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Abstract

Bubble columns are intensively used as multiphase contactors and reactors in chemical, biochemical and petrochemical industries. They
provide several advantages during operation and maintenance such as high heat and mass transfer rates, compactness and low operating and
maintenance costs. Three-phase bubble column reactors are widely employed in reaction engineering, i.e. in the presence of a catalyst and in
biochemical applications where microorganisms are utilized as solid suspensions in order to manufacture industrially valuable bioproducts.
Investigation of design parameters characterizing the operation and transport phenomena of bubble columns have led to better understanding
of the hydrodynamic properties, heat and mass transfer mechanisms and flow regime characteristics ongoing during the operation. Moreover,
experimental studies are supported with computational fluid dynamics (CFDs) simulations and developed mathematical models to describe
better the phenomena taking place in a bubble column reactor. This review focuses on bubble column reactors, their description, design and
operation, application areas, fluid dynamics and regime analysis encountered and parameters characterizing the operation are presented
together with the findings of published studies.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Bubble column reactors belong to the general class of
multiphase reactors which consist of three main categories
namely, the trickle bed reactor (fixed or packed bed),
fluidized bed reactor, and the bubble column reactor. A
bubble column reactor is basically a cylindrical vessel with a
gas distributor at the bottom. The gas is sparged in the form
of bubbles into either a liquid phase or a liquid—solid
suspension. These reactors are generally referred to as slurry
bubble column reactors when a solid phase exists. Bubble
columns are intensively utilized as multiphase contactors
and reactors in chemical, petrochemical, biochemical and
metallurgical industries [1]. They are used especially in
chemical processes involving reactions such as oxidation,
chlorination, alkylation, polymerization and hydrogenation,
in the manufacture of synthetic fuels by gas conversion
processes and in biochemical processes such as fermentation
and biological wastewater treatment [2,3]. Some very well
known chemical applications are the famous Fischer—
Tropsch process which is the indirect coal liquefaction
process to produce transportation fuels, methanol synthesis,
and manufacture of other synthetic fuels which are
environmentally much more advantageous over petro-
leum-derived fuels [1].

Bubble column reactors owe their wide application area
to a number of advantages they provide both in design and
operation as compared to other reactors. First of all, they
have excellent heat and mass transfer characteristics,
meaning high heat and mass transfer coefficients. Little
maintenance and low operating costs are required due to lack
of moving parts and compactness. The durability of the
catalyst or other packing material is high [1]. Moreover,
online catalyst addition and withdrawal ability and plug-free
operation are other advantages that render bubble columns

as an attractive reactor choice [3]. Due to their industrial
importance and wide application area, the design and scale-
up of bubble column reactors, investigation of important
hydrodynamic and operational parameters characterizing
their operation have gained considerable attention during the
past 20 years.

Recent research with bubble columns frequently focuses
on the following topics: gas holdup studies [4—11], bubble
characteristics [3,12-16], flow regime investigations and
computational fluid dynamics studies [1,17-21], local and
average heat transfer measurements [22-26], and mass
transfer studies [27-31]. The effects of column dimensions,
column internals design, operating conditions, i.e. pressure
and temperature, the effect of superficial gas velocity, solid
type and concentration are commonly investigated in these
studies. Many experimental studies have been directed
towards the quantification of the effects that operating
conditions, slurry physical properties and column dimen-
sions have on performance of bubble columns [32].
Although a tremendous number of studies exist in the
literature, bubble columns are still not well understood due
to the fact that most of these studies are often oriented on
only one phase, i.e. either liquid or gas. However, the main
point of interest should be the study of the interaction
between the phases, which are in fact intimately linked [33].

1.1. Applications of bubble column reactors in
bioprocesses

An important application area of bubble columns is their
use as bioreactors in which microorganisms are utilized in
order to produce industrially valuable products such as
enzymes, proteins, antibiotics, etc. Several recent biochem-
ical studies utilizing bubble columns as bioreactors are
presented in Table 1. Arcuri et al. [34] using Streptomyces
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Table 1

Biochemical applications of bubble column reactors

Bioproduct Biocatalyst Reference
Thienamycin Streptomyces cattleya [34]
Glucoamylase Aureobasidium pullulans [35]
Acetic acid Acetobacter aceti [36]
Monoclonal antibody Hybridoma cells [37]
Plant secondary metabolites Hyoscyamus muticus [38]
Taxol Taxus cuspidate [39]
Organic acids (acetic, butyric)  Eubacterium limosum [40]
Low oxygen tolerance Arabidopsis thaliana [41]

Ethanol fermentation Saccharomyces cerevisiae — [42]

cattleya, studied the production of thienamycin with
continuously operated bubble column bioreactor. Federici
et al. [35] performed the production of glucoamylase by
Aureobasidium pullulans. Sun and Furusaki [36] investi-
gated the production of acetic acid in a bubble column by
using Acetobacter aceti. Rodrigues et al. [37] reported that
the cultivation of hybridoma cells in a bubble column reactor
resulted in a high monoclonal antibody productivity of
503 wg/l day. Bordonaro and Curtis [38] designed a 151
bubble column reactor to produce root cultures of
Hyoscyamus muticus which in turn produces plant
secondary metabolites. Son et al. [39] developed a novel
bubble column bioreactor to produce taxol by Taxus
cuspidate and inoculated the cells in various type of
bioreactors to test growth performance. Chang et al. [40]
cultivated Eubacterium limosum on carbon monoxide to
produce organic acids in a bubble column reactor. Shiao
et al. [41] investigated the tolerance of Arabidopsis thaliana
hairy roots to low oxygen conditions in a bubble column
reactor. A recent study that was not aimed to produce a
bioproduct but instead, investigate the hydrodynamic and
heat transfer characteristics of the bubble column in the
presence of microorganisms has been carried out by Prakash
et al. [3]. They utilized a suspension of yeast cells
(Saccharomyces cerevisiae) as the solid phase in an air—
water system. The study of Ogbonna et al. [42] was based on
the potential of producing fuel ethanol from sugar beet juice
in a bubble column. In this study yeast cells (Saccharomyces
cerevisiae) were used in order to investigate the feasibility of
scaling up the process.

The present review covers basic concepts related to
bubble column reactors such as design and scale-up, fluid
dynamics and regime analysis, and important parameters
characterizing their operation by reviewing the findings of
several selected published works over the last 20 years. A
summary of system properties and remarks on several
studies reviewed is presented in Table 2.

2. Bubble column reactors: concepts and
published work

As far as published studies are concerned, the main
interest is concentrated on design and scale-up, fluid

dynamics and regime analysis and characteristic parameters,
especially gas holdup, bubble characteristics, mass transfer
coefficient and heat transfer coefficient. In this section,
together with these concepts, the effects of superficial gas
velocity, liquid properties, operating conditions, column
dimensions, gas distributor design, solid type and concen-
trations are presented.

2.1. Design and scale-up

The design and scale-up of bubble columns have gained
considerable attention in recent years due to complex
hydrodynamics and its influence on transport character-
istics. Although the construction of bubble columns is
simple, accurate and successful design and scale-up require
an improved understanding of multiphase fluid dynamics
and its influences. Industrial bubble columns usually
operate with a length-to-diameter ratio, or aspect ratio of at
least 5 [1]. In biochemical applications this value usually
varies between 2 and 5. The effects brought about by the
selection of column dimensions have found interest in
bubble column reactor design. First, the use of large
diameter reactors is desired because large gas throughputs
are involved. Additionally large reactor heights are
required to obtain large conversion levels [43]. However,
there are also disadvantages brought about by the use of
large diameter and tall columns in terms of ease of
operation. As a result it is necessary to talk about an
optimization process for best output. Generally two types
of mode of operation are valid for bubble columns, namely
the semibatch mode and continuous mode. In continuous
operation, the gas and the suspension flow concurrently
upward into the column and the suspension that leaves the
column is recycled to the feed tank. The liquid superficial
velocity is maintained to be lower than the gas superficial
velocity by at least an order of magnitude. However, in the
semibatch mode the suspension is stationary, meaning zero
liquid throughputs, and the gas is bubbled upward into the
column [32].

The design and scale-up of bubble column reactors
generally depend on the quantification of three main
phenomena: (i) heat and mass transfer characteristics; (ii)
mixing characteristics; (iii) chemical kinetics of the reacting
system. Thus, the reported studies emphasize the require-
ment of improved understanding of the multiphase fluid
dynamics and its influence on phase holdups, mixing and
transport properties [1]. Scale-up problems basically stem
from the scale-dependency of the fluid dynamic phenomena
and heat and mass transfer properties. Scale-up methods
used in biotechnology and chemical industry range from
know-how based methods that are in turn based on empirical
guidelines, scale-up rules and dimensional analysis to know-
why based approaches that should begin with regime
analysis. The regime analysis is then followed by setting-up
appropriate models that may be simplified to deal with the
complex hydrodynamics [44].



