (Ata, 2008; Gallegos-Acevedo et al., 2010; Spyridopoulos
et al., 2004). Studying such interactions under hydrodynamic conditions with high approach velocity, e.g. during free
rising, is highly preferred since it covers many practical problems encountered in industrial processes. Computational
fluid dynamics (CFD) has been proven to be capable of providing insights into local flow phenomena as a supplement
to experimental capabilities, and is becoming an increasingly important tool in the design, scale-up and optimization
of multiphase reactors or processes (Koh and Schwarz, 2006; Salem-Said et al., 2013). The accuracy of multi-fluid
CFD simulation for three-phase flows, which is mostly used because of lowest computational costs, is degraded greatly
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due to insufficient knowledge on the mechanism of bubble coalescence in presence of particles. Recently, bubble size
distribution instead of a constant bubble size is often considered by coupling the CFD with a population balance model
(PBM), which provides a possibility to take into account bubble coalescence as well as particle effects. The simula-
tion based on this approach is referred to as a CFD-PBM coupled simulation, which represents however still a huge
challenge for three-phase systems. One major reason is that no reliable models are available for the description of
particle effects on bubble coalescence. The models developed for two-phase systems are used commonly to close the
population balance equation without any justification. For example, the Luo (1993) model, which was developed for
gas-liquid or liquid-liquid dispersions, has been adopted in Chen et al. (2004); Syed (2017); Troshko and Zdravistch
(2009); Xu et al. (2014) for slurry bubble columns, and the Prince and Blanch (1990) model in Basha and Morsi (2018);
Rabha et al. (2013a); Sarhan et al. (2018). Both models are based on the film drainage theory, and the coalescence
efficiency has a common form of

P.(d;,d)) = exp(~CW e)?), €5)

where d;, d; is the diameter of the bubble i and bubble j, the Weber number Wee;; defined in terms of the approach
velocity between the two bubbles and their equivalent size. There is no general expression for the pre-factor C even
for gas-liquid two-phase systems. According to Prince and Blanch (1990) it depends on the natural logarithm of the
ratio of the initial film thickness and critical film thickness where rupture occurs, while in the model of Luo (1993) it
is related further to the density ratio of gas to liquid, bubble size ratio as well as virtual mass coefficient, and Liao et al.
(2014) treat it simply as an adjustable constant. But in general they all are insufficient for the description of bubble
coalescence in presence of particles, since the particle-effect is not considered at all, which in the opposite has been
experimentally demonstrated (Banisi et al., 1995; Bhunia et al., 2017; De Swart et al., 1996; Gandhi, 1998; Ghani
et al., 2012; Hooshyar et al., 2010; Jamialahmadi and Miiller-Steinhagen, 1991; Kara et al., 1982; Krishna and Sie,
2000; Ojima et al., 2014; Rabha et al., 2013b; Su, 2005; Tavera and Escudero, 2012; Vandu et al., 2004; Vazirizadeh,
2015). To the best of the authors’ knowledge Ojima et al. (2014) were the first to take into account the reduction effect
of hydrophilic particles on the coalescence time observed in their experiments. They correlated the coalescence time
in terms of particle concentration based on the data for a 2D slurry bubble column, and implemented the effect as a
modification factor f in the Prince and Blanch (1990) model, i.e.

P.(d;.d)) = exp(—ﬁCWe?j‘.S), ?)

where f is evaluated using linear interpolation between the limits of f = 1.0 at C; = O and § = 0.0 at C; = 0.45
(C, is the particle volumetric concentration). The good agreement on gas holdup in a slurry bubble column using the
modified model evidences that it is possible to simulate bubble coalescence in three-phase systems reliably by updating
the models that originally developed for two-phase systems. However, more fundamental research on the mechanism
of particle effects and derivation of a physically-based modification factor are necessary.

The particle effects on the bubble coalescence can be well-captured using a Eulerian-Lagrangian based modeling
approach such as CFD-DPM-VOF (Liu and Luo, 2018). In this study, another Eulerian-Lagrangian method called the
Multiphase Particle in Cell (MP-PIC) method is used (Snider, 2001). The difference between the CFD-DEM-VOF and
CFD-MPPIC-VOF is in the particle collision modeling where the former calculates particle-particle interaction directly,
whilst the latter resolves the particle positions on the cell scale by using the averaged particle properties on the Eulerian
mesh created through an interpolation method. The Eulerian field values are also interpolated from the mesh back to
the particles for particle interaction calculations. The DEM method is more accurate in comparison to the MP-PIC
method (Li and Eri, 2021), but the modeling of the particle interactions in the MP-PIC is computationally much more
efficient than the DEM method. Secondly, the MP-PIC can employ a parcel concept where a number of particles are
grouped into one parcel to increase computational efficiency. Furthermore, Numerous studies demonstrated coupled
CFD-DEM-VOF models, i.e (He et al., 2020; Jing et al., 2016; Liu and Luo, 2018; Pozzetti et al., 2019; Pozzetti
and Peters, 2018), and relatively fewer for MP-PIC-VOF models (Kumar et al., 2021). The coupling strategy for
both approaches can be identical and in the MP-PIC, the accuracy of the coupling can be improved with high-order
interpolation methods. The default coupling strategy in OpenFOAM is the simplest; in other words, the coupling terms,
such as momentum exchange term and the porosity, are created by adding the particle property to the belonging cell
without considering the possible overlap of the particle to a neighboring cell. That can be less troublesome for CFD-
DEM applications but problematic for MP-PIC due to a possible staggering of particles since the MP-PIC does not
guarantee non-overlapping between particles. The direct resolution of the particle interactions in CFD-DEM prevents
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such behavior. The coupling strategies for the CFD-DEM-VOF approach are well-documented in the literature, and
those can be notable references to the MP-PIC-VOF approach. The MP-PIC method is practical for dense particulate
flows because of its fast particle collision modeling and scalability by employing a parcel approach. Moreover, the
VOF coupling to the model can provide an accurate solution to large-scale three-phase solid-liquid-gas flow modeling.
Such systems are seen in industries that involve hydraulic solid particles transportation and processing such as mining,
oil, and gas, agriculture, and waste treatment.

The main objective of this study is to acquire insights into bubble coalescence behavior in presence of insoluble
hydrophilic particles by means of high-resolution CFD simulations. The coalescence of bubble pairs under different
particle size, density and concentration is investigated in OpenFOAM v8 using the multiphase particle-in-cell (MP-
PIC) and volume of fluid (VOF) coupled method, with the consideration of its good efficiency, since the particle
concentration in the investigated cases is relatively high. The remainder of this paper is structured as follows. In
Section 2 the numerical approach is introduced in great detail, while its validation for various conditions is presented
in Section 3. The investigated cases and results on the particle effects are discussed in Section 4, and finally a brief
summary in Section 5 concludes the paper.

