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Scale up studies on partitioned bubble column reactors
with the aid of CFD simulations

J.M. van Baten, R. Krishria

Department of Chemical Engineering, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands

Abstract

In an earlier publication on partitioned bubble columns [Catal. Today 69 (2001) 165-170], liquid phase residence time
distribution was measured in columns of 0.10, 0.15 and 0.38 m diameter at superficial gas veldgitizsthe range
0.05-0.4 m/s. In the present study, CFD simulations, using two-dimensional Cartesian geometry and the Eulerian framework,
are used to provide a theoretical background to our earlier experimental work. Both CFD simulations and experiments show
that the (superficial) liquid exchange velocityey, at the partition plate is independent of column diameter; the exchange
velocity Uey is however found to be a strong function of the open area of the partition plates. The height of the gas cap forming
underneath partition plates decreases significantly with increasing column diameter; this is a desirable result from the point
of view of scale up.

It is concluded that CFD simulations can be a powerful scale up tool.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Bubble columns; Churn-turbulent flow regime; Partition; Backmixing; Liquid interchange; Computational fluid dynamics; Gas cap
height

1. Introduction In many practical applications, it is desirable to have
the liquid phase retain its plug flow character in the
Bubble columns are widely used for carrying out commercial reactor. Staging of the liquid phase can
gas-liquid reactions in a variety of practical applica- be achieved by introducing partition plates; §ég 1
tions in industry[1,2]. They are simple in construction ~ Below each partition plate, a gas layer, or gas cap,
and particularly suited for carrying out relatively slow builds up because of pressure drop considerations. A
chemical reactions requiring large liquid hold-ups in large gas cap is undesirable, because it represents a
the reactor. The scale up of bubble columns is made waste of reactor space. By adjusting the open (free)
particularly difficult, because the column hydrody- area of the partition plates, the exchange of liquid be-
namics are a strong function of the column diameter, tween the compartments can be regulated. The smaller
Dr. As a consequence, the liquid phase in commer- the free area, the lower is the exchange velocity of the
cial scale bubble column reactors can be consideredliquid phaseUey, leading to a greater suppression of
practically well-mixed. the overall backmixing in the column.
Of the several publications on the influence of par-
tition plates on the hydrodynamics of bubble columns

* Corresponding author. Tel#31-20-525-7007; [3-18], only the .WOI’k of Dreher and K_”Shr[s] has
fax: +31-20-525-5604. focused on the influence of column diameter. Dreher
E-mail address: krishna@science.uva.nl (R. Krishna). and Krishna[3] performed experiments in three
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Nomenclature

AF acceleration factor, se€q. (6)
dimensionless

Co drag coefficient, dimensionless

d diameter (m)

Dt column (tower) diameter (m)

DaxL liquid phase axial dispersion
coefficient (n¥/s)

E6 Eotvos numberg (oL — pc)dZ/o
dimensionless

g gravitational constant (mf¥

g gravity vector (m/$)

M momentum exchange term (N#jn

p pressure (Pa)

SF scale factor, seeq. (6) dimensionless

t time (s)

u velocity vector (m/s)

Ucire  superficial liquid circulation velocity
in empty column or within section of
column (m/s)

Uex  superficial liquid exchange velocity
through partition plate (m/s)

Ug superficial gas velocity (m/s)

Uians superficial transition velocity (m/s)

Vp rise velocity of bubbles (m/s)

Greek symbols

e hold-up, dimensionless

m viscosity (Pas)

o surface tension (N/m)

) density (kg/ni)

Qubscripts

ax axial

b referring to either (small or large)
bubble phase

G referring to gas phase

k referring to phase k

I referring to phase |

large referring to large bubble population

L referring to liquid phase

small referring to small bubble population

trans  referring to regime transition from
homogeneous to heterogeneous
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Fig. 1. Schematic diagram of the hydrodynamics of compartmented
bubble columns. The inset shows the liquid exchange between
compartments, with velocityey, and the axial dispersion within
each compartment.

