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Abstract

In this work, experimental and computational fluid dynamic studies have been carried out for hollow self-inducing three-phase stirred tank
systems. The effect of different impeller designs (hollow self-inducing pitched blade down flow turbines of different blade angles (PBTD30,
PBTD45, PBTD60), and self-inducing modified double disc (MDD) impeller) and operating conditions such as solid loading (0—7 wt. %) and solid
particle size (125-700 wm) have been investigated on critical impeller speed for solid suspension (Ncs), gas induction rate (Qg) and overall gas
hold-up (€g). Computational fluid dynamics model based on the Eulerian multi-fluid approach has been employed along with the standard k-¢
turbulence model. A multiple reference frame (MRF) approach was used to model the impeller rotation. In this study, the multiphase flow has been
simulated using a commercial CFD code, Fluent v6.2.16. A good agreement was found between the CFD predictions and the experimental values

of N, CS-
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Gas inducing impeller involving three phases, is a special
design of a gas—liquid—solid contactor where utilization of the
gas phase is complete. In this equipment, the impeller does three
jobs simultaneously: gas induction, gas dispersion and also solid
suspension. It eliminates the use of either external compressor
(sparged loop reactor) or external pump (jet loop reactor) thus
imparting the advantages of the safety, reliability and economy.
Typical applications of gas inducing contactor include: catalytic
hydrogenations, ammonolysis, oxidation, suspension polymer-
ization, oxidative leaching of ores, waste water treatment, etc.
There are many types of gas-inducing impellers reported in the
literature, such as stator—rotor type and hollow impeller type.
Comprehensive review of this subject has been provided by Pat-
wardhan and Joshi [1]. The present work is concerned with the
hollow impellers which have received less attention [2—4].

In some of these applications, the reaction occurs between a
dissolved gas and a liquid phase reactant in the presence of a
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solid catalyst. In some other cases, the liquid is an inert medium
and the reaction takes place between the dissolved gas and the
solids. Such three-phase sparged stirred reactors have received
wide attention during the past forty years and Kasat and Pandit
[S5]have extensively reviewed this subject. However, three-phase
systems where the impeller does the job of gas induction, gas dis-
persion and also solid suspension, have been scarcely studied in
the literature. On the other hand, the computational fluid dynam-
ics (CFD) approach has attracted intensive attention in recent
years for its capacity for understanding the flow patterns and the
interactions between the gas—liquid and the solid-liquid phases.
However, most of the literature on CFD simulations of flow field
in stirred tanks is limited to single-phase and two-phase flows.
In the case of three-phase systems, the interactions between the
two dispersed phases and the contribution of dispersed phases
on the turbulence of the continuous phase make the numerical
solution of the governing equations more challenging.

The complexity of the flow generated in the system (3D,
recirculating and often turbulent) has compelled the researchers,
designers and the practicing engineers to resort to empirical
approach for the design, scale-up and optimization of the mulit-
phase reactors. In order to reduce existing state of empiricism,
during the past thirty years, an attempt is being made to under-
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Nomenclature

Notations

A empirical constant

Ag cross sectional area of orifice (m2)

B empirical constant

C empirical constant

Cu, Ce1, Cep, Ces3 turbulence model constants

Cp drag coefficient in turbulent liquid

Cpo drag coefficient in still liquid

Cg constant

CL constant

D impeller diameter (m)

dp particle diameter (m)

dg bubble diameter (m)

g acceleration due to gravity (9.8 ms™2)

H liquid height (m)

k turbulent kinetic energy (m?s~2)

Fp drag force per unit area (N m™)

N impeller rotation speed (s 1)

Ncs critical impeller speed for just suspension (rps)

Nsg critical impeller speed for solid suspension in
gas—liquid—solid system (rps)

Px turbulence production (kgm™! s73)

(P) pressure (pa)

Og rate of gas induction m3sh

T tank diameter (m)

(u) average velocity (ms™!)

w height of the impeller blade (m)

z axial co-ordintae direction (m)

Greek letters

€ volume fraction

e turbulent energy dissipated per unit mass (m? s~3)

A Kolomogoroff eddy size (m)

0 density of fluid (kgm™3)

w viscosity (kgm~!s™1)

eff effective viscosity (kg m~ls™h

u gas particle induced viscosity of the liquid phase
(kg m~ls™h

USL solid particle induced viscosity of the liquid phase
(kgm~!s7h)

" turbulent induced viscosity (kgm™!'s™1)

% turbulent Prandtl number for the turbulent kinetic
energy

O¢ turbulent Prandtll number for the dissipation rate

Subscripts

G gas phase

L liquid phase

S solid phase

r radial co-ordinate direction

t turbulent

tip at the tip of the impeller blade

stand the underlying fluid mechanics and its relationship with
the design parameters. In particular, the computational fluid
dynamics (CFD) and the experimental fluid dynamics (EFD)
have led to better understanding of the detailed hydrodynamics
in single-phase flow systems. However, because of even addi-
tional complexities associated with the three-phase systems,
scanty information is available on the CFD simulations as well
as experimental efforts on flow visualization. Therefore, it was
thought desirable to undertake a systematic investigation on the
CFD simulations and some hydrodynamic measurements.

