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Abstract—The computational fluid dynamics (CFD) study of
stirred tank with the air-water interface are carried out in the presence
of different types of the impeller and with or without baffles. A
multiple reference frame (MRF) approach with the volume of fluid
(VOF) method is used to capture the air-water interface. The RANS
(Reynolds Averaged Navier-Stokes) equations with k-¢ turbulence
model are solved to predict the flow behavior of water and air phase
which are treated as a different phases. The predicted results have
shown that the VOF method is able to capture the interface in the
unbaffled tank. While, the VOF method is showing an unfeasible
results in the baffled tank with high rotational impeller speed. For
continuous stirred tank, the air-water interface is disturbed by the
inflow and the level of water is also increased with time.

Keywords—Computational Fluid Dynamics, stirred tank, air-
water interface, multiple reference frame, volume of fluid, Reynolds
Averaged Navier-Stokes equations.

[. INTRODUCTION

TIRRED tank reactors usually contain different types of

baffles, like four flat vertical plates that either mounted on
or offset from the tank wall to avoid vortex formation and the
air entrainment within the reactor. The presence of baffles
enhances mixing process effectively. However, the tanks
without baffles are also important in several tank applications
like crystallization and precipitation, solid-liquid mass
transfer, fermentation, solid suspension and many more. A
huge amount of experimental and computational fluid dynamic
modelling work on the hydrodynamics and mixing in the
baffled tanks agitated mostly by Rushton turbines and also
other agitators types has been reported in the literature. But, a
very limited number of experimental and computational
studies have been carried out in the unbaffled tanks [1].
Nagata [2] determined velocity profiles in a flat bottom
unbaffled cylindrical tank with co-axial turbine agitator. The
Reynolds number used to carry out the experiment was in the
order of 105. In most experimental studies, the top liquid
surface was covered with a lid to avoid vortex formation and
air entrainment.

Numerical simulations of turbulent free surface flows in the
unbaffled tanks are scant. Ciofalo et al. [3] developed an
iterative method to determine the vortex shape. The technique
involved with an initial guess of the free surface profile, which
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assumed as a flat. The free surface profile used to generate
body fitted computational mesh. The flow field and surface
pressure using different RANS turbulence models were
calculated on the generated body fitted mesh. The surface
pressure used to compute the new shape of the liquid surface.
The method is computationally inexpedient as it requires a
generation of the new mesh for the next iteration. Hence, the
use of VOF method for capturing gas-liquid interface is more
convenient option. The VOF method for CFD was first applied
by Serra et al. [4] to simulate flows with wavy free surface in
the baffled tanks.

Haque et al. [5] coupled VOF method with a homogeneous
multiphase CFD model. It was used first time to simulate
turbulent flows with a liquid surface in the unbaffled tank,
which is agitated by a paddle impeller and Rushton turbine.
The predicted vortex profiles generated by both impellers
using the free surface models were compared with the
experimentally determined profiles by Nagata [2] and Ciofalo
et al. [3]. Torre et al. [6] used Eulerian-Eulerian multiphase
approach with VOF method along with k-¢ and Reynolds
Stress Transport (RST) turbulence models to capture the
vortex shape and the air entrainment. The simulation was done
in a partially baffled tank agitated by a retreat curve blade
impeller. The numerical prediction of the free surface shape
was in good agreement with experimental data. Lamarque et
al. [7] simulated a complex turbulent free surface flow in an
unbaffled mixing tank using Large-eddy Simulation. The free
surface vortex generation was captured using a front tracking
method. The fluid was agitated by a magnetic rod in place of a
classical mixing device such as paddle or propeller impellers.

The objective of this study is to simulate mixing tank with
different types of impellers at different axial position, and
capture the interface between air and water phase. The
computed values of the vortex height are compared with the
theoretically computed values [8]. The simulation of vortex
formation study in continuous stirred tank reactor is also
carried out to see the evolution of vortex height with time.

