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Mechanically agitated reactors find wide range of applications for solid suspension
and mixing in the chemical, biochemical, and mineral processing industries. Understand-
ing the solids dynamics in these reactors is necessary to improve the design and opera-
tion of such reactors. Computational fluid dynamic (CFD) models are often useful in
this regard, as it can provide significant insights into the flow and mixing of the phases
involved. However, the model predictions need extensive evaluation with experimental
results before they can be confidently used for the scale-up and optimization of large
scale reactors. Recently, Guha et al. carried out a systematic experimental investigation
of the solids hydrodynamics in dense solid–liquid suspensions (2.5–19% solids loading
w/w) in a stirred tank using the Computer Automated Radioactive Particle Tracking
(CARPT) technique, which provided extensive information to efficiently assess the ability
of the existing CFD models in predicting the solids dynamics in slurry reactors. This
work presents such an evaluation by comparing the averaged solids velocities, turbulent
kinetic energy, and solids sojourn time distributions predicted by CFD models with those
obtained from the CARPT experiment for overall solids holdup of 1% (v/v) (2.5% w/w)
at Reynolds number of 74,000. The Large Eddy Simulation (LES) and the Euler-Euler
model are the models chosen for evaluation in the current study. � 2008 American Institute

of Chemical Engineers AIChE J, 54: 766–778, 2008
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Introduction

Slurry reactors, in which solid–liquid suspensions are agi-
tated using one or more impellers, are one of the most im-
portant unit operations in the chemical, biochemical, and
mineral processing industries, because of its ability to pro-

vide excellent mixing between the phases. The flow pattern
and turbulence prevailing in the reactor ensures good heat
and mass transfer properties for the system, apart from pro-
viding good solid suspension within the vessel. Relevant
examples of solid–liquid industrial systems include multi-
phase catalytic reactions, crystallization, precipitation, leach-
ing, dissolution, coagulations, and water treatment. Despite
its widespread use, the design and operation of these reactors
still remain a challenging problem because of the complexity
of three dimensional circulating and turbulent multiphase
flow encountered in the tanks.
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With the improvement in computational capabilities, com-
putational fluid dynamics (CFD) has emerged as a viable
option to study turbulent multiphase flows and gain insights
on the hydrodynamic behavior of complex systems. Several
such attempts have been made to investigate the solids flow
dynamics in stirred tank reactor as well, starting from the
‘‘black-box’’ approach to describe the impeller,1,2 where ex-
perimental data provides the boundary conditions at the
impeller region to perform the simulation. The ‘‘black-box’’
approach is obviously not entirely predictive in nature and
requires experimental information at all conditions that are
simulated. The increase in computational power further leads
to the use of Algebraic Slip Mixture model3 which assumes
that both the phases exist at all points in space in the form
of interpenetrating continua, and the equations solved com-
prise of the continuity and momentum equations for the mix-
ture, volume fraction equation for the secondary phase and
an algebraic equation for the slip velocity between the phases
which then allows the two phases to move at different veloc-
ities. The Euler-Euler approach also invokes the concept of
interpenetrating continua, but solves the continuity and mo-
mentum balances for each phase separately which results in
simultaneous determination of the flow fields of the two
phases.4–9 The Euler-Lagrange approach, on the other hand,
considers each particle individually and tracks their trajecto-
ries by solving the equations of motions for each of them.10,11

As a result, this approach is considerably more expensive
compared with the Euler-Euler approach and is mostly lim-
ited to simulations of solids volume fraction less than about
5%. Derksen12 used the large eddy simulation (LES) to
model the solids hydrodynamics in a turbulently agitated
stirred tank. The LES methodology is much more fundamen-
tally based compared with that of the standard RANS based
models since it directly solves for the large scale eddies
while the influence of the small scale eddies on the flow are
modeled. The rationale behind LES is based on the fact that
the smaller scales in the energy cascade are largely passive
taking up whatever energy is passed on to them from the
larger scales, which is justified since energy and information
generally travel down to smaller scales, but not in the reverse
direction.13 LES has been successfully applied to model sin-
gle phase flows in stirred vessels14 and comparison with
RANS simulation and LDA data15 clearly demonstrates the
superiority of LES in terms of predicting the turbulent quan-
tities in the reactor. However, it should be noted that the
improvement in the predictions obtained in a large eddy sim-
ulation is at the expense of the computational cost associated
with it. As a result these simulations are still limited to
smaller reactor sizes and relatively lower volume fractions of
solids.12 The most fundamental simulation that can be carried
out is the direct numerical simulation (DNS), where the
effect of eddies on the flow are not modeled at any scale and
eddies of all sizes from the largest (order of reactor length
scale) to the smallest (Kolmogorov microscale) are computed
directly. Sbrizzai et al.16 attempted to carry out a direct nu-
merical simulation of the solids dispersion in an unbaffled
stirred tank reactor, where the Lagrangian tracking of the
solids were performed only for the period of three impeller
revolutions because of the limitations of computational re-
sources. However, the authors observed that this time win-
dow was not long enough to obtain a fully developed field

