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bstract

CFD simulations are carried out for the prediction of flow patterns in a liquid–solid fluidised bed using Eulerian–Eulerian framework. The CFD
odel predictions are compared with the experimental findings reported by Limtrakul et al. [S. Limtrakul, J. Chen, P.A. Ramachandran, M.P.
udukovic, Solids motion and holdup profiles in liquid fluidised beds, Chem. Eng. Sci. 60 (2005) 1909–1920] and the comparison shows good

greement. The CFD model has been further extended to compute solid mass balance in the core and annular regions for verifying conservation of
ass and energy flows due to various dissipation mechanisms. Energy required for solid expansion in liquid fluidised bed is also compared with

nergy required for solid suspension in an equivalent stirred tank contactor at similar operating conditions. The influence of various interphase drag
odels proposed by Gidaspow [D. Gidaspow, Multiphase Flow and Fluidisation, 1st ed., Academic Press, San Diego, 1994], Di Felice et al. [R.
i Felice, The voidage functions for fluid–particle interaction system, Int. J. Multiphase Flow 20 (1994) 153–159] and Syamlal and O’Brien [M.
yamlal, T.J. O’Brien, Simulation of granular layer inversion in liquid fluidised beds, Int. J. Multiphase Flow 14 (1988) 473–481] on solid motion

n liquid fluidised bed have been investigated. Even though these models predict the flow pattern of solid motion inside the fluidised bed with

easonable accuracy, the model proposed by Gidaspow showed the better quantitative agreement with experimental data. For ensuring accuracy of
umerical simulation prediction, comparisons between 2D and 3D simulation, the effect of grid sensitivity, time step sensitivity and effect of inlet
eed conditions have been carried out and a comprehensive CFD methodology is proposed to model the hydrodynamics of liquid–solid fluidised
ed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Liquid–solid fluidised beds continue to attract increasing
ttention due to their inherent versatility for several industrial
pplications in hydrometallurgical, biochemical, environmental
nd chemical process industries [1]. Due to advantages such
s the absence of high shear zones and uniform distribution
f solids, liquid–solid fluidised beds provide a viable option
o replace mechanically agitated reactors for achieving cost
eduction and improvements in product quality. However, due
o lack of information on various design and operating aspects
f liquid–solid fluidised beds, it is likely that their introduc-

ion to large scale applications may not be realized as soon as
esirable. Significant contributions have been made by several
uthors [2,3] to improve the understanding of the hydrodynamics
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f liquid–solid fluidised beds through experimental and theoret-
cal investigations. In comparison to reactors such as the bubble
olumn, the flow patterns of solid in liquid fluidised beds is not
et well understood in terms of circulation patterns and energy
issipation. Circulation phenomena of solids have been observed
o be dominant in liquid fluidised beds due to non-uniform solid
oldup profiles and solid velocity profiles. For this reason, com-
utational fluid dynamics (CFD) has been promoted as a useful
ool for understanding multiphase reactors [4] for reliable design
nd scale up.

Hydrodynamics and solids expansion in liquid fluidised beds
ave been extensively studied by several authors [5–7] and
eviewed by Di Felice [8]. Kiared et al. [2] who investigated
he flow structure of solids in three dimensional liquid flu-
dised beds using the radioactive particle tracking technique

bserved that the flow structure consists of a core and an annu-
us in which the solids displayed distinct upward and downward

ovements, respectively. Yang and Renken [9] provided an
nterpretation of the Richardson–Zaki equation by linking the

mailto:geraldsuren@yahoo.com
dx.doi.org/10.1016/j.cej.2007.01.042
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Nomenclature

a parameter in Eq. (36)
A, B coefficient in the Syamlal and O’Brien model
Ar Archimedes number
C solid compaction modulus
Cd drag coefficient
Cμb coefficient in particle induced turbulence model
Cμ, σk, σε, Cε1, Cε2 coefficient in turbulent parameters
dp particle diameter (m)
D column diameter (m)
Di impeller diameter in Eq. (46)
Dc diameter of core region (m)
EB rate of energy dissipation by friction between two

phases (W)
ED energy dissipation by the liquid phase (W)
Ee energy dissipation rate due to turbulence in liquid

phase (W)
Ef frictional energy loss of liquid phase (W)
Ei input energy due to liquid phase (W)
Ek liquid phase turbulent kinetic energy (W)
El potential energy of liquid leaving the fluidised bed

(W)
Es solid phase potential energy (W)
ET energy transfer from liquid to solid in core region

(W)
f ratio of the falling velocity to the terminal velocity

of a single particle
fc constant in Eq. (46)
FTD turbulent dispersion force (N)
FDl liquid phase interphase drag force (N)
FDs solid phase interphase drag force (N)
g acceleration gravity (m/s2)
G(εs) solid elastic modulus
G0 reference elasticity modulus
H expanded bed height (m)
k the turbulence kinetic energy (m2/s2)
m, C constants involved in Eq. (28)
nc curvature of the velocity profile in Eq. (29)
n parameter in Eq. (35)
N impeller speed (rps)
NCS critical impeller speed for just suspended solid