2. Numerical method

Multiphase particle-in-cell (MP-PIC) (Wikipedia, 2010) is a numerical method for modeling particle-fluid and
particle-particle interactions in a CFD calculation. In the coupled approach, the particle properties are mapped from
the Lagrangian coordinates to an Eulerian grid through the use of interpolation functions. After evaluation of the
continuum derivative terms like volume fraction and velocity field, the particle properties are mapped back to the
individual particles along with updated interaction forces. The MP-PIC method has proven to be numerically stable
and computationally efficient for dense particle flows because it simultaneously treats the particles as computational
particles and as a continuum by mapping the averaged particle fields on the Eulerian mesh, and resolving particle-
particle interactions using those averaged fields. (Snider, 2001).

2.1. Governing Equations for the Eulerian Phase

The MPPICInterFoam solver in OpenFOAM v8 is adopted in this study, where the Eulerian phase, i.e. the gas
and liquid mixture, is simulated using the VOF method, which employs the MULES (Multidimensional Universal
Limiter for Explicit Solution) method. The algorithm of the MULES method for interface tracking is explained in
detail in Marquez Damian (2013).The governing equations of the coupled MP-PIC-VOF model are summarized in the
following.

Continuity equation:

Jda

Alpha transport equation:
o(a,a)
o +V . (a,aU)+ V- (a,a(l —a)U,) =0, “)

where a, is the volume fraction of fluids, namely, 1 - ap, with a, standing for the particle volume fraction, and «
denotes the volume fraction of the primary phase, liquid in this study. The last term in Eq. 4 is an artificial compression
term, which is introduced for the sharpening of the gas-liquid interface, and U,. represents the compression velocity. In
comparison to the MPPICInterFoam solver of OpenFOAM where «, in the time derivative term of the alpha-equation is
neglected, the MPPIC-VOF solver in this study involves a volume-conservative solution of the alpha transport equation
due to the transient change of the local porosity, namely, the void fraction of the continuous phase. This is implemented
within the semi-implicit solution of the MULES method. In other words, Eq. 4 conserves the volume fraction of the
liquid (a) due to the motion of particles as they enter or exit the liquid.
Momentum equation:

o(a,pU)
ot

where f is the surface tension force, and the term F is defined as the average momentum transfer between the
fluid and the particles in a unit volume (Verma and Padding, 2020). It becomes negligible as the fluid volume fraction
a, approaches unity or a, ~ 0.

+V - (a,pUU)=-VP+V - (a,7) + a,pg + f, + F 5)
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2.2. Governing Equations for the Particle Phase
The particle phase is described by a probability distribution function, f(x, U ,, p,, Q,, 1), which indicates the like-
lihood of a particle with velocity U ,, density p,, volume Q, present at the location x and time 7. In the case of no
volumetric source and sink terms, the transport equation is expressed as
a9f

= +V-(fU)+Vy, (fA,)=0 ©)

The transportation is coupled with the fluid phase through the particle acceleration term, A, which is defined as

%4
Apsz(U—Up)+£[ﬂ] +g(1-L2)-—=, %)
pp L Dt 1p Pp XpPp

where the coefficient D, is determined from a model for the dimensionless drag coefficient Cp,. The pressure gradient

term is modified into two terms, the local acceleration term interpolated to the location of particle p, and buoyancy

force: |2Y| — g £. The combination of the Ergun (Ergun, 1952) and Wen-Yu (Wen, 1966) drag correlations is
D1 ) g g g
P

P
adopted in this study (Caliskan and Miskovic, 2021).

150058 + 1. 75"LU ol g <08
D, =1 i <Pre (8)
p 3a.p |(U-U,| a2 a. > 0.8
Dy g Pyl a. ¢ =
24(1+0.15ReYT) a pd, ‘U - Up’
CD = 4 R—e,]’ Rep < 1000 , Rep — (9)
0.4, Re, > 1000 He

where 4, is the dynamic viscosity of the continuous phase, and d,, is the particle diameter.
In the MP-PIC method, the description of particle-particle collision is simplified by introducing a continuum stress
term 7, (see Eq. (7)). According to the model of Harris and Crighton (1994), it is expressed as

s
P
T, = S P (10)
max (amax —a,e(l - ap))

Here, a,, is the volume fraction of the particle phase, and a,,,,, is the packing limit. A small value € is used to ensure
numerical stability as a, approaches or exceeds the limit. The values used in the present work are P, = 10, g = 2,
@, = 0.65 and € = 1077, The interphase force between particles and fluid (gas and liquid mixture) per unit volume

is computed as

_ _ L [DUY P
_///fppgp <DP(U Up)+pp[Dt]p gpp)dUpdpdep (11)

It is worth noting that in addition to the drag and pressure gradient considered in this work, other forces such as lift
and virtual mass can be included. The MP-PIC method allows tracking a number particles in a computational parcel
as mentioned above. Recently, Kim et al. (2020) solved a homogeneous population balance equation (PBE) for each
parcel. In the present work, one computational parcel represents a single particle, and its size is constant. The relation
between the particle volume fraction a,, and the probability distribution function f is as follows:

& = / / / £Q,dU dp,dQ, (12)

In the coupled MP-PIC and VOF framework there is a contradiction regarding the mesh resolution. It is known that
the stability and accuracy of the MP-PIC simulation is dependent on the size ratio between parcels and cells. Since the
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interaction between particles as well as phases is described on the basis of mean properties on the Eulerian mesh, it is
desirable to have many parcels in a cell to enhance the accuracy of averaged particle effects, which implies that the size
of parcels should be several times smaller than the cell size. On the other hand, the solution of governing equations
for the fluid phase requires a fine mesh in order to capture the liquid velocity, bubble shape and rise velocity as well
as the gas-liquid interface accurately. To overcome this limitation, Caliskan and Miskovic (2021) proposed a chimera
approach, which uses two overlapping meshes in the Lagrangian-Eulerian framework - a fine mesh for the CFD fields
and a coarser mesh for the MP-PIC fields. The first use of overlapping grids was reported by Volkov (1968), and then
further developed and promoted by different Scholars for example for complex geometries and CFD applications. Since
2010’s most commercial CFD solvers and many open-source codes use it with structured and unstructured meshes.
The recent version of OpenFOAM supports it as well. In the present work, it is implemented in the MPPICInterFoam
solver and applied for the investigation of particle effects on bubble coalescence. The modified solver is referred to as
chimMPPICInterFoam . For more details about the approach the reader is referred to the original reference.

3. Validation of the method

The coupled method and solver presented above is validated for three specific cases: a) single bubble rising in
stagnant liquid, b) single particle setting in pool, and c) bubble pair coalescing in slurry. Experimental data and
predictions of other solvers from the literature are used for comparison, and the dependency of numerical results on
mesh resolution is investigated in detail.

