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This study contributes with a computational fluid dynamic simulation based on the numerical solution of continuity and
momentum balance equations in a three-dimensional (3-D) framework. The proposed down flow gas–solid suspension
model includes a unit configuration and CD drag coefficients recommended for these units. Computational particle fluid
dynamics (CPFD) calculations using suitable boundary conditions and a Barracuda (version: 14.5.2) software allow
predicting local solid densification and asymmetric ‘‘wavy flows.’’ In addition, this model forecasts for the conditions of this
study higher particle velocity than gas velocity, once the flow reaches 1 m from the gas injector. These findings are
accompanied with observations about the intrinsic rotational character of the flow. CPFD numerical 3-D calculations show
that both gas and particle velocities involve the following: (a) an axial velocity component, (b) a radial velocity component
(about 5% of axial velocity component), and (c) an angular velocity component. The calculated velocity components and the
rotational flow pattern are established for a wide range of solid flux/gas flux ratios. VVC 2012 American Institute of Chemical

Engineers AIChE J, 59: 1635–1647, 2013
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Introduction

The characterization of flow patterns in downer reactors has
progressed significantly in recent years.1–2 A diversity of tech-
niques have been applied to characterize both particle and gas
flow in downer reactors.1–8 In this respect, there have been sig-
nificant advances in the development of fiber optic sensors and
in the characterization of particle clusters.3,4

These downer reactors can be considered as displaying a
relatively uniform flow structure and an expected plug-flow
behavior for both gas and solid phases.9 Due to low back-
mixing and short residence times, a downer reactor is suita-
ble for the enhancement of a diversity of chemical processes
such as the fluid catalytic cracking (FCC) process, residual
oil cracking, and biomass and coal pyrolysis.10,11 In this
respect, it is essential to understand the macrostructural as
well as the microstructural behaviors of the gas–solid flow in
a downer reactor for reactor scale-up.12

The fluid dynamics in down flow reactors have been con-
sidered using a number of approaches. However, due to the

complexity of bed down flow hydrodynamics, proposed
approaches still show limitations.13

There are two types of theoretical approaches that one can
use in computational fluid dynamics (CFD) to describe gas
and solid flows: a continuum approach for both phases,
which is known as Eulerian–Eulerian model or a continuum
approach for the fluid and a discrete approach for particle
phase also known as Eulerian–Lagrangian model.

In Eulerian–Eulerian model, solid phase is treated as a
pseudofluid. The conservation equations for both phases are

derived and correlated via constitutive relationships that

obtained from empirical information and/or kinetic

theory.14,15 Eulerian–Eulerian model has been partially suc-

cessful in simulating multiphase flow phenomena in risers in

which gas and solids move concurrently upward.8 This

model, however, presents major limitations in describing the

physical model of the gas–particle, particle–particle, and par-

ticle–wall interactions in the downer units.8 Thus, the chal-

lenge is of providing closure equations for the averaged

quantities. This closure becomes even more difficult to

achieve for complex systems such as polydisperse solids.
On the other hand, discrete element method (DEM), based

on Eulerian–Lagrangian approach, models the solid phase by
tracking a finite number of discrete semirigid particles
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interacting through contact forces and transferring momen-
tum to and from the fluid through a drag closure model. The
advantage of this approach is that it can accommodate com-
plexities such as polydispersity. DEM has, however, the disad-
vantage of (1) computational complexities when the particles
population in the system surpasses a quantity (e.g., 2 � 105

particles) and (2) extensive computational time requirement
even for the two-dimensional (2-D) solutions.16 As a result,
DEM shows limited abilities for relevant calculations in
downer units either at the industrial or at laboratory-scale.

The computational particle fluid dynamics (CPFD) numer-
ical scheme incorporates the multiphase-particle-in-cell (MP-
PIC) method to describe solid phase. The MP-PIC method
calculates the fluid phase using an Eulerian computational
grid and the solid phase using Lagrangian computational par-
ticles. In MP-PIC, a particle stress gradient term is added to
the equation of motion of particles. In the computation, the
stress gradient on the grid is first calculated and then inter-
polated to discrete particles. In CPFD, a ‘‘numerical parti-
cle’’ is identified as an ensemble of particles with close
properties such as species, size, and density.17 The ‘‘numeri-
cal particle’’ provides a numerical approximation for the
solid phase, similarly as the numerical control volume pro-
vides for the fluid phase, where its properties are considered
essentially identical.

