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Abstract−The hydrodynamics and heat transfer of a gas-solid fluidized bed chamber was investigated by computa-
tional fluid dynamic (CFD) techniques. A multifluid Eulerian model incorporating the kinetic theory for solid particles
was applied to simulate the unsteady state behavior of this chamber. For momentum exchange coefficients, Syamlal-
O’Brien drag functions were used. A suitable numerical method that employed finite volume method was applied to
discretize the equations. The simulation results also indicated that small bubbles were produced at the bottom of the
bed. These bubbles collided with each other as they moved upwards forming larger bubbles. Also, the solid particle
temperature effect on heat transfer and hydrodynamics was studied. Simulation results were compared with the ex-
perimental data in order to validate the CFD model. Pressure drops and mean gas temperature predicted by the sim-
ulations at different positions in the chamber were in good agreement with experimental measurements at gas velocities
higher than the minimum fluidization velocity. Furthermore, this comparison showed that the model could predict hy-
drodynamics and heat transfer behaviors of gas solid fluidized bed reasonably well.
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INTRODUCTION

Fluidized bed reactors are used in a wide range of applications
in various industrial operations, including chemical, mechanical,
petroleum, mineral, and pharmaceutical industries. Understanding
the heat transfer and hydrodynamics of fluidized bed reactors is es-
sential for choosing the correct operating parameters for the appro-
priate fluidization regime [1]. Computational fluid dynamics (CFD)
offers an approach to understanding the complex phenomena that
occur between the gas phase and the particles. The Eulerian-La-
grangian and Eulerian-Eulerian models have been applied to the
CFD modeling of multiphase systems. To model gas-solid flows,
usually, the Eulerian-Lagrangian are called discrete particle models
(DPM), and Eulerian-Eulerian models are called granular flow mod-
els. Granular flow models (GFM) are continuum-based and are more
suitable for simulating large and complex industrial fluidized bed
reactors containing billions of solid particles. These models, how-
ever, require information about solid phase rheology and particle-
particle interaction laws. In principle, discrete phase models (DPM)
can supply such information.

DPMs in turn need closure laws to model fluid-particle interac-
tions and particle-particle interaction parameters based on contact
theory and material properties.

In principle, it is possible to work on way upwards from direct
solution of Navier-Stokes equations [2,3]. Lattice-Boltzmann mod-
els and contact theory obtain all the necessary closure laws and other
parameters required for granular flow models. Direct solution of
Navier-Stokes equations or lattice Boltzmann methods is too com-

putation intensive to simulate even thousands of solid particles. Rather
than millions of particles, DPMs are usually used to gain an insight
into various vexing issues such as bubble or cluster formation and
their characteristics or segregation phenomena. A few hundred thou-
sand particles can be considered in such DPMs [3-5].

Taghipour et al. [6] have conducted experimental and computa-
tional studies of gas-solid fluidized bed reactor hydrodynamics. CFD
simulation results were compared to those obtained from the experi-
ments. A multifluid Eulerian model integrating the kinetic theory for
solid particles was used for predicting the gas-solid behavior of a
fluidized bed. Comparison of the model predictions, using the Syam-
lal-O’Brien, Gidaspow, and Wen-Yu drag functions, and experimen-
tal measurements on the time-average bed pressure drop, bed ex-
pansion, and qualitative gas-solid flow pattern indicated reasonable
agreement for most operating conditions. Furthermore, the predicted
instantaneous and time-averaged local voidage profiles showed simi-
lar trends with the experimental results.

Goldschmidt et al. [7] compared a hard-sphere discrete particle
model with a two-fluid model containing kinetic theory closure equa-
tions using appropriate experimental data. Their results indicate that
both CFD models predict adequate fluidization regimes and trends
in bubble sizes and bed expansion, whereas predicted bed expan-
sion dynamics differ significantly from the experimental results.
Kaneko et al. [8] developed a DEM simulation code incorporated
with the reaction and energy balances based on the soft sphere in-
teraction at particle collision for a fluidized bed olefin polymeriza-
tion. Heat transfer from particles to the gas was estimated by using
the Ranz-Marshall equation. Their results were fairly realistic con-
cerning particle and gas temperature behavior and also the bub-
bling behavior in a gas fluidized bed at elevated pressure. Behjat et
al. [9] investigated unsteady state behavior of gas–solid fluidized
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beds. They showed that model predictions of bubble size and gas-
solid flow pattern using both Syamlal-O’Brien and Gidaspow drag
models were similar. Also, in their research when the bed containing
two different solid phases was simulated, their results showed parti-
cles with smaller diameters had lower volume fraction at the bot-
tom of the bed and higher volume fraction at the top of the Chamber.

Huilin et al. [10] studied a bubbling fluidized bed with the binary
mixtures applying multifluid Eulerian CFD model according to the
kinetic theory of granular flow. Their simulation results showed that
the hydrodynamics of a gas bubbling fluidized bed is related to the
distribution of particle sizes and the amount of dissipated energy in
particle-particle interactions. Gobin et al. [11] numerically simulated
a fluidized bed using two-phase flow method. In their work, time-
dependent simulations were performed for industrial and pilot reac-
tor operating conditions. The numerical predictions are in good quali-
tative agreement with the observed behavior in terms of bed height,
pressure drop and mean flow regimes.

Lettieri et al. [12] used the Eulerian-Eulerian granular kinetic model
available within the CFX-4 code to simulate the transition from bub-
bling to slugging fluidization for a typical Group B material at four
fluidizing velocities. Results from simulations were analyzed in terms
of voidage profiles and bubble size, which showed typical features
of a slugging bed.

Although there have been many studies on the modeling and mod-
el evaluation of fluidized-bed hydrodynamics, only a few works
have been published on the CFD modeling and model validation
of combined reactor hydrodynamics and heat transfer. Also, only a
limited number of works have been reported on the successful CFD
modeling of fluidized bed hydrodynamics with heat transfer. In this
research, heat transfer and hydrodynamics of two-dimensional non-
reactive gas-solid fluidized bed chamber were experimentally and
computationally studied. A multifluid Eulerian model incorporat-
ing the kinetic theory for solid particle was applied in order to sim-
ulate the gas-solid flow at different conditions. It is assumed that
the inlet gas is cold (300 K) and the initial solid particle tempera-
ture is 340 K. To validate the model, simulation results were com-
pared with the experimental data.

NUMERICAL PROCEDURES

1. Governing Equations
The governing equations of the system include the conservation

of mass, momentum, and energy. Equations of solid and gas phases
were developed based on Eulerian-Eulerian model using the aver-
aging approach. The continuity equations for gas and solid phases
without mass transfer between the phases, respectively, are [13,14]

(1)

(2)

By definition, the volume fractions of the phases must sum to 1:

εg+εs=1 (3)

The conservation of momentum for the gas phase and solid phase
is described by:

(4)

(5)

Where  is Reynolds stress tensor, ps is the solids pressure, (−εs∇p+
βgs( - )) is an interaction force (drag and buoyancy forces) repre-
senting the momentum transfer between gas and solid phase and g
is the gravitational constant, [15,16].

Several drag models exist for the gas-solid interphase exchange
coefficient (βgs). In this research the Syamlal-O’Brien drag model
[17,18] was used. The drag law of Syamlal-O’Brien is based on
the measurements of the terminal velocities of particles in fluidized
or settling beds. The interphase exchange coefficient is expressed as

(6)

where CD, the drag coefficient, is given by

(7)

And vr, s, a terminal velocity correlation, is expressed as

(8)

with A=εg
4.14 and

(9)

Also, the solid Reynolds number, Res, is calculated as

(10)

The stress tensor for the gas phase assumed to be of the Newtonian
form is given by

(11)

Where  is the identity tensor and  is the strain rate tensor for
gas or solid phase, given by

(12)

Granular flows can be classified into two distinct flow regimes:
a viscous or rapidly shearing regime, in which stresses arise because
of collisional or translational transfer of momentum, and a plastic or
slowly shearing regime, in which stresses arise because of friction
between grains in enduring contact. In this work, a combination of
viscous and plastic regime was applied to investigate the behavior
of granular flow.

