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effects of gas distributor and gas velocity. Hydrodynamics of a continuous chain of bubbles inside a bubbl
column reactor was simulated. The grid independence study was first conducted and a grid size of 1.0 mm
was adopted in order to minimize the computing time without compromising the accuracy of the results. Th
predictions were validated by comparing the experimental studies reported in the literature. It was found tha
all surface tension models can describe the bubble rise and bubble plume in a column with slight deviations.
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1. Introduction

Bubble column reactors, with its extensive applications in th
biochemical and petrochemical industries, have been studied fo
decades with theoretical and experimental endeavors as an interestin
and significant subject [1–5]. Besides these approaches, computationa
fluid dynamics (CFD) has received much attention as a powerful too
inmodeling fluid hydrodynamics in bubble columns since the rapid im
provement in computer science in recent years [6–12]. Among differen
modeling techniques for bubble column reactor, the Euler–Euler [13,14
and the Euler–Lagrange [15–19] approaches are mostly used. Th
superiority of the Euler–Euler approach is that macro-scale averag
hydrodynamics properties could be obtained, which is of practical value
Nevertheless, constitutive equations with closure models are required i
this approach and dynamics of the dispersed phase are ensembl
averaged. The Euler–Lagrange model, with external forces accounted fo
individual particle, can be used to track the individual bubble with th
motion equations. However, the bubble breakage and coalescence are di
ficult to bemodeled by the Euler–Lagrange approach due to its limitatio
in bubble interface tracking [20,21].

Recently, the interface tracking methods (e.g. the front-trackin
approach and the volume-tracking approach) are applied to solv
f
-
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this problem and some satisfactory results have been obtained
among which the volume of fluid (VOF) method is most commonl
used due to its reliability and stability [18,19,22–28]. Compared wit
the two fluid model (TFM) and the Euler–Lagrange method, VO
method has not yet received much attention and most of the availabl
investigations usually deal with the single bubble behaviors [5,24
28–32]. Notwithstanding the wide applications of the TFM and th
Euler–Lagrange and other approaches [13,33–37], it is interesting t
simulate bubbly flow with VOF approach, especially in modeling th
behaviors of bubble swarms. During the previous studies where VO
approach had been used [18,19,25–28], the continuum surfac
force (CSF) model [38] was mostly applied to deal with the surfac
tension in the interface. To our best knowledge, there is hardly an
literature focused on the comparison of surface tension models. I
this study, the VOF method was used to simulate the hydrodynamic
of a continuous chain of bubbles inside a typical column with a squar
cross-section. Different surface tension (e.g. the continuum surfac
force (CSF) model and the continuum surface stress (CSS) mode
and adhesion models (e.g. wall adhesion model and jump adhesio
model) were thoroughly compared. Subsequently, the influences o
gas distributor and inlet gas velocity on the bubble rise velocity
bubble size distribution and bubble trajectory were studied. Th
predictions were validated with the experimental studies reported i
the literature.

2. Model Developments

The VOF method was adopted to simulate the continuous chain o
bubbles hydrodynamics inside a typical column with a square cross
Industry Press Co., Ltd. All rights reserved.
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Fig. 1. The 2D rectangular simulation domain.

Table 1
Simulation parameters in this work

Parameters Value

ρb/kg·m−3 1.225
ρl/kg·m−3 998.2
μl/Pa⋅s 0.001
μg/Pa⋅s 1.8 × 10−5

σ/N·m−1 0.07197
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section [18,19,22,25–28], in which the continuity equation of volum
fraction can be expressed as follows:

∂ρ
∂t

þ ∇ ∙ ρ u!
� �

¼ 0 ð1

where ρ and u! is the volume fraction, density and velocity vecto
respectively. The volume fraction of primary phase can be derive
according to the following equation:

αl þ αg ¼ 1 ð2

a single momentum equation was solved throughout the domain
and the resulting velocity field was shared among the phases. The mo
mentum equation, shown below, is dependent on the volume fraction
of both phases through the properties:

∂ ρ u⃑ð Þ
∂t

þ ∇∙ u⃑ u⃑
� �

¼ −∇pþ ∇∙ μ ∇ u⃑ þ ∇ u⃑
� �T� �� 	

þ Fb þ ρ g⃑ ð3

where ρ is the density, μ is the viscosity, in the two-dimensiona
Cartesian coordinate system u is the velocity vector which is comprise
of ux and uy,g is the gravitational acceleration vectorwhich is comprise
of gx equaling to zero and gy equaling to 9.81 m·s−2. Fb is bubble–liqui
interface coupling interaction. In this study, the continuum surface forc
(CSF) model [38] can be written as following:

Fb−CF ¼ σ
ρκ∇α

0:5 ρg þ ρl

� � ð4

where σ is the surface tension coefficient. κ is the free surface curvatur
which has the following expression:

κ ¼ − ∇ ∙ n̂ð Þ ¼ 1
n!