Table 2

Summary of the system properties of several literature studies reviewed

Investigator

System

Column-gas distributor

Gas velocity (cm/s)

Parameters investigated

Deckwer et al. [60]

Schumpe and Grund [48]

Ozturk et al. [70]

Saxena et al. [63]

Daly et al. [64]

Pino et al. [32]

Krishna et al. [57]

Li and Prakash [68]

Hyndman et al. [45]

Krishna et al. [43]

Luo et al. [4]

Li and Prakash [13]
Lefebvre and Guy [33]
Li and Prakash [14]
Prakash et al. [3]

Bouafi et al. [5]

Degaleesan et al. [1]

Nitrogen—molten paraffin-catalyst particles
(Fischer—Tropsch process), 5 wm powdered Al,O3
catalyst particles concentration up to 16% (w/w)
Air-water

Organic liquids (ethylbenzene, ethylacetate,
decalin, acetone, nitrobenzene, toluene,
ethanol)—air

Air-water and air—water—glass beads, glass
beads of 50, 90, 143.3 wm diameter, up to

20% (w/w) concentration

Nitrogen—molten wax (paraffin wax and wax
produced by Fischer-Tropsch reactor)
Air—kerosene-four different solid particles,

with 1.5, 5, 90, 135 wm diameters, concentration
between 0 and 500 kg/m>

Water—air, helium, argon and sulfur hexafluoride

Air-water—glass beads of 35 wm diameter and
concentration up to 40% (v/v)

Air—water and air + argon—water

Air—parafinic oil-silica particles, concentration
up to 36% (v/v), with size distribution:

10% < 27 pm; 50% < 38 pm; 90% < 47 pm
Paratherm NF heat transfer fluid-nitrogen
gas—alumina particles, particle diameter

100 wm with solids volume fractions up to 0.19
Air-water—glass beads, 35 pm glass beads

of concentration up to 40% (v/v)

Air-water

Air-water and Air—water—glass beads, 35 pm
glass beads of concentration up to 40% (v/v)
Air-water—yeast cells, with 8 um yeast cells
of concentration 0-0.4% (w/w)

Air-water

Air-water

4.1 and 10 cm i.d. column, perforated plate
sparger with 75 wm hole diameters

0.3 m i.d. column, ring distributor with
1 mm holes

9.5 cm i.d. column, single tube sparger
with 3 mm diameter holes

30.5, 10.8 cm i.d columns, perforated
plate sparger

5 and 21 cm i.d. columns, perforated plate
distributor with 2 mm hole diameters

29 and 10 cm i.d. columns, perforated plate
distributor with 3 mm hole diameters

5 and 10 cm i.d. columns, sintered plate
distributor

0.28 m i.d. column, 6-arm distributor with
1.5 mm

diameter holes

20 cm i.d. column, perforated plate

sparger with 1 mm hole diameters
10-19-38 cm i.d. columns, perforated plate
sparger with 50 wm hole diameters

10.2 cm column i.d., perforated plate sparger
with 1.5 mm hole diameters

0.28 m i.d. column, 6-arm sparger with

1.5 mm hole diameters

20 cm i.d. column, perforated plate

sparger with 69.1 mm hole diameters

0.28 m i.d. column, 6-arm sparger with

1.5 mm hole diameters

28 cm i.d. column, 6-arm sparger with

1.5 mm hole diameters

15 and 20 cm i.d. columns, perforated plate
sparger with 2.5 mm, porous plate sparger
with 0.3 porosity, membrane sparger with
0.5 mm hole diameters

14-19 and 44 cm i.d. columns, perforated plate
spargers with 0.33, 0.4, 0.7 and 1 mm hole
diameters and bubble cap distributor with

5 mm diameter holes

Up to 4

Up to 20

0.8-10

Up to 28

Upto 12

Up to 15

1.9-15.4

Up to 12

Gas holdup,
heat transfer

Gas holdup, bubble
characteristics

Gas holdup, mass
transfer

Gas holdup, bubble
characteristics

Gas holdup, bubble
characteristics
Gas holdup

Transition gas velocity

and holdup, bubble rise
velocities and bubble holdup
Gas holdup

Gas holdup, bubble
characteristics
Gas holdup, bubble
characteristics

Gas holdup, bubble
characteristics (bubble sizes,
rise velocity and holdup)
Gas holdup, bubble
characteristics, heat transfer
Liquid velocity profiles,
bubble velocity distributions
Gas holdup, bubble
characteristics

Gas holdup, bubble
characteristics, heat transfer
Gas holdup, bubble sizes,
mass transfer, axial

liquid dispersion

Fluid dynamics, liquid
velocity profiles, gas holdup
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Behkish et al. [27]

Lapin et al. [16]

Cho et al. [25]

Maalej et al. [29]

Verma and Rai [28]

Forret et al. [9]

Chen et al. [26]

Krishna and Van Baten [30]

Vandu and Krishna [31]

Thorat and Joshi [21]

Veera et al. [11]
Tang and Heindel [10]

Dhotre et al. [20]

Organic liquid mixtures (isopar-M and hexanes

mixtures) with four different gas phases (H,, CO, N,, CHy)
and two different solids (iron oxides and glass beads)

Air-water

Viscous liquid medium (viscosity up to 38 mPa s) — air
Aqueous solution of Na,NO;—-NaHCOj; and CO,—N,

Ferro-ferricyanide (electrolytic solution)-air
Air-water
Air-water
Air-water

Liquid phases (water, tetradecane, paraffin oil

and tellus oil)—air—porous silica particles of 35 pm
diameter and concentration up to 25% (v/v)
Water, aqueous solution of NaCl (0.2 M) and
aqueous solution of carboxy methyl

cellulose (1%, w/w)—air

Aqueous solution of n-butanol-air

Air-water

Water, aqueous solution of n-butanol,
carboxy methyl cellulose—air

31.6 cm i.d. column

30 cm i.d. column, ring sparger with 1 mm
diameter holes

15.2 cm i.d. column, perforated plate sparger

4.6 cm i.d. column, perforated plate spargers with
2 mm diameter holes

5.15 cm i.d. column, single-nozzle sparger with
1, 1.5 and 2 mm diameter holes

1040 and 100 cm i.d. columns

20-40 and 80 cm i.d. columns, perforated plate
spargers with 0.5 mm diameter holes
10-38 and 100 cm i.d. columns

10 cm i.d. column, 8-arm sparger with 2.5 mm
hole diameter and siever plate spargers with hole
diameter 0.5 mm

38.5 cm i.d. column, perforated plate type 20
different spargers with hole diameter range
0.8-50 mm

38.5 cm i.d. column, perforated plate spargers
with 1 mm diameter

15.24 cm i.d. column, 8-arm sparger with

1.6 mm diameter holes

38.5 cm i.d., perforated plate spargers with hole
diameter range 0.8—-87 mm

8-20
Fixed at 1
Up to 12
Upto3
Upto 3.5
5-20

2-9
10-38

Up to 40

Up to 30

6-24
Up to 20

Up to 32.4

Mass transfer

Bubble size distributions,
bubble velocity profiles,
flow structures

Heat transfer

Liquid and gas phase mass
transfers

Gas holdup, mass transfer

Liquid velocity and mixing
measurements, gas holdup
Local heat transfer measurements

CFD simulations, bubble
properties, mass transfer
Mass transfer

Fluid dynamics and regime
transition

Radial gas holdup profiles

Time-dependent gas holdup
variation

CFD simulations, radial gas
holdup profiles
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More specifically, in order to design bubble column
reactors, the following hydrodynamic parameters are
required: specific gas-liquid interfacial area, axial solids
dispersion coefficients, sauter mean bubble diameter, axial
dispersion coefficients of the gas and liquid, overall heat
transfer coefficient between slurry and immersed heat
transfer internals, mass transfer coefficients for all the
species, gas holdups, physicochemical properties of the
liquid medium. In order to estimate these design parameters
for the system, experimental studies benefit from specialized
measuring devices and accessories. The gas flow into the
column is measured via rotameter and the superficial gas
velocity is adjusted. The gas is distributed by a gas
distributor, which has different alternatives such as ring type,
perforated plate or arm distributor. An electric heater can be
installed to maintain constant temperature in the column.
The pressure measurement system may contain liquid
manometers or pressure transducers (pressure transmitters).
Pressure measurements are used to estimate gas holdup in
the system. Thermocouples are used wherever temperature
variation is needed to be recorded. Heat flux sensors may be
used to estimate the heat flux and to measure the
corresponding heat transfer coefficients between the heated
immersed object and slurry or the slurry and wall. For better
control and adjustment, the equipments are usually
accompanied by PID controllers. Data acquisition systems
may be utilized for instantaneous parameter investigations,
for instance for recording the pressure fluctuations and
estimation of instantaneous gas holdups and bubble
properties.