This work aims to describe downer hydrodynamics in
three dimensions using the advanced CPFD method. This is
the first Barracuda software application to downer units we
are aware of. This approach allows describing particle
motions and particle distributions providing snapshots along
the downer unit. With this aim, the upcoming sections of
this article will address various issues of modeling and simu-
lation as follows: (a) ‘‘CPFD Mathematical Model’’ section
considers specifically the proposed mathematical model as
well as the selected boundary conditions, (b) the next section
describes the configuration of the experimental setup as well
as the selected dimensions and operating conditions, and
(c) ‘‘Results and Discussion’’ section reports the CPFD
simulations and includes a discussion of the various
computational results obtained.

CPFD Mathematical Model

In CPFD simulation, the fluid phase is described as a con-
tinuum by solving the Navier–Stokes equations. On the other
hand, the particle dispersed phase is treated by tracking a
large finite number of particles through the calculated flow
field (e.g., 105 particles). The momentum balance equations
for the fluid phase can be derived from kinetic theory where
the volume averaged fluid mass, momentum equations are
defined as follows18

@

@t
ðqfhfÞ þ r � ðqfhfmfÞ ¼ 0 (1)

@
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where hf is the fluid volume fraction, mf is the fluid velocity, qf

is the fluid density, P is the fluid pressure, sf is the fluid stress

tensor, and g is the gravitational acceleration. F represents the

following average momentum exchange rate per volume

between the fluid and particle phases as assess for the

‘‘numerical particle’’
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where / is the particle probability function, Vp is the particle

volume, qp is the particle density, b0 is the interphase drag

coefficient, and mp is the particle velocity.
The fluid stress tensor in Newtonian fluid is described as

follows

sij ¼ 2lfSij �
2

3
lfdij

@ui

@uj
(4)

where lf is the fluid viscosity coefficient, Sij is the rate of fluid

deformation, and dij is the Kronecker delta (dij ¼ 1 if i ¼ j and

dij ¼ 0 if i = j). The rate of deformation, Sij, defines the

constitutive equation for the nonhydrostatic part of the stress

as follows

Sij ¼
1

2
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@xi

� �
(5)

The particle dispersed phase is governed by its respective
mass and momentum conservation equations. The trajectory
calculation of the discrete phase is made by integrating the
force balance in particles. The particle motion is defined as
proposed by Snider and Banerjee18

d

dt
ðmpÞ ¼ b0ðmf � mpÞ �

rP

qp

� rsp

hpqp

þ g (6)

where hp is the particle volume fraction, and sp is the particle
normal stress. b0, the interphase drag coefficient, is defined as
follows

b0 ¼ Cd

3

8

qf

qp

jmf � mpj
3Vcluster

4p
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(7)

where Cd represents the drag coefficients and depends on the
cluster Reynolds number.

Cd ¼
�

24
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Re ¼ 2qf jmf � mpj
lf

3Vcluster

4p

� �1=3

(9)

K1 ¼ 3

1 þ 2ffiffiffi
u

p
(10)

K2 ¼ 10K3 (11)

K3 ¼ 1:8148ð�loguÞ0:5743
(12)

where Vcluster is the particle cluster volume andu is the sphericity

defined as N�1=3 with N representing the number of average

particle size (volume weighted average) particles in a cluster.5

The modified drag coefficient proposed by Ganser,19

including a volume fraction term, is the one considered in
Eq. 8. The applicability of this type of correlation was
suggested by Chhabra et al.20 and Islam et al.5 This corre-
lation can be applied to a cluster-based drag coefficient
and within a restricted range of Re (4 \ Re \ 12).5 All
Re for the conditions analyzed in this study remained in
that range.
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In Eq. (13), sp represents the particle normal stress param-
eter for modeling particle collisions. This particle stress is
derived from the particle volume fraction that is in turn cal-
culated from particles mapped on a computational grid. Har-
ris and Crighton21 developed the continuum particle stress
evaluating sp as follows

sp ¼ Psh
b
P

max hcp � hp; eð1 � hpÞ
� 	 (13)

