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H I G H L I G H T S

• Study of hydrodynamics of counter-
current bubble column with a porous
distributor.

• Comprehensive flow regime map de-
veloped with all four regimes.

• Method developed to predict gas
holdup and transition gas velocity
semi-empirically.

• Estimated bubble diameter decreases
with liquid velocity in homogeneous
regime.

• Apparent slip velocity increases with
phase velocities in heterogeneous re-
gime.

G R A P H I C A L A B S T R A C T

Prediction of gas holdup and regime transition points combining two phenomenological models.
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A B S T R A C T

Experiments were conducted to study the hydrodynamics of a countercurrent bubble column equipped with
porous plate distributor. Four flow regimes – purely homogeneous bubbling regime, discrete bubbling regime,
helical flow regime and churn-turbulent regime are identified based on the bubble swarm velocity plot. Regime
maps are presented showing the effect of liquid velocity on transition gas velocity and gas holdup along all three
transition boundaries. The liquid velocity advances the onset of discrete bubbling regime, helical flow regime
and churn-turbulent regime. Gas holdup increases with an increase in gas and liquid velocities. A methodology
for predicting the gas holdup for both the homogeneous and heterogeneous regimes and the transition gas
velocity and holdup is developed by extending existing models for homogeneous and heterogeneous regime.
Bubble diameter, the model parameter in homogeneous regime, decreases with an increase in liquid velocity.
Apparent slip velocity between gas and liquid phase, the model parameter in heterogeneous regime, increases
with both gas and liquid velocity. The method predicts the data of the present work and literature satisfactorily.
The effect of gas and liquid velocities on the radial profile of liquid velocity and its properties are simulated using
the validated model.
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1. Introduction

Bubble columns in which gas is sparged into a batch of liquid have
high heat and mass transfer characteristics and are easy to operate, as
there are no moving parts. These multiphase contactors find applica-
tions in chemical, biochemical and metallurgical industries [1]. Bubble
columns, used for applications such as hydrogenation, fermentation
usually have the liquid phase in batch mode. However, applications
such as waste-water treatment and ozonation of water involve con-
tinuous flow of the liquid phase [2]. Countercurrent flow of liquid has
the advantage of high holdup leading to higher mass transport rates [1].

Countercurrent flow of gas and liquid also occurs in three-phase inverse
fluidized bed which can be considered as a countercurrent bubble
column (CCBC) with suspended solids [3,4].

Experimental studies on bubble column have predominantly been
carried out with the liquid phase under batch condition. Relatively few
studies have been carried out with continuous flow of liquid. Among
these studies with continuous liquid phase flow, fewer studies have
been reported on countercurrent flow compared to cocurrent flow
bubble columns. A summary of hydrodynamic studies conducted is
presented in Table 1. It can be observed that except for the recent
comprehensive studies by Besagni and Inzoli [5] and Besagni et al. [6],

Nomenclature

A, B, C Parameters in the apparent slip velocity correlation Eq.
(35)

c Parameter in Eq. (15)
db diameter of bubble, m
D diameter of column, m
Frg Gas phase Froude number, dimensionless
g acceleration due to gravity, m/s2

H Height of the column, m
h pressure head of water, m
I(ɸ) Eq. (26)
J0, J1 Eqs. (24) and (25)
Mol Liquid phase Morton number, dimensionless
n Exponent in Eq. (15)
P Pressure, Pa

P zΔ /Δ Pressure gradient
R Radius of the column, m
r Radial coordinate, m
r0/δ Length ratio, Eq. (2)
Re Bubble Reynolds number, dimensionless
Reg Gas phase Reynolds number, dimensionless
u u,g l0 0 Superficial phase velocities = −

Volumetric flow rate
Column cross sectional area

u u,g l Interstitial phase velocities, m/s
ulc Centreline velocity of liquid, m/s
ulw Liquid velocity at wall, m/s
ulδ ul at y = δ, m/s (Eq. (9))
us Apparent slip velocity of bubbles, m/s
ulrec Mean liquid recirculation velocity, m/s
z Axial coordinate, m

Greek letter

β Dimensionless bubble diameter, dimensionless
β0 Dimensionless bubble diameter at batch liquid condition,

dimensionless
δ Thickness of the laminar sublayer, m
εc Centreline gas holdup, dimensionless
εg Average gas holdup, dimensionless
εgr Radial gas holdup, dimensionless
νt Turbulent kinematic viscosity, m2/s
ν Molecular kinematic viscosity, m2/s
ρ ρ,l g Phase density, kg/m3 ξ
τ Shear stress, kg/ms2

τw Shear stress at wall, kg/ms2

ϕ r/R, Radial coordinate, dimensionless
∗ϕ Radial coordinate at which flow reverses, dimensionless

μ μ,g l Phase viscosity, kg/m.s
ζ Dimensionless parameter, Eq. (2)

Abbreviation

AR Aspect Ratio
CCBC Continuous Countercurrent Bubble Column
RMS Root Mean Square

Subscript

g gas
l liquid
Exp Experimental
Pred Predicted

Table 1
Summary of literature on hydrodynamics of CCBC.

Authors D; H; AR
(m)

Gas sparger ug0
(cm/s)

ul0
(cm/s)

Hydrodynamic aspects studied

Flow
regimes

Gas holdup Bubble size
distribution

Eissa and Schügerl [31] 0.159; 3.9; 24.5 Perforated plate 0–6 0.35, 0.7, 1.05 ✗ ✓ ✗

Todt et al. [52] 0.14; 3.8; 27.1 Perforated plate 0.67–10.67 0.7–2.38 ✗ ✓ ✗

Otake et al. [7] 0.05; 1.5; 30 Single and multi-nozzles 0.7–8.24 0–14 ✗ ✓ ✗

Uchida et al. [8]; Seno et al. [9] 0.046; 1.36; 29.5 Single nozzle and porous glass
ball filter

0–4 0–10 ✓ ✓ ✗

Ityokumbul et al. [22] 0.06; 1.06; 17.7 Porous plate 0–4 0–0.76 ✓ ✓ ✗

Roustan et al. [10] 0.15; 2.5; 16.7 Porous distributor 0.19–2.08 0.44–2.08 ✗ ✓ ✓
Hidaka et al. [11] 0.07; 4.25; 60.7 & 0.15;

2.6; 18
Spiral copper tube 2–30 0–15 ✗ ✓ ✗

Bin et al. [15] 0.15; 5.5; 36.7 Porous gas distributor 0.47–1.88 0.16–0.71 ✗ ✓ ✗

Son et al. [16] 0.152; 3.5; 23 Pipe distributor 1–3.5 0–3 ✗ ✓ ✓
Jin et al. [12] 0.16; 2.5; 15.6 Perforated plate 2–25 0–1.12 ✓ ✓ ✗

Shah et al. [14] 0.29; 2; 6.9 Perforated plate 2–11 0.05–0.2 ✗ ✓ ✗

Hernandez-Alvarado et al. [13] 0.1; 1.6; 16 Not available 4.6–20.6 2.1–20 ✗ ✓ ✗

Besagni & Inzoli [5]; Besagni
et al. [6]

0.24; 5.3; 22.1 Spider sparger 0.4–20 0–9.2 ✓ ✓ ✓
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limited studies have been reported on CCBC over the years. The main
aspects studied by these authors included flow regimes, and effect of
gas and liquid velocities on gas holdup.