2.2. Fluid dynamics and regime analysis

The fluid dynamic characterization of bubble column
reactors has a significant effect on the operation and
performance of bubble columns. According to literature, the
experimental results obtained by parameter investigations,
strictly depend on the regime prevailing in the column. The
flow regimes in bubble columns are classified and
maintained according to the superficial gas velocity
employed in the column. Three types of flow regimes are
commonly observed in bubble columns which are the
homogeneous (bubbly flow) regime; the heterogeneous
(churn-turbulent) regime and slug flow regime [45]. There
also exists the so-called ‘“foaming regime” which is not so
commonly encountered in bubble columns.

The bubbly flow regime, also called the homogeneous
flow regime is obtained at low superficial gas velocities,
approximately less than 5cm/s in semibatch columns
[46,47]. This flow regime is characterized by bubbles of
relatively uniform small sizes and rise velocities [48]. A
uniform bubble distribution and relatively gentle mixing is
observed over the entire cross-sectional area of the column
[45]. There is practically no bubble coalescence or break-up,
thus bubble size in this regime is almost completely dictated
by the sparger design and system properties [21]. Kawagoe

et al. [49] found that the gas holdup in the bubbly flow
regime increases linearly with increasing superficial gas
velocity.

The churn-turbulent regime, also called the heteroge-
neous regime is maintained at higher superficial gas
velocities (greater than 5 cm/s in batch columns). This
regime is characterized by the disturbed form of the
homogeneous gas-liquid system due to enhanced turbulent
motion of gas bubbles and liquid recirculation. As a result
unsteady flow patterns and large bubbles with short
residence times are formed by coalescence due to high
gas throughputs. This flow regime is thus sometimes referred
as coalesced bubble flow regime, indicating the much
different sizes of the bubbles [48]. As a matter of fact, by
bubble coalescence and break-up, a wide bubble size
distribution is attained. The average bubble size is governed
by coalescence and break-up which is controlled by the
energy dissipation rate in the bulk [21]. Vigorous mixing,
bubble cluster formation and wide bubble size range were
also pointed out by Hyndman et al. [45]. Matsuura and Fan
[50] reported that this regime consisted of a mixture of small
and larger bubbles with diameters ranging from a few
millimeters to a few centimeters. Recently coalescence and
break-up have been studied numerically by solving related
transport equations [51-54]. Churn-turbulent flow is
frequently observed in industrial-size, large diameter
columns [45]. It has been shown that the gas—liquid mass
transfer coefficient is lower at churn-turbulent (hetero-
geneous) regime as compared to homogeneous flow.
However, despite this fact, bubble columns are mostly
operated under heterogeneous flow conditions in the
chemical industry and the interpretations of effective
interfacial area measurements, the design parameter
estimations and reactor modeling concepts have been based
on the assumption of two distinct bubble classes [48]. For
these models, information on the holdup fractions,
contributions to the overall flow, rise velocity and superficial
gas velocity fractions are required for small and large
bubbles.

A slug flow regime has been only observed in small
diameter laboratory columns at high gas flow rates [45]. This
regime takes its name from the formation of bubble slugs
when larger bubbles are stabilized by the column wall. Hills
[55] and Miller [56] reported that bubble slugs have been
observed in the column diameter up to 15 cm. Fig. 1 best
illustrates the differences between the possible regimes
discussed.

The detection of regime transition from homogeneous to
churn-turbulent flow and the investigation of the transition
regime are quite important. As the transition takes place,
significant changes are observed in the hydrodynamic
behaviour of the system. There exists an onset of upward
liquid circulation in the column centre and downward liquid
circulation near the column wall. As a result more gas entry
takes place in the centre, leading to build-up of transverse
holdup-profile that enhances liquid circulation. Recently,
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imperfect bubbly  churn-turbuent  slug flow

(or bad bubbly)

perfect bubbly

Homogeneous Heterogeneous

Fig. 1. Schematic of possible flow regimes in bubble columns [5].

Thorat and Joshi [21] reported that the transition gas velocity
depends on column dimensions (diameter, dispersion
height), sparger design and physical properties of the
system. However, the effects of these parameters have not
been investigated thoroughly in literature so far. The authors
also analyzed the critical gas holdup, i.e. transition holdup
and concluded that the critical gas holdup increased with
decreasing aspect ratio and sparger hole diameter. Krishna
et al. [57] investigated the influence of gas density on regime
transition. They reported that the regime transition velocity
increased with increasing gas density.

In order to characterize the flow regimes, unfortunately it
is not possible to give definite quantitative ranges for
superficial velocities. Different studies performed with
different systems and operating conditions provide different
results in determination of regime boundaries and regime
transitions. For instance Hyndman et al. [45] proposed that
below 4 cm/s superficial velocity a bubbly flow regime
prevails. Pino et al. [32] also reported approximately the
same velocity for a bubbly flow regime. Schumpe and Grund
[48] proposed that for superficial velocities lower than 5 cm/
s, homogeneous (bubbly) flow prevails. Bukur and Daly [58]

Table 3
Experimental values of transition velocity and gas holdup for air-water
system bubble columns [95]

Research group Vg trans (/) &g trans
Bach and Pilhofer [96] 0.046 0.277
Oels et al. [97] 0.039 0.178
Krishna et al. [72] 0.033 0.198
Yamashita and Inoue [98] 0.040 0.234
Hyndman et al. [45] 0.037 0.137

observed the churn-turbulent flow regime for gas superficial
velocities between 2 and 5 cm/s. Several flow regime charts
have been presented in literature to identify the boundaries
of possible flow regimes [2,59,60]. In Fig. 2, one such flow
regime map presented by Deckwer et al. [60] is shown. The
map describes quantitatively the dependence of flow
regimes on column diameter and superficial gas velocity
and is valid for both bubble and slurry bubble columns with a
batch (stationary) liquid phase operated with a low viscosity
liquid phase. The shaded regions in the figure indicate the
transition regions between various flow regimes. However,
the exact boundaries associated with the transition regions
would depend on the system studied.

Hyndman et al. [45] reported that the transition from
bubbly to churn-turbulent flow in a bubble column with
increasing superficial gas velocity is in reality a gradual
process. However, when modeling the complex hydro-
dynamics of bubble columns the simplification of the
gradual process by defining a transition point is useful for
modeling the hydrodynamic behaviour. Table 3 lists the
results of the literature studies with an air—water system for
the regime transition properties.

2.3. Gas holdup

Gas holdup is a dimensionless key parameter for design
purposes that characterizes transport phenomena of bubble

SLUG FLOW REGIME

0.10—

Gas Velocity (m/s)

TRANSITION RANGE

HOMOGENEOUS BUBBLE FLOW REGIME

CHURN-TURBULENT REGIME

| ] {

0.0l 1 L
0.025 0.05 0.10

0.20 0.50 1.0

COLUMN DIAMETER (m)

Fig. 2. Flow regime map for bubble columns [60].
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column systems [4]. It is basically defined as the volume
fraction of gas phase occupied by the gas bubbles. Likewise
it is possible to characterize the liquid and solid phase
holdups as the volume fraction of liquid and solid phases,
respectively. All studies examine gas holdup because it plays
an important role in design and analysis of bubble columns.
As reported by Li and Prakash [14], in a three-phase slurry
bubble column, the static pressure drop along the bed height
can be expressed as

AP = (pgeg + pre1 + pses)gAH (1)

In the above equation, &, & and & are the volume fractions of
gas, liquid and solid phases, respectively. ¢, is also named as
the gas holdup, g, p and AH are the gravitational accelera-
tion, the density and height difference between the transdu-
cers, respectively. The subscripts g, 1 and s stands for gas,
liquid and solid phases. By proper substitutions, starting
with Eq. (1), one can factor out the gas holdup as

N SUN .
£ gl + psds) AH

Eq. (2) can be directly applied for estimation of gas holdup
in a slurry bubble column. The most widely used technique
in estimating gas holdup is the pressure profile method
which is based on measuring the static pressure at two or
more points along the column using manometers or more
recently pressure transducers and thus obtaining the pressure
drop, AP, along the bed [56,59,61,62].

The spatial variation of gas holdup, i.e gas holdup profile is
another important factor which gives rise to pressure variation
and thus liquid recirculation. Since liquid recirculation plays
an important role in mixing and heat and mass transfer,
predictions of radial gas holdup profiles would lead to better
understanding of these phenomena and thus more reliable
bubble column scale-up. The magnitude of gas holdup radial
gradients depends on superficial gas velocity, column
diameter, physical properties of the system and operating
conditions [51]. There exist various correlations in literature in
order to predict the gas holdup in both two-phase bubble
columns and three-phase slurry bubble columns. In Table 4,
several frequently used gas holdup correlations for bubble and
slurry bubble columns are summarized.

