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A comprehensive computational model based on the Eulerian—Eulerian approach was
developed to simulate gas—liquid flows in a stirred vessel. A separate submodel was
developed to quantitatively understand the influence of turbulence and presence of
neighboring bubbles on drag acting on bubbles. This submodel was used to identify an
appropriate correlation for estimating the interphase drag force. The standard k—e
turbulence model was used to simulate turbulent gas—liquid flows in a stirred vessel. A
computational snapshot approach was used to simulate motion of the standard Rushton
turbine in a fully baffled vessel. The computational model was mapped onto FLUENT4.5,
a commercial CFD solver. The model predictions were compared with the previously
published experimental data of Bombac and co-workers. The model was used to simulate
three distinct flow regimes in gas—liquid stirred vessels: vortex clinging (VC), alternating
small cavities (S33), and alternating large cavities (L33). The predicted results show
reasonably good agreement with the experimental data for all three regimes. The
computational model and results discussed in this work would be useful for understanding
and simulating gas holdup distribution and flow regimes in stirred vessels. © 2006
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Introduction

Reactions between gas and liquid phases are commonly
carried out in chemical and allied industries. Stirred vessels are
widely used to carry out these reactions because they offer
unmatched flexibility and control to tailor their fluid dynamics.
To derive the benefits of the degrees of freedom offered by
stirred reactors, it is essential to establish a relationship be-
tween process performance and fluid dynamics, on the one
hand, and hardware configuration and operating conditions
with fluid dynamics, on the other hand—the latter of which is
the focus of this article.

Despite the widespread use of stirred vessels, the relation-
ship between fluid dynamics and hardware is not adequately
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understood. Design engineers are still compelled to use empir-
ical information. This is especially true for multiphase flows in
stirred vessels. Gas-liquid flows in a stirred vessel exhibit
different flow regimes depending on scale, impeller details
(type, diameter, location, rotational speed), and gas flow rate.
In this work, the scope is restricted to the study of gas—liquid
flows generated by the standard Rushton turbine in a fully
baffled vessel. Traditionally, empirical correlations are used to
estimate prevailing flow regimes and corresponding flow char-
acteristics. For example, Warmoeskerken and Smith' presented
a flow regime map for gas—liquid flows generated by a single
Rushton turbine in a fully baffled vessel. The map (shown in
Figure 1) shows four main flow regimes: (1) vortex clinging
(VCO) cavities, (2) three large and three-vortex clinging (S33)
cavities, (3) three large and three small (L33) cavities, and (4)
ragged cavity (RC) structures. Flow characteristics of these
regimes differ significantly. Empirical correlations are also
used to estimate overall/global parameters characterizing the
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Figure 1. Flow regime map for Rushton turbine (from Warmoeskerken and Smith?).
Symbols denote operating conditions selected for simulation.

flow (such as power dissipation, volume fraction, mixing time,
and so on). However, such overall characteristics conceal vari-
ations within the vessel. Such localized information may be
crucial for successful design of process equipment (such as
avoiding oxygen starvation in oxidation reactor). Besides this,
availability of the relevant empirical information is often a
problem, arising from either the cost or the constraints on time.
Considering this, it would be most useful to develop compu-
tational models, which will allow prediction of detailed quan-
titative information about the prevailing flow characteristics. In
this work, such an attempt is made.

A brief review of recent literature shows substantial progress
in simulating flows in stirred vessels using computational fluid
dynamics (CFD). CFD models were shown to be successful in
simulating single-phase flow generated by impeller(s) of any
shape in complex vessels.? For multiphase flows, the complex-
ity of modeling increases considerably and this remains an area
for further research and development. Despite the complexity,
several attempts have been made to simulate the gas-liquid
flows in stirred vessels.?-'# Although some degree of success is
reported, a number of limitations are apparent.

Earlier studies were carried out with a rather inadequate
number of computational cells and were qualitative in nature.>-°
Most of the published simulations used a single bubble diam-
eter for the whole vessel. Recently, Laakkonen et al.'> and
Lane et al.'# used a variable bubble size model based on
coalescence and breakage processes. These multifluid models
with coalescence—breakup processes increase the demands on
computational resources by an order of magnitude and are
often forced to use an appreciably smaller number of compu-
tational cells (<80,000 cells). Adequate grid resolution (usu-
ally >300,000 cells), however, is essential to correctly simu-
late flow around impeller blades.!> Ranade and Deshpande” and
Ranade et al.'® studied the influence of gas flow rate on the
trailing vortices of a Rushton turbine. The predicted results
showed the accumulation of gas behind the impeller blades.
However, the focus was on the near-impeller region; whether
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the models are able to simulate different flow regimes quanti-
tatively was not studied.

Apart from the simulation of trailing vortices and flow
around impeller blades, the published studies also highlight the
importance of appropriate interphase drag force formula-
tion.>%-1416.17 Interphase drag coefficient was found to affect
both, the distribution of gas holdup and total holdup of gas.
Although several correlations are available to estimate inter-
phase drag coefficient, adequate guidelines to select the appro-
priate model for interphase drag force for all the regimes of
gas—liquid flow in a stirred vessel are not available. It is
necessary to systematically evaluate these different interphase
drag force models with respect to different flow regimes in
gas—liquid stirred vessels. None of the previous studies was
able to quantitatively simulate different prevailing flow re-
gimes. Such an attempt is made here. In this work, we have
selected the experimental data of Bombac et al.,'® who used a
phase-detection technique to identify flow regimes and have
provided one of the most detailed data sets on gas holdup
distribution within the vessel. The computational model devel-
oped herein was therefore used to simulate gas-liquid flow in
the experimental setup used by Bombac et al.'® The model
predictions were evaluated by comparing predictions with the
experimental data over three different flow regimes.

Mathematical Modeling
Model equations

In a gas—liquid stirred vessel, the sparged gas interacts with
the trailing vortices behind the impeller blades and forms gas
cavities behind impeller blades. The cavities are then sheared at
the tips and smaller bubbles are formed that are dispersed in the
vessel. The size of the bubbles emanating from the cavity tip is
controlled by the size of the cavity, breakage of the cavity, and
the turbulence level around the cavity. Unfortunately, no direct
experimental data for turbulent kinetic energy dissipation rate
are available for validating the available cavity breakage mod-
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els. In principle, cavity formation behind impeller blades and
their shearing at the tip can be simulated by using a volume of
fluid (VOF) approach. The first attempt to carry out such
simulations was made some years ago.'” Unfortunately, the
computing demands for such simulations are enormous and it
was not possible to accurately track the formation of smaller
bubbles. It is unrealistic at present to extend such models for
simulating gas—liquid flow in stirred vessels. Therefore, in the
present study the Eulerian—Eulerian approach was used.

In a gas-liquid stirred vessel, gas bubbles of different sizes
coexist. Very fine bubbles are observed in the impeller dis-
charge stream (<1 mm), whereas bubbles a few millimeters
(~5 mm) of size are observed in the region away from the
impeller.2> The width of bubble size distribution depends on
the turbulence level and prevailing flow regime. Considering
the importance of the right prediction of slip velocity, it might
be necessary to use appropriate bubble sizes. The multifluid
model with appropriate breakage and coalescence rates, which
is able to simulate evolution of bubble size distribution within
the vessel, may provide a better way to simulate the gas—liquid
flow in stirred vessels.?! Unfortunately, a single comprehensive
data set on bubble size distribution is not available in the
literature.?® However, the available experimental data are not
sufficient to calculate the parameters appearing in coalescence
and breakup kernels.

Apart from the uncertainties in parameters of coalescence
and breakup kernels and cavity modeling, there is significant
uncertainty in estimation of interphase forces on gas bubbles in
the presence of other bubbles and high levels of turbulence
prevailing in the vessel. Considering these issues and the
present state of understanding, the option of using multifluid
computational model for stirred vessels, which requires an
order of magnitude more computational resources, was deemed
to be ineffective. Instead, an approach of using a two-fluid
model with a single bubble size for the whole vessel (and lump
all the uncertainties into the interphase drag coefficient) was
adopted here. The bubble size used in the present study and the
basis for selection of the bubble size are discussed in the next
subsection.