(rps)
Np power number
NRe Impeller Reynolds number
P liquid-phase pressure (kg/m s2)
Ps solids pressure (kg/m s2)
r/R Dimensionless radial position
R radius of column (m)
Ri radius of inversion
Re Reynolds number
Rep particle Reynolds number
Ret Reynolds number based on particle terminal

velocity
T tank diameter (m)

x empirical coefficient in the Di Felice model
ul liquid phase velocity vector (m/s)
us solid phase velocity vector (m/s)
U superficial velocity (m/s)
Umf minimum fluidisation velocity (m/s)
Ut particle terminal fall velocity (m/s)
vs time averaged solid velocity in the core region

(m/s)
Vl superficial liquid velocity (m/s)
Vin inlet superficial liquid velocity (m/s)
Vmax maximum velocity at center (m/s)
Vs slip velocity (m/s)
Vz(0) centerline axial solids velocity, by curve fitting
Vz(r) time averaged axial solid velocity (m/s)
W blade width (m)
X solid loading

Greek letters
α1, α2 empirical constants in Eq. (29)
β inter-phase drag coefficient (kg/m3 s)
γ kinematic viscosity (m2/s)
ε turbulence eddy dissipation
ε(r) time averaged radial solid holdup profile
εl, εs liquid volume fraction and solid fraction
εmf voidage at minimum fluidisation
ε̄s time averaged solid holdup
εsm maximum solid packing parameter
η efficiency of energy transfer from liquid phase to

solid phase
λ friction factor
λs friction factor for very rough pipe
μleff total phase viscosity (kg/m s2)
μtl phase turbulence viscosity (kg/m s2)
μtp particle induced turbulence (kg/m s2)
μλ phase viscosity (kg/m s2)
ξ relative pipe roughness
ρs density of solid phase (kg/m3)
ρ, ρl liquid density (kg/m3)
�ρ density difference between liquid and solid

(kg/m3)
τl liquid-phase viscous stress tensor (kg/m s2)

Subscripts and superscripts
l liquid phase
max maximum
mf minimum fluidisation
s solid phase
� phase
2D two dimensional
3D three dimension
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pparent drag force, the effective gravitational force and the
oidage to propose a generalised correlation applicable for lam-
nar, intermediate and turbulent regimes. Recently, Limtrakul
t al. [3] have reported a comprehensive experimental study
mploying non-invasive gamma ray based techniques, computer
omography and computer-aided radioactive particle tracking
echniques to measure solid holdup and solid velocity profiles
nder different operating parameters. They reported that the
verage values of solids holdup in the column were in agreement
ith the modified Richardson–Zaki equation [10].
From a modeling perspective, Roy and Dudukovic [11] inves-

igated liquid–solid fluid dynamics in a circulating fluidised bed
iser using non-invasive flow methods and discussed the solid
ow structure in the riser. They developed a CFD model for the
iser and validated the findings with experimental data. Cheng
nd Zhu [12] developed a CFD model for liquid–solid circulating
uidised bed reactor and included turbulence and kinetic theory
f granular flow in the governing equations to model the high
eynolds number two phase flows with strong particle–particle

nteractions. They found enhanced non-uniformities in flow
tructure for the larger particle system. Doroodchi et al. [13]
sed CFD to investigate the influence of inclined plates on the
xpansion behavior of solids in a liquid fluidised bed containing
wo different sized particles. The authors were able to validate
heir computational model with experiments performed with
allotini particles demonstrating a significant increase in par-
icle sedimentation rate due to introduction of inclined plates
nto the conventional fluidised bed. The authors modeled the
rag between the particles and continuous fluid based on experi-
entally determined Richardson–Zaki exponents for the various

article sizes. However, comparatively less information is avail-
ble regarding CFD modeling of the solids flow pattern in a
iquid–solid fluidised beds in contrast to the extensive knowl-
dge of gas–solid fluidised beds and bubble column reactors.

The present work aims to predict the flow pattern of solids
nd liquid motion in liquid fluidised beds for various design
nd operating conditions using CFD. The data of Limtrakul et
l. [3] is chosen for the purpose of validating the numerical
esults obtained through CFD. The non-invasive measurement
echniques such as computer tomography (CT), computer-aided
adioactive particle tracking (CARPT) are used for the predic-
ion of phase holdup and solid velocity profiles respectively of
iquid–solid fluids beds by Limtrakul et al. [3]. The liquid flu-
dised beds used in the experimental study of Limtrakul et al. [3]
re two plexiglas columns: 0.1 m i.d. with 2 m height and 0.14 m
.d. with 1.5 m height. The liquid phase is chosen as water. The
olid phase is chosen as glass beads of size 1 and 3 mm with a
ensity of 2900 and 2500 kg/m3, respectively. They also used
cetate beads of 3 mm size with a density of 1300 kg/m3.

The present work also aims to evaluate the influence of
nterphase drag force models, inlet boundary condition, grid res-
lution, time step sensitivity as well as a comparison between 2D
nd 3D simulation on the predictive capabilities of the numer-

cal investigation. Based on the flow pattern of solids motion
redicted by CFD, a solid circulation in the core and annular
egions of the fluidised bed as well as the dissipation of energy
y various phenomenon such as friction, liquid phase turbu-

a
i
i
p
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ence and mean flow have been computed. The results confirm
he conservation of mass rates between core and annular regions.
nergy required for solid expansion in a liquid fluidised bed has
een compared with the energy required for solid suspension in
quivalent stirred tank reactor.

. Governing equations

The simulation of liquid fluidised bed was performed by
olving the governing equations of mass and momentum con-
ervation using ANSYS CFX-5 software. A multifluid Eulerian
odel, which considers the conservation of mass and momen-

um of fluid and solid phases, was applied.

Continuity equations:

liquid phase :
∂

∂t
(εlρl) + ∇(ρlεl�ul) = 0 (1)

solid phase :
∂

∂t
(εsρs) + ∇(ρsεs�us) = 0 (2)

where εl, εs are the volume fractions of liquid and solid phase
which satisfies the relation:

εs + ε1 = 1 (3)

ul, us are the liquid and solid phase velocities and ρl, ρs are
the liquid and solid phase densities, respectively.
Momentum equations:

liquid phase :

∂

∂t
(ρlεl�ul) + ∇(ρlε�u2

l ) = −εl ∇P + ∇τl + ρlεlg − FDl (4)

solid phase :

∂

∂t
(ρsεs�us) + ∇(ρsεs�u2

s ) = −εs ∇P − ∇ps + ρsεsg + FDs

(5)

where P is the pressure,�ps the collisional solids stress tensor
that represent the additional stresses in solid phase due to
particle collisions, g the gravity vector, and τl represents the
stress tensor associated with liquid phases and the last term
(FD) represents interphase drag force between liquid and solid
phases.

The most popular constitutive equation for solids pressure
re due to Gidaspow [14], viz.:

ps = G(εs)∇εs (6)

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

(εs) = G0 exp(c(εs − εsm)) (7)
s proposed Bouillard et al. [15]where G0 is the reference elastic-
ty modulus and is set to 1 Pa, c the compaction modulus which
s set to 100 for the present simulation and εsm is the maximum
acking parameter.
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Table 1
Standard values of the parameters used in the turbulence model

Cμ 0.09
σk 1.0
σε 1.3
Cε1 1.44
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ANSYS CFX-5 software code was used for simulating the
hydrodynamics of liquid–solid fluidised bed. Tables 2 and 3
summarizes the model parameters/conditions used for the sim-
ulation of solid motion in liquid fluidised beds.

Table 2
Simulation process conditions

Description Value

2D and 3D simulation Column diameter 0.14 m, height 1.5 m
Grid size Coarse mesh with 25,000 nodes, finer

mesh with 40,000 nodes
Time step 0.001–0.01 s

Inlet boundary Fully developed velocity profile,
Uniform inlet velocity
ε2 1.92

μb 0.6

Viscous stress term τl for liquid phase is given by the follow-
ng equation:

l = εlμeff,l(∇�ul + ∇�ul) + εl

(
λl − 2

3
ul

)
∇ulI (8)

here μeff is the effective viscosity accounting for turbulence
nd is given as

eff,l = μl + μtl + μtp (9)

here μl is the liquid viscosity, μtl is the liquid phase turbulence
iscosity or shear induced eddy viscosity, which is calculated
ased on the k–ε model as

tl = cμρl
k2

ε
(10)

here the values of k and ε come directly from the differen-
ial transport equations for the turbulence kinetic energy and
urbulence dissipation rate.

μtp represents the particle induced turbulence and is given by
he equation proposed by Sato et al. [16] as

tp = cμbρsεsdp|�us − �ul| (11)

The values used for constants in the turbulence equations are
ummarized in Table 1.

The interphase drag force, which is generally, computed from
he knowledge of the drag coefficient Cd, particle Reynolds
umber, and solids volume fraction is given by

Ds = −FDl = Cd
3

4
ρl

εs

dp
|�us − �ul|(�us − �ul) = β(us − ul)

(12)

here β is the interphase drag coefficient.
The following drag models were used for representing the

rag coefficient between solid and liquid phases.

Drag model 1 [14]:

β = 150ε2
s μl

εld2
p

+ 1.75εsρl(us − ul)

dp
(εl < 0.8) [17] (13)

β = 3

4
Cdρl

εs

dp
(�us − �ul)f (εl) (εl < 0.8) [18] (14)

where
Cd = 24

Re
(1 + 0.15 Re0.687

p ), Re ≤ 1000 (15)

Cd = 0.44, Re ≥ 1000 (16)

C
P
P
S
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and

f (εl) = ε−1.65
l (17)

Drag model 2 [19]:

β = 3

4
Cdρl

εs

dp
(�us − �ul)f (εl) (18)

where

f (εl) = εl
−x (19)

where x is given as

x = 3.7 − 0.65 exp

[
−1

2
(1.5 − log10 Rep)2

]
(20)

Drag model 3 [20]:

β = 3

4

Cd

f 2

ρl|us − ul|
dp

εlεs (21)

Cd =
(

0.63 + 4.8

√
f

Ret

)2

(22)

where f is the ratio of the falling velocity of a superficial to
the terminal velocity of a single particle and is given by [21]:

f = 0.5(A − 0.06Re

+
√

(0.06Re)2 + 0.12Re(2B − A) + A2) (23)

where

A = ε4.14
l (24)

B =
{

ε2.65
l , εs < 0.15,

0.8ε1.28
l , εs ≥ 0.15.

(25)

. Numerical simulation
olumn diameter Diameter: 0.1 m, 0.14 m
article size 1, 3 mm
article density 1300–2500 kg/m3

uperficial liquid velocity 0.07–0.13 m/s
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Table 3
Simulation model parameters

Solid Glass beads

Density (kg/m3) 2500
Size (mm) 3 1
Umf (m/s) 0.0412 0.014
Solid holdup 0.683 0.593
Bed voidage 0.317 0.417
Initial bed height (m) 0.369 0.366
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Fig. 1. (a) 2D; (b) 3D mesh of liquid fluidised bed.
.1. Flow geometry and boundary conditions

Fig. 1 depicts typical numerical mesh used for simulation and
able 3 shows a schematic view of the initial conditions specified

b
0
w
fl

ig. 2. Comparison of 2D and 3D simulation, time averaged solid holdup from (a) 2
D simulation.
eering Journal 132 (2007) 159–171 163

or the simulation. The upper section of the simulated geometry,
r freeboard, was considered to be occupied by liquid only. Inlet
oundary conditions were employed at the bottom of the bed to
pecify a uniform liquid inlet velocity. The liquid is introduced at
ll the computational cells of the bottom of the column. Pressure
oundary conditions were employed at the top of the freeboard.
his implies outlet boundary conditions on pressure, which were
et at a reference value of 1.013 × 105 Pa. The lateral walls were
odeled using the no-slip velocity boundary conditions for the

iquid phase and the free slip assumption for the solid phase.
The numerical simulations of the discrete governing equa-

ions were achieved by finite volume method. Pressure velocity
oupling was achieved by the SIMPLE algorithm. The govern-
ng equations were solved using the advanced coupled multi-grid
olver technology of CFX-5. The second order equivalent to
igh-resolution discretization scheme of momentum, volume
raction of phases, turbulent kinetic theory and turbulence dis-
ipation rate was chosen. During the simulations, the standard
alues of under relaxation factors were used. For time depen-
ent solution the second order implicit time discretization was
sed. The simulations were carried out till the system reached
he pseudo steady state. Once the fully developed quasi-steady
tate is reached, the time averaged quantities are calculated. For
ll the simulations, the time averaged quantities are performed in
he time interval 50–150 s. The axial and azimuthally average is
hen performed along the axial direction within the middle sec-
ion of the column. The convergence criteria for all the numerical
imulation is based on monitoring the mass flow residual and the
alue of 1.0e−04 is set as converged value. This convergence is
onitored as a function of number of iterations at each time.
Time dependent simulations were performed with time step

n the range of 0.01–0.001 s. The various time steps, viz., 0.01,
.005 and 0.001 s were used for testing the convergence and

ased on the convergence and computational time a value of
.005 s was set as time step for the simulation studies in this
ork. Also the simulation was carried out for the liquid–solid
uidised bed geometry with 25,000 and 40,000 nodes. Based on

D; (b) 3D simulation, time averaged solid velocity from (c) 2D simulation; (d)
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Table 4
Comparison of bed expansion and solid holdup prediction from different drag force models and experimental data

Drag force model Bed expansion Solid holdup

Experimental CFD Error (%) Experiment CFD Error (%)

Gidaspow [14] 0.586 0.59 +0.7 0.43 0.43 −0.7
Di Felice [19] 0.68 +16.0 0.36 −15.8
Syamlal and O’Briens [20] 0.58 −1.0 0.43 0.23

Table 5
Comparison of bed expansion and solid holdup on the type of velocity profiles at the inlet

Type of feed inlet conditions Bed expansion Solid holdup

Experimental CFD Error (%) Experimental CFD Error (%)

F
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C

ully developed velocity profile 0.586 0.5
niform velocity profile 0.59

he comparison between experimental and simulated results for
ime averaged axial solid velocity, the mesh with 25,000 nodes
s chosen for further simulation studies.

. Results and discussion

.1. Comparison between 2D and 3D simulation

Fig. 2 provides a comparison of time averaged solid holdup
nd solid velocity obtained through 2D and 3D CFD simulation.
rom Fig. 2(c) and (d) it is evident that 3D CFD simulation
rovides a more accurate prediction of solid motion involving the
ore-annulus pattern and hence only 3D simulation was chosen
or further studies in this work.

.2. Effect of drag force models

Fig. 3 shows the effect of drag force models proposed by
idaspow [14], Di Felice [19] and Syamlal and O’Brien [20] by

omparing the variation of axial solid velocity against dimen-
ionless radius position. Table 4 depicts the influence of drag

orce models by comparing the bed expansion and solid holdup
ith experimental data reported by Limtrakul et al. [3]. Even

hough the models proposed by Syamlal and Gidaspow match
losely with the experimental data of Limtrakul (average error of

ig. 3. Influence of different drag force models on the time averaged axial solid
elocity of fluidised at a superficial liquid velocity of 0.07 m/s.

d
r
v
T
e
w
e
h
s

T
P

D

M
G
T
D
I

+14.7 0.43 0.498 −15.8
−0.68 0.427 +0.7

.2–0.7% for solid holdup), the drag model proposed by Syam-
al over predicts the axial solid velocity profiles. Based on these
bservations the Gidaspow drag model was used in the present
tudy.