It is reported that the basic factors affecting gas holdup
are: superficial gas velocity, liquid properties, column
dimensions, operating temperature and pressure, gas
distributor design, solid phase properties. In the subsections
below, the findings of various studies on the effects of these
factors are presented.

2)

2.3.1. Superficial gas velocity

Superficial gas velocity is the average velocity of the gas
that is sparged into the column which is simply expressed as
the volumetric flow rate divided by the cross-sectional area of
the column. Gas holdup in bubble columns depends mainly on
superficial gas velocity [2]. For both bubble columns and
slurry bubble columns, gas holdup has been found to increase

with increasing superficial gas velocity [3,14,32,43,45,48,
60,63,64]. Although the systems investigated in these studies
are quite different from each other, all conclude that the gas
holdup increases with increasing superficial gas velocity. This
increase has been found to be proportional to superficial gas
velocity in the bubbly flow regime [65,66]. For the churn-
turbulent regime, the effect of superficial velocity on gas
holdup is less pronounced [66,67]. Hyndman et al. [45]
analyzed the contribution of small and large bubbles to overall
holdup via equations. The authors pointed out that in the
churn-turbulent regime, as the superficial velocity increases
the overall holdup increases due to the large bubble holdup
increase. The contribution of small bubbles to overall holdup is
constant and equal to the transition holdup, i.e. it does not
increase with increasing superficial velocity. But the large
bubble holdup increases with increasing superficial velocity,
leading to the increase of the overall holdup. However, in
bubbly flow, small bubble holdup is not constant but changes
significantly as the superficial velocity is changed. Recently
Veera et al. [11] reported an experimental study based on
investigation of effect of gas velocity on gas holdup profiles in
foaming liquids. They observed that the superficial gas
velocity has a large influence on radial holdup profile at high
foaming agent concentrations.

2.3.2. Liquid phase properties

The liquid phase property has an impact on bubble
formation and/or coalescing tendencies and hence is an
important factor affecting gas holdup. An increase in liquid
viscosity results in large bubbles and thus higher bubble
rising velocities and lower gas holdup [68]. It is also reported
that adding a small amount of a surface acting material
(surfactant) to water, results in significantly higher gas
holdup values. Moreover, the presence of electrolyte or
impurities also increases gas holdup [61,69]. Ozturk et al.
[70] investigated the gas holdups in various organic liquids
and they reported that in several mixed and adjusted
mixtures, the gas holdups were higher as compared to pure
liquids with the same properties (surface tension, density,
viscosity). They also concluded that the gas holdups were
higher with high density gases. Veera et al. [11] investigated
gas holdup in the presence of foaming liquids and concluded
that the effect of foaming agent concentration on holdup
profiles depended upon the sparger design, column aspect
ratio and superficial gas velocity. The authors also claimed
that the gas holdup profiles were flatter at higher foaming
agent concentrations. Recently, Tang and Heindel [10]
suggested that regular tap water, which is the most
frequently used liquid in bubble columns, might cause
significant reproducibility problems in air—water two phase
studies. They observed time-dependent variation of gas
holdup which was then related to water quality, column
operation mode, sparger orientation and superficial gas and
liquid velocities. They attributed this time-dependency to
coalescence inhibition caused by the existence of volatile
substances present in tap water.
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Table 4
Gas holdup correlations for bubble columns
Research group Correlation Reference
i Ve

Joshi and Sharma [99] g = 0.3+3Vg [99]
Lockett and Kirkpatrick [65] Va(l — &g) + Vigg = Vit (1 — 8g)2A39(1 n 2.555;2) [65]
Koide et al. [79] _ Ve _ 13y, 018yt [79]

&g = Ao, B=45-35exp(—0.064D3"); e = -5
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Akita and Yoshida [77] . 2 /8 /. 5 o\ 1/12 [44]
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el = a( > ) ( 7 ) N first term: Bond number, second term:
Galilei number, third term: Froude number, « = 0.2 for pure liquids and
non-electrolyte solutions, o = 0.25 for salt solutions
Hikita and Kikukawa [105] - 047 10,0721 2/3 (0.001) 003 [70]
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2.3.3. Operating conditions

The effect of operating pressure and temperature on gas
holdup of bubble columns were also investigated in many
studies [44,62,57,71-73]. It is commonly accepted that
elevated pressures lead to higher gas holdups. Empirical
correlations have been proposed for gas holdup in bubble
columns operated at high pressure and temperature [62,71].
Luo et al. [4] carried out experiments at about 5.6 MPa, to
investigate the effect of pressure on the hydrodynamics of a
slurry bubble column and found that gas holdup increases
with pressure and the pressure effect is more pronounced in
higher concentration slurries. In the study of Deckwer et al.
[60] typical high pressure conditions of the Fischer—
Tropsch process were investigated, i.e. 400-1100 kPa.
However, they concluded that pressure had no significant

effect on holdup. The operating temperature is another
important factor to be discussed. Although most studies
conclude that the temperature effect is not so significant,
some disagree with this argument. For instance, Deckwer
et al. [60] reported a decrease in the gas holdup with
increasing temperature up to a certain temperature value
and the gas holdup had reached a constant value with
further increase of temperature. An interesting point in this
study was that these results were obtained in a small
diameter column, suggesting that in larger diameter
columns, such a temperature effect would not be observed.
Thus, the authors attributed this trend to possible “wall
effects’ in the small diameter column. Saxena et al. [63]
investigated two and three-phase bubble columns within a
297-343 K temperature range and they found out such a
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temperature dependence of gas holdup only in the two-
phase system.

2.3.4. Column dimensions

The effect of column diameter and height on hydro-
dynamics is also widely investigated in literature. Shah
et al. [2] reported that in bubble columns, the effect of
column size on gas holdup is negligible when the column
diameter is larger than 10-15 cm. Luo et al. [4] reported
that the influence of the column height is insignificant if the
height is above 1-3 m and the ratio of the column height to
the diameter (aspect ratio) is larger than 5. Possible wall
effects brought about by the use of small diameter columns
(<10 cm) were also pointed out [60,63]. It was reported
that the gas holdup was not highly dependent on column
diameter when the column diameter was larger than 10 cm,
as long as mixing was well maintained. Daly et al. [64]
found that the holdup is independent of the column height.
Additionally, though not so significant, they obtained some
differences in holdup with variation of the column
diameter. It was observed that the holdup in small diameter
column was slightly higher than that in larger diameter
columns. The effect of column dimensions on gas holdup
in foaming systems has not received significant attention in
literature. Pino et al. [32] observed no appreciable
differences in the gas holdup of foaming systems between
columns of 10 and 29 cm in diameter, in the semibatch
mode of operation. It was also reported that the effect of
column height was insignificant for height to diameter
ratios between 3 and 12. At high gas velocities when
foaming occurred, both column height and diameter had no
effect on gas holdup, whereas, for non-foaming systems
and for column diameters up to 15 cm, gas holdup was
found to decrease with increasing column diameter.
According to the two-phase model developed by Krishna
et al. [43,57,72] the effect of column diameter on gas
holdup should be separately analyzed for small and large
bubble gas holdups. It was found out that the small bubble
gas holdup is independent of column diameter, while the
large bubble gas holdup decreased with increasing column
diameter. As a result the overall holdup is reported to
decrease with increasing column diameter due to large
bubble holdup. The dependence of large bubble holdup on
column diameter was described by the following correla-
tion proposed by Krishna et al. [43]:

1
tntg = 02 (Ve = Var)"™ 3)
T

Here, &, ¢ is the holdup due to large bubbles which constitute
the dilute-phase, a, and N fit parameters (o, = 0.268 and
N =0.18 for gas—liquid systems and solid concentrations up
to 16% by volume and o, =0.3 and N =0.18 for higher
solids concentrations), Dy the column diameter, V, the
superficial gas velocity entering the column and V¢ is the
superficial velocity of the dense-phase or the superficial
velocity of large bubbles.

2.3.5. Gas sparger

Gas sparger type is an important parameter that can alter
bubble characteristics which in turn affects gas holdup
values and thus many other parameters characterizing
bubble columns. The sparger used definitely determines the
bubble sizes observed in the column. Small orifice diameter
plates enable the formation of smaller sized bubbles. Some
common gas sparger types that are used in literature studies
are perforated plate, porous plate, membrane, ring type
distributors and arm spargers. Bouaifi et al. [5] stated that,
the smaller the bubbles, the greater the gas holdup values.
Thus, they concluded that with small orifice gas distributors
their gas holdup values were higher. In another study by Luo
et al. [4], gas holdup was found to be strongly affected by the
type of gas distributor. The effect was more pronounced
especially for gas velocities below 6 cm/s. Schumpe and
Grund [48] worked with perforated plate and ring type gas
spargers. They concluded that with ring type distributor, the
total holdup was smaller. They also added that the small
bubble holdup showed a gradual increase with increasing
superficial velocity with ring type sparger. Another
conclusion about the type of spargers was that the
contributions of both small and large bubbles to gas velocity
were lower with ring sparger as compared to the perforated
plate.