for the solids phase, and hence they used their preliminary
study only to derive an understanding on the transient disper-
sion dynamics. Considering the facts that often (though not
always) it is the large scale eddies which are dominant, and
that in DNS most of the computational effort is spent in
resolving the small-to-intermediate scales,13 large eddy simu-
lation becomes the more viable option compared with DNS
to gain fundamental understanding on two-phase turbulent
flows.

Although computational fluid dynamics (CFD) does pro-
vide a platform that can be used to obtain significant insights
into complex multiphase flow problems, it is essential to val-
idate the model predictions with experimental data before
they can be confidently used for the design and operation of
industrial reactors. However, most of the experimental work
carried out for solid–liquid stirred tanks focuses on the deter-
mination of the minimum impeller speed for incipient parti-
cle suspension17–20 resulting in correlations which are similar
to that of Zwietering’s21 except that variations in the expo-
nents of different terms can be observed. Although the avail-
able correlations in the literature have significant importance
from an operational point of view, they do not provide a
clear understanding of the physics underlying the system.
The experimental studies reported in the literature mostly
consists of the axial measurement of concentration profiles in
the vessel,8,22–25 which ignore the radial gradients that exist
in the reactor. As a result, the majority of the CFD studies
for solid–liquid stirred tanks are either devoted to the
improved prediction of axial solid concentration profiles
only,2,3,7–9,26 or are focused on the prediction of particle sus-
pension height in a stirred vessel.6 On the other hand, only
few attempts can be found in the open literature to experi-
mentally quantify the solids flow field in a slurry reactor.
Nouri and Whitelaw27 used the laser-Doppler velocimetry
(LDV) to obtain the mean velocities and turbulent quantities
of the solid phase in a Rushton turbine driven fully baffled
stirred tank where the suspension was predominantly very
dilute (0.02 v/v). This is well below 0.3% suggested by Lum-
ley (1978) for particle–particle interaction to be significant,
and hence, the reported solid hydrodynamics does not show
very significant deviation from the measurements obtained
for single phase flow.27 The Lagrangian tracking of a solid
particle inside a stirred tank using two synchronized video
cameras by Wittmer et al.28 cannot be considered a versatile
technique because of the drawbacks associated with it, viz.,
the fluid needs to be optically transparent and the particle
has to be large to be visible. Also, such optical method is
likely to fail in case of dense suspensions where the system
tends to become more and more opaque. Recently, Fishwick
et al.29 used the positron emission particle tracking (PEPT)
to study the hydrodynamics in solid–liquid stirred tanks.
They successfully demonstrated that PEPT can provide
Lagrangian description of solids hydrodynamics in the reac-
tor, but their study is limited to a very dilute system as well
(1% w/w). Also, mostly qualitative information in terms of
flow and turbulent kinetic energies in the tank are reported in
the article, while quantitative information regarding the parti-
cle–liquid slip velocity is only presented for an up-pumping
pitched blade turbine. However, in spite of these attempts,
the CFD predictions for the solids flow for dense systems
have not been evaluated yet and the recent Computer Auto-
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mated Radioactive Particle Tracking (CARPT) experimental
studies30 appears to be a suitable technique for this purpose.

The objective of this work is to assess the quality of pre-
dictions obtained from numerical simulations of a complex,
turbulent solid–liquid flow in a stirred tank by comparing
with results from the CARPT experiment. The focus here is
on the dynamic behavior of the dispersed solids phase in
terms of solids velocities, turbulent kinetic energy, and solids
sojourn times at various parts of the tank. The large eddy
simulation and the Euler-Euler model (Fluent 6.2) are the
models evaluated in the current work for a solid suspension
having overall solids volume fraction of 1% (v/v).

This article is structured as follows. The CARPT technique
and the experimental work are summarized first, followed by
the details of the LES and the Euler-Euler models used in this
study. The next section presents the evaluation of the model
results with CARPT data, and finally the work is summarized
and conclusions based on the results obtained are made.

Computer Automated Radioactive Particle
Tracking Experiment

The computer automated radioactive particle tracking
(CARPT) technique maps the flow of solids in the reactor by
tracking a single radioactive particle (Sc-46) that has the
same size and density as the solids used for the experiment.
The instantaneous position of the particle every 0.02 s
(50 Hz) is determined from the counts received by an array
of scintillation detectors by utilizing the calibration curves
that are obtained before the experiment for each of these
detectors. These calibration curves are generated by placing
the tracer particle at about 500 known locations in different
regions of the reactor. The CARPT experiment provides a
sequence of instantaneous position data that yields the posi-
tion of the particle at successive sampling instants. Carrying
out a time differentiation of the successive particle positions

then provides the instantaneous Lagrangian velocities of the
particle. Ensemble averaging of the Lagrangian particle
velocities is performed to calculate the average Eulerian
velocities of the solids in the system. Fluctuating velocities
and solids kinetic energies are also obtained using the mean
and instantaneous velocities in the reactor. More details
about the CARPT technique can be found elsewhere.31,32

The details of the experimental setup and conditions are
reported in Guha et al.30 The reactor consists of a tank of di-
ameter T 5 0.2 m, the height of liquid (H) being equal to
the tank diameter. The agitator is a six-bladed Rushton tur-
bine of diameter D 5 T/3. The distance of the impeller from
the bottom of the tank is equal to the impeller diameter. For
the experiments, water (ql 5 1000 kg m23) was used as the
liquid phase and spherical glass beads (qs 5 2500 kg m23)
of mean diameter 0.3 mm are used as the solids phase. The
experimental condition comprised of an overall solids holdup
of 1% by volume (2.5% w/w) and an impeller speed of
1000 rpm (or N 5 16.7 revolutions/s). The Reynolds number
then is Re 5 ND2/m 5 7.4 3 104. The just suspended impel-
ler speed based on Zwietering’s correlation (1958) for this
solid–liquid system is Njs 5 15 revolutions/s.

Modeling Approaches

Large Eddy simulation

The large eddy simulations (LES) are based on an Euler-
ian-Lagrangian approach. The three-dimensional, unsteady
continuous phase flow is solved by means of the lattice-
Boltzmann method33 on a uniform, cubic grid. The grid spac-
ing is such that the diameter of the tank T is spanned by 240
cells [see Figure 1(a)]. The total number of cells considered
in the LES is 2403 � 14 million. The full, three-dimensional
geometry of the tank is considered (no assumptions regarding
the flow’s symmetry have been made). The impeller moves

Figure 1. (a) Impeller cross-section showing the grid used for the large eddy simulation, and the points defining
the impeller and tank wall via the forcing method; (b) impeller cross-section showing the grid used for
the Euler-Euler simulation in Fluent 6.2.
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relative to the fixed grid and the effect of this motion is rep-
resented by body forces acting on the fluid. These body
forces are adapted dynamically such that at all times the
no-slip condition on the impeller surface (shaft, disk, and
blades) defined as a collection of closely spaced forcing
points not necessarily coinciding with the lattice is satisfied
(see Derksen and Van den Akker14 for a detailed description
of this forcing approach). In Figure 1(a) the forcing points
have been indicated. The Smagorinsky subgrid-scale model34

has been used for representing the effect of the unresolved
(subgrid) scales on the resolved scales. The Smagorinsky
constant Cs was set to 0.1 throughout the flow.

In this flow, spherical solid particles (diameter ds 5 0.3
mm) are dispersed. To get to the desired solids volume frac-
tion of 1% we need to insert some 7 million spheres. The
procedure for setting up and solving the equations of motion
of the particles has been explained in detail by Derksen.12

The key features are that for each sphere we solve the equa-
tions of linear and rotational motion taking into account
drag, (net) gravity, lift forces (being able to determine the
Magnus force is the main reason for considering rotational
motion of the particles), stress-gradient forces, and added
mass. For determining the drag force on the particles, we
consider next to the resolved fluid motion also the subgrid-
scale motion. The intensity of the latter is estimated via an
equilibrium assumption at the subgrid-scales. We subse-
quently use a Gaussian random process and an eddy-lifetime
concept to mimic the fluid motion at the unresolved scales.
As in the Euler-Euler approach (see the next section), we
consider a nonlinear drag coefficient (according to the Schil-
ler-Naumann model described later).