II. NUMERICAL DETAILS

A. Geometry Specification

A flat bottom unbaffled stirred tank is taken for the
computational simulation of air-water multiphase system. The
density and viscosity of water used for simulation are 998.2
kg/m® and 0.001 kg/m's respectively. Similarly for air the
density is 1.225 kg/m® and viscosity is 1.785x10™ kg/m's. The
diameter (D) of tank is 0.2m. The height of tank is extended to
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1.5D in order to give a sufficient space for the elevation of
water along the tank wall surface. Two different types of
impeller, Rushton turbine and paddle impeller are used for
stirring the water. The diameter of both the impellers (d,,) is
D/3.Two different positions; D/3 and D/4 are used to mount
the impeller above the bottom surface of stirred tank. The
computational domain of the stirred tank is discretized using
an unstructured mesh consisting of near about 200000
tetrahedral elements (Fig. 1). At rest position the height of
liquid is maintained at 0.2m above the bottom of tank.

(a) (b)
Fig. 1 (a) computational tank domain, (b) computational mesh

B. Governing Equations and Solution Procedure

The general conservation of mass or continuity equation can
be written as follows [9],

‘Z—’;+V.(p5)=0 M
o

where, v is the velocity vectors.

The VOF formulation in ANSYS FLUENT is usually used
to calculate a time-dependent solution. But for the problems
with a steady-state solution, it is possible to carry out a steady-
state calculation, provided a solution is independent of initial
guess. In case of vortex formation system with liquid-gas
interface, the solution depends on the initial liquid height and
hence transient solution method should be chosen [9].

The VOF formulation depends on the fact that two or more
phases are not interpenetrating. For each control volume, the
volume fractions of all phases must be total to unity. The fields
for all variables and properties are shared by the phases and
represent volume-averaged values, providing that the volume
fraction of all the phases is well-known at every location.
Thus, the variables and properties in any known cell are either
only characteristic of one of the phases or a mixture of the
phases, as it depends upon the volume fraction values. In

different words, if the qth fluid's volume fraction within the
cell is indicated as a g then the following three conditions are
possible [9]:

g =0 The cell is empty (of the g™ fluid).

a, =1: The cell is full (of the ¢ fluid).

0<a, <l The cell contained interface between the q”’

fluid and one or more other fluid.
Based on the local value of o, , the appropriate properties and

variables is assigned to each control volume within the
computational domain.

The tracking of the interface between the phases is done by
the solution of a continuity equation for the volume fraction of

one or more of the phases. For the q”’ (fluid’s volume fraction)

phase, the equation is written as [9]

plq{;(“‘ipfi)*V'(“qPq;q) Sag * pfl[rhpqm;,pﬂ ©

where is the mass transfer from phase ¢ to phase pand

s mgp
mpq 18 the rate of mass transfer from phase p to phase ¢ . By
default, the source term on the right-hand side of equation,
Saq , is zero, but can specify a constant or user-defined mass

source for each phase.

The volume fraction equation will not be solved for the
primary phase; the primary-phase volume fraction will be
computed based on the following constraint:

iaqzl (3)

p=l

The properties appearing in the transport equations are
determined by the presence of the component phases in each
control volume. In a two-phase system, for example, if the
phases are represented by the subscripts 1 and 2, and the
mixture density in each cell is given by [9]

p=aypy+(1-a3)py @)

In general, for n phase system, the volume-fraction-
averaged density takes on the following form:

p=Xagp, ®)

All other properties (e.g., viscosity) are also computed in this
manner.

A single momentum equation is solved throughout the
computational domain, and the resulting velocity field is
shared among the phases. The momentum equation, shown
below, is dependent on the volume fractions of all phases
through the properties p and u [9],

g(pa)w.(paa):7vp+v.[ﬂ(v5+v57)]+ pE+F (6)

where, p is the static pressure, g and F are the gravitational

body force and external body forces respectively.

