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Abstract
Hydrodynamic behavior of two dimensional horizontal rotating drumwas studied by using finite volume method and granular
kinetic theory. In this work, the effects of the different parameters such as rotation speed, restitution coefficient and particle size
on the hydrodynamic and especially on the granular temperature of particles were investigated. At first, the results of present
work were verified with previous experimental results. Packing limit of 0.6 and restitution coefficient of 0.95 with Gidaspow
inter-phase momentum coefficient showed the good agreement with experimental works. It is found that by increasing the
restitution coefficient, the granular temperature at different depth of bed increased and affected the hydrodynamic behavior
of the bed. Also, particle size and rotation speed directly changed the granular temperature. Moreover, augmentation of
the rotation speed leads to increasing the repose angle which caused better mixing of bed, granular temperature rising and
consequently particle velocity alteration in the bed.

Keywords Rotary bed · Granular temperature · Restitution coefficient · Computational fluid dynamics (CFD) · Particulate
flow

List of symbols
CD Drag coefficient
d Diameter (m)
ess Restitution coefficient
g Gravity acceleration (m/s2)
g0ss Radial distribution function
kθs Energy diffusion coefficient
p Pressure (Pascal)
ps Solid pressure (Pascal)
Re Reynolds dimensionless number
t Time
�v Velocity (m/s)

Greek symbols
β Drag coefficient between gas and solid phase
γs Dissipation of the turbulent kinetic energy
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ε Volume fraction
Θ Granular temperature
λ Bulk viscosity
μ Dynamic viscosity (kg/ms)
ρ Density of gas phase (kg/m3)
¯̄τ Viscous stress tensor (Pascal)
ϕs Energy exchange between the gas and the solid

phases
ω Rotation speed (rpm)

Subscripts
col Collisional
f Fluid
fr Friction
g Gas
kin Kinetic
max Maximum
p Particle
s Solid
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1 Introduction

Many industrial processes require a large contact area
between phases, which enhances heat and mass transfer.
Rotating drums are usually a cylinder rotating about its cen-
tral axis and provide appropriate fluid dynamics behavior
for contained multiphase fluids. Rotary drums are widely
used because they can process a large range of mate-
rials. Therefore, rotary drums are suitable tools to play
an important role in the processing of granular materials
in engineering applications as kilns, mixers, dryers and
reactors. Solids motion in rotating drums is complicated.
The problems of materials processing within rotary drums
have been the subject of several researches lead to impor-
tant information of the dynamics of granular beds, particle
movements and heat transport through granular media, thus
providing knowledge on how to improve the quality of prod-
ucts and increase production. However, the efficiency of
rotary drums is highly dependent on the fluid dynamics
behavior.

With increasing rotational speed of rotary drums six
regimes of solid motion have been recognized as slipping,
slumping, rolling, cascading, cataracting, and centrifug-
ing [1]. In industrial cases, rolling or slumping regime is
more widely used. In the rolling mode, bed material can
be divided into two distinct regions, namely, a ‘passive’
region where particles are carried upward by the drum
wall and a relatively thin ‘active’ region where particles
flow down the sloping upper bed surface. In the passive
region, the granular material moves as a rigid body and
particle mixing is negligible. Particle mixing mainly occurs
in the active region [2]. The rate of such a mixing deter-
mines the surface renewal rate and hence the rates of
bed-freeboard heat and mass transfer, as well as chemical
reactions. As a consequence, solids behavior in the active
layer is extraordinarily important for the overall bed perfor-
mance [2,3].

In recent years, there have been many studies that inves-
tigate the mechanics of granular flows in rotating drums.
Many experimental researches have been done on this sub-
ject. Henein et al. [4] studied the effect of variables such
as rotational speed, bed depth, cylinder diameter, particle
size, and particle shape on bed motion in rotary kilns and
batch rotary cylinders. Their experiment showed that the
active-layer thickness in a rolling bed is increased with
decreasing particle size and increasing rotational speed and
bed depth.

Experiments on the granular flow in a rotating drum have
been carried out to understand the behavior of solid particles
in rotary drums. In the experiment, measurement techniques
are employed to measure flow characteristics such as par-
ticle velocities and solid volume fraction. These techniques
are highly expensive and time consuming. On the other hand,

rotary drum concept can better observe via numerical sim-
ulations since analysis of particle behavior during rotation
of drum is not easily possible, also the existing theoreti-
cal relations are not capable of considering most parameters
simultaneously. Some researchers have been focused on this
subject and the capability of the multiphase numerical mod-
els to predict the transverse, axial solid flow patterns and
fluid flow regime. Ding et al. [2] used a 3D mathematical
model to describe solids motion in the transverse plane of a
rotating drum operated at low and medium rotational speeds.
The modeling results showed that in rolling mode rotating
drum (low to medium rotational speed) with 1.5mm solid
particles, the bed surface is flat with a dynamic repose angle
of 25◦. At low rotational speeds, the bed surface velocity
is approximately symmetrical about the mid-chord position,
but tends to be skewed with increasing rotational speed. Jar-
ray et al. [5] investigated experimentally continuous flow
in a rotating drum of dry and wet granular material. They
profoundly studied the effect of capillary forces and the
particle size on the flow characteristics for various rotating
speeds.

