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A gas–solid bubbling fluidized bed was analyzed by using a discrete hard sphere particle model (DPM). Simula-
tion results were validated by matching them to the results of the previous study. Particle translational and
rotational characteristicswere investigated in terms of gravities tofind out their influences on the particle behav-
iors. The gravity did not significantly affect the particle macro-scale characteristics, such as particle translational
velocity and rotational velocity, but acted an important role in particle micro-scale characteristics like granular
temperatures. Particularly, the change of gravity affected the change of the bubble behavior and the particles'
pulsation movement, which could lead to the transformation of the overall fluidized state.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fluidized bed is one of the most widely used dense gas–solid
two phase systems. With long period developing, it has been ap-
plied to chemical industry, clean-energy application, agriculture,
mining industry etc. As a wide-spread and well-adapting particle
system, the investigation of fluidized bed under different gravities
is of great significance. Not only because the potential application
of fluidized bed is not far to see, but also the gravity does play an
important role in particle behaviors.

Liu et al. [1] simulated the hydrodynamic behavior of dense gas–
particle flows in gas-fluidization reactor by using a Euler–Euler two-
fluid model including the influence of gravity. A unified second-
order-moment gas–particle two-phase turbulent model incorporated
with kinetic theory of granular flows was developed to study the parti-
cle dispersion behavior of dense gas–particle flows by Pan et al. [2]. A
Euler–Euler two-fluid model based on the second-order-moment clo-
sure approach was proposed by Liu et al. [3] to investigate the dense
gas–particle turbulence flows under microgravity space environments.

For the gas–solid two-phase flow, two simulation methods have
been applied: Euler–Euler model and Euler–Lagrange model. Euler–
Euler model has been widely used with an advantage in simulating
large scale system [4–8]. The limitation of Euler–Euler model is that

it cannot go through all the details of particle behavior, especially
for the particle–particle collisions. Euler–Lagrange model has the op-
posite characteristics. It can give most of the dynamic characteristics
of particles, but it can only be applied to small scale systems [9]. With
the current development of computers, Euler–Lagrange model has
become popular among researchers with many successes in some
areas, such as bubbling fluidized bed [10,11], spouted bed [12,13],
downer [14] and riser [15].

Detailed particle dynamic characteristics lead to a stirring of interest
in particles' turbulent characteristics, because it reveals the intensity of
particle fluctuations in a fluidized bed. Godlieb et al. [16] obtained the
particles' granular temperature by using the DPM model. Peng et al.
[17] investigated the granular temperature in a bubbling fluidized bed.
Wang et al. [18] used a DSMC method to predict the granular tempera-
ture in a riser. Holland et al. [19] performed an experiment to obtain the
anisotropic granular temperature in fluidized beds. Wildman and
Huntley [20] presented a review of the development of techniques
available for measuring the granular temperature in 3-D dry granular
flows. Though some progress in studying particle dynamic characteris-
tics has been made, the studies on particle rotational characteristics
are still lacking.

In this work, a discrete hard sphere particle model (DPM) is ap-
plied to numerically study the distributions of particle and bubble
granular temperature in a bubbling fluidized bed. Various gravities
are applied to find out their influences on the particle and bubble
granular temperatures.
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2. Numerical method

2.1. Simulation model

2.1.1. Description of the solid phase
The hard-sphere discrete particle model was originally proposed by

Hoomans [21]. In DPM simulation, particles are assumed to be rigid
spheres, and collisions among particles are considered as binary, instanta-
neous, impulsive events.

The velocity of every individual particle can be calculated from
Newton's second law, containing forces due to the pressure gradient,
drag and gravitation:

ma
d2ra
dt2

¼ Vaβ
1−ε

u−vað Þ−Va∇P þmag ð1Þ

IaΩa ¼ Ia
dωa

dt
¼ Ta: ð2Þ

In this model, it is assumed that the interaction forces are impulsive
and therefore all other finite forces are negligible during collisions.

2.1.2. Description of the gas phase
The gas phase is modeled by the volume-averaged Navier–Stokes

equations:

∂ εgρg
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There is a source term Sp, defined as:

Sp ¼ 1
V

Z XNp

a¼0

βVa

1−εg
ug−va

� �
δ r−rað ÞdV : ð5Þ

The distribution–function δ distributes the reaction force of the par-
ticles exerted on the gas phase to the velocity nodes on a (staggered)
Eulerian grid, and β is the interphase momentum exchange coefficient.

Nomenclature

dp particle diameter (m)
en normal coefficient of restitution (–)
g gravity (m·s−2)
Ia moment of inertia (kg·m2)
ma particle mass (kg)
m the number of frames that are averaged in time (–)
n particle number in a unit volume (–)
N fluidization number (–)
Np number of all the particles (–)
P pressure (Pa)
r particle position (m)
ra particle position vector of particle (m)
Re Reynolds number (–)
t time (s)
Δt time step (s)
Ta torque (N·m)
ug gas phase velocity (m·s−1)
usp superficial gas velocity (m·s−1)
va particle velocity vector (m·s−1)
vp(r,t) instantaneous velocity of particle (m·s−1)
V fluid cell volume (m3)
Va particle volume (m3)

Greek symbols
β interphase momentum exchange coefficient

(kg·m−3·s−1)
β0 tangential restitution coefficient (–)
εg gas phase void fraction (–)
θp,tran particle translational granular temperature (m2·s−2)
θb bubble granular temperature (m2·s−2)
θp,rot particle rotational granular temperature (rad2·s−2)
μg gas phase shear viscosity (Pa·s)
μ friction coefficient (–)
ρg gas phase density (kg·m−3)
ρp solid phase density (kg·m−3)
τg gas-phase stress tensor (Pa)
ωp particle rotational velocity (rad·s−1)
Ωp particle rotational acceleration (rad·s−2)
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Parameters:

Np = 9240
up = 0.9m/s
dp = 1.2mm
ρp = 1000kg/m3
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Fig. 1. Schematic illustration of the dimensions and initial setup of the bubbling bed.

Table 1
Simulation parameters.

Parameter Value Unit

Particle diameter, dp 1.2 (mm)
Particle density, ρp 1000 (kg/m3)
Normal restitution coefficient, en 0.97 (–)
Tangential restitution coefficient, β0 0.33 (–)
Friction coefficient, μ 0.10 (–)
Time step, Δt 1 × 10−5 (s)
Bed width, W 0.044 (m)
Bed depth, D 0.01 (m)
Bed height, H 0.12 (m)
CFD grid number, Nx 12 (–)
CFD grid number, Ny 24 (–)
CFD grid number, Nz 1 (–)
Shear viscosity of gas, μg 1.8 × 10−5 (Pas)
Gas temperature, T 298.15 K (K)
Pressure, P 1.2 × 105 (Pa)
Superficial gas velocity, usp 0.9 (m/s)
Number of particles, Np 9240 (–)
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