At the solids volume fractions considered here, particle–
particle collisions have great impact on the distribution of
solids over the volume of the mixing tank.12 For this reason,
a time-step-driven collision algorithm35 has been imple-
mented. It keeps track of each individual particle–particle
collision in the tank with the restriction (for computational
reasons) that one particle can only collide once during one
time steps. Given the small time step that we use (we take
2800 time steps per impeller revolution) and the (tank-aver-
aged) solids volume fraction of 1%, the number of collisions
that we miss as a result of this restriction is very limited.12

The LES results that we present here are all time aver-
aged. After reaching a quasi steady state, the LES was run
for a period comprising 16 impeller revolutions to collect
sufficient flow information such that converged statistical
results could be presented.

Euler-Euler model

The Euler-Euler model available commercially in Fluent
6.2 is the other model evaluated against the experimental
data obtained using CARPT. In the Euler-Euler approach,
each phase is assumed to coexist at every point in space in
the form of interpenetrating continua. It solves the continuity
and momentum equations for all the phases present and the
coupling between the phases are obtained through pressure
and interphase exchange coefficients. For each phase q, the
conservation equation is written as a function of the volume
fraction of the phase aq. The continuity equation for phase q
without mass transfer between phases is written as
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The turbulent dispersion of the secondary phase (solids) is
accounted in Eq. 1 through the turbulent diffusivity Dt. The
default value of 0.75 in Fluent for the dispersion Prandtl
number is used in this study to compute the turbulent diffu-
sivity. Ksl is the momentum exchange coefficient to account
for the interphase drag, while Flift

�!
accounts for the lift force

between the liquid and the solid phases. The term ps in Eq. 3
represents the solids pressure which accounts for the force
due to particle interactions. This term is closed applying the
kinetic theory of granular flow and is composed of a kinetic
term and a second term due to particle collisions. The solid
pressure is a function of the coefficient of restitution for par-
ticle collisions, the granular temperature, and the radial dis-
tribution function which corrects for the probability of colli-
sions between grains when the solid phase becomes dense.
The granular temperature is proportional to the kinetic
energy of the fluctuating particle and is obtained by solving
the transport equation derived from the kinetic theory. The
default values provided for the granular model constants in
the Fluent 6.2 framework are used in the present study, more
detailed discussion on which can be found in the Fluent User
Manual.36

The standard k-e model with mixture properties is used as
the turbulence model. This is based on the observation
reported by Montante and Magelli7 that the mixture model
leads to similar results obtained using a k-e model for each
phase while requiring significantly lower computation time.
The Multiple Reference Frame (MRF) approach37 is used to
model the rotating impeller, where the flow in the impeller
region is solved in a rotating framework while the outer
region is solved in a stationary framework. This algorithm
assumes the flow to be steady and the impeller-baffle interac-
tions are accounted by suitable coupling at the interface
between the two regions where the continuity of the absolute
velocity is enforced. The MRF boundary is located at r/R 5
0.5 and is in agreement with Oshinowo et al.,38 which men-
tions that when the impeller diameter is smaller than half of
the tank diameter (which happens to be the case here) the
optimal radial position of the boundary between the two
zones is roughly midway between the impeller blade tip and
the inner radius of the baffle.

The interface exchange coefficient to account for the drag
force in Eqs. 2 and 3 involves the drag coefficient CD and is
given by
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Ksl ¼ 3

4
CD

asqlj vs
�!� vl

�! j
ds

(4)

In this work, the drag coefficient is quantified using the
Schiller-Naumann model,39 where CD is obtained as

CD ¼
(
24ð1þ 0:15 Re0:687s Þ=Res Res � 1000

0:44 Res > 1000
(5)

Res is the relative Reynolds number defined as
Res ¼ qldsj vs

�!� vl
�! j

ll
. The lift force has been shown to have

minor influence on the Euler-Euler predictions of solid-liquid
flow in a stirred vessel40 and has been eventually neglected
by several authors in their simulations.7–9 However, it is
retained in this work since it was included in the large eddy
simulation and is quantified through the lift coefficient CL,
which is kept at the default constant value of 0.5 for the cur-
rent simulation.