3.1. Free rising of single bubble in pool

To prove that the chimMPPICInterFoam solver is equivalent to interFOAM for gas-liquid two-phase flow, free
rising of single bubble in pure liquid is simulated. The reference case is setup according to the experimental and
numerical study of Raymond and Rosant (2000) and Albadawi et al. (2013). The physical properties and parameters
used for the simulations are summarized in Table 1. The simulations are two-dimensional and the domain is uniformly
discretized. The initially spherical and stationary bubble is accelerated quickly and rises up due to buoyancy. The

py[Pass]  py[kg/m®] . [Pas]  p, [kg/m’] o [N/m] g[m/s?’] d, [mm]
0.7 1250 1.82x 1073 1,205 0,063  9.1125 5

Table 1: Physical properties and simulation parameters for bubble rise simulation

change of bubble velocity with time is shown in Figure 1(a), from which one can see that the acceleration is complished
within 50 milliseconds. From ¢ = 0.1 s on, the bubble rises steadily at a velocity around 3.3 cm/s. The predictions of
chimMPPICInterFoam and interFoam are almost identical, and both conform with the measured terminal rise velocity.

The mesh-independency study shows that if the mesh is finer than 25d,, which means that d,/Ax > 25 with Ax
as cell size, the predicted bubble velocity can be considered as mesh-independent, see Figure 1(b). Furthermore, the
bubble shape remains nearly spherical as it rises through the liquid medium, which is consistent with the experimental
observation of Raymond and Rosant (2000) and numerical results of Albadawi et al. (2013) obtained with a coupled
VOF and LS (Level-Set) method.

3.2. Settling of single particle in pool

The setting of single particle in stagnant water pool is simulated to validate the effectiveness of the MP-PIC method
and chimMPPIClInterFoam solver. The data for setting up the case and validation of the results are taken from the work
of Jing et al. (2016). Main parameters are listed in Table 2. The two-dimensional computational domain is 300 mm and

u[Pas]  p [kg/m’]  p [kg/m®] g [m/s?] d, [mm]
9.98 x 10~% 998.2 1500 9.81 0.5

Table 2: Physical properties and simulation parameters for particle settling simulation

800 mm high, and the mesh size is uniform in both directions. The particle is initially located at a height of 700 mm and
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Figure 1: Validation of the coupled solver for single bubble rising (a) against interFoam and experiment (Raymond and
Rosant, 2000) (b) mesh-independency study

horizontally in the middle. Similar to the bubble rising case discussed above, the particle settles and accelerates from
t = 0 s under the effect of gravity. A steady settling velocity is reached when the drag is sufficient to counteract with the
gravity. Figure 2 (a) shows the comparison of particle velocity predicted by chimMPPICInterFoam with results of the
Wen and Yu correlation (Wen, 1966) and the Jing et al. (2016). The Wen & Yu correlation data were obtained by solving
the equation of motion for a single particle assuming drag is only interaction force between the particle and liquid, while
the latter was obtained with a CFD-DEM (discrete element method)-VOF coupled solver (cfdemSolverVOF). As one
can see that the results of chimMPPICInterFOAM solver are identical to that of the Wen & Yu correlation, which
indicates that the combined correlation of Ergun (1952) and Wen (1966) used in chimMPPICInterFoam is similar
to the original correlation of Wen (1966) for this case. On the other hand, the prediction of Jing et al. (2016) using
cfdemSolverVOF is obviously lower.

(a) (b)

5 T T 5 T T
g4 - 4L -
IS 1S
(&) (&)
> S 3 | e e |
3 3
o Ke)

g g
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Wen & Yu correlation % chim40+CFD20 - - -
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Figure 2: Validation of the chimMPPICInterFoam solver for single particle settling in water (a) compared with theoretical
and reference results (b) mesh independency study

The mesh study is plotted in Figure 2 (b) for different chimera and CFD mesh resolutions, where "CFD4" and
"chim4" implies that the mesh size for CFD fields (in this case water) and the MP-PIC fields is 4 times of the particle
size, respectively. One can see that for this case the CFD mesh resolution has negligible effect on the particle velocity,
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which is understandable since the settling of a single particle hardly influences the pool hydrodynamics and the liquid
remains nearly stationary. On the other hand, if the chimera mesh size is comparable to the particle size, the settling
velocity tends to be under-predicted, and the difference vanishes if it is larger than 4 times particle size. Therefore, in
the following studies on bubble coalescence, a ratio of 5 is used.

3.3. Coalescence of a bubble pair in slurry

Finally, the rising and coalescence of a bubble pair in slurry is simulated with chimMPPICInterFoam, and its
effectiveness is validated with the CFD-VOF-DPM (discrete phase model) simulations of Liu and Luo (2018). The
simulation domain has dimensions of 30 mm width and 80 mm length, and is discretized into a number of square cells.
The cell size for the CFD fields is 0.2 mm, which is the same as in the reference, and the MP-PIC mesh size is 5d >
ie. 0.5 mm. Atz = 0 s the domain is filled with liquid, 1000 particles distributed randomly inside it, and two 10
mm bubbles are positioned co-axially in lower part of the domain. The initial distance between the centres of the two
bubbles is 2 or 2.5 times of bubble diameter. A summary of physical properties, bubble and particle diameters is given
in Table 3. Note that the particle diameter is reduced to 0.1 mm in the present study, since a too large particle, e.g.
d, > 0.5mm, leads to high spurious currents at the beginning of the simulation and thereby destroys the gas-liquid
interface in this case. The sequence of snapshots in Figure 3 show the rising, approaching and coalescing process of

u [Pass]  p; [kg/m?] H [Pass]  p, [kg/m3] P, [kg/m3] o [N/m] d, [mm] d, [mm]
0.0529 1206 1.8x 107 1.1 2500 0.0629 1.0(0.1) 10

Table 3: Physical properties and simulation parameters for bubble coalescence

the two bubbles. The upper row of pcitures are results of this work, and the below ones are from the literature. They
are in a qualitatively good agreement. As one can see, the bubbles deform substaintially during their rising due to