Flow regimes in CCBC have been studied by very few authors. The
nature of flow regimes identified in CCBC varies among different stu-
dies. Otake et al. [7] observed uniform bubbling flow, transition flow
and churn-turbulent flow regime. In addition to bubble flow and churn-
turbulent flow regimes, Uchida et al. [8] and Seno et al. [9] identified a
bubble-downflow regime at low gas velocity and high liquid velocity
conditions wherein bubbles start flowing downward with the liquid to
the bottom. Three flow regimes viz. homogeneous, transition and het-
erogeneous regimes were identified by Besagni and Inzoli [5] and Be-
sagni et al. [6]. The effect of liquid velocity on the transition velocities
has been discussed only by Besagni and Inzoli [5]. In general, the flow
regime data from the literature by these authors show that increase in
liquid velocity advances the onset of the heterogeneous regime.

The effect of gas velocity on the gas holdup is similar to that of
bubble column with batch liquid. All the authors have studied the effect
of liquid velocity on gas holdup and show an increase in gas holdup
with increase in liquid velocity. However the degree of effect differs

between the authors. Roustan et al. [10] observed almost insignificant
effect of liquid velocity on gas holdup for low range of liquid velocities.
The data of Hidaka et al. [11] and Besagni and Inzoli [5] indicates that
the effect of liquid velocity on gas holdup diminishes with increase in
gas velocity. Similar conclusions can be drawn from the radial dis-
tribution of gas holdup (centreline gas holdup) measured by Jin et al.
[12]. Recently, the radial profile of gas holdup was also measured by
Hernandez-Alvarado et al. [13] using different measurement techni-
ques. These authors concluded that the downward liquid flow in CCBC
causes higher gas holdup at the centre compared to other modes of
bubble column. Contrary to the above studies Shah et al. [14] have
shown a decrease in gas holdup with increase in liquid velocity.

Similar to batch bubble columns, different gas distributors have also
been used in CCBCs. In addition to steady and uniform gas distribution,
an additional criterion to be considered in the selection of distributor
for CCBC is, it should allow the liquid flowing downwards to flow freely
out of the column, without disturbing the flow inside the column.
Hence, gas distributors have been used in CCBC paying due attention to
this criterion. The different types of gas distributors used in CCBC are
shown in Table 1. Most of the studies in literature have used some form

Fig. 1. Schematic of the experimental setup.
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of orifice type distributors (perforated plate, spider sparger, spiral tube)
or nozzle type distributors.

Some attempts have been made to predict the hydrodynamics of
CCBC. Besagni et al. [6] proposed an empirical relation to predict the
regime transition velocity. Empirical correlation was proposed for
average gas holdup by Roustan et al. [10], Bin et al. [15] and Son et al.
[16] in the homogeneous regime, by Uchida et al. [8], Seno et al. [9]
and Shah et al. [14] in the heterogeneous regime and by Otake et al. [7]
and Besagni et al. [6] in both the regimes. Jin et al. [12] proposed an
empirical correlation for the centreline gas holdup. Among all these,
only the correlations proposed by Otake et al. [7], Uchida et al. [8],
Seno et al. [9], Jin et al. [12] and Besagni et al. [6], correctly approach
the limiting condition of batch liquid. Hidaka et al. [11] used the
simplified form of the recirculation model of Ueyama and Miyauchi
[17] and predicted gas holdup in the heterogeneous regime by fitting
turbulent viscosity and apparent slip velocity applicable for their data
alone.

The above survey of the literature on CCBC reveals the following:
(1) most of the experimental studies were conducted using only orifice
or nozzle type distributors or with porous distributors for very narrow
range of phase velocities (2) comprehensive studies on flow regime
maps covering all regimes are limited (3) attempts to predict the hy-
drodynamics are either empirical or limited to a particular regime.
Compared to orifice or nozzle type distributors, porous plate dis-
tributors result in bubbles of smaller sizes that aid higher mass transfer.
Consequently, the objectives of the present work are (1) to study the
hydrodynamics of CCBC using porous plate distributor over a wide
range of phase velocities specifically focussing on the detailed regime
map covering all the four regimes and (2) develop a methodology to
semi-empirically predict the gas holdup of the present study and lit-
erature in all the regimes including the regime transition points.

2. Experimental details

A schematic diagram of the experimental setup of the CCBC is
shown in Fig. 1. The test section of CCBC is made of multiple sections of
acrylic columns. The test section has an internal diameter of 89mm and
a height of 1.85m. A heat exchanger type liquid distributor is used at
the top of the column. Liquid is distributed though 2mm holes at the
bottom of the shell side of the distributor. Gas escapes through 11mm
tubes arranged axially inside the shell. The gas distributor constituted
an 8mm thick sintered glass disc made up of Borosil Grade 2 porous
glass dust, with pore size 40–90 µm, fixed at the top of a PVC shower
facing upward. The outer diameter of the gas distributor was 65mm so
as to allow the water to leave the column through the annular area
between the gas distributor and column (I.D. 89mm).

In the present work, distilled water and air were used as liquid and
gas phase respectively, at ambient temperature and pressure. Water was
pumped from the storage tank to the liquid distributor through cali-
brated set of rotameters. Water distributed at the top of the column
exited the bottom through annular area between gas distributor and
column and was recirculated back to the storage tank through an
overflow weir. This overflow weir was used to maintain constant water
level inside the column. Compressed air was introduced from the
bottom of the column through a set of calibrated gas rotameters. This
compressed air was allowed to enter the column through porous gas
distributor with uniform distribution throughout and escaped through
the tubes in the liquid distributor at the top. Static pressure drop across
the test section was measured using L-type manometers. Glass bulbs
were used between the pressure tappings and the L-tubes. These glass
bulbs helped in avoiding air bubbles entering the manometers and large
oscillations in the liquid head. The test section of the column was
graduated using a graph sheet to enable visual measurement of height
of the gas-liquid dispersion.

Experiments were conducted at ambient conditions by setting dif-
ferent flowrates of liquid and by varying the gas flowrate. Once steady

state was attained, the pressure drop across the column was noted to
calculate the average gas holdup in the column according to the fol-
lowing relation

= +ε
ρ g

P
z

1 1 Δ
Δg

l (1)

The gas holdup calculated from pressure drop measurement was
found to be in good agreement with that obtained by the level swell
method. The flow regime that prevailed in the column for each com-
bination of gas and liquid flowrates was also carefully observed by vi-
sual observation. Experiments were carried out over the following
range of superficial phase velocities: gas velocities from 0.23 to
7.17 cm/s and liquid velocity from 0 to 7.14 cm/s.

3. Results and discussion

The experimental results obtained on flow regimes and gas holdup
in the countercurrent bubble column is discussed in this section, qua-
litatively comparing them with the literature data.