For most of the operating regimes shown in Figure 1, gas—
liquid flows in stirred vessel are turbulent. Therefore, the
Reynolds-averaged mass and momentum balance equations for
each phase in turbulent flow regime were expressed as (without
considering mass transfer)

a(a,p,)
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Here g = 1 and ¢ = 2 denote the continuous phase (liquid) and
the dispersed phase (gas), respectively; i is the direction. U,
and a, are the time-averaged values of the velocity and volume
fraction of phase ¢, respectively. It should be noted that time-
averaged pressure (p) is shared by both phases and, therefore,
appears in the governing equations of all the phases. p, is the
density of phase ¢ and D,, is the turbulent diffusivity of
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dispersed phase. F 12.; 18 the time-averaged interphase force in
the i direction and is discussed later in this section. ,p,g; is the
external body force on phase g. T("’m) is the stress tensor in
phase ¢ arising from the VlSCOSlty and TE;)U» is the Reynolds
stress tensor of phase ¢ (representing contributions of correla-
tion of fluctuating velocities in momentum transfer). In this
work, we used Boussinesq’s eddy viscosity hypothesis to relate
the Reynolds stresses with gradients of time-averaged velocity
as

2 -
7 um{[vv +(VU,)" - I(VUq,i>} 3)

Here, p,, is the turbulent viscosity of phase g and I is the unit
tensor. Despite the known deficiencies, the overall performance
of the standard k—e turbulence model for simulating flows in
stirred vessels is adequate for many engineering applications.?
In the present work, we have therefore used the standard k—e
turbulence model to estimate the turbulent viscosity of the
liquid phase. The governing equations for turbulent kinetic
energy (k) and turbulent energy dissipation rate (¢) were solved
only for the liquid phase and are listed below:

I
. (al 0-7;1 V(bl) + S‘i’-l
“)
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where ¢, can be the turbulent kinetic energy or the turbulent
energy dissipation rate in the liquid phase. The symbol oy,
denotes the turbulent Prandtl number for variable ¢. S, is the
corresponding source term for ¢ in the liquid phase. Source
terms for turbulent kinetic energy and dissipation can be writ-
ten as

Su= al[(Gl + G,) — 181]

Ser = [C (G, +G,) — C2P181] )

alk

where G, is generation in the liquid phase and G, is extra
generation (or dissipation) of turbulence in the liquid phase.
Generation attributed to mean velocity gradients G, and turbu-
lent viscosity u,, was calculated as

1 - N P/kal2
G, = E M:I[VUl,i + (VUl,i)7]2 K = (6)

€

Extra generation or damping of turbulence resulting from the
presence of dispersed-phase particles is represented by G,,.
Kataoka et al.?? analyzed the influence of the gas bubbles on
liquid phase turbulence. The motion of larger bubbles gener-
ates extra turbulence. However, their analysis indicates that the
extra dissipation arising from small-scale interfacial structures
almost compensates the extra generation of turbulence arising
from large bubbles. Numerical experiments on bubble columns
also indicate that one may neglect the contribution of extra
turbulence generation.?> Therefore, in the case of stirred ves-
sels, where impeller rotation generates significantly higher
turbulence than that observed in bubble columns, the contribu-
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tion of the additional turbulence generation arising from bub-
bles can be neglected. In the present work, therefore, G,; was
set to zero. Standard values of the k—& model parameters were
used in the present simulations. No separate equations were
solved for modeling turbulence in the dispersed phase. Instead
the turbulent viscosity of the dispersed phase was estimated
from knowledge of turbulent viscosity of the liquid phase as

Pe
Mg = E 157 @)

In the Reynolds averaging procedure, turbulent dispersion of
the dispersed phase was modeled using the turbulent diffusivity
D/, in the mass balance equation (Eq. 1). The numerical study
of Khopkar et al.'! indicated that the turbulent dispersion terms
were significant only in the impeller discharge stream. Even
near the impeller, the influence of dispersion terms on pre-
dicted results was not quantitatively significant (difference was
<5%). It should be noted that only turbulent eddies larger than
the bubble diameter will contribute to dispersion. Under the
usual operating conditions of gas-liquid flow in laboratory-
scale stirred vessels (with smaller impeller blades leading to
smaller scales of energy containing eddies), the contribution of
eddies larger than bubbles is unlikely to be significant. Con-
sidering these results, turbulent dispersion of the dispersed
phase was not considered in the present study (the third term in
the left-hand side of Eq. 1 was neglected).

Interphase coupling terms make two-phase flows fundamen-
tally different from single-phase flows. The formulation of
time-averaged F,;, therefore, must proceed carefully. The
interphase momentum exchange term consists of four different
interphase forces: Basset history force, lift force, virtual mass
force, and drag force.?* Basset force arises as a result of the
development of a boundary layer around bubbles and is rele-
vant only for unsteady flows. Basset force involves a history
integral, which is time-consuming to evaluate and, in most
cases, its magnitude is much smaller than the interphase drag
force. Bubbles undergo lift force as a result of vorticity and
shear in continuous phase flow field. Lift force is proportional
to the vector product of the slip velocity and the curl of liquid
velocity. Lift force is significant if the velocity gradients are
large. In stirred vessels, velocity gradients are significant
mainly near the impeller. In the bulk region of the vessel, the
velocity gradients are not large. In the vicinity of the impeller,
pressure gradients and interphase drag forces would mainly
dominate the motion of bubbles. An order of magnitude anal-
ysis indicates that the magnitude of lift force is much smaller
than the interphase drag force.® The virtual mass force needs to
be considered when a secondary phase accelerates relative to
the primary phase. It becomes significant when the secondary
phase density is much smaller than the continuous phase den-
sity (as in gas-liquid stirred vessel or bubble column reactor).
Considering this, in the present work, Basset and lift forces
were not considered. The virtual mass and drag force terms
were included in the interphase momentum exchange term as

1?12,1' = j}D,i + i:VM,i (®)

The virtual mass term in the i direction is given as
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where Cy,, is the virtual mass coefficient. In the present work,
the value of Cy,, was set to 0.5.

The interphase drag force exerted on phase 2 in the i direc-
tion is given by

3“10‘2P1CD[2 ((72.1' - [71,5)2]0'5(&2,1' - fjl,i)

o= 4,

(10)

As discussed earlier, the estimation of drag force is critical for
accurate prediction of gas distribution within stirred vessels.
Most of the available correlations to estimate drag coefficient
appearing in Eq. 10 relate the value of drag coefficient to
bubble Reynolds number. These correlations are valid for a
single bubble rising in a stagnant liquid. In this work, the value
of drag coefficient for a single bubble rising in a stagnant
liquid, Cp,, was estimated using the following correlation of
Tsuchiya et al.?s:

B 2.667Eo\ [ 24 vesr |
CDO—maX m . Rieh(l'f‘O.ISReb ) ( 1)

It is likely that the presence of neighboring bubbles affects
the drag coefficient of a bubble. Ishii and Zuber?¢ studied the
effect of neighboring particles or bubbles on drag coefficient
and proposed a correction factor as the square of continuous
phase holdup. Gas volume fraction in the bulk region of the
tank is <5% in most of the cases studied by Bombac et al.'8
For such situations, the magnitude of the drag reduction cor-
relation estimated by Ishii and Zuber?¢ is <10%. Therefore, in
this work the correction factor attributed to the presence of
other bubbles was not considered. Unlike a case of a bubble
flowing through stagnant liquid, where flow around a bubble is
dominated by motion of that bubble, in stirred vessels, bubbles
undergo significantly higher turbulence generated by impellers.
Unless the influence of this prevailing turbulence on bubble
drag coefficient is accounted for, the CFD model will not
adequately predict the pattern of gas holdup distribution. Rel-
atively few attempts (experimental as well as numerical) have
been made to understand the influence of prevailing turbulence
on drag coefficient.>!41617.27 Bakker and van den Akker,’
Brucato et al.,'® and Lane et al.'# all attempted to relate the
influence of turbulence on drag coefficient to the characteristic
spatiotemporal scales of prevailing turbulence, which is a
promising development. These are briefly discussed here.

Bakker and van den Akker’ attempted to relate the influence
of turbulence on drag coefficient by using a modified Reynolds
number in a usual correlation developed for the stagnant liquid.
Their proposal is expressed as

24 PUsipd
- - 410.687 .. % — Shp
Cp Ro* [1 4 0.15(Re*)"%%7] - Re —
M+ 9 M
(12)
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It should be noted that the effective viscosity is calculated by
adding some fraction of turbulent viscosity to the molecular
viscosity. The fraction is an adjustable parameter and the value
of 2/9 is recommended.

