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Flowbehavior of gas and particles in conical spoutedbeds is experimentally studied and simulatedusing the two-
fluid gas–solid model with the kinetic theory of granular flow. The bed pressure drop and fountain height are
measured in a conical spouted bed of 100mm I.D. at different gas velocities. The simulation results are compared
with measurements of bed pressure drop and fountain height. The comparison shows that the drag coefficient
model used in cylindrical beds under-predicted bed pressure drop and fountain height in conical spouted beds
due to the partial weight of particles supported by the inclined side walls. It is found that the numerical results
using the drag coefficient model proposed based on the conical spouted bed in this study are in good agreement
with experimental data. The present study provides a useful basis for furtherworks on the CFD simulation of con-
ical spouted bed.
© 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Spouted beds are often used in various industrial processes of gas–
solid contacting operations, such as drying, coating, granulation, pyrol-
ysis and gasification. This is because the significant advantage is their
efficiency in contacting gas and coarse particles [1], for example, appli-
cation of spouted bed elutriation in the recycling of lithium ion batteries
[2], superheated steam drying of sawdust in continuous feed spouted
beds [3], bio-oil production from rice husk fast pyrolysis in a conical
spouted bed reactor [4], and conical spouted bed combustor for clean
valorization of sludge wastes from the paper industry to generate
energy [5]. Knowledge of gas and particle hydrodynamics in spouted
beds is important for optimizing thebed performance [6]. Computation-
al fluid dynamics (CFD) is a powerful tool for investigating the complex
hydrodynamics and reaction kinetics, that is difficult to observe by ex-
periments [7,8], in particular in spouted beds.

Now there are growing interests to use CFD to understand dense
gas–solid two-phase flows in spouted beds [9]. The Eulerian–Eulerian
(two-fluid) model with kinetic theory of granular flow (KTGF) is the
most applicable approach to compute gas–solid flow in spouted beds.
This model is particularly appropriate when the particle loading is

relatively high and can be applied with reasonable computational
loads. In the two-fluid model, the particles are treated as a continuum
as in the gas phase. Thus, there are two interpenetrating phases (gas
and solid) where each phase is characterized by its own conservation
equation of motion. The interactions between the two phases are
expressed as additional source terms added to the conservation equa-
tions. The kinetic theory of granularflow is used to define thefluid prop-
erties of the solid phase through constitutive equations. Detailed
discussion on the development of granular flow models is provided by
Gidaspow [10]. Lu et al. incorporated hydrodynamicmodelingwith a ki-
netic–frictional constitutivemodel of solids to simulate flowbehavior of
gas and particles in spouted beds [11]. Zhong et al. investigated flow be-
haviors of a large spout–fluid bed in a Eulerian–Eulerian frame. The gas
phase was modeled with a k–ε turbulent model and the particle phase
was modeled with KTGF [12,13]. Wu and Mujumdar simulated gas–
particle flow behavior in a cylindrical spouted bed and a three-
dimensional spout–fluid bed using the Eulerian–Eulerian two-fluid
modeling approach, incorporating a kinetic–frictional constitutive
model for dense assemblies of particulate solids [14]. Du et al. investi-
gated the influences of drag coefficient correlations, frictional stress,
maximum packing limit and restitution coefficient on the CFD simula-
tion of spouted beds based on a gas–solid two-fluid approach using
FLUENT [15]. Bettega et al. used the Eulerian–Eulerian 3D modeling to
analyze the influence of the flat wall on the solid behavior inside a
semi-cylindrical spouted bed by comparing numerical results with ex-
perimental data [16]. Duarte et al. simulated the dynamic behavior of
gas and particles in conical and conical–cylindrical spouted beds using
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KTGF [17]. Gryczka et al. characterized the hydrodynamics of a prismatic
spouted bed apparatus by applying the gas–solid two-fluid approach
with KTGF [18]. Wang et al. discussed the impact of frictional stresses
on the gas–solid flow by using a two-fluid model with the kinetic–
frictional constitutive model of particles [19], and then simulated the
flow behavior of gas and particles in spouted beds with a draft tube [20]
and porous draft tube [21], respectively. An integrated granular phase
source term was introduced into the momentum balance equation of
the solid phase in the annulus region to simulate different flow patterns
in the conical spouted bed [22]. Simulations show that the profiles of
local velocity and solid volume fraction are required to use the source
term that was obtained from the measured overall pressure drop over
the spouted bed. Simon et al. introduced a new closure for the solid stress
tensor for KTGF based on a two-fluid model to predict the flow in
multiple-spout beds [23]. In their study, the impact of the solid shear
stresses and the flux of fluctuation energy on boundary conditions were
investigated.

Simulationsmentioned abovewere compared to radial solid volume
fraction distributions measured in spouted beds. Also, the comparisons
of bed pressure drop between simulation and experiment are also re-
quired in spouted beds. In the present work, the bed pressure drop is
measured in the conical spouted bed, and compared to simulations at
various inlet gas velocities. In a conical based spouted bed, the partial
weight of particles is supported by the inclined side walls, which causes
the interaction force between the inclined walls and gas–particle mix-
ture to vary in the vertical direction. To include the additional interac-
tion force exerted by the tapered side wall on the gas–solid flow, a
modified drag coefficient model is proposed based on the Ergun equa-
tion from the dynamic balance of forces exerted on particles in the con-
ical spouted bed. The present drag coefficient model is an extension
from cylindrical bed to conical bed. Flow behavior of gas and particles
is simulated using a two-fluid model based on KTGF. The model is vali-
dated experimentally with comparison to numerical simulations.

