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1. Abstract

In this dissertation, large eddy simulation of a laboratory-scale bubble column two-
phase bubbly flow with considerations of different interfacial forces is presented. The
simulation generally follows Sanyal’s experimental specification. The large eddy
simulation (LES) with the two-fluid Euler-Euler approach is adopted as the turbulence
model to simulate the gas-liquid two-phase bubbly flow. The influence of interfacial
forces: drag force, lift force and virtual mass force under the condition of LES on the
axial liquid velocity profile and radial gas hold up profile is investigated. The Ishii
Zuber and Schiller Naumann drag force model, Tomiyama lift force model is adopted
for simulation respectively according to previous experiences of papers. It can be
concluded that: (1) LES model can capture the details of fluid transient flow, which
provides a more comprehensive understanding of bubble column. (2) An obvious
optimization on the prediction of axial water velocity can be obtained when considering
virtual mass force and lift force. (3) Although both Ishii Zuber drag force model and
Schiller Naumann drag force model can capture the general shape of the both water
velocity and gas holdup distribution profile, there is still some discrepancy between

them and the experimental data.

2. Introduction

Bubble column is widely used in chemical industry, biological pharmacy, metallurgy
and other fields because of its characteristics of good heat and mass transfer [/-2]. The
main advantages of bubble column are that there are no moving parts in a bubble
column, and it is easy to conduct maintenance /3]. It provides the slow liquid phase
reaction with large interface area, high transfer rate between gas and liquid phase and

large liquid holdup {4].




In recent years, computational fluid dynamics (CFD) has been increasingly applied
to the study of complex fluid dynamics in bubble column /5 /. However, how to describe
the interaction between gas and liquid and the adoption of the turbulence model
rationally are the critical and difficult points for CFD simulations to reproduce the
complex flow state in the bubble column. Therefore, more and more researches on the
physical models describing the momentum exchange between the phases including drag
force, litt force and virtual mass force of the bubble column have emerged in recent
years. Lift force is one of the factors that influence flow, but many researchers choose
to ignore lift when simulating a bubble column because of the uncertainty in choosing
the value of lift coefficient [6]. For the virtual mass, most researchers believe that the
it has no significant influence on the simulation results except Mudde and Simonin [7].

Many researchers have conducted experiments and simulations on the influences of
drag force. For example, Li et al. [8] and Pfleger et al. /9] used Grace drag model to
conduct gas-liquid two phase simulation of a bubble column and both get satisfactory
results. Muhammad et al. [/0] used the Schiller Naumann drag model to study the
effects of different distributors in the bubble column and obtained reasonable results.
From the aspect of Ishii Zuber drag model, Zhang et al. [/]] compared the Tomiyama
closed drag model with the Ishii drag model and found that the calculated results of the
Tomiyama model were consistent with the experimental values. Although the influence
of drag model on the simulation results has been reported in the literature, it is important
to consider the combination of the turbulence model and the drag model since the
influence of drag force is also included in the equation of the two phase turbulence
model.

Most of the researchers choose to use k — & model as the turbulence model. For

example, In Sanyal et al.’s [/2] experiment, the adopted turbulence model is k — ¢




model. k — £ model is based on the time averaging, only the average motion parameters
and the statistical average parameters of a few pulsations are involved, which can be
used to predict macroscopic large scale phenomena. However, the generation,
development and structure of the two-phase turbulence cannot be predicted. As the
standard k — & model is derived, the turbulence is assumed to be fully developed and
the molecular viscosity is assumed to be neglected. Therefore, the k — £ model is only
applicable to the case where turbulence is fully developed. DNS (Direct Numerical
Simulation) can realize the simulation of small scale vortexes and obtain the details of
turbulence generation and development. However, the amount of computer storage and
calculation required for DNS is too large. According to Bao [/3], the whole three-
dimensional space will have at least R, grid points. Thus, DNS can only be adopted
when the Reynolds number is around medium, and the geometric boundary is simple.
The emergence of large eddy simulation (LES) becomes a bridge connecting the
large scale simulation and small scale simulation. It directly solves the filtered N-S
equation under the grid system of large scale vortex while the small scale vortex can be
simulated by the relationship between the Subgrid Scale model and the large vortex.
The filtering operation is equivalent to weighted averaging of the function in a certain
range in a certain way. Its function is to filter out the high wave number and only keep
the low wave number. The wavelength of truncated wave number is determined by the
characteristic size of the filtering function. Compared with the k — & model, which only
solves the velocity fluctuation over a long period of time, the LES model can capture
the strong transient movement of bubbles, and it is in good agreement with the
experimental data. N.G.Deen et al. [ /4] used LES model to simulate the gas-liquid flow
in a square sectioned bubble column. After comparing with the experimental data, it is