Brucato et al.'® attempted to relate the influence of turbu-
lence on drag coefficient to the ratio of the particle size and the
Kolmogorov length scale of the turbulence (based on their
experiments with solid particles in a Taylor—Couette apparatus)
as

Cp— Ch A
- K(—b) (13)

Cpo A

where Cy, is the drag coefficient in turbulent liquid, Cp,, is the
drag coefficient in stagnant liquid, d,, is bubble/particle diam-
eter, and A is the Kolmogorov length scale (based on volume-
averaged energy dissipation rate). It should be noted that the
flow field around bubbles, which essentially controls interphase
drag would be affected not by inertial scale turbulence but by
microscale turbulence. It thus appears logical that the inter-
phase drag coefficient is affected by microscales. Experimental
data of Brucato et al.’¢ clearly indicate that only microscale
turbulence affects the particle drag. The correlation constant K
was reported to be 8.67 X 10~*. It should be noted that despite
significantly nonuniform distribution of ¢ in a Taylor—Couette
apparatus, the correlation was based on volume-averaged en-
ergy dissipation rate. This makes the direct extension of the
correlation to different configurations difficult and may neces-
sitate use of a different multiplier than that proposed by Bru-
cato et al.'® The experimental data presented by Brucato et al.'®
also clearly show a systematic trend of decreasing the value of
multiplier with increase in particle size (see Figure 11 of
Brucato et al.,'® where particles of 63—71, 212-250, and 425-
500 microns show trends with decreasing intercept with in-
creasing particle size). This trend indicates that the value of K
for bubbles (which are much larger than the solid particles
considered in their work) will be much lower than that pro-
posed by Brucato et al.'¢ A recent study reported by Lane et al.”
also supports the lower value of K. Lane et al.® found better
agreement with experimental data using a 100 times smaller
value of K, although no clear guidelines are available on
deciding the appropriate value of K.

Recently, Lane et al.'# correlated the available data of set-
tling velocity of particles and rise velocity of bubbles in a
turbulent flow with particle relaxation time (7,) and integral
timescale of turbulence (7)) as

o o]
—=|1—-14| = exp|—0.6_-—+ 14
Coo 1,) P\ 7007 (14

The experimental data used for correlation was taken with
particle or bubble sizes < 1000 microns. The adequacy of the
proposed correlation for larger particles of size 4000 microns is
not known. The proposed correlation predicts the drop in drag
coefficient values for higher values of ratio of two timescales.
No experimental data supporting this trend were reported.
Considering the importance of accurate accounting of pre-
vailing turbulence in simulation of gas-liquid flow in stirred
vessels, a computational submodel was developed in the
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present study. Previous literature suggested that the increase in
drag coefficient might be attributable to the dynamic interac-
tion of accelerating bubbles/particles and a turbulent flow field.
The detailed direct numerical simulations or lattice Boltzmann
simulations can provide unambiguous information for under-
standing various possible mechanisms of increase in drag on
moving bubbles,?® although it is impractical to carry out such
detailed simulations of gas—liquid flow in stirred reactors where
millions of bubbles coexist. To address such practical flow
problems, several attempts have been made to represent the
complex dynamic interactions of moving bubbles with the
surrounding turbulence by using time-averaged quantities. For
example, Clift et al.? represented the influence of prevailing
turbulence intensity (time-averaged quantity) on drag exerted
on particles. More recent attempts have also correlated their
experimental data with time-averaged quantities without any
explicit reference to real-life dynamic interactions.>!%1¢ The
key length and timescales of prevailing turbulence were esti-
mated using time-averaged quantities such as turbulence ki-
netic energy and turbulent energy dissipation rate. Because
most of the previous attempts of representing the influence of
turbulence used time-averaged quantities, ignoring dynamical
interactions of dispersed particles with surrounding turbulence,
in the present study a model problem of steady flow of liquid
over a regular array of bubbles was thus considered. Even if
this approach cannot provide information on dynamic interac-
tions, a critical analysis of previous attempts indicates that this
might be an adequate method for representing the influence of
turbulence on dispersed particles/bubbles in framework
adapted in the present work.

The preliminary simulations were first carried out to evaluate
possible differences in the flow over a regular array of cylin-
ders and flow over a regular array of spheres [which needs to
be simulated using three-dimensional (3D) solution domain]. It
was observed that the predicted values of relative drag coeffi-
cient for the two-dimensional (2D) and 3D cases were not
significant (these results are discussed later). Based on these
results, 2D cases were further investigated to reduce demands
on computational resources without jeopardizing the relevance.
The flow was then modeled in a 2D solution domain using a
“unit cell ” approach (discussed later in more detail). This
means, flow through a bank of regularly arranged cylinders was
computationally studied. Various influences of Reynolds num-
ber, volume fraction of bubbles, and prevailing turbulence level
on drag coefficient were investigated. The standard k—¢ turbu-
lence model was used to simulate the turbulence in the flow.
The level of prevailing turbulence was varied by specifying
different magnitudes of additional source for turbulence gen-
eration by the following expression:

1 . .
G= 3 wlVU,+ (VU)*+ f (15)

where fis the extra source of turbulence. By manipulating the
value of such extra source, volume-averaged values of turbu-
lent viscosity, Kolmogorov length scales, and integral time-
scales of turbulence were varied over a range of interest. The
predicted results on drag coefficients were thus used to identify
an appropriate correlation for estimating interphase drag force
on bubbles in turbulent flow. The developed correlation was
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Figure 2. Solution domain for flow through regular array of cylinders.

then evaluated for simulating gas—liquid flow in a stirred vessel
by comparing simulated results with the experimental data of
Bombac et al.!®

The gas—liquid flow in stirred vessel was simulated using the
computational snapshot approach, in which impeller blades are
considered as fixed at one particular position (similar to taking
a snapshot of a rotating impeller) with respect to baffles. The
blade rotation causes suction of fluid at the backside of blades
and an equivalent ejection of fluid from the front side of the
blades. This phenomenon of ejection and suction is modeled by
specifying appropriate sources and sinks for all the variables.
No empirical information is needed to specify these sources or
sinks and the approach is mathematically equivalent to the
more commonly used multiple reference frame (MRF) ap-
proach. Recently, Ranade? discussed the development of snap-
shot approach in detail and therefore it will not be discussed
here.

It should be noted that in quasi-steady-state approaches, such
as the computational snapshot approach, a specific position of
the impeller blades with respect to other stationary internals is
considered. The choice of blade positions with respect to baffle
positions is rather arbitrary. However, in most experimental
studies, flow measurements were carried out in a fixed position
for several rotations of the impeller. Thus, the measured flow
characteristics were essentially averaged over different relative
impeller blade positions. To make meaningful comparisons, it
would be necessary to carry out simulations at different blade
positions and then use ensemble-averaged results over these
different simulations for comparison. Ranade and van den
Akker® studied the sensitivity of simulated results with the
exact position of blades relative to baffles by comparing pre-
dicted results of five snapshots. They compared ensemble-
averaged results (over five snapshots) for the midbaffle plane
with angle-averaged results. Their results indicate that, al-
though local values may differ for different relative positions,
angle-averaged results are not sensitive to the actual position-
ing of impeller blades. Predicted values of overall characteris-
tics such as pumping number and power number are also not
sensitive to relative positions of impeller blades and baffles.
Therefore, only one snapshot was considered in the present
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work and angle-averaged values were predicted with the avail-
able experimental data.

Solution domain and boundary conditions

Flow through Regularly Arranged Cylindrical Objects. A
“unit cell  approach was used to model the single-phase flow
through regularly arranged cylindrical objects (applicability of
unit cell approach to model flows through regular array is
recently discussed by Gunjal et al.3°). Cylinders were arranged
in a regular square array (see Figure 2). The spacing between
the cylinders was calculated by specifying the relevant value of
volume fraction. Figure 2 shows cylindrical objects having
diameter (d,) equal to 5 X 10~* m with volume fraction equal
to 15%. The unit cell approach uses the geometrical symmetry
to significantly reduce the computational requirements (also
shown in Figure 2). All sides of the unit cell were defined as
periodic walls. Considering the negligible shear exerted by the
gas flow within a bubble on the surrounding liquid, the walls of
cylindrical objects were defined as zero shear walls. Simula-
tions were carried out for different Reynolds numbers (by
specifying different values of liquid mass flow rates through
the unit cell), volume fractions (by considering different ge-
ometries), and levels of prevailing turbulence (by specifying
different magnitudes of extra generation, f). In a stirred reactor
the bubble Reynolds number varies in the range of 200 to 800.
The mass flow rate of the liquid was then calculated as

Re
pd,

U, = m = pu,As (16)

where A, is the flow area (</ shown in Figure 2) and m is the
mass flow rate of the liquid. The direction of net flow of liquid
was set as shown in Figure 2. The simulations were carried out
for three Reynolds numbers (200, 500, and 800) and for two
values of volume fraction of gas (5 and 15%). The turbulent
flow around the cylinders with zero shear walls was simulated
using FLUENT 6.1.22 (Fluent Inc., Lebanon, NH). The mag-
nitude of f was varied in the range of 0 to 5000 kg s > m™ ' to
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cover the variation of the Kolmogorov length scale between
1 X 107* and 1 X 107° m, as usually observed in stirred
vessels.