Many researchers [6–10] employed frequently compu-
tational method to investigate fluid–solid motion in rotary
drum, named Discrete Element Method (DEM). Their focus
was on the effect of the main operating conditions (drum
diameter, rotational speed and loading and particle size).
DEM method describe the movement of each single parti-
cle in the bed by calculations of all interactions between the
particle-particle and particle-wall and evaluating dynamic
information such as transient forces acting on each parti-
cle. The main disadvantage of DEM simulations is enlarged
computational complexity.

Another method used to study fluid–solid flow in a rotary
bed is Euler–Euler approach. He et al. [11] and Demagh et
al. [12] studied solids motion and granular viscous flow in a
rotating drum using Computational Fluid Dynamics (CFD)
simulations based on continuum assumption and dense phase
kinetic theory in the Fluent software package. The results
showed a clear two-region bed structure in the transverse
plane of the drum operated in the rolling mode, an active
layer with high velocity and low average concentration and a
passive layer near to the drum wall with high solids concen-
tration and low solids velocity. The velocity vectors within
the active layer were not always parallel to the bed sur-
face and at the upper limit, they make an angle of attack.
They compared the numerical velocities with the experimen-
tal data, and resulted good agreement and showed that CFD
model predicts well the dilute layer at the bed surface. San-
tos et al. [13] investigated experimentally and numerically
the hydrodynamic behavior in a rotating drum under differ-
ent operating conditions. The Eulerian–Eulerian multiphase
model with the kinetic theory of granular flow (KTGF) was
used in the simulations. They used an experimental proce-
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dure to obtain directly the value of some variable related
to granular flows like particle velocity. Their results indi-
cated that the kinetic model, also can be applied in the dense
granular flow to specify the rolling regime as the predicted
CFD values of particle velocity were in good agreement
with the experimental data. Huang et al. [14] studied solid–
solid–gas three-phase motion in a rotating drum based on
Eulerian continuum method coupling with kinetic theory of
granular flow using CFD software Fluent. Yin et al. [15]
considered a numerical simulation of 3D unsteady granular
flow in rotary kiln based on the Euler–Euler two-phase flow
and the kinetic theory of granular flow. Simulations showed
that with increasing axial distance, the active layer thickness
and velocities of granular particles increase respectively, the
thickness of the active layer and velocities of particles close
to the discharge end of the rotary kiln decrease. Also, the
granular temperature is large in the active region where the
particle exhibits fluid behavior and small in the passive region
where it exhibits solid behavior, in the other words it pro-
duces in active region and transport in the passive regions.
Their results depicted that particle velocity reaches its high-
est magnitude at the free bed surface and velocity vector
of particle makes an angle with bed surface at the upper
part of the active layer. Santos et al. [16] studied a hydro-
dynamic analysis of a rotating drum operating in the rolling
regime experimentally and numerically. Also, the influence
of different drag models on particle velocity profile was ana-
lyzed. For all the simulations, the Euler–Euler approach was
used. Numerical results showed that the drag force can be
neglected in the case of a rotating drumoperated in the rolling
regime where there is no fluid entering or leaving the sys-
tem. On the other hand, in the active region, keeping the
drum rotational speed constant, increasing the filling degree,
an increase in the particle velocity magnitude occurs. In
another investigation,Delele et al. [17] analyzed the solid and
fluid flow behaviors inside a rotary drum using CFD model
based on an Eulerian–Eulerian multiphase flow approach to
study the effects of drum rotational speed, filling degree, feed
rate, and drum inclination angle and found that as the rota-
tional speed was increased, the active layer thickness and
the dynamic repose angle heightened. Also, when increas-
ing the filling degree, the surface velocity of the particle
bed, the dynamic repose angle, and the active layer thick-
ness increased.

Moreover, very little is known about the effect of restitu-
tion coefficient, particle packing limit, drum rotation speed
and particle size on the bed behavior, thickness of active-
passive region, velocity of solid and gas phases, and granular
temperature. Thus, the purpose of this CFD study is to spec-
ify the effect of restitution coefficient, drum rotation speed
and particle size on the hydrodynamic of rotating drