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ABSTRACT

LES of a baffled stirred reactor in the pres-
ence of bubbles is performed. A multi-grid
finite difference code using staggered Cartesian
grid is used. The rotating impeller blades are
modelled by adding source terms to the Navier-
Stokes equations. Euler-Lagrangian approach
is used to simulate the two-phase flow, i.e. bub-
bles are tracked in the turbulent flow field.
The effect of bubbles on the properties of the
continuous phase are investigated. Two-way
coupling simulations with a gas volume frac-
tion of 0.5% are performed and compared to
simulations of single phase liquid flow. The
results show that the presence of bubbles de-
crease the averaged radial and azimuthal liquid
velocity at the blade tip. This result is in agree-
ment with published experimental data. Also,
when the two-way coupling effect is taken into
account, the trailing vortices of the blade are
decreased in strength.

INTRODUCTION

Stirred reactors are widely used in chemi-
cal and biochemical industries. The role of
the stirrer is to enhance mixing by increased
convective transport on large scales and high
level of turbulence for small scale mixing. The
flow structure of the stirred reactor is com-
plex, in the vicinity of the impeller the flow
is highly turbulent and the structure is very
much like a radial swirling jet, when studied
in a fixed frame of reference. There is how-
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ever a strong periodic behaviour closely associ-
ated with the flow close to the impeller blades.
A pair of trailing vortices originating behind
these blades are responsible for the periodic
fluctuations (van’t Riet and Smith, 1975). Fur-
ther away from the impeller the flow is domi-
nated by large scale slowly varying structures
(Stahl-Wernersson and Triagardh, 1999).
When simulating flows in stirred reactors
one has not only to consider how to model tur-
bulence but also how to describe the motion of
the turbine blades. Methods for this can be di-
vided into two major groups depending on the
grid structure used. One may consider using
a combination of moving and stationary grids,
i.e. the reactor is described on a stationary grid
and a rotating grid is attached to the impeller.
However, in conjunction with LES on a Carte-
sian grid it is more feasible to use a stationary
grid approach. Although, the boundary condi-
tions becomes more complex. A suitable way
to represent the effect of the turbine on the
fluid is to add source terms to the momentum
equations at the positions where the blades are
located and moving the sources along with the
turbine rotation. This approach has been used
successfully together with LES in the studies
by Eggels (1996), Derksen and van den Akker
(1999) and Revstedt et al. (1998), (2000).
Most of the simulation work on stirred ves-
sels has been focused on single phase flows. In
many industrial process, two phase gas-liquid
flows in stirred vessels is encountered. When
the gas phase is introduced into the system,



the flow becomes more complex due to the in-
teraction between the gas and the liquid. This
interaction leads among other things to disper-
sion of to the bubbles as well as changes in the
flow properties of the liquid phase. Experi-
ments, e.g. by Ranade (2000), show that the
presence of the bubbles alters the flow around
the impeller blades. This in turn affects the
distribution of the bubbles.

The attempts to simulate gas-liquid flows
within stirred vessels are relatively few. One-
way coupling (the bubbles are affected by the
flow but the flow is assumed to be unaffected
by the bubble) have been carried out by Bakker
and van den Akker (1992). They use de-
tailed single-phase flow simulations to track
the movement of bubbles in gas-liquid vessels.
Gosman et al. (1992) have used a complete
two-fluid model to simulate gas-liquid flow in
stirred vessels. Ranade and van den Akker
(1994) have proposed a computational snap-
shot approach to simulate flow around im-
peller blades, which they applied for the sim-
ulation of gas-liquid stirred vessels. Friberg
and Hjertager (1998), (1999) used an Eulerian
two-fluid model to study gas-liquid flow in a
industrial size stirred reactor.

In this work, Large Eddy Simulation is
extended for handling of gas-liquid flows
in stirred vessels. Under the assumption
of low bubble volume fraction, the bubbles
are tracked in the three-dimensional time-
dependent flow field that is generated by LES,
with reasonable computational effort. The aim
of the present paper is to give a qualitative pic-
ture of how the presence of a gas phase alters
the liquid flow in a stirred reactor.