3.1. Flow regimes

Different methods have been proposed in the literature for identi-
fication of flow regimes in bubble columns [18]. Among these, the
swarm velocity method of Zuber and Findlay [19] and drift flux method
of Wallis [20] use the data on average gas holdup in the column vs. gas
velocity. Compared to the Wallis’s [20] drift flux variation, the swarm
velocity variation is more sensitive to flow regime changes. So the
swarm velocity method is capable of showing different regime transi-
tions more clearly than the Wallis’s [20] drift flux method. While the
drift flux method can show only one regime transition, swarm velocity
method can show multiple regime transitions. Hence the swarm velo-
city method is used in the present work to identify regime transition
velocities.

Fig. 2 shows the variation of gas hold up with gas velocity for a

constant liquid velocity. The swarm velocity =( )uswarm
u
ε
g

g

0 which re-

presents the velocity of the bubbles in the swarm is also shown in the
same graph as a function of gas velocity. Four flow regimes can be
identified using the swarm velocity plot. This identification is based on
the observation that, the bubble swarm velocity plotted against super-
ficial gas velocity shows change of slope for every change of regime. In
Regime I, the bubble swarm velocity decreases with gas velocity due to
the retarding effect of downflowing liquid carried by bubbles [21]. In
Regime II the bubble swarm velocity can be approximated to be almost
constant. It can be noted that the swarm velocity in Regime II is not

0

10

20

30

40

50

60

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0 2 4 6 8

B
ub

bl
e s

w
ar

m
 v

el
oc

ity
 (c

m
/s)

G
as

 h
ol

du
p

Gas velocity (cm/s)

Gas holdup curve

Swarm velocity curve

ul0 = 3.57 cm/s

I - Purely homogeneous bubbling
regime

II - Discrete bubbling regime
III - Helical flow regime
IV - Churn-turbulent regime

I II III

IV

Fig. 2. Flow regimes in countercurrent bubble column.

R. Trivedi et al. Chemical Engineering Journal 338 (2018) 636–650

639



strictly a constant, but it can be approximated to a constant in line with
the simplification conventionally adopted in the literature for identifi-
cation of regime transitions. The variation in the bubble swarm velocity
in Regime II can also be observed in the data reported by other authors
[5,22]. As discussed by Ruzicka et al. [21], this region is marked by the
competition between the retarding effect of the downflowing liquid
carried by bubbles and the enhancement effect by liquid recirculations
on the rise velocity of the bubbles. This competition could be the reason
for the minor variation of swarm velocity in Region II. In Regimes III
and IV the bubble swarm velocity increases due to the enhancement
caused by the liquid recirculations [21]. The relatively lower increase
in the swarm velocity in Regime IV compared to Regime III may be
because of bubble breakage in Regime IV.

In each regime, the swarm velocity can be approximated by a
straight line and the points of intersection of these lines give the regime
transition velocities. Straight line was fitted to the swarm velocity vs.
gas velocity data in the respective regimes and the transition gas ve-
locity was calculated by simultaneous solution of the two straight line
equations. The different flow regimes identified based on the swarm
velocity plot matched well with the visual observations on the hydro-
dynamic changes in the different regimes. In the following are given the
detailed qualitative explanations for the four flow regimes observed.

The Regime I occurs at very low gas velocities. Herein, the gas
bubbles are nearly spherical without any distortion, uniformly sized,
homogeneously spaced, and rise up virtually vertically, undisturbed in
the continuous liquid phase almost like a swarm of bubbles in plug
flow. This regime is described as the purely homogeneous bubbling
regime. This regime has been identified by Ityokumbul et al. [22] as
chain bubbling regime. This regime can also be observed from the data
of Besagni and Inzoli [5]. As the gas velocity increases, Regime II ap-
pears. Herein, the homogeneous bubbles of the previous regime are
slightly deformed to ellipsoids and are no longer uniformly spaced. In
this regime, with increasing gas velocity, increase in bubble-bubble
interaction, in the uprising swarm becomes quite apparent. This regime
is termed as the discrete bubbling. These two regimes together have
been termed as uniform bubbling flow regime [7] or bubble flow re-
gime [8,9] or homogeneous regime [5,6].

Further increase in the gas velocity causes the distance between the
neighbouring bubbles to decrease, increasing collisions of the bubbles
resulting in their coalescence. These coalesced, fast rising, distorted
bubbles move helically in the central core of the column. Such large
helical movement causes gross circulations in the liquid phase. Hence
this regime is named as helical flow regime (Regime III). A similar
observation was made by Chen et al. [23] and Cui [24] in semibatch
bubble columns and was named as vortical-spiral flow. Regime III has
also been identified by Otake et al. [7], Besagni and Inzoli [5] and
Besagni et al. [6] in CCBC and termed as transition flow regime.

The large scale recirculations in Regime III, in turn triggered
churning and hence the onset of the next churn-turbulent flow regime
(Regime IV). With further increase in the gas velocity, gross circulations
increased resulting in higher liquid phase turbulence. Such high tur-
bulence causes breakage of the coalesced bubbles into bubbles of irre-
gular shape. Regime IV has been identified by most of the authors, yet
the boundary between Regimes III and IV are discussed by very few
authors (e.g. Nedeltchev [25], in semibatch bubble columns and Be-
sagni et al. [6], in CCBC).

The bubble swarm velocity method to identify the flow regimes has
been employed by several other authors in the literature [26–30,5,6].
However the number of regimes identified differs between the authors
based on the range of gas velocities as shown in Table 2. It can be noted
that the present study is more comprehensive than the other studies in
the literature in identifying all the four regimes. While Regimes II and
III have been identified in most of the studies, very few studies have
identified Regimes I and IV.

3.2. Flow regime map

The flow regime transition gas velocities identified above for a
particular liquid velocity, can be obtained for other liquid velocities
also. The transition gas velocities for each liquid velocity are identified
based on the swarm velocity plot for that particular liquid velocity. The
bubble swarm velocity plot for different liquid velocities is shown in
Fig. 3. The three regime transition boundaries/gas velocities (between
the four regimes) identified using the swarm velocity method is shown
in Fig. 4(a) as a function of liquid velocity. In general, all the transition
gas velocities decrease with increase in liquid velocity in the CCBC.
Increasing the liquid velocity brings the bubbles closer which can cause
more bubble-bubble interaction leading to an early transition from
Regime I to Regime II. With increase in liquid velocity, the number
density of the bubbles increases thereby increasing the probability of
coalescence between the bubbles for relatively higher gas velocities.
This results in early transition from Regime II to Regime III. The regime
transition between Regimes III and IV occurs at high gas velocities.
Under conditions of such high gas velocities, increasing the liquid ve-
locity causes more breakage of the bubbles. This might be the reason for
an early onset of the churn-turbulent flow regime which is char-
acterised by bubble breakage.