0.0s 0.05s 0.1s 0.15s 0.2s 0.25s 0.3s

Figure 3: Validation of the chinMPPICInterFoam solver for bubble-pair coalescence in slurry — snapshots. Up: this work,
Down: CFD-VOF-DPM simulation results of Liu and Luo (2018)
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pressure difference along the interface. Attt = 0.05 s, because the pressure at the bottom is larger than that at the
top, the bubble is dented from below, which gives rise to a wake region behind them. Afterwards the leading bubble
evolves rapidly to a cap shape, but the trailing bubble elongates more significantly in the vertical direction due to the
wake effect. Its bottom is firstly flattened and then concaved again as it approaches the leading bubble, see t = 0.10 s
and r = 0.15 s. It is accelerated in the wake region and catches up with the leading bubble in about 0.2 s and is flatten
in the horizontal direction. After a short interaction and film drainage stage, the two bubbles finally coalesce forming
a large cap bubble. The moment at which they coalesce agree well between the two sets of simulations. Nevertheless,
slight difference exists in the prediction on bubble shape, e.g. for the trailing bubble at t = 0.15 s. According to the
CFD-VOF-DPM simulation of Liu and Luo (2018) its bottom is still nearly flat like at # = 0.1 s, while the present study
shows that it begins to concave again like at # = 0.05 s. It implies that at this moment in time, the velocity of trailing
bubble predicted by chimMPPICInterFoam is larger than by the CFD-VOF-DPM solver. The distance between two
bubbles confirms this speculation, which is shorter in the present simulation. Furthermore, the reference picture shows
more significant movement of particles driven by the bubble wake. The deviation might be caused by the reduction of
particle size in addition to the methodological difference. Nevertheless, the chimMPPICInterFoam simulations with
d, =0.1 mmand d, = 0.2 mm deliver almost identical results.

Figure 4 shows further the velocity versus time curve for two cases, one with an initial distance H;,; of 2d, and

ini
the other with H;,; = 2.5d;. One can see that the changing course of the leading and trailing bubbles is similar in
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Figure 4: Validation of the chimMPPICInterFoam solver for bubble-pair coalescence in slurry — velocity. (a)initial distance
between the bubbles is 2d, (b)initial distance between the bubbles is 2.5d,

two cases. The acceleration of the leading bubble is accomplished within 0.02 s and afterwards it rises stably with
a terminal velocity around 0.12 m/s. The second acceleration stage of the trailing bubble due to the wake effect is
substantial, which starts at about ¢+ = 0.05 s in the former case while close to # = 0.1 s in the latter one. Compared
to the reference results, the trailing bubble is accelerated more slowly, but the maximum velocity around ¢ = 0.15 s
is higher in the case of H;,; = 2d,. Apart from that, the predictions of chimMPPICInterFoam and CFD-VOF-DPM

solver are in conformity with each other in the respects of the leading bubble, the deceleration stage of the trailing
bubble as it approaches the leading one, the coalescence time as well as after the coalescence.

4. Particle effects on bubble coalescence

Based on the last validation case, particle effects on bubble coalescence is investigated in more detail. At first, the
influence of domain size is studided by performing simulations in three domains with different widths, i.e. W /d; = 8§,
6 and 3, where W and d, represents the domain width and the leading bubble diameter, respectively. It is found
that when the ratio is too small, the deformation of bubbles is confined obviously in the direction of domain width,
see Figure 5. As W /d, increases from 3 to 6 the maximal extension of bubbles in the horizontal direction increases
accordingly, which even leads to breakup of the trailing bubble at# = 0.2 s. The results show that whether there are wall
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effects depends not only on the initial bubble size but also on its final deformation. The conclusion of Mukundakrishnan
etal. (2007) that when W /d, > 3, the effect of sidewalls is minimal, is not valid in the present study. In order to avoid
the breakup of bubbles during the coalescence caused by wall effects, the size of trailing bubble d, is reduced to 7.5
mm. As shown in Figure 6, both bubbles remain intact during the deformation up to coalescence, and the results in
W/d, = 8 and W /d, = 6 domains are almost identical. The simulations presented in the following are all carried
out in a domain with a width of 60 mm and a height of 100 mm, satisfying W /d, = 6, if d; = 10 mm.

™~ N
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~ [ ]
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P - ”~ 7\
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~ ~ - : ~ ~
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Figure 5: Wall effect on coalescence of a co-axial bubble pair of d; = 10 mm and d, = 10 mm. Top: W /d, =8, Middle:
W/d, =6, Bottom: W /d, =3

an
P — -~ o
Sy ~\
o~ ~N [
- a a
- 7 N
o ”~N
-~ -~y -
- a -
a
- — - =~ =
o~ -~ a ~
- a -
0.05s 0.075s 0.1s 0.125s 0.15s 0.175s 0.2s 0.225s

Figure 6: Wall effect on coalescence of a co-axial bubble pair of d; = 10 mm and d, = 7.5 mm. Top: W /d, =8, Middle:
W/d, =6, Bottom: W/d =3
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4.1. Test cases

Altogehter 17 cases are designed to investigate the effect of particle number, size and density as well as the initial
position of the bubbles on their coalescence, see Table 4. The cases "coaxial_", "coradial_" and "diagonal_" denote
that the two bubbles are positioned initially co-axially, co-radially and diagonally, while d{, d,, hy, h,, N » dp, Pp
represent the diameter of leading and trailing bubble, initial distance in the horizontal and vertical direction, number,
diameter and density of particles, repsectively. In the co-axial cases, six particle numbers, three particle diameters and
densitites are compared. The gas and liquid properties are kept constant, i.e. p; = 1206 kg- m~3, pg = 1.1 kg: m3,
w =0.529 Pa- s, p, = 1.8 1073 Pa- s, 0 = 0.0629 N/m. In addition, the particles are assumed insoluble hydrophilic,
and their influence on the gas-liquid interface properties is ignored.

case d; [mm] d, [mm] A, [mm] A, [mm] N » [-] a'p [mm] Pp kg - m~3]
coaxial 0 10 7.5 0 17.5 0 0.1 2500
coaxial_1l 10 7.5 0 17.5 10* 0.1 2500
coaxial_2 10 7.5 0 17.5 8 x 10* 0.1 2500
coaxial_3 10 7.5 0 17.5 10° 0.1 2500
coaxial_4 10 7.5 0 17.5 2% 10° 0.1 2500
coaxial_5 10 7.5 0 17.5 4% 10° 0.1 2500
coaxial_6 10 7.5 0 17.5 10* 0.2 2500
coaxial_7 10 7.5 0 17.5 10* 0.05 2500
coaxial_8 10 7.5 0 17.5 8 x 10* 0.1 1250
coaxial_9 10 7.5 0 17.5 8 x 10* 0.1 5000
coaxial_10 10 7.5 0 17.5 4% 10° 0.1 1250
coaxial_11 10 7.5 0 17.5 4%x10° 0.1 5000
coaxial_12 10 7.5 0 17.5 1.6 x 10° 0.05 2500
coaxial_13 10 7.5 0 17.5 1.8x10° 0.15 2500
coaxial_14 7.5 7.5 0 15 8 x 10% 0.1 2500
diagonal_1 7.5 7.5 7.5 7.5 8 x 10% 0.1 2500
coradial_1 7.5 7.5 8.5 0 8 x 10% 0.1 2500