found that the simulation carried out by LES can capture the strong instantaneous




motion information of the bubble flow and the velocity data is also consistent with the
measure values. When the simulation is transient, LES is supposed to describe velocity
profile better than k — £ model. Because the fluctuation of velocity is caused by the
pulsating velocity of the liquid, & — £ model is difficult to obtain the details of the high
trequency pulsation of the fluid velocity while LES can capture the instantaneous
amount of fluid at any point in the bubble column at any given moment.

The simulation is based on the experimental system of Sanyal et al. [ /2] and uses large
eddy simulation as the turbulence model. The influence of interfacial forces under LES
on numerical simulation of bubble column two-phase bubbly flow is investigated.
Three cases are respectively set up, whose settings are essentially the same except
momentum transfer settings. The first case, which is named case 1 in the later section,
adopts Ishii Zuber drag force model and chooses to neglect lift force and virtual mass
torce. The second case, which is named case 2 in the later section, adopts Schiller
Naumann drag force model and chooses to neglect lift force and virtual mass force. The
third case (named case 3 in the later section) adopts Schiller Naumann drag force model,
considering the effects of lift force and virtual mass force. Tomiyama model is adopted
to describe the lift force. The transient characteristics of radial gas hold up and axial

flow rate of liquid are investigated, by comparing the simulation results of three cases.

3. Numerical Model Description

3.1 Governing equation

The simulation adopts the Euler-Euler two-fluid approaches to describe the gas-
liquid two phases in the bubble column and there are continuity equation and
momentum equation for the gas-liquid two phase, without mass transfer between the

phases.




Mass conservation equation
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Where,

the lower index i represents the different phases: gas and liquid;

«a; represents the volume fraction of the phase i;

p; represents the density of the phase i;

u; represents the molecular viscosity of the phase i;

U, represents the resolved velocity;

T; represents the unresolved stress tensor;

If the index i turn to be g, it will designate the gas phase;

If the index i turn to be [, it will designate the liquid phase;

F;; represents the sum of the two-phase momentum exchange including all interfacial
forces such as drag force, lift force, wall lubrication, virtual mass force and dispersion
force;

7; and Fj; need appropriate models to conduct the calculation, the models adopted are

discussed below:

3.2 Turbulence Model
3.2.1 Model Theory
In this simulation, the adopted turbulence model is Large Eddy Simulation (LES).

LES is to separate the large eddy from the small eddy in turbulence and directly solve




the large eddy through the N-S equation. The small eddy can be simulated by
establishing the subgrid scale model and thus connected with large eddy. The structure
of large vortexes in liquid flow and gas movement as well as the details of liquid
turbulence caused by bubbles can be given through LES. LES can capture the strong
instantaneous motion information of the bubble flow compared with the k-¢ model.
Turbulent contains vortices of different time and length scales. The maximum length
scale is usually the characteristic length of the average flow, and the minimum scale is
the Kolmogrov scale. LES choose a filter width to filter the governing equations
between the large scale structure and small scale structure. This specified scale is called
Kolmogorov scale. Thus, all the variables are divided into large scale and small scale.
The large scale is directly simulated while the small scale is simulated by adopting
subgrid model. The filtering process is to get rid of the vortex smaller than the filter
width or a given physical width, so as to get the governing equation of the large vortex.
The nature of turbulence can be summarized in the following aspects: three-
dimensional, unsteady (varying over time), multiscale. As a result, direct simulation of
turbulence calculation takes a high computational cost. To simulate turbulence with
limited computer resources, several methods were proposed including LES and RANS
(Reynolds averaging). Averaging can be used to derive the terms in equation (1) and
(2). It is worth noting that a similar form of the equation will be found if filtering is
used for further derivation of the equation. To explain this, the difference between basic
ideas of LES and RANS needs to be investigated. The difference is that LES carries out
filtering to N-S equation and then only calculate the large-scale turbulence and the
turbulence smaller than the filtering scale is described by the model while RANS is to
average the N-S equation by time and transform the unsteady turbulence problem into