The prediction of flow characteristics, especially turbulence
quantities, is sensitive to the number of grid nodes, grid dis-
tribution within the solution domain, and the discretization
scheme. In the present work, we used the QUICK (Quadratic
Upstream Interpolation for Convective Kinetics) discretization
scheme with limiter function (SUPERBEE) to avoid nonphys-
ical oscillations. A commercial grid-generation tool, GAMBIT
2.0 (Fluent Inc.) was used to model the geometry and to
generate the body-fitted grids. The geometry was modeled with
eight different grid size distributions with total number of
computational cells ranging from 5000 to 800,000. The pre-
dicted results are discussed in the next section.

Gas—Liquid Stirred Vessel. In the present work, the exper-
imental setup used by Bombac et al.'® was considered. All the
relevant dimensions such as impeller diameter, impeller off-
bottom clearance, vessel height and diameter, sparger location
and diameter, and so on were the same as those used by
Bombac et al.'® The absence/presence of bottom bearing was
assumed to have a negligible effect on the gas holdup distri-
bution pattern. Thus, to simplify the modeling geometry, the
bottom bearing was not considered herein. The system inves-
tigated consists of a cylindrical, flat-bottom vessel (diameter,
T = 0.45 m; height, H = 0.45 m). Four baffles of width 7/12
were mounted perpendicular to the vessel wall with a gap of
0.007 m. The shaft of the impeller was concentric with the axis
of the vessel and extended to the bottom of the vessel. A
standard Rushton turbine (diameter, D; = 7/3) was used for all
simulations. The impeller off-bottom clearance (C = T/4) was
measured from the bottom of vessel.

Considering the symmetry of geometry, half of the vessel
was considered as a solution domain (see Figure 3). It should
be noted that, even if the geometry is symmetric, the flow
might not be symmetric. For example, flow regimes S33 and
L33 do not exhibit half-plane symmetry. The physical reasons
for possible asymmetry in cavity shapes are not yet clear.
Therefore, in the present work, simulations were carried out
with half of the vessel to reduce computational demands. The
objective was to examine whether the computational model is
able to correctly capture the variation of gas accumulation for
different flow regimes if not the asymmetry. The baffles were
considered at angles of 45 and 135°. The impeller was posi-
tioned in such a way that three blades were located at angles of
30, 90, and 150°. As discussed by Ranade,> the computational
snapshot approach divides the solution domain in an inner
region, in which time-derivative terms are approximated using
spatial derivatives and an outer region, in which time derivative
terms are neglected. The boundary between the inner and outer
region needs to be selected in such a way that the predicted
results are not sensitive to its actual location. Fortunately, for
the standard impellers with impeller diameter of about one
third of vessel diameter, the predicted results are not sensitive
to actual location of boundary between the inner and outer
regions.? In the present work, for all simulations, the boundary
of the inner region was positioned at r = 0.138 m and 0.09 m
= 7z = 0.265 m (where z is axial distance from the bottom of
the vessel).

The ring sparger (diameter, dy, = T/3) was located at 0.075
m from the bottom of the vessel. The sparger was modeled as
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Figure 3. Computational grid and solution domain of
stirred vessel.

a solid wall and a mass source for the gas phase was specified
one cell above the sparger to simulate gas introduction in
vessel. Special boundary conditions are needed to simulate the
gas-liquid interface at the top through which bubbles escape
the solution domain. Recently, Ranade? discussed different
possible approaches to treat the gas—liquid interface in detail.
We have modeled the top surface of the dispersion as velocity
inlet. The outgoing (axial) velocity of gas bubbles was set
equal to the terminal rise velocity of gas bubbles (estimated as
0.2 m/s for air bubbles). Normal liquid velocity was set to zero.
The implicit assumption here is that gas bubbles escape the
dispersion with terminal rise velocity. Because the liquid ve-
locity near the top gas—liquid interface is small and the overall
volume fraction of gas is also small (<5%), this assumption is
reasonable. It should be noted that even after defining the top
surface as an inlet, the gas volume fraction at the top surface is
a free variable.

It would have been appropriate to specify the value of
effective bubble size in the computational model by using
experimental data. Unfortunately, Bombac et al.'® did not mea-
sure the bubble size distribution in their experimental study.
Barigou and Greaves?° reported experimentally measured bub-
ble size distribution for the stirred vessel of diameter 1 m [of
sizeT=H = 1m, C = T/4, and D; = T/3; operating range,
Froude number (Fr): 0.37-0.765; flow number (Fl): 0.015—
0.06]. Their experimental data clearly indicate that the bubble
size in the bulk region of the vessel varies between 3.5 and 4.5
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mm for high gas flow rate. The reported values of Sauter mean
diameter, Ds,, for the cases relevant to those studied by Bom-
bac et al.'8 are about 4 mm (D5, = 3.75 mm for F1 = 0.04 and
Fr = 0.765 and D5, = 4.24 mm for F1 = 0.056 and Fr = 0.37).
We have thus used the effective bubble size as 4 mm for the
S33 and L33 regimes. For the VC regime, where higher im-
peller speed was used, a bubble size of 3 mm was used in the
simulations. Fluid properties were set as those of water and air
for the primary and secondary phases, respectively.

It is very important to use an adequate number of computa-
tional cells while numerically solving the governing equations
over the solution domain. The prediction of turbulence quan-
tities is especially sensitive to the number of grid nodes and
grid distribution within the solution domain. Our previous
work'® as well as other published work3'-3? gives adequate
information to understand the influence of number of grids on
the predicted results. It was demonstrated that, to capture the
details of flow near impeller, it is necessary to use at least 200
grid nodes to resolve the blade surface. Based on previous
experience and some preliminary numerical experiments, the
numerical simulations for gas-liquid flows in stirred vessel for
all three operating conditions were carried out for grid size (r X
0 X z: 63 X 98 X 82). In the present work we have used (r X
0 X z: 18 X 1 X 19) grid nodes covering the impeller blade.
The boundary of the inner region was positioned at j = 45 and
15 = k = 65 (where j is cell number in radial direction from
shaft and k is cell number in the axial direction from the bottom
of vessel). The computational grid used in the present work is
shown in Figure 3. In the present work, the QUICK discreti-
zation scheme with SUPERBEE limiter function (to avoid
nonphysical oscillations) was used. Standard wall functions
were used to specify wall boundary conditions. The computa-
tional results are discussed next.

Results and Discussion
Influence of prevailing turbulence on drag coefficient

Preliminary simulations of flow through regularly arranged
cylindrical objects were first carried out for all eight grid size
distributions, varied from 5000 to 800,000 computational cells.
Based on these numerical simulations, it was found that about
200,000 computational cells were sufficient to adequately pre-
dict the flow (the difference between the predicted values of
pressure drop for 200,000 and 800,000 grid nodes was found to
be within 7% of the pressure drop value for 800,000 grid
nodes). Therefore, all further simulations were carried out with
the grid size of about 200,000. Typical predicted results for the
porosity equal to 85%, Reynolds number equal to 200, and
without any source for extra turbulence are shown in Figure 4
in the form of velocity vectors and the contours of predicted
pressure and turbulent kinetic energy. The predicted velocity
field around the cylindrical objects is shown in Figure 4a(i).
The predicted velocity field shows the presence of wake behind
the cylindrical objects. The predicted pressure and turbulent
kinetic energy distribution around the cylindrical objects are
shown in Figures 4b(i) and 4c(i), respectively. The predicted
results show the presence of a high-pressure and high turbulent
kinetic energy region near the nose of the cylindrical objects.
The approach and computational models were validated (not
shown here for the sake of brevity) by comparing predicted
results with published correlations.?*3* The computational
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model was then extended to understand the influence of free
stream turbulence on the bubble drag coefficient.