The grid consists of about 589,000 cells consisting of hex-
ahedron and tetrahedron elements as shown in Figure 1(b) to
simulate the full geometry of the tank. This grid size is cho-
sen based on a recent study by Khopkar et al.9 who per-
formed an Euler-Euler simulation in a geometrically similar
solid–liquid stirred tank of 0.3 m diameter agitated by a
Rushton turbine. They used 287,875 cells to obtain the grid
independent solution for the flow in half of the tank. The
grid size used in this work is more than twice of that, which
is necessary since simulation is performed for the full tank,
and considering that the diameter of the tank in this case is
smaller than the one simulated by Khopkar et al.,9 the grid
density here is higher than that used in their work. Also, the
recent work of Deglon and Meyer41 for single phase flows in
stirred vessels concludes that the mean flow is unaffected by
the grid resolution while the turbulent kinetic energy is influ-
enced by the grid density used for the simulation. However,

the solids turbulent kinetic energies predicted by the Euler-
Euler simulation in this work is compared with those predicted
by the large eddy simulation which is significantly more fun-
damentally based and computed with very high grid resolution
(2403 cells or 13.8 million cells). Since differences in the sol-
ids kinetic energy predictions by the two models were mini-
mal throughout the solution domain as shown later in the text,
further Euler-Euler simulations with finer grid was not carried
out in this work. The Euler-Euler simulation is considered
converged when the residuals dropped below 1025. Also, the
overall solids balance is monitored after every iteration to
ensure that the solids mass balance is not violated.

Results and Discussion

This section compares the results obtained with the large
eddy simulation (LES) and the Euler-Euler model with those
obtained from the CARPT experiment. Quantitative compari-
sons are shown for the mean solids velocity profiles and solids
turbulent kinetic energy profiles at four axial regions of the
tank that are given by z/T 5 0.075 (close to the bottom), 0.25
(just below impeller), 0.34 (impeller plane), and 0.65 (midway
between impeller and the top free surface). Also, comparison
between the predictions of the two models for the liquid phase
turbulent kinetic energy, the slip Reynolds number (Res) and
the solids holdup distribution in the tank are presented and
discussed. The mean velocities are made dimensionless with
the impeller tip speed, Utip. The turbulent kinetic energy is
made dimensionless with U2

tip. The radial location in the tank
is non-dimensionalized with the tank radius R (R 5 T/2).

Overall flow pattern

Figures 2(a–c) show the average solids velocity field in a
vertical plane in the tank as observed in the CARPT experi-

Figure 2. Overall solids flow pattern in the tank as obtained from (a) CARPT, (b) Euler-Euler simulation, and (c)
Large Eddy simulation (all figures in same scale).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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ment and those predicted by the Euler-Euler model and the
large eddy simulation, respectively. Clearly, in the experi-
mental result the lower recirculation loop below the impeller
is significantly stronger than the one above the impeller. This
is not observed in either the large eddy simulation or the
Euler-Euler prediction, where qualitatively both loops appear
to be equally strong. Also it should be noted that below the
impeller near the center where solids flow upward (character-
istic flow pattern for radial flow impellers) there is a signifi-
cant contribution of the radial velocity apart from the strong
axial velocity. This is not predicted in the numerical results,
where the velocities at those locations are almost completely
dominated by the axial component.

Solids velocity radial profiles

The radial profiles of the time (ensemble) averaged solids
radial velocity as obtained from the CARPT experiment and
the two numerical models at the four axial locations in the
reactor are compared in Figures 3(a–d). The Euler-Euler pre-
dictions of solids radial velocity are quite comparable with
those obtained from the LES simulation, except at the impel-
ler plane (z/T 5 0.34) where improved predictions compared
with CARPT data are observed with LES. However, both
models still over-predict the solids velocity in the impeller

outstream region. The numerical predictions are reasonably
good in the regions far from the impeller and discrepancies
are mostly observed in and around the impeller. Just below
the impeller, at z/T 5 0.25 (Figure 3b), both the simulations
predict completely different trends from that observed experi-
mentally. This is in line with the observation that was made
from the overall flow pattern discussed in the earlier section.
The solids flowing upward near the center below the impeller
have a stronger radial component as observed in the experi-
mental study than that predicted by the models.