The objective of the present study is to provide experimen-
tal data on critical impeller speed for solid suspension, the rate
of gas induction, and the overall gas hold-up for hollow self-
inducing stirred reactor under different operating conditions and
geometrical conditions. The objective is also to perform CFD
simulations based on the Eulerian—Eulerian multi-fluid approach
to predict the critical impeller speed for solid suspension, corre-
sponding gas induction rate and the overall gas hold-up. Finally,
the experimental data have been compared with the CFD pre-
dictions.

2. Experimental setup

The experimental setup is shown in Fig. 1. The tank geom-
etry employed in this work is a flat bottomed cylindrical tank
(T=H=0.50m) with four equally spaced baffles (b=7/10) and
it is the same as that used by Deshmukh et al. [3]. Two impeller
designs were employed: a hollow self-inducing pitched blade
turbine (see Fig. 2A (D=7/2)) and a six bladed self-inducing
modified double disc impeller (see Fig. 2B) with D=T/3. The
impeller was located at a distance of 7/3 from the tank base. The

q‘_

|(_llr-:‘llllllllﬁb

=

]

/

——
oo™

Fig. 1. Schematic diagram of experimental setup. (1) Inlet for gas induction;
(2) anemometer turbine; (3) stuffing box; (4) thyristor controlled DC motor; (5)
screw jack; (6) anemometer indicator.
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Fig. 2. Hollow impellers used for study. (A) Hollow PBTD impeller, (B) mod-
ified double disk impeller.

shaft and the impeller were hollow. The internal diameter of the
shaft was 30 mm. Impeller rotation speed was measured with
electronic meter having magnetic proximity probe for detect-
ing shaft rotation. The speed could be read with an accuracy of
1 rpm. Critical impeller speed for gas induction was measured
by visually observing the smallest speed when air bubbles were
induced near the impeller. In the case of hollow self-inducing
PBTD, the surface aeration also occurs with gas induction.
For accurate measurement of critical impeller speed, a hori-
zontal baffle was introduced near the gas—liquid interface and
the surface aeration was arrested. The rate of gas induction
was measured using pre-calibrated turbine type anemometer.
The gas flow rate could be measured with an accuracy of 2%.
Due to the intrinsic fluctuations with the gas induction pro-
cess, each flow reading was taken ten times and reported as
an average value. Glass beads of 125, 350 and 700 wm sizes
were used as the solid phase. Solid loading was varied from 0
to 7wt.%. The critical impeller speed required for solid sus-
pension in gas—liquid—solid (Ncs) systems was defined as the
speed at which none of the particles rest on the base of stirred
tank for longer than 2s [6,7]. The measurements of Ncg were
made by visually observing the solid particles on the bottom
by placing a mirror below the tank base which was illumi-
nated.

3. CFD modeling

In the present work, 3D CFD simulations have been per-
formed for the multiphase stirred tank. An Eulerian multi-fluid
model has been adopted to describe the flow behaviour of each
phase. In this model, gas, liquid and solid phases are all treated
as different continua, interpenetrating and interacting with each
other everywhere in the computational domain. Liquid is con-
sidered to be the continuous phase while gas bubbles and solid
particles are considered to be the dispersed phases. In Fluent, the
derivation of the conservation equations for mass and momen-
tum for each of the three phases is done by phase weighted
Favre-averaging [8] the local instantaneous values, and no addi-
tional turbulent dispersion term is introduced into the continuity
equation. The pressure field is assumed to be shared by the
three phases, in proportion to their volume fraction. The motion
of each phase is governed by respective mass and momentum
conservation equations.

The continuity equation for each phase is given by:

0
%w-(mec(um):o )
0
%w-(meum):o @
0
@w-(mes(us)):o 3)

where p is the density, € is the volume fraction, and u is the
velocity vector of each phase.
The momentum balance equation for each phase is:
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where p is the pressure p.fr is the effective viscosity, g is the
gravitational acceleration, and F7 is the interphase momentum
transfer force. The phasic volume fractions satisfy the following
condition:

egteL+es=1 @)
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3.1. Interphase momentum transfer

Interactions between the phases involve various momentum
exchange mechanisms such as the drag, the lift and the added
mass force, etc. However, the contribution of drag force has been
considered while the effect of the other forces has been ignored
[O-11].

The drag force exerted by the dispersed phase on the contin-
uous phase is calculated as:

o 3C

Foia = Z’LG FpL €6 l{ug) — ()| (uG) — () (8)
B

o 3C

Fois = Z’LS pL€s [us) — (ur)| ((us) — (ur)) ©)
p

Where Cp is the drag coefficient and d is the diameter.