(13)
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 is the viscous stress in the solid phase. The superscript p stands
for plastic regime and v for viscous regime. In fluidized-bed simula-
tions, εg

* is usually set to the void fraction at minimum fluidization
[15].

The granular pressure is given by

Ps
v=K1εs

2Θs (14)

Θs is the granular temperature of solid phase and K1 is the granular
stress constant that is given by

K1=2(1+ess)ρsg0, ss (15)

The granular stress is given by

(16)

λs
v, the second coefficient of viscosity and µs

v, the shear viscosity for
the solid phase, respectively, are given by

(17)

(18)

Where

(19)

And the constant K3 is given by

(20)

g0, ss is the radial distribution function that for solid phase [8,22], use

(21)

where ess is the coefficient of restitution for particle collisions and
that is approximately constant.

Similar to the functions typically used in plastic flow theories,
an arbitrary function that allows a certain amount of compressibility
in the solid phase represents the solid pressure term for plastic flow
regime:

Ps
p=εsP* (22)

where P* is represented by an empirical power law:

P*=1025(εg
*−εg)10 (23)

A solids stress tensor based on the critical state theory is

(24)

Where the shear viscosity for the solid phase in plastic flow is

(25)

φ is the angle of internal friction, and I2D is the second invariant of

the deviatoric stress tensor [2,8,9,15,17].

(26)

The granular temperature of solid phase (Θs) as an order of solid
fluctuation is defined as one-third of the mean square velocity of
particles’ random motion. Granular energy is defined as the specific
energy of solid particles’ fluctuation. The following solid granular
energy equation must be solved to calculate granular temperature
[19,20].

(27)

where  is the generation of energy by the solid stress ten-
sor, kΘs∇Θs is the diffusion flux of granular energy (kΘs is the dif-
fusion coefficient). The collision dissipation of energy, γΘs, repre-
senting the rate of energy dissipation within the solid phase due to
inelastic particle collisions that is derived by Lun et al. [20]

(28)

Also, the end term is the transfer of kinetic energy, due to random
fluctuations in particle velocity.

In this work the following algebraic granular temperature equation
was used with the assumptions that the granular energy is dissipated
locally, the convection and diffusion contributions are negligible and
only the generation and dissipation terms are retained [11,14]. When
using this algebraic equation instead of solving the balance for the
granular temperature, much faster convergence is obtained during
simulations [13,14].

(29)

where K4 is given by

(30)

kΘs is the diffusion coefficient for granular energy. The Syamlal-
O’Brien model is expressed as [17,18]

(31)
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The internal energy balance for the gas phase can be written in
terms of the gas temperature as follows:
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where kg is the gas thermal conductivity. The solid heat conductiv-
ity includes direct conduction through the fractional contact area
and indirect conduction through a wedge of the gas that is trapped
between the particles.

The thermal energy balance for the solid phases is given by

(33)

Hgs is the heat transfer between the gas and the solid is a function
of temperature difference between the gas and solid phases.

Hgs=−γ 0
gs(Ts−Tg) (34)

The heat transfer coefficient is related to the particle Nusselt num-
ber using the following equation.

(35)

The Nusselt number is determined by applying the following cor-
relation. Res is the relative solid Reynolds number and Pr is the gas
Prandtl number [8,9]

Nus=(7−10εg+5εg
2)(1+0.7Res

0.2Pr1/3)+(1.33−2.4εg+1.2εg
2)Res

0.7Pr1/3 (36)

(37)

2. Initial and Boundary Conditions
The initial values of the variables for all the fields (εg, εs, vg, vs)

are specified for the entire computational domain. Initially, solid par-
ticle velocity was set at zero (in minimum fluidization), and gas
velocity was assumed to have the same value everywhere in the
bed. Initially, the temperature of solid phase was 340 K and also
for gas phase set to 300 K. At the inlet, all velocities and volume
fraction of all phases were specified. The outlet boundary condition
was outward flow and was assumed to be fully developed flow. The
gas tangential normal velocities on the wall were set to zero (no
slip condition). The normal velocity of the particles was also set at
zero. The following boundary equations apply for the tangential
velocity and granular temperature of particles at the wall [21-23]:

(38)

The general boundary condition for granular temperature at the wall
takes the form

(39)

Here  is the particle slip velocity, ess, w is the restitution coeffi-
cient at the wall and εs, max is the volume fraction for the particles at
maximum packing. The boundary conditions for the energy equa-
tion are set such that the walls are adiabatic.
3. Computational Solution Procedure

The 2D computational domain is discretized by 4300 rectangu-
lar cells. A time step of 0.001 s with 20 iterations per time step is
chosen. This iteration was adequate to achieve convergence for the
majority of time steps. Governing equations of the system in un-
steady state condition are solved by finite volume method employ-

ing the semi implicit method for pressure linked equations (SIM-
PLE) algorithm that is developed for multiphase flow using the partial
elimination algorithm (PEA) [3,4]. The first-order upwind scheme
was used for discretization of the equations. The conservation equa-
tions are integrated in the space and time. The sets of algebraic equa-
tions are solved iteratively [3,23,24]. The flowchart of the simula-
tion algorithm for one time step is shown in Fig. 1.

Sensitivity analysis of the effect the time step, mesh size, discret-
ization schemes, and convergence criterion have on the results was
also studied. The simulation results from the first-order discretization
schemes for a time step of 0.001 s with 10−3 convergence criterion
to second-order discretization schemes, for a time step of 0.0005 s,
and 10−4 convergence criterion with 50 iteration at each time step
show no noticeable difference in overall hydrodynamic behavior
and temperature distribution among these simulations. Therefore, it is
concluded the selected numerical parameters are adequate for proper
simulations of bed hydrodynamic with heat transfer.

EXPERIMENTAL SETUP

Experiments were conducted in a Plexiglas cylinder of 40 cm
height and 12 cm diameter. At the lower end of this is a distribution
chamber and air distributor that supports the bed when defluidized.
This distributor has been designed to ensure uniform airflow into
the bed without causing excessive pressure drop and is suitable for
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Fig. 1. Flowchart of the simulation procedure for one time step.
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the granular material supplied. Spherical particles of 100µm diam-
eter and 1,183 kg/m3 density were fluidized with air at ambient con-
ditions. The initial static bed height was 15 cm with a solids volume
fraction of 0.6. A Roots-type blower supplied the fluidizing gas. A

pressure-reducing valve was installed to avoid pressure oscillations
and to achieve a steady gas flow. Upon leaving the bed, the air passes
through the chamber and escapes to the atmosphere through a filter.
Installed in the bracket are probes for temperature and pressure meas-
urement, and a horizontal cylindrical heating element, all of which
may move vertically to any level in the bed chamber. Air is deliv-
ered through a filter, pressure regulator and an air flow meter fitted
with a control valve and an orifice plate (to measure higher flow
rates), to the distribution chamber. The heat transfer rate from the
heating element is controlled by a variable transformer, and the volt-
age and current taken are displayed on the panel. Two thermocou-
ples are embedded in the surface of the element. One of these in-
dicates the surface temperature and the other, in conjunction with a
controller, prevents the element temperature from exceeding a set
value. A digital temperature indicator with a selector displays the
temperatures of the element, the air supply to the distributor, and
the moveable probe in the bed chamber. Two liquid filled manom-
eters are fitted. One displays the pressure of the air at any level in
the bed chamber, and the other displays the orifice differential pres-
sure, from which the higher air flow rates can be determined. Pres-
sure fluctuations in the bed are obtained by two pressure transduc-
ers that are installed at the lower and upper level of the column. The
electrical heater increases the solid particle temperature, so the initial
solid particle temperature was 340 K and for inlet air was 300 K
(atmospheric condition). The ratio of the distributor pressure drop

Fig. 2. A view of experimental set-up with its equipments.

Table 1. Values of model parameters used in the simulations and
experiments

Description Value Comment

Solids density, ρs 1,183 kg/m3 Alumina powder
Gas density, ρg 1.189 kg/m3 Air at ambient temperature
Mean particle diameter, ds 100µm Uniform distribution
Coefficient of restitution, ess 0.9 Fixed value
Initial solid packing 0.6 Fixed value
Fluidized bed diameter 12 cm Fixed value
Fluidized bed height 40 cm Fixed value
Initial static bed height 15 cm Fixed values
Superficial gas velocity 0-10 cm/s A range value
Initial temperature of solid 340 K Fixed value
Inlet gas temperature 300 K Fixed value
Maximum solids packing, εmax0.61 Syamlal et al. [17,18]
Angle of internal friction, φ 30o Johnson and Jackson [22]
Inlet boundary conditions Velocity Superficial gas velocity
Outlet boundary conditions Out flow Fully developed flow
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to the bed pressure drop exceeded 14% for all operating conditions
investigated.

RESULTS AND DISCUSSION

Simulation results were compared with the experimental data in
order to validate the model. The pressure drop was experimentally
measured for different gas velocities and compared with those pre-
dicted by CFD simulation.

As indicated in Fig. 3, the bed overall pressure drop significantly
decreased at the beginning of fluidization and then fluctuated around
a near steady-state value after about 3.5 s. Pressure drop fluctuations
are expected as bubbles continuously split and coalesce in a tran-
sient manner in the fluidized bed. Comparison of the model predic-
tions, using the Syamlal-O’Brien drag functions and experimental
measurements on pressure drop and the time-average bed, indicated
that good agreement exists at most operating conditions. These results
are the same as those reported by Tagipour et al. [6] and Behjat et
al. [9].

A comparison of the time-average bed pressure drop, using the
Syamlal-O’Brien drag functions, against superficial gas velocity is
plotted in Fig. 4. The results show that with increasing the gas veloc-

ity, the pressure drop increases. The simulation and experimental re-
sults show better agreement at velocities above Umf (2.2 cm/s). The
discrepancy for U<Umf may be attributed to the solids not being
fluidized, thus being dominated by interparticle frictional forces,
which are not predicted by the multifluid model for simulating gas-
solid phases.

The experimental data and simulation results for time-average
bed expansions as a function of superficial velocities are compared
in Fig. 5. It shows that the models predict the correct increasing trend
of the bed height with the increase of superficial gas velocity. Good
agreement has been observed between the model predictions and
the experimental data for bed expansion ratio and qualitative gas-
solid flow patterns. Similar trends were reported for pressure drop
and bed expansion in the earlier works [5,6,9,17,18].

Fig. 6 shows simulation results for solid volume fraction con-
tour plot for Vg=6 cm/s. An increase in bed expansion and varia-
tion of the fluid-bed voidage can be observed. At the start of the
simulation, waves of voidage are created, which travel through the
bed and subsequently break to form bubbles as the simulation pro-
gresses. Initially, the bed height increased with bubble formation
until it leveled off at a steady-state bed height. The observed axi-
symmetry gave way to chaotic transient generation of bubble for-
mation after 1.5 s.

The bubbles coalesce as they move upwards producing bigger
bubbles. The bubbles become stretched because of bed wall effect
and interactions with other bubbles. The results indicate similarities
between the simulation and experiment at t=2 s. The simulation
indicated small bubbles near the bottom of the bed; the bubbles grew
as they rose to the top surface with coalescence. The elongation of
the bubbles was due to wall effects and interaction with other bub-
bles. The Syamlal-O’Brien drag model provided similar qualitative
flow patterns. The size of the bubbles predicted by the CFD models
are in general similar to those observed experimentally. Fig. 7 com-
pares experimental results for bubble formation and bed expansion
for different superficial gas velocities. At low gas velocities, the
solids rest on the gas distributor and the column is in the fixed bed
regime. When superficial gas velocity reaches the fluidization veloc-

Fig. 3. Comparison of experimental and simulation bed pressure
difference versus time.

Fig. 4. Comparison of experimental and simulated bed pressure
drop at different gas velocities.

Fig. 5. Comparison of experimental and simulated bed expansion
ratio.
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ity, all particles are suspended by upward flowing gas and the bed
is fluidized. Also, the bubbles are formed in the bed that are moved
to the upper part of the column.

At this point, the gas drag force on the particle counterbalances
the weight of the particle. If the gas velocity increases beyond the
minimum fluidization velocity, smooth fluidization forms in the bed
(for fine solids) up to a certain velocity limit. With an increase in
velocity beyond minimum bubbling velocity, large instabilities with
bubbling and channeling of gas are observed. At high gas velocities,
the movement of solids becomes more vigorous. Such a bed is called
a bubbling bed or heterogeneous fluidized bed, in this regime; gas
bubbles generated at the distributor coalesce and grow as they rise
through the bed.

In addition, with increasing the gas velocity, bubble formation
and bubble collapse increase rapidly. Fig. 8 shows the simulation
results of gas volume fraction for different gas velocities. Initially,
the bed height increases with bubble formation so gas volume frac-
tion increases and is leveled off at a steady-state bed height. At the
start of the simulation, waves of voidage are created, which travel
through the bed and subsequently break to form bubbles as the sim-
ulation progresses.

At the bottom of column, the concentration of particles is more
than the upper part. Therefore, the maximum gas volume fraction
occurs at the top level in the column. Clearly, the gas volume frac-
tion of 1 (above the bed) corresponds to the region in the absence
of particles.

Fig. 7. Comparison of bubble formation and bed expansion for different superficial gas velocities.

Fig. 6. Simulated gas volume fraction, void fraction, profile of 2D bed and experimental result (Vg=6 cm/s).

Fig. 8. Simulation results of gas volume fraction (t=7 s).
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The gas mean temperatures as function of height for t=7 s are
presented in Fig. 9. The gas temperature increases with height be-
cause of the heat transfer between the hot particles and cold gas.
Near the bottom of the column, the solid volume fraction is rela-
tively high; therefore, the gas temperature increases rapidly and the
increase rate is higher for the region near the bottom of the column.
At the top of the column, there are no particles (gas volume frac-
tion is one) and the wall is adiabatic; therefore, the gas temperature
is roughly constant. Also, the results show that with increasing the
gas velocity, as expected the gas temperature increases.

Also, the variation of gas temperature in the column at two dif-
ferent inlet gas velocities is shown in this figure. It indicates that an
increase in the gas velocity, due to a higher heat transfer coefficient
between gas and solid phases, leads to a higher gas temperature be-
cause the initial temperature of solid particles was 340 K and for
inlet gas it was 300 K. Also, the temperature gradient between solid
and gas phases is lower at the top of the bed which leads to a lower
heat transfer rate compared to the bottom of the bed.

The simulation results for gas temperature are in good agree-
ment with the experimental data. The small differences seen are

the result of the slight heat loss from the wall in the experimental
column.

Simulation results for heat transfer coefficient at different gas
velocities at t=7 s are shown in Fig.10. From the results of this figure,
the heat transfer coefficient increases from bottom to top in the col-
umn because with results of Fig. 8. Gas volume fraction increases
from bottom to top. This figure also indicates that an increase in
the gas velocity causes a higher heat transfer coefficient between
gas and solid phases.