Figures 4(a–d) depict the radial profiles of time (ensemble)
averaged solids tangential velocity as obtained from the
CARPT experiment and the two numerical models at the
four axial locations in the reactor. At the impeller plane (z/T
5 0.34), the tangential velocity is over-predicted by both the
models close to the impeller, but the LES predictions are
improved in the region r/R[;0.4. At the planes away from
the impeller (z/T 5 0.075 and 0.65), LES predictions of the
tangential velocity are far superior to those obtained from the
Euler-Euler model particularly in the region r/R \ ;0.5.
Although the strong swirl below the impeller plane (z/T 5
0.25) observed in the experimental data is not captured by
any of the models, LES predictions show improved trends
compared with its Euler-Euler counterparts throughout the ra-
dial domain. Overall, the LES results for the solids tangential

Figure 3. Radial profiles of solids radial velocity at different axial locations in the tank.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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velocity compare much better with the CARPT experimental
findings as opposed to the Euler-Euler predictions, at least in
terms of capturing the right trends at all the axial locations
presented here.

The radial profiles of solids axial velocity as obtained
from the CARPT experiment and the two numerical models
at the four axial locations in the reactor are compared in Fig-
ures 5(a–d). The predictions obtained with the large eddy
simulation and the Euler-Euler model are more or less com-
parable for the solids axial velocities at most of the axial
locations, but improved trend can be observed with the
Euler-Euler model in the impeller plane. The numerical
results compare reasonably well with the CARPT data
(within engineering accuracy) at all the axial planes other
than the plane containing the impeller. The solids jet in the
impeller stream, as obtained from the experiment, has a sig-
nificant axial velocity associated with it because of which the
jet as a whole slightly moves upward as it approaches the
wall. Similar observation is reported by Sbrizzai et al.16 in
their direct numerical simulation of solids dispersion in an
unbaffled stirred vessel. The authors attributed the upward in-
clination of the axis of the jet to the different boundary con-
ditions that are imposed at the bottom (no-slip) and at the
top (free-slip) of the tank. However, this cannot be observed

in the numerical results obtained in this work using large
eddy simulation and the Euler-Euler model.

Turbulent kinetic energy radial profiles

Figures 6(a–d) represent the radial profiles of solids turbu-
lent kinetic energy as obtained from the CARPT experiment
and the two numerical models at the four axial locations in
the reactor. It is interesting to note that the numerical predic-
tions obtained using the large eddy simulation and the Euler-
Euler model are in good agreement at all the four axial
locations reported here and no additional improvement in
prediction of the solids kinetic energy is observed with the
LES model throughout the tank. This is quite surprising since
it is well known that LES provides significantly improved
predictions of turbulent kinetic energies for single phase flow
compared with RANS model.15 When compared with the
CARPT experimental data, it can be observed that the solids
turbulent kinetic energies predicted by both the models are
over- predicted at the impeller plane and under-predicted at
all other axial locations.

It will be of interest to compare the liquid phase turbulent
kinetic energies predicted by the two models and to see if
both the models provide similar performance. Although the

Figure 4. Radial profiles of solids tangential velocity at different axial locations in the tank.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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LES model solves for the liquid phase turbulence separately,
the Euler-Euler simulation solves for the k-e model with mix-
ture properties and assumes that the same turbulence field is
shared by the two phases. As a result, the mixture turbulent
kinetic energy profile obtained from the Euler-Euler model is
compared with the liquid phase turbulent kinetic energy
obtained from LES at the plane of the impeller (z/T 5 0.34)
in Figure 7. It can be observed that this comparison reveals
significant under-prediction of the turbulent kinetic energy
from the RANS model compared with those predicted by
LES. It seems that the solids phase turbulence might be less
sensitive to the model being used while an improved model
performs better to resolve the continuous phase turbulence.