The drag coefficient exerted by the gas phase on the liquid
phase is obtained by the modified Brucato drag model [11],
which is as follows:

Cp—C dy\ >
Cp=Cpo _ g6 103 <P) (10)
Cpbo A

The drag coefficient exerted by the solid phase on the liquid
phase is calculated using the drag law proposed by Pinelli et al.
[12], which is as follows.

C 16x 2
PO _odtanh (=2 1) 406 (11)
Cp dp

The drag coefficient in still liquid for the gas—liquid disper-
sion has been predicted using the following the expression.

2.667E0 24
Cpo = 2 ) =21+ 0.15Re2087 12
po max{(Eo—l—4.0> (Reb( +O.I5Re T ) (12)

Whereas, for the solid-liquid dispersion the following
expression has been used.

24
Cpo = (Re(l +0.15 Reg-687)) (13)
p

3.2. Turbulence closure

In the present work, the standard model for single-phase
flows has been extended for the three-phase flows with extra
terms that include interphase turbulent momentum transfer to
take into account the effects of turbulence. Further, it has been
assumed that the turbulence in multiphase stirred tanks is mainly
presented in the continuous phase. It is known from the litera-
ture that both the gas—liquid and liquid—solid two-phase flows
have been successfully simulated by the standard k-¢ turbulence
model with mixture properties to calculate the turbulent viscos-
ity of the mixture. The governing equations for the turbulent
kinetic energy (k) and the energy dissipation rate (g) are given

by:
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Diffusion of momentum in each phase is governed by an
effective viscosity:

Meff,L = ML + Mt L + UG, L + Us.L (16)
Heff,G = UG + Ut,G (17
Meff,S = 1S + Ut,S (18)

Where u is the molecular viscosity, u¢ is the turbulent viscosity
and ug 1, usy are the particle (gas bubble and solid particle)
induced viscosities of the liquid phase. The turbulent viscosity
of the continuous phase is obtained by the k-& model:

k2
ML = C;uoL <8> (19)

The additional particle induced eddy viscosities to the con-
tinuous phase are:

nG,L = CuppL € gda [{ug) — (uL)| (20)
us,L = CuppL € sds |{us) — (ur)| (21)

The turbulent viscosity of the dispersed phase is calculated
using the zero equation model:

PG
Mt,G = —— ML (22)
PL

LS
Mt,S = — Mt L (23)
PL

The values of the constants are the standard ones: C.| = 1.44,
Ce2=192,C,,=0.09,C,,p=0.6,0¢=1.0, 0, =1.3. The value of
the molecular viscosity of solid phase is set to be the same as that
of the water, since its variations do not bring obvious changes
to the simulation results.

4. Method of solution
4.1. Flow field

Steady state simulations were carried out for different types
of impellers, wide range of agitation speeds, solid particle sizes,
and solid loading and induction rates. The details of the reactor
geometry and the operating parameters have been summarized
in Table 1. In this work, all the simulations have been performed
using the commercially available CFD software Fluent v6.2.16.
The set of governing equations are solved by a finite control vol-
ume technique. In the present study, entire geometry has been
considered for the simulations. The multiple reference frame
method has been used for the impeller modeling. For all the
simulations, the boundary of the rotating domain was positioned
at r=0.16 and 0.10 m < z > 0.24 m. Tetrahedral elements were
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Table 1
Geometrical details

Impeller type Impeller diameter (D (m))

Tank diameter (7' (m))

Liquid height (H (m)) Clearance from bottom (C (m))

Hollow PBTD30 0.25 0.5
Hollow PBTD45 0.25 0.5
Hollow PBTD60 0.25 0.5
Double disk impeller 0.17 0.5

0.5 0.17
0.5 0.17
0.5 0.17
0.5 0.17

used for meshing the geometry and a good quality of mesh was
ensured throughout the computational domain using the GAM-
BIT mesh generation tool. As regards to the mesh quality, we
have been restricted to use the tetra mesh element due to the large
number of case studies under consideration and also because of
complex geometry. However, in this study, a very high quality
of mesh (skewness < 0.7) has been ensured throughout the com-
putational domain. The number of grid elements in all the three
directions in the impeller as well as the outer zone were system-
atically increased. When refining the mesh, care was taken to
put most additional mesh element in the regions of high gradi-
ent around the blades and the discharge region. In order to check
the sensitivity of the simulation result on the grid size, the grid
spacing was reduced by a factor of two. Comparison of the two
cases showed that the reduction of the grid size did not gener-
ate a noticeable difference in the simulation results. Therefore,
grid elements in the range of 600,000—700,800 have been used
in all the studies. Regarding boundary conditions, tank walls,
the impeller surfaces and the baffle surfaces have been treated
as no-slip boundary condition and the standard wall functions
have been employed.

