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Abstract

Bubble columns are operated either in the homogeneous or heterogeneous flow regime. In the homogeneous flow regime,
the bubbles are nearly uniform in size and shape. In the heterogeneous flow regime, a distribution of bubble sizes exists. In
this paper, a computational fluid dynamics (CFD) model is developed to describe the hydrodynamics, and mass transfer, of
bubble columns operating in either of the two flow regimes. The heterogeneous flow regime is assumed to consist of two
bubble classes: “small” and “large” bubbles. For the air—-water system, appropriate drag relations are suggested for these two
bubble classes.

Interactions between both bubble populations and the liquid are taken into account in terms of momentum exchange, or
drag, coefficients, which differ for the “small” and “large” bubbles. The turbulence in the liquid phase is described using the
k—e model.

For bubble columns operating with the air-water system, CFD simulations have been carried out for superficial gas
velocities,U, in the range 0—-0.08 m/s, spanning both regimes. These simulations reveal some of the characteristic features of
homogeneous and heterogeneous flow regimes, and of regime transition on the gas holdup and mass transfer. By comparing
the simulations with measured experimental data, it is concluded that mass transfer from the large bubble population is
significantly enhanced due to frequent coalescence and break-up into smaller bubbles. The CFD simulations also underline
the strong influence of column diameter on hydrodynamics and mass transfer.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and a roughly uniform bubble size, generally in the
range 1-7mm, is found. When the superficial gas
When a column filled with a liquid is sparged with  velocity U reaches the valu®yans coalescence of
gas, the bed of liquid begins to expand as soon as gasthe bubbles takes place to produce the first fast-rising
is introduced. As the gas velocity is increased, the gas “large” bubble. The appearance of the first large bub-
holdupe increases almost linearly with the superficial ble changes the hydrodynamic picture dramatically.
gas velocity,U, provided the value ol stays below The hydrodynamic picture in a gas—liquid system for
a certain valueUyans This regime of operation of  velocities exceedindJyans is commonly referred to
a bubble column is called thisomogeneous bubbly as theheterogeneous or churn-turbulent flow regime
flow regime. The bubble size distribution is narrow [1]. In the heterogeneous regime, small bubbles com-
bine in clusters to form large bubbles in the size
mpondmg author. Tels31-20-525-7007 range 20-70 mnji2,3]. The_se large _b_ubbl_es travel up
fax: +31-20-525-5604. through the column at high velocities (in the range
E-mail address: krishna@science.uva.nl (R. Krishna). 1-2m/s), in a more or less plug flow manrey.
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Nomenclature

a interfacial area per unit volume of
dispersion (r&/m?3)

Cp drag coefficient (dimensionless)

Ce gas phase concentration (arbitrary units

CL liquid phase concentration
(arbitrary units)

(o equilibrium liquid phase
concentration (arbitrary units)

dy diameter of bubble (m)

=) diffusivity in phasek (m)

Dt column diameter (m)

E6 Eétvos numberg(pL — pg)dE /o)

g gravitational acceleration, 9.81 ri/s

g gravitational vector (mA

H Henry coefficient (dimensionless)

ke mass transfer coefficient in
liquid phase (m/s)

M interphase momentum exchange
term (N/n®)

p system pressure (Pa)

r radial coordinate (m)

t time (s)

u velocity vector (m/s)

U superficial gas velocity in the riser (m/s

Uirans regime transition velocity (m/s)

VL(0) center-line liquid velocity (m/s)

Vi (r) radial distribution of liquid velocity (m/s)

Vb bubble rise velocity (m/s)

Vpho  single bubble rise velocity (m/s)

Greek letters

e total gas holdup (dimensionless)

m viscosity of fluid phase (Pas)

) density of phase (kg/f)

o surface tension of liquid phase (N/m)

Superscript

* equilibrium value

Subscripts

b referring to bubbles

G referring to gas

L referring to liquid

T tower or column

k| referring to phasek andl, respectively

trans referring to the regime transition

~

homogeneous heterogeneous
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Fig. 1. Experimental data on gas holdup in a 0.1 m diameter bubble
column operating with the air—water system spanning both the
homogeneous and heterogeneous flow regimes.