where Ps is a positive constant that has units of pressure, hp is
solid volume fraction, and hcp is the particle volume fraction at
close packing. e and b are dimensionless constants. Recom-
mended values for b are in the 2 � b � 5 range.22 The e
parameter is a small number in the order of 10�8 that is used to
avoid singularity when the solid volume approaches closest
packing.22 The particle stress defined by Eq. 13 depends on the
particle concentration and neglects the size and velocity of the
particles influence. The ‘‘anisotropy’’ of components is
accounted once, and Eq. 13 is used in the context of Eq. 6
yielding solid’s velocity vector in various directions. The
proposed particle normal stress model has been successfully
used on each solid’s velocity vector in modeling a large
number of particles through the calculated flow field.18 Solid
collisions depend on solids concentration as well as on the
deviation of solids velocity from a solids equilibrium velocity.
The model applies the particle normal stress to a solid, up to
the point where the solid reaches the particle-mean velocity.18

Regarding boundary conditions at the near wall, the turbu-
lent gas velocity region is calculated using a 1/6 power func-
tion and a zero gas velocity at the wall surface. Concerning
particle velocity, calculations includes Eq. 6 with wall and
particle interactions assessed with both normal and tangential
momentum restitution coefficients set at 0.95 (Table 2).
These two restitution coefficients are selected as recom-
mended by Zhao et al.8

In summary, the numerical method of this study is based
on three-dimensional (3-D) Navier–Stokes equations for the
fluid phase. The dynamic of the particle phase is described
using the particle probability distribution function. Particle
properties are interpolated to and from the Eulerian grid in
the MP-PIC scheme. Interpolations are done using an inter-
polation operator and the product of interpolations in the
three orthogonal directions.18 This CPFD model is applicable
to the fluid phase and to the particle phase. More specifi-
cally, this CPFD software is adequate, as it will be shown
later to simulate fluid–particle and particle–particle interac-
tions as pertinent in down flow reactors.

Experimental Setup, Simulation Parameters, and
Verification of Numerical Procedures

Figures 1 and 2 provide a schematic diagram of a 2-m
downer model with a 0.02632-m internal diameter used in
the CREC laboratories for experimental fluid dynamic stud-
ies. A detailed description of the experimental unit is pro-
vided in Nova et al.1 and Islam et al.5,6 The downer air dis-
tributor is configured with sixteen 0.5-mm holes distributed
evenly around the circumference of the column and angled
downward 45� with respect to the vertical. These high-veloc-
ity jets intimately mix gas and solid particles.5 This allows
supporting the assumption of uniform solid and gas distribu-
tion at the downer entry, as adopted in the present model.
The unit ends in a cyclone where gas and particles are sepa-
rated. The downer unit as implemented in the CREC labora-
tories is provided with CREC Optiprobes allowing experi-
mental characterization of gas–solid flow and measurements
of particle clusters and solid densification.6 To proceed with
the simulations in the downer reactor, computational
domains were established in the downer of Figure 1 using
the following mesh: 7 � 7 � 557 with these dimensions
based on radial and axial dimensions, respectively. The ade-
quacy of this grid configuration for both gas and solid phases
was confirmed using different mesh sizes (e.g., all dimen-
sions being double than in the 7 � 7 � 557 grid). Deviations
of calculated gas velocity, particle velocity, and solid values
were smaller than 1%. Air and 84-lm FCC particles are fed
from the top of the column via the feeding section as
described in Figure 1.

Table 1 reports the various inlet air and particle fluxes,
temperatures, and outlet parameters used in this simulation.
Solid flows were selected in the simulation to represent an
ample range of possible solid fluxes in downflow reactor
units. Regarding solid particles, a typical FCC particle size
distribution as shown in Figure 3, was considered in the sim-
ulation. The 14.5.2 release version of Barracuda software
was used in the simulations.

The input parameters for the simulations are reported in
Table 2. Nf represents the particle per unit volume or parti-
cle density in the feed. Nc represents the number of clouds.
A ‘‘cloud’’ designates a large number of particles having the
same attributes. The diffuse bounce, Df , represents the ran-
dom postcollision normal and tangential ‘‘cloud’’ velocities
with the unit wall. This parameter emulates surface rough-
ness effect.15 Collisions of clouds with the walls are calcu-
lated using normal, en, and tangential, et, particle restitution
coefficients. The values of restitution coefficients considered
are the ones suggested by Zhao et al.8 The n parameter rep-
resents an elastic restitution factor that limits the velocity of
particles that bounce off of a region at close packing. The 1
parameter represents the particle/fluid slip ratio at the cell

Figure 1. The schematic of the downer models.
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boundary with particle properties defined at the entry of cell
where solids are being fed. b and Ps represent the dimen-
sionless constants for the solid-phase stress model. These pa-
rameters are set at b ¼ 3 and Ps ¼ 10 Pa as recommended
by Snider et al.23

The numerical solution of the linearized governing equa-
tions is performed using an iterative method. The iterations
continue until a selected number of variables satisfy condi-
tions assigned to the summation of residuals and until the
maximum number of iterations (which in all cases have to
be smaller than specified values) are reached. These compu-

tational control variables are as follows: (i) maximum itera-
tions for volume calculations, Iv; (ii) residuals for volume,
rv; (iii) maximum iterations for pressure, IP; (iv) residuals
for pressure, rP; (v) maximum iterations for velocity, Iu; and
(vi) residuals for velocity, ru.

The Dt incremental time involved in the computations has
been limited, so that the gases or/and particles are not trans-
ported outside the selected calculations cell. Furthermore, to
account for the convection flow effects, a turbulence model

Figure 2. The experimental setup showing the general lay out of the downer unit available in CREC laboratories.

Table 1. Simulation Parameter Values

Air (density 1.184 kg/m3) Mass fluxes
Cases 1, 2, 3, 4 and 5: 2.25 kg/(m2 s)

Case 6: 1.12 kg/(m2 s)
Case 7: 2.19 kg/(m2 s)
Case 8: 2.26 kg/(m2 s)

FCC particles (density
1722 kg/m3)

Mass fluxes
Case 1: 0.00 kg/(m2 s)
Case 2: 9.20 kg/(m2 s)
Case 3: 43.7 kg/(m2 s)
Case 4: 62.5 kg/(m2 s)
Case 5: 80.0 kg/(m2 s)
Case 6: 20.39 kg/(m2 s)
Case 7: 25.45 kg/(m2 s)
Case 8: 36.16 kg/(m2 s)

Temperature 300 K
Outlet absolute pressure 0.11170 MPa Figure 3. FCC particle size distribution.
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with a large eddy simulation is adopted using a quasisecond-
order upwind scheme. This provides an accurate finite differ-
ence approach for the approximation of spatial derivatives.24

Preliminary work in this study involved the testing of the
adequacy of numerical calculations. Figure 4 reports calcula-
tions of the particle mass flow at 2 m from the injection port
and at the central position or at r ¼ 0 m. One can see that
in computational simulations at least 1.27 s is required for
reaching a stable numerical value considered representative
of the solid flow. From that point and on, the particle solid
fluxes stay close to the stabilized average value as follows:
9.41 kg/(m2 s) for Case 2, 43.66 kg/(m2 s) for Case 3, 62.51
kg/(m2 s) for Case 4, and 80.03 kg/(m2 s) for Case 5. All
these stabilized fluxes remain within a standard deviation of
�5%. As a second step, to validate the numerical calcula-
tions, an additional confirmation of result adequacy for both
satisfactory particle axial velocity and solid hold up was per-
formed. This was done by using the following overall solid
balance across the radius, for a time of observation of �s ¼
8.73 s at 2-m axial length in the downer

qp

R2

Z �s

0

�Z R

0

mpz 1 � hfð Þ2rdr

�
dt ffi Fs�t (14)

It was observed that for all cases considered; the calcu-
lated and expected ‘‘Fss’’ values (Eq. 14) deviated by less

than 1%. This was considered to be an excellent indicator of
data consistency of the numerical results obtained.

Furthermore and as a third step of the numerical model
validation, a specific comparison of experimental data and
numerical results in downer units was developed as reported
in Table 3. Experimental data were obtained from Islam
et al.5 These authors used a CREC Optiprobes located at the
central position at 1.85 m down flow the gas feeding injec-
tion section. The CREC Optiprobe has the ability of meas-
uring simultaneously particle cluster velocity, cluster size,
cluster slip velocity, and local solid hold up. Given experi-
mental data were available for a significant range of gas–
solid fluxes from our own research group, these data were
used for comparison with the numerical prediction of the
same parameters.

With this end, four characteristic conditions involving
clusters of 3–6 equivalent particle sizes were considered.
The proposed comparison shows that for these four charac-
teristic conditions the local averages of particle cluster ve-
locity, cluster slip velocity, and local solid hold up are close
with deviations in the �10% range. Given the wide range of
gas and solid fluxes considered, it was judged that the
reported comparison provides adequate validation and sup-
port to the numerical model proposed in this study.

Results and Discussion

The computational fluid dynamic model for the downer re-
actor was established as adequate, given that predictions
passed several numerical tests and given that there was
favorable comparison with experimental data as described in
the previous section. Based on these results, the model was

Table 3. Comparison of Simulated Particle, Gas and Slip Velocities As Well As Solid Holdup Values with Experimental
Values Obtained using CREC-GS-Optiprobes

Number of Particles
in Clusters

Solid Flux
[kg/(m2 s)]

Gas Flux
[kg/(m2 s)]

Slip
Velocity (m/s)

Particle
Velocity (m/s)

Gas
Velocity (m/s)

Solid
Holdup

Exp. Num. Exp. Num. Exp. Num. Exp. Num.

N ¼ 3 20.39 1.12 0.75 0.69 � 0.13 1.796 1.744 � 0.36 1.12 1.054 � 0.15 0.0066 0.0058 � 0.002
N ¼ 4 43.7 2.25 1.06 0.99 � 0.04 2.811 3.062 � 0.05 2.25 2.072 � 0.05 0.0090 0.0086 � 0.003
N ¼ 5 25.45 2.19 1.37 1.23 � 0.12 3.277 3.428 � 0.15 2.19 2.198 � 0.11 0.0045 0.0049 � 0.002
N ¼ 6 36.16 2.26 1.50 1.42 � 0.20 3.249 3.353 � 0.17 2.26 2.115 � 0.17 0.0065 0.0056 � 0.002

Table 2. The Input Parameters for the Simulation

Time step, Dt 5 � 10�4 s
Particle–wall normal restitution

coefficient, en

0.95

Particle–wall tangential restitution
coefficient, et

0.95

Coefficient of contact friction, fc 0.1
Diffuse bounce, Df 0
Dimensionless constant of the solid-phase

stress model, b
3

Dimensionless constant of the solid-phase
stress model, e

10�8

Pressure constant of the solid-phase
stress model, Ps

10 Pa

Solid volume fraction at closest packing, hcp 0.6
Gravitational acceleration, g �9.8 m/s2

Particle feed per average volume, Nf 300
Particle/fluid slip ratio, 1 1
Maximum volume iterations, Iv 1
Volume residual, rv 10�6

Maximum pressure iterations, IP 2000
Pressure residual, rP 10�8

Maximum velocity iterations, Iu 50
Velocity residual, ru 10�7

Maximum momentum redirection
from collision, n

40%

Total number of clouds, Nc 231,052

Figure 4. Average particle flux at 2 m from the gas
injection port.

Operating conditions: 2.25 kg/(m2 s) air flux and for

Case 2: 9.20 kg/(m2 s), Case 3: 43.7 kg/(m2 s), Case 4:

62.5 kg/(m2 s), and Case 5: 80.0 kg/(m2 s) particle flux.

The feeding temperature: 300 K.
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utilized extensively to provide macroscopic descriptions of
the flow field as reported in Figures 5 and 6.

For instance, Figures 5 and 6 describe the average axial
velocities for both gas and particles as well as for the pres-
sure axial profile of 2.25 kg/(m2 s) air flux and of 43.7 kg/
(m2 s) particle flux. The selected feeding temperature was
300 K, and the most probable cluster size assigned to this
downflow solid suspension was N ¼ 4 as shown in Table 3.

One can see that as anticipated, the cross-section average
fluid gas velocity remained fairly constant along the downer.
On the other hand, the average cross-section axial particle
velocity goes from being smaller than the gas velocity at the
injection port level and evolves toward superseding the gas
velocity. This is expected given the influence of gravity
exerted on the particles of the evolving gas–solid suspension.
Toward the end of the downer, this velocity difference
between phases or so-called slip velocity stabilizes and
becomes particle or particle cluster terminal velocity.5

As reported in Figures 6 and 7, the proposed computa-
tional model yields an axial pressure profile that displays a
quick pressure drop in the downer feeding section where
particles are accelerated. This particle acceleration region is

followed by a constant particle velocity section where there
is a steady pressure increase. This is caused by the net effect
of friction losses and hydrostatic pressure gains.