asteady problem at the cost of the appearance of additional unknowns. Mathematically,




turbulence smaller than the filter scale is represented by the additional stress terms,
known as the subgrid stress. Existing turbulence theories have concluded that almost
all turbulence has some similarity on sufficiently small scales. In essence, LES is still
a simulation of unsteady turbulence but the calculation scale is relaxed. RANS
substantially changes the problem by abandoning the simulation of unsteady turbulence
information and seeking only flow results of averaging. Although LES and RANS
differ greatly in their ideas, the filtering equation solved by LES and the time averaging
equation solved by RANS is very similar in mathematical form, and the subgrid stress

and the Reynolds stress are also completely corresponding in mathematical form.

3.2.2 Basic equations of LES
In this simulation, the process of treating different phases of turbulence varies. A
simple zero equation model is adopted for the turbulence of dispersed gas since the gas
has a relatively low density. For the continuous liquid phase, LES is adopted.
The filtering variable is defined as (The horizontal line):
P00 = [, ¢ (x)G (e, x)dx (3)
Where,
D represents the fluid region;
G is the filter function that determines the size of the vortex.
The liquid velocity 1, in equation (1) and (2) represents the contribution of resolved
velocity. Thus the corresponding unresolved part can be calculated by:
u', =u, -1 4)
Where,
u,, represents the true velocity of liquid.

The SGS stress tensor can be represented by:
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3.2.3 Subgrid Model

The subgrid model was first proposed by Smagorinsky {/5] and improved by
Lilly /16]. The SGS stress tensor 7;; is unknown and needs to be simulated to geta
closed equation. Currently the most adopted subgrid model is in the form:

T =T — %THSU = =258, (6)

Where,

T%;; is the anisotropic part of the SGS tensor;

d;j is the Kronecker delta;

Ty is the trace of the SGS stress tensor, which can be added to a filtered pressure

to calculate the modified pressure:

1
P=P+3Tkk

S_u is the strain rate tensor under the filtered scale, which is defined as:

10w | 0T
yT g axl+a;‘) ®)
The subgrid turbulent viscosity vs g4 is a function expressed by the strain rate

tensor | S|, which can be calculated by:

Vsgs = PL52 |-§‘ (9)

L, is the length scale of subgrid, can be calculated using the equation:

L, = min (kd, C,V3) (10)
Where,

k=042 based on the formulation of Shur et al. [/7].




d is the distance to the closest wall;

V is the volume of the calculated control body;

C, is the Smagorinsky constant, which is chosen to be C; = 0.1 in this simulation.
Van Driest model is adopted for the turbulence wall damping and the damping factor
is assumed to be 25 by default.

In the aspect of bubble induced turbulence, the common BIT model of Sato et al.
[18] is adopted to calculate the bubble influence on liquid turbulence. There is an
additional extra term contributing to the SGS turbulent viscosity in this model,

Hepri = Mmorg + Hsgst + Uit (I1)

Where,

Upiry = Cpprtydp |ug —u1| (12)

The constant Cp is set to be 0.6 and dp represents the bubble diameter. According
toT.Maetal. [/9], ptg;r,; can be directly added in this model without affecting the

total turbulent kinetic energy, for example:

T =Ty — %Tkk'sij = —2(Vsgs + Vair)S,, (13)
3.3 Drag Force Model

The two-phase momentum transfer term Fj; is mainly determined by the
interaction forces, including drag force, lift force, virtual mass force and turbulence
diffusion force etc. The drag force is numerically much larger than the other
interfacial forces and cannot be ignored under any circumstances. The Ishii Zuber
drag force model and Schiller Naumann drag force model are applied, which is
respectively proposed by ISHII and ZUBER in 1979 [20], Schiller and Naumann in
1935 [21];

For a single bubble, its drag force in the static flow field is:
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Where,

Cp represents the coefficient of drag force for single bubble.