These large bubbles have the effect of churning up the
liquid phase and because of their high rise velocities
they account for a major fraction of the gas throughput
[4]. Small bubbles, which co-exist with large bubbles
in the churn-turbulent regime, are “entrained” in the
liquid phase and, as a good approximation, have the
same back-mixing characteristics of the liquid phase.
The two regimes are illustrated kig. 1, with experi-
mental data for operation of a bubble column of 0.1 m
diameter with the air—-water system. We note a change
in the slope in the—U curve at the transition point.
Several recent publications have established the
potential of computational fluid dynamics (CFD) for
describing the hydrodynamics of bubble columns
[5-16] These CFD models are developed for either
the homogeneouf’—10] or heterogeneoufl1-16]
flow regimes. However, none of the published CFD
models have studied the interphase mass transfer in
the two regimes. The major objective of the present
communication is to develop a CFD model to describe
both the hydrodynamics and mass transfer. The sec-
ond objective is to examine the extent to which CFD
models can be used to study the influence of column
diameter on hydrodynamics and mass transfer
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Fig. 2. Model for bubble columns operating in the heterogeneous
flow regime.

2. Development of CFD model

69

interphase momentum exchange between pHeaerd
| andg is the gravitational acceleration.

The momentum exchange between either bubble
phase (subscript b) and liquid phase (subscript L)
phases is given by:

©)

Z/OLZ—ECD(ub —up)|up —u|

The liquid phase exchanges momentum with both
the “small” and “large” bubble phases. No interchange
between the “small” and “large” bubble phases has
been included in the present model and each of the
dispersed bubble phases exchanges momentum only
with the liquid phase. The interphase drag coefficient
is calculated from equation:

sodmmrey 1
3 o V2

3
M, p=

gdp (4)
whereV,, is the rise velocity of the appropriate bub-
ble population. We have only included the drag force
contribution toM| p, in keeping with the works of

Our approach for modeling purposes is to assume Sanyal et al{8] and Sokolichin and Eigenbergfd].
that in the heterogeneous flow regime, we have two The added mass and lift forces have been ignored in

distinct bubble classes: “small” and “large” (see
Fig. 2). The small bubbles are either spherical or el-

the present analysis.
For the continuous, liquid phase, the turbulent con-

|ipsoida| in Shape, depending the physica| properties tribution to the stress tensor is evaluated by means

of the liquid [17]. The large bubbles fall into the
spherical cap regime. In conformity with the model of
Krishna and EllenbergdP] and Krishna et al[4] we

of k- model, using standard single-phase parameters
C, =0.09,Cy, = 144,Co = 192,01 = 1 and
o, = 1.3. No turbulence model is used for calculat-

assume that the superficial gas velocity through the ing the velocity fields inside the dispersed “small” and
small bubble phase corresponds to that at the regime‘large” bubble phases.

transition point,Uyans The transition velocity can be
estimated using the Reilly et dL8] correlation, or
can be provided as model input.

For each of the three-phases showrfig. 2, the

For the small bubbles the interphase drag coefficient
is calculated from{17]:

Cp = 3VE® (5)

volume-averaged mass and momentum conservationWith:

equations in the Eulerian framework are given by:

d(erpr)

# + V- (orerur) =0 1)
d(prerur)

% + V- (orexupug — prer (Vg + (Vag)"))

= —&xVp+ Mu + kg 2)
where pi, ug, e and u; represent, respectively, the
macroscopic density, velocity, volume fraction and
viscosity of thekth phasep is the pressureMy;, the

_ d2
Ep — g(pL — pe)dy ©)
o
whered, is the equivalent diameter of the bubbles. For
a single bubble rising in a quiescent liquid, the rise ve-
locity Vo can be calculated from the drag coefficient:

Voo = (oL — pG)g
(3/4)(Cp/dp) pL

The calculations of the single bubble rise velodiy
usingEgs. (5)—(7)ompare very well with the rise ve-
locity of single air bubbles in waté¢t 9] (seeFig. 3(a).

@)
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Fig. 3. Experimental data on single bubble rise velocity as a function of bubble diafilélercompared with predictions of the drag
model adopted in this work for (a) small bubbles and (b) large bubbles.