Table 4: Overview of investigated cases

4.2. Effect of mesh size

The study of bubble coalescence requires a high spatial resolution, since the film drainage process which governs
the rate of coalescence usually takes place at a length scale ranging from millimeter to nanometer. For example, for
air-water systems Prince and Blanch (1990) assumes that the drainage starts at an initial film thickness of 10™* m,
and ceases at the thickness of 1078 m, when the van der Waals force becomes dominant and a hole is rapidly formed
leading to coalescence. Available references such as Kim and Lee (1987); Kirkpatrick and Lockett (1974); MacKay
and Mason (1963); Marrucci (1969); Scheludko et al. (1965); Vrij (1966) support these assumptions on the initial and
critical film thickness. However, because the computational load increases with the number of cells dramatically, most
numerical studies with interface capturing approaches have a resolution less than (or cell size larger than) 0.1 mm, e.g.
Ax = 0.2 mm chosen in Liu et al. (2014) and Liu and Luo (2018). Chakraborty et al. (2013) and Mukundakrishnan
et al. (2007) suggested a ratio of 0.02 and 0.01 for mesh to bubble sizes, respectively, which means that for 10 mm
bubbles Ax = 0.2 mm and Ax = 0.1 mm can be used. Feng et al. (2016) adopted a grid size of 0.05 mm for their VOF
study on coalescence of two in-line bubbles at low Reynolds numbers. In the present work, the minimum cell size is
down to 0.05 mm to show its effect on bubble approach velocity, film drainage mechanism as well as particle effect.
Figure 7 shows the results for case coaixal_0 in Table 4. From left to right the mesh size decreases from 0.4 mm to
0.05 mm. As one can see, the difference appears first after t = 0.16 s, in other words, when the two bubbles are close
enough to each other. If the mesh is too coarse, e.g. Ax = 0.4 mm, artificial breakup of the trailing bubble prior to the
coalescence is observed. Naturally, the bubbles come to merge and coalesce later as the mesh is refined, for example,
at? = 0.19 s with Ax = 0.2 mm and ¢ = 0.25 s with Ax = 0.05 mm. Thus, it is impossible to get mesh-independent
results for the onset of coalescence. Nevertheless, the difference in bubble deformation and shape change during the
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coalescence for Ax = 0.1 mm and Ax = 0.05 mm is minimal, and the latter is already in the film drainage range. To
reduce the computational cost, the mesh size of 0.05 mm is adopted to investigate particle effects on the film drainage
process further.

0 o o o)

Figure 7: Effect of CFD cell size on the coalescence behavior in case coaixal 0, (a) Ax = 0.4 mm, (b) Ax =0.2 mm, (c)
Ax =0.1 mm, (d) Ax =0.05 mm

4.3. Effect of particle number

The coalescence behavior of two co-axial bubbles is investigated first by increasing the number of particles dis-
tributed on the plane of interest while keeping other parameters such as the size of bubbles and particles unchanged
(see the cases coaxial_0 ~ coaxial_6 in Table 4). It is worth mentioning that for N » = 10° the initial distribution
of particles changes from random to uniform in order to increase the maximum packing limit, and the intersection
between particles is avoided intentionally in all cases. Figure 8 shows that the presence of particles has little influence
if the number concentration is sufficiently low, say N, < 10°, which corresponds to an area ratio around 13.1% of the
2D simulation plane occupied by particles. In all the pictures solid white lines are contours of liquid volume fraction
equal to 0.5 representing the shape of bubbles, the grey points denote particles while the color of the display plane is
scaled with the velocity magnitude between 0 and 0.5 m/s. In cases coaxial_0 and coaxial_1, the bubbles approach to
each other axisymmetrically up to the occurrence of coalescence. The rising of bubbles gives rise to a high-velocity
wake region, which is the reason why the smaller trailing bubble is able to catch the leading one and eventually coa-
lesce with it. Furthermore, the deformation of bubbles generates non-uniform velocity distribution inside them with
high values in the stretched parts. At low particle concentrations, the liquid between the interacting interfaces drains
out approximately uniformly from both sides. In other words, the film thins evenly, and the majority of particles are
pushed away from the film without direct influence on the coalescence. The same scenario happened in the experi-
mental studies of Spyridopoulos et al. (2004) and Omota et al. (2005) in a coalescence cell with two vertical needles
in opposite directions, i.e. co-axial collision, and one or several hydrophilic particles being placed between the two
approaching bubbles. The deformation and coalescence dynamics is similar to that in pure liquid (N, = 0). The two
bubbles remain aligned co-axially, and the colliding interfaces is first flattened and then dimpled during the drainage.
The smallest film thickness is located at the rim of the dimple, which ruptures first leading to coalescence. As the
number of particles exceeds 8 X 10%, the drainage and thinning of liquid film becomes asymmetrical and coalescence
of bubbles starts at one side, see cases coaxial_2 and coaxial_3. The degree of asymmetry seems to increase with
the particle concentraion, and consequently the one-side coalescence occurs earlier, which is supposed to be a reason
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for enhanced coalescecnce rate by particles. However, if N, increases further, e.g. N, =2 X 103, the coalescence is
significantly retarded because of the obstructing effect of particles present in the film, and bubbles begin to slide and
rotate about the interacting interface. For example, in the first four cases with N, < 10° coalescence occurs approx-
imately around ¢ = 0.25 s, where in case coaxial_4 the film ruptures first at # = 0.28 s. It is interesting to observe
that the coalescence is advanced again in coaxial_5, which happens at t = 0.271 s. Note that a similar dual effect with
respect to solid concentration C; has been reported by Khare and Joshi (1990) and Rabha et al. (2013b). The latter
measured the bubble size and radial gas hold-pp distribution in a 3D slurry bubble column with ultrafast electron beam
X-ray tomography. They found that if C; larger than 0.05 bubble coalescence is significantly promoted, but larger than
0.2 the bubble size tends to decrease again. The scholars attributed this result to possible breakup events, while this
study reveals that the change of coalescence behavior may alone lead to such dual effects. The mechanism of interface
collapse and coalescence is supposed to be different in the low and high concentration regimes. In the former, contact
of the interfaces occurs at the location where the film thickness is the smallest and no particle obstruction exists, while
in latter, the destroying of liquid film and interface stability is caused by the particles or their motion. As a result, the
interfaces stretch more slowly and becomes instable more quickly as the particle concentration increases.

