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a b s t r a c t

In the present work, CFD simulations have been carried out to study solid suspension in gas–liquid–solid mechani-

cally agitated contactor using Eulerian–Eulerian multifluid approach along with standard k − ε turbulence model. A

multiple frame of reference (MFR) has been used to model the impeller and tank region. The CFD model predictions

are compared qualitatively with the literature experimental data and quantitatively with our experimental data. The

present study also involves the effects of impeller design, particle size and gas flow rate on the critical impeller speed
for solid suspension in gas–liquid–solid mechanically agitated contactor. The values predicted by CFD simulation for

critical impeller speed agrees well with experimental data for various operating conditions.

© 2008 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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erated by different types of impellers in a fully baffled stirred
. Introduction

echanically agitated reactors involving gas, liquid and solid
hases have been widely used in the chemical industries and

n mineral processing, wastewater treatment and biochemi-
al industries. This is one of the widely used unit operations
ecause of its ability to provide excellent mixing and contact
etween the phases. Despite their widespread use, the design
nd operation of these agitated reactors remain a challeng-
ng problem because of the complexity encountered due to
he three-dimensional (3D) circulating and turbulent multi-
hase flow in the reactor. An important consideration in the
esign and operation of these agitated reactors is the deter-
ination of the state of full suspension, at which point no

articles reside on the vessel bottom for a long time. Regard-
ng solid suspension, basically three main suspension states
re observed in a mechanically agitated reactor namely; com-
lete suspension, homogeneous suspension and incomplete
uspension. A suspension is considered to be complete if no
article remains at rest on the bottom of the tank for more
han 1 or 2 s. The determination of such complete suspension
s critical, since only under this condition the total surface

rea of the particles is effectively utilized. One of the main
riteria which is often used to investigate the solid suspen-
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sion is the critical impeller speed (Njs) at which solids are
just suspended. The most widely used criterion for the critical
impeller speed in the operation of solid–liquid stirred reactors
is still based on the pioneering work of Zwietering (1958) for
the just-suspension condition.

In some of the applications like hydrogenation, catalytic
oxidation and chlorination processes, the solids are sus-
pended in the presence of gas, in which the solids act as a
catalyst or undergoes a chemical reaction in mechanically agi-
tated reactors. In these type of reactors, the agitator plays the
dual role of keeping the solids suspended, while dispersing
the gas uniformly as bubbles. The critical impeller speed (Njsg)
for solid suspension in the presence of gas medium is the
main parameter used for characterizing the hydrodynamics of
these reactors. The critical impeller speed for gas–liquid–solid
mechanically agitated reactors mainly depend on several
parameters such as particle settling velocity, impeller design,
impeller diameter, sparger design, and its location.

The designing and scaling up of mechanically agitated
reactors are generally based on semi-empirical methods. For
example the flow regime map for gas–liquid–solid flows gen-
tank reactor is given by Pantula and Ahmed (1998) and the
map (Fig. 1) shows impeller flooding and complete gas dis-

neers. Published by Elsevier B.V. All rights reserved.

http://www.sciencedirect.com/science/journal/02638762
mailto:sivakumarsavi@gmail.com
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Nomenclature

c solid compaction modulus
C off bottom clearance (m)
Cavg average solid concentration
CD drag coefficient in turbulent liquid
CD0 drag coefficient in stagnant liquid
CD,lg drag coefficient between liquid and gas phase
CD,ls drag coefficient between liquid and solid phase
Ci instantaneous solid concentration
CTD turbulent dispersion coefficient
Cv local solid concentration
C�, �k, �ε, Cε1 , Cε2 coefficient in turbulent parame-

ters
C�p coefficient in particle induced turbulence

model
db bubble mean diameter (m)
dp particle mean diameter (m)
D impeller diameter (m)
Eo Eotvos number
FD,lg interphase drag force between liquid and gas

(N)
FD,ls interphase drag force between liquid and solid

(N)
FTD turbulent dispersion force (N)
g acceleration gravity (m/s2)
G (εs) solid elastic modulus
G0 reference elasticity modulus
Hcloud cloud height (m)
k the turbulence kinetic energy (m2/s2)
n number of sampling locations
N impeller speed (rpm)
Njs critical impeller speed for just suspended con-

dition (rpm)
Njsg critical impeller speed in the presence of gas for

just suspended condition (rpm)
NP power number
NQ pumping number
NRe Reynolds number
P power (W); liquid-phase pressure (kg/m s2)
Ps solids pressure (kg/m s2)
P� turbulence production due to viscous and buoy-

ancy forces
R radial position (m)
Reb bubble Reynolds number
Rep particle Reynolds number
T internal diameter of tank (m)
�ug local gas phase velocity vector (m/s)
�ul local liquid phase velocity vector (m/s)
�us local solid phase velocity vector (m/s)
Vg gas flow rate in vvm (min−1)
z axial position (m)

Greek letters
ε, εl liquid phase turbulence eddy dissipation

(m2/s3)
εl, εg, εs liquid, gas and solid volume fraction, respec-

tively
εsm maximum solid packing parameter
� Kolmogorov length scale (m)
�eff,g gas phase effective viscosity (kg/m s2)
�eff,l liquid phase effective viscosity (kg/m s2)