We note that the rise velocity is practically indepen- coupling is obtained using the SIMPLEC algorithm
dent of the bubble size in the 3-8 mm range. For the [22]. For the convective terms i&gs. (1) and (2)
simulations reported here, we choose a small bubble hybrid differencing was used. A fully implicit back-
diameterd, = 5mm. ward differencing scheme was used for the time
For values of B > 40 (for air—water system, this integration.

corresponds to bubble sizes larger than 17 mm), bub- Simulations were carried out for bubble columns
bles assume a spherical cap shape. The rise velocityof 0.1, 0.38 and 1 m diameter with the air—water sys-
of spherical cap bubbles is given by the classic Davies tem, operating at superficial gas velocities in the range

and Taylor[20] relationship: U = 0.01-0.08 m/s. The physical properties used in
the simulations are summarizedTable 1 From the

Vbo = v/g0b/2 = 0.71ygd (8) Reilly et al. correlation18], it was determined that

The calculations of the single bubble rise velodity the superficial gas velocity at the regime transition

usingEq. (8)compare very well with the rise velocity ~ Point for air-waterUyans = 0.034 m/s; this is also
of single air bubbles in watdd9] in the 17-60mm  the value of the regime transition velocity for the

size range (seEig. 3(b). experimental data shown iRig. 1L For air—water
The drag coefficient for these large bubbles is given Operation atU' < 0.034m/s, homogeneous bubbly
by: flow regime was taken to prevail. Therefore, only two
8 phases—small bubbles and liquid—are present. For
Cb=3 )
In the simulations reported below, a large bubble di- Table 1
ameter of 20 mm was used. Properties used in the CFD simulations
A commercial CFD package CFX, versions 4.2 and Liquid (water) Gas (air)

4.4, of AEA Technology, Harwell, UK, was used to

. L . Viscosity, 1 (Pas) 1x 1073 1.7 x 10°°
solve the gquat!ons of continuity and m.omentum..Thls Diffusivity, B (m2/s) 1% 10-° 10 105
package is a finite volume solver, using body-fitted pensity, » (kg/n?) 998 1.3
grids. The grids are non-staggered and all variables Interphase mass transfer 0.0004 0.0004

are evaluated at the cell centers. An improved version coefficient,k. (m/s)
of the Rhie—Chow algorithrf21] is used to calculate ~ Henry coefficientH 0.05 0.05

. ... Surface tensiong (N/m) 0.073 0.073
the velocity at the cell faces. The pressure—velocity
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Table 2

Details of computational grids for the three columns

Column Total column Observation Number of Number of Total number
diameter (m) height (m) height (m) cells in radius cells in height of cells

0.10 1.6 1.0 15 80 1200

0.38 25 19 38 125 4750

1.00 7.0 4.5 50 350 17500

churn-turbulent operation &t > 0.034 m/s, the com-  units). The following equations are solved for the mass
plete three-phase model was invoked. Following the tracer:

model of Krishna and Ellenberggt], we assume that P

in the churn-turbulent flow regime the superficial gas Egkpkck + V- (exprur Cx — PrexprVCr) = prFu
velocity through the small bubble phaseligans = (10)
0.034 m/s (se€ig. 2). The remainder of the ga#/(—

Utrang Was taken to rise up the column in the form of Here,C; is the concentration of mass tracer in phase
large bubbles. This implies that at the distributor, the k, B, the diffusion coefficient of mass tracer in phase

“large” bubbles constitute a fractiorU(— Uiang/U k and Fy; the flux of mass tracer between phasges
of the total incoming volumetric flow, whereas the andl (a.u./s). The flu¥g, for liquid phase L and gas
“small” bubble constitute a fractionJandU) of the phase G was defined as:

total incoming flow.

The simulations were carried out using axi-symmetric
2D grids; the grid details are summarizedTiable 2 Here,k_ is the mass transfer coefficient (m/s) ard
The small bubbles were injected uniformly over the the Henry coefficient for the mass tracer. The relative
inner 80% of the bottom patch. The large bubbles surface arem (m*/m®) was calculated for both large
were injected uniformly over the inner 60% of the and small bubble phases by:
bottom patch. A pressure boundary condition was 6e;
applied to the top of the column. A standard no-slip a = T
boundary condition was applied at all walls. The time b,k
stepping strategy used in all simulations was 100 No flux was defined between the large and small
steps at 5< 107°'s, 100 steps at & 10~4s, 100 steps ~ bubble phases: mass transfer from either gas phase to
at 5x 10~*s, 100 steps at ¥ 103s, 200 steps at  the other had to take place through the liquid phase.
3x 10735, 1400 steps at § 10~ °s, and the remain-  For the inlets of gas, concentration of mass tracer
ing steps until steady state is achieved at 1072s. was explicitly set to unity. No liquid enters or leaves
For each run, the hydrodynamics were solved first, in the system. To ensure this, the boundary condition
a dynamic approach, until steady state was reached.of liquid tracer concentration at the gas inlets and at
Steady state was indicated by a situation in which all the outlet were set equal to the concentration directly
of the variables remained constant. inside the system for each time step and iteration. No