In a gas-liquid stirred vessel, there may be a wide distribu-
tion of bubble sizes. The prevailing bubble size distribution in
a gas-liquid stirred vessel is controlled by several parameters
like vessel, impeller design, impeller speed and induction rate.
It is possible to develop a detailed multi-fluid computational
model using the population balance framework to account for
the bubble size distribution. We have developed, applied and
validated such models for gas-liquid flow in bubble columns
[13]. However, use of multi-fluid models based on population
balances increase the computational demands by many fold.
Unfortunately available experimental data of bubble size distri-
bution in stirred vessel is not adequate to calculate the parameters
appearing in coalescence and break-up kernels. Apart from the
uncertainty in parameters of coalescence and break-up kernels,
there is significant uncertainty in estimation of interphase drag
force on gas bubbles in 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
a multi-fluid model for stirred vessels is premature especially
since the experimental data on bubble size distribution is avail-
able in the published literature. However, we have performed
CFD simulations for different fixed bubble sizes, a bubble size
of 3 mm was found to give reasonable agreement with the exper-
imental data of the present work.

At a liquid surface, a small gas zone was added at the free
surface of water, a method that has been reported to dampen
instabilities [14] and only gas is allowed to escape using pres-

sure outlet boundary condition which means top surface being
exposed to atmospheric pressure. It was initially assumed that
the particles were uniformly distributed in the liquid. All terms
of the governing equations are discretised using the QUICK
scheme. The SIMPLE algorithm has been employed for the
pressure-velocity coupling. The convergence criterion (sum of
normalized residuals) was set at 10~% for all the equations. All
the simulations have been simultaneously carried out on the 16
node, 32 processors AMDG64 cluster with a clock speed of 2.4 GH
and 2 GB memory with each node. Total Simulation time for
each case was around 120 h.

4.2. Rate of gas induction

Determination of gas induction rate (Qg) is an important step
in designing the three-phase hollow impeller system. When the
impeller speed is zero, the level of liquid in hollow pipe and in
the vessel is the same (in Deshmukh et al. [3], Fig. 1). As the
impeller speed increases, at any point on the impeller, pressure
reduction occurs due to an increase in the kinetic head accord-
ing to Bernoulli’s equation. At critical impeller speed (Ncg), the
reduction in pressure at the outlet of orifice on each impeller
blade is sufficient to overcome the static head of liquid and
the gas is just induced. The gas induction rate depends on the
pressure driving force (local pressure at the orifice-head space
pressure) generated due to impeller rotation. From the above
discussion it is clear that the local pressure at the orifice is an
important parameter that determines the rate of gas induction.
Once the gas starts to induce into the solid-liquid mixture the
local pressure field itself is altered. This occurs mainly due to
the gas—liquid—solid interactions in the impeller zone.

The present work adopted an iterative method for calcu-
lating the gas induction rate (Murthy et al. [4]). This method
involves carrying out the CFD simulations for the two indepen-
dent geometries, i.e., single-phase simulations for hollow shaft
and impeller together and three-phase simulations for the stirred
tank.

5. Results and discussions
5.1. Two-phase flows

It was thought desirable to confirm the validity of the model
for the two extreme cases of gas—liquid and solid-liquid dis-
persions. For a gas-liquid system, particle image velocimetry
(PIV) data of Aubin et al. [15] have been used for the com-
parison of radial profiles of the mean axial velocity at various
axial locations generated by PBTD45 with D/T'=0.5. The above
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Fig. 3. Comparison between the simulated and experimental profiles of the dimensionless mean axial velocity for PBTD45 at various axial levels. (A) zT'=0.19 m;
(B) T=0.31m; (C) T=0.49 m; (D) z/T=0.65 m: (# ) experimental; (—) CFD predictions.

simulations have been carried out using the modified Brucato
drag model [11] with an appropriate grid resolution. Fig. 3
(z/T=0.19 (A), 0.31 (B), 0.49 (C) and 0.65 (D)) show an
excellent agreement between the predictions and experimental
data. For solid-liquid systems, Pinelli et al. [12] drag model
was used. From Fig. 4A it can be seen that the CFD pre-
dictions of the axial solid concentration profiles are in good
agreement with the experimental measurements of Barresi and
Baldi [16]. The influence of solid particle concentration on
the mean liquid velocity has been studied using CFD and
compared with the experimental data of Angst et al. [17]. It
can be seen in Figs. 4B-D that the present model has pre-
dicted the decrease in the mean liquid velocity (at z/T=0.40)
with an increase in the solid concentration (1, 2 and 3 vol%)
which is in good agreement with the experimentally measured
velocities.

5.2. Gross flow field

The gas—liquid—solid flows generated by self-inducing MDD,
PBTD60, PBTD45 and PBTD30 impellers have been computed
for a solid loading of 3 wt.% (dj, = 125 pm) and for the impeller
speeds (N) above the respective critical speeds for solid suspen-
sion (7, 8, 5 and 4 rps). The predicted liquid—velocity vectors
have been depicted in Fig. SA-D, for all the four impellers. It
can be observed that the present CFD model is able to capture
all the qualitative flow features generated by various impellers.