�eff,s solid phase effective viscosity (kg/m s2)
�g gas viscosity (kg/m s2)
�l liquid viscosity (kg/m s2)
�s solid viscosity (kg/m s2)
�tg gas induced turbulence viscosity (kg/m s2)
�ts solid induced turbulence viscosity (kg/m s2)
�T,l liquid phase turbulent viscosity (kg/m s2)
�T,g gas phase turbulent viscosity (kg/m s2)
�T,s solid phase turbulent viscosity (kg/m s2)
�g gas density (kg/m3)
�l liquid density (kg/m3)
�s density of solid phase (kg/m3)
�� density difference between liquid and gas

(kg/m3)
� surface tension coefficient (kg m2/s2); standard

deviation value for solid suspension

Subscripts and superscripts
CBD-S curved blade disc turbine, (Smith), D = T/3
CIS critical impeller speed
eff effective
g gas phase
k phase
l liquid phase
max maximum
PBDT pitched blade downward turbine
PBU-L pitched blade turbine pumping in upward

mode, D = T/2
rpm revolution per minute
RT Rushton turbine
RT-S Rushton turbine, D = T/3
RT-L Rushton turbine, D = T/2
s solid phase
vvm volume of gas per volume of slurry per minute
persion region, off bottom suspension region, and uniform
suspension region. Although the available correlations in the
literature are of great importance from an operational point of
view, they do not provide a clear understanding of the physics
underlying the system. From a physical standpoint, the state
of suspension of solid particles in the reactor is completely
governed by the hydrodynamics and turbulence prevailing in
the reactor. Only a few studies have been made to understand
the complex hydrodynamics of such complicated stirred reac-
tors (Chapman et al., 1983; Aubin et al., 2004; Guha et al.,
2007). Although many experimental efforts (Chapman et al.,
1983; Rewatkar et al., 1991; Pantula and Ahmed, 1998) have
been focused on developing correlations for just-suspension
speed, a systematic experimental study to characterize the
solid hydrodynamics in slurry reactors can hardly be found in
the literature. Hence,

The objective of this study is to undertake

(a) Systematic experimental study on critical impeller
speed for various operating and process conditions for
gas–liquid–solid flows in mechanically agitated reactors.

(b) CFD simulations for the prediction of the critical impeller
speed and cloud height for solid suspension in the
gas–liquid–solid mechanically agitated reactor and valida-

tion with our experimental results ((a)).
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to the reactor using a pipe sparger and is placed at a clear-
ance of 25 mm from the center of the impeller. Agitation was
Fig. 1 – Flow regime and gas holdup in three-p

Moreover, since any CFD simulation has to be validated
rst, the CFD simulations have been validated with those
eported in the literature (Aubin et al., 2004; Guha et al.,
007). After validation, the CFD simulations have been per-
ormed to study the effects of impeller design, impeller speed,
article size and superficial gas velocity on the prediction
f critical impeller speed and cloud height for just sus-
ended condition in gas–liquid–solid mechanically agitated
eactor.

. Experimental details

he schematic diagram of the experimental setup is shown
n Fig. 2. Experiments were conducted in a baffled cylin-
rical tank of internal diameter, T of 250 mm and which is
ransparent to light so that the suspension of solids is eas-
ly visible. The bottom of the tank is elliptical in shape. Two
ypes of impellers were employed viz., six-bladed Rushton tur-
ine of diameter D = 100 mm (D = T/2.5) and four-bladed 45◦

itched blade turbine of diameter D = 125 mm (D = T/2) with
he impeller off bottom clearance C = 62.5 mm (C = T/4). The
imensions of the impellers chosen for this work are based
n the observation of Chapman et al. (1983) and Pantula and
Ahmed (1998) that the performance in terms of suspension
quality at higher gas rates are much improved if larger diam-
eter is employed. Similarly low clearance has been shown to
e agitated reactor (Pantula and Ahmed, 1998).

enhance particle suspension capability (Nienow, 1968). For this
experimental study, water (� = 1000 kg/m3) is used as the liq-
uid phase and ilmenite particles � = 4200 kg/m3 in the size
range of 150–230 �m is used as solid phase. Air is admitted
Fig. 2 – Experimental setup used for this study.
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Fig. 3 – Prediction of critical impeller speed from graphical
plot of NRe vs. NP.

= −εg · ∇P + ∇ · (εg�eff,g(∇�ug + (∇�ug)T)) + �g · εg · g − FD,lg
carried out using a variable speed DC motor and the speed
of agitation was noted using a tachometer. Power consump-
tions were computed using measured values of current and
voltages. Other details of the present experimental study are
available in our earlier published work (Geetha and Surender,
1997).

The experiments were carried out for different impeller
types and different impeller speeds to determine the quality of
solid suspension. The critical impeller speed of solid suspen-
sion was determined experimentally for four different solid
loading rates viz., 10, 20, 30 and 40 wt.%. The critical impeller
speed for solid suspension is predicted by observing visually
that the solids remain at the tank bottom for not more than
2 s (Zwietering, 1958). Since visual method is reported to be
not very accurate for higher solid loading rates, an alternate
method on the measurement of variation in impeller power
consumption with respect to the impeller speed was also used
to determine the critical impeller speed. The same method
was adapted by Rewatkar et al. (1991) for determination of
Njs and Njsg for their reactors where the diameter of tank
was ranging from 0.57 to 1.5 m. In this method, the graph of
power number versus Reynolds number is plotted. Then the
minimum value of the curve is taken as the critical impeller
speed. This is shown in Fig. 3 and the value obtained for criti-
cal impeller speed by visual method, is also shown in Table 1.
The error percentage was calculated as

Error % =
(

CISvisual − CISgraphical

CISvisual

)
× 100

It can be observed that the percentage of error is in the
range of 3–6% for various operating conditions. Since the devi-
ation is not much between both the approaches and visual
method is much more easier, this method is used for deter-
mination of critical impeller speed for further experimental

conditions.