These results are consistent with the ones observed by
other researchers in the technical literature and provide in
this respect, additional value to the model proposed.25–29

Thus, on the basis of the above, one can conclude that the
fluid dynamic cross-sectional average simulation results of
the present computational model are consistent with the
expected experimental fluid dynamic results in downer units
(as already documented in the technical literature).

Furthermore, the proposed computational model can pro-
vide unique intrinsic 2-D and 3-D information. It is proposed
in this study to fully exploit it to better understand the
downer fluid dynamics. For instance, Figure 8 reports 2-D
snapshots of the axial velocity profile for a 2.25 kg/(m2 s)
air flow and a 43.7 kg/(m2 s) particle feed at various axial
positions. One can observe that while in general, the same
type of velocity profiles as in Figure 5 are obtained, there
are intrinsic local and time-related variations in the proper-
ties of the described gas–particle suspension. These varia-
tions do not manifest while using simulated cross-sectional
averaged properties. For instance, Figures 8a,b report gas
and local particle velocities at various axial positions. It can
be observed that both gas and particle velocities are reduced
suddenly at one particular time and at a certain radial loca-
tion. Without the 3-D-based time-dependent simulation, this
variation might go unnoticed. Thus, Figure 8 shows that the
downer fluid dynamic description (based on cross-sectional
average axial particle and gas velocities, and cross-sectional
average particle volume fractions), provides a macroscopic
averaged representation but lacks the proper local and time-
dependent details.

Figure 9 reports 3-D computational side-by-side snapshots
at 2.25 kg/(m2 s) air flux and 43.7 kg/(m2 s) particle flux. In
this figure, the gas and particle velocities are represented in
separate 3-D plots. One can notice that there are moderate
particle and gas velocity changes at different axial positions.
Color codes change from light gray to black, with this
change representing a typical standard deviation of 8 and
16% local and time-dependant particle and gas velocity var-
iations, respectively.

Figure 5. Average axial velocity profile along the
downer.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7

kg/(m2 s) particle flux. The feeding temperature: 300 K.

Figure 6. Average pressure profile along the downer.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7

kg/(m2 s) particle flux. The feeding temperature: 300 K.

Figure 7. Average pressure gradient profile along the
downer.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7

kg/(m2 s) particle flux. The feeding temperature: 300 K.
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Figure 8. (a,b) Axial velocity profiles.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7 kg/(m2 s) particle flux. The feeding temperature: 300 K. Note: (a) axial levels

from 2.0 to 1.0 m and (b) axial levels from 0.8 to 0 m.

Figure 9. Particle and fluid overall velocity.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7 kg/(m2 s) particle flux. The feeding temperature: 300 K.

AIChE Journal May 2013 Vol. 59, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1641



Figure 9 also confirms the always concurrent changes of
gas and particle velocity. For instance, when gas velocity
increases particle velocity is augmented and when gas veloc-
ity decreases particle velocity is reduced. This manifests in
fact, by an agreement of color codes representing both gas
and particle velocities. In Figure 9, regions that are, for
example, light gray in the left-hand side of the 3-D represen-
tation for particle velocity remain light gray in the right
hand 3-D plot for gas velocity. Furthermore, and of special
relevance is that both axial fluid and particle velocity change
with radial position at various levels. One can see color
codes changing from light gray to black at the same axial
position. This means that at a given time and axial location,
the velocities can change from about 1.0 to 2.6 m for fluid
and 2.5 to 3.4 m/s for particles. In summary, a CPFD model
using both 2- and 3-D plots becomes an essential and valua-
ble tool to identify local and time-dependent fluid dynamic
property changes. These changes are otherwise missed using

experimental cross-sectional average property based downer
simulation.

Figure 10 reports another interesting description of downer
fluid dynamics, under the scope of the 3-D CPFD plots. This
figure reports an axial cross-section snapshot of the downer
column at various axial levels. Thus, it can be observed that
there is a uniform downflow suspension flow close to the
gas injection section. This flow becomes, however, progres-
sive ‘‘wavy’’ with solid densification leading to regions of
higher solid fraction followed by regions of lower solid frac-
tion. This ‘‘wavy’’ flow becomes more apparent toward the
end of the downer where the particle fraction variations are
observed across the radial positions. One should note that
these 3-D computational simulations are supported by
downer suspension flow property variations as recorded by
CREC Optiprobe sensors.1,5 Nova et al.1 and Islam et al.5

measured ‘‘particle clusters’’ or solid densification evolving
in the axial direction of the downer. Furthermore, these

Figure 10. (a,b) Contour of particle volume fraction.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.75 kg/(m2 s) particle feed. The feeding temperature: 300 K. Note: (a) axial

levels from 2.0 to 1.0 m and (b) axial levels from 1 to 0 m.
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observations are in agreement with CPFD 2-D fluid dynamic
downer simulations as reported by Zhao et al.8 They were
able to describe densifications along the axial position in the
downer under the constraints of the 2-D model.