Fig. 5A shows that, in the case of MDD impeller, similar to
Rushton turbine, the liquid flow leaving the impeller travels in
the radial direction and near the wall, splits into two streams.
Each stream creates a circulation loop, one below and one above
the impeller. Only a part of the energy supplied by the impeller,
which is associated with lower loop, is available in the bottom
region for performing various functions such as solid suspen-
sion. Self-inducing PBTD30 and PBTD45 impellers (Fig. 5B)
generate one circulation loop where the flow leaving the impeller
is downward towards the bottom of the tank, and is directly
available for the suspension. However, in case of self-inducing
PBTDG60, the radial jet leaves with a certain angle with respect to
impeller horizontal plane and near the vessel side wall (below the
impeller (7/4 from bottom)) splits into two streams. Each stream
creates a circulation loop, one below and one above the impeller.
Only a part of the energy supplied by the impeller, which is
associated with lower loop, is available in the bottom region for
performing solid suspension. Therefore, the length of the lig-
uid path and the number of direction changes are greater in the
case of self-inducing PBTD60 and MDD as compared that for
self-inducing PBTD45 and PBTD30 flow. As aresult, the energy
associated with the self-inducing PBTD45 and PBTD30 flow (in
the bottom region) is much higher than the PBTD60 and MDD
flow and hence the turbulence intensity for the self-inducing
PBTD45 and PBTD30 impeller is also relatively high. There-
fore, in the present case, self-inducing PBTD45 and PBTD30
impellers are relatively more efficient for solid suspension under



338 B.N. Murthy et al. / Chemical Engineering Journal 141 (2008) 332-345

1.0 & >

(A)
08
0.6

0.4 4

0.2 A

0.0 T T
0.0 0.5 1.0 1.5

0.4

©

0.3

0.2

0.1+

0

-0.14

VELOCITY, W/Uyp (=)

-0.24

DIMENSIONLESS MEAN AXIAL

-0.3

NORMALISED RADIAL COORDINATE,
/R ()

B 03
z (B)
e 0.2 1

L7

zZ =

Eé 0.1 4

==z

%;..: O T T T T
=

E]U 02 04 0.8
&3 01

=5 »

22 o

23] -0.2 7

=

Q 0.3

NORMALISED RADIAL COORDINATE,
/R (-)

0.4

(D)

<
w
L

=
[3v]
1

=4

VELOCITY, W/Ujp (-)
&
— (=]

-0.24

DIMENSIONLESS MEAN AXIAL

-0.3

NORMALISED RADIAL COORDINATE,
/R (-)
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otherwise identical design and operating parameters (7, D, C,
H, P/V, etc.).

The CFD predictions of the average gas hold-up (€g) have
been compared with the experimentally measured data for self-
inducing PBTD60 in Table 2. The present three-phase CFD
model was found to under predict the €g values. However,
the qualitative CFD predictions were in good agreement with
the experimental observations. Fig. 6A and B for self-inducing
MDD impeller, and Fig. 6C and D for PBTD60 show the com-
puted €g in the impeller centre plane and in a vertical plane
containing the impeller, respectively. It can be observed from the
figures that the gas induced through the holes follows impeller
discharge stream. The flow pattern shows the gas accumula-
tion in the recirculating flow regions both above and below

Table 2
Experimental and predicted values of overall gas hold-up (PBTD60, X = 1 wt.%,
dp =125 um, p, =2400)

Impeller speed N (s~1) % Gas hold-up (€g)

Experimental CFD
4 7 5
5 12.8 9.8
6 14 11
7 22 16

impeller centre plane. Further, in the low pressure region behind
the impeller blades gas tends to accumulate and forming the
so called gas cavities. It can be seen that satisfactory agree-
ment is found between the simulated overall gas holdups and
experimental observations.

5.3. Solid suspension studies

Scanty information is available in the published literature
on EFD and CFD studies of suspension of solid particles in a
three-phase self-inducing gas—liquid—solid systems. Therefore,
it was thought desirable to undertake systematic experimental
measurements and CFD simulation of three-phase stirred dis-
persions. The simulations have been validated by comparing the
CFD predictions and the experimental measurements of critical
impeller speed for solid suspension over a wide range of design
and operating conditions (Table 1). In the Eulerian—Eulerian
approach, as used in this work, it is difficult to incorporate Zwi-
etering’s criterion in the CFD simulation of critical impeller
speed for solid suspension. Therefore, we have extended the
method proposed by Bohnet and Niesmak [18] for solid-liquid
system, which has been based on the value of standard deviation
of solid concentration. The same methodology has successfully
been employed by Oshinowo and Bakker [19], Khopkar et al.
[20], Bohnet and Niesmak [18], and they quantified the suspen-
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Fig. 5. Axial velocity vectors for liquid in presence of gas and solid in the mid plane between two baffles. (A) MDD; (B) PBTD60; (C) PBTD45; (D) PBTD30.