2.3.6. Solid concentration

The effect of solid concentration and particle size on gas
holdup has been investigated by a number of researchers.
Several researchers concluded that an increase in solids
concentration generally reduced the gas holdup
[32,43,60,66-69,74]. Sada et al. [69] also reported that
for low solids loading (<5 vol.%), the behaviour of the
slurry bubble column is close to that of a solid-free bubble
column. Contrarily, Kara et al. [66] found a strong
dependence of gas holdup on solids concentration at low
solids concentrations. Kato et al. [74] reported that the effect
of solid concentration on gas holdup becomes significant at
high gas velocities (>10-20 cm/s).

Many studies have been conducted to investigate the
effects of particle size on gas holdup as well [66,69,74]. The
influence of particle size has been found to depend on a
number of factors including flow regime, gas velocity, liquid
properties and slurry concentration. It is generally reported
that addition of solids to a two-phase system decreases the
holdup [14,32,43,63,68]. For a fixed gas velocity and solid
concentration, increasing the solid diameter also decreased
the holdup and this effect of particle size was more
pronounced for low concentration slurry systems [63]. Pino
et al. [32] investigated foaming regime by using four
different types of solid packings with various particle
diameters. They observed that using coarser particles
increased foaming and at high velocities, for all type of
solid particles increasing the solid concentration reduced the
gas holdup. In fact, the decrease of holdup in the presence of
solid is attributed to decrease of small bubble holdup [43].
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On the other hand, large bubble holdup is reported to be
independent of solids concentration. Based on this, Krishna
et al. [43] proposed a correlation for small bubble holdup
showing its dependence on solids concentration:

0.7
£df = &df,0 (1 - 8—¢s) €]

£df,0

Here, ¢g4¢is the dense-phase gas holdup (small bubble holdup),
earo the gas holdup for only gas—liquid system, and ¢; is the
solids volume fraction. The dense-phase gas holdup for the
gas-liquid, eq4¢0, can be estimated using the correlation pro-
posed by Reilley et al. [75] for the gas voidage at the regime
transition point &, as suggested by Krishna et al. [43,57]. Li
and Prakash [14,68] reported a decrease in holdup with
increasing solid concentration up to 25% by volume concen-
tration. Afterwards, the gas holdup showed a slight increase.
This unusual behaviour was attributed to the accumulation of
fine bubbles at high slurry concentrations and decrease in the
rise velocity of small bubbles.

There are very few studies in literature on the use of
actual cells in slurry bubble columns as the solid phase, in
contrast to many studies which report the decrease of gas
holdup with solids concentration. In the study of Prakash
et al. [3], holdup was observed to increase with solids
concentration. During the operation of the column, it was
observed that a foam layer was formed, at the top of the
dispersion, due to the presence of surface active agents like
alcohols, proteins, etc. in the solutions used. Increasing the
yeast concentration just increased the surfactant concentra-
tion which in turn increased the foam bed and resulted in
higher gas holdup values.

2.3.7. Summary of gas holdup studies

Summarizing the studies discussed so far about gas
holdup it can be said that, the gas holdup increases with
increasing gas velocity and operating pressure; whereas it
decreases with increasing liquid viscosity and solid
concentration. Adding a surface active reagent into the
slurry increases the holdup. In bubble columns, the effect of
column size on gas holdup is negligible when the column
diameter is larger than 10-15 cm and the height is above 1—
3 m, in other words with height to diameter ratios (aspect
ratio) larger than 5. At low gas velocities, gas holdup
depends on the number, pitch and diameter of the orifice
holes. For orifice diameter larger than 1 mm, the effect of
orifice diameter becomes insignificant.

2.4. Bubble characteristics

Bubble populations, their holdup contributions and rise
velocities have significant impact on altering the hydro-
dynamics, as well as heat and mass transfer coefficients in a
bubble column. For this reason it is important to obtain
information on bubble properties of the slurry. Various
studies proposed several methodologies to follow the
estimation of bubble properties. In fact, all of these methods
are based on two-bubble class model proposed by Krishna
et al. [72]. Hence, bubble holdups and rise velocities are
estimated for large and small bubble groups. Krishna and
coworkers [57,72] proposed simplified equations that
describe the bubble classes and behaviour in a bubble
column operating in the churn-turbulent regime. Based on
their correlation, given the regime transition properties
between bubbly flow and churn-turbulent flow, namely the
transition superficial velocity, V, ians and transition (critical)
holdup &g rans, the small and large bubble velocities and
holdup contributions can be estimated. Researches on
bubble size distributions and factors affecting bubble sizes
such as gas density, liquid viscosity, surface tension and
operating conditions (pressure, temperature) are widely
reported in literature [15]. Many literature correlations are
proposed to predict the bubble holdups and their rise
velocities and sizes of bubbles and most important ones are
presented in Tables 5-7, respectively.

The dynamic gas disengagement (DGD) technique is a
very widely adopted method to study bubble groups, bubble
holdup structures and rise velocities. The principle involves
tracing the drop in dispersion height after the gas flow has
been shut off. The resulting disengagement profile can be
used to separate the contributions of small and large bubbles
to the total gas holdup [48]. The technique was first
introduced by Stiram and Mann [76]. More specifically it
requires an accurate measurement of the rate at which the
level of gas—liquid dispersion drops after the gas flow to the
bubble column is shut off [64]. The underlying idea in this
technique is that different bubble classes in dispersion can be
distinguished if there are significant differences between
their rise velocities. Li and Prakash [14] reported that the
rate at which the instantaneous gas holdup drops would
depend on the fraction and rise velocities of different bubble
classes. Thus, initially when the fast rising larger bubbles
were escaping, a fast drop in gas holdup was observed. After
the disengagement of large bubbles was completed, slower

Table 5
Correlations for small and large bubble holdups
Research group Correlation Reference
Krishna et al. [57,72] Homogeneous regime: &g o = ;- heterogeneous regime &y sm = g trans = % [57]
Ve =V rans
Eplg = %7 éplg = A(Vg - Vg‘trans)”
Ellenberger and Krishna [110] 0.58 [43]

Ep,sm = gb,smo(l -l ¢s);

£b,sm0

— 1
Eplg = (YZDT}/ (Vg - Vg‘trans)

Vg trans = Up sméb,sm With ¢ = slurry volume concentration, Dy = column diameter,
N=0.18, a; = 0.268 for ¢ < 10%, ar = 0.3 for ¢s > 10%
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Table 6
Correlations for bubble rise velocity
Name Correlation Reference
Stoke’s equation b small = Tz L2 for Re < 1 [111]
Hadamard-Rybczynski equation up = 18” d2 [111]
Schiigerl equati n 1/n . 2 111

chiigerl equation y = {pkg 2)1(: (43,,)( )3 ] él+n)3n’ X, = (drag coefficient) <p1db[?b >’ [111]

X =24 for Stoke’s regime, X = 16 for Hadamard regime, X = 48 for Levich regime

Wilkinson equation [57]

—0.077
> p oL 0.077 Ve trans
gu.f P8 ’ Ub,sm
Equation proposed by Li and Prakash 1.073
q prop y Ubsm = Ub,sm0 1+ U 50 o
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[14]

moving small bubbles disengaged. However, the rate of drop
in this period would slow down.

The average bubble size in a bubble column has been
found to be affected by gas velocity, liquid properties, gas
distribution, operating pressure and column diameter. The
rise velocity of a single gas bubble depends on its size. Thus,
the size and rise velocity of a bubble depend on each other
and affected by the same parameters. In the following
subsections, the results of various studies on bubble
characteristics such as bubble size, rise velocity, bubble
holdups are analyzed.

2.4.1. Superficial gas velocity

Due to the differences in the distributor design, column
diameter and range of gas velocities studied, literature
studies report different average bubble sizes and bubble rise
velocities. The effect of gas flow rates on bubble size and
bubble rise velocity was investigated by Akita and Yoshida
[77] and a decrease in bubble size with increasing gas flow
rate was reported. Contrarily, Fukuma et al. [78] and Saxena
et al. [63] reported that the bubble sizes increased with
increasing superficial gas velocity and at a certain gas
velocity, maximum bubble size was attained. Similarly, Li
and Prakash [14] reported that the bubble size increased with
increasing superficial gas velocity. In the centre of the
column larger bubbles were more dominant and smaller
bubbles were collected in the near wall more densely. It was
also reported that the contribution of small bubbles to overall
holdup was more than the contribution of large bubbles. The
rise velocity of small bubbles decreased with increasing

superficial gas velocity, whereas the rise velocity of large
bubbles increased with increasing superficial gas velocity
[3]. Schumpe and Grund [48] also investigated the variation
of the small and large bubble rise velocities with superficial
gas velocity. They reported that the small bubble rise
velocity decreased gradually as the superficial velocity was
increased and the small bubble rise velocity attained an
almost constant value afterwards. However, the large bubble
rise velocity continuously increased with superficial gas
velocity.