Slip Reynolds number

The slip (or relative) Reynolds number (Res) quantifies the
magnitude of the slip velocity between the two phases in the
reactor, and is computed as defined earlier in the text (see
below Eq. 5). The lower the value of slip, the more the dis-
persed phase tends to follow the continuous phase and vice
versa. The radial profiles of the slip Reynolds number pre-
dicted by the two models at the impeller plane (z/T 5 0.34)
are presented in Figure 8. The slip velocity computed from

the Eulerian simulation are significantly lower than those
from the large eddy simulation, the difference being more
than an order of magnitude at many of the radial locations.
The closures used for the inter-phase interactions depend on
the computed slip Reynolds number and incorrect quantifica-
tion of this quantity will affect the simulated flow field sig-
nificantly.

Solids volume fraction

The radial profiles of the solids holdup (v/v) distribution
obtained from the two models are plotted in Figure 9 at the
plane containing the impeller (z/T 5 0.34). Although the qual-
itative trends are similar, quantitatively LES predicts lower
solids holdup compared with Euler-Euler model at most of the
radial locations. This is, however, not surprising considering
the significantly higher slip Reynolds number predicted by
LES (Figure 8). Increased slip leads to more solids to settle
down resulting in a lower prediction of solids holdup.

Solids sojourn time distributions

The Lagrangian information obtained from the CARPT
experiment and large eddy simulation is used to calculate the

Figure 5. Radial profiles of solids axial velocity at different axial locations in the tank.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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probability density function (PDF) of solids sojourn times in
different axial regions in the reactor. The concept of solids
sojourn time distribution (STD) has been discussed in detail

by Guha et al.,30 where it was used to evaluate the Zwieter-
ing’s correlation for the ‘‘just-suspension’’ speed for incipient
solid suspension in the tank. Based on the mean sojourn time

Figure 6. Radial profiles of solids turbulent kinetic energy at different axial locations in the tank.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. Radial comparison of mixture turbulent
kinetic energy from the Euler-Euler model
and liquid phase turbulent kinetic energy
from the large eddy simulation at the impel-
ler cross-section (z/T 5 0.34).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Radial comparison of slip Reynolds number
from the Euler-Euler model and the large
eddy simulation at the impeller cross-section
(z/T 5 0.34).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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obtained experimentally for two impeller speeds at the bottom
zone of the tank, it was confirmed that the Zwietering’s corre-
lation over-predicts the just suspension speed and incipient
suspension can be achieved at speeds lower than the ‘‘just-
suspension’’ speed predicted by the correlation. This was in
line with the observation made by Brucato and Brucato42 who
concluded that practically all particles get suspended at speeds
of about 80% of that predicted by the correlation. Reasonable
predictions of solids sojourn time distributions in the tank will
eventually lead to improved predictions of just-suspension
conditions for slurry reactors. From an operational point of
view, such optimization of operating condition can result in
significant reduction in energy requirement, since the power
required scales as the cube of the impeller speed.

To obtain the solids sojourn time distributions (STD), the
total height of the tank is divided into 10 equal axial regions
(zones) each 2 cm in height and the movement of the tracer
particle is monitored across each of these zones. The STD
curve in each zone is generated from the particle position vs.
time data by recording the time when the particle is found in
the zone of interest. Tracking the particle until it exits the
zone of interest provides the time the particle spends in the
axial zone under consideration from entry to exit. This yields
the sojourn time of the particle in the zone of interest during
that pass. This process is repeated each time the particle
enters and leaves the zone under consideration, which then
provides a distribution of sojourn times of the particle in that
axial region. Therefore, the sojourn time distribution (STD)
in any axial zone i can be defined as

Ei(ts)Dts 5 fraction of occurrences in zone i that has
sojourn times between ts and ts 1 Dts

The moments of the STDs are calculated in order to char-
acterize the obtained distributions. The first moment provides
the mean of the distribution gi, which is defined as

gi ¼
X1
ts¼0

tsEiðtsÞDts (6)

The second central moment gives the variance of the dis-
tribution r2i , which is defined as

r2i ¼
X1
ts¼0

ðts � giÞ2EiðtsÞDts (7)

The positive square-root of the variance is the standard
deviation of the distribution, which depicts how much the
distribution spreads out with respect to the mean value.

