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Abstract. The Turbulence modelling is a crucial question in the application of computational fluid dynamics
(CFD) to gas-solid flow systems. This paper presents a two-dimensional numerical simulation of gas-particle
two-phase flow using commercial software, Fluent 6.2.16. The velocity distribution of gas and solid particles were
obtained from a mixture model incorporating the standard k−ε turbulence model. The models results were compared
to numerical simulation from diffusion flux model and experimental study of gas-particle flow in a suspension bed
performed out by Shang et al. (2004). The results of the velocity distributions showed good quantitative agreement
between CFD predicted and the experimental investigation.
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1. Introduction

Two-phase turbulent flow are of considerable engineering importance in a wide range of the practical appli-
cations, such as power systems and environmental control.

The two-phase flow can give rise to very complex combination of phases as well from the flow structures. The
two main approaches for modelling the two-phase flow are the Lagrangian-Eulerian and Eulerian-Eulerian (or
continuum-continuum) approaches. In the Lagrangian-Eulerian approach the fluid phase is treated as continuum
by solving of the Navier-Stokes equation, while the dispersed phase is considered to represent a group of particles
interacting with the fluid and possessing the same characteristics such as size, composition, etc. (Patankar and
Joseph, 2001). Particles trajectories are calculated from the Newton’s equations of motion. In turbulent flow
the problem with Lagrangian particle-tracking methods is that the number of particles needed for description
of particle dispersion is often too large for practical calculations.

Eulerian-Eulerian approach considers the particulate phase to be a continuous fluid interpenetrating and
interacting with the fluid phase (Gidaspow, 1994). The concept of the volume concentration or volume fraction
is introduced due to the volume of a phase cannot be occupied by the other phases. The Eulerian-Eulerian
approach introduces more unknowns quantities than equations. Hence, it is necessary to use closure equations.
This formulation consists of three essential parts: (a) the derivation of the field equations of the conservation
principles, such as mass and momentum; (b) constitutive equations from empirical formulation for the closure
of the equation system by taking into account the structure of the flow field and material properties and, (c)
interfacial conditions.

In the context of the Eulerian-Eulerian approach an alternative method is the mixture theory, also called the
theory of this sort (Bowen, 1976; Xu et al., 2004). The mixture model method is considered a simplification of
the full multiphase equations, due to their simple theory and implementation. In this approach the phases are
treated as interpenetrating continua and at any instant of time, all phases are present at every material point.
Instead of applied the continuity and momentum equations of each phase separately, this method solves to the
continuity and momentum equations for the mixture. In addition, the local equilibrium condition is expressed
by means of the momentum equation for the dispersed phase and the phases may be move at different velocities.

In the present work, a numerical investigation was conducted in order to simulate the velocities of the air flow
and particles in two-phase flow using mixture model. The aim of this paper is to examine the application of the
mixture turbulence model for simulation of the two-phase flows of the gas-particle in a cold model suspension
bed.
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2. Mathematical Formulation of the Mixture Model

The mixture model is employed in the simulation by assuming that the coupling between phases is strong,
and particles closely follow the flow when the Stokes number, St, is less than or close to one. The Stokes number
is defined as the ratio of the particle time response, tp, to the system response time (Crowe et al., 1998):

St =
tp
ts

=
ρpd

2
p/18µc

Ls/Vs
(1)

where ρp and dp are the density and diameter of the particle, respectively; µc is continuity viscosity. Ls and Vs

represent the length and velocity characteristics of a system, respectively.
For the case of only one dispersed phase, as in the present study, the mixture continuity and mixture

momentum equation are given as

∂

∂t
(ρm) +∇.(ρm~um) = 0 (2)

and

∂

∂t
(ρm~um) +∇.(ρm~um~um) = −∇pm +∇.[µm(∇~um +∇~uT

m)] + ρm~g +

+~F +∇.