Fig. 4(b) shows the variation of the gas holdup with liquid velocity
along the three transition regime boundaries. The gas holdup at the
transition velocities were obtained from the experimental εg vs. ug0 data
by interpolation for the calculated transition velocities. In general it can
be seen that the gas holdup increases along all the three regime tran-
sition boundaries. This increase in holdup is also responsible for early
occurrence of different flow regimes, with increase in liquid velocity.
Comparing Fig. 4(a) and (b) it can be seen that, the liquid velocity has a
clear decreasing effect in the case of transition gas velocity. However, in
the case of transition gas holdup, increase in gas holdup with liquid
velocity can be seen on an average with small variations. Such in-
creasing trend with small variations can also be observed in the tran-
sition gas holdup reported by Besagni and Inzoli [5] for CCBC. This
could be because of the following reason: With increase in liquid ve-
locity, the gas holdup increases in the countercurrent operation. How-
ever, with increase in liquid velocity, the transition gas velocity de-
creases which can cause the gas holdup to decrease. Hence the net
variation of the gas holdup along the regime transition boundary is
determined by the balance between the two opposite effects, one due to
increasing liquid velocity and the other due to decreasing transition gas
velocity.

In the literature on CCBC, the effect of liquid velocity on the tran-
sition gas velocity and gas holdup has been observed by Besagni and
Inzoli [5] only. The authors studied the effect of liquid velocity on
Regime II/III transition boundary only. The effect of liquid velocity
observed in the present study for Regime II/III transition boundary is in
line with the observations of Besagni and Inzoli [5]. It should be noted
that to the best of our knowledge there are no other studies in the lit-
erature on CCBC that report effect of liquid velocity along other

Table 2
Flow regimes identified in different studies.

Authors Mode of
operation

Regimes identified

I II III IV

Krishna et al. [26] Batch BC ✗ ✓ ✓ ✗

Gourich et al. [28] Batch BC ✗ ✓ ✓ ✗

Ribeiro and Mewes [29] Batch BC ✗ ✓ ✓ ✗

Letzel et al. [30] Batch BC ✗ ✓ ✓ ✗

Ityokumbul et al. [22] CCBC ✓ ✓ ✓ ✗

Hyndman et al. [27] Batch BC ✗ ✓ ✓ ✓
Besagni and Inzoli [5]; Besagni

et al. [6]
CCBC ✗ ✓ ✓ ✓

Present Study CCBC ✓ ✓ ✓ ✓
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transition boundaries.

3.3. Effect of gas velocity on gas holdup

The effect of gas velocity on gas holdup is shown in Fig. 5 for dif-
ferent liquid velocities along with regime transition boundaries drawn
based on Fig. 4. The nature of the gas holdup curve for the CCBC is
almost similar to that for semibatch and cocurrent bubble columns. The
trend observed in the present work for CCBC is similar to those reported
in the literature (e.g. Eissa & Schugerl [31], Bin et al. [15], Jin et al.
[12], Besagni and Inzoli [5], Besagni et al. [6]). Increase in gas velocity
causes the gas holdup to increase throughout all the four regimes be-
cause of increase in bubble population in the column. For the lower
ranges of gas velocities, in the purely homogeneous and discrete bub-
bling regimes (I and II), the gas holdup vs. gas velocity is convex in
shape implying that the gas holdup increases at higher rate with in-
crease in gas velocity. This can be explained by the retarding effect of
liquid carried by the rising bubbles [21]. With increase in liquid velo-
city, the gas holdup curve become less convex because, with increasing
velocity of liquid flowing downwards, the contribution of the retarding

effect of liquid carried by rising bubbles reduces. Further, for any liquid
velocity, near the end of the discrete bubbling regime (II), the gas
holdup increases with superficial gas velocity at a higher rate almost
approaching linear variation probably due to the onset of the bubble
coalescence and the accompanying enhancement effect [21].

In the helical flow and churn turbulent flow regimes (III and IV), the
coalescence of gas bubbles is predominant causing gross circulations in
the liquid phase. The upward motion of the circulating liquid aids the
rise of bubbles and due to this enhancement effect, the gas holdup plot
is concave indicating that the gas holdup increases with gas velocity at
a lower rate [21]. It can also be observed that with increase in liquid
velocity, the gas holdup shows a small local maximum with gas velo-
city. Such a maximum is also observed in the data of Besagni and Inzoli
[5] for higher liquid velocities. This can be attributed to the sudden
escape of coalesced bubbles from the column leading to local decrease
in gas holdup. In a batch bubble column, such a decrease is observed
when a gas distributor with perforations less than 1mm is used or liquid
with surface active agents is used [32]. Based on the present study in
CCBC, it is clear that high liquid velocities in the countercurrent di-
rection can also give rise to such a trend.

3.4. Effect of liquid velocity of gas holdup

Fig. 6 shows the effect of liquid velocity on gas holdup in the CCBC
along with regime transition boundaries. In general, the gas holdup
increases with increase in liquid velocity. It can be seen that the gas
holdup increases more at low liquid velocities especially near batch
liquid condition, than at high liquid velocities. Increase in liquid ve-
locity, reduces the rise velocity of the bubbles, leading to an increase in
their gas holdup due to increase in their residence time inside the
column. Increase in liquid velocity can also cause breakage of bubbles
which can also contribute to increased gas holdup. In Regimes III and
IV, coalescence between bubbles may increase with liquid velocity
which can cause reduction in gas holdup. Thus the variation of gas
holdup with liquid velocity appears to be determined by these three
competing mechanisms, increased residence time of bubbles and bubble
breakage causing increase in gas holdup and bubble coalescence
causing decrease in gas holdup.

Effect of liquid velocity on gas holdup in CCBC has been studied in
the literature by different authors. Fig. 7 shows the effect of superficial
liquid velocity on gas holdup based on the gas holdup data measured by
Hidaka et al. [11] and Besagni and Inzoli [5]. The liquid velocity is seen
to increase the gas holdup in these studies as well. In the case of Besagni
and Inzoli [5] and Hidaka et al. [11], the effect of liquid velocity de-
creases with increase in gas velocity. At high gas velocities the gas in-
duced liquid recirculations are very high which reduce the effect of
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external liquid flow. This effect is not observed in the present study
probably due to the lower ranges of gas velocities studied.

4. Prediction of hydrodynamic variables

In this section, a methodology is developed to predict the hydro-
dynamic variables measured in the CCBC in the present study and lit-
erature. Specifically, the variation of the gas holdup with the phase
velocities and regime transition velocity and gas holdup are predicted.
For this purpose, only two regimes are distinguished. Regimes I and II
are termed together as homogeneous regime and Regimes III and IV are
termed together as heterogeneous regime. These two regimes are
modelled separately.

4.1. Homogeneous regime

The data on εg vs. ug in the present study follows a convex trend at
low gas velocities due to the occurrence of a homogeneous regime. Most
of the empirical correlations proposed for bubble columns are applic-
able for the purely heterogeneous case since the correlations show a
concave trend even at very low gas velocities. The correlation proposed
by Besagni et al. [6] recently for CCBC also does not show a convex
trend at low gas velocities. The models/empirical equations which
show a convex trend in the homogeneous regime are limited. The
correlation of Richardson and Zaki [33] in terms of slip velocity and of

Garnier et al. [34] depicts a convex trend in the homogeneous regime;
however these are purely empirical. The semi-empirical model pro-
posed by Molerus and Kurtin [35], the simple physical model of Ru-
zicka et al. [21], and methodology of Nedeltchev and Schumpe [36]
also shows a convex trend. The method of Nedeltchev and Schumpe,
[36] depends on the empirical correlation proposed by Wilkinson et al.
[37] for small bubble diameter and is limited to semibatch bubble
column. Similar to the Richardson and Zaki [33] equation, the model of
Ruzicka et al. [21] has two empirical parameters viz. bubble terminal
velocity and bubble drift coefficient. The model of Molerus and Kurtin
[35] has one parameter viz. bubble diameter, is phenomenologically
more detailed and much directly related to the bubble swarm drag
coefficient. Hence the semi-empirical model proposed by Molerus and
Kurtin [35] is chosen to predict the homogeneous εg vs. ug data.

Molerus [38] proposed a cell model to predict the bed expansion in
a liquid-solid fluidized bed. The model equation is equivalent to a re-
lation for drag coefficient between the solid and liquid. Based on ex-
perimental data in liquid-solid fluidized bed the constants in the
equation were fitted. The same equation was applied by Molerus and
Kurtin [35] to describe the hydrodynamics (gas holdup, bubble size and
transition velocity) of bubble column in the homogeneous regime. The
constants in the equation were refitted using more experimental data in
the literature by Molerus [39]. This model as applied to a CCBC is given
as

= + ⎡
⎣

+ ⎤
⎦

+ ⎡
⎣

+ ⎤
⎦

+ ⎡⎣
+ ⎤⎦

= =
⎜ ⎟
⎛
⎝

⎞
⎠

−

{ }( ) ( )
( )

β Re Re

Re

where with ξ

18 1 0.341 3 1 0.07

0.3

, 0.9

r
δ

r
δ

r
δ

Re
r
δ

r
δ

3 1
2

2 1.5 1.5

0.68 2

1

1ξ
εg

0 0 0

0.1
0

0

3 (2)

where β is the dimensionless bubble diameter defined as
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and Re is the Reynolds number defined as
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In the case of liquid-solid fluidized bed, the particle diameter is
known and hence the equation can be used to predict bed voidage. But
in the case of bubble column, the bubble diameter is not known apriori
and hence cannot be used directly to predict the gas holdup. However,
the equation can be used to estimate the bubble diameter from a data of
gas holdup vs. gas velocity. Molerus and Kurtin [35] applied this model
to estimate the bubble diameter in bubble columns with batch liquid
which compared with the experimentally measured bubble diameter
satisfactorily. The above model is used to estimate the diameter of
bubble in countercurrent bubble column based on experimental gas
holdup data measured in the present work and Besagni and Inzoli [5].
For each liquid velocity, the dimensionless bubble diameter, β is fitted
such that the RMS error between the experimental and predicted gas
holdups is minimized.

The dimensionless bubble diameter β fitted for each liquid velocity
is normalized with the dimensionless bubble diameter β0 fitted for
batch liquid condition. The variation of the normalized bubble diameter
with liquid velocity for the present study together with Besagni & Inzoli
[5] is shown in Fig. 8. It is seen that the normalized bubble diameter
decreases with liquid velocity for both the data of the present work and
Besagni & Inzoli [5]. The decrease in bubble diameter can be attributed
to the breakage caused by the increased turbulence with increase in
liquid velocity [5]. Few preliminary experiments were done with the
CCBC setup at low gas velocities to verify this trend. Compared to the
batch liquid condition, the mean (calculated from bubble size

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0 2 4 6 8

G
as

 h
ol

du
p

Liquid velocity (cm/s)

0.28

0.47

0.95

1.55

3.06

4.11

5.12

6.63

ug0, cm/s

Purely homogeneous bubbling regime

Discrete bubbling regime

Helical flow regime

Churn-turbulent flow regime

Fig. 6. Effect of liquid velocity on gas holdup in the present study (Lines represent regime
boundaries).

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 4 8 12 16

G
as

 h
ol

du
p

Liquid velocity (cm/s)

Hidaka et al. (1998): 
1.40
Hidaka et al. (1998): 
3.05
Hidaka et al. (1998): 
5.30
Hidaka et al. (1998): 
14.71
Besagni & Inzoli, 
(2016): 1.50
Besagni & Inzoli, 
(2016): 4.31
Besagni & Inzoli, 
(2016): 10.21
Besagni & Inzoli, 
(2016): 19.71

Study: ug0, cm/s

Fig. 7. Effect of liquid velocity on gas holdup (from literature).

R. Trivedi et al. Chemical Engineering Journal 338 (2018) 636–650

642



distribution) bubble diameter decreased for a high liquid velocity. Be-
sagni and Inzoli [5] have experimentally measured the bubble diameter
for different gas velocities under batch liquid condition and at a liquid
velocity of 6.6 cm/s in countercurrent mode. The bubble diameter
averaged over the gas velocities showed an increase under counterflow
condition compared to batch liquid condition. The reason for this in-
crease in bubble diameter is not clear from their discussion. The
average bubble diameter at the distributor has been shown to increase
with liquid velocity under counterflow condition due to delayed release
from the distributor by Takahashi et al. [40]. However to our best
knowledge there are no other studies which give the effect of liquid
velocity on average bubble diameter in the column under counter-
current flow condition. Given the limited data (for only one counter-
current liquid velocity) reported by Besagni and Inzoli [5] and in the
absence of other data in the literature, more studies are required to
confirm the correct trend.

The effect of liquid velocity on the dimensionless bubble diameter
can be expressed by the following empirical equation fitted using the
experimental data

= −
β
β

u where uexp( 2.33 ); in m/sl l
0

0 0
(5)

with β0= 108 and 121 for the present study and Besagni and Inzoli [5]
respectively. It can be noted that the above equation ensures that in the
limit of ul0= 0 (batch liquid condition), β correctly tends to β0. This
equation predicts the experimental normalized bubble diameters with
an RMS error of 2.4% as shown in the inset of Fig. 8.

Using the β predicted from Eq. (5), the Molerus and Kurtin [35]
model is used to predict the gas holdup in the homogeneous regime.
Fig. 9(a) and (b) show the variation of gas holdup with gas velocity in
the homogeneous regime for different liquid velocities as predicted by
the Molerus and Kurtin [35] model and compares with the experi-
mental data for the present study and Besagni & Inzoli [5] respectively.
It can be seen that the convex nature of the experimental data in both
the studies is correctly captured by the predicted lines. Fig. 10 shows
the parity plot between the experimental and predicted gas holdups in
the homogeneous regime for both the studies with an RMS error of
10.3%.