The steady state results of a hydrodynamic run flux of mass tracer was allowed through the walls.
were used to start a dynamic mass transfer run in Time steps of 1.0s were taken, until the tracer con-
which the hydrodynamic equations were not being centrations in the system attained steady state. Typi-
solved; the hydrodynamic steady state was maintained cally, 500 s was sufficient time for the 0.1 m diameter
throughout a mass transfer run. Initially, liquid, small column, 1000 s was sulfficient for the 0.38 m diameter
bubbles and large bubbles were assumed to containcolumn and 2500s was more than sufficient for the
zero concentration of the transferring component or 1.0 m diameter column.
tracer. At the start of the mass transfer run, small and  The simulations were carried out on Silicon Graph-
large bubbles are flowing into the simulation domain ics Power Indigo workstations with a 75 MHz R8000
containing a tracer concentration of unity (arbitrary processor, a Silicon Graphics Power Challenge with

FgL = kLa(HCg — CL) = kLa(C| — CL) (11)

(12)
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6 200 MHz R10000 processors or a Windows NT pc function of time. For all the simulations carried out in

with a single Pentium Celeron processor running at the study, the tracer concentration in the liquid phase,

500 MHz. Each hydrodynamic simulation took a time at any moment of time, could be considered to be spa-

ranging from half a day to a several days, depending on tially uniform. In other words, from a mass transfer

the machine used and the column diameter. Each masgoint of view the liquid phase can be considered to be

transfer run was completed within a several hours, up well-mixed. The spatially averaged liquid concentra-

to a day. tion, normalized with respect to the equilibrium con-
Further computational details of the model and sim- centration ;) is plotted in Fig. 2) as a function of

ulations, along with animations, are available on our timet. We note that the dynamics of uptake of tracer

web site:http://www.ct-cr4.chem.uva.nl/regimes/ in the liquid slows down with increasing column di-

ameter. The uptake dynamics for a well-mixed liquid
phase is described H23]:

3. Simulation results dc,

1- s)? =kLa(C| — CL) (13)
To start with, let us examine the influence of column ) ] o

diameter on the hydrodynamics and mass transfer for Ed- (13)can be integrated with the following initial

operation in thenomogeneous flow regime. A typical ~ and final conditions:

transience of the gas and liquid velocities, at the cen- ¢ — o s =0, CL=Cf, t— o0 (14)

tre of the column, are shown kig. 4(a)for operation

at U = 0.02m/s for the three columns. Steady state to obtain

is reached within about 5000 time steps for the 0.1 ¢

and 0.38 m diameter columns, whereas the 1 m diame- ~x = 1-exp (—

ter column requires 10,000 time steps to attain steady

state. After the column hydrodynamics has been al- The continuous lines ifrig. 4(b) have been drawn

lowed to reach steady state, the mass transfer run isusing Eq. (15)and with fitted values ok a, using

activated by stepping up the inlet gas concentration column-average values effrom the simulation. The

to a concentration of 1a.u. and monitoring the liquid fitted k_a values for the three columns of 0.1, 0.38

phase concentration in the column at all positions as a and 1.0 m diameter are, respectively, 0.027,0.0197 and

kLa
1 t) (15)
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Fig. 4. Transient approach to steady state in the bubble columns of 0.1, 0.38 and 1.0 m diameter. (a) Approach to hydrodynamic steady
state forU = 0.02m/s. Animations can be viewed on the web-ski&p://www.ct-cr4.chem.uva.nl/regimegb) Dynamics of uptake of

tracer in the liquid phase for operation @t= 0.02 m/s. The continuous lines in (b) have been drawn uBiag(15)with fitted k_a values

of 0.027, 0.0197 and 0.0125%
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Fig. 5. Influence of column diameter on gas holdufa) and volumetric mass transfer coefficié&na (b) for operation in the homogeneous
flow regime in the three columns of 0.1, 0.38 and 1 m diameter. Note that in these simulations the dispersion is considered to be made
up of 5mm small bubbles for the whole range of superficial gas velodities

0.0125 s, underlining the strong influence of column  the gas holdup. In order to gain insight into the scale
diameter on the mass transfer. Simulation results for a dependence, let us consider the radial distribution of

range of superficial gas velocitiés assuming homo-  liquid velocity Vi (r) and gas holdug(r) for U =

geneous flow regime prevails (dispersion consisting 0.02 m/s; sed-ig. 6. We note that with increasing col-

of 5mm sized small bubbles) are presentedig. 5. umn diameter the liquid circulations become increas-