NoP=1E4 “ o NOP=BEA

NoP=1ES NoOP=2ES

Figure 8: Effect of particle number on film drainage and coalescence behavior at + = 0.25 s. From left to right, top
to bottom: coaxial_0 (N, = 0), coaxial_1 (N, = 10%), coaxial_2 (N, = 8 x 10*), coaxial_3 (N, = 10°), coaxial_4
(N, =2x10%), coaxial_5 (N, =4x10%). Other conditions of the cases are listen in Table 4.
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The moment at which film rupturing and coalescence taking place is shown in Figure 9 for cases coaxial_1, coax-
ial_4 and coaxial_S. In the first case with N, = 10*, the bubbles remain vertically aligned. Because of relatively
large film radius, a dimple is formed at the later stage of drainage and the thinnest liquid film is identified at the rim,
which ruptures leading to coalescence finally. The mechanism of dimple formation and dimple drainage has been
investigated widely for two-phase systems, e.g. bubbles in pure liquid and droplets in gas (Chan et al., 2011; Liu et al.,
2019; Ozan and Jakobsen, 2019). Due to the particle effects, the position of bubbles changes from initially co-axial
to side-by-side at the moment of coalescence in the two cases with a higher particle concentration, without forming
a dimple. As discussed above, this alignment change is observed at the film drainage stage as the bubbles are close
enough to each other, while at the approaching stage, the presence of particles is found to have limited impact in the
investigated range, for example on the shape and velocity of bubbles. In addition, in coaxial_4 and coaxial_5 the film
thickness is nearly uniform between the two interfaces, which turn to wavy and instable as the film thins to a certain
point. Correspondingly, the velocity field of the film flow and in gas boundary layer adjacent to the interfaces becomes
non-uniform with local increase in narrow places. Finally, the interfaces collapse leading to coalescence, which starts
at the lower part of the film.

‘NoP=1E4

Figure 9: The moment of coalescence in difference cases. From left to right: coaxial_1 (N, = 10%), coaxial_4 (N, =
2% 10%), coaxial_5 (N, =4 x 10°). Other conditions of the cases listen in Table 4.

In order to show how the particle concentration affects the film shape, orientation and drainage during the coales-
cence process in more detail, the contours of liquid volume fraction equal to 0.5 are depicted for different time points
in Figure 10 for the above six cases. As the two spherical bubbles start to rise up, the smallest distance is first located
at the middle and the drainage is rapid, even when the leading bubble begins to concave at the bottom, see the pictures
of t = 0.05, 0.1 and 0.15 s in Figure 3. As the liquid film between the bubbles becomes thin, the rate of thinning is
retarded because of increased viscous resistance. As a response, radial pressure gradients arise to remove the inter-
venting film, which leads to the formation of a dimple, e.g. at the time point of 0.19 s in Figure 10. Att = 0.21 s
the convex dimple is pushed out and a plane parallel film results in all cases. As the drainage proceeds further, the
curvature at the center changes its sign and a new concave dimple is formed, see the moment of t = 0.23 s. In the first
four cases (N, =0, N, = 104, N p=8X 104, N p = 10%) the dimple remains and the rupture occurs on its surrounding
rim. Whereas in the last two cases with N, = 2 X 10° and N p,=4X 10°, the dimple is pushed out again and the plane
parallel film is recovered. At the same time, its orientation changes from horiontal to vertical. In this case, instability
results in film rutpure and coalescence.

4.4. Effect of particle density
The effect of particle density is investigated for two number concentrations. As Figure 11 shows, at N, = 8 X 10*

changing the particle density from 1250 kg- m™> to 5000 kg- m~> has negligible effect on the film drainage and
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Figure 10: The shape of bubbles and liquid film during the drainage process in difference cases. From bottom to top:

coaxial_0 (N, = 0), coaxial_1 (N, = 10*), coaxial _2 (N, = 8 x 10*), coaxial _3 (N, = 10°), coaxial_4 (N, =2 x 10°),
coaxial_5 (N, =4x10°). From left to right: 1=0.19s,1=021s,1=023s,t=025s, t =0.27 s. Other conditions of

the cases are listen in Table 4.

coalescence dynamics. In all three cases, the interacting interfaces remain nearly horizontal, and the trailing bubble
deforms to a dumbbell shape during the film draining and dimple forming stage. As the liquid film ruptures on the rim
around ¢t = 0.25 s, the lateral streching ceases and the coalesced bubble develops to a cap shape rapidly. At high particle
concentrations the orientation of interacting interfaces changes from horizontal to vertical, as the trailing bubble slides
from below to the left side of the leanding one, see Figure 12. The particle density has still negligible effect at the film
drainage stage. For example, from # = 0.25 s to t = 0.26 s, the morphology of bubbles is quite similar for the three
particle densities. Nevertheless, it is found to have an impact on the film rupture. The film tends to rupture at the lower
and upper position successively, and as a result a droplet is enclosed in the coalesced bubble, which will fall out of
the lower boundary of the coalesced bubble due to gravity. Increasing the particle density from 2500 kg-m™3 to 5000
kg-m_3, the film rupture is advanced. In the case coaxial_5, it occurs at t = 0.271 s, while at # = 0.269 s in the case
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Figure 11: Effect of particle density on film drainage, rupture and bubble deformation at N, = 8 x 10*. From left to
right: p, = 1250 kg-m~3 (coaxial_8), p, = 2500 kg-m~* (coaxial_2), p, = 5000 kg-m~ (coaxial_9). From bottom to top:
t=0.23s,024s, 025s.

coaxial_11. The effect of particle density on the gas hold-up in three-phase bubble columns has been investigated in
Khare and Joshi (1990). They found that alumina particles tend to promote the coalescence of bubbles compared to
quartz particles, leading to a decrease of gas hold-up at smaller particles. The main difference is that the former has
a density of 4000 kg -m~3, while the latter 2520 kg -m~3. It is interesting to observe that the particle density has a
dual effect on the film drainage and rupture. In other words, at p, = 1250 kg-m~3, which is close to the liquid density,

the film ruptures earlier than at p, = 2500 kg-m~3. Recall that at high particle concentration the film ruptures as a
result of interface instability and film flow jointly. Since there are still a number of particles present in the film, it is
understandable that the particle density and relative motion influence its rupture time. Nevertheless, the moving of
particles through the vertical film region might be highly complicated. On one side, due to the recirculation in the wake
region beneath, the particles tend to rise up with the liquid from the centre, while on the other side, they settle from the
top under the effect of gravity. In addition, the narrow cross section of the film prevents them from flowing throught.
As a result, a stagnation zone is observed at the lower part of the film, where the rupture first occurs. Whether the
rupture at the upper part of the film under high particle density condition results from particle motion needs further
studies.