2.4.2. Liquid phase properties and operating conditions
The liquid properties also have a significant effect on
bubble properties. The rise velocity of a single gas bubble
depends on the size of the bubble. Thus, possible effects of
liquid properties on bubble sizes would be also reflected in
bubble rise velocities. The average bubble size was reported
to decrease with decreasing surface tension of liquid [77]
and increase with increasing liquid viscosity [68]. Luo et al.
[4] investigated the effect of pressure on bubble dynamics
and concluded that at elevated pressures bubble sizes were
reduced. Enhanced pressures were also claimed to increase
gas inertia and decrease the surface tension thus leading to
reduced maximum stable bubble sizes. Schéfer et al. [15]
carried out an experimental study based on bubble size
distributions under industrial conditions. They investigated
the effect of gas density, surface tension, liquid viscosity,
sparger design and operating conditions on bubble sizes. The
authors reported that as the liquid viscosity or surface
tension decreased the stable bubble diameters also

Table 7

Correlations for the size of bubbles produced at an orifice

Researcher Correlation Reference

Miller [112 1/3 111
iller [112] dy = [ body ] for low gas flow rates (1]

g(p—pg)
Moo-Young and Blanch [111] dy = 0.19d0*8Re032, Re, is the orifice Reynolds number and Re, = ;dQZg [111]
okg
Leibson et al. [113] d 018d1/2 1/3 R€<2000 [111]
Kumar and Kuloor [114] 4ﬂ 1/3 (151 [111]
Vo = ( 2mg )

Bhavaraju et al. [115]
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decreased. The influence of operating pressure and
temperature were also discussed and it was observed that
increasing temperatures or pressures resulted in reduced
bubble sizes, which supported the findings of Luo et al. [4].
Veera et al. [11] carried out experiments with foaming
liquids and reported that bubble sizes were reduced with
increasing foaming agent concentrations.

2.4.3. Column dimensions

Although not commonly reported, the effect of column
dimensions on bubble characteristics have been investi-
gated by several researchers. Daly et al. [64] analyzed the
sauter mean bubble diameters (mean surface to volume
diameter) in two different bubble columns and reported
that the column height was not effective. For gas velocities
above 4 cm/s, the sauter mean bubble diameter was slightly
higher in small diameter column. This was attributed to
different flow regimes in the two columns at these
velocities. The authors claimed that, at this superficial
velocity the large diameter column operated in churn-
turbulent regime where small bubbles were more domi-
nant, because of the increased liquid circulation and
turbulence in large diameter column. Under these condi-
tions, the small diameter column operated in the slug flow
regime where larger bubbles dominated. Li and Prakash
[14] reported that the diameter of the column has an effect
on the rise velocity of large bubbles only. They discovered
that as the column diameter increased, the rise velocity of
large bubbles also increased. Koide et al. [79] measured
average bubble sizes in two columns with different
diameters and a higher average bubble size was obtained
in the larger diameter column.

2.4.4. Solid concentration

The presence of solids and solid concentration also has an
impact on bubble properties. It was reported that the
presence of solids led to larger bubble sizes [4,14,68]. This
was attributed to an increase in the apparent slurry viscosity
with increasing slurry concentration. The study by Krishna
et al. [43] showed that the large bubble holdup was
independent of solids concentration but the small bubble
holdup was a decreasing function of solids concentration.
Prakash et al. [3] utilized yeast cells in their column and
reported that, as the yeast concentration increases, the rise
velocity of large bubbles increases, whereas rise velocity of
small bubbles decreases. This situation actually reflects the
possible differences between actual cell particles and solid
particles such as glass beads used in above-mentioned
studies.

2.4.5. Summary of bubble characteristics studies
Summarizing so far, the published work discussed on
bubble characteristics showed that the bubble sizes increase
with increasing superficial gas velocity, solid concentration
(up to a certain value), liquid viscosity and surface tension.
On the other hand, the average bubble size was reported to

decrease increasing foaming agent concentrations. Small
bubble contribution to total holdup is essentially constant in
churn-turbulent regime, being approximately equal to
transition holdup. Large bubble holdup depends on the
column diameter but not on solids concentration whereas for
the small bubble holdup just the opposite is valid.

2.5. Mass transfer coefficient

The overall mass transfer rate per unit volume of the
dispersion in a bubble column is governed by the liquid-side
mass transfer coefficient, kja assuming that the gas side
resistance is negligible. In a bubble column reactor the
variation in ka is primarily due to variations in the
interfacial area [59]. Assuming spherical bubbles, the
specific gas-liquid interfacial area is related to the gas
holdup, &, and the sauter mean bubble diameter, d; by

_ 6%

= (&)

as
Thus, a precise knowledge of the gas holdup and bubble
size distribution is needed to determine the specific gas—
liquid interfacial area [64]. In gas—liquid reactors, mass
transfer from the gas to liquid phase is the most important
goal of the process. The volumetric mass transfer coeffi-
cient is a key parameter in the characterization and design
of both industrial stirred and non-stirred gas—liquid reac-
tors. However, very few data are found dealing separately
with mass transfer coefficient (k;) and interfacial area in
bubble columns or stirred reactors [5,80]. Most investiga-
tions performed are limited to the determination of the
volumetric mass transfer coefficient, kja, which is the
product of the liquid mass transfer coefficient ‘k” and
interfacial area ‘a’. Unfortunately, this parameter is global
and not sufficient to provide an understanding of the mass
transfer mechanisms. The separation of the parameters ‘k;’
and ‘a’ should be considered for better comprehension of
the gas—liquid mass transfer mechanisms. It also allows us
to identify which parameter (k; or a) controls the mass
transfer.

Since mass transfer is the key phenomenon in the
chemical reactions taking place in the reactor, it is important
to estimate the mass transfer coefficients for design and
scale-up of these reactors. Literature studies are reviewed
from the aspect of the effects of operational parameters on
mass transfer characteristics and several important correla-
tions to predict the mass transfer coefficient in bubble
columns are presented in Table 8.

2.5.1. Superficial gas velocity

Krishna and Van Baten [30] developed a CFD model to
describe mass transfer for air—water bubble column
operating in both homogeneous and heterogeneous regime.
The volumetric mass transfer, kja, increased with increasing
gas velocity in the same trend as the gas holdup increased
with superficial gas velocity. Verma and Rai [28] measured
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Table 8
Mass transfer coefficient correlations for gas—liquid bubble columns
Research group Correlation Reference
Ozturk et al. [70] fad? 05 (0p 2\ "3 /0203 0.68 /, ~ 0.04 0.04 [70]
_ W 8h1 8p v, 2 _ 0.5p,0.33 f,0.68 ( P
B = 062 () <Th> <f ) (), Sh= 062530 Fr06S (1)
Akita and Yoshida [116] haD2 0.6 0.5 D20, 0.62 ﬁ 0.31 . 6]
Dag — T \Das o v é
Shah et al. [2] ka = 0.467V§'82 (6]
Kawase and Moo-Young [87] kD2 0 452< " )1/2 (DTVg)3/4 (gD%pl)3/5 V_§ 7/60 [6]
Dag ~— DaB v o Drg
Hikita et al. [117] kaVe _ g oVt 176 ( de —0.248 10243 1, 0604 [27]
() T 0E) () Gbs)
0.254
Kang et al. [118] kia =K x 107308 <%ﬁpg) where K is the correlation dimension [27]
Schumpe and Grund [48] lia = KVE82 039, K = 0.063 (water/salt solution), K = 0.042 (water, 0.8 M Na;SO,) [27]

the ionic mass transfer coefficient for electrolytic solutions
in a bubble column using an electrochemical technique. A
monotonic increase of the average mass transfer coefficient
with gas velocity was observed. Letzel et al. [81] used the
dynamic pressure-step method to measure kja and found that
the ratio of kja to gas holdup was independent of superficial
gas velocity for pressures up to 1 MPa. Behkish et al. [27]
investigated the volumetric mass transfer coefficient and
bubble size distribution for four different gas phases and in
two different organic liquid mixtures and kja values were
also found to increase with gas velocity.

2.5.2. Liquid phase properties

Experiments performed with viscous media showed that
the volumetric mass transfer coefficient, kja, decrease with
increasing liquid viscosity [27,78]. It was pointed out that
higher viscosity led to increase of the volume fraction of
the large bubbles, leading to much lower gas-liquid
interfacial areas. Ozturk et al. [70] investigated mass
transfer coefficient in various organic liquids and observed
that ka values increased with increasing gas density.
Interestingly, the authors reported that kja values in mixed
liquids were close to those in pure liquids of similar
properties. Muller and Davidson [82] performed experi-
ments with viscous media and pointed out the effect of
surface active agents on the mass transfer. They reported
that kja values increase in the presence of surfactants. The
authors attributed this increase to the creation of small
bubbles and reduced bubble coalescence due to surfactants.
Recently, Vandu and Krishna [31] reported experimental
work on estimation of volumetric mass transfer coefficient
in a bubble column. While most of the published work is
restricted to low gas velocities, low slurry concent-
rations and small column diameters, the study of Vandu
and Krishna [31] dealt with high slurry concentrations and
high superficial gas velocities. They reported that ka
values closely followed the trend in gas holdup and that ka/
&; was found to depend on the liquid-phase Schmidt
number.

2.5.3. Solid concentration

Mass transfer measurements were carried out in the
transition and heterogeneous flow regimes. It was reported
that kja values decreased with increasing solid concentration
[27,67]. At low solids concentrations kja values increased
with fine particles, whereas, the gas—liquid interfacial area
decreased with increasing solid concentration [48,83].
Vandu and Krishna [31] observed that addition of solids
and high solid concentrations caused reduced values of ka/
&g due to increased large bubble sizes.

2.5.4. Bubble properties

Fukuma et al. [78] suggested proportionality between the
mass transfer coefficient values and volume—surface mean
bubble diameter. Krishna and Van Baten [30] reported that in
the heterogeneous regime the mass transfer was significantly
enhanced by the continuous bubble break-up and coales-
cence tendencies. Behkish et al. [27] reported that at high
solids concentrations, large bubbles were formed with
bubble coalescence tendencies and they limited the mass
transfer in the column. As a result the authors concluded that
for industrial bubble columns, the presence of small bubbles
should be preferred and the presence of large bubbles should
be avoided for effective mass transfer rates.

2.5.5. Column dimensions, gas sparger and operating
conditions

Vandu and Krishna [31] observed that kia/e, showed a
slight increase with column diameter. Krishna and Van
Baten [30] carried out CFD simulations and showed that kja
decrease with column diameter. Verma and Rai [28] reported
that the mass transfer coefficient was independent of initial
bed height. Higher values were obtained with the spargers
for which the gas holdup values were also higher, i.e. higher
values of mass transfer coefficient were obtained with
perforated plate distributor. Vafopulos et al. [84] investi-
gated the mass transfer in an air—water bubble column at
pressures from 0.1 to 1 MPa. They reported that pressure has
no significant effect on gas holdup and volumetric liquid-
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phase mass transfer coefficient. However, many studies
report a significant effect of pressure on mass transfer rates.
For instance, Wilkinson and Haringa [85] worked in the
pressure range of 0.1-0.4 MPa and reported that both the
interfacial area and volumetric mass transfer coefficient
increase with pressure. Similarly, experiments in the
pressure ranges 0.1-0.8 MPa showed that ka values
increased with increasing pressure [27,86]. This was
attributed to the corresponding increase of the gas—liquid
interfacial area. Still higher pressures (up to 5 MPa) were
examined in the study of Maalej et al. [29] and it was
reported that both interfacial area and the volumetric mass
transfer coefficient (kja) were affected by pressure, whereas
the mass transfer coefficient (k) was independent of
pressure. It was concluded that for a fixed gas mass flow
rate, the interfacial area and the volumetric mass transfer
coefficient decrease with increasing operating pressure.
However, for a fixed pressure, they increase with increasing
gas mass flow rates.

2.5.6. Summary of mass transfer studies

Summarizing the literature studies, it can be concluded
that the volumetric mass transfer coefficient, kja increases
with gas velocity, gas density and pressure whereas
decreases with increasing solid concentration and liquid
viscosity. It is also concluded that the presence of surfactants
increase kja, due to small bubbles. Thus, presence of large
bubbles should be avoided in industrial columns for effective
mass transfer.

2.6. Heat transfer coefficient

Thermal control in bubble columns is of importance
since in many chemical and biochemical processes,
chemical reactions are usually accompanied by heat
supply (endothermic) or removal (exothermic) operation.
Therefore, turbulent heat transfer from the reactor wall and
inserted coils to the liquid has been the topic of much
research in the literature [87]. Bubble columns have been
widely adopted in many industrial productions and
operations due to high heat transfer rates [88]. The heat
transfer rate in gas—liquid bubble columns is reported to be
generally 100 times greater than in single phase flow [89].
Many hydrodynamic studies investigate the heat transfer
between the heating objectives and the system flow to
understand the effects of hydrodynamic structures on the
heat transfer for improving the design and operation of
bubble column reactors [24].

Literature studies reported on heat transfer measurements
in two- and three-phase systems can be divided into: (1)
estimation of bed-to-wall heat transfer coefficients, and (2)
estimation of immersed object-to-bed heat transfer coeffi-
cients [89]. Bed-to-wall heat transfer was investigated in
detail by Kato et al. [90]. The investigations of immersed
object-to-bed heat transfer have been reported by a number
of researchers [25,60,63,68].

Most of the previous studies on heat transfer in bubble
columns concerned the steady-state time-averaged heat
transfer of the object-to-bed and wall-to-bed [89,90].
However, measurements of instantaneous heat transfer
coefficients provide more insight into bubble dynamics
and mechanism of heat transfer. Chen et al. [26] reported
that the use of average heat transfer coefficient causes the
loss of information related to the effect of instantaneous
bubble dynamics on heat transfer. Hence, the authors
emphasized the importance of studying the instantaneous
heat transfer in bubble columns under wide range of
conditions for a comprehensive understanding of the heat
transfer mechanism and reliable modeling to improve design
and operation. Kumar et al. [91], Li and Prakash [13,23] and
Cho et al. [25] are some of the recent studies based on local
instantaneous heat transfer coefficient measurements.

Very few heat transfer data have been published on the
biochemical studies with microbial media so far. Especially,
studies with non-Newtonian fermentation media have not
received considerable attention, despite its wide occurrence.
Kawase and Moo- Young [87] developed a theoretical model,
which accounts for both the Newtonian and non-Newtonian
cases. Their model was based on turbulent heat transfer in
bubble column reactors where the heat transfer enhancement
due to shear-thinning of the media had been investigated.

Measurements of heat transfer coefficients in general
require a heat source and measurements of surface and bed
temperatures. To estimate the local instantaneous heat
transfer coefficient h (W/m? °C) for a heated object-to-bed
system for instance, the temperature difference between the
probe surface and the bulk, AT (°C) and the corresponding
heat transfer flux, O (W/m?) should be measured. The
following relation can then be applied:

0

h=—
AT

(6)
Many literature correlations exist for estimation of heat
transfer coefficient that can be applied to two-phase bubble
columns and three-phase slurry bubble columns. Several of
these correlations are presented in Table 9. The basic para-
meters affecting the heat transfer are mainly the superficial
gas velocity, particle size and concentration, liquid viscosity,
particle density, axial/radial location of the heat transfer
probe and column dimensions.

2.6.1. Superficial gas velocity

The effect of gas velocity on heat transfer coefficients in
two and three-phase systems have been widely investigated
[3,60,63]. Generally, it was demonstrated that the introduc-
tion of gas into a liquid or liquid—solid bed enhances the
turbulence in the medium and thus increases the heat transfer
coefficients. Moreover, higher gas velocities just enhance
the heat transfer more. Therefore, though the system
properties, operating conditions and measurement techni-
ques differ, many studies reported that the heat transfer
coefficients increase with increasing superficial gas velocity



2278 N. Kantarci et al./Process Biochemistry 40 (2005) 2263-2283

Table 9
Heat transfer correlations for bubble and slurry bubble columns
Research group Correlation Reference
Hikita et al. [117] ~0.851 0.308 [63]
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Mers t al. [119 1/6 /pi—p,\ 1/3 63
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1/3
Zehner [120] h = 0.18(1 — ) ocv? 1Y Ve = [db(n/cx:g) (/’]’/’g)gDV ] 13, [63]
' &7 | dy (/620) P 1y ’ 23 f &
0.05
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S t al. [63 2,\ /6 15— p,\ 1/3 63
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irrespective of the solid phase properties (diameter, shape,
and concentration) or liquid phase properties (density,
viscosity, etc.) [3,14,60,63,68]. Studies also showed that the
rate of increase of heat transfer coefficients with gas velocity
was more pronounced at low gas velocity, and more gradual
at higher gas velocities.

2.6.2. Liquid phase properties

The effect of liquid phase properties on heat transfer,
especially the impact of liquid viscosity has been reported in
several studies. The heat transfer coefficient has been found
to decrease with increasing liquid viscosity in three-phase
fluidized systems [26,60,68,92] regardless of particle size.
This was actually attributed to lower turbulence attained in
the viscous media.