GOVERNING EQUATIONS

LES is based on spatial filtering of the equa-
tions of motion. The space filtering of a func-
tion is defined as
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Where ¢ is an arbitrary function and G is a
filter function. The space filtered incompress-
ible Naiver-Stokes equations can be written as:
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where F; and Fj, are source terms from the
impeller and the bubbles, respectively. 7;; is
the Sub Grid Scale (SGS) stress tensor,which
reflects the effect of unresolved scales on the
resolved scales and has to be to be modelled.
In this work, no explicit SGS model is applied
(so called ”implicit” SGS model). Of course,
the implicit type of SGS model is appropriate
only with adequately fine spatial resolution,
i.e. such that the spatial resolution lies in
the inertial subrange of the Kolmogorov energy
cascade (c.f. Gullbrand et al. (1998)).

Lagrangian Particle Tracking (LPT) is per-
formed to track individual bubbles in the three
dimensional time dependent flow field that is
generated by LES. The resulting force on each
bubble may be decomposed into several contri-
butions with different physical interpretation.
Neglecting the Basset history force we get for
a bubble with mass m,;, and velocity v:
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The right hand side of equation (5) includes
a decomposition of the forces that act on the
bubble. These are, the buoyancy, the pressure,
the added mass and the drag.

In the drag term, a coefficient ’f ’ is used to
modify the drag force to be applicable for high
Reynolds numbers. For spherical particles with
particle Reynolds numbers below 1000, f can
be approximated by an empirical correlation:

f=1+0.15Rey®" (6)

Where Re, is the bubble Reynolds num-
ber based on its relative velocity magnitude
| @, |=| ¥ — & |and bubble diameter d:
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In the momentum equation of the continu-
ous phase, a source term appears which is the
force exerted by the bubbles on the continuous
phase. This is consequence of two-way cou-
pling. When one-way coupling is considered,
this terms, is of course taken to be zero.

Re, (7)

NUMERICAL METHOD

The spatial discretization of the governing
equations is performed on a Cartesian stag-
gered grid. The momentum and continuity
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equations are discretized using finite differ-
ences. A third order accurate upwind scheme
(Kawamura and Kuwahara, 1984) is used for
the convective terms and fourth order central
scheme is used for the diffusive terms (Fuchs,
1984). The high-order schemes are not used
directly in the approximation of the filtered
equations since it may lead to a less robust
solver. Instead, first a lower order scheme (first
order for convective terms and second order
for the others) to approximate the equations
is used, then the high order terms are intro-
duced as a ’single-step’ defect correction to the
lower order scheme (Fuchs, 1984). This ap-
proach takes advantage of both the efficiency
of lower order schemes and the better accuracy
of the higher order schemes. For smooth prob-
lems, this correction procedure is adequate to
maintain the theoretical accuracy of the high
order schemes. The time integration is done
by a three-level implicit scheme. In each time
step, the system of equations are solved us-
ing a multi-grid solver. The pressure-velocity
coupling is handled by the Distributed Gauss-
Seidel (DGS) method.

The equation of motion of the bubble is inte-
grated by a second order Runge-Kutta scheme.
In each time step, after the convergence of the
flow field, the flow properties are interpolated
to the bubble position. The forces on the bub-
bles are then calculated using the properties of
the flow and the bubbles. The force informa-
tion is used to update the bubble velocity and
position. At every 5 time steps, the bubble ve-
locity and position are recorded so as to collect
samples for computing the statistical proper-
ties of the flow (such as velocity, void fraction,
fluid-bubble velocity correlation).

SIMULATIONS

Simulations geometry and studied cases

The simulations are done on a water-filled
cylindrical tank with two six-bladed Rushton
impellers centred radially. The geometrical
set-up and the coordinate system are shown
in Figure 1. Bubbles are released at rest from
small holes in a ring centred at the bottom of
the tank. The diameter of the ring that used
to introduce the bubbles is D/4,. The turbine
speed is 300 rpm, corresponding to a Reynolds
number of around 50,000.

In the simulations, three global grids and
two locally refined grids around the position of
each impeller are used. The finest global grid
had 90 x 42 x 42 nodes were and the finest local
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level had 26 x 74 x 74 nodes.

Boundary conditions

The effects of the rotating impellers on the
flow field are modelled by adding source terms
to the momentum equations. The magnitude
of these source terms is determined based on
local velocity conditions (Revstedt and Fuchs,
2001). The impeller blades are thin and de-
scribed as having sub-grid thickness. The
implications of this are further discussed by
Revstedt et al. (2000). No-slip conditions are
set on the tank walls and on the baffles. The
hubs and shaft of the Rushton turbine are ne-
glected.