(
n∑

k=1

αkρk~udr,k~udr,k

)
(3)

above ρm is the mixture density, ~um is the mass-average velocity given, αk is the volume fraction of phase k, pm

is the pressure of mixture, ~F is a body force and µm is the viscosity of the mixture. The mass-average velocity,
mixture density and viscosity of the mixture can be expressed, respectively, by

~um =
∑n

k=1 αkρk~uk

ρm
(4)

ρm =
n∑

k=1

αkρk (5)

µm =
n∑

k=1

αkµk (6)

2.1. Volume Fraction of the Secondary Phase

From the continuity equation for secondary phase p, the volume fraction is governed by

∂

∂t
(αpρp) +∇.(αpρp~um) = −∇.(αpρp~udr,p) (7)

3. The Mixture Turbulence Model

The mixture turbulence model is an extension of a single-phase k− ε model. The transport equations of the
k− ε model, which is based on the solution of the conservation equations of the kinetic energy of turbulence, k,
and its dissipation rate, ε, are given by

∂

∂t
(ρmk) +∇.(ρm~umk) = ∇.

(
µt,m

σk
∇k

)
+ Gk,m − ρmε (8)

and

∂

∂t
(ρmε) +∇.(ρm~umε) = ∇.

(
µt,m

σε
∇ε

)
+

ε

k

(
C1εGk,m − C2ερmε

)
(9)

where the turbulent viscosity of the mixture, µt,m, is computed from

µt,m = ρmCµ
k2

ε
(10)

where Cµ = 0.09. The production of turbulent kinetic energy, Gk,m, is computed by

Gk,m = µt,m(∇~um + (∇~uT
m)) : ∇~um (11)

The closure constants in Eqs. (10) and (11) are: C1ε = 1.44, C2ε = 1.92, σk = 1.0 and σε = 1.3.
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4. Experimental Procedure

Figure (1) shows a schematic representation of the experimental facility (Shang et al., 2004). Air supply
was supplied by a blower and a suction fan. A pitometer was used for the measurement of the air flow. The
gas-particle flow enters a single central circular pipe nozzle of 250 mm in diameter. Round glass granules with
mean diameter of 45 µm and density of about 2300 kg m−3, were chosen as particles for the experiments. The
particles of diameter less than 5 µm were chosen as air flow tracing particles. The established dimensions of
the measurement segment were 500 mm × 500 mm in cross-section and height of 1400 mn. The front-wall of
the measurement section (250 mm× 1400 mm) was made of glass, so that particle motion in the bed could be
measured by a particle dynamic analyzer (PDA). Three two-dimensional laser beams were emitted by the PDA
into the bed and focused on the measuring point.

 

Figure 1: Schematic representation of the test facility: (1) entrance section; (2) measurement section; (3) suction
fan; (4) cyclone separator; (5) particle hopper and (6) blower. Source: Shang et al. (2004).

One rectangle area was chosen as the measurement section, which was parallel to the front wall of the bed
and contained the nozzle center line, as shown in Fig. (2). The flow upstream of the measurement section was
from the bottom to top. The experiments were carried out at atmospheric pressure and the temperatures of
the working mediums were about 20oC , (Shang et al., 2004).

5. Model Parameters

In this work, in order to modelled the gas-particle flow was used the commercial code FLUENT 6.2.16.
In this study were considering the following conditions: (a) two-phase flow for immiscible phases; (b) the gas
phase was the continuous phase and particles were the dispersed phase; (c) there is no mass transfer between
the gas phase and particle phase and; (d) the gas-particle two-phase flow was steady turbulent flow. In context
of mixture models the particulate phase also was considered a continuous fluid interpenetrating. The resulting
system of the equations was solved via finite volume method using the SIMPLE algorithm. The QUICK scheme
was used to discretize the equation of the volume fraction.

Based on the geometry of the measurement section, it was decided to model the central plane of the flow
using a two-dimensional, Cartesian coordinates, with 250 mm × 1400 mm. According the to the proposed
design, the flow was forced to enter in the entrance section of the domain of 125mm in radius. In the numerical
simulation the particle concentration was 50 g m−3.

The boundary conditions for the inlet flow at the entrance section were evaluated according to the experi-
mental condition. The the average velocity of the mixture at the exit of the entrance section was 8.66 m s−1.
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Figure 2: Position of the measurements.Source: Shang et al. (2004).