1471



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:8, No:12, 2014

The turbulence kinetic energy, &, and its rate of dissipation,
&, are predicted by the equations [9],

Ok

%(pk)JrV-(pkﬁ):V-l:[ﬂ+ﬂjV~k:|+Gk7p£ 0

and

2
E(ps)+v~(pe\7)zv~ w2 |+ 0 L6, - Cpp ®)
o v, k x

where G, represents generation of turbulent kinetic energy and
the model constant have the following default values,

G, =1.44,C,, =1.92,C, =0.09,5, =1.0,0, =1.3 (9)

The unbaffled stirred tank is modelled using a multiple
reference frame (MRF) and VOF method for capturing the air-
water interface. In MRF approach, the impeller and shaft are
kept stationary while the tank wall and bottom surface are
assigned an angular velocity which is equal and opposite of the
impeller rotational speed. No-slip boundary condition is
applied to all solid walls. At the top wall of the tank, zero-
shear boundary condition is used. The Reynolds Averaged
Navier-Stokes (RANS) equations are solved to obtain the
velocity flow field inside the tank. The realizable k-¢
turbulence model with a standard wall function is used to
resolve the turbulence created by a moving impeller. The PISO
algorithm is used for coupling the pressure and velocity. For
the simulations which are carried out using the transient solver,
the implicit first order scheme in time and the second order
upwind difference scheme for convective and turbulent terms
are used. The convergence criteria for all discretized terms are
set to the order of 107,

III. RESULTS AND DISCUSSION

The simulation is carried out at four different impeller
rotational speeds, 100, 200, 300 and 400 rpm. The impeller
Reynolds number for each rotational speed is in the turbulent
region. The contours of the water phase in Figs. 2 and 3 show
the predicted profiles of air-water interface obtained using
VOF method in the stirred tanks for both Rushton turbine and
paddle impeller with bottom clearance of D/3. The figures
show that as the rotating speed of impeller increases, the depth
of air-water interface also increases. At impeller rotational
speed of 400 rpm, the air-water interface level is well below
the impeller mounting position. Table I draws the comparison
of theoretical vortex height with the predicted air-water
interface from the simulation. The theoretical vortex height is
taken from literature [8]. The predicted air-water interface is
calculated by subtracting the final position of the interface
from the initial position that is 0.2m.

100e+0(

000240

© (d)

Fig. 2 Predicted air-water interface in stirred tank agitated by
Rushton turbine with bottom clearance of D/3, (a) 100rpm, (b) 200
rpm, (¢) 300 rpm, (d) 400 rpm

@ (b)
(© (d)

Fig. 3 Predicted air-water interface in stirred tank agitated by Paddle
impeller at bottom clearance of D/3, (a) 100rpm, (b) 200 rpm, (c) 300
rpm, (d) 400 rpm
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TABLE I
COMPARISON OF AIR-WATER INTERFACE HEIGHT BETWEEN THEORETICAL
AND PREDICTED VALUES WITH IMPELLER CLEARANCE D/3

Impel'ler Theoretical vortex Predicted air—waterA interface_ value at
Rotation height value [8] clearance P/S of impeller (11-1 mm)
(RPM) Rushton turbine Paddle impeller
100 4.12 9.1 10.1
200 16.48 50.4 50.8
300 37.08 106.3 106.3
400 65.93 152.7 156.7

Figs. 4 and 5 show the predicted profiles of air-water
interface for both types of impeller Rushton turbine and paddle
impeller with bottom clearance of D/4 for impeller rotational
speed ranging from 100 to 400 rpm. The comparison of
theoretical vortex height with the predicted air- water interface
for the impeller with bottom clearance of D/4 can be seen in
Table IT

1.008+0C

(a) (b)

1.006+0C

(© (d)

Fig. 4 Predicted air-water interface in stirred tank agitated by
Rushton turbine at bottom clearance of D/4
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Fig. 5 Predicted air-water interface in stirred tank agitated by Paddle
impeller at bottom clearance of D/4

TABLE II
COMPARISON OF AIR-WATER INTERFACE HEIGHT BETWEEN THEORETICAL
AND PREDICTED VALUES WITH IMPELLER CLEARANCE D/4

Impeller ~ Theoretical vortex Predicted air-water interface value at
Rotation height value [8] clearance D/4 of impeller (in mm)
(RPM) (in mm) Rushton turbine Paddle impeller

100 4.36 12.7 11.9

200 17.44 54.3 53.5

300 39.26 116.2 122.7

400 69.79 148.7 161.4

From both Tables I and II, it is clear that the predicted
values of air-water interface by VOF method is found very
large compared to the theoretical values of it. The values
predicted are almost double the theoretical values.