sion quality using the standard deviation defined as:

_ 1 €s 2
o= i:(é_s - 1) 24)

Where n is the number of sampling locations used for mea-
suring the solid phase hold-up. The increase in the degree of
homogenization (better suspension quality) is manifested as the

reduction of the value of standard deviation. On the basis of the
quality of the suspension, the range of the standard deviation
has been broadly divided into three ranges [17]. For uniform
(homogeneous) suspensions, the value of the standard devia-
tion is found to be smaller than 0.2 (o <0.2). However, for the
“just suspension condition”, the value of the standard deviation
lies between 0.2 and 0.8 (0.2 <0 <0.8), and for an incomplete
suspension, o >0.8.
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Fig. 6. CFD simulations of three-phase hollow self-inducing impeller system. (A) Contours of gas volume fraction (MDD: N=5.93 rps, X =1 wt.%, d, =125 pm) in
the horizontal impeller center plane; (B) Contours of gas volume (PBTD60: N =6.4 rps, X =1 wt.%, dj, = 125 pm) fraction in the horizontal impeller center plane; (C)
Contours of gas volume fraction (MDD: N=5.93 rps, X =1 wt.%, dj, = 125 pm) in the mid-plane between two baffles; (D) contours of gas volume fraction (PBTD60:

N=6.4rps, X=1wt.%, dp =125 wm) in the mid-plane between two baffles.

CFD simulations were performed to calculate the values of
the standard deviation using Eq. (24) for all the four impeller
designs using 3 wt.% solid loading and 125 pm size particles. In
the present study, the standard deviation was calculated using the
values of & stored at all computational cells. Fig. 7 shows the
variation of the standard deviation with respect to impeller speed.
It can be noted that there is a reduction in the standard deviation
as the impeller speed approaches Ncs. At Ncs, the variation of
o with respect to speed was found to reduce. In other words, the
value of do/dN was found to change at Ncs. Using this criterion,
the values of Ncg for self-inducing MDD, PBTD60, PBTD45
and PBTD30 impellers (X =3%, dp = 125 um), were found to be
6.7 (0.73),7.4(0.70), 4.4 (0.68), and 3.8 (0.65) rps, respectively.
The bracketed values are of standard deviation for that impeller

at Ncs. For higher solid loading, i.e. 7wt.% and the average
particles size of 700 pwm, it was computationally noted that the
above set values of standard deviation for the Ncs believed to fall
in the same range. It was due to increase in the solid loading from
3 to 7 wt.% and the average particles size from 125 to 700 wm,
would not significantly alter the fluid mechanics in the vessel.
Therefore, the abovementioned o values have been used in rest
of the paper for the estimation of Ncg using CFD simulations.
Further, with an increase in the impeller speed, the value of
o decreases rather slowly. This means, at a constant loading of
solid particles when the impeller speed is gradually increased,
beyond Ncs, more particles get suspended. It is well know that
the position of solids on the tank bottom (N>Ncs) depends
on the impeller design as different impellers generate different
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Fig. 7. CFD predicted values of the standard deviation with respect to impeller
rotational speed. (1) MDD; (2) PBTD60; (3) PBTD45; (4) PBTD30 (3% solid
loading, 125 pm).

flow patterns, and hence, offer different efficiencies for the sus-
pension operation. In order to understand the quantitative role
of the impeller design, both experiments and CFD simulations
have been carried out for the different impeller designs (self-
inducing MDD, PBTD60, PBTD45 and PBTD30) over a wide
range of operating conditions.

It can be noted that the position of solids on the tank bot-
tom (N> Ncs) depends on the impeller design. It can be clearly
seen from Fig. 8§ that, in the case of self-inducing MDD and
PBTD60 impellers, the particles are suspended from an annular
space around the center of the tank bottom, whereas for PBTD45
and PBTD30 self-inducing impellers suspension occurs from the
periphery of tank bottom. It is evident that the impeller speed
required for suspension by a PBTD30 self-inducing impeller
(in fact P/V) is much lower than that required by PBTD60 and
MDD self-inducing impellers. Further, for self-inducing MDD
and PBTD60 impellers the present CFD model predicts a sig-
nificant quantity of unsuspended particles present on the tank
bottom. This shows that, at Ncs, PBTD30 self-inducing impeller
is more efficient than the other three impellers.