4.2. Heterogeneous regime

The heterogeneous regime is relatively more complex to model due
to the presence of large and small bubbles and the resulting liquid re-
circulations. Modelling work on fluid dynamics in the heterogeneous
regime has been classified into three phases based on chronological
development [41]. While Phase I models did not consider the mo-
mentum transfer due to turbulence, Phase II and III models included the

effect of turbulence through simple and detailed closure models for
eddy viscosity respectively. Phase II models are a good compromise
between simple Phase I models and computationally intensive Phase III
models. In the present work, one of the pioneering Phase II models
proposed by Ueyama and Miyauchi [17] is extended to predict the gas
holdup in the heterogeneous regime.

4.2.1. Model equations and analytical solution
The liquid recirculation model for predicting the liquid velocity

profile in a bubble column operating in the heterogeneous regime with
batch and continuous liquid was developed by Ueyama and Miyauchi
[17]. This model has been extended in the present work to predict the
hydrodynamic characteristics viz. gas holdup and liquid velocity profile
of the countercurrent bubble column. In this section the basic equations
are presented for the extended model. The basic conservations equa-
tions include the momentum balance for the liquid phase and mass
balance for the liquid and gas phase.

A typical radial profile of the axial liquid velocity in a CCBC is
shown in Fig. 11. The liquid flows upward in the centre of the column,
becomes zero at an intermediate radial position and then flows down-
ward near the wall. The flow is turbulent over the entire cross-section
except in the downflow region near the wall where it is laminar. The
velocity shown is the time-averaged mean velocity. The z-momentum
balance which governs the velocity profile is

− = + −
r

d
dr

rτ dP
dz

ε ρ g1 ( ) (1 )gr l (6)

The shear stress is related to the velocity gradient by the following
equation

= − ⎛
⎝

⎞
⎠

τ ν ρ du
dr

( )t l
l

(7)

This equation assumes that the molecular viscosity is much smaller
than the turbulent viscosity, an assumption that is valid over the entire
column except very close to wall where viscous effects are significant.
Two boundary conditions are required to solve Eq. (6) for the velocity.

Fig. 8. Variation of dimensionless bubble diameter with liquid velocity.
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The symmetry boundary condition at the centre is given by

= =du
dr

at r0 0l
(8)

The laminar sublayer near the wall is of very small thickness. Hence
the velocity at the wall can be approximated to be the velocity at the
intersection of the turbulent core and laminar sublayer. This velocity is
given by

= −u τ
ρ

11.63 | |
lδ

w

l (9)

Hence the boundary condition at the wall is

= = − =u u τ
ρ

at r R11.63 | |
lw lδ

w

l (10)

Eq. (6) is solved by following the analytical solution methodology
used by Ueyama and Miyauchi [17]. To eliminate the pressure gradient
in Eq. (6), it is integrated from r=0 to R to get

− = ⎛
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+ −dP
dz R

τ ε ρ g2 (1 )w g l (11)

The radially-averaged gas holdup εg in the above equation is defined
as

∫=ε πr ε dr πR2 /g
R

gr0
2

(12)

Eliminating the pressure gradient in Eq. (6) using Eq. (11) and using
Eq. (7) for the shear stress, the momentum balance becomes
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Integration of Eq. (13) requires the radial variation of local gas
holdup and turbulent viscosity. The latter is assumed to be independent
of the radial position following Ueyama and Miyauchi [17] model. For
the radial variation of the gas holdup, Ueyama and Miyauchi [17] as-
sumed the following radial profile
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The gas holdup at the wall is considered to be zero in the above
equation. However, non-zero values of gas holdup have been observed
in bubble columns with batch liquid [5,42]. To account for this non-
zero gas holdup at the wall, Kato et al. [43] proposed the following
radial profile
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In the above equation, c=1 corresponds to the case of zero gas
holdup at the wall and Eq. (15) simplifies to Eq. (14). In the present
work, to allow for non-zero gas holdup at the wall, Eq. (15) is employed
for the radial profile.

The value n in the radial profile equation indicates the sharpness of
the gas holdup profile, lower the n, sharper the profile. In the work of
Ueyama and Miyauchi [17], n was assumed to be a constant (n=2),
independent of gas velocity and was found to describe the radial profile
of many authors. However, Luo and Svendsen [44], based on experi-
mental evidence, took a value of 8 for n, indicating a much more flatter
profile. Similarly a staircase type of gas holdup profile approximating a
flat radial gas holdup profile was assumed in the work of Burns and Rice
[45]. Hence a wide range of n has been experimentally observed and
assumed in the models for heterogeneous regime. Further n can vary
with gas velocity, column diameter and other physical properties. To
account for this variation of n, Wu et al. [46] proposed the following
correlation for n.

= × − −n Re Fr Mo2.188 10 g g l
3 0.598 0.146 0.004 (16)

The same authors also proposed a correlation for c as

= × −c Re4.32 10 g
2 0.2492 (17)

In the above equations, the dimensionless numbers are defined as
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In the present work, the above equations have been used for n and c
in the radial profile Eq. (15). Since no experimental data is available on
liquid velocity profiles in CCBC, n and c are assumed to be independent
of superficial liquid velocity in the present work.

Solving the momentum balance Eq. (13) along with radial profile
equation for gas holdup, Eq. (15), the boundary conditions Eq. (8) and
Eq. (10), the radial profile of liquid velocity is given by
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Fig. 11. Typical radial profile of liquid velocity.
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In the above equation, the wall shear stress is related to the velocity
at the wall through Eq. (10) as

= − ⎛
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11.63w l
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Hence the velocity profile can be calculated if ulw is known. To get
an expression for ulw, the mass balance for the liquid phase shown
below is used.
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Using Eq. (18) for the velocity profile and Eq. (15) for the gas
holdup profile, the above equation is integrated. This results in a
quadratic equation in ulw which when solved gives
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Substituting Eqs. (19) and (21) for τw and ulw respectively in Eq.
(18), the radial profile of the velocity in terms of known variables is
given by
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The centreline velocity, ulc can be obtained from Eq. (22) by sub-
stituting =ϕ 0,
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In Eqs. (21)–(23),
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In the above equations, εc is the centreline gas holdup related to the
average gas holdup by the equation

=
− +( )

ε
ε

1
c

g
c

n
2

2 (27)

The slip velocity in a bubble column represents the difference be-
tween the interstitial velocities of the gas and liquid phase. In the
homogenous regime, where there are no liquid recirculations, the slip
velocity is expressed as
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However in the heterogeneous regime, due to liquid recirculations,
the slip velocity expression gets modified. This modified slip velocity is
termed as the apparent slip velocity which can be expressed relating the
interstitial gas and liquid velocities as

= −u u us g l (29)

An expression for the apparent slip velocity is derived using the gas
phase mass balance
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Replacing the interstitial gas phase velocity using Eq. (29) results in,
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Assuming the apparent slip velocity to be independent of radial
position, the above equation is integrated using Eq. (22) for ul and Eq.
(15) for εgr . In the resulting equation u| |lw is substituted in terms of

+u u| |lc lw using Eq. (23). The final equation for the apparent slip ve-
locity is
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It can be noted that the above equations satisfy the following special
cases. Eqs. (21)–(23) and (32) simplify to those (Eqs. (17), (18) and (21)
in [17]) given by Ueyama and Miyauchi [17], for the case of zero gas
holdup at the wall ( =c 1). Eqs. (21)–(23) simplify to those given by
Kojima et al. [47] for the case of batch liquid ( =u 0l0 ).