2. Experimental Setup

Experiments were conducted in a conical spouted bed, as shown in
Fig. 1. The spoutedbedwas a cylindrical columnwith an inside diameter
of 155mmand a height of 0.8 m, andwith a tapering angle of 60° in the
conical base with a height of 0.09 m. It was made of Perspex sheet to
allow visual observation. The diameter of the conical base at the bottom
was 15 mm. A 60-mesh screen at the bottom served as the support as
well as the air distributor. Two pressure taps, one just above the distrib-
utor and the other at the top of the bedwere provided to record the bed
pressure drop. The bed pressure drop was measured by a manometer.
Air at a temperature of around 28 °Cwas used as the fluidizingmedium.
It was passed through a silica gel tower to remove the moisture and a
valve to control the air flow before entering the spouted bed. Two

rotameters, one for the lower range (0–10 m3·h−1) and the other for
the higher range (10–120 m3·h−1), were used to measure the air flow
rates. Fluid cracking catalyst (FCC) particles with a diameter of
175.0 μm and density of 1650 kg·m−3, belonging to group A of the
Geldart powder classification. Particles were fluidized with air at atmo-
spheric pressure. The flow regime diagram of gas–solid reactors covers
the operationoffixed andmovingbeds, conventionalfluidized beds, cir-
culating beds, spouted beds, and pneumatically conveyed suspensions.
Reh proposed the fluidized bed regime diagram between groups A
and B and between groups B and D of the Geldart powder classification
scheme [24]. In our study, the velocity range of spouted beds is from
0.031 to 0.1869 m·s−1 in the phase diagram.

3. CFD Model for Spouted Beds

The two-fluid model (TFM) is applied to simulate the complex gas–
solid flow in conical spouted beds. By the TFM approach, the gas and
solid phases are treated mathematically as continuous andmutually in-
terpenetrating. For simplicity, it is further assumed that flow is isother-
malwithout reactions, the gas phase is incompressible, and particles are
spherical and monosized.

The Eulerian approach is used for both gas and particle phases
within the spouted bed, taking into account all possible intra- and
inter-phase interactions. In this work, the governing equations for the
conservation of mass and momentum for each phase and the constitu-
tive relations are given in Table 1. The mass balance equation of the
gas phase is expressed by Eq. (T-1). In the gas phase momentum equa-
tion Eq. (T-3), the gas-phase stress tensor is calculated according to
Newton's expression of Eq. (T-6). For simplicity, the constant viscosity
of the gas phase is used in the present simulations.

The continuity equation of the particles is Eq. (T-2). Themomentum
equation of particles is Eq. (T-4), where the second term on the right-
hand side (RHS) is the solid pressure which includes the collisional
part ps,k and frictional part ps,f. The third term represents the solid
stresses. The remaining terms on the RHS represent the influence of
the forces acting on particles. As for the conical base, the momentum
equation of mixture of particles and gas is expressed by Eq. (T-5) at
the steady state, where the last term on the RHS is the stress frictions
originated from the wall of conical base by the gas phase and particles.
Dt in Eq. (T-5) is the equivalent diameter, defined as Dt = D0 − D1,
where D0 is the top diameter of the conical base, and D1 is the bottom
diameter. In addition to the mass and momentum conservation equa-
tions for the solid phase, a fluctuation kinetic energy equation, Eq. (T-
6), is also solved to account for the conservation of the fluctuation ener-
gy of the particle phase, through the implementation of the kinetic the-
ory of granular flow (KTGF) [10]. In principle, KTGF derived from the
kinetic theory of dense gas, where the thermodynamic temperature is
replaced by the granular temperature, defined as θ = bc2N/3, where c
is the particle fluctuating velocity. The granular temperature expresses
themacroscopic kinetic energy of randomparticlemotion. Amore com-
plete discussion of the implemented kinetic theory model can be found
in Gidaspow [10].

At high concentrations of particles, individual particles interact with
multiple neighbors through sustained contact. Under such conditions,
the normal forces and the associated tangential frictional forces of slid-
ing contact are the major contributions to the particle stresses. Follow-
ing Savage [25], the particulate stress tensor, τs, is simply the sum of
the kinetic stress tensor and the frictional stress tensor. Therefore, an
additional frictional solid pressure ps,f and viscosity μ s,f are added to
the solid pressure and solid viscosity [24]. For the frictional pressure of
particles, the semi-empirical model proposed by Johnson & Jackson
[26] is used, as given in Eq. (T-10), where F, n and p are empirical mate-
rial constants. The values of empirical parameters of εs,min, F, n and p are
taken to be 0.5, 0.05, 2.0 and 5.0 for glass beads, respectively [26].

The frictional viscosity is related to frictional solid pressure in an ex-
pression proposed by Schaeffer [27], as given in Eq. (T-12), where ψ isFig. 1. Experimental set-up of spouted bed.
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