Assuming that all bubbles in the cell are subjected to the same drag force per unit
volume, the total drag force of all bubbles per unit volume is equal to the total

number of bubbles in the cell multiplied by the equation (19):

dp1 a
Fip = =Fgp =Cp :—BEPM —u|(uy —w) x 7
6B
=Py L[y | (g — u) (15)

Where,
ug represents the mass averaging velocity of the gas.

For Cp, different researchers have proposed different models.

3.3.1 Schiller Naumann drag model

Re (16)

; e 0.687
co— {M Re < 1000
=
0.44 Re > 1000

3.3.2 Ishii Zuber drag model

24(1+0.1Re?7%)
Re

Cp =1 2VEo Distorted bubble (17)
3

Viscous

wle

Spherical — cap bubble

Where, Eo is the Eotvos Number, which represents the ratio of the buoyancy to the

surface tension of a bubble.




3.4 Lift Force Model

When bubbles move in a flow field with a velocity gradient, they will be affected
by a force perpendicular to the direction of the relative velocity of bubbles and liquid
flow filed, which is lift force. It includes the force caused by the uneven distribution
of bubble surface pressure, the force caused by fluid shear movement, and the force
caused by the uneven distribution of bubble rotation. The lift force can be
represented by:

Fp=—Fy =Cpag X (VX Vi) (18)

Where, C; is the lift force coefficient, which is related to the liquid viscosity, size
and shape of bubbles. Tomiyama [22] thinks that shear stress and wake flow have
the same formula for the effect on the buoyancy of bubbles. The influence of wake
on the buoyancy force is considered by introducing an additional wake influence

coefficient into the lift force coefficient. Tomiyama’s model is shown as follows:

For NEOd < 4

min {0.288xtanh[0.121Nge [(NEoa) 1}
C, = { (19)

Re
S (Ngoa)
It can be seen from the above equation that €; contains two parts, namely the
transverse force caused by shear stress and the buoyancy force caused by wake flow,

which are respectively complex functions of Re number and Eo number.

3.5 Virtual Mass Force Model
Virtual mass force is caused by the fact that when the bubble accelerates relative
to the liquid, the surrounding liquid is accelerated, making the bubble subject to

additional mass force, which can be expressed as follows:

Dgug _ D;u[)
Dt Dt

Fiym = —Fgum = Cymprag X ( (20)
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Where, Cy )y, is the virtual mass force coefficient, D—‘f and D—i respectively represents

the derivatives of substances in the gas and liquid phases. Buwa et al. [23] choose
the value of 0.5 for Cyy when simulating gas liquid two-phase flow in a bubble
column. Cook et al. [24] choose the value of 0.25 for Cy,, for the bubbles in water.
In this simulation, Cy, is chosen to be 0.5, which is considered as rational for the

simulation.

3.6 Numerical Procedure
3.6.1 Model grid establishment
Gambit 2.4.6 is used for the grid generation.
The objective of this simulation is specified by Sanyal’s et al. { /2] experiment.
The simulation is performed for a 250.0 cm height air-water bubble column with a

19cm diameter. The 4 view is displayed in figure 1:

Figure 1: 4 view of the bubble column




There are total 156000 elements and the quality check result is shown in Figure 2:

Summarizing

EQUISIZE SEEVW of 3D elements measured for 1 meshed volume:

Volume sanyal meshed using Cooper scheme and size of 1.000000.

From value To wvalue Count in range % of total count (156000)
0 0.1 114899 73.65
0.1 0.2 37799 24.23
0.2 0.3 302 0.19
0.3 0.4 3000 1.92
0.4 0.5 0 0.00
0.5 0.6 0 0.00
0.6 D 0 0.00
0.7 0.8 0 0. 00
0.8 0.9 0 0.00
0.9 1 0 0.00
0 1 156000 100, 00
Measured minimum value: 0. 00944637

Measured

0 out of 1

0 out of 1

mazeimum walue: 0. 37864
meshed volume failed mesh check for skewed elements (EQUISIZE SKEW > 0.97).

meshed volume failed mesh check for inverted elements.
Figure 2: mesh quality check using Equisize skew grid quality

3.6.2 CFD Settings

CFD commercial software CFX 2019 R3 is selected to perform transient

simulation calculation.