The liquid velocity radial profile equation (Eq. (22)) can be used to
find the radius at which the liquid velocity becomes zero by setting

=u 0l . Once this is determined, the average upward liquid velocity in
the central core called the mean liquid recirculation velocity can then
be calculated using the relation
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where, ∗ϕ is the dimensionless radius at which flow reversal occurs
( =u 0l ).

4.2.2. Prediction of gas holdup
In this section, application of the above equations to predict the gas

holdup measured in countercurrent bubble column is discussed. For a
countercurrent bubble column of given diameter, operating at a given
gas and liquid velocity and known physical properties of gas and liquid,
the above model has two parameters viz. turbulent viscosity and ap-
parent slip velocity. The turbulent viscosity has been correlated in
terms of column diameter and gas velocity by Miyauchi et al. [48] using
the equation

=ν u D0.0345t g0

1
6 3

2 (34)

The same equation is used in the present study also. Based on ex-
perimental data on phase velocities, gas holdup, centreline liquid ve-
locity and liquid velocity at wall measured in different bubble columns
with batch liquid, Ueyama and Miyauchi [17] showed that the apparent
slip velocity increases with gas velocity becoming almost constant at
very high gas velocities. However in the case of countercurrent bubble
columns, the apparent slip velocity can be a function of both gas and
liquid velocities. To determine this dependency, the following steps are
followed. Using experimental data on the average gas holdup for given
gas and liquid velocities, n and c are calculated using Eqs. (16) and (17)
and ulw and ulc are calculated using Eqs. (21) and (23). These values are
used in Eq. (32) to get the estimated value of the apparent slip velocity.

The apparent slip velocity is obtained using the experimental data of
the present study, Hidaka et al. [11] (ul0 up to 10 cm/s) and Besagni and
Inzoli [5]. The apparent slip velocity are correlated by the following
empirical relation

= < < < <u Au C u u u u m s u uexp( | |); , and in / ;0 0.2; 0 0.1s g
B

l s g l g l0 0 0 0 0 0

(35)

where, A=1.57 (for present study and Hidaka et al. [11]) and 1.35 (for
Besagni & Inzoli [5]), B=0.44 and C=1.25. Fig. 12(a) shows the
variation of the experimental apparent slip velocity with gas velocity
for the three studies along with the values predicted using Eq. (35). The
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apparent slip velocity is seen to increase with gas velocity. Such an
increasing trend can also be seen from the apparent slip velocity data
shown by Ueyama and Miyauchi [17] at low gas velocities. The effect of
liquid velocity on the apparent slip velocity is shown in Fig. 12(b). It
can be seen that the apparent slip velocity increases with liquid velocity
also. It can also be seen from Fig. 12(a) and (b) that Eq. (35) predicts
the experimental values satisfactorily including the trend. All the ex-
perimental and predicted apparent slip velocities are compared in
Fig. 13 with an RMS error of 4.8%.

Using a simplified form of the Ueyama and Miyauchi [17] model
(neglecting τw and taking n=2 and c=1) and following a procedure
similar to that followed in the present work a correlation for apparent
slip velocity was obtained by Sekizawa et al. [49]. The correlation is in
terms of gas holdup and liquid velocity, thus making it an unknown
before predicting the gas holdup. The correlation proposed in the pre-
sent work has the advantage of showing explicitly the dependence of
the apparent slip velocity on gas and liquid velocity and can be cal-
culated apriori. Similar to Sekizawa et al. [48], Hidaka et al. [11] have
also used the simplified form of the Ueyama and Miyauchi [17] model
and fitted a constant value of turbulent viscosity and apparent slip
velocity for their experimental data. The present work uses the detailed
Ueyama and Miyauchi [17] model extended for non-zero gas holdup at
the wall and allows for generality through correlations for n and c.

Having correlated the apparent slip velocity, for given operating
and geometric parameters, Eq. (32) becomes a single non-linear equa-
tion in the unknown gas holdup. This non-linear equation is solved
using the function ‘fsolve’ in Matlab. The shear stress term in Eq. (18)
and the corresponding terms in Eqs. (21)–(23) have not been neglected
while solving for the gas holdup. Though these terms may not be sig-
nificant at low gas or liquid velocities, but can be significant at high gas
or liquid velocities as explained by Wachi et al. [50]. The gas holdup
values predicted using the extended Ueyama and Miyauchi [17] model
are shown in Fig. 14 for different liquid velocities along with the ex-
perimental data measured in the present work. It can be seen that the
model predicts the experimental data both qualitatively and quantita-
tively satisfactorily. However the model over predicts for batch liquid
condition due to the relatively large increase in gas holdup with liquid
velocity observed experimentally near batch liquid condition. The
model also predicts the data of Hidaka et al. [11] and Besagni and Inzoli

[5] satisfactorily as seen in Fig. 15(a) and (b). It can be noted that the
decreasing effect of liquid velocity on gas holdup at higher gas velo-
cities observed experimentally is also shown by the model. This is
especially clear from the predictions for Besagni and Inzoli [5] and
Hidaka et al. [11]. The experimental data of the three studies are pre-
dicted by the model with an RMS error of 5.2% as shown in Fig. 16.

4.3. Prediction of transition gas velocity and holdup

In Section 4.1, Molerus and Kurtin [35] model has been used to
predict the gas holdup in the homogeneous regime as a function of gas
and liquid velocities. In Section 4.2, the extended Ueyama and
Miyauchi [17] model (Eqs. (16), (17), (21), (23), (32), (34) and (35))
has been used to predict the gas holdup in the heterogeneous regime for
different gas and liquid velocities. Hence for a given liquid velocity, the
gas holdup can be predicted over the entire range of gas velocities
covering both the homogeneous and heterogeneous regimes using re-
spective models. To make the whole modelling process completely
predictive, the regime transition velocity should also be predictable. In
this way the Molerus and Kurtin [35] model can be applied up to the
transition velocity and the extended Ueyama and Miyauchi [17] model
above it.

The gas holdup predicted using both the models should be the same
at the transition velocity to avoid any discontinuity in the predicted εg
vs. ug0 graph. So for a chosen liquid velocity, both the models were
simulated over same range of gas velocities and the gas velocity, at
which the difference between the gas holdups is zero, is identified as
the transition gas velocity corresponding to that particular liquid ve-
locity. Once the transitional gas velocity is identified, the gas holdup
can be obtained from either of the models. This is equivalent to solving
both the models simultaneously for transition gas velocity and gas
holdup. Such an approach has been used by Sarrafi et al. [51] for a
batch bubble column using empirical equations for both the regimes.