bubble columns with inner diameters of 0.10, 0.15 and
0.38 m (details of the experimental set-up are available
at our web site:http://ct-cr4.chem.uva.nl/partition/
The columns were operated with demineralised water
as the liquid phase (batch operation), and air as the
gas phase. Perforated plate spargers (holes of 0.5mm
diameter) were used in all columns to distribute the
air. The bubble columns were compartmented using
perforated brass partition plates, of 1 mm thickness,
and having holes of 10mm diameter. The free, or
open, area of the partition plates was 18.6%. In the
0.15m column, experiments were also carried out
with a partition plate have 30.7% open area. Resi-
dence time distributions (RTD) of the liquid phase
were measured using salt tracer injection and the
results were interpreted in terms of a two-parameter
model with an axial dispersion model (parameter
Dax L) within each compartment, along with liquid
interchange (with superficial velocityey) at the par-
tition plate; seerig. 1L The values oDgax | increase
strongly with the column diameter; séé&g. 2(a) On

the other hand th&Jey, for a given partition plate
(with 18.6% open area) is independent of column
diameter; sed-ig. 2(b) Increasing the open area of
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Fig. 2. Experimentally determined parameters for multi-stage bubble col@nia) axial dispersion in empty bubble columns; (b) liquid
interchange velocity between compartments; (c) gas cap height below partition plate.

the partition to 30.7% increaséky significantly; see 20-80 mm range and fall into the spherical cap regime.
Fig. 2(b) The gas cap height decreases significantly These bubbles undergo frequent coalescence and
with increasing column diameter; sé&y. 2(c) This break-up.
is advantageous from a scale up point of view be-  From the Reilly et al[32] correlation, it was deter-
cause a large gas cap height implies unused reactionmined that the superficial gas velocity at the regime
space. Increasing the open area decreases the gas capansition point for air—watet/yans= 0.034 m/s. Fol-
height, but at the cost of increased liquid interchange lowing the model of Krishna and Ellenberggd1],
between compartments. we assume that in the churn-turbulent flow regime,
The primary objective of the present communi- the superficial gas velocity through the small bubble
cation is to provide theoretical support to the ex- phase iUyans= 0.034 m/s (sed-ig. 3). The remain-
perimental work of Dreher and Krishri&] by use der of the gagUc — Uyand Was taken to rise up the
of computational fluid dynamics (CFD). CFD tech-
nigues have been successfully applied to study scale
effects in “empty” bubble columnfl9-30] We ex-

tend our earlier CFD approag¢h3—29]to partitioned

bubble columns, and concentrate our attention on the

churn-turbulent flow regime that prevails at superficial

gas velocities above say 0.05m/s. Phase 2I,I/
sma

bubbles

2. Eulerian simulations =

In the churn-turbulent regime of operation, the bub- Phase 3:
ble sizes vary over a wide range between 1 and 50 mm " t')étl)rlge\
depending on the operating conditions and phase ”: es

properties. Our approach for modelling purposes is

O-0- 000 0RO ——

to assume that in the churn-turbulent flow regime, we /’
have two distinct bubble classes: “small” and “large”; B Utrans UgUteans
seeFig. 3. The small bubbles are in the size range liquid

of 1-6 mm and are either spherical or ellipsoidal in

shape depending the physical properties of the lig- Fig. 3. Schematic of three-phase model used in the Eulerian sim-
uid. The large bubbles are typically in the range of ulations.
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column in the form of large bubbles. This implies that
at the distributor, the “large” bubbles constitute a frac-
tion (Ug — Uyang/ Ug of the total incoming volumet-
ric flow, whereas the “small” bubble constitute a frac-
tion (UyandUg) of the total incoming flow). Strictly
speaking,Uyans is @ model parameter and its choice