5.3.1. Effect of impeller design

Earlier it has been shown that self-inducing MDD, PBTD60,
PBTD45 and PBTD30 impellers generate different flow pat-
terns, and hence, offer different efficiencies for the suspension
operation. In order to understand the quantitative role of the
impeller design, CFD simulations have been carried out for
the four impeller designs and at different impeller speeds. For
brevity, qualitative results are shown in the Fig. 8A-D at the
critical impeller speeds. It has been noted that, with an increase
in the impeller rotational speed, the amount of solid particles
present at the bottom of the reactors has decreased. However,
the increased impeller speed has marginal influence on the solids
distribution in top 1/4th of the reactor. The values of the stan-
dard deviation have been calculated using Eq. (24). Fig. 9 shows
the predictions of critical impeller speeds using CFD (when

0=0.69) for all the impeller designs (X=35 wt.%, the average
particle size of 125, 350, and 700 p.m), which have been in good
agreement with the experimentally measured critical impeller
speeds. It can be noted that PBTD60 and MDD self-inducing
impellers require higher speeds than PBTD45 and PBTD30
self-inducing impellers. It is due to, in the case of PBTD60
and MDD self-inducing impellers (Fig. SA and B), the liquid
flow leaving the impeller travels in the radial direction and
near the wall, splits into two streams. Each stream creates a
circulation loop, one below and one above the impeller. Only
a part of the energy supplied by the impeller, which is asso-
ciated with lower loop, is available in the bottom region for
performing various functions such as solid suspension. Where
as PBTD45 and PBTD30 self-inducing impellers (Fig. 5C and
D) generates one circulation loop where the flow leaving the
impeller is downward towards the bottom of the tank, and is
directly available for the suspension. The length of the lig-
uid path and the number of direction changes are greater in
the case of PBTD60 and MDD as compared that for PBTD45
and PBTD30 flow. As a result, the energy associated with the
PBTDA45 and PBTD30 flow (in the bottom region) is much higher
than the PBTD60 and MDD flows and hence the turbulence
intensity for the PBTD45 and PBTD30 self-inducing impellers
is also relatively high. Therefore, PBTD45 and PBTD30 self-
inducing impellers are relatively more efficient under otherwise
identical design and operating parameters (7, D, C, H, P/V, Vg,
etc.).

5.3.2. Effect of particle size

The critical impeller speed for solid suspension also depends
upon the particle size. Therefore, it was thought desirable to
study for various particle sizes. Experiments have been carried
out for the three particle diameters, i.e., 125, 350 and 700 pm
with PBTD45 self-inducing impeller, and for solid loading of
5 wt.%. For the same geometrical and operating conditions CFD
simulations have been performed. Fig. 10 shows a good agree-
ment between the CFD predictions and experimentally measured
data for all the impeller designs. Further, it confirms the fact
that, for a given tank and impeller configuration and for fixed
set of operating conditions, uniformity of solids increases with
a decrease in the particle size. With increasing particle size
the settling velocity increases and there is a decrease in the
homogeneity of the suspension. Therefore, higher average liquid
velocity is required to suspend the particles.

5.3.3. Effect of solid loading

Experiments have been carried out to investigate the effect of
solid loading on the critical impeller speed for solid suspension.
For this, particles of average diameter 125 pm with solid load-
ings of 1, 3, 5 and 7 wt.%, respectively, have been considered
(with PBTD45). CFD simulations have also been performed for
the same geometrical and operating conditions. Fig. 11 shows a
fairly good agreement between the CFD predicted and the exper-
imentally measured values of Ncs (dp = 125 pum)_It can be noted
that Ncs increases with increasing solid loading. This is because,
some of the impeller energy dissipates at the solid—liquid inter-
face.
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5.4. Gas inducing rate

From the point of view design of gas inducing reactors,
the dispersion of the induced gas is also an important aspect
with suspending solids that governs the performance of three-
phase hollow self-inducing contactors. In the foregoing section,
detailed CFD simulations were reported for the prediction of
Ncs which is the subject of this paper. Therefore, the rate of gas
induction (Qg) was measured at Ncs for all the four impellers for
solid particles of 125, 350 and 700 pwm sizes and solid loading
was varied from O to 7 wt. %. Further, CFD simulations have also
been performed to predict the gas induction rate and compared
with experimentally measured data. It may again be pointed out
that the values of Qg (predicted as well as experimental) have
been under the critical suspension condition. Therefore, any vari-
able which affects Ncg, also affects Qg. As a consequence, the
following discussion brings out the effects of impeller diameter,
dp and X on Qg, however, at Ncs in all the cases.

5.4.1. Effect of impeller design

One of the most important variables influencing the rate of gas
induction is the impeller design. The gas induction rates mea-
sured at Ncg for different impeller designs under consideration
arereported in Table 3 (d), =125 wm, X =1 wt %). The gas induc-
tion characteristic of any impeller depends on two main factors,
pressure driving force created by impeller and dispersing ability

Table 3
Effect of impeller type on gas induction rate at Ncs for (dp=125pum,
pp=2400kg/m>, 1 wt.%)