The procedure described above is shown graphically in
Fig. 17(a) and (b) for the present data for two liquid velocities. The
predicted lines using the two models in the respective regions and ex-
tended to the other regime for a small range of gas velocities is shown in
this figure along with the experimental data. The intersection of the two
model lines (shown clearly in the inset) gives the transitional gas ve-
locity and the gas holdup. The solution procedure described above is
carried out for different liquid velocities for the present work and Be-
sagni and Inzoli [5]. The transitional gas velocity and gas holdup thus
obtained are plotted as a function of liquid velocity along with ex-
perimental data in Fig. 18(a) and (b) respectively. It can be seen that
the model shows a decrease of transitional gas velocity with liquid
velocity in line with the experimental observation. Similarly the model
predicts an increase in the gas holdup at transition with liquid velocity
similar to the experimental data. The prediction of transitional gas
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Fig. 13. Comparison of estimated and predicted apparent slip velocity.
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velocity and gas holdup is satisfactory. To the best of our knowledge,
this is the first attempt to predict semi-empirically the effect of liquid
velocity on transition gas velocity and holdup in CCBC.

4.4. Simulation of liquid velocity profile

The extended Ueyama and Miyauchi [17] model with the proposed
empirical equation for the apparent slip velocity (Eqs. (16) and (17),
(21)–(23), (32)–(35)) can be used to simulate the effect of superficial
gas and liquid velocities on the radial profile of liquid velocity and the
different properties of the radial profile viz. (magnitude of) liquid ve-
locity at wall, centreline liquid velocity, radial position of zero liquid
velocity and mean recirculation velocity of the liquid phase in a CCBC.
These simulations are carried out for different superficial gas and liquid
velocities for the present study, Hidaka et al. [11] and Besagni & Inzoli
[5].

The effect of gas and liquid velocity on the radial profile is shown in
Fig. 19(a) and (b) respectively. With increase in gas velocity, n de-
creases according to Eq. (16) making the gas holdup profile and hence
the liquid velocity profile steeper. With increase in liquid velocity, since
n is taken to be independent of liquid velocity, steepness of the gas
holdup profile remains the same and hence the liquid velocity profile
shifts almost parallelly down. The effect of gas and liquid velocity on
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the properties of the radial profile is shown in Figs. 20 and 21 respec-
tively. Figs. 20(a) and 21(a) show the variation of velocity at wall with
superficial gas and liquid velocity respectively for the three studies. The
velocity at wall increases with both gas and liquid velocities. At con-
stant liquid velocities, with increase in gas velocity, liquid recircula-
tions increase and hence to satisfy the liquid phase mass balance the
velocity at the wall increases. At a constant gas velocity, with increase

in liquid velocity the liquid circulation is suppressed due to counter-
current flow. However because of the dominating effect of increase in
liquid velocity, the velocity at the wall increases.

The variation of centreline velocity with gas and liquid velocity is
shown in Figs. 20(b) and 21(b) respectively. With increased gas velo-
city, liquid recirculations increase resulting in higher centreline velo-
city. With increase in liquid velocity, the centreline velocity decreases
due to the countercurrent direction of liquid flow. It can be seen that
the centreline velocity decreases to values lower than zero (negative
values in Figs. 20(b) and 21(b) indicate liquid flowing down in the
centre of the column) beyond a particular liquid velocity for the present
study. Under such conditions the velocity is in the downward direction
throughout the entire cross-section. The liquid velocity at which the
centreline velocity becomes zero increases with gas velocity due to
higher liquid circulations.

Figs. 20(c) and 21(c) shows the effect of the phase velocities on the
(dimensionless) radial position ( ∗ϕ ) at which the liquid velocity be-
comes zero. With increase in gas velocity, this radial position moves
towards the wall since the liquid velocity profile becomes steeper. The
shifting effect increases with increase in liquid velocity. With increase
in liquid velocity, this radial position moves towards the centre of the
column since the liquid velocity profile shifts almost parallelly down.
The shift is steeper at low gas velocities. Beyond a certain liquid velo-
city, as discussed above, the velocity is negative throughout the cross-
section and ∗ϕ has no meaning beyond this liquid velocity. Hence the
lines in Figs. 20(c) and 21(c) are shown till these liquid velocities only
corresponding to the different gas velocities.

The variation of the mean liquid recirculation velocity with the
phase velocities is shown in Figs. 20(d) and 21(d). Similar to the cen-
treline velocity, the mean liquid recirculation velocity increases with
gas and decreases with liquid velocities. Beyond the liquid velocity at
which the local liquid velocity is negative throughout the column, li-
quid circulation velocity is not applicable and hence not shown in the
figure.

5. Conclusions

In the present work, hydrodynamic studies have been carried out in
CCBC using a porous plate gas distributor. Porous plates have been used
because they generate smaller bubbles that increase mass transfer rates.
Using the swarm velocity method, four flow regimes have been iden-
tified. These regimes in the order of increasing gas velocity are: purely
homogeneous bubbling regime, discrete bubbling regime, helical flow
regime and churn-turbulent regime. Flow regime map showing the ef-
fect of liquid velocity on the gas velocity for regime transition has been
developed. This reveals that the transition from purely homogeneous
bubbling regime to discrete bubbling regime, discrete bubbling regime
to helical flow regime and helical flow regime to churn-turbulent re-
gime all advances with increase in liquid velocity. This can be explained
based on the variation of gas holdup along the regime boundaries,
which increases with liquid velocity along all the three regime
boundaries. Similar to the bubble column with batch liquid, in the
CCBC also, the gas holdup increases with gas velocity in all the four
regimes with a slower rate in the heterogeneous regime. Increase in
liquid velocity causes a local maximum in the gas holdup-gas velocity
plot similar to the effect of small orifice diameters and surface active
agents in semi-batch bubble columns. In the CCBC, the gas holdup is
found to increase with increase in liquid velocity since the counter-
current flow increases the residence time of the bubbles.

The hydrodynamics of the CCBC has been predicted semi-empiri-
cally by combining two phenomenological models. The model proposed
by Molerus and Kurtin [35] is used for the homogeneous regime with
the bubble diameter as the parameter. The bubble diameter is found to
decrease with increase in liquid velocity probably due to increased li-
quid phase turbulence. The recirculation model proposed by Ueyama
and Miyauchi [17] has been extended to predict the gas holdup in
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heterogeneous regime with apparent slip velocity as the parameter. The
apparent slip velocity increases with both gas and liquid phase velo-
cities. The transition velocity between the homogeneous and hetero-
geneous regime is also predicted by the simultaneous solution of both
the models. The proposed method satisfactorily predicts the data on gas
holdup, transition gas velocity and holdup at transition, from the pre-
sent study and literature.

Based on the proposed correlation for apparent slip velocity, the
effect of gas and liquid velocity on the radial profile of liquid velocity
and its properties is simulated. The (magnitude of) velocity at wall,
centreline velocity, radius of flow reversal and mean recirculation ve-
locity increases with gas velocity. Apart from the velocity at wall, all
the properties decrease with liquid velocity. The method developed in
the present work is valuable as it is (i) comprehensive in predicting gas

holdup in both the regimes and the transition velocities and (ii) generic
in being able to predict the hydrodynamics over a wide range of gas and
liquid velocities.
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