J.M. van Baten, R. Krishna/Catalysis Today 79-80 (2003) 219-227

fast-rising bubbles. These large bubbles do not have
a closed wake and the concept of added mass is not
applicable. The small bubbles on the other hand do
have a closed wake. However, in the churn-turbulent
flow regime these bubbles suffer strong recirculations,
moving downwards near the wall region. Inclusion

has a significant increasing effect on the small bubble of the added mass contributions to the small bubbles

hold-up.
For each of the three phases showrFig. 3, the

led to severe convergence difficulties. The added mass
contributions were therefore omitted. Lift forces are

volume-averaged mass and momentum conservationalso ignored in the present analysis because of the un-

equations in the Eulerian framework are given by:
9 (ek pk)

o T V(pkekUk) =0 1)
9 (pkekUk)
—— + Vipkerukuk — pex (Vg + (Vu)")

= —exVp+ My + pkg (2)

where pk, ux, ek and ug represent, respectively, the
macroscopic density, velocity, volume fraction and
viscosity of the kth phase the pressureMy; the in-

certainty in assigning values of the lift coefficients to
the small and large bubbles. For the large bubbles, for
which B5 > 40 holds, literature data suggest the use
of a negative lift coefficient, whereas for small bubbles
for which typically B5 = 2, the lift coefficient is pos-
itive [19]. For the continuous, liquid, phase, the tur-
bulent contribution to the stress tensor is evaluated by
means of ke model, using standard single-phase pa-
rametersC,, = 0.09,Cy; = 1.44,C, = 192,04k =1
ando, = 1.3. The applicability of the ke-model has
been considered in detail by Sokolichin and Eigen-

terphase momentum exchange between phase k anderger[22]. No turbulence model is used for calcu-

phase | ang is the gravitational acceleration. The mo-

lating the velocity fields of the dispersed “small” and

mentum exchange between either bubble phase (sub-‘large” bubble phases.

script b) and liquid phase (subscript L) phases is given
by:

3)

3 &
—pL—Cp(up —uL)|up — uy|

M =
Lb =2

From visual observations of bubble column oper-
ations with the air—water system, the small bubbles
were observed to be in the 3—6 mm size range. In
the simulations, we chose a small bubble diameter of
4 mm. The rise velocity of air bubbles is practically

The liquid phase exchanges momentum with both the independent of bubble diameter in this size range and

“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 onl

with the liquid phase. The interphase drag coefficient
is calculated from equation:

_4p—pc . 1

C
T3 V2

gdo (4)
whereV,, is the rise velocity of the appropriate bub-
ble population. We have only included the drag force
contribution to M| in keeping with the works of
Sanyal et al[21] and Sokolichin and Eigenberge?2].

Yy

the Harmathy[33] equation for the rise velocity:

<O‘g )0‘25
oL

is used in the simulation model. The large bubble rise
velocity was modelled using the approach developed
by Krishna et al[34], which introduces an acceler-
ation factor AF into the Collins relatiof85] for the
rise of a single spherical cap bubble:

Vb,large = 0-71\/ gdb,large(SF) (AF)

Vb,small =1.53 (5)

(6)

The added mass force has been ignored in the preseniThe expressions developed by Krishna et [84]

analysis. The reason for this neglect is that the fo-
cus of the simulations and experiments in this work is
on the churn-turbulent flow regime. The distinguish-
ing feature of this regime is the existence of large

for the large bubble size and acceleration factor for
air—water are used in this work for estimation of the

drag coefficient for the large bubble phase; see also
[23-26]
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A commercial CFD package CFX 4.2 of AEA Tech-
nology, Harwell, UK, was used to solve the equations
of continuity and momentum. This package is a finite
volume solver, using body-fitted grids. The grids are
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not expect ajuantitative agreement with experiments.
So, our restricted objective is to obtainggalitative
underpinning of the experimental results shown in
Fig. 2

non-staggered and all variables are evaluated at the Simulations were carried using 2D Cartesian geom-

cell centres. An improved version of the Rhie—Chow
algorithm[36] is used to calculate the velocity at the
cell faces. The pressure-velocity coupling is obtained
using the SIMPLEC algorithni37]. For the convec-
tive terms inEgs. (1) and (2hybrid differencing was
used. A fully implicit backward differencing scheme
was used for the time integration.

