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Abstract. In the present work, the influence of bubble coalescence on the continuous phase in bubble columns is studied.
The Euler-Lagrange approach is used to describe the two-phase flow equations of motion. To map the free surface between
the gas and the liquid, the Volume of Fluid (VoF) method is used, as well as the bubbles collisions tracking in the liquid
medium is realized by the DPM method, considering the four-way coupling. The algorithm to solve the coalescence
proposed by Sommerfeld et al. (2003) was implemented and verified in the MFSim computational package. The results
showed good agreement with experimental data, despite new improvements in the model can be made.
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1. INTRODUCTION

The study of multiphase flows is of great applicability in industry and academia. Some examples are: pneumatic
transport of particles, recovery of crude oil, movement of pollutants in the atmosphere, fuel injection in engines and
particulate flow in cyclones. Due to the interactions between the different phases, these flows become difficult to describe
theoretically. Therefore, Computational Fluid Dynamics (CFD) is a useful tool in the observations of the complex physics
associated with multiphase flow.

To establish a two-phase flow, only two phases are needed. When the two phases are formed by different fluids, both
are called continuous media. On the other hand, when one of them is a continuous medium and the other is spread out
in this medium in a dispersion, the flow is formed by a continuous and a dispersed phase. In this work, the two-phase
flow adopted is known as bubbling flow and is formed by the presence of bubbles scattered in the liquid medium. The
Euler-Lagrange approach was used to resolve the continuous phase formed by the liquid and the dispersed phase formed
by the bubbles.

For the study of bubbling flows, the so-called bubble columns are commonly used. Such columns can have a cylindrical
or rectangular shape, according to the desired application. The column is partially filled with liquid, in the two-phase case,
or liquid with suspended solids, in the multiphase case, having a liquid free surface in contact with gas at the top. Gas
injection takes place at the bottom of the column through distributor plates, which can have different flow rates or formats
that control the size of the bubbles created. The bubbles flow over the liquid to the free surface, joining the gas contained
above the free surface. A schematic of a rectangular bubble column can be seen in the 1 below.

Among the main applications of bubble columns are reactions in chemical, biochemical, petroleum and metallurgical
industries. Different types of chemical reactions, oxidation, chlorination, alkylation, polymerization, esterification and
hydrogenation can be implemented in bubble columns (Leonard et al., 2015).

Several studies have been carried out in recent decades with the objective of verifying the flow behavior in bubble
columns and its sensitivity to column parameters, such as column shape and dimensions, gas injection flow, bubble
dimensions and types of distributor boards, to name a few. In this way, the CFD comes as a viable and low-cost tool in
carrying out these studies. It is possible to simulate and predict numerous conditions involving bubble columns.

The regimes normally found in bubble columns are: homogeneous regime and heterogeneous regime. The homoge-
neous regime can be classified into two sub-classifications: the perfectly bubbly flow, which occurs when the bubbles are
spherical with approximately the same diameter; and the imperfect bubbly flow characterized by an approximately equal
bubble size distribution. The heterogeneous regime is observed when there is a larger bubble size distribution where small
and large bubbles coexist. In this regime, breakage and coalescence phenomena control the flow that is normally not
controlled by the primary bubble in the gas distributor (Kantarci et al., 2005). Leonard et al. (2015) makes an extensive
study on the parameters that guide the transition between the mentioned regimes.
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Figure 1. Illustration of a rectangular bubble column with bubble injection.

In the present work, the influence of bubble coalescence in a rectangular bubble column with dimensions 0.15 x 0.15 x
0.6 [m] under specified conditions is investigated. The homogeneous regime was adopted and the model for coalescence
proposed by Sommerfeld et al. (2003) was implemented in the MFSim computational package.

