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Computational Fluid Dynamics Simulation of
Gas-Liquid Phase Stirred Tank
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Abstract—A Computational Fluid Dynamics (CFD) technique
has been applied to simulate the gas-liquid phase in double stirred
tank of Rushton impeller. Eulerian-Eulerian model was adopted to
simulate the multiphase with standard correlation of Schiller and
Naumann for drag co-efficient. The turbulence was modeled by using
standard k-¢ turbulence model. The present CFD model predicts flow
pattern, local gas hold-up, and local specific area. It also predicts
local kLa (mass transfer rate) for single impeller. The predicted
results were compared with experimental and CFD results of
published literature. The predicted results are slightly over predicted
with the experimental results; however, it is in reasonable agreement
with other simulated results of published literature.

Keywords—Eulerian-Eulerian, gas-hold up, gas-liquid phase,
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I. INTRODUCTION

AS-LIQUID vessels are widely used in several process

industries to carry out various gas-liquid reactions. The
characteristic of fluid dynamics in gas-liquid phases is
generally understood through the mechanism of interaction
between these two phases in terms of gas hold up, interfacial
specific area and mass transfer. Studies based on gas-liquid
phase in stirred tank were done by several researchers like [1]-
[7]. Multiple impellers are often used in industrial applications
to increase the efficiency of mixing in an agitated tank
because the ratio between liquid height and tank diameter is
usually larger than unity. The design and scale-up of these
reactors generally depend on the quantification of the
hydrodynamics and transport characteristics of the system that
are mainly dependent on the way dispersed phase is dispersed
throughout the tank [8]. In literature, the hydrodynamics of
transport characteristic in stirred tank are successfully
predicted using CFD. It is an effective tool in modelling of
fluid related systems. In this technique, various multiphase
models are available, however, in literature, Eulerian-Eulerian
model is the most successfully and commonly used model
without incorporating the distributions of bubbles [5], [6], [9]-
[11]. In this study, double Rushton impeller is being studied in
gas-liquid phase taking constant bubble diameter with
Eulerian-Eulerian multiphase model. This study predicts local
gas hold up, local interfacial area and mass transfer and
compared with published literature.
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II. NUMERICAL MODEL
The details of numerical equations and techniques involved
in CFD simulation will be presented in this section.
A. Governing Equations

Eulerian-Eulerian multiphase model is used to simulate the
hydrodynamics of flow in this study. The phases (continuous
and disperse) are treated as interpenetrating media identified
by their local volume fractions. The volume fractions sum to
unity and are calculated by using continuity equation. The
Reynolds averaged mass and momentum balance equations
are solved for each of the phases and are given as follows:

Continuity equation:

%(“ipi)+v~(aipiui):0 M
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where, p;, ; and Ui are density, volume fraction and

mean velocity, respectively, of phase i (I or ).
Momentum equation:

g(aipiui )+V'(a‘p‘0iui ) =-a,Vp+ V.5 +R+F+apg ©)

where, p is the pressure shared by the two phases and F\ﬂ)i is

the inter-phase momentum exchange terms. F, , represents the

Coriolis and centrifugal forces applies in MRF (multiple
reference frame) impeller model which is used in this study as
impeller model.
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where, N; is angular velocity (rad ') and I is position
vector (m).
The Reynolds stress tensor 7 is the laminar and turbulent

stresses and by Boussinesq hypothesis, it is given as

Tn = (:ulam,i + 4 )(Vui +V0i)_§ai (pi k; +(:ulam,i + Ay )V'Ui )IZ
(5)
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HMy,miand g4, are laminar and turbulent viscosity for phase

i ki is turbulent kinetic energy for phase i and | is unit tensor.

B. Turbulence Model Equations

Standard k-e turbulence model is adequate for many
engineering applications [12] and is used in this study with
dispersed k-¢ multiphase turbulence model to simulate the gas-
liquid phase flow as gas (secondary phase) is dispersed in
continuous liquid (primary phase). The governing equations of
turbulent kinetic energy, k and turbulent dissipation rate, ¢, are
solved only for liquid phase as

Oy

0 T t
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Turbulent liquid viscosity is given as

k2
My = P C,, j ®
|

le is the rate of production of turbulent kinetic energy. Hkl
and [ 4 represent the influence of the dispersed phase on the

continuous phase [13]. C# s C,C ,C C3‘c , 0, and O, are

2¢
constants of standard k-¢ model. Their values are 0.09, 1.44,
1.92, 1.2, 1.0 and 1.3 respectively.