The effect of inlet gas velocity on solid phase temperature is shown
in Fig. 11. It indicates that an increase in gas velocity causes a higher
heat transfer leading to an increase in solid particle temperature and
in a decrease in gas temperature. Temperature distribution predicted
by the simulations was in good agreement with experimental meas-
urements. Furthermore, the comparison between experimental and
computational simulation showed that the model could predict hy-
drodynamic and heat transfer behavior of the fluidized bed reason-
ably well.

Simulation results for the heat transfer coefficient (Fig. 10) were
in good agreement with the gas and solid temperature results (Fig.
9 and Fig. 11). The results show that with increasing the gas veloc-
ity, as expected the gas temperature increases (Fig. 9) and solid par-
ticles temperature decreases (Fig. 9). In addition, the gas tempera-
ture increases or solid particle temperature decreases with height
because of the heat transfer between the hot particles and cold gas.

CONCLUSION

Unsteady state heat transfer and hydrodynamics in a gas-solid
fluidized bed reactor have been investigated. Preliminary investiga-
tion of multiphase flow models revealed that the Eulerian-Eulerian
model is suitable for modeling of industrial fluidized bed reactors.
The model includes continuity equations, momentum and energy
equations for both phases and the equations for granular tempera-
ture of solid particles. A suitable numerical method that employs
finite volume method has been applied to discretize the equations.
Simulation results also indicated that small bubbles were produced
at the bottom of the bed. These bubbles collided with each other as
they moved upwards forming larger bubbles. The influence of solid

Fig. 9. Comparison of experimental and numerical results of gas
temperature at different gas velocities (t=7 s). 

Fig. 11. Simulation results for variation of solid phase temperature
at different gas velocity (t=7 s).

Fig. 10. Simulation results for heat transfer coefficient at different
gas velocities (t=7 s).
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particle temperature on the gas temperature was studied. The results
indicated that with increasing the gas velocity, due to a higher heat
transfer coefficient between the gas and the solid phase, solid phase
temperature decreases and the mean gas temperature increases, both
rapidly. To validate the model, the predicted pressure drops and gas
temperature variations were compared with the corresponding values
of experimental data. The modeling predictions compared reason-
ably well with the experimental data. Furthermore, this compari-
son showed that the model could predict hydrodynamic and heat
transfer behavior of a gas solid fluidized bed reasonably well.
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NOMENCLATURE

CD : drag coefficient [-]
Cp : specific heat [kj/kg·k]

: solids strain rate tensor [s−1]
ds : solid diameter [mm]
ess : coefficient of restitution of particle [-]
g : gravitational constant [9.81 m/s−2]
g0, ss : radial distribution function [-]
Hgs : heat transfer between the gas and the solid
I2D : second invariant of the deviatoric stress tensor [-]
k : thermal conductivity
kΘs : diffusion coefficient for granular energy [kg/s m]
Nu : nusselt number [-]
P : pressure [Pa]
Pr : gas prandtl number [-]
Re : reynolds number [-]

: stress tensor [Pa]
T : thermodynamic temperature [K]
Ug : superficial gas velocity [m/s]
V : velocity [m/s]

: particle slip velocity parallel to the wall [m/s]
vrs : terminal velocity correlation [m/s]

Greek Letters
γΘs : collision dissipation of energy [kg/s3m]
βgs : gas-solid inter phase exchange coefficient [-]
ε : volume fraction [-]
εs, mas : volume fraction for the particles at maximum packing [-]
Θ : granular temperature [m2/s2]
λ : second coefficient of viscosity [kg/m·s]
µ : viscosity [kg/m·s]

: reynolds stress tensor [Pa]
ρ : density [kg/m3]
φ : angle of internal friction [-]

: stress tensor [Pa]

φgs : transfer of kinetic energy [kg/s3m]

Subscripts
g : gas
mf : minimum fluidization
s : solids

Superscripts
p : plastic regime
v : viscous regime
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