MFSim has been developed at MFLab/UFU in partnership with Petrobras and satisfactory results have been obtained
using it to solve problems involving turbulent multiphase flows (Damasceno et al., 2015; Barbi et al., 2018), with phase
change (Pinheiro and Vedovotto, 2019) and problems involving fluid-structure interactions (Neto et al., 2019). One of the
highlights of MFSim is the use of a structured block mesh with dynamic adaptive local refinement, allowing the refinement
to occur in regions with greater formation of vortices, for example. In the case where simulations in Lagrangian referential
are implemented in MFSim, the particulates (solid or liquid) are treated as elements of fluids (or solids) as particles. The
tracking of these particles is based on the application of Newton’s second law and proper models are needed for the
collisions treatment. Thus, the implementation of a coalescence model comes to contribute to the development of the
software and to evaluate the flow compared to experimental data. This work is organized as follows: first the models used
to structure the bubble column simulation are described, then the algorithm implemented in MFSim is shown. Finally, the
results are evaluated and the conclusions are presented.

2. MATHEMATICAL MODEL

The model consists of two coupled parts: the first one describes the motion of the liquid phase considering the gas-
liquid free surface (VoF), while the second one describes the motion of the bubbles considering the collisions between
themselves and the walls (DPM), in addition to the consideration of bubble coalescence (Prince and Blanch, 1990). The
coupling is done as a source term in the liquid phase momentum balance equation considering the exchange of momentum
between the gas and the liquid phase and vice versa (4-way coupling). Bubble dynamics and fluid-bubble coupling are
described below.

2.1 Mass and momentum balance

The mass balance for the newtonian, incompressible and isothermal fluid phase is described by the continuity equation
as:
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where € is the volumetric fraction and u is the velocity. The subscript f represents the fluid phase that contains the liquid
(1) and gas (g) phases.
The momentum balance is described by the Navier-Stokes equation:
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where f, is the surface tension term and f;_, is the force term of the bubble-liquid interaction. The subscript b represents
the bubbles. The equation 2 represents the momentum balance for multiphase flows, but if €; = 1, we have the Navier-
Stokes equation for single-phase flows.

2.2 Volume of Fluid Method

The Volume of Fluid (VOF) is an Eulerian method used to approximate free boundaries in a numerical simulation,
following regions of fluid interface. A scalar function F' is used within a control volume to determine the fractional
amount of liquid in a cell in the computational mesh. Thus:
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The motion of the fluid phase, formed by the liquid and the gas, is described by the transport equation:
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The density of the fluid phase is determined from the equation:
pr=Fp+ (1= F)p,. &)

Finally, the expression to obtain the local average viscosity of the fluid is calculated from the harmonic average of the
kinematic viscosity of the liquid and gas phases (Deepak et al., 2014):
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2.3 Bubbles tracking

The motion of each bubble in the flow is derived from Newton’s Second Law. Considering incompressible bubbles:

d(vb)
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where py,, V;, and vy, are the density, volume and velocity of the bubble, respectively. The sum of the forces Fy, in the term
on the right side of the equation represents the different forces acting on the bubbles. The forces considered in this work
were: Weight and Thrust, Drag Force, Shear Lift Force and Virtual Mass. The equations are presented below, respectively:

Fap = mug (1 - ’”) ®)
Pg
where g is the acceleration due to gravity and m is the mass of the bubble.
For the drag force is used:
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where v,.¢; is the relative velocity between the liquid and the bubble, Dy is the bubble diameter, and Cp is the drag
coefficient calculated from the bubbles Reynolds number (Rey )]:

St for 0 < Re, < 0.1,
Cp =14 7 (14+0.15Re)%7),  for0.1 < Re, < 1000, (10)
0.44 for Re;, > 1000.

The Shear Lift Force is calculated through:
™
Fp, = %ZDSOL[(uI —vp) X V x uy (11)

where u; and vy, are the liquid and bubble velocities, respectively. C7, is the lift coefficient calculated by (Saffman, 1965,
1968; Renwei and Klausner, 1987):
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where 8 = 0.5 geﬁ for 0.005 < 8 < 0.4. And Re; is the Reynolds number of the shear flow given by:
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D2
Re, = w (13)
122
where (1 is the viscosity of the liquid. Finally, the virtual mass force can be obtained from:
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where Cy s = 0.5 is the added mass coefficient (Deepak et al., 2014).
2.4 Bubbles Coalescence

Collisions are resolved deterministically using the rigid sphere model from Hoomans et al. (1996). After the collision,
the bubbles interact for a while and some phenomena can occur. They are: bouncing, reflexive separation, stretching
separation, coalescence and shattering .