RESULTS

The Rushton impeller consists of a circular
disc with six rectangular blades that will dis-
charge the flow in the radial direction. The
typical time averaged flow field of single-phase
liquid flow using two Rushton impellers is
shown in Figure 2. A pair of toroidal vortices
are created for each impeller, recirculating the
flow to the impeller region. As can be seen
there is no mean mass transfer between the
recirculation region for each impeller, this is of-
ten referred to as comparmentization. In this
particular configuration it can be noted that in
a fairly large volume above the upper impeller
the flow is almost stagnant. If gas bubbles
are introduced the the mean flow pattern will
change somewhat (Figure 3). Two things are
noticeable here, the upper recirculation vortex
of the lower impeller is changed in shape and
at what in the single-phase case was a sharp
boundary between the impeller compartments
there is now a clearly visible mean mass trans-
port upwards. Also, the upper recirculation
vortex of the upper impeller is larger in the
two-phase case and we detect a higher veloc-
ity in the bulk region at the top. Responsible
for these changes in liquid the flow field is, of
course, the motion of the bubbles. Consider-
ing the mean gas velocity field (Figure 4) one
can see that bubbles coming from the sparger
at the bottom will be dispersed radially by the
lower impeller. Some bubbles are then cap-
tured by the lower recirculation vortex, but
most of them will be transported to the upper
impeller. To get more details about the effects
of the bubble on the liquid flow we study the
mean velocity at the centre line of the impeller
discharge. As seen in Figure 5 there is a sub-
stantial decrease in the radial and tangential
velocity components, which is in agreement to



the experimental data by Deen and Hjertager
(1999). This is expected since the discharge
flow is very dependent on the pressure differ-
ence over the blade, which is changed due to
accumulation of gas on the suction side. The
axial velocity is shown for both impellers and,
as can be seen, close to the impeller we get a
positive axial velocity for the two-phase case
due to the bubble rising. However, close to the
wall the velocity is negative, probably due to
that the bubble motion will ”lift” the whole
radial jet.

Since the flow close to the impellers is
strongly periodic it is of interest also to study
the flow relative to the impeller. The angu-
lar resolved average of a function g(7) can be
defined as

N
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where T denotes the period and N is the total
number of samples. Due to spatial symmetry,
the period T is specified as the time it takes
for the impeller to turn 60°. Data was sam-
pled along the positive y-axis at time intervals
corresponding to an impeller movement of 1°.
We hereby obtain data in a cylindrical coordi-
nate system without having to interpolate from
the Cartesian grid. Figure 6 shows the veloc-
ity field relative to the rotating impeller at the
impeller centre plane. The impeller is rotat-
ing anti-clockwise and the blades are located
at "12 o’clock” and at ”2 o’clock”. The major
part of the discharge flow originates from just
behind the blade. It is reported by Stoots and
Calabrese (1995) the maximum radial velocity
at the blade tip radius is at about 20° down-
stream of the blade. Here it is closer which is
an effect of the impeller description. If one in-
stead considers the flow in an axial-tangential
plane within the volume swept by the impeller
see the typical trailing vortices generated by
the impeller blade. In the single phase case
(Figure 7) these vortices are quite symmetri-
cal. However, in the two-phase case (Figure 8)
the structure is different, the vortices are no
longer symmetrical and the boundary between
them is shifted upwards.

CONCLUSIONS

Large Eddy Simulation of turbulent flows
in a stirred reactor is extended to cases where
bubbles are present. Lagrangian particle track-
ing is used to simulate the bubble motions in
the flow field. It can be seen that introducing
a relatively small amount of gas, in this case

0.5% per volume, will have a quite consider-
able influence on the liquid velocity field.
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Figure 1: Schematic view of the computational geometry
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Figure 2: Time averaged velocity field in half of the centre
plane (centre line to the left) for single-phase liquid flow.
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Figure 3: Time averaged liquid velocity field in half of the
centre plane for gas-liquid flow.
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Figure 4: Time averaged bubble velocity field in half of the
centre plane for gas-liquid flow.
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Figure 5: Time averaged liquid velocity in the centre line of
the impeller discharge.

Figure 6: Angular resolved averaged liquid velocity field in
the impeller centre plane (rotation is anti-clockwise).
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Figure 7: Angular resolved averaged velocity field for single-
phase liquid flow in a axial-tangential plane in the volume
swept by the impeller (the blades move from left to right).
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Figure 8: Angular resolved averaged liquid velocity field
for gas-liquid flow in a axial-tangential plane in the volume
swept by the impeller (the blades move from left to right).
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