C. Inter-Phase Momentum Exchange

Inter-phase force comprises of lift force, virtual force and
drag force. Drag force is the most important inter-phase force
acting on the bubbles resulting from the mean relative velocity
between the two phases and an additional contribution
resulting from turbulent fluctuations in the volume fraction
due to averaging of momentum equations [14]. In this study,
only drag force is considered as in many studies it has been
neglected because of its less significance in phase interaction

[81, [10], [15]. Hence, ﬁi from (3) reduced only to drag force

as
R =-R,=K(,-U,) ©)
K is the liquid-gas exchange co-efficient given as

3 Coli
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dy is the bubble diameter and CD is the drag co-efficient

defined as function of relative Reynolds number, Rep:

:pl‘Ug —L]l‘d

Re (11)

P H

Drag co-efficient is calculated using standard correlation of
[16] which is written as

0.687
. _ 24(1+0.15Re?*7) 12)
° Re

p

for RepSIOO0.0 or 0.44 for Rep>1000.0 . This

correlation is applied for still water which is not realistic
because bubble moves in turbulent flows; hence a modified
drag force was used by [17] considering the effects of
turbulence. It is based on a modified viscosity term in the
relative Reynolds number [1] and is given as

_ el ‘Ug —U,‘d
H +C:ut,l

Re, (13)
Cissetto 0.3 by [17].

D. Mass Transfer Model

Mass transfer co-efficient, ki, suggested by [18], [19] based
on [20] theory of isotropic turbulence is given as

0.25
k=K D[gj (14)
VI
where, D; is the diffusion co-efficient and & is the turbulent
dissipation rate in the liquid phase; V| is the liquid dynamic

viscosity and K=0.4 is model constants. And volumetric mass
transfer co-efficient is given as

0.25
k.a=K D,O'S[g'] a 15)

Y|

a is interfacial specific area and is a function of local gas
volume fraction and bubble diameter; given as

2 (16)

E. Numerical Techniques

Fluent 6.3 is used in this study. MRF impeller model with
pressure based implicit steady solver is used. First order
differencing discretization scheme is used to solve the
equations of flow, volume fraction and turbulence. Solution is
considered as converged when the volume fraction has no
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significant changes after certain iterations and is achieved
when residuals fell nearly below 1073.

III. SOLUTION DOMAIN AND BOUNDARY CONDITIONS

The tank geometry and generated grid (unstructured) is
shown in Fig. 1. Double Rushton impeller (diameter,
d=0.0973) is provided at clear off distances of 0.146 m and
0.438 m from the tank bottom. Stirred tank (T=0.292) is filled
with water up to the height of 0.584 m. Impeller is rotated at
450 rpm speed. Gas is supplied at the rate of 1.67x10* m%/s
through ring sparger which is kept below the impeller as an
inlet boundary condition. Gas volume fraction of 1 is provided
at sparger inlet. Diameter of bubble is taken as 0.0023m. No
slip conditions are applied at all the walls and shaft. Symmetry
condition at free surface is used in the simulation.

Single impeller of Rushton and CD-6 impeller is used for
the simulation of mass transfer co-efficient and Table I shows
its geometrical detail.

TABLEI
GEOMETRICAL DIMENSIONS OF SINGLE RUSHTON AND CD-6 IMPELLER

IV. RESULT AND DISCUSSION

The simulated gas-liquid velocity, its gas hold up, specific
area and mass transfer co-efficient comparing with other
published literature will be presented in this section.

A. Flow Pattern in Gas-Liquid Flow

The performance and designing of stirred tank reactors
directly relates with the efficiency in mixing which is defined
by hydrodynamics (flow velocity) and mass transfer
characteristics (volumetric mass transfer rate, gas hold up,
specific area, etc.). The vectors of mean velocity for water and
gas are shown in Fig. 2. The magnitude of velocity is higher at
the impeller discharge region in water and gas phase, however,
gas velocity is observed significantly higher from the water
velocity. There is no effect of sparger is observed in velocity,
it is apparently due to small diameter of sparger, even though,
the design of sparger is not objective of this study.