Gas superficial velocity simulated is 12 cm/s, have the characteristic of churn-

turbulent flow regime. The column contains a 95.0 cm high batch liquid, where the

height is unexpanded. Three cases are respectively set up. The first case adopts Ishii

Zuber drag force model and neglects lift force and virtual mass force. The second

case adopts Schiller Naumann drag force model and neglects lift force and virtual

mass force. The third case adopts Schiller Naumann drag force model, consider the

effects of lift force and virtual mass force. Tomiyama model is adopted to describe

the lift force.

The total time for three cases is the same: 100s. The time step is 0.001s, 0.005s

and 0.005s respectively for the cases. The gas liquid phase is treated in the Euler-




Euler coordinate system. LES Smagorinsky is chosen for the turbulence model. For
the advanced turbulence control, eddy viscosity is implemented through user defined

functions:

LIBRARY:
CEL:
&replace EXPRESSIONS:
EddyViscosity = (0.167*volcvol™~(1/3))~2%(2*Shear Strain Rate*Shear Strain Rate)™0.5
*(1+0.7*AIR.vf*volcvol ~(1/3)/0.005[m]* stokes™(3/2))*WATER.density
InletVel = 0.4[m/s]*(1-((x"2+y~2)"0.5/0.075[m])"2)
stokes = 1/(1+0.5)
vfair = step((z-0.95[m])/1.0[m])
END
END
END
Smagorinsky model constant is set to be 0.1 by default. Van Driest model is
adopted for the turbulence wall damping and the damping factor is assumed to be 25
by default. The fluid buoyancy model for both water and air is Density Difference.
Surface tension coefficient for air and water is set to be 0.072 N/m, and Sato
Enhanced Eddy viscosity is adopted for the enhanced turbulence production model.
For the initialization, static pressure, velocity and volume fraction are all set to be
automatic with value, which is both zero for static pressure velocity while for the
volume fraction, it is implemented through user defined function vfair. For air, its
value is vfair and thus I-vfair for water. The environment is assumed to me
isothermal and fluid temperature is assumed to be 25 Centigrade. The reference
pressure is 1 atm, air is assumed to be dispersed fluid with a 0.005m mean diameter
and water is assumed to be continuous fluid. They both have a value -9.81 kg/m? in
the Z direction for buoyancy model.
Central Difference is set to be advection Scheme and Second Order Backward
Euler is set to be transient Scheme. The maximum number of iterations for each time

step is 25 and RMS is used to be the convergence criteria to check the astringency

with a residual target 0.0001. A monitor point with the position 0.53 m from the inlet




is set up to monitor the air velocity and air volume fraction. Every 100 timesteps, the

trn. file is saved in case that the simulation is accidentally shut down.

4. Results and Discussion
4.1 Axial Liquid Velocity

Figure series 3,4 below respectively shows projected vector distribution of the
axial water velocity at 1=0.5, 1, 2, 3, 10, 20, 30, 50, 70, 80, 90, 100s for case I and
case 2 to investigate the influence of drag force model on axial liquid distribution,
totally 12 small pictures.

The projection plane is set at ZX plane and the range of velocity is 0 m/s — 3m/s.

Figure series 3: axial water velocity for Case 1







Figure series 4: axial water velocity Case for Case 2







It can be seen from the study that in the initial stage of CFD research, people

mainly focused on the average characteristics of flows. In the subsequent research
progress, with the increase of computational force, the analysis of flow transient
characteristic also became the focus of research. At present, there are many views on
the fluid flow structure in bubble column. Stewart et al. {25] and Jakobsen et al. [26]
conducted an in-depth study and review of the mean flow in the bubble column.
These studies generally believe that the average flow shape within the bubble tower
contains only a cyclic structure, with upward flow in the central region, downward
flow near the wall and reverse flow only at the top and bottom of the tower.
Therefore, most flows in the bubbling tower are axial flows, while radial flows only
appear at the bottom of the bubble column.