An additional source for turbulent kinetic energy was spec-
ified using a user-defined function to simulate the presence of
extra turbulence in a flowing liquid. The magnitude of this
source term was varied to cover the variation of Kolmogorov
length scales of turbulence in the range of 1 X 10 % to 1 X
107%, as usually observed in stirred vessels. The predicted
results show a significant increase in pressure drop values with
increasing level of turbulence. A comparison of the predicted
results for with and without extra turbulence (Figure 4) shows
a significant change in the flow field around the cylindrical
objects. As the level of prevailing turbulence increases, the
high-pressure region in front of the cylinders increases, result-
ing into higher form drag. Values of drag coefficients for these
different cases were calculated from the predicted pressure
drop.? The predicted increase in drag coefficient with increase
in prevailing turbulence is consistent with the previously re-
ported experimental studies.?7-35-36

It is worthwhile comparing the predicted fractional increase
in the drag coefficient with the available approaches. Previous
attempts to represent the influence of turbulence were based on
turbulence viscosity,”> Kolmogorov length scale,'® and integral
scale of turbulence.!* The study reported by Brucato et al.'®
was restricted to a rather narrow range of particle Reynolds
numbers [1-35] and therefore their correlation did not include
particle Reynolds number as a relevant parameter. In contrast
to this, the correlation proposed by Bakker and van den Akker®
included particle Reynolds number as a relevant parameter. No
information was available on elucidating the influence of var-
ious key time-averaged properties of prevailing turbulence on
increase in drag on dispersed particles or bubbles. It was
essential to evaluate these three approaches before selecting the
most suitable approach. Direct evaluation of these three ap-
proaches by carrying out simulations of gas—liquid flow in
stirred reactors would not have been very instructive, given that
rather limited data in stirred reactor were available and in
simulations of gas—liquid stirred reactors, several other possi-
ble uncertainties might evolve. Because none of these previous
attempts of representing influence of prevailing turbulence on
dispersed particles considered the dynamical interactions, as
discussed above, in this work we have used the model predic-
tions to evaluate the previous attempts. In the present submodel
the values of the turbulence viscosity, Kolmogorov length
scale, and integral scale of turbulence were varied over relevant
ranges, by manipulating the additional source of turbulence
generation, f. This approach allowed us to independently vary
the relevant parameters and examine their influence on drag.
The framework also allowed us to evaluate all three correla-
tions on a uniform basis. The sample values of the turbulent
kinetic energy, dissipation rate, integral timescale, turbulent
viscosity, particle Reynolds number, particle response time,
and so on for porosity equal to 85% and particle Reynolds
number equal to 200 are listed in Table 1.

For quantitative analysis of influence of prevailing turbu-
lence, the approach of Brucato et al.'® was selected. The results
predicted by the CFD model were compared with the available
correlations>!41:17 (Figure 5). The comparison brings out sev-
eral salient points. The predicted increase in drag coefficient
for the 3D cases (flow over spheres) is very similar to that
observed for the 2D cases (flow over cylinders). It can also be

DOI 10.1002/aic 1661



(i) k= 132¢107 m, £=0 kg/s*m (i) . = 1.02¢10% m, £=2 kg/s’m (iii) % =9.5¢ 10 m, £= 5 kg/s’m

= Te-05 mfs 3.2e-02 mfs 64e-02m/s = 8e-02m's

{a) Velocity field around the cylindrical objects

{i) %= 132< 10" m, f = O kgls’m (i) & = 1.02¢ 10 m, f=2 kg/s"-m (iii) = 9.5 107 m, £ =5 kg/s*m

oo

s-15Pa -1.0Pa 0.5Pa z1.0Pa

(b) Pressure field around the cylindrical objects

(i) %= 132¢10" m, £= 0 keg/s™m (i) h = L0210 m, £=2 kg/s™-m (iii} & = 9.5x 10" m, [= 5 kg/s*m

conour vt | .

= le-04 m's’ 6e-04 mYfs” L2003 m¥s = 1.5e-03 m/s®
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Figure 4. Simulated flow through array of cylinders.

(a) Velocity field around the cylindrical objects; (b) pressure field around the cylindrical objects; (c) turbulent kinetic energy field around
cylindrical objects. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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Table 1. Predicted Data from the Simulations of Flow through Array of Cylinders for Porosity = 85% and Re = 200

Cp = Cpo
Cpo
5 > o, Bakker and
(kgm~'s™¥ k (m'/s) (m?s*)  (kgm 'sh A (m) T, (%) T,(s) van den Akker  Lane et al.  Present Study
0 0.0002535 0.0023 0.0045 0.00014 0.0537 0.1102 — — —

5 0.00124 0.0123 0.0285 95X 1073 0.0537 0.1008 1.81143 3.5833 1.465814

25 0.00189 0.0199 0.04634 8.42 X 1073 0.0537 0.095 2.36602 3.824 2.52382
500 0.00996 0.1687 0.2117 553 X 10°° 0.0537 0.059 6.77 5.86 8.664976

5000 0.02812 0.8999 0.5111 325X 10°° 0.0537 0.03125 14.073 5.066 30.41037

seen from Figure 5 that the predicted values for the smaller
solid (noted by solid triangles) particles (these simulations
were carried out by following a similar approach with no-slip
boundary conditions at the walls of cylinders) follow trends of
correlation of Brucato et al.'® As the Reynolds number in-
creases, the predicted values shift toward the right, indicating a
decrease in the magnitude of proportionality constant in the
correlation of Brucato et al.'® This is consistent with the ex-
perimental data reported by them. The predicted results deviate
from the trends estimated by correlations of Pinelli et al.!” and
Lane et al.!* for higher ratios of d,/A. These correlations were
therefore not considered further.

The predicted results clearly indicate that in addition to d,/A,
the fractional increase in drag coefficient is also a function of
bubble Reynolds number and the volume fraction. The influ-

2
g
5 . —t—Brucato et al. (1998)
& ’ :
C 01 —— Pinelli et al. (2004) [
K ¢ Bakker and van den Akker
. (1994), Re= 200
l-l A Bakker and van den Akker
K (1994), Re= 500
0.01 | . | Lane et al. (2003)
i i :
BEEREEED Brucato et al. (1998), with :
i modified constant |
0.001 | .
1 10 100 1000
dy/A
Volume Volume
Legends: Reynolds Number fraction 5% fraction 15%
200 ] (@]
500 O O A*
300 L @
50, with 500 pm . A
solid particles

(* data predicted from the 3-dimensional simulations)

Figure 5. Influence of turbulence, Reynolds number, and
volume fraction on drag coefficient.

AIChE Journal May 2006 Vol. 52, No. 5

Published on behalf of the AIChE

ence of volume fractions is not very significant for the consid-
ered ranges and was thus neglected in the present work. It can
be seen from Figure 5 that the CFD predictions show reason-
able agreement with the estimations based on correlation of
Bakker and van den Akker.5> While applying the correlation of
Bakker and van den Akker’ (Eq. 12), the volume-averaged
value of turbulent viscosity was used. Importantly, this corre-
lation captures the influence of Reynolds number on the impact
of prevailing turbulence on drag coefficient. Considering the
rather narrow range of Reynolds numbers relevant to gas—
liquid flows in stirred vessels, the influence of Reynolds num-
ber might be ignored as done by Brucato et al.'® The predicted
results, however, require a much lower proportionality constant
and can be correlated (modified correlation of Brucato et al.!®)
as

Cp,—C d,\>
L 65 x 10*6<—”> (17)

CD() A

where Cp, is the drag coefficient in turbulent liquid and Cj is
the drag coefficient in liquid without additional turbulence. The
predictions of Eq. 17 are shown by the dotted line in Figure 5.
The trends observed in the numerical results presented in
Figure 5 support the reduced value of the multiplier for higher
Reynolds numbers. The recently reported numerical study of
Lane et al.® also provides empirical support for a lower value of
K as in Eq. 17. The correlation of Bakker and van den Akker?
and Eq. 17 (both based on volume-averaged properties) was
evaluated for estimating effective drag coefficients for gas—
liquid flow in a stirred vessel by comparing simulated results
with the experimental data of Bombac et al.!®

Gas-liquid flows in a stirred vessel

Gas-liquid flow generated by the Rushton turbine in a stirred
vessel was simulated for an impeller rotational speed (N) of
266 rpm and volumetric gas flow rate (Q,) 1.667 X 107> m¥/s
(F1 = 0.1114; Fr = 0.3005). Before discussing the details of
predicted results, the influence of grid size, the effect of inter-
phase drag force formulation on gas holdup distribution and
total gas holdup, and the influence of virtual mass were studied
in detail.