In this work, the phenomenon of coalescence was considered to evaluate the bubble column flow. The bubble coales-
cence model proposed by Sommerfeld ez al. (2003) is used to determine whether the collision will result in coalescence
or not. The contact time is compared with the drainage time of the film formed by the contact of two bubbles, which
is calculated by the Prince and Blanch (1990) model. If the film drainage time is less than the bubble contact time, it
indicates film breakage and coalescence occurs. In this way, the bubble contact time and the film drainage time can be
calculated, respectively:

CcR;;
teontact = S ’ (15)
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where hy is the initial thickness of the film and h; its final thickness just before breaking. These values depend on the
considered system, so experiments are necessary to obtain better estimates (Sommerfeld et al., 2003). v,.; 5 is the relative
velocity between the two bubbles. The equivalent bubble radius for a system of two interacting bubbles of different sizes
is obtained as the harmonic mean of the radii of these two bubbles, R, (Chesters and Hofman, 1982):
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In Eq. 15, where C¢ represents the ratio between the deformation distance and the effective radius of the bubble and
can be considered as a calibration constant. It is then noted that the contact time is a stochastic value that explains the
randomness of the bubble motion induced by the turbulence, and that it is expressed by the normal component of the
relative velocity of the impact.

The properties of the new bubble in case of coalescence are obtained from the mass and momentum balances. The
new bubble diameter and the number of actual bubbles are given by Sommerfeld ef al. (2003), respectively:
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The velocity components of the new bubble in the coordinate system can be obtained as:

" Mp1Vp,1 + Mp2Vh,2
Vi = . (20)
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3. COMPUTATIONAL METHODOLOGY

The simulation of the gas-liquid flow in the presented bubble column uses the algorithm shown in Fig. 2, implemented
in the MFSim computational package. The energy transfer between the phases is given by the forces calculation as
the gas is injected at the column bottom and the bubbles rise through the liquid. At each Lagrangian time step, the
collision probability is computed from the bubbles trajectories. When a collision is identified, the algorithm is called,
the contact and drainage time are calculated, the coalescence occurrence is determined and the new bubble properties are
updated. One of the colliding Lagrangian entities is kept as the new bubble born, while the other one is deleted from the
computation.

The simulation parameters, operating conditions, fluid properties and column dimensions are shown in the Tab. 1
below. The flow was simulated for a period of 150 s. The data was averaged over the last 120 s and the results are
analyzed in the next section.

Table 1. Operating conditions, column dimensions, fluids properties and numerical parameters used in the present study.

Parameter Value

Liquid Density 1000 [kg/m3]

Gas Density 1.2 [kg/m?]

Liquid Viscosity 1.0 x 1073 [Pa - 5]
Gas Viscosity 1.802 x 107° [Pa - 3]
Surface Tension 0.073[N/m)
Coalescence factor, Co 0.1

Initial film thickness, hq 1.0 [mm)

Final film thickness, h ¢ 0.1 [mm)]

Column Dimension (W x D x H) 0.15 x 0.15 x 0.6 [m]
Initial liquid height 0.45 [m)]

Initial Bubble diameter 4.0 x 1073 [m)]

Number of bubbles to be injected at each step 1000
Number of grid cells (NX x NY x NZ) 64 x 64 x 256
Simulation time 150 [s]
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Figure 2. The bubbles coalescence algorithm implemented in the MFSim code.

4. RESULTS AND DISCUSSIONS

The gas-liquid flow in a bubble column was described. In this section, the simulation results are discussed. Liquid
transversal mean and fluctuating velocity profiles are calculated at z = 0.25m (as the Fig. 1 coordinates), in order do
compare with the experimental data presented by Deen ef al. (2000). It was added kitchen salt into the liquid used in the
experiments by the authors to avoid bubbles coalescence and made the Particle Image Velocimetry (PIV) clearer. Indeed,
the mathematical model proposed in the present work was solved with and without the bubbles coalescence, as well as
considering the two- and four-way coupling with the liquid phase.