B. Local Gas Hold Up

Gas hold up is fundamental parameter in describing the
mixing behavior, fluid dynamics and oxygen mass transfer

Impell T D Speed, N Gasflowrate, Bubblediameter,  characteristics of aerated vessels and the gas-liquid volumetric
P ) m) (apm) v, (ms) ds (mm) : :
. L mass transfer coefficient (KLa) depends on gas hold-up in gas
Rushton  0.63  0.21 390 0.0074 53 . .- Lo
sparged, non-agitated fermenter [21]. As such, it is crucial in
CD-6 0.63 0.21 390 0.0074 53 ) . . .
the proper design and scale-up of in aerobic fermentation
processes.
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Fig. 1 Solution Domain (tank geometry) and mesh generated for double impeller
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Fig. 3 Comparison of local gas hold up between experimental data of Alves et al.
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Fig. 2 Vectors of mean velocity (m/s) for (a) water and (b) gas
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Fig. 4 Axial variation of local gas hold up at different radial
positions, (a) r=0.024m (b) r=0.07775m and (c) r=0.1315m

The comparisons of simulated local gas hold-up with
experimental results measured at various locations are
presented in Fig. 3. The predicted point wise gas hold-up at
different spatial point (Fig. 3) is under-predicted at near the
impeller region and over-predicted outside impeller region but
it is in reasonable agreement with other simulated results and
is close to the results of [8] Inhomogeneous model. In Figs. 4
(a)-(c); gas hold-up is observed higher at both the impeller
region in all the simulated results of present study and
published literature. The magnitude of gas hold-up is predicted
higher at the upper impeller tip than the lower impeller. The
predicted result is under-predicted from the experimental
result; however, it is reasonable agreement with other
simulated results.

C. Local Specific Area

Interfacial specific area of gas is an important parameter to
be analyzed for understanding the interfacial phenomena
between gas-liquid phases and its comparison of predicted
results with experimental and other simulated published
literature at different radial distance is shown in Figs. 5 (a)-(c).
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Fig. 5 Comparison of predicted local specific area, a (m-1) with
experimental and simulated results of published literature at different
radial positions (a) r=0.024m (b) r=0.07775m and (c) r=0.1315m
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In Fig. 5, predicted local specific area is observed higher at
impeller region and over-predicted from the experimental
results, however, it is close to the simulated results of
homogeneous model of [8].
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Fig. 6 Comparison of volumetric mass transfer co-efficient (KLa) of (a) Rushton and (b) CD-6 impeller at 3 secs of gas flow rate 0.0074m/s
with (c) [23] simulated result of Rushton impeller

D.Mass Transfer Coefficient (K a)

The volumetric mass transfer coefficient is the most
influential multiphase characteristic in gas-liquid phase for the
better performance of any system. The mass transfer produce
by different types of impeller is an important parameter to be
understood. Most studies were performed on standard impeller
like Rushton impeller which has straight blade and its
multiphase characteristics is well known, however, other type
of impeller like concave blade like CD-6 impeller which is
adopted in this study does not have enough studies and hence,
its multiphase characteristics is always unknown. But
fortunately, some few studies were carried out on the study of
CD-6 impeller by [22] and [23]. Due to the variation in the
impeller type in its shape particularly, the multiphase
characteristic including mass transfer also significantly varies

and such type of studies were performed by [23] on Rushton
and CD-6 impeller. The comparison of volumetric mass
transfer coefficient of Rushton and CD-6 impeller is presented
in Fig. 6. This particular simulation was performed on
unsteady time step to understand the variation of mass transfer
with time where air is continuously supplied through sparger.
Volumetric mass transfer co-efficient of CD-6 impeller is
observed higher than the Rushton impeller which is similar
results of [23] and [22]. This is because of the fact that due to
the concave nature of CD-6 impeller pumps the fluid slightly
downward around the impeller discharge region while
Rushton impeller pumps slightly upward leading to the poor
circulation of fluids in the lower region. The mass transfer in
both the cases is observed higher near the impeller discharge
region upwards to the central part of impeller where the shaft
is mounted, at the sparger inlet and on the free surface. This is
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obvious thing that due to continuous rotation of impeller, its
discharge region with its sweep region gets proper circulation
of fluids and due to the formation of vortex, the upward
central part is exposed to atmosphere allowing air to mix with
water and on the free surface, the outer layer of fluid is also
exposed to the atmosphere which increases the tendency of
fluid circulation. The comparison of mass transfer with [23]
result observed some discrepancies this because in the present
study the mass transfer is measured at the initial 3 secs time
under unsteady condition while in [23], it performed under
steady condition measured at fully developed turbulent regime.

V. CONCLUSION

The characteristics of multiphase in terms of gas hold up,
interfacial specific area and mass transfer is predicted at
different axial and radial positions. These results were
compared with experimental results of published literature.
Results were found over-predicted from the experimental
results; however, it is in reasonable agreement with other
simulated published literature. The mass transfer co-efficient
of CD-6 impeller is observed higher than the Rushton impeller.
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