2.6.3. Solid size and concentration

The influence of particle size and concentration on heat
transfer coefficient has been investigated by many research-
ers in both three-phase bubble columns and fluidized beds
[14,60,63,68,93]. In three-phase fluidized beds, the heat
transfer coefficient increased with particle size at low gas
velocities (<5 cm/s). At higher gas velocities, it passed
through a minimum value at a particle size of about 1.5 mm.
In general, the effect of particle size on heat transfer
coefficients was negligible at particle sizes larger than
3.0 mm, particularly at high gas velocities. Some studies
reported that the heat transfer coefficients increased with
increasing slurry concentrations [60,93]. The reason given
for that was the alteration of thermo-physical properties of
the slurry with the introduction of solids and also enhanced
exchange rate of fluid elements on the heated surface of the
probe due to motion of solid particles. Moreover, the

alteration of the bubble properties with solid addition was
also needed to be taken into account. Addition of solids and
increasing the solids concentrations increase the bubble
coalescence leading to the formation of larger size bubbles
with higher rise velocities. As a matter of fact, addition of
solids causes larger bubble sizes with induced velocities and
thus higher heat transfer rates are likely to be obtained. On
the other hand, Li and Prakash [68] reported an opposite
trend with Deckwer et al. [60]. They reported that as solid
concentration increased the heat transfer coefficient
decreased. This was explained by the promotion of viscosity
of the medium with increase of solid concentration which in
turn resulted in the decrease of turbulence in the system.

2.6.4. Axial/radial location of the heat transfer probe

The position of the heat transfer probe in the column was
also reported to alter the values of the heat transfer
coefficient. Thus, several studies were performed by
locating the heat transfer probe at various axial/radial
locations in the column and determining the corresponding
values of the heat transfer coefficients at those locations. In
fact, the axial heat transfer measurement differences in the
column stem from measurement distance to the gas
distributor and radial differences from the bubble popula-
tions. Saxena et al. [63] compared the heat transfer
coefficients at two different axial locations. The probes
were at 2.9 and 0.52 m from the distributor. Their results
indicated that the heat transfer coefficients at 2.9 m were
systematically higher than at the 0.52 m. This was attributed
to the influence of the distributor region. The height of
0.52 m from bottom was less than two times the column
diameter (0.305 m) corresponding to the developing region
for bubble growth and liquid phase flow pattern. The
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influence of the distributor region is reported usually to
extend up to three or four times the column diameter [94]. In
the distributor region the bubble sizes are definitely smaller
than the ones in the bulk region. This is due to the fact that
the external pressure around the bubble decreases as the
bubble rises up in the column. Thus, large bubbles would be
more dominant away from the distributor. Since faster
moving large bubbles would be more effective on heat
transfer as compared to small bubbles, higher heat transfer
coefficient values could be observed at the top sections of the
column, i.e. away from the distributor as compared to the
distributor region. Heat transfer measurements at different
radial locations were carried out by Li and Prakash [68] and
Prakash et al. [3]. It was reported that the column centre heat
transfer coefficients were higher than the near wall heat
transfer coefficients, due to the fact that large bubbles collect
more dominantly at the centre. In addition to that, obviously
there existed more turbulence in the centre as compared to
near wall, due to possible wall effects.

2.6.5. Column dimensions and operating conditions

The effect of column diameter on heat transfer was
investigated in detail by Saxena et al. [63]. The authors
reported that heat transfer coefficients measured in a larger
diameter slurry bubble column (30.5 cm) was greater than in
a smaller diameter column (10.8 cm). They attributed this
result to a higher mixing rate attained in the larger diameter
column. Saxena et al. [63] also performed experiments to
study the effect of bed temperature on heat transfer
coefficient. It was reported that with increasing temperature
the heat transfer coefficient also increased. This could be
explained by the reduced liquid viscosity and enhanced
turbulence maintained at higher temperatures. Chen et al.
[26] investigated the effect of operating pressure on heat
transfer characteristics. The authors observed that the heat
transfer coefficients increased with increasing pressure.

2.6.6. Summary of heat transfer studies

Summarizing the studies discussed so far on heat transfer
it can generally be concluded that the heat transfer
coefficient increases with increasing temperature, super-
ficial gas velocity, and particle size, but a decreasing
function of liquid viscosity and particle density. Two
opposing conclusions for the effect of solid concentration on
heat transfer coefficient exist. Some studies [60,93] report
that increased solid concentrations increases the heat
transfer coefficient values, while some report the opposite
[68]. The increase of the heat transfer coefficient with
increasing solid concentration has been attributed to a
corresponding increase of the slurry viscosity which results
in greater bubble sizes and higher large bubble rise velocities
and thus higher heat transfer rates. On the other hand, the
contrary result obtained by Li and Prakash [68] was
explained by the fact that turbulence is reduced by an
increase in viscosity of the system. In fact the viscosity of the
system by addition of inert bead-like solids would not

change significantly especially at low concentrations
however it can definitely be said that the presence of solids
just promotes heat removal from the surface of the heated
object and in a way that enhances the turbulence in the
system. Axial profiles of heat transfer measurements
indicate that the heat transfer coefficient in bulk region is
higher than in the distributor region. The heat transfer
coefficient in the centre of the column is greater than the near
wall due to the fact that large bubbles collect at centre and
they are more effective in enhancing heat transfer in the
system.
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Appendix A

as gas—liquid interfacial area

Ar Archimeds number

Bo Bond number

Cp specific heat

C, slurry specific heat

Cs solid concentration

Cyo solid concentration at column bottom
d diameter

d, orifice diameter

dy, bubble diameter

dyp; size of bubble i

d. dimensionless bubble diameter

dimax maximum bubble diameter

d, particle diameter

dr reactor diameter

ds sauter mean bubble diameter

D, column diameter

Dy, diffusion coefficient

D tower diameter

F flow number

Fr Froude number

Fr Froude number for slurry phase

g gravitational acceleration

Ga Gallilei number

h heat transfer coefficient

hg clear liquid height above transducer at time zero
hy clear liquid height above transducer in phase I

hy max Maximum wall side heat transfer coefficient
H distance

AH height difference between the transmitters
k thermal conductivity

K slurry thermal conductivity

ky liquid thermal conductivity

ks solid thermal conductivity

kg slurry thermal conductivity
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ki mass transfer coefficient

ka volumetric mass transfer coefficient
K parameter in correlation

Mo Morton number

n; number of bubbles of size dy;

N Krishna—Ellenberger fit parameter
Nu Nusselt number

P pressure

AP pressure drop along bed

Pr Prandtl number

Pr Prandtl number for slurry phase
P, energy dissipation rate

q heat transfer rate

0 heat flux

r radial distance from column centre
R radius of column

Re Reynolds number (Vod, 01/ 141)

Re, orifice Reynolds number

Re Reynolds number for slurry phase
Ret Reynolds number (V D04/ 1tg)

Sc Schmidt number

Sh Sherwood number

St Stanton number

St Stanton number for slurry phase
T temperature

AT temperature difference

Uy bubble rise velocity

Up 1o large bubble rise velocity

Ub sm small bubble rise velocity
Upsmo small bubble rise velocity in gas-liquid system

UG mean superficial velocity

\ volume of bubble

Var dense-phase (small bubble) superficial gas velocity
Ve superficial gas velocity

Voig large bubble superficial gas velocity
Vesm  small bubble superficial gas velocity
Veuans  transition superficial gas velocity

V; volume of bubble of size d,;
Vi superficial liquid velocity

Vi total volume of the dispersion
Voo terminal rise velocity

Weber Weber number

Greek letters

o Krishna—Ellenberger fit parameter

&4 dilute-phase (large bubble) gas holdup

&4 dense-phase (small bubble) gas holdup

€410 dense-phase (small bubble) gas holdup for gas—
liquid system

&g gas holdup

Egi gas holdup due to bubble i

&g(1) instantaneous gas holdup

€5 hom gas holdup in homogeneous regime

&g heter gas holdup in heterogeneous regime

o la large bubble gas holdup

£g.m small bubble gas holdup

&g trans transition gas holdup

& liquid holdup

& solid holdup

&s.0 small bubble holdup in gas-liquid system
7 viscosity

Ub viscosity of slurry

Mefr effective viscosity of slurry

Mg viscosity of gas phase

A viscosity of liquid phase

sl viscosity of slurry phase

P density

Og gas density

01 liquid density

Ds solid density

Psl slurry density

o surface tension

o liquid-phase surface tension

v kinematic viscosity

U solid volume fraction

Ugl effective kinematic slurry viscosity
ol volume fraction of liquid phase
os volume fraction of solid phase
Subscripts

av average

b bubble

B dilute phase (large bubble holdup)
df dense phase (small bubble holdup)
heter heterogeneous regime

hom homogeneous regime

Ig large bubble

sm small bubble

trans transition regime
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