The strong influence dbt on ¢ andk_a is evident. ingly strong. Such increasing liquid circulations have

This aspect has hitherto not been emphasized in thethe tendency to speed up the bubbles in the central

literature. core, and thereby reducing gas phase residence time
It is interesting to note irFig. 5 that the trend in and holdup and, consequently, the mass transfer.

k_a values mirrors the trend in thevalues. In other Let us now focus on the influence Béw regimes

words, the reason for the decrease in kKpa with on gas holdup and mass transfer. Simulation results

scale must be sought in the corresponding decrease infor the average gas holdup (filled circles) for the 0.1
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Fig. 6. Radial distribution of gas holdugr) (a) and liquid velocityV, (r) (b) for operation at/ = 0.02m/s in the three columns of 0.1,
0.38 and 1 m diameter.
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Fig. 7. (a) Cross-section area averaged gas holdup as a function of the superficial gas Uelocitye 0.1 m diameter column. The holdup

of total gas, small and large bubbles obtained from CFD are shown by the filled symbols. The open symbol refers to the experimentally
determined values. (b) Volumetric mass transfer coefficient as a functidd. dfhe filled circles are obtained from CFD taking the
effective area of transfer from large bubbles to correspond to 20 mm sized bubbles. The filled squares are obtained from CFD taking the
effective area of transfer from large bubbles to correspond to 5mm sized bubbles shown by the filled symbols. The open circles refer to
experimentally determined values.

m diameter column for a range & values from Uyang the CFD simulations predict much lowkra
0.01 to 0.08 m/s, taking the regime transition veloc- values than observed in the experiments. The reason
ity Uirans = 0.034 m/s, are shown ifrig. 7(a) Also for this discrepancy can be found in the experimental
plotted inFig. 7(a)are the values of the small (filled work of De Swart et al[3]. The large bubbles suffer
triangles) and large (filled inverted triangles) bubble frequent coalescence and break-up at frequencies of
holdups. In the heterogeneous flow regime, the small the order of 5-20s!, depending on the size. As a re-
bubble holdup attains a constant value, equal to the sult the effective bubble diameter for mass transfer, is
holdup at the regime transition pointyans This as- reduced significantly3]. To match the experimental
sumption is basic to the model of Krishna and Ellen- values ofk_a in the heterogeneous flow regime, the
berger[2] for prediction of the estimation of the total effective transfer area for large bubbles have to be in-
gas holdup in the heterogeneous flow regime. We also creased. The filled squares show the CFD calculations

note a sharp change in the slope of theersusuU in which the large bubble interfacial area is assumed to
curve atU = Uyans this is consistent with experimen-  correspond to that of 5mm bubbles, but retaining the
tal data obtained in a 0.1 m diameter (als&ig. 7(a). hydrodynamics corresponding to 20 mm bubbles. The

The agreement with the experimental gas holdup data agreement with experimental data is much improved
confirms the assumption made in the CFD simulations with this assumption.
with respect tdJyansand the assumed size of the small
and large bubbles, 5 and 20 mm, respectively.
The CFD calculations fok_a (indicated by the 4. Conclusions
filled circles) are compared with the experimental val-
ues (obtained in 0.1 m diameter air—water column us- We have developed a CFD model to describe the

ing the oxygen absorption technigfa3]) in Fig. 7(b) hydrodynamics and mass transfer of an air—water
We note that the agreement in tkea values in the bubble column operating in both homogeneous and
homogeneous flow regimé/(< Utrang IS very good. heterogeneous flow regimes. In the homogeneous

However, in the heterogeneous flow regimé flow regime, both gas holdup and mass transfer
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coefficientk_ a show a strong reduction with column

diameter; this is due to increased liquid circulations
that tend to accelerate the bubbles in the central core,

reducing gas—liquid contact time.
The small bubble holdup is practically constant

in the heterogeneous flow regime and its value cor-
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Fig. 7(a). Our CFD simulations verify this basic as-
sumption of the Krishna—Ellenbergg] model. The
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Technol. 24 (2001) 451-458.

CFD simulations for mass transfer show that in the [11] R. Krishna, M.I. Urseanu, J.M. van Baten, J. Ellenberger,

heterogeneous flow regime we must take account of

Chem. Eng. Sci. 54 (1999) 4903-4911.

the enhancement in the mass transfer due to frequent(12] R. Krishna, J.M. van Baten, M.l. Urseanu, Chem. Eng. Sci.

coalescence and break-[g].
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