Figure series 3 and 4 is the axial velocity vector distribution of liquid at the
central section of the bubble column. It should be noted that because LES model can
capture the details of fluid transient flow, the liquid level fluctuation caused by the
initial gas inflow can be observed at t=1.0s, while the results obtained by k-£ cannot
reflect the phenomenon at the initial stage of the intake. In fluid flow, buoyancy and

drag force are two important factors of force balance in vertical direction, and drag




force acting on fluid element is the fundamental cause of continuous phase motion.
From both figures it can be seen that after ventilation, the bubble flow rises at a low
speed under the action of liquid resistance, thus driving the initial static liquid to
move upward. Because of the conservation of liquid flow, liquid flows down near
the wall, and the entire flow field shows an axisymmetric flow state. This
phenomenon can be observed in both case 1 and 2. And this phenomenon fits well
with the Sanyal’s experiment data [/2].

At the same time, two vortex structures are developed on the left and right side of
the flow. However, due to the space constraints, the scale is too small to see. At that
place, the velocity gradient is large, leading the information of an upward pressure
difference between the top and the bottom of the vortex, and the pressure difference
makes the vortex rise. In the process of the motion of bubble flow, the vortex scale
increases gradually until it reaches the liquid level. Because of the above two
vortices mentioned, the whole flow field can still maintain a stable central
axisymmetric flow mode for about 2 seconds. For each case, the symmetry
disappears at t=3s. Then the transient instability of the side vortices of the bubble
flow causes the force balance to be uneven in the horizontal direction. At r=3s, for
case 1 some large scale and high rotating speed vortexes collapse into smaller
vortexes of the second order while case 2 the large scale vortexes have not. Under
the same vortex intensity, the smaller the scale of the vortex body is, the higher the
frequency is. Therefore, the collapse process of a large vortex is also a transient
process from a low-frequency vortex body to a high-frequency vortex body. In
addition, the inertial effect of turbulence also trends to transfer energy to a high-
frequency vortex body. The evolution of the visible vortex causes the bubble flow to

migrate towards the side wall after a period of time. This motion of bubble flow is




intensified with the development of the vortices on the free interface, and the
vortices move down along the lett or right side of bubble flow with the time
increasing. This phenomenon is much more obvious under case 2 than case 1.
Through these two figures, it shows that the axisymmetric flow structure in the
bubble column is not invariable but develops with the flow and changes to show a
random trend. The use of large eddy simulation helps us to capture the details of
fluid transient flow at any moment with the maximum accuracy decided by the set
fixed time step.

Figure 5 below presents the vector plot of the time-averaged water velocity under
case 1 and case 2. The plane of the plot is at ZX plane and the reduction factor of the
vector plot is set to be 3 to show the vector distribution more clearly. Through this
figure, it shows that for both cases, after averaging the simulation results for a long
time, the flow field in the bubble column will still be an approximately axisymmetric
flow structure. The time-averaged water velocity profiles are qualitatively similar to
the experimental flow profiles of Sanyal et al. {/2]. It can be observed that the
liquid rises along the centre axial of the bubble column and falls near the wall in a
single loop. In contrast, real experiments are characterised by highly dynamic three-
dimensional vortex bubbles that cause smaller bubbles and liquids to be dragged in
their wakes. Form figure series 3 and 4, it can be shown that the transient flow in the
three-dimensional bubble column is not an axisymmetric structure but contains a
very obvious azimuth component. Therefore, the real motion of the rotating bubble
group and the time scale of this phenomenon will be ignored by the axisymmetric

model in figure 5.
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Figure 5: Vector plot of time-averaged water velocity for case 1 and case 2
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Figure 6: Comparison of axial water velocity profiles

In figure 6, the time averaged axial water velocity distribution of three cases along

the radial direction compared with experimental data from Sanyal etal. [12] is

shown. As can be seen clearly from the figure, the axial water velocity from all three

cases is overpredicted. However, the general shape of the profile is predicted well

and the crossover point (the radial location where the axial component of velocity is

zero) can be predicted quite well. Comparing case I and case 2, it can be seen that

the case adopting Schiller Naumann drag force model is generally more consistent

with the experimental results than the case adopting Ishii Zuber drag force model.