 



n!
n!

 

 ∙ ∇

 !
n!

 

− ∇ ∙ n!

� �" #
ð5

in the equation, the normal unit vector n̂has the definition as following

n̂ ¼ n!
n!

 

 ð6

the value of n is derived as follows:

n!¼ ∇α ð7

in modeling surface tension in a conservative manner, the continuum
surface stress (CSS) model is an alternative method, which can b
expressed as follows:

Fb−CS ¼ ∇ ∙ σ ∇αj jI−∇α⊗∇α
∇αj j

� �� �
ð8

where I represents the unit tensor and σ represents the surface tensio
coefficient. In the VOF model, an alternative option to ascertain a jum
and wall adhesion angle together with the surface tension mode
is also accessible. The surface normal next to the wall at the live cell o
the neighboring cell to the porous jump can be expressed as follows:

n̂ ¼ n̂w cosθw þ t̂w sinθw ð9

For thewall adhesionmodel, n̂w is the unit vector to thewall. t̂w is th
unit vector tangential to the wall. While for the jump adhesion mode
n̂w is the unit vector normal to the porous jump. t̂w is the unit vector tan
gential to the porous jump. In the rest parts of this paper, V, CF, CF
CFJW, CS and CSW were used to represent different surface tensio
and adhesion models, whose meanings are listed in nomenclature. I
this study, the mixture density and viscosity should obey the mixin
rule as following:

ρ ¼ αg ∙ ρg þ 1−αg
� �

ρl ð10

μ ¼ αg ∙ μg þ 1−αg
� �

μ l ð11

3. Simulation Strategy

A two-dimensional rectangle bubble column reactor was adopted a
the simulation domainwith 0.15m in length and 0.45m in height that i
sketched in Fig. 1. Firstly, the rectangular reactorwasmeshed into struc
tured grids that are of different amounts. In this step, GAMBIT 2.4.
(Ansys Inc., US) was applied, which is a commercial software package
Subsequently, the equations formulated in Section 2 were calculate
with the computational fluid dynamics code which is named FLUEN
15.0 (Ansys Inc., US). All the cases were simulated in an unsteady flow
manner, that is to say, a transient technology was applied in thi
study. Liquid was the primary phase and bubble phase was set as th
second phase, which is modeled with the multiphase VOF approach
In themultiphase VOF approach, implicit body forcewas applied. Outle
condition was set with outflow. For all stationary reactor walls, wa
conditions were set as no-slip conditions. For spatial discretization o
volume fraction, the geo-reconstruct scheme was adopted. In order t
ensure accuracy, convergence criterion was set as 1 × 10−6 for all th



y,
.

s
d n

g
s

2661Q. Liu, Z. Luo / Chinese Journal of Chemical Engineering 27 (2019) 2659–2665
simulated cases. Under-relaxation values were the default for densit
pressure as well as momentum in order to achieve good astringency
The detailed information of simulation settings is listed in Table 1.

In modeling the bubble column, a total actual flow time of 5.0 s wa
adopted for each simulation case. The simulation tests were conducte
on a platform of 2.6 GHz Intel CPU (8 cores) with 16 GB of RAM.
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Fig. 2. Checking work of grid size independence analysis.

Fig. 3. Comparisons simulation results with experimental data.

Fig. 4. Comparisons of different surface tension models in term
4. Results and Discussion

4.1. Grid independence and numerical validation

The checking work of mesh size independence here was focused o
a bubble column reactor. Three types of grid resolution includin
0.50 mm, 1.00 mm, and 2.00 mm were designed. The instantaneou
velocity profiles were curved in Fig. 2. As can be seen in Fig. 2, th
velocity curves are almost identical for the three types of mesh size i
most region of bubble column. However, deviations can be observe
in the central region. The predicted velocity magnitude in 0.50 mm
grid size case is slightly higher than the cases of 1.00 mm an
2.00 mm. For grid resolution of 1.00 mm and 2.00 mm, the predicte
velocity results are identical in the whole region of bubble column reac
tor, which means that the grid resolution of 1.00 mm and 2.00 mm ar
fine enough to obtain reasonable calculation accuracy. Therefor
the grid resolution of 1.00 mm was adopted for rest cases in order t
minimize the computing time without compromising the accuracy o
the results. The total number of grid elements is 67500.