The velocity vector plots for both Rushton and paddle
impellers at different rotational speed of impeller with bottom
clearance of D/3 are shown in Figs. 6 and 7. The vector planes
are shown at the impeller disk level that is at D/3 distance from
the bottom tank wall. The same natures of velocity vector
profiles are obtained for the impeller with bottom clearance of
D/4. 1t is observed in Figs. 6 and 7 that water is set to a
circulatory motion due to rotation of impeller in the absence of
baffles in the tank. The velocity magnitude increases with the
increasing rotational speed of the impeller. The highest
magnitude of the velocity is found near to the tank wall. This is
because of the simulation strategy adapted to solve the
problem where the impeller and shaft are kept constant and the
wall of the tank is assigned to angular rotation speed.
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Fig. 6 Velocity vector plots for Rushton turbine mounted at
clearance of D/3, (a) 100rpm, (b) 400 rpm
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Fig. 7 Velocity vector plots for paddle impeller mounted at
clearance of D/3, (a) 100rpm, (b) 400 rpm

The air-water interface in continuous unbaffled stirred tank
with the Rushton turbine mounted at clearance of D/3 is also
shown in Fig. 8. It represents the effect of the inlet flow on the
air-water interface. The diameter of inlet and outlet pipe is
taken as 0.01m. The inlet pipe is mounted at height of 0.22m
above the bottom surface of the tank, and outlet pipe is
mounted near the bottom of the tank. The tank is simulated till
a steady state with inlet and outlet flow equal to zero. This is
considered as the time equal to zero. The vortex is formed at
steady state, and then inlet flow rate with 0.5 m/s velocity
starts to flow. Figs. 8 (b) and (c) show the effect of inlet flow
on the interface at time 5 sec and 10 sec after the water starts
to flow continuously in the tank. The smooth shape of the
interface is interrupted by the inlet flow. After 10 seconds, the
interface is completely destroyed and the water level is
observed to increase with time.

1.006+0C

5.000-0

0.00e+0cl

(a) At 0 sec (b) at 5 sec

(c) atl0 sec

Fig. 8 Effect of inlet flow on air-water interface in continuous stirred
tank

The air-water interface study is furthermore carried out for
the baffled stirred tank with Rushton turbine mounted at
clearance of D/3. The width of baffle is taken as D/10. The
simulation is carried out using the same strategy as in a case of
the unbaffled stirred tank. Fig. 9 shows the comparison
between the air-water interfaces (in terms of water phase
fraction) formed in a stirred tank in absence and presence of
baffles with impeller rotating at 100 rpm. Fig. 10 depicts the
iso-surface of interface in both stirred tank. The interface
formed in the unbaffled tank is smooth and uniformed in
nature (Fig. 10 (a)). While the interface formed in the baffled

tank showed the little deep level of interface behind each
baffle (Fig. 10 (b)). This might be due to the formation of
secondary circulation behind the baffles. The simulation for
higher rotational speed of the impeller in the baffled tank has
also carried out, but it showed physically an unfeasible results.

(a) Unbaffled tank

(b) Baffled tank

Fig. 9 Comparison of air-water interface in unbaffled and baffled
stirred tank

*

(2) (b)

Fig. 10 Iso-surface comparison of interface in (a) unbaffled tank, (b)
baffled tank showing deep level of interface behind baffle

IV. CONCLUSIONS

The simulation of stirred tank with air-water multiphase
system is done. The air-water interface is captured using
Volume of Fluid (VOF) method. The simulation results are
able to capture the interface in the unbaftled tank. But in the
baffled case with high impeller rotational speed, it showed an
unfeasible result. As the rotational speed of impeller is
increased, the level of the air-water interface is moved towards
the impeller. For impeller speed of 400 rpm, the air-water
interface level is reached well below the impeller position and
the air is entrained into the impeller region. In continuous
stirred tank, the inflow water disturbed the air-water interface
and also the water level is increased with time.
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