The turbulent kinetic energy and its dissipation rate at the inlet boundary were calculated as (Zhou, 1993)

kin = 0.005V 2
m,in (12)

and

εin =
k

3/2
in

0.025R
(13)

where Vin,m represent the average velocity of the mixture at the inlet of the suspension bed and R is the radius
of the entrance section.

The coefficient of drag force was calculated by following approach,

CD =
24

Rep
(1 + 0.15Re0.687

p ) for Rep ≤ 1000 (14)

where Rep is the Reynolds number of particle given by,

Rep =
ρcdp|~up − ~uc

µc
(15)

6. Results

Numerical simulations were conducted to characterize the gas-particles two phase flow in a suspension bed
using the mixture turbulence model with an extension of a single-phase k − ε model for two-phase flow. The
average velocity of the mixture at the exit of the entrance of test section was 8.66 m s−1, the concentration and
volume fraction of the particle were 50 g m−3 and 2.17× 10−5, respectively. The numerical mean axial gas and
particle velocity vectors were presented in Fig. (3). The numerical results demonstrate the existence of three
different regions of the flow in both the gas and particle phases: (a) a core region; (b) a main flow region and;
(c) a back-flow region. It is suggested that the the geometry of the suspension bed has a significantly influence
on the gas-particle flow structure. At the corner of the suspension bed, the gas and particle vector field shown
that gas and particle entered in the vortex region and occurs a back-flow region. Besides the core region and
the back-flow region, the flow region in the suspension bed belongs to the main flow direction. In the main
flow region, both the gas and particles flow upward, but their velocities were lower than that at the exit of the
entrance section. In Fig. (3) the results indicate that the distribution of the gas and particle velocities exhibits
the similar flow patterns.

Figures (4) and (5) presented a comparison of the gas and particles velocities, respectively, at different
width for different bed height obtained in the present work with mixture turbulence model and diffusion flux
turbulence model from the work performed out by Shang et al. (2004) against the measurements. There was no
significant difference between the predictions with the mixture turbulence model and the diffusion flux model.
The results show that both the axial gas velocities and particle velocities decrease with increasing radial distance
from the central axis and decrease with increasing axial height from the bottom of the bed.

Figure (6) shows the comparison of the computed gas and particles velocities at different bed heights obtained
from mixture turbulence model and experimental data. The comparison of the distribution of the gas and
particles velocities from Fig. (6) showed that the flow patterns were quite similar. Figures 4, 5, and 6 show
that numerical results were in agreement with the experimental results for gas-particles flows in suspension bed
obtained by Shang et al. (2004).
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Figure 3: Results of the numerical simulations from mixture turbulence model: (a) velocity distribution of gas
and (b) velocity distribution of particle.

 

Figure 4: Comparisons of computed and measured axial velocities of the gas for different bed height: square -
measurement, blue dashed - predictions with the mixture turbulence model and red dashed - predictions with
the diffusion flux model.
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Figure 5: Comparisons of computed and measured axial velocities of the particles for different bed height: square
- measurement, blue dashed - predictions with the mixture turbulence model and red dashed - predictions with
the diffusion flux model.

 

Figure 6: Comparisons of computed and measured axial gas and particle velocities at different bed height:(a)bed
level y = 0.15 m; b) bed level y = 0.43 m, (c) bed level y = 0.60 m and (d) bed levely = 1.1m
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7. Conclusion

In the present work, a numerical investigation was conducted to simulate the velocities of the air flow and
particles in two-phase flow using mixture turbulence model. Although the mixture model is considered a simples
model in the context of the multiphase flow, this model was a good tool to provide some understanding of the
complex physical phenomena of the gas-particle two phase flow in suspension bed. As mentioned, the gas-
particle two phase flow showed the existence of three different regions: a core region; a main flow region and a
back-flow region. It is suggested that there was a connection between the geometry of the suspension bed and
the gas-particle flow structure.

There was no significant difference between the predictions with the mixture turbulence model (present work)
and the diffusion flux model (Shang et al., 2004). The numerical predictions with both the models showed good
agreed with the measurements performed out in a suspension bed.
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