These model variations were done looking for better understanding of the computational code and the physics behind
the bubble column phenomena. The Lagrangian and collision modeling should be verified and validated to light entities
as gas bubbles. The first relevant comparison is between both four-way coupling results, i.e. the coalescing and non-
coalescing effects on the liquid phase. It is worth mentioning that the experimental data validations makes sense only with
the four-way non-coalescing results, given the liquid mixture cited above.

The liquid movement induced by the rising bubbles can be analyzed from its velocity components. In the Fig. 3,
the transversal component of the mean fluctuating velocity is shown. The central region of the column presents the
higher fluctuations because of the presence of the plume. Instead of symmetrical behavior as expected to a mean flow,
both numerical and experimental data present some asymmetry due to non-stationary statistics. Besides that, there is a
remarkable validation to all tested modelings, i.e. the bubbles collision and coalescence have negligible effect on this
variable.

On the other hand, if all fluctuating components are assessed throughout the liquid kinetic energy, differences are
observed between the modelings, as presents the Fig. 4. Bimodal profiles result from the non-coalescing simulations,
likewise the experimental measurements. Two peaks and a central region with lower energy are caused by the bubble
plume boundary, which dissipates the energy through the walls, were the velocity is zero and the experimental data cannot
be acquired. The two-way solution, when the bubble collisions are not accounted for, presents the higher amount of
energy since it is not transferred and dissipated between the bubbles. In this way, the case with bubbles coalescence
presents lower energy transferred to the liquid phase due to collisions and coalescence occurred in the gas phase that
consumed energy. It is also shown in Fig. 4 a gap between the experimental data and the simulations. This contrast is
given by the period of time that both results were taken: the experimental one, Deen et al. (2000) acquired the PIV shots
over 900 s along the stable flow condition, while the simulation results were averaged for 120 s starting at 30 s, along the
transitional condition, as shown in Fig. 5 which illustrates the axial velocity of the liquid over time.
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Figure 3. Mean transversal fluctuating liquid velocity, z = 0.25 [m]: experimental data, two- and four-way coupling
without coalescence, and four-way coupling with coalescence model.
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Figure 4. Mean liquid kinetic energy, z = 0.25 [m]: experimental data, two- and four-way coupling without coalescence,
and four-way coupling with coalescence model.

The axial mean and fluctuating velocities show even larger difference between the experimental data and the simula-
tions, as present Fig. 6 and Fig. 7. The reason is the same as stated above to the liquid kinetic energy. However, there
is an overprediction by twice the mean axial liquid velocity at the column center. As the bubble plume is rising mainly
concentrated in the central region along the transitional period, it does not started to oscillate crosswise as the “snake
effect”, the global energy is kept in the vertical component. For the same reason the velocity fluctuation is lower in this
direction at this time. No significant difference is seen in the mean axial velocity profiles, while the coalescing case caused
lower fluctuation on the liquid phase. As the simulations run more time, the plume should start to oscillate crosswise,
it will spread out the energy transfer and stimulate more bubble collisions and coalescence, which will result in a more
prominent difference between the cases.

5. CONCLUSIONS

The implementation of the coalescence model proposed by Sommerfeld ez al. (2003) was done in the in-house MFSim
code. Euler-Lagrange simulations were performed and the non-coalescence model was validated according to data found
in the literature Deen et al. (2000). The dynamics of the free surface at the gas-liquid interface was observed in the
simulations. The coalescence model was studied and it was noted that for a coalescence factor of 0.1, the phenomenon is
dominant at the beginning of the simulation.
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Figure 5. Temporal history of the axial velocity of the liquid at the center of the column, at the height of z = 0.25 [m)].

0.4

0.3

0.2

w [m/s|

0.1

0.0 1

e  Experimental

2-way

—— 4-way

—— 4-way with coalescence

701 4
0.0 0.2 0.4 0.6 0.8 1.0
z/L

Figure 6. Mean axial liquid velocity, z = 0.25 [m]: experimental data, two- and four-way coupling without coalescence,
and four-way coupling with coalescence model.
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