Table 1 – Values of critical impeller speed

Particle size (�m) Air flow rate (vvm)

Visua

230
0
0.5
1.0
esign 8 6 ( 2 0 0 8 ) 1331–1344

3. CFD modeling

In the literature, CFD based simulations have been carried
out for the hydrodynamics of liquid–solid flows in agitated
reactors by Bakker et al. (1994), Micale et al. (2000), Sha et
al. (2001), Barrue et al. (2001), Kee and Tan (2002), Montante
and Magelli (2005), Khopkar et al. (2006a,b) and by Gosman
et al. (1992), Bakker and van den Akker (1994), Lane et al.
(2005), Khopkar et al. (2006a,b) for gas–liquid flows in agitated
reactors by employing Eulerian–Eulerian approach. But for the
case of gas–liquid–solid flows in mechanically agitated reac-
tors, available literature is less except the most recent work of
Murthy et al. (2007) and also experimental data for the local
flow characteristics like phase velocities and holdup profile
are also not available for the validation of CFD models. This is
because of complexities involves in three phase flows.

Also during the last few decades, various approaches have
been proposed in the literature for the prediction of flow pat-
tern induced by the revolving impeller in stationary tanks. The
most widely used approach in the literature is the multiple
frame of reference (MFR) approach in which the tank is divided
into two regions, i.e., a rotating frame which encompasses
the impeller and the flow surrounding it and a stationary
frame which includes the tank, baffles and the flow outside
the impeller frame. The boundary between the inner and
outer region need to be selected in such a way that, the pre-
dicted results are not sensitive to its actual location. The other
approach is sliding grid approach, in which inner region is
rotated during computation and slide along the interface with
outer region. This method is fully transient and is considered
as more accurate, but it requires more computational time
when compared to MFR approach.

In this study, the hydrodynamics of gas–liquid–solid
flows in mechanically agitated contactor is simulated using
Eulerian–Eulerian multi-fluid multiphase flow model. A MFR
approach is used to model the impeller and tank region. Each
phase is treated as different continua which interacts with
other phases everywhere in the computational domain. The
motion of each phase is governed by the respective mass
and momentum conservation equations. The pressure field is
assumed to be shared by all the three phases according to their
volume fraction. The governing equations are given below.

• Continuity equations for k = (g, l, s)

∂

∂t
(εk · �k) + ∇ · (�k · εk · �uk) = 0 (1)

• Momentum equations
◦ Gas phase (dispersed fluid phase)

∂

∂t
(�g · εg · �ug) + ∇ · (�g · εg · �ug�ug)
(2)

Critical impeller speed (rpm) % of Error

l method Graphical method

330 315 4.5
428 415 3.0
529 559 5.6
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◦ Liquid phase (continuous phase)

∂

∂t
(�l · εl · �ul) + ∇ · (�l · εl · �ul�ul)

= −εl · ∇P + ∇ · (εl�eff,l(∇�ul + (∇�ul)
T))

+�l · εl · g + FD,lg + FD,ls (3)

◦ Solid phase (dispersed solid phase)

∂

∂t
(�s · εs · �us) + ∇ · (�s · εs · �us�us)

= −εs · ∇P − ∇Ps + ∇ · (εs�eff,s(∇�us

+(∇�us)T)) + �s · εs · g − FD,ls (4)

here P is the pressure, which is shared by all fluids. �eff is the
ffective viscosity. The second term in solid phase momentum
q. (4) accounts for additional solids pressure due to solid col-
ision and last term (FD) in all the momentum equations (2)–(4)
epresents the interphase drag force.

.1. Interphase momentum transfer

here are various interchange forces such as the drag, the
ift force and the added mass force, etc. during momentum
xchange between the different phases. But the main interac-
ion force is due to the drag force caused by the slip between
he different phases. Recently Khopkar et al. (2003, 2005) stud-
ed the influence of different interphase forces and reported
hat the effect of the virtual mass force is not significant in
he bulk region of stirred vessel and the magnitude of the Bas-
et force is also much smaller than that of the inter-phase
rag force. Further they also have reported that turbulent dis-
ersion terms are significant only in the impeller discharge
tream. Similarly Ljungqvist and Rasmuson (2001) have also
ound very little influence of the virtual mass and lift force on
he simulated solid holdup profiles. Hence based on their rec-
mmendations and also to reduce the computational time,
nly the inter-phase drag force is considered in the present
imulation and the only non-drag force considered in the
resent simulation is the turbulent dispersion force.