4.5. Effect of particle size

The effect of particle size is first investigated for a constant number of particles, i.e. N, = 10*. As shown in
Figure 13, since the particle number concentration is relatively low, the increase of particle size from d, = 0.05 mm to
d, = 0.2 mm has hardly any effect on the film thinning rate and rupture time. At# = 0.15s, 0.2 s and 0.25 s, the bubble
shape and film thickness is almost identical, and coalescence starts at about = 0.25 s in all three cases. Nevertheless,
a close look reveals that the film ruptures only at one side in coaxial_7 while in other two cases it is observed at both
sides. It indicates that if the number is kept constant, increasing of particle size will lead to an increase in the volume
(area in 2D) ratio of the particles, which might increase the blocking effect, similar to that observed at higher number
concentrations (see cases coaxial_2 and coaxial_3 in Figure 8). It is reasonable to speculate that if the particle size
is increased further or at a higher concentration, more substaintial impact on the film drainage like in cases coaxial_4
and coaxial_5 will be observed. Another consideration for investigating the effect of particle size is to keep the area
ratio of the 2D plane occupied by the particles constant, which means that the number has to be adjusted while the
particle size changes. In the following study, the area ratio of particles is set to 0.524, which is about 3.14 X 103 mm?,
since the simulation plane has an area of 6 x 103 mm?. Accordingly, there are N » = Lo6X 109 for d, = 0.05 mm,

Np =4 x 10’ for dp = 0.1 mm and Np = 1.8 x 10° for a’p = 0.15 mm. They are cases coaxial_12, coaxial_5 and
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Figure 12: Effect of particle density on film drainage, rupture and bubble deformation at N, = 4x10°. From left to right:
p, = 1250 kg- m™3 (coaxial_10), p, = 2500 kg-m~3 (coaxial_5), p, = 5000 kg-m~ (coaxial _11). From bottom to top:
t=025s,026s, 027 s.
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Figure 13: Effect of particle size on bubble coalescence time at N, = 10*. From left to right: coaxial_1 (d, = 0.05 mm),
coaxial_6 (d, = 0.1 mm), coaxial_7 (d, = 0.2 mm).

coaxial_13 in Table 4, respectively. As Figure 14 shows, before ¢+ = 0.2 s, the bubble pair deforms and approaches
similarly, although in case coaxial_13 the vertical position is slightly lower compared to the other two cases. It implies
that large particle size may have an impact on the bubble rise velocity during the approaching stage. Furthermore,
att = 0.2 s the liquid film between the bubbles seems to become more straight as the particle size increases, which
indicates that the convex dimple is pushed out more early. The most significant difference is observed at the moment
of coalescence in the apsects of bubble morphology, film rupture position as well as coalescence time, see the top row
of pictures in Figure 14. In the case of coaxial_12, the dimple is pushed out at the latter stage of draining but no plane
parallel film and concave dimple appear subsequently. The leading bubbles stretches significantly and surrounds the
trailing bubble from both sides. A bell-shaped film having nearly uniform thickness forms, which thins further and
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ruptures at several locations simultaneously due to instability. In coaxial_5, as discussed above, during the plane film
drainage the trailing bubble slides to the left side of the leading one and correspondingly the film orientation changes
from horizontal to vertical. The mergence of bubbles occurs first at the lower end of the liquid film and the rupture. As
the particle size increases to 0.15 mm and its number decreases to 1.8 x 10°, the two bubbles keep vertical alignment
during the coalescence. A concave dimple is formed after the plane-parallel stage and the film rupture happens at one
side, which is similar to the case coaxial_3 (see Figure 8). The results in Figures 13 and 14 evidence that the effect
of particle size is coupled with that of number and/or volume (area) concentration. By investigating bubble size and
void fraction distribution in a slurry bubble column under three particle concentrations C;(= 0.01, 0.03, 0.05) and
sizes d,(= 0.05, 0.1, 0.15) mm Rabha et al. (2013a) reported that increasing of both particle size and concentration
tends to promote bubble coalescence, and the effect is more significant for d, > 0.1 mm and C; > 0.03. Khare and
Joshi (1990) classified the dependency of gas hold-up in three-phase sparged reactors on particle size and loading into
several regimes. Atlow loading and small particle size gas hold-up increases with the loading, while decreases in other
regimes. Both particle size and concentration have a dual effect on the gas hold-up and bubble coalescence probability.

dP=0.05mm, NoP=1.6E6 dP=0.1mm, NoP=4E5 dP=0.15mm, NoP=1.8E5
/@ @ %
1=0.258s 1=0.27s 1=0.248s

t=0.2s t=0.2s t=0.2s

t=0.142s 1=0.142s

Figure 14: Effect of particle size on bubble coalescence time while keeping the total cross section of particles constant.
From left to right: coaxial 12, coaxial 5, coaxial 13.

4.6. Coalescence time

According to Maldarelli and Jain (1988) the coalescence time can be approximated as the duration from the moment
in which the relative motion between the bubbles becomes sufficiently low and stable to the rupture of the liquid film.
Figure 15 shows the relative rise velocity (defined as the difference of the vertical velocity component of the trailing
and leading bubble) in the first six cases, which reflects the influence of particle number concentration. As one can see,
the bubbles start to rise up at a similar speed. The velocity difference becomes large as the wake acceleration comes
into effect, and decreases again at certain separation. It reaches a flat valley around # = 0.2 s, which is considered as the
starting moment of film drainage 7. In the cases coaxial_0, coaxial 1, coaxial_2 and coaxial_3, the drainage processes
first under a low but nearly constant relative velocity. After a while, the relative motion is substantially retarded because
of large viscous resistance and drops to zero at the moment of film rupture or coalescence occurrence. While in the
last two cases, where the number of particles is high, the drainage at constant relative motion does not lead to film
rupture but is followed by a sliding motion as discussed above, where the alignment of bubbles changes from vertical
to horizontal and the axial relative motion increases again. It is worth mentioning that the film thickness does not
increase but continues thinning at a low rate during the sliding. After some delay, film rupture occurs as a result of
instability and particle effects. By comparing the case coaxial_5 with coaxial_4, one can see that the starting and
duration of the sliding movement is promoted with the increase of particle concentration. In the six co-axial cases, the
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Figure 15: The evolution of relative rise velocity between the two bubbles and the effect of particle number concentrations.
The red, blue, green dash and dashdot lines (7,,7,,t,) represent the moment of film drainage starting, film rupture occuring
and sliding beginning, respectively.