Our earlier work[27] had shown that for a quan-
titative description of the liquid phase dispersion in
bubble columns, one must use fully 3D transient
simulations. Use of the assumption of cylindrical
axi-symmetry leads to a severe under-prediction of
the liquid phase dispersion. Fully 3D simulations are,
however, computationally very expensive and there-

etry for three column diameters: 0.10, 0.15 and 0.38 m.
They are operated at four superficial gas velocitles

0f 0.09, 0.16, 0.23 and 0.30 m/s. All columns were 2 m
in height. A partition plate was mounted at a height of
1.0m, with a plate porosity of either 0.186 or 0.307.
The grid used uniform cell spacing in the radial di-
rection; seeFig. 4. All columns had 38 cells in the
diameter of the column. At the partition plate, three
cells on each side of the plate are modelled as im-
permeable solids, in total 6/38 of the diameter. The
porous part of the partition plate in between these solid
ends had porosity corrected in such a way that the
above-mentioned total plate porosities were met. Cells
of 0.01 m were used in the height of the columns, be-

fore the strategy we have chosen here is to adopt thelow 0.95 and above 1.05 m. Around the plate, in the re-

2D Cartesian simulation strategy, without imposing
the constraint of axi-symmetry in order to capture the
chaotic hydrodynamics. The price we have to pay for

gion of 0.95-1.05 m, 100 cells 0f410~3m in height
were used. The plate had a thickness of 0.01 m and
was located in height between 1.00 and 1.01 m. A total

adopting the 2D Cartesian strategy is that we should of 290 cells were used in the height of the columns.

Partition plate:
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Fig. 4. Grid layout. Complete overview on the right. The inset shows a close up of the side of the column at the height of the partition plate.

Column:

95 cells of 0.01 m

Y 1.05m

100 cells of 0.001 m

L 0.95m

95 cells of 0.01 m

Diameter 38 cells
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At the start of a simulation, water was filled to a Further details of the simulations as well as animations
height of 1.1 m above the distributor and injection of showing the simulation results can be found at our
gas at the bottom was initiated. The small bubbles are web sitehttp://ct-cr4.chem.uva.nl/partitionCFD/
injected at the central 32 of 38 cells in radial direction.

The large bubbles are injected at the central 22 of 38

cells in radial direction. For all simulations, a time 3. Simulation results

stepping strategy of 20 steps of510~4s, 20 steps

of 1 x 1035, 460 steps of X 10~3s, 500 steps of Fig. 5shows the transient approach to quasi-steady
1 x 102s and 2500 steps of  107?s was used.  state for the 0.38 m diameter column operating at

(a) Centre-line liquid velocity (b) Centre-line gas hold-ups
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Fig. 5. Transient approach to steady state for a 0.38 m column operating at a superficial gas Uejoeiy.3 m/s: (a) velocities in the

centre of the column at 0.5m height; these values are representative of the hydrodynamics within the compartment; (b) hold-ups in the
centre of the column at 0.5m height; (c) height of the gas cap that forms below the partition plate; (d) upward- and downward-superficial
liquid velocities through the plate. After averaging these will indicate the magnitude of the liquid exchange flow through the partition plate.
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Ug = 0.3m/s.Fig. 5(a)shows the liquid velocity at  of liquid velocity multiplied with liquid hold-up
the centre of the column at 0.5m height for all three for each cell in radial direction, multiplied with
phasesFig. 5(b) shows the hold-up of the small and cell-width.