The drag force between the liquid and solid phases is rep-
esented by the following equation

D,ls = CD,ls
3
4

�1
εs

dp
|�us − �u1|(�us − �u1) (5)

here the drag coefficient proposed by Brucato et al. (1998) is
sed which is as follows

CD,ls − CD0

CD0
= 8.67 × 10−4

(
dp

�

)3

(6)

here dp is the particle size and � is the Kolmogorov length
cale, CD0 is the drag coefficient in stagnant liquid which is
iven as

D0 = 24
Re

(1 + 0.15Re0.687
p ) (7)

The drag force between the gas and liquid phases is repre-
ented by the equation
D,lg = CD,lg
3
4

�l
εg

db
|�ug − �ul|(�ug − �ul) (8)
gn 8 6 ( 2 0 0 8 ) 1331–1344 1335

where the drag coefficient exerted by the dispersed gas phase
on the liquid phase is obtained by the modified Brocade drag
model (Khopkar et al., 2006a,b), which accounts for interphase
drag by microscale turbulence and is given by

CD,lg − CD

CD
= 6.5 × 10−6

(
dp

�

)3

(9)

where CD is the drag coefficient of single bubble in stagnant
liquid and is given by

CD = Max
(

24
Reb

(1 + 0.15Re0.687
b ),

8
3

Eo

Eo + 4

)
(10)

where Eo is Eotvos number, Reb is the bubble Reynolds number
and is given by

Reb = |�ul − �ug|db

	l
(11)

Eo = g(�l − �g)d2
b

�
(12)

3.2. Turbulent dispersion force

The turbulent dispersion force is the result of the turbulent
fluctuations of liquid velocity. It approximates a diffusion
of the gas phase from higher fraction region to lower frac-
tion region by turbulent fluctuations of liquid velocity. The
importance of modeling the turbulent dispersion force in
liquid–solid stirred tank is also highlighted in literature
(Ljungqvist and Rasmuson, 2001; Barrue et al., 2001). The fol-
lowing equation for the turbulent dispersion force derived by
Lopez de Bertodano (1992) is used for the present simulation
and is given by

FTD = −CTD�lkl∇εl (13)

where CTD is a turbulent dispersion coefficient and the recom-
mended value for turbulent dispersion coefficient CTD is in the
range of 0.1–1.0. But in literature (Cheung et al., 2007; Lucas et
al., 2007) the most widely used value for turbulent dispersion
coefficient is 0.1. Hence for the present investigation this value
is used.

3.3. Constitutive equations for turbulence

The standard k – ε model for single phase flows has been
extended for the three phase flows for simulating the tur-
bulence in the present study. The corresponding values of k
and ε are obtained by solving the transport equations for the
turbulence kinetic energy and turbulence dissipation rate.

∂(εl�lk�)
∂t

+∇ ·
(

εl

(
�l

−→ul kl−
(

�+�tl

�k

)
�kl

))
= εl(Pl − �lεl) (14)

∂(εl�lεl)
∂t

+ ∇ ·
(

εl�l
−→ul εl −

(
� + �tl

�ε

)
�εl

)

= εl
εl

kl
(Cε1 Pl − Cε2 �lεl) (15)
where Cε1 = 1.44, Cε2 = 1.92, �k = 1.0, �ε = 1.3 and Pl, the tur-
bulence production due to viscous and buoyancy forces is
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Table 2 – Tank design parameters and physical properties

Reference Impeller type Geometry Properties Operating
conditions

Guha et al. (2007) 6-DT
T = H = 0.2 m Liquid: � = 1000 kg/m3

Njs = 1200 rpm
D/T = 1/3, C/T = 1/3 Solid: � = 2500 kg/m3,

dp = 300 �m

Spidla et al. (2005) 6-PBTD
T = H = 1.0 m Liquid: � = 1000 kg/m3

Njs = 267 rpm
D/T = 1/3, C/T = 1/3 Solid: � = 2500 kg/m3,

dp = 350 �m

Aubin et al. (2004) 6-PBTD and 6-PBTU
T = H = 0.19 m, C = T/3 Liquid:

� = 1000 kg/m3,
Gas:Air

N = 300 rpm
D = T/3

Our experiment 6-DT and 4-PBTD
T = H = 0.25 m Liquid: � = 1000 kg/m3

Njs = 330–520 rpm
For DT, D = 0.1 m, For
PBTD, D = 0.12 m

5 m

Solid: � = 4200 kg/m3,
dp = 125, 180, and
C/T = 0.062

given by

Pl = �tl∇�u · (∇�u + ∇�uT) − 2
3

∇ · �u(3�tl∇ · �u + �lkl) (16)

For liquid phase effective viscosity is calculated as

�eff,l = �l + �T,l + �tg + �ts (17)

where �l is the liquid viscosity and �T,l is the liquid phase
turbulence viscosity or shear induced eddy viscosity, which is
calculated based on the k − ε model as

�Tl = c��l
k2

ε
(18)

�tg, �ts represents the gas and solid phase induced turbulence
viscosity respectively and are given by Sato et al. (1981)

�tg = c�p�sεsds|�ug − �ul| (19)

�ts = c�p�sεsds|�us − �ul| (20)

For gas and solid phases the respective effective viscosities
are calculated as

�eff,g = �g + �T,g (21)

�eff,s = �s + �T,s (22)
The turbulence viscosity of gas and solid phases are calcu-
lated from the turbulence viscosity of liquid phase using the

Fig. 4 – Computational grid of stirred tank used in th
230 �m; Gas:Air

zero equation model:

�T,g = �g

�l
�T,l (23)

�T,s = �s

�l
�T,l (24)

3.4. Solid pressure closure term

The solid pressure due to the particle–particle interaction
force is based on the concept of elasticity, which is described
as a function of local voidage. The most popular constitutive
equation for solid pressure is

∇Ps = G(εs)∇εs (25)

where G(εs) is the elasticity modulus and it is given as

G(εs) = G0 exp(c(εs − εsm)) (26)

as proposed by Bouillard et al. (1989), where G0 is the reference
elasticity modulus, c the compaction modulus and εsm is the
maximum packing parameter.