Figure 11 illustrates 3-D particle fraction equiconcentration
volumes. For instance, a volume enclosed by a light gray rep-
resents all solid fractions in this volume in the range of 0.01
and 0.015. Similar codes apply for the other enclosed volumes.
As a result, this figure confirms a gas–solid downflow where
one can observe well-distributed solid particles evolving to-
ward a ‘‘wavy’’ flow with significant axial variation of particle
concentrations. One can notice that the ‘‘wavy’’ flow becomes,
at some point, asymmetric downstream, within the column.
There are, in fact, in these regions not only particle densifica-
tions but also marked radial variations of particle concentra-
tion. This observation is consistent with Zhao et al.8 who
reported an asymmetric ‘‘wavy’’ flow in downers with par-
ticles moving literately from one wall to the other during their
residence in the downer.

The CPFD simulation can also be used to provide snap-
shots of particle and gas velocities at various axial and radial
downer locations. Figures 12 and 13 display these local
properties for 2.25 kg/(m2 s) air flux and 43.7 kg/(m2 s) par-
ticle flux at a 300-K feeding temperature. One can see that
there are correspondences of gas and particle velocity com-
ponents. Both gas and particles display radial velocity vec-
tors as described in Figures 12 and 13 These radial velocity
components force the particle suspension not only to move
downward but also circumferentially.

A rationalization of this downward and circumferential
flow can be provided given the asymmetric ‘‘wavy flow’’
described in the previous sections of this article. Particle
clusters move at a higher velocity than the gas. This tends to
compress and redirect the gas toward regions of lower parti-
cle concentrations. This flow redirection generates radial
fluid velocity components. Given the associated fluid drag
on particles, radial gas velocity also imparts on particles ra-
dial velocity components. In this respect, one can see that

Figure 11. (a,b) Isosurface of particle volume fraction.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.75 kg/(m2 s) particle feed. The feeding temperature: 300 K. Note: (a) axial

levels from 2.0 to 1.0 m and (b) axial levels from 1 to 0 m.
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local particle and gas velocities can display, as described in
Figures 12 and 13, radial components of about 5–15% mag-
nitude of the axial velocity component.

It appears that this promotion of circumferential flow is
part of the intrinsic nature of a gas–solid downstream suspen-
sion. Fluid elements tend to be redirected toward regions of

lower suspension density. It is also important to mention that

this circumferential flow becomes increasingly important at

lower axial positions. This progressively developing circum-

ferential flow is consistent with the axial and radial variations

of particle concentrations as reported in Figures 10 and 11.
Furthermore, in order to have confirmation of the gas–

solid circumferential flow in the 3-D downer, additional sim-
ulations were developed as described in Figures 14 and 15.
These figures focus on the downer outlet section located at
0.2–0 m axial position and on the following conditions: (a)
2.25 kg/(m2 s) air flux and (b) 0, 9.2, 43.7, 62.5, and 80.0
kg/(m2 s) particle flux.

One can observe that for 0 kg/(m2 s) or for a down flowing of
gas free of solid particles, there is no circumferential flow, with
this being consistent with the expected classical single gas-phase
fluid dynamics. However, as soon as the particle flow increases
from 9 to 43.7 kg/(m2 s), the circumferential flow gains
importance. Finally, as soon as the solid flux surpasses the

43.7 kg/(m2 s) level and moves up to 62.5 and 80.0 kg/(m2 s),
the circumferential flow is reduced in importance. Particle and
gas radial velocities are then reduced to 4 and 2%, respectively,
of the axial velocity values. Thus, it can be hypothesized that
when at lower/moderate particle fluxes, the presence of solids
and variation of suspension density promotes circumferential
flow. It is also expected that this effect is reduced at higher
solid fluxes. This dampening effect at higher solid fluxes can
be assigned to the increasing influence of particle–particle
interactions.