Influence of grid size

As stated in the previous section, the prevailing level of
turbulence influences the drag coefficient and ultimately affects
the pattern of gas distribution and total gas holdup. Therefore,
accurate prediction of turbulent quantities becomes essential
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(a) Coarse grid (47,000)

(b) Medium grid (240, 000)

(c) Fine grid (500, 000)

(Contour labels denote the actual values of gas holdup, in percentage)

Figure 6. Influence of number of computational cells on predicted gas holdup distribution for L33 flow regime, Fl =

0.1114 and Fr = 0.3005.

(a) Coarse grid (47,000); (b) medium grid (240,000); (c) fine grid (500,000).

for correct estimation of interphase drag coefficient. The pre-
dictions of turbulent quantities are usually quite sensitive to the
number of grid nodes used in the solution domain. Preliminary
simulations were therefore carried out to identify the adequate
number and distribution of grids. Equation 17 was used to
calculate the drag coefficient. In the present work, three grid
sizes—coarse grid (r X 6 X z: 25 X 44 X 43: 47 K), medium
grid (r X 6 X z:51 X 82 X 57: 238 K) and fine grid (r X 6 X
z: 63 X 98 X 82: 506 K)—were considered to study the effect
of grid size on predicted gas holdup distribution. The predicted
gas holdup distributions for all three grid distributions are
shown in Figure 6. It can be seen from Figure 6 that the
predicted gas holdup distribution in the impeller discharge
stream significantly changes for coarse grid (47 K) to medium
grid (240 K). However, a relatively small change was observed
in predicted gas holdup distribution at the impeller discharge
stream for medium grid (240 K) and fine grid (500 K). Simi-
larly, the relative change in volume-averaged energy dissipa-
tion rates when moved from medium grid to fine grid was much
less (<14%) than when moved from coarse grid to medium
grid (~60%). Overall, it can be said that the fine grid (~500 K
grids) used in the present work adequately captures the key
features of flow generated in stirred vessels. All subsequent
simulations were thus carried out with the fine grid (» X 6 X
z: 63 X 98 X 82).

Influence of interphase drag force

Adequate prediction of slip velocity is a key issue in simu-
lating gas distribution and flow regimes in stirred vessels. It
should be noted that distribution of key turbulence character-
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istics is extremely nonhomogeneous in stirred vessels. The use
of local values in Eqs. 12 and 17 resulted in an unrealistically
higher accumulation of gas in the lower circulation loop (aris-
ing from the significant overprediction in the values of bubble
drag coefficient in the impeller discharge stream). This is not
surprising, given that volume-averaged quantities were used
while developing the correlations. Therefore, the use of zone-
averaged values and volume-averaged values of turbulent vis-
cosity and energy dissipation rates was examined. A compar-
ison of the predicted gas holdup distributions of the considered
cases with the experimental data (not shown here for brevity)
showed that the drag coefficient estimated using volume-aver-
aged values of Kolmogorov scale and turbulent viscosity re-
sulted in better agreement with the experimental data. There-
fore, the predicted results obtained with the volume-averaged
values of key turbulence characteristics were used in the sub-
sequent simulations.

The quantitative comparison of the predicted results and the
experimental data of Bombac et al.'8 is shown in Figure 7. It
can be seen from Figures 7a and 7b that the gas holdup
distribution predicted based on Eq. 12 shows a gas distribution
that is appreciably different from the experimental data (shown
in Figure 7a). The major disagreement was observed in the
region below the impeller. The impeller-generated flow was
not sufficient to circulate gas in a lower circulation loop. The
computational model underpredicted the total gas holdup (pre-
dicted holdup was 2.55% compared to the experimental mea-
surement of 3.3%). This is possibly explained by underpredic-
tion of the increase in the bubble drag coefficient with using
volume-averaged turbulent viscosity. A close look at Figure 5
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(a) Experimental
(Bombac et al., 1997)

(b) Predicted results with Bakker
and van den Akker correlation,
(Equation 12)

(¢) Predicted results with modified
Brucato et al. correlation,
(Equation 17)

(Contour labels denote the actual values of gas holdup, in percentage)

Figure 7. Comparison of experimental and predicted gas holdup distribution at midbaffle plane for L33 flow regime,

Fl = 0.1114 and Fr = 0.3005.

(a) Experimental'®; (b) predicted: using Bakker and van den Akker> correlation; (c) predicted: using Brucato et al.'® correlation.

(compare the CFD results with those estimated by Eq. 12 for
Re = 500) explains the underprediction of the fractional in-
crease in the bubble drag coefficient using Eq. 12 with the
volume-averaged value of turbulent viscosity. The predicted
results based on Eq. 17 are closer to experimental data (see
Figures 7a and 7c). This model resulted in overprediction of
total gas holdup (predicted holdup was 3.97% compared to the
experimental measurement of 3.3%). Despite the overpredic-
tion, the predicted gas holdup distribution showed better agree-
ment with the data than predicted by Eq. 12. All subsequent
simulations were therefore carried out with the turbulent cor-
rection term for interphase drag coefficient calculated using
Eq. 17.

Effect of virtual mass

The virtual mass effect is significant when the secondary
phase density is much smaller than the primary phase density.
The effect of the virtual mass force was studied before discuss-
ing the quantitative comparison of the predicted results with
experimental data for other flow regimes. The predicted gas
holdup distributions obtained with and without considering
virtual mass force are shown in Figure 8. It can be seen from
Figure 8 that the influence of the virtual mass force on the
predicted pattern of gas distribution was significant only in the
impeller discharge stream. However, the influence of virtual
mass force was not found to be significant in the bulk volume
of the vessel. It should be noted that the value of virtual mass
coefficient used in the present study (0.5) is valid for spherical
bubble and may not be appropriate for wobbling bubbles. The
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reported value of virtual mass coefficient is somewhat higher
than 0.5 (see, for example, Tomiyama3’). However, it should
be noted that the predicted results are not very sensitive to the
consideration of virtual mass terms. A comparison of the
predicted results obtained with values of virtual mass coeffi-
cients as 0 and 0.5 did not show any significant differences (see
Figure 8). Considering this, no specific effort was made to
obtain accurate value of virtual mass coefficient and for all
further simulations, the virtual mass force was not considered.

Gas holdup distribution in L33, S33, and VC flow
regimes

Gas-liquid flows generated by the Rushton turbine in a
stirred vessel were simulated for three gas flow regimes rep-
resenting L33 (F1 = 0.1114; Fr = 0.3005), S33 (F1 = 0.0788;
Fr = 0.6), and VC (FI = 0.026267; Fr = 0.6). As discussed
previously, Eq. 17—based on volume-averaged dissipation
rate and Kolmogorov scale—was used to calculate effective
drag coefficients. Comparisons of predicted gas holdup distri-
butions with the experimental results at the midbaffle plane are
shown in Figure 7 (L33) and Figure 9 (S33 and VC). It can be
seen from these figures that the predicted gas holdup distribu-
tions for L33, S33, and VC flow regimes are in reasonably
good agreement with the experimental data. However, the
computational model overpredicted the values of total gas
holdup. The predicted value of total gas holdup (4.85%) was
higher than the reported experimental value (4.2%) for the S33
flow regime. Similarly, the predicted value of total gas holdup
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(a) Experimental: mid-baffle
plane, (Bombac et al., 1997)

(b) Predicted, without virtual mass
effect: mid-baffle plane

(c) Predicted, with virtual mass
effect: mid-baffle plane

(Contour labels denote the actual values of gas holdup, in percentage)

Figure 8. Comparison of predicted gas holdup profiles for with and without virtual mass effect for L33 flow regime,

FI = 0.1114 and Fr = 0.3005.

(a) Experimental'®; (b) predicted, without virtual mass effect: midbaffle plane; (c) predicted, with virtual mass effect: midbaffle plane.

(2.63%) was higher than the experimental data (2.2%) for the
VC flow regime.

Comparisons of axial profiles of radially averaged gas
holdup for all three regimes are shown in Figure 10. It can be
seen from Figure 10 that the computational model overpredicts
the values of gas holdup in the region above the impeller for all
three regimes. The maximum value of predicted radially aver-
aged gas holdup occurs at an axial distance of 0.117 m for L33
and 0.107 m for S33 as well as VC regimes compared to the
experimentally observed distance of 0.13 m for L33 and 0.1125
m for S33 as well as VC regimes. The predicted values of gas
holdups at this maximum are underpredicted (7.3% for L33,
7.94% for S33, and 3.82 for VC) compared with the experi-
mental value (~8.1% for L33, ~8.8% for S33, and ~4.1% for
VC). Quantitative comparisons of angle-averaged values of
predicted gas holdup and experimental data at three different
axial locations for all three regimes are shown in Figure 11. It
can be seen from Figure 11 that comparisons of the predicted
values of gas holdup and experimental data are reasonably
good for all three regimes. The computational model was thus
able to simulate all three regimes reasonably well.