The velocity profile of Ishii Zuber drag force model has the maximum variation.

Comparing case 2 and case 3, an obvious optimization on the prediction of axial

water velocity can be obtained when considering virtual mass force and lift force.




4.2 Radial Gas Holdup

Gas holdup is one of the basic parameters to characterize the hydrodynamic
characteristics in the bubble column, and directly affects the mass transfer
characteristics and reaction speed in the reactor. Therefore, it is of great significance
to study and design the bubble column. Figure series 7 below shows the transient
gas holdup distribution of case / in the central section of bubble column with time.
The advantage of LES shown here is that LES is able to contain and show more
transient details inside the flow field therefore the fully detailed condition in this

figure can be obtained.

Figure series 7: Gas hold up of case 1 with time




After the initial intake (0.5s-2s), the bubble is subject to a large resistance from

the liquid, so a wide gas holdup distribution at the top of the bubble flow can be
obviously observed. Since the bubble column is all liquid phase at the initial time,
when the bubble flow moves to the liquid level, the bubbles will break up and enter
the atmosphere above the liquid level, and only a small part will be dispersed in the
liquid phase through reflux. In the bubble tower, the gas phase exists in the
continuous liquid phase in the form of dispersed bubbles. With the development of
time, the gas holdup distribution widens, which is mainly due to the increase of
liquid turbulence caused by bubble flow movement, intensifying the fluid backflow

at the liquid level and promotes the distribution of gas phase in the liquid phase. On




Radial Gas Holdup

the other hand, the bubbles coalesce in the rising movement, which makes the main
body of the bubble flow wider.

The connection between gas hold up and axial water velocity is that the
distribution of gas holdup results in a lower static pressure distribution in the central
region than the pressure near the wall, and a stronger circulating flow developed in
the flow area flows upward at the centre and downward near the tower wall.
However, it should be clear that the flow pattern described here is the flow pattern
after a long period of average. Instantancous flow forms consist of a series of flow
structures of different sizes and shapes that do not usually remain static in time and
space, which has been illustrated in the previous part 4./.

Figure 8 shows the time averaged radial gas holdup distribution of three cases

along the radial direction compared with experimental data from Sanyal et al. [12].
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Figure 8: Time averaged gas hold up




From figure &, it can be seen that in a turbulent state, despite success in capturing
the general shape of the gas hold up distribution profile, there are still some
differences between the two models, and the data seem to be included in the
prediction range. The approximate parabola shape observed in the experimental data
can also be observed through the simulation results. The increasing gas volume
fraction in the centre of the column causes the liquid to move upward at high speed
due to the buoyancy of the gas, while the liquid in the batch state moves downward
around the column. Comparing Case I and Case 2, Ishii Zuber drag force model
predicts more accurately when it is near the centre and Schiller Naumann predicts
the distribution well when it is near the wall. Case 3 predicts well along the middle

of them.

5. Conclusion

Large eddy simulation has been carried out for the cylindrical bubble column and
three cases are separately set up considering different interfacial forces to be
compared with the experimental data from Sanyal et al. [12]. Case I adopts Ishii
Zuber drag force model and chooses to neglect lift force and virtual mass force. Case
2 adopts Schiller Naumann drag force model and chooses to neglect lift force and
virtual mass force. Case 3 adopts Schiller Naumann drag force model, considering
the effects of lift force and virtual mass force. Tomiyama model is adopted to
describe the lift force. The following conclusions can be drawn from the research
results:

(1) LES model can capture the details of fluid transient flow, which provides a

more comprehensive understanding of bubble column.




(2) All three cases can capture the general shape of the both water velocity and gas
holdup distribution profile.

(3) An obvious optimization on the prediction of axial water velocity can be
obtained when considering virtual mass force and lift force.

(4) Proper consideration of various interfacial forces is the key to the success of the

simulation.
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