.3. Effect of inlet feed condition

The effect of two types of inlet velocity profiles (Vin = Vmax
1 − r/R)1/7, uniform velocity profile) of liquid feed was evalu-
ted with the experimental results in the present study. Table 5
resents the effect of different inlet conditions on bed expansion
nd solid holdup. The fully developed inlet profile gives lower
ed expansion and higher solid holdup than the velocity profiles
ssuming uniform velocity as shown in Table 5.

Based on the above observations, Table 6 gives the CFD
odel parameter used in the numerical investigation.

.4. Comparison of solid holdup between experimental and
FD results

Fig. 4 shows the time averaged solid holdup as a function of
imensionless radial position along with the experimental results
eported by Limtrakul et al. [3]. The solid holdup is defined as the
olume fraction of the solid phase in the liquid–solid mixture.
he solid holdup profile predicted by CFD matches closely with
xperimental data at the center of the column and varies at the

all region of the column with an average error of 2.6%. The

nhanced deviation at the wall may be due to wall effects which
ave not been explicitly considered in the present study. Table 7
hows the averaged solid holdup obtained by experimental and

able 6
arameters employed in CFD simulation

escription Method used

ode of simulation 3D
rid size 25,000 nodes
ime step 0.005 s
rag model Gidaspow model

nlet boundary Uniform inlet velocity
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Table 7
Experimental validation of average solid holdup predicted by CFD

Column size (m) Superficial liquid
velocity (m/s)

Solid particle Holdup from
experimental data

Holdup from the present
CFD simulation

Error (%)

0.14 0.07 Glass beads (3 mm) 0.44 0.42 +4.5
Glass beads (1 mm) 0.51 0.48 +5.9

0.35 0.3 +14.3
0.25 0.255 −2.0

0 0.48 0.43 +10.4

C
t
p
a

4

s
c
s
a
l
s
t
r
c
l
d
m
s

4

(
w
s
p
(
s
T

F
s

F
(

0.1 Glass beads (3 mm)
0.13 Glass beads (3 mm)

.1 0.065 Glass beads (3 mm)

FD simulation at various operating conditions. It is observed
hat the solid holdup obtained from CFD simulation is able to
redict the experimental results reported by Limtrakul with an
verage error of 2–14%.

.5. Solid motion in liquid fluidised bed

Experimental studies of solid motion reported by Limtrakul
hows that multiple solids cell circulations patterns exist for all
onditions of liquid fluidised bed operations. However, CFD
imulation exhibits only a single solid circulation cell which is
lso in agreement with the observations of Roy et al. [22] in a
iquid–solid riser. Fig. 5 shows the vector plot of time averaged
olid velocity on the different planes at typical operating condi-
ions (Ul = 0.07 m/s) for glass beads. The existence of a single
ecirculation cell with solids ascending along the column at the
enter and descending along the wall is evident from the simu-
ation results. CFD simulation of axial solid velocity at various
imensionless radial positions is depicted in Fig. 6. The agree-
ent between the experimental and simulation results is quite

atisfactory.

.6. Effect of particle size and density

Acetate beads (ρs = 1300 kg/m3) and glass beads
ρs = 2500 kg/m3) with particle sizes, 0.001 and 0.003 m
ere used to study the effect of particle size and density. Fig. 7

hows that the axial solid velocities increase with increase in

article diameter and density leading to larger inversion point
the point at which zero axial solid velocity) for both CFD
imulation and the experimental results reported by Limtrakul.
able 8 depicts comparison of the inversion points for different

ig. 4. Azimuthally averaged solid holdup profile obtained by CT scan and CFD
imulation, 0.14 m diameter column, 0.003 m glass beads Ul = 0.07 m/s.

o
b
o
d

F
v

ig. 5. Typical time averaged azimuthally averaged axial solid velocity profile:
a) z–x plane; (b) z–y plane; (c) At 45 to the z–x plane.
perating conditions. The smaller sized particle of 1mm glass
eads has a smaller value of inversion point compared to that
f glass beads of 3 mm size. Song and Fan [23] mentioned that
ue to higher value of apparent viscosity of slurry, the inversion

ig. 6. Axial solid velocity profiles as a function of radial position at a superficial
elocity of 0.07 m/s.
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Table 8
Comparison of inversion points for different operating condition

Column diameter Solid properties Inversion points

Experimental CFD simulation

0.14 m Glass beads (2500 kg/m3, 3 mm) 0.72 0.77
Glass beads (2900 kg/m3, 1 mm) 0.62 0.69
Acetate beads (1300 kg/m3, 3 mm) – 0.64

0 – 0.72

p
s

4

e
a
v
d
o

4

s
a
b

F
a
f

F

s

.1 m Glass beads (2500 kg/m3, 3 mm)

oint is reduced for systems with particles having smaller
izes.