Gross characteristics

The predicted influence of gas flow rate on gross character-
istics, power, and pumping numbers is also of interest. Pump-
ing and power numbers were calculated from simulated results
as

2 (B2, [T arU,dodz
e~ ND?

(18)
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where B is blade height, D; is impeller diameter, N is impeller
speed, r; is impeller radius, and U, is radial velocity. The
calculated values of pumping and power numbers from the
simulated results are listed in Table 2. As the gas flow rate
increases, impeller pumping as well as power dissipation de-
creases. The extent of decrease increases with increasing gas
flow rate (or, in other words, as flow regime changes from VC
to S33 and further to L33). Bombac et al.!® did not report their
experimental values of power dissipation or pumping number.
In the absence of such data, the predicted values were com-
pared with the estimates of available empirical correlations.38-40
Demonstrating the qualitatively correct trend, the CFD model
reasonably predicted the decrease in power dissipation in the
presence of gas compared to the estimates of these correlations.
The CFD model could also correctly capture the overall gas
holdup distribution and can therefore simulate different flow
regimes of gas—liquid flow in stirred vessels.

Gas-liquid flow near impeller blades

It would be useful to examine the details of predicted results
near impeller blades to identify the differences in flow structure
of different flow regimes. Predicted flow characteristics near
the impeller blades are shown in Figure 12 (isosurfaces of gas
volume fraction) and Figure 13 (contours of gas volume frac-
tion, vorticity, and turbulent kinetic energy dissipation rate) for
three flow conditions.

It can be seen from Figure 12 that the computational model
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(d) Predicted, VC flow
regime, F1 =0.026267 and
Fr = 0.6 (mid-baftle)

(c) Experimental, VC flow
regime, F1 =0.026267 and
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Figure 9. Comparison of experimental and predicted gas holdup distribution for S33 and VC flow regimes.

S33 flow regime, F1 = 0.0788 and Fr = 0.6: (a) Experimental'® (midbaffle); (b) predicted (midbaffle). VC flow regime, FI = 0.026267 and
Fr = 0.6: (c) Experimental'® (midbaffle); (d) predicted (midbaffle).

has captured the gas accumulation in the low-pressure region
behind impeller blades. The sparged gas interacts with trailing
vortices and is accumulated in the low-pressure region associ-
ated with the vortices. The contours and isosurface of gas
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volume fraction indicate that a large portion of the gas in the
impeller-swept region is accumulated in the low-pressure re-
gion associated with lower trailing vortex. Examination of flow
and gas accumulation around impeller blades provides clues of

@® L33-Experimental

L33-Predicted

M S33-Experimental
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0.30 0.45
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Figure 10. Comparison of predicted axial profile of radially averaged gas holdup with experimental data for L33, S33,

and VC flow regimes.
Symbol denotes the experimental data of Bombac et al.'®
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Figure 11. Comparison of predicted angle-averaged values of gas holdup (a,) with experimental data for L33, S33,

and VC flow regimes.

the prevailing flow regime. The isosurface of gas volume
fraction (isovalue = 0.15) shown of the three flow regimes
clearly indicates the progressive decrease in quantity of gas
accumulated behind the impeller blades in the progression from
the L33 regime to the VC regime by the S33 regime. The
computational model did not capture the asymmetry in cavity
shape for L33 and S33 flow regimes. The physical reasons for
possible asymmetry in cavity shapes are not yet clear and
further work is needed to capture alternating cavity structure/
gas accumulation behind impeller blades. The predicted results
indicate that the computational model qualitatively captures the
changes in gas accumulation as the flow regime changed.
The predicted contours of vorticity and energy dissipation
rate demonstrate the complex flow field within the impeller
blades (Figures 13a and 13b). It can be seen that for the L33
and S33 flow regimes the sparged gas interacts with and
disrupts the lower trailing vortex. High gas accumulation in the
vortex core region may be the possible reason for disruption of
the lower trailing vortex in L33 and S33 flow regimes. Similar
behavior was not observed for the VC flow regime. The pre-
dicted contours of dissipation rate showed an increase in dis-

sipation as the flow regime changes from L33 to VC (Figure
13b). The power dissipated within the impeller region signifi-
cantly reduces with increasing gas accumulation behind the
impeller blades.

Gas-liquid flow in impeller discharge stream, near
vessel wall and bulk regions

The gas—liquid flow in stirred vessels is extremely complex
and may exhibit different characteristics in different regions of
the vessel. It should be noted that bubbles in the impeller
stream would be influenced by the prevailing centrifugal forces
acting in a radial direction away from the turbine blades. In the
near-wall region, bubbles would interact with vorticity around
baffles and exhibit characteristics different from those in other
regions. The developed computational model was therefore
used to examine characteristics of gas-liquid flow in the im-
peller discharge stream and near vessel wall.

The predicted gas holdup distribution for the L33 flow
regime in the impeller discharge stream is shown in Figure 14a.
The left-hand side distribution of Figure 14a is associated with

Table 2. Gross Characteristics of an Aerated Stirred Vessel

Influence of Gas on Power Number, Np,/Np Influence of Gas

Predicted - — - on Pumping
Operating Total Gas Holdup (%) Results Predicted Predicted by Empirical Correlations Number, Preducted
Conditions Predicted ~ Experimental'® N, Nog by CFD  Calderbank®® Hughmark® Cui et al.*0 Noo/No
Single-phase flow — — 4.15 0.66 — — — — —
VC flow regime
(F1 = 0.026267,
Fr = 0.6) 2.63 2.20 276 0.615 0.66 0.67 0.64 0.61 0.93
S33 flow regime
(F1 = 0.0788;
Fr = 0.6) 4.85 4.20 2.196 0.6 0.53 0.47 0.49 0.41 0.9
L33 flow regime
(F1 = 0.1114;
Fr = 0.3005) 3.97 3.30 1.66 049 0.4 0.41 0.51 0.41 0.74
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(d) L33 flow regime
Fl=0.1114 and Fr = 0.3005

(e} 533 flow regime
Fl=0.0788 and Fr= 0.6

(f) VC flow regime
Fl = 0.026267 and Fr=0.6

Iso- surface of gas volume fraction for az = 0.15
(Impeller is moving in anti-clockwise direction)

Figure 12. Predicted accumulation of gas holdup («,)
behind impeller blades for L33, S33, and VC
flow regimes.

(a) L33 flow regime, Fl = 0.1114 and Fr = 0.3005; (b) S33
flow regime, F1 = 0.0788 and Fr = 0.6; (c) VC flow regime,
Fl = 0.026267 and Fr = 0.6 (isosurface of gas volume
fraction: isovalue = 0.15; impeller is moving in anticlock-
wise direction). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

R

E 41.

(i) L33 Flow Regime,
Fl=0.1114 and Fr = 03005

(i) 533 Flow Regime,
FI=00788 and Fr = 0.6 F1=0,026267 and Fr= 0.6

the lower trailing vortex and the right-hand side distribution
with the upper trailing vortex. It can be seen from Figure 14a
that the computational model predicted the higher gas accumu-
lation in the lower trailing vortices compared to the upper
trailing vortices. The predicted gas holdup distribution in the
impeller discharge stream shows the efficient dispersion of gas
in the above impeller disc region compared to the below disc
region. The predicted axial slip velocity distribution in the
impeller discharge stream is shown in Figure 14b (following
the same convention as that in Figure 14a). It can be seen from
Figure 14b that the predicted results show the presence of
negative values of the axial slip velocity in the trailing vortices.
The predicted distribution of axial slip velocity in the impeller
discharge stream shows almost the same values of velocities in
both above- and below-disc regions. However, distinctly dif-
ferent variations in the slip velocity values were observed near
the vessel wall in both regions. It was observed that the values
of axial slip velocity increases as one approaches the vessel
wall for the above-disc region, although the reduction in values
of slip velocity was found in the below impeller disc region.
Similarly, distribution of the predicted values of the axial
slip velocity near the vessel wall for the L33 flow regime is
shown in Figure 14c. It can be seen from Figure 14c that the
predicted results show an almost constant value of the axial slip
velocity above and below the impeller discharge stream. How-
ever, in the impeller discharge stream, two distinct bands of
slip velocity values were observed. These two bands were
found to be separated at a height of the impeller disc. The upper
band associated with the above-disc flow shows higher values
of slip velocities compared to the slip velocity values predicted
in the bulk region, whereas the values of slip velocities pre-
dicted in the lower band were found to be lower than the values
observed in the bulk region. The presence of lower values of
the slip velocities may be responsible for the dispersion of the

(ii1) VC Flow Regime,

{a) Z-vorticity

e R

{ii) §33 Flow Regime,
Fl= 00788 and Fr= 0.6

(i) L33 Flow Regime,
=0.1114 and Fr= 0.3005

(iii) VC Flow Regime,
Fl =0.026267 and Fr = 0.6

(b} Turbulent kinctic energy dissipation rate

Contour level: Z- vorticity £-10057

Turbulent dissipution rate  =0,000] m%s’

e 05! 605" = loos?