In summary, it is shown in this study that the CPFD simu-
lation of the 3-D time-dependent gas–solid suspension in a
downer becomes a valuable tool to identify essential features
of the downer fluid dynamics. Examples of these features
are ‘‘wavy’’ suspension and circumferential flow. It is antici-
pated that better understanding of 3-D downer fluid dynam-
ics will facilitate downer scale-up and its extensive applica-
tion for catalytic gas–solid reactions.

Conclusions

(a) The proposed gas–solid downer-based CPFD model
complies with a series of numerical simulation stability,
overall mass balance tests, and adequate simulation of exper-
imental data in a downer unit.

Figure 12. (a,b) Particle lateral velocity.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.75 kg/(m2 s) particle flux. The feeding temperature: 300 K. Note: (a) axial

levels from 2.0 to 1.0 m and (b) axial levels from 1 to 0 m.
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Figure 14. Comparison of particle lateral velocity at outlet.

Operating conditions: 2.25 kg/(m2 s) air flux and for Case 2: 9.2 kg/(m2 s), Case 3: 43.75 kg/(m2 s), Case 4: 62.5 kg/(m2 s), and

Case 5: 80.0 kg/(m2 s) particle flux. The feeding temperature: 300 K.

Figure 13. (a,b) Fluid lateral velocity.

Operating conditions: 2.25 kg/(m2 s) air flux and 43.7 kg/(m2 s) particle flux. The feeding temperature: 300 K. Note: (a) axial lev-

els from 2.0 to 1.0 m and (b) axial levels from 1 to 0 m.
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(b) The 3-D downer simulations of this study are very val-
uable to describe the local and time variations of fluid
dynamic properties in downers including particle/particle
cluster velocities, gas velocity, and pressure.

(c) The 3-D simulations lead to the identification of parti-
cle clusters and an asymmetric ‘‘wavy flow’’. This asymmet-
ric ‘‘wavy flow’’ promotes circumferential gas flow with ra-
dial velocity components for both the gas and the particles.

(d) The identified circumferential flow across solid fluxes
leads to particles moving with radial velocity components.
These radial velocity components are dampened, when solid
particle concentrations reach higher particle concentrations.
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Notation

Acluster ¼ particle cluster surface area, m2

Cd ¼ drag coefficient
dt ¼ partial derivative of time, s
dr ¼ partial derivative of radius, m
Df ¼ diffuse bounce
en ¼ particle–wall normal restitution coefficient
et ¼ particle–wall tangential restitution coefficient
Fs ¼ solid mass flux, kg/(m2 s)
fc ¼ coefficient of contact friction
F ¼ momentum exchange rate per volume between the fluid and

particle phase, N s/m3

g ¼ gravitational acceleration, m/s2

IP ¼ maximum pressure iterations
Iu ¼ maximum velocity iterations
Iv ¼ maximum volume iterations

K1 ¼ function of sphericity
K2 ¼ function of sphericity
K3 ¼ function of sphericity
N ¼ number of particles in a cluster
Nf ¼ particle feed per average volume
Nc ¼ total number of clouds
P ¼ fluid pressure, N/m2

Ps ¼ positive constant, N/m2

r ¼ radius, m
rP ¼ pressure residuals

ru ¼ velocity residuals
rv ¼ volume residuals
R ¼ radius of the downer, m

Re ¼ Reynolds number
Vcluster ¼ particle cluster volume, m3

Vp ¼ particle volume, m3

Greek letters

b ¼ constant number
b0 ¼ interphase drag coefficient, 1/s
1 ¼ particle/fluid slip ratio
n ¼ maximum momentum redirection from collision
e ¼ constant number
es ¼ solid porosity
u ¼ cluster sphericity,

p
1
3ð6VclusterÞ2=3

Acluster

Dt ¼ time step, s
lf ¼ gas viscosity, N s/m2

qf ¼ fluid density, kg/m3

qp ¼ particle density, kg/m3

hcp ¼ particle volume fraction at close packing limit
hf ¼ fluid volume fraction
hp ¼ particle volume fraction
/ ¼ particle probability function
sf ¼ fluid stress tensor, N/m2

sp ¼ particle normal stress, N/m2

�s ¼ time of observation, s
mf ¼ fluid velocity, m/s
mp ¼ particle velocity, m/s
mpz ¼ particle z velocity, m/s
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