.7. Effect of liquid superficial velocity

The increase in superficial liquid velocity increases the
nergy input to the system, leading to enhanced bed expansion
nd solid motion. Fig. 8 shows the effect of liquid superficial
elocity on the time averaged axial solid velocity. The CFD pre-
ictions of axial solid velocity give the same pattern as those
btained from experimental data.

.8. Turbulence parameters
To further validate the CFD simulation results, a compari-
on of the turbulence parameters, viz., turbulence intensities,
nd shear stress profiles with the experimental data provided
y Limtrakul et al. [3] was made. Fig. 9 shows the root-mean-

ig. 7. (a) Effect of particle type (Ul for glass beads = 0.007 m/s, Ul for
cetate = 0.024 m/s) and (b) effect of particle size (Ul for 3 mm = 0.007 m/s, Ul

or 1 mm = 0.024 m/s) on axial solid velocity.

t
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ig. 8. Effect of superficial liquid velocity on time averaged axial solid velocity.

quare (rms) axial (u′
r) and radial (u′

r) velocities of solids along
he radial position. Fig. 9a and b shows that the axial rms
elocities are roughly twice those of the corresponding radial
omponents. Similar to observations made by Devanathan et al.

24] in gas–liquid bubble columns systems and Roy et al. [22]
n liquid–solid riser. A typical comparison of experimental and
imulation results is depicted in Figs. 9 and 10.

ig. 9. (a) Variation of radial rms velocities along the radial position; (b) varia-
ion of axial rms velocities along the radial position.
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The total energy of solids in the core region is computed as
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Fig. 10. Variation of Reynolds shear stress along the radial position.

. Computation of solid circulation in the core and
nnular regions

Based on the validation of CFD model predictions dis-
ussed earlier, a mass balance of solids in the core and annular
egion was computed to verify conservation of solid mass in the
iquid–solid fluidised bed, i.e. the net solid volume flow rate in
ore region should equal the net solid volume flow rate in the
nnular region represented mathematically as

olid upflow rate in the core region = 2π

∫ Ri

0
rε(r)Vz(r) dr

(26)

solid downflow rate in the annular region

= 2π

∫ R

Ri

rε(r)Vz(r) dr (27)

here ε(r) is the time averaged radial solid holdup profile and
z(r) is the time averaged axial solid velocity and Ri is the radius
f inversion, defined as the point at which the axial solids veloc-
ty is zero. The radial solid holdup profile at each of the operating
onditions proposed by Roy et al. [22] is given by

s(r) = ε̄s
m + 2

m + 2 + 2C

[
1 + C

( r

R

)m]
(28)

imilarly an expression that has been observed to describe the
adial profile of the axial solids velocity [22] is( ) ( )

z(r) = Vz(0) + α1

r

R

nc − α2
r

R

nα1/α2
(29)

In Eq. (29), Vz(0) is the centerline axial solids velocity and
1and α2 are empirical constants determined through curve

t
(

E

able 9
ass balance of solid circulation flow in liquid fluidised bed

olumn size (m) Liquid superficial
liquid velocity (m/s)

Solid particle V
o

.14 0.07 Glass beads (3 mm) 1
0.07 Glass beads (1 mm) 1
0.1 Glass beads (3 mm) 8
0.13 Glass beads (3 mm) 6
0.024 Acetate beads (3 mm) 5
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tting. The exponent nc defines the curvature of the velocity
rofile.

The net volumetric solid flow rates computed from Eqs. (26)
nd (27) are shown in Table 9. The relative deviation of volu-
etric solid flow between core and wall region is observed in the

ange of 10–15%. This finding may be compared with observa-
ion of Kiared et al. [2] who investigated the net solid flow rate in
he core and annular region and obtained the relative deviation
or volumetric mass rate in the range of 23–27%.

. Computation of energy dissipation due to solid and
iquid motion

The energy flows due to various contributing mechanisms
n the liquid–solid fluidised bed was computed with a view to
etermine their relative contributions and the energy efficiency
f the liquid–solid fluidisation process.

Efficiency of energy transfer to the solid phase from liquid
hase may be defined as

= energy gained by solids in the reactor (ET)

energy dissipation by the liquid phase in the reactor (ED)
(30)

he energy efficiency of the process is computed with the fol-
owing assumptions based on the CFD results:

1) solids move downwards in the annular region;
2) liquid phase in the annular region is considered to be under

pseudo-stationary state, i.e. as a stagnant fluid;
3) the motion of solids upwards from the bottom of the

liquid–solid fluidised bed to the expanded bed height is due
to increase in its potential and kinetic energy;

4) the solid phase kinetic energy is computed from the relative
motion between the solid phase and liquid phase;

5) the interface between the core and annular region is assumed
equivalent to as a rough wall containing solid particles for
computing friction loss of the liquid phase.

.1. Energy transfer to solid phase from the liquid phase
ET)
he sum of potential energy (Es) and solid phase kinetic energy
EB). Thus:

T = Es + EB (31)

olumetric flow rate
f solid in core (m3/s)

Volumetric flow rate
of solid in annulus
(m3/s)

Relative
deviations (%)

.614E−05 1.86E−05 13.1

.236E−05 1.506E−05 17.9

.303E−06 8.563E−06 3.0

.3507E−06 5.629E−06 12.8

.3572E−06 5.339E−06 0.03
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he solid phase potential energy is given by

s = ρsgH
π

4
D2

cvs (32)

here vs is the time averaged solid velocity in the core region
nd Dc is the diameter of the core region.