4 mls’ 10 ms’

16m's' 5 oapmi

(Impeller is moving from lefl to right)

Figure 13. Details of predicted flow characteristics near impeller blades.

(a) Vorticity (z-direction, 10 uniform contours between —100 and 100 s~ ': (i) L33 flow regime, FI = 0.1114 and Fr = 0.3005; (ii) S33 flow
regime, F1 = 0.0788 and Fr = 0.6; (iii) VC flow regime, F1 = 0.026267 and Fr = 0.6. (b) Turbulent Kinetic energy dissipation rate (10
uniform contours between 0 and 20 mz/sz) (1) L33 flow regime, F1 = 0.1114 and Fr = 0.3005; (ii) S33 flow regime, F1 = 0.0788 and Fr =

0.6; (iii) VC flow regime, Fl =
which is available at www.interscience.wiley.com]
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(&) Gas holdup distribution in impeller
discharge stream

(blue = 0,015 .....red = 0.15)

{b) Axial slip velocity distribution in
impeller discharge stream
(blue=00....red = 0.2)

—

ar |

{c) Axial slip velocity distribution in
vessel

(blue =0.0.....red=10.2)

(c) Gas-liquid flows near vessel wall

Slip velocity: blue < 0.0 .....red = 0.2
K-vorticity: blue <-30....red =20
(zas holdup: blue =000 ... red = 0.08

(Tmpeller is moving in anti-clockwise direction)

Figure 14. Details of predicted flow characteristics in
impeller discharge stream and near vessel
wall for L33 flow regime, Fl = 0.1114 and Fr =
0.3005.

(a) Gas holdup distribution in impeller discharge stream; (b)
axial slip velocity distribution in impeller discharge stream;
(c) gas—liquid flows near vessel wall; (d) axial slip velocity
distribution. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

gas bubbles in the lower circulation loop. The predicted results
(see close-up vorticity in Figure 14c) also show the presence of
two small vortices present both behind and in front of the
baffles. These vortices were formed as a result of interaction of
the rotating impeller discharge stream with the stationary baf-
fles. The predicted results show a slight accumulation of the
dispersed gas in these vortices (see the close-up of gas holdup
distribution in Figure 14c). It was observed that the extent of
gas accumulation was found to be greater in the front vortex
compared to the vortex present behind the baffles.

The distributions of the axial slip velocity values at two
different r—z planes are shown in the Figure 14d. The r—
planes have been selected in such a way that the left-hand side
plane is located just behind the impeller blade and the right-
hand side plane is just in front of the impeller blade. It can be
seen from Figure 14d that the slip velocity distribution at the
plane just behind the impeller blade shows the highest values of
slip velocities, in both the upward and the downward direc-
tions, in the regions between sparger and impeller bottom and
just above the impeller region, respectively. However, the
plane just ahead of the impeller blade shows exactly the op-
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posite distribution of the slip velocity values. The left-hand
side variation of slip velocities clearly shows the tendency of
the gas to interact with the trailing vortices present behind the
impeller blades, whereas the slip velocity distribution at the
right-hand side shows the impeller action on the gas—liquid
mixture (pumping the gas-liquid dispersion in upward and
downward directions). The slip velocity distributions at both
planes show an almost uniform value of the slip velocity in the
bulk region of the vessel.

A critical analysis of predicted results indicates that the
agreement between predicted and experimental results is not
very good in the impeller discharge stream. In all three cases
the computational model underpredicted gas holdup in the
impeller discharge stream. In the present work a single bubble
diameter was used to simulate gas—liquid flow in a stirred
vessel. Considering the importance of accurate prediction of
slip velocity, it might be necessary to use appropriate bubble
sizes. The population balance model with appropriate breakage
and coalescence rates (see, for example, Buwa and Ranade?!),
which is able to simulate evolution of bubble size distribution
within the vessel, may lead to better agreement with experi-
mental data. Such a model will require an order of magnitude
more computing resources. Despite some of the deficiencies,
the computational model developed in this work was able to
simulate observed gas holdup distribution for the three distinct
flow regimes for the first time. The model was also shown to
capture correct trends in accumulation of gas behind the im-
peller blades and reduction in power dissipation in the presence
of gas. The obtained results will provide a useful basis for
extending the computational models for different applications
such as mixing in gas-liquid stirred reactors.

Conclusions

The preliminary simulations of gas-liquid flows in a stirred
vessel highlighted the importance of correct modeling of inter-
phase drag force. A CFD-based two-dimensional model prob-
lem was then developed to understand the influence of free
stream turbulence and the presence of neighboring bubbles on
the bubble drag coefficient. The two-fluid model, along with
the standard k—& model of turbulence, was then developed to
simulate gas—liquid flows. The model was used to simulate gas
holdup distribution in a stirred vessel operating in VC, S33, and
L33 flow regimes. The predicted results were compared with
the experimental data of Bombac et al.'® The computational
model was then used to examine flow structures around impel-
ler blades for different flow regimes. The key conclusions
based on this study are the following:

(1) Influence of prevailing turbulence on drag coefficient
can be estimated by correlation of Bakker and van den Akkers
and by correlation of Brucato et al.'® with a modified (K =
6.5 X 1076) constant. For both of these correlations, volume-
averaged properties need to be used (turbulent viscosity for the
first case and turbulent energy dissipation rate for the second
case).

(2) The gas holdup distribution in a stirred vessel predicted
with the modified Brucato et al.'® correlation showed better
agreement with the experimental data than other alternatives
considered in this work.

(3) If the influence of turbulence on drag coefficient is
appropriately accounted for, the two-fluid model can reason-
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ably simulate gas holdup distribution for three different flow
regimes (VC, S33, and L33). The computational model based
on modified Brucato correlation overpredicted the total gas
holdup values.

(4) The computational model was able to predict the influ-
ence of gas flow rate/flow regimes on gross impeller charac-
teristics such as pumping number and power number, at least
qualitatively.

(5) The model and simulations were useful to shed some
light on complex flow characteristics of different regions
within the vessel (impeller blades, impeller stream, and near-
wall region). The model was able to capture accumulation of
gas behind the impeller blades, although it was not possible to
simulate formation of gas cavities behind the blades. Further
work on capturing cavity formation is needed by developing a
possible hybrid approach based on the VOF and the Eulerian—
Eulerian approach.
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Notation

A, = flow area, m*
B = impeller blade height, m
C = impeller off-bottom clearance, m
Cp = drag coefficient
C,,, = virtual mass coefficient
d, = bubble diameter, m
D; = impeller diameter, m

d,, = outer diameter of ring sparger, m
Eo = E6tvés number, Eo = g(p, — p,)(d}/0)
f = extra source of turbulent kinetic energy, kg s> m™!
F,, = interphase drag force, N/m?
F\,, = virtual mass force, N/m*
g = acceleration arising from gravity, m/s*
H = vessel height, m
k = turbulent kinetic energy, m?/s*
m = mass flow rate, kg/s
N = impeller rotational speed, rps
Fl = flow number
Fr = Froude number
Np = power number
N, = pumping number
Re, = bubble Reynolds number
P = pressure, N/m?
0, = volumetric gas flow rate, m’/s
r = radial coordinate, m
T = vessel diameter, m
t = time, s
T, = integral timescale of turbulence, s
U = velocity, m/s
Ui, = slip velocity, m/s
V = volume of vessel, m*
X = position vector, m
z = axial coordinate, m

Greek letters

gas volume fraction

shear stress, N/m>

particle relaxation time, s

turbulent kinetic energy dissipation rate, m%/s*
Kolmogorov length scale, m

density, kg/m?

viscosity, kg/ms

6 = tangential coordinate

To >ns 48
Il
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Subscripts
1 = liquid
2 = gas
g = phase number
t = turbulent
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