Impeller type Nes (s71) Gas induction rate Qg x 103 (m3/s)
Experimental CFD

DDT 59 0.63 0.52

PBTD60 6.4 6.23 5.0

PBTDA45 39 0.7 0.52

PBTD30 33 0.4 0.3
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of the impeller. Impeller having higher power number tends to
give more pressure driving force and at the same time consumes
more power. Gas dispersing ability of impeller greatly affects
the rate of gas induction as the local gas hold up decides the
driving force for gas induction. Another factor which decides
dispersing ability of impeller is its liquid pumping ability, as
the flow created by the impeller drives the gas bubbles through-
out the liquid volume. Experimentally it has been observed that
the rate of gas induction for self-inducing PBTD30, PBTDA45,
PBTD60 and MDD impellers, increases uniformly with increas-
ing impeller speed due to increase in the local driving force
(decrease in the local pressure). Further, the present three-phase
CFD model has been extended to predict the gas induction rate
as it was explained in Section 4.2. Table 3 shows the predicted
values of the Qg and which have been slightly unpredicted as
compared to experimental data for all the four impeller designs
with d, =125 pm, X=1 wt.%.
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Fig. 10. Effect of average particle size on the critical impeller speed for PBTD45
(X=5wt.%, pp=2400 kg/m3): (#) experimental, (—) CFD predictions.
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Fig. 11. Effect of solid loading on the critical impeller speed for PBTD45
(dp =125 pm, pp =2400 kg/m3): (#) experimental, (—) CFD predictions.

5.4.2. Effect of particle size

The gas induction measurements have been carried at Ncs
for the three particle diameters, i.e., 125, 350 and 700 pm with
MDD self-inducing impeller, and for solid loading of 5 wt.%.
CFD simulations have been performed for the same and Fig. 12
shows the obvious increase in gas induction rate with increas-
ing Ncs as the average particle size increases. The present
CFD model was capable of predicting Qg quantitatively despite
the prevailing complex hydrodynamics. However, the discrep-
ancy between the predicted and the experimentally measure
Qg was probably because the model of inter-phase momen-
tum exchange employed in the present work is too simple to
describe the real complex inter-phase interaction coupling in
gas-liquid—solid three-phase flows. Additionally, the isotropic
k-¢ two equation turbulence model is deficient in describing the
well-recognized anisotropic nature of turbulent flow in stirred
tanks.
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Fig. 12. Effect of average particle size on the gas induction rate for MDD
(X=5wt.%, pp=2400 kg/m3): (#) experimental, (—) CFD Predictions.
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5.4.3. Effect of solid loading

Similarly, EFD and CFD have been carried at Ncs for par-
ticles of average diameter 700 um with solid loadings of 1,
3, 5 and 7wt.%, respectively, for MDD. Fig. 13 shows the
increase in the gas induction rate with an increase in the solid
loading. This is mainly due to the corresponding increase in
Ncs. It can be seen that the present CFD model slightly under
predicts the gas induction rate in all the cases due to the com-
plex and three-phase fluid dynamics prevailing in the system.
The discrepancy between the prediction and the experimental
results was probably because the model of inter-phase momen-
tum exchange employed in the present work is too simple to
describe the real complex inter-phase interaction coupling in
gas—liquid—solid three-phase flows. Additionally, the isotropic
k-¢ two equation turbulence model is not sufficient in describ-
ing the well-recognized anisotropic nature of turbulent flow in
stirred tanks. However, the prediction of the gas induction rates
for different operating conditions can be improved by account-
ing all possible interactions among gas, liquid and solid phases
along with some suitable modifications of model constant in the
std k-¢ turbulence model.

6. Conclusions

(1) Experiments have been performed for the measurements of
the critical impeller speed for solid suspension and corre-
sponding gas induction rate for the modified double disc,
PBTD60, PBTD45 and PBTD30 self-inducing impellers.

(2) Inthe present work, three-phase stirred suspension has been
simulated using FLUENT 6.2 CFD software. The Eulerian
multi-fluid model along with the standard k-¢ turbulence
model has been used to simulate gas—liquid—solid disper-
sions.

(3) By using the concept proposed by Oshinowo and Bakker
[19] has been extended for the prediction of critical impeller
speed for solid suspension. The suggested value of ¢ holds
for different impeller designs and over a wide range of
particle size, solid loading.

(4) For three-phase hollow self-inducing system, the predicted
critical impeller speeds have been compared with the in
house experimental data for solid loading (0-7 wt. %), for
different impeller designs (modified double disc (MDD)
impeller, pitched blade down flow impellers of various
angles (self-inducing PBTD60, PBTD45 and PBTD30
impellers), solid particle sizes (125-700 pm). A very good
agreement was observed in all these cases.

(5) Further, the present CFD model was able to predict the gas
induction rates based on the first principle. However, the
discrepancies in the predictions of Qg can be improved by
employing more reliable inter-phase momentum exchange
term and with some modification in the model parameters
of std k—e& model.

(6) Overall, the predicted gross characteristics of the fluid
dynamics were presented and the computational model and
the predicted results discussed in this work would be useful
for providing better understanding of the flow characteristics
and subsequent optimization studies.
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