The solid phase kinetic energy is the energy gained by solids
hrough relative motion between liquid phase and solid particles
epresented by the interfacial frictional force. The rate of energy
ransfer by friction between the two phases is calculated based
n the drag force and slip velocity which is summed over all
he particles. For a single particle at an infinite expanded state
ε = 1), the interaction can be represented as the sum of drag and
uoyancy forces, thus:

mg = drag + buoyancy,
π

6
d3

p (ρs − ρl) = Cd
π

4
d2

p (Ul − Us)|Ul − Us|ρl

2
(33)

or multiple particles, the above equation can be written as

π

6
d3

p (ρs − ρl)f (ε) = Cd
π

4
d2

p (Ul − Us)|Ul − Us|ρl

2
(34)

ewis and Bowerman [25], Wen and Yu [18] and Kmiec [21]
resented the above equation in the form of

π

6
d3

p (ρs − ρl)ε
n = Cd

π

4
d2

p (Ul − Us)|Ul − Us|ρl

2
(35)

here n = 4.65 (Lewis et al.), n = 4.7 (Wen and Yu), and n = 4.78
Kmiec).

Yang and Renken [9] developed an equilibrium force model
or liquid–solid fluidised bed and derived an empirical corre-
ation for equilibrium between forces to account for laminar,
urbulent and intermediate region as given by

Cd
π

4
d2

p (Ul − Us)|Ul − Us|ρl

2

= π

6
d3

p (ρs − ρ)(aε4.78 + (1 − a)ε2.78),

a = 0.7418 + 0.9674Ar−0.5,

1 < Ret < 50, 24 < Ar < 3000,

a = 0.7880 − 0.00009Ar0.625,

50 < Ret < 500, 3000 < Ar < 105 (36)

The total drag force is thus equal to the product of drag force
or single particle and multiplied by the total number of particles
amely:

T = π

4
D2Hεsg(ρs − ρl)(aε4.78 + (1 − a)ε2.78) (37)

The rate of energy transferred to the solid from liquid motion
s computed from Eqs. (36) and (37) as
B = π

4
D2Hεsg(ρs − ρl)(aε4.78 + (1 − a)ε2.78)Vs (38)

here Vs is the slip velocity.

λ

w
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.2. Energy dissipation by the liquid phase (ED)

energy dissipation by the liquid phase (ED)

input energy due to liquid flow into the fluidised bed (Ei)

−[energy dissipation due to liquid phase turbulence (Ee)

+potential energy of liquid leaving from the fluidised bed (El)

+kinetic energy of liquid leaving from the fluidised bed (Ek)

+frictional energy loss at the interface between

coreandannularregion (Ef)] (39)

.2.1. Input energy due to liquid flow
The input energy due to liquid flow is computed as

i = π

4
D2HgVl(εsρs + εlρl) (40)

here D is the diameter of the column, H the expanded bed
eight, Vl the superficial liquid velocity and εl, εs are the volume
raction of liquid phase and solid phase, respectively.

.2.2. Liquid phase turbulent energy dissipation (Ee)
k–ε model is used for the prediction of flow pattern, to obtain

he radial and axial variation of ε (energy dissipation rate per
nit mass). The total energy dissipation in liquid phase is cal-
ulated through volume integration of ε in the axial and radial
irections.

.2.3. Potential energy of liquid leaving the fluidised bed
El)

The liquid leaving the bed possesses potential energy by
irtue of its expanded bed height given by

l = π

4
D2HgVlρl (41)

.2.4. Kinetic energy of liquid leaving the fluidised bed (Ek)
The liquid leaving the bed possesses the kinetic energy by

irtue of its velocity given by

k = 1

2
ρl

π

4
D2V 3

l (42)

.2.5. Energy loss at the interface between the core and
nnular region (Ef)

Since the flow patterns of liquid–solid fluidised bed repre-
ented as core and annular regions, energy losses due to friction
ill occur at the interface between the core and annular region.
Sarimeseli [26] developed a correlation to compute the fric-

ion factor for sedimenting particles in rough pipes represented
y the following expression, viz.:
= λs + (0.79 ln Re − 1.64 + (ξRe)1/2)
−2

(Re > 3000)

(43)

here λ is the friction factor.
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λs is the friction factor for very rough pipes and is defined as

1

λs
= −4 log

(
ξ

3.7

)
(44)

is the relative pipe roughness defined as ε/D and ε is the height
f roughness factor which is equal to size of the particle and D
s the diameter of pipe.

Thus, frictional energy loss of liquid phase at the interface
an be calculated as

f = λ∗〈V 〉2

2
(45)

ased on the above assumptions, friction energy loss at the inter-
ace between core and annular region was computed and the
alues are in the range 1e−04 to 1e−05 W.