The validation of the method was carried out by comparing simula
tion resultswith experimental data reported in Deen'swork [33]. As ca
be seen in Fig. 3 where the instantaneous axial mixture velocities ar
curved, the simulation results agree well with the experimental dat
In the center of the bubble column, the axial mixture velocity is slightl
overestimated by the VOF model. While in the region between th
center and column wall, the axial velocity is slightly underestimated
In the near wall region the velocity is overestimated again which
contributing to the wall effects. The experimental data curve is mor
smooth than the simulation curve. It is noteworthy that in the regio
with liquid as the main phase, the simulation and experimental dat
can be compared. However, in the region with both gas and liqui
phases, the data comparison is unreasonable except when there
no velocity slip between the two phases. The data deviation in th
central region may be due to the difference in the slip condition in th
s of axial velocity magnitude. (A) H = 0.25 m; (B) H = 0.352 m.

Fig. 5. Comparisons of different surface tension models in terms of bubble trajectory.
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Fig. 6. Velocity vector distributions under different hole size distributors.

Fig. 7. Simulated velocity profiles of a different distributor and column height. (A), (B) VOF m
the CSS model.
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simulation and experimental cases. Generally speaking, the tendencie
of axial velocity are the same for simulation as well as experimental re
sults,which indicates that theVOFmodel can predict bubble behavior i
a liquid system with adequate precision in most cases.
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4.2. Comparison of surface tension models

The comparisons of different surface tensionmodels in terms of axia
velocity magnitude are curved in Fig. 4. The adopted grid resolution i
1.0 mm. Velocity profiles in two different altitudes (e.g. H = 0.25 m
andH=0.352m) are presented. As can be seen in Fig. 4, all surface ten
sion models show the same tendency when simulating axial velocity
There exists the maximum axial velocity magnitude in the center o
the bubble column. While in the near-wall region, the axial velocity re
duces to the minimum.What's more, there also exists backmixing phe
nomenon in the near-wall region since the magnitude of axial velocit
becomes negative. When compared the velocity magnitude of the tw
odel; (C), (D) VOF model combined with the CSF model; (E), (F) VOFmodel combined with
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different altitudes, it can be seen that themaximumvelocity in themag
nitude of 0.25m is slightly higher than themagnitude of 0.352m,whic
indicate that the axial velocity is reduced as bubble column height rise
When compared with different surface tension models, it is found tha
the axial velocity curves simulated with combined continuum surfac
force model or continuum surface stress model are slightly lean to th
right. That is to say, the bubble plume centers simulatedwith combine
continuum surface force model or continuum surface stress model ar
slightly lean to the right.

A further confirmed comparisons of different surface tensionmode
are contoured in Fig. 5, where instantaneous bubble ascending trajecto
ries are presented. As can be seen, all surface tension models ca
describe the bubble rise and bubble plume in a columnwith slight dev
ations. Bubbles rise straightly in the center of the column. At the sam
time, bubble breaks up and coalescent with each other since bubble
with different size have different rise velocity. The shape of the leadin
bubble is mostly like a capwhile the trailing bubbles are like circles. Th
edge of the leading bubble would be sheared by liquid and break u
with the bulk. When compared different surface tension models i
terms of gas volume fraction contours, it is found that a bigger leadin
bubble would be obtained with the combined continuum surface forc
model and continuum surface stress model, which is attributed to th
coalescence phenomenon of the leading bubble and following trailin
bubbles. However, the daughter bubble plume is longer and the leadin
bubble is correspondingly smaller when the VOF model is adopted.

4.3. Effect of the gas distributor

Effect of the distributor on bubble plumes and hydrodynamics wer
studied at constant superficial gas velocity. Two distributors with differ
ent hole sizes were conducted in this study. The bigger distributor wit
the hole size of 0.03 m is recorded as distributor-1, while the smalle
distributor with the hole size of 0.015 m is recorded as distributor-2
The simulated velocity vector distributions are contoured in Fig. 6
where three different surface tension models are also compared. A
can be seen in Fig. 6 where instantaneous bubble ascending trajectorie
are presented, bubble plumes in the columnwith distributor-1 is zigza
In the column with distributor-2, bubble plumne is more straight an
hardly any vortex exists. It is attributed to the violent shearing effec
in the gas inlet region of distributor-1, where bubbles with large siz
are easily broken. Consequently, the bubble trajectory is influence
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Fig. 8. Velocity magnitude distributions under different gas inlet velocities. (A) gas inlet
velocity is 5.0 × 10−3 m·s−1; (B) gas inlet velocity is 7.5 × 10−3 m·s−1.
and become wandering. In the column with a smaller distributor, th
simulated result by VOF model is obviously different from the result
simulated by the combined continuum surface force model and contin
uum surface stress model. As can be seen, the plume is more zigzag an
the bubbles are more dispersed when compared with the combined C
and CS model. The simulated results are the same in the column wit
distributor-2, which confirms that more straight bubble plume coul
be obtained with the combined CF and CS model.