4. Numerical methodology

The commercial code ANSYS CFX-11 is used for the
hydrodynamic simulation of gas–liquid–solid flows in the

mechanically agitated reactor. The details of the reactor geom-
etry and the operating parameters are given in Table 2. Due
to the symmetry of the geometry, only one-half of the agi-

is study: (a) tank; (b) Rushton Turbine; (c) PBTD.
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computer-automated radioactive particle tracking (CARPT)
technique and measured axial and radial distribution of solid
axial velocity for an overall solid holdup of 7% at an impeller
chemical engineering research and

ator is considered as the computational domain. The first
tep in CFD simulation is to discretize the computational
omain. In this study the geometry is discretized using block-
tructured grids which allows finer grids in regions where
igher spatial resolutions are required. The blocks are fur-
her divided into finer grids using the structured hexa mesh
ption of ICEM so that the total number of computational
odes is around 2,00,000. Fig. 4 depicts a typical mesh used

or the numerical simulation in this work. A MFR approach
as been used for the simulation of the impeller rotation.

n this method, the computational domain is divided into
impeller zone (rotating reference frame) and a stationary

one (stationary reference frame). The interaction of inner
nd outer regions is accounted by a suitable coupling at the
nterface between the two regions where the continuity of
he absolute velocity is implemented. The boundary between
nner and outer region is located at r/R = 0.6. No-slip bound-
ry conditions are applied on the tank walls and shaft. The
ree surface of tank is considered as the degassing bound-
ry condition. Initially the solid particles are distributed in
homogenous way inside the whole computational domain.
he bubble size distribution in mechanically agitated reactor
epends on the design and operating parameters and there

s no experimental data available for bubble size distribu-
ion. It has been reported by Barigou and Greaves (1992) that
heir bubble size distribution is in the range of 3.5–4.5 mm
or the higher gas flow rates used in their experiments. Also
n the recent simulation on gas–liquid stirred tank reactor
arried out by Khopkar et al. (2003) a single bubble size of
mm was assumed based on their bubble size distribution.
ince the gas flow rates used in our experiments are also

n the same range, a mean bubble size of 4 mm is assumed
or all our simulations. Further, the validity of bubble size
sed in the CFD simulation is rechecked by calculating the
ubble size based on the reported correlations in litera-
ure (Calderbank and Moo-Young, 1961) using the simulation
esults of gas holdup and power consumption values. The

ean bubble size is calculated according to the following cor-
elation

b = 4.15

(
(�ε)0.4�0.2

�0.6

)−1

ε0.5
g + 0.0009 (27)

The value obtained for mean bubble size is around 3.7 mm.
ence for further simulations, the bubble size of 4 mm

s used.
The discrete algebraic governing equations are obtained

y element-based finite volume method. The second order
quivalent to high-resolution discretization scheme is applied
or obtaining algebraic equations for momentum, volume
raction of individual phases, turbulent kinetic theory and
urbulence dissipation rate. Pressure velocity coupling is
chieved by the Rhie Chow algorithm. The governing equa-
ions are solved using the advanced coupled multi-grid solver
echnology of ANSYS CFX-11. Steady state simulations are
erformed for different types of impeller, agitation speeds,
article diameter, solid concentration and superficial gas
elocity. The simulation started with the fully developed
ingle-phase flow field in order to enhance the convergence
f multiphase flow simulation. The convergence criteria used

−4
n all simulations is 10 which is the factor by which
he initial mass flow residual reduces as the simulation
rogresses.
gn 8 6 ( 2 0 0 8 ) 1331–1344 1337

5. Results and discussions

The CFD simulation is carried out initially for the following
two cases to confirm the validity of the model:

a) Prediction of axial, radial and tangential solid velocity
components along axial and radial directions for the
case of liquid–solid agitated contactor with a radial type
impeller (RT).

b) Prediction of axial solid distribution for the case of
liquid–solid agitated contactor with an axial type impeller
(PBTD).

(c) Prediction of axial liquid velocity component along the
radial direction for gas–liquid agitated contactor with axial
type impeller (PBTD and PBTU).