film drainage valley begins at the condition of a similar vertical relative velocity U,,; = 0.015 m/s as shown in Figure
15. It proves the fact again that the particle number concentration has little influence on the rising and approaching
of bubbles, and the impact exists mainly in the drainage stage. As a result, ¢, can be quantified with the time point
when the axial approach velocity decreases to 0.015 m/s. The results are presented in Table 5, where ¢, denotes the
time moment of film rupture, and the coalescence time is computed from 7, = ¢, —t,;. As one can see, the influence of
particle number concentration on coalescence time is multimodal, see also Figure 16a. From coaxial_0 to coaxial_2,
the presence of particles are shown to have a blocking effect and retard the film drainage and bubble coalescence, and
the obstruction increases with the number concentration. The coalescence time is reduced in case coaxial_3 compared
to case coaxial_2, because the axisymmetry of drainage is destroyed and one-side rupture/coalescence happens. As
the number of particles increases further, the bubbles begin to slide about each other leading to a noticeable increase
in the coalescence time. But in case coaxial_35, the occurrence of coalescence is advanced again, which is supposed
to be caused by the fact that particle effects on the stability of thin liquid film become significant. Similarly, the effect
of particle size and density on the film drainage rate and coalescence time can be evaluated. As shown in Figures 16b
and 16c, both the size and density have a dual effect. In other words, increasing of particle size (if the area or volume
concentration kept constant) or density tends to first hinder and then promote the coalescence. It is worth noting that
Rabha et al. (2013a) measured an enhancement of the coalescence as they increased the particle size from 0.1 mm to
0.15 mm. Similar dual effect on the particle size has been aslo observed by Kim et al. (1987). Compared to the size, the
influence of particle density is modest. The multimodal or dual effect of particles on bubble coalescence may explain
partially some contradictory reports on experimental findings found in the literature.
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case ty sl t.[s] t.[s]
coaxial_ 0 0.206 0.25 0.044
coaxial_1 0.206 025 0.046
coaxial_2 0.205 0.251 0.047
coaxial_3 0.203 025 0.044
coaxial_ 4 0.201 028 0.079
coaxial 5 0.20 0.271 0.071

Table 5: Influence of particle number concentration on coalescence time
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Figure 16: Dependence of coalescence time on number, size and density of particles. (a) effect of N,: coaxial 0 ~
coaxial_5; (b) effect of d,: coaxial _12, coaxial _5, coaxial _13; (c) effect of p,: coaxial _10, coaxial _5, coaxial _11.

4.7. Effect of initial position of bubbles

Finally, the rising of an equal-sized bubble-pair in slurry is investigated for three different initial positions. In
the cases diagonal_1,coradial_1 and coaxial_14, the two 7.5 mm bubbles are positioned diagonally, co-radially and
co-axially at # = O s, respectively, while the particle conditions are kept the same. The initial horizontal and vertical
distances between their centers as well as particle properties are listed in Table 4. As shown in Figure 17, because of
strong wake effect in the co-axial alignment, the trailing bubble catches up the leading one and stays beneath it. The
coalescence occurrs at ¢ = 0.203 s. In contrast, if the bubbles are aligned co-radially initially, their wakes interact with
each other and tend to push the bubbles away from each other as they rise up. No coalescence between them is possible
during the simulation duration of 0.3 s. In the case of diagonal alignment, the wake of the preceding bubble has still
an obvious interference on the below one, although it is not located in the middle of the wake region. The trailing
bubble is sucked from the side into the wake of the leading one and slides to its right side during the film drainage
stage. No formation of dimple is observed and the film thickness remain almost uniform until instability begins to
play a role, which is quite similar to the cases having high particle number concentrations shown above. The rupture
occurs first at the upper part and then the lower part. It is interesting to see that in this case the coalescence occurs
already at t = 0.127 s, which is much earlier compared to the co-axial case. The main reason is that the intial vertical
distance between the bubbles in diagonal_1 is the half of that in the coaxial_14. As a result, it takes much longer for
the trailing bubble to catch up with the leading one in the latter case. Based on the method introduced above for the
determination of coalescence time, the film drainage process is longer in the diagonal alignment because of the sliding
motion and orientation change. The effect of particle number concentrations on the coalescence time is similar to the
co-axial case. The study shows clearly that wake is a crucial factor influencing the coalescence rate in bubble columns,
which has been revealed in a number of experimental and direct numerical simulations of gas-liquid two-phase flows,
e.g. Celata et al. (2004); Sanada et al. (2009); Zhang et al. (2019).
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Figure 17: Effect of initial position of bubbles on their coalescence and approaching behaviour in slurry (N, = 8 x 10%).
From left to right: diagonal 1, coradial 1, coaxial 14. From bottom to top: at t=0s, 0.1 s and 0.13 s. Particle are
colored by their velocity magnitude varying from 0 to 0.3 m/s.

5. Conclusion

Understanding bubble coalescence in slurry columns and how it is affected by the particles and their properties
is of great significance to numerous engineering applications. Despite decades of research high-resolution data on
the film drainage process in a bubble column are scarce, which prevents a precise description of the phenomenon and
derivation of reliable models and analyses. The existing work on bubble coalescence in the presence of particles either
focuses on experimental or analytical study under nearly hydrostatic conditions, or is limited to mesoscopic scales, for
example, acquiring the void fraction and bubble size distribution. The present work aims to fill the gap inbetween and
provide insights into the film drainage process at the microscopic scale under bubble column hydrodynamic conditions.
By coupling the VOF and MP-PIC methods with a chimera mesh approach, a high resolution of the interface and fluid
flow field is realized and meaningful results on the effect of particle number concentration, particle size and density
are achieved. The main conclusions are summarized as follows:

e The influence of particle number concentration in co-axial coalescence is complex and multimodal. At suffi-
ciently low concentration, particles are pushed out from the film and do not alter the drainage and coalescence
rate noticeably. When the concentration keeps increasing, first a physical blocking effect then a slight promotion
because of the drainage changing from axisymmetry to asymmetry, is observed, and subsequently the drainage
process is greatly retarded.

e The mechanism of film drainage and rupture is obviously different at high particle concentrations. For example,
no dimple formation is observed, which is typical at low concentrations or in pure liquids. The drainage is largely
retarded by the particles. The instability resulting in a wavy interface plays a crucial role by film rupture, and
the presence of particles in the thin film affects its stability greatly.

e Both particle size and density are shown to have a dual effect in the aspects of coalescence time. Increasing of
them leads to first suppression then promotion of coalescence. The results agree with the observations of the
previous literature.

e Wake entrainment is proven to be a crucial factor affecting bubble coalensce in a bubble column. Whether a
bubble-pair will come to collide and how long it will take to coalesce depends on their positions and surrounding
hydrodynamic conditions. In the investigated parameter range and condition, the presence of particles in the
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liquid is shown to affect majorly the film drainage process, while have negligible effects on the bubble rise and
approach velocity.

Finally, it should be reiterated that the numerical simulation with a resolution of 0.05 mm is not able to capture the
film rupture physically, which occurs at a scale of nanometer. The method also cannot reproduce the bouncing phe-
nomenon as observed in many experimental and direct numerical simulation studies like Song et al. (2021); Vakarelski
et al. (2019); Zhang et al. (2019). However, the objective of the study is not to predict the coalescence probability, but
the film drainage behavior and the particle effects on it. The conclusion on the dual or multimodal effect of particle
properties like concentration, size and density is consistent with published experimental findings.
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