The axial variation of the mean and standard deviation of
the solids sojourn time distributions in the tank as obtained
from the CARPT experiment and the large eddy simulation
is compared in Figures 10(a, b). The sojourn time distribu-
tions cannot be obtained with the Euler-Euler model since
the dynamics of the solids phase is also solved in the Euler-
ian framework, unlike the large eddy simulation which tracks
the individual particles through a Lagrangian approach. It
can be seen that the first and second moments of the distribu-
tions predicted by LES compare well with those from
CARPT experiment, both qualitatively and quantitatively, in
spite of the fact that significant mismatch between CARPT
results and LES predictions of velocities are observed partic-
ularly around the impeller. This is somewhat surprising con-
sidering that one would expect the mismatch in the velocity

Figure 9. Radial comparison of solids holdup (v/v) from
the Euler-Euler model and the large eddy sim-
ulation at the impeller cross-section (z/T 5
0.34).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10. Axial variation of the moments of the solids
sojourn time distribution in the tank.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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profiles to be reflected in the sojourn time distributions as
well. As a result it is worthwhile to compare the distribution
functions obtained from CARPT data and the LES simulation
at four axial slices containing the four axial locations where
the velocity profiles are compared. Such a comparison is pre-
sented in Figures 11(a–d), where the slices considered are 0–
2 cm (containing z/T 5 0.075), 4–6 cm (containing z/T 5
0.25), 6–8 cm (containing z/T 5 0.34), and 12–14 cm (con-
taining z/T 5 0.65). The PDF obtained for the bottom slice
by the two methods is characteristically different—CARPT
shows a larger fraction having small sojourn time compared
to LES prediction, and hence the mean sojourn time pre-
dicted by LES is larger for this slice. For the slice just below
the impeller (4–6 cm), significant difference in the PDF can
be observed qualitatively. The spike predicted by the large
eddy simulation is not observed by CARPT. However, this
spike will have less impact on the first and second moments
of the distribution since the spike occurs at very small ts,
which probably led to similar mean and standard deviation
for the two cases. In the axial slice containing the impeller
(6–8 cm) both CARPT and LES show two peaks but the
peaks are slightly shifted toward the left with LES compared
with that with CARPT. The range of sojourn time (ts) cov-
ered by the distribution is, however, more or less equal. Sig-
nificant difference in the PDF exists for the slice between 12

and 14 cm as well, but the two distributions lead to similar
first moment (mean) although the second moment (standard
deviation) obtained from CARPT is larger.

Summary and Conclusions

In this work, the ability of the large eddy simulation
(LES) and the Euler-Euler CFD model in predicting the sol-
ids dynamics in a solid-liquid stirred tank reactor is evaluated
through an extensive qualitative and quantitative comparison
of the solids phase velocities, turbulent kinetic energy, and
sojourn time distributions (STD) with those obtained using
computer automated radioactive particle tracking (CARPT)
experiment. The overall flow pattern obtained using the
CARPT technique shows the bottom recirculation loop to be
significantly stronger than the top one, which is not captured
by either the large eddy simulation or the Euler-Euler model.
The predictions of the azimuthally averaged velocity compo-
nents, particularly the tangential component, at different axial
locations in the reactor are improved when LES is used as
compared with the Euler-Euler model. Major discrepancies
in the prediction of solids velocities by the numerical models
can be seen in and around the impeller plane. In spite of the
observed mismatch in time-averaged velocity predictions
compared with CARPT data, the large eddy simulation

Figure 11. Solids sojourn time distributions at different axial slices in the tank.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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provides reasonably good agreement for the mean and stand-
ard deviation of the solids sojourn times in the reactor with
the experimentally determined values. Based on the observa-
tions presented in this work, it can be concluded that more
fundamental understanding of the flow field and the associ-
ated interactions close to the impeller are necessary to
resolve and predict the complex two-phase flow in a solid–
liquid stirred tank reactor. However, reasonable predictions
of LES for the mean and variance of the sojourn time distri-
butions in various zones of the tank provides additional
encouragement for extending the compartmental model for
the stirred tank reactor to liquid–solid systems. In such mod-
els for single phase flow,43 the CFD computed flow field is
used to couple the compartmental model with kinetics of the
desired reaction system.
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Notation

C5 impeller clearance
ds5particle diameter

CD, CL5drag and lift coefficient
D5 impeller diameter
E5 sojourn time distribution
R5 tank radius
ts5 solids sojourn time
T5 tank diameter
v5velocity

Utip5 impeller tip speed
q5density
a5volume fraction
l5viscosity
g5mean of sojourn time distribution
r5 standard deviation of sojourn time distribution

Res5 relative (slip) Reynolds number
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