5.1. Two-phase flows: solid–liquid flows in
mechanically agitated contactor

Hydrodynamic simulations of liquid–solid agitated reactor
are carried and the results obtained are validated with the
experimental results of Guha et al. (2007). For the case of
radial type impeller, Guha et al. (2007) characterized the solid
hydrodynamics in a solid–liquid stirred tank reactor using
Fig. 5 – Solid flow pattern for the case of: (a) Rushton
turbine; (b) PBTD impeller.
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Fig. 6 – Axial profiles of various components of solid
velocity for an overall solid holdup of 7% at 1200 rpm: (a)
radial component of solids velocity; (b) tangential
component of solids velocity; (c) axial component of solids

where Ri is the impeller radius) of various components of non-
dimensional solid velocity at the axial position of z/T = 0.34

Fig. 7 – Radial profiles of various components of solid
velocity for overall solid holdup of 7% at 1200 rpm: (a) radial
velocity.

speed of 1200 rpm at the radial location of r/R = 0.5. Simi-
larly for the case of axial type impeller, experimental data of
Spidla et al. (2005) have been used for the comparison of the
axial solid distributions. They have presented detailed par-
ticle distribution data using a conductivity probe for a pilot
plant stirred vessel of diameter 1 m which is stirred with six
pitched blade turbine. Fig. 5 shows the solid velocity pattern
obtained from CFD simulation for experimental data of Guha
et al. (2007) for the case of radial type impeller and Spidla et al.
(2005) for the case of axial type impeller in a liquid–solid stirred
tank reactor. Fig. 5(a) shows that for the case of Rushton type
impeller, there exists two circular loops above and below the
impeller and a radial jet of solids flow in the impeller stream.
For the case of PBTD impeller (Fig. 5(b)), there is a single circu-
lation loop for solids and the solids move upward towards the
surface of liquid and turn down to bottom. It can be seen that

the flow pattern predicted by CFD simulations quantitatively
agrees with profile available in literature.
esign 8 6 ( 2 0 0 8 ) 1331–1344

The variation of non-dimensional axial, radial and tan-
gential solid velocity (U/Utip, where Utip = 
DN) along the
non-dimensional axial directions (z/T) are plotted in Fig. 6(a–c)
for the case of Ruston type impeller at a radial position of
r/R = 0.5. The overall solid holdup is 7% at the critical impeller
speed of 1200 rpm. The experimental data plotted in Fig. 6(a–c)
corresponds to the data given by Guha et al. (2007).

It can be observed that the axial variation of the axial
component of solid velocity agrees well with the experimen-
tal results. But for the other two components, even though
there is a quantitative agreement between experimental and
simulation results, there is a discrepancy between numerical
simulations and experimental results qualitatively near the
impeller region. This may be due to the fact that the mean
velocity components of the fluid mainly depend on the turbu-
lent fluctuations and these turbulent fluctuations dominates
mainly at the impeller region of stirred tank and the tur-
bulence model used in present study is not able to capture
properly the strong turbulence near the impeller region.

Similarly non-dimensional radial profiles ((r − Ri)/(R − Ri),
component of solids velocity; (b) tangential component of
solids velocity; (c) axial component of solids velocity.
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Fig. 8 – Normalized axial solid concentration profiles at a
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ritical impeller speed of Njs = 267 rpm with 10vol.% solid
old up for PBDT impeller.

re shown in Fig. 7. The same trend is observed in this case
lso. This type of discrepancy is confirmed by Guha et al.
2008) where they have carried out Large Eddy Simulation and
uler–Euler simulation of solid suspension in stirred tank reac-
or and concluded that there are major discrepancies in the
rediction of solid velocities by both the numerical methods
ear the impeller region.

Fig. 8 shows that the comparison between numerical and
xperimental results for non dimensional axial distribution of
olid volume fraction (Cv/Cavg) at the radial position of r/R = 0.8
or an overall solid holdup of 10% at the critical impeller speed
f 267 rpm for the case of PBTD impeller and it can be observed
hat the comparison is quite good.

.2. Two-phase flows: gas–liquid flows in
echanically agitated contactor
or the case of gas–liquid flows in an agitated contactor, CFD
odel predictions of radial profiles of axial liquid velocity are

ig. 9 – Radial profiles of dimensionless axial liquid velocity at v
nd downward pumping.
gn 8 6 ( 2 0 0 8 ) 1331–1344 1339

validated with the experimental data of Aubin et al. (2004) for
the pitched blade turbine with downward pumping (PBTD) and
upward pumping (PBTU). For the case of pitched blade with
downward pumping, the radial profile of the nondimensional
axial component of liquid velocity (Uz/Utip) is shown in Fig. 9
at the impeller speed of 300 rpm. The values are plotted at four
axial positions (z/T = 0.19, 0.31, 0.49 and 0.65). Similar results
are shown in Fig. 10 for the case of pitched blade with upward
pumping where the impeller speed is taken as 300 rpm. It can
be seen clearly that there is an excellent agreement between
the CFD simulations and the experimental data.

5.3. Gross flow field characteristics

The gross flow field characteristics of mechanically agi-
tated reactor are generally characterized by power number,
pumping number and pumping efficiency. Since the overall
prediction of CFD is good, CFD simulation is used further to
calculate these values. The pumping number (NQ) and power
number (NP) are calculated as follows

NQ = 2
∫


rU dr

ND3
(28)

The limits of integration for the radial distance are from the
surface of the shaft to the impeller radius and U is the axial
liquid velocity

NP = P

�N3D5
(29)

The pumping efficiency is then calculated by the following
equation
Pumping efficiency = NQ

NP
(30)

arious axial locations for the case of pitched blade turbine
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y at
Fig. 10 – Radial profiles of dimensionless axial liquid velocit
and upward pumping.