Table 10 illustrates the magnitude of various components of
nergy dissipation. Based on a range of particle size and density,
iquid superficial velocity and column dimension, it is observed
he overall efficiency of energy for solid fluidisation in a liquid

edium is in the range of 80–90%.
It is of interest to compare the energy dissipation in

iquid–solid fluidised bed with an equivalent stirred reactor.
he comparison is based on the equivalence of solid suspen-
ion cloud height with expanded height of solid in liquid–solid
uidised bed. Joshi and coworkers [27] developed the critical

mpeller speed for just suspended solids in the stirred reactor
nd concluded that pitched blade downward pumping to be most
nergy efficient for the suspension of solid particles and has
eveloped following correlation for critical impeller speed and
iven as

CS = fcγ
0.1(g�ρ/ρl)0.45X0.1d0.11

p T 0.31

Di
1.16 , for 100 < dp

< 2000 �m, 0 < X < 50 wt.%, 0.175

< Di/T < 0.58W/Di = 0.3 (46)

he following assumptions are considered to compute the power
onsumption for solid suspension of an equivalent stirred tank
eactor theoretically:

The volume of expanded bed of liquid fluidised bed is equiv-
alent to volume of stirred tank reactor and height of liquid
level is equal to diameter of stirred tank contactor.
Impeller of stirred vessel is assumed as standard configuration
for a 45◦ pitched blade turbine impeller with four blades [27].
Power number for pitched blade turbine impeller is assumed
as 1.2 in the Reynolds number range of 1.0e+05 to 1.2e+05
[28].

Operating conditions used in liquid fluidised bed includes
ass of 9.7 kg solid particles (3 mm and 2500 kg/m3), superficial

iquid velocity of 0.1 m/s and expanded bed height of 0.84 m
solid fraction of 0.299 and voidage of 0.701).
Thus, volume of expanded fluidised bed = 0.0129 m3 and
hich is considered as the volume of stirred tank reactor.
Operating conditions considered in stirred vessel contactor

ncludes diameter of stirred tank of 0.254 m, solid mass fraction Ta
bl
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Table 11
Comparison of power consumption in fluidised bed and stirred tank reactor

Column size (m) Ul (m/s) Solid particle Power required in fluidised bed (W) Power required in stirred tank reactor (W)

0.14 0.07 Glass beads (3 mm) 10.1 32.7
0.07 Glass beads (1 mm) 8.6 24.5
0.1 Glass beads (3 mm) 18.4 36.5
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0.13 Glass beads (3 mm) 27.4
0.024 Acetate beads (3 mm) 2.0

.1 0.07 Glass beads (3 mm) 10.2

f 0.518, impeller diameter of 0.0847 m and impeller clearance
f 0.0847 m.

Thus, critical impeller speed (NCS) = 15.78 r/s (computed
rom the Joshi correlation).

NRe(NDi
2ρ/μ) = 1.1 × 105, Np = 1.2 and computed power

onsumption (NpρN3Di
5) = 36.5 W.

Table 11 illustrates the comparison of power consumption of
iquid fluidised with an equivalent stirred vessel. It shows that the
ower consumption for stirred tank contactor is approximately
hree times that of fluidised bed reactor at the same operating
onditions and at equivalent conditions for solid suspension.
urther investigations are required to elucidate the influence of
cale of operation on the relative merits between stirred contactor
nd liquid–solid fluidised bed for solid suspension.

. Conclusions

CFD simulation of hydrodynamics and solid motion in
iquid fluidised bed were carried out by employing the mul-
ifluid Eulerian–Eulerian approach. Adequate agreement was
emonstrated between CFD simulation results and experimen-
al findings reported by Limtrakul et al. [3] using non-invasive
echniques to measure solid holdup, solid motion and turbulence
arameters. The predicted flow pattern demonstrates that the
ime averaged solid velocity profile exhibits axisymmetric with
ownward velocity at the wall and maximum upward velocity at
he center of the column and higher value of solid holdup at the
all and lower value of that at the center. CFD model has been

urther extended to compute solid mass balance in the core and
nnular regions and energy flows due to various contributing
issipation mechanisms. The results confirm the conservation
f mass between core and annular region with a relative devia-
ion in the range of 10–15%. The efficiency of energy transfer
o the solid phase from liquid phase was computed to be in the
ange of 80–90%. Energy required for solid expansion in liquid
uidised bed was compared with energy required for solid sus-
ension in an equivalent stirred tank contactor and it was found
hat the power consumption for stirred tank contactor is approx-
mately three times that of fluidised bed reactor at the equivalent
perating conditions.

In the present study, the influence of various interphase drag
odels on solid motion in liquid fluidised bed was studied. The
rag models proposed by Gidaspow [14], Syamlal and O’Brien
20], and Di Felice [19] can qualitatively predict the flow pat-
ern of solid motion inside the fluidised bed, in which the model
roposed by Gidaspow gives the best agreement with experi-

[

[

38.7
1.8

32.7

ental data. To identify the CFD methodology to enhance the
ccuracy of numerical simulation comparison between 2D and
D simulation, the effect of grid sensitivity, time step sensitiv-
ty and effect of inlet feed conditions were investigated and a
omprehensive CFD methodology was established to model the
iquid–solid fluidised bed.
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