large bubbles at the same locatidfig. 5(c) shows Fig. 6 shows snapshots of the simulations for a su-
the height of the gas cap that forms below the plate. perficial gas velocityUs = 0.30 m/s. The vectors in-
The gas cap height below the plate was determined dicate liquid velocity.Fig. 6 clearly shows that the
by finding the height at each radial position above

which the liquid hold-up dropped below 0.5; this

choice is arbitrary. These radial values are averaged to

obtain the final valueFig. 5(d) shows the superficial 012
liquid velocity moving in the upward and downward g -
directions at the plate. The liquid flow up and down = 0.10F
through the partition plate were calculated by adding :% -
the positive and negative contributions, respectively, -, 0.08 |-
£ i |
S
z oosr E//CA/_—}
c
.‘g -
Liquid 3 004f A D;=0.1m; 18.6% oa.
holdup scale 3 - O D;=0.15m; 18.6% o.a.
Ke]
5 002} = ;
.0000 ot 3z O D;=0.38m; 18.6% o.a.
Hers — r m D;=0.15m;30.7% o.a.
7500 0.00 ! L ! ! . j
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D;= Fig. 7. Simulation results for 0.10, 0.15 and 0.38 m diameter
0.10m 0.15m columns for superficial gas velocities of 0.09, 0.16, 0.23 and

0.30m/s. The open area of the partition plate is either 18.6 or
Fig. 6. Snapshots of simulations of 0.10, 0.15 and 0.38 m diameter 30.7%: (a) the circulation liquid velocity at 0.5m height above
columns atUg = 0.3m/s; 18.6% o.a. partition plate. The vectors the distributor. This is representative of the hydrodynamics within
indicate liquid velocity. The inset on the left indicates the scale each compartment; (b) the superficial velocity of liquid exchange
used for the liquid hold-up. through the partition plate.



226 J.M. van Baten, R. Krishna/Catalysis Today 79-80 (2003) 219-227

gas cap decreases with increasing column diameter, inment between simulated valuesldfy and the exper-
gualitative conformity with the experimental observa- imental values; this is due to 2D simulation strategy
tions (seeFig. 2(c). adopted. The values of exchange velocity at the parti-

The transient simulation results, such as shown in tion plate,Uey, are about one order of magnitude lower
Fig. 5 were time averaged for the last 20 s to obtain than the circulation velocity within the compartment,
the quasi-steady state values. The steady-state liquidUgjc. This explains the reason behind the efficacy of
circulation velocitiesUgjrc at 0.5m height above the the partition plate in reducing the overall backmixing
distributions are shown iRig. 7(a) these representthe in the column.
average of the upward- and downward-moving liquid  The simulations also show that the gas cap height
velocities. We note thatlqc increases significantly  formed below the partition plate decreases strongly
with increasing column diameter; this is in line with  with increasing column diameter. This is a convenient
the increase of the axial dispersion coefficien in result from a scale up point of view, because a gas cap
empty bubble columns (sd€g. 2(a). We also note represents a waste of reactor volume.
that Ugjrc, within each compartment in the 0.15m di- We conclude that 2D Cartesian simulations can be a
ameter column, is not significantly affected by the useful tool in scaling up multi-stage bubble columns.
open area of the plate. The simulated valuet)gf;
are inqualitative agreement with the experimentally
determined values reported Kig. 6 of Dreher and
Krishna[3].

The steady-state values of the exchange veloc- This research was supported by a grant from
ity Uex at the partition plate, obtained by averaging the Netherlands Foundation for Scientific Research
the upward- and downward-velocities (shown in (NWO) for development of novel concepts in reactive
Fig. 5(d), for the last 20 s of the simulation, are pre- separations technology.
sented inFig. 7(b) For partition plates of 18.6% o.a.,
the values ofUey are seen to be independent of the
column diameter, in conformity with the experimental
results shown inFig. 2(b) For the 0.15m diameter
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