The simulated instantaneous velocity profiles of a different distribu
tor and columnheight are curved in Fig. 7.When comparing the velocit
profiles of the two different altitudes, it can be seen that the velocit
distribution in the magnitude of 0.25 m is higher than the magnitud
of 0.352 m, which indicates that the axial velocity is reduced as bubbl
column height rises. Generally, the velocity profiles in the colum
with distributor-1 are higher than in the column with distributor-2
The results are the same with the velocity vector distributions whic
contoured in Fig. 6.When comparing the velocity profiles interms of di
ferent simulating methods, it can be found that the velocity profiles ar
overall small obtained by VOF model, especially in the column wit
distributor-2. It can be concluded that zigzag bubble plume and overa
small velocity profiles are obtained with the VOF model than th
combined CF model and CS model.

4.4. Effect of the gas velocity

Effect of the gas velocity on bubble plumes and hydrodynamicswer
studied in the columnwith a smaller distributor. Two different inlet ga
velocities (e.g. 5.0 × 10−3 m·s−1 and 7.5 × 10−3 m·s−1) were tested i
this study. The velocity magnitude distribution is contoured in Fig. 8
where three different surface tension models are also compared. A
can be seen in Fig. 8, the effects of inlet gas velocity are not obvious
the combined CF model and CS model are adopted. In the case wher
the VOFmodel was applied, the influences of inlet gas velocity on veloc
ity distribution are obvious. It can be found that the bubble plume in low
inlet gas velocity is more straight than the bubble plume in high inle
gas velocity. It is because that the shearing effect of liquid is violent i
the high inlet gas velocity case. When comparing the simulated result
obtained by the VOF model and the combined CF and CS models,
can be concluded that the simulated velocity distribution obtained b
VOF model is different from combined CF and CS models. The velocit
are overall smaller if the VOF model is adopted. This conclusion is th
same with the velocity vector distributions and velocity profiles whic
contoured in Figs. 6 and 7, respectively.

The simulated instantaneous velocity profiles of a different distributo
and column height are curved in Fig. 9. Generally speaking, the effects o
inlet gas velocity are not obvious in terms of velocity profiles.When com
paring the velocity profiles of the two different altitudes, it can be see
that the velocity distribution in the magnitude of 0.25 m is higher tha
the magnitude of 0.352 m, which indicates that the axial velocity
reduced as bubble column height rises. When comparing the simulate
results obtained by the VOF model and the combined CF and CS model
it can be concluded that the velocity is overall smaller if the VOF mode
is adopted. This conclusion is the same with the velocity vector distribu
tions and velocity profiles which contoured in previous figures.

5. Concluding Remarks

In this study, the VOF method was used to simulate the hydrody
namics of a continuous chain of bubbles inside a typical column with
square cross-section. The checking work of grid independence wa
first conducted. The grid resolution of 1.0 mm was adopted in order t
minimize the computing time without compromising the accuracy o
the results. Then the predictions were validated with the experimenta
studies reported in the literature. After that, different surface tensio
models (e.g. the continuum surface force model and the continuum
surface stress model) and adhesion models (e.g. the wall adhesio
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Fig. 9. Simulated velocity profiles of different gas inlet velocity and column height. (A), (B) VOF model; (C), (D) VOF model combined with the CSF model; (E), (F) VOF model combined
with the CSS model.
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model and the jump adhesion model) were thoroughly compared. A
surface tension models show the same tendency when simulatin
axial velocity. Subsequently, the influences of the gas distributor an
the inlet gas velocity on the bubble rise velocity, bubble size distributio
and bubble trajectory were studied. It can be concluded that bubbl
plumes in the column with distributor-1 is zigzag. While in the colum
with distributor-2, bubble plume is straighter and hardly any vortex ex
ists. What's more, it can be found that zigzag bubble plume and overa
small velocity profiles are obtained with the VOF model than the com
bined CF model and CS model. Finally the effects of inlet gas velocit
were tested. It can be found that the effects of inlet gas velocity ar
not obvious if the combined CF model and CS model are adopted. I
the case where the VOF model was applied, the influences of the inle
gas velocity on velocity distribution are obvious. As for the applicabl
scope of the model, it should be based on pressure solver. Besides, th
calculation of surface tension effects on triangular and tetrahedra
meshes is not as accurate as on a quadrilateral and hexahedral meshe
The region where surface tension effects are most important shoul
therefore be meshed with quadrilaterals or hexahedra.
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