The Power draw (P) is determined from torque equation
(P = 2
NT) and total torque can be calculated from the torque
acting on all the blades.

The predicted values of pumping number and power num-
ber are compared with experimental data and are shown in
Table 3. It can be observed that the values predicted by CFD
simulations agrees reasonably well with the experimental val-
ues but the overall gas holdup predicted by CFD simulation
varies slightly from the experimental values. This may be
because the gas holdup mainly depends on the bubble size
distribution, which is not included in the present study.

5.4. Three phase flows: gas–liquid–solid flows in an
agitated contactor

In this section, CFD simulation has been used for simulating
the hydrodynamics of gas–liquid–solid flows in an agitated
contactor. For the case of three phase systems, experimen-
tal data for gas and solid hold-up profile are very limited or

not available. Therefore, the present simulations focusses on
the prediction of the bulk flow properties of gas–liquid–solid
mechanically agitated contactor such as critical impeller

Table 3 – Gross characteristics of gas–liquid stirred vessel

Operating
condition

Total gas holdup Power number (NP)

Experiment
(Aubin et
al., 2004)

CFD Experiment
(Aubin et
al., 2004)

CFD

PBTD
N = 300 rpm

0.037 0.042 1.56 1.3

PBTU
N = 300 rpm

0.058 0.052 1.80 1.5
various axial locations for the case of pitched blade turbine

speed. The values obtained by CFD simulation for critical
impeller speed is compared with our experimental data (Sec-
tion 2).

5.4.1. Solid suspension studies
CFD simulation of three phase stirred dispersion is undertaken
in this study to verify quantitatively the solid suspension char-
acteristics at the critical impeller speed which was obtained
by our experiments. The quality of solid suspension is eval-
uated by the extent of off-bottom suspension, i.e., critical
impeller speed for just suspended state and extent of axial
solid distribution, i.e., solid suspension height. Generally Zwi-
etering criteria (the impeller speed at which the particles do
not remain stationary at the bottom of the vessel) is used
for characterizing the off bottom suspension. But incorpo-
rating Zwietering criteria is difficult in the Eulerian–Eulerian
approach of the present CFD simulation. Hence the method
proposed by Bohnet and Niesmak (1980) which is based on the
value of standard deviation is used in the present study for the

prediction of critical impeller speed. This standard deviation
method was also successfully employed for liquid–solid sus-
pension by various authors (Khopkar et al., 2006a,b; Murthy et

Pumping number (NQ) Pumping efficiency (NQ/NP)

Experiment
(Sardeing et

al., 2004)

CFD Experiment CFD

0.59 0.64 0.39 0.49

0.57 0.49 0.32 0.33
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Table 4 – Effect of impeller type on quality of suspension

Type of
impeller

Njsg (rpm) Standard
deviation (�)

Cloud height
(Hcloud/H)

RT 520 0.80 0.92
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Fig. 11 – Solid holdup distribution predicted by CFD for the
solid hold up of 30 wt.%, particle diameter of 230 �m and a
gas flow rate of 0.5 vvm at the critical impeller speed: (a)

ing conditions and impeller configuration. This is due to the
fact that, with increase in the particle size, the settling veloc-

Table 5 – Effect of particle size on quality of suspension

Particle
diameter (�m)

Njsg (rpm) Standard
deviation (�)

Cloud height
(Hcloud/H)

RT
125 340 0.72 0.90
180 375 0.50 0.88
230 520 0.80 0.92

PBTD
125 325 0.36 0.82
PBTD 428 0.51 0.87

l., 2007). It is defined as

=

√√√√1
n

n∑
i=1

(
Ci

Cavg
− 1

)2

(31)

here n is the number of sampling locations used for
easuring the solid holdup. The increase in the homog-

nization (better suspension quality) is manifested as the
eduction of the standard deviation value. The standard
eviation is broadly divided into three ranges based on
he quality of suspension. � < 0.2 for uniform suspension,
.2 < � < 0.8 for just suspension, and � > 0.8 for incomplete

suspension. Another criteria that has been used to quantify
solid suspension is based on the solid suspension height,
i.e., cloud height (Hcloud = 0.9H). Kraume (1992) used these cri-
eria to evaluate the critical impeller speed in liquid–solid
uspension. CFD simulations were carried out for various
mpellers and various gas flow rates to evaluate the qual-
ty of solid suspension in three phase stirred suspensions
n this study. The impeller speed was set equivalent to the
alue of the critical impeller speed which was obtained by our
xperiments.

.4.1.1. Effect of impeller design on solid suspension. To study
he effect of various types of impellers, CFD simulations have
een carried out for two types of impellers viz., Rushton
urbine impeller with the impeller speed of 520 rpm, four-
laded pitched blade turbine with downward pumping with
he impeller speed of 428 rpm. The impeller speed chosen is
quivalent to the critical impeller speed value obtained by
ur experiments for the following operating conditions. The
olid particle size chosen is 230 �m, with the solid loading
f 30 wt.% at an air sparging rate of 0.5 vvm. Fig. 11 shows
olid volume fraction profiles predicted by CFD simulation at
idbaffle plane. Further, the predicted dimensionless axial

oncentration profiles are also shown in Fig. 12. The quality
f suspension has been verified by both the standard devi-
tion approach and the cloud height method. The standard
eviation was calculated using the values of the solid volume
raction stored at all computational cells. The value of the
tandard deviation values with respect to the impeller rota-
ional speed and cloud height for different type of impellers
s shown in Table 4. It can be seen from the table that both
tandard deviation values and cloud height values obtained
y CFD simulation shows the just suspended condition for
olids for both the type of impellers. Hence the critical impeller
peed observed by experiments is validated by the present CFD
imulation.

.4.1.2. Effect of particle size on solid suspension. CFD simu-
ations have been carried out to study the effect of particle
ize on the critical impeller speed for three phase stirred

ispersions. Three particle sizes are chosen for the present

nvestigation, viz., 125, 180 and 230 �m. Both types of
mpellers, viz., Rushton and PBTD are chosen for the present
Rushton turbine impeller; (b) PBTD impeller.

investigation. Solid volume fraction distribution obtained by
CFD simulation at the critical impeller speed condition for var-
ious particle sizes are shown in Fig. 13 for the solid loading of
30 wt.% and an air flow rate of 0.5 vvm. From CFD simulation,
the standard deviation and cloud height of suspended solid are
also obtained and they are shown in Table 5. It can be observed
that the critical impeller speed for solid suspension increases
with an increase in the particle size for a fixed set of operat-
180 346 0.56 0.88
230 428 0.51 0.87
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Fig. 12 – Axial solid holdup profile predicted by CFD for the
solid hold up of 30 wt.%, particle diameter of 230 �m and a
gas flow rate of 0.5 vvm at the critical impeller speed: (a)

Rushton turbine impeller; (b) PBTD impeller.

ity increases which leads to more energy requirement for the
suspension.

5.4.1.3. Effect of air flow rate on solid suspension. CFD simula-
tions have been carried out to study the effect of gas superficial
velocity on the critical impeller speed. Fig. 14 shows the solid
volume fraction distribution predicted by CFD at the critical
impeller speed for the solid loading of 30 wt.% and the par-
ticle size of 230 �m with different air flow rates (Vg = 0, 0.5
and 1.0 vvm). The values of the standard deviation values and
cloud height with respect to the impeller speed for different

gas flow rates with different type of impellers are shown in
Table 6. The table values clearly show that the critical impeller

Table 6 – Effect air flow rate on quality of suspension

Air flow
rate (vvm)

Njsg (rpm) Standard
deviation (�)

Cloud height
(Hcloud/H)

RT
0 370 0.78 0.8
0.5 520 0.80 0.92
1.0 612 0.61 1.0

PBTD
0 330 0.8 0.81
0.5 428 0.51 0.87
1.0 529 0.59 0.91

Fig. 13 – Effect of particle size on solid concentration
distribution for Rushton Turbine by CFD simulations
(� = 4200 kg/m3, 30 wt.%) at the critical impeller speed: (a)

125 �m; (b) 180 �m; (c) 230 �m.

obtained by our experiments agrees with CFD simulation in
terms of standard deviation value and cloud height. It can be
shown from Table 6 that the critical impeller speed for solid
suspension increases with an increase in the air flow rate for

a fixed set of operating conditions and different impeller con-
figuration. Generally when gas is introduced in a suspended
medium, there will be a reduction in quality of suspension
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Fig. 14 – Effect of air flow rate on solid concentration
distribution for Rushton Turbine by CFD simulations
(dp = 230 �m, � = 4200 kg/m3, 30 wt.%) at the critical impeller
s

a
c
i
c
f
c

peed: (a) 0; (b) 0.5 vvm; (c) 1.0 vvm.

nd solid cloud height due to decrease in impeller pumping
apacity. This is due to the formation of gas cavities behind the
mpeller blade and the decrease in liquid turbulence and cir-
ulation velocity. Hence there is a need to increase the power

or achieving the suspension. The effect of air flow rate on the
ritical impeller speed depends upon the type of impeller used
gn 8 6 ( 2 0 0 8 ) 1331–1344 1343

because the reduction in power with increasing gas flow rate
varies with the type of impeller (Rewatkar et al., 1991). From
Table 6, it can also be seen that for a particular gas flow rate,
the critical impeller speed for Rushton turbine impeller (RT) is
more compared to the critical impeller speed of Pitched blade
turbine (PBTD). This is because power consumption for PBTD
is less compared to RT. Hence PBTD is still efficient than RT
when gas is introduced into the solid–liquid suspension. The
same observation was also reported by Murthy et al. (2007).

6. Conclusions

CFD simulations of the hydrodynamics of gas–liquid–solid
agitated contactor have been carried out by employing the
multi-fluid Eulerian–Eulerian approach along with standard
k − ε turbulence model. The results obtained from CFD simula-
tions are validated qualitatively with literature experimental
data in terms of axial and radial profiles of solid velocity in
liquid–solid suspension and liquid velocity in gas–liquid dis-
persion for different operating conditions. A good agreement
is found between the CFD prediction and experimental data.
For gas–liquid–solid flows, the CFD predictions are compared
quantitatively with our experimental data in the terms of
critical impeller speed for just suspended conditions. An ade-
quate agreement was found between CFD prediction and the
experimental data. The numerical simulation has further been
extended to study the effect of impeller design, particle size
and air flow rate on the critical impeller speed for solid sus-
pension in gas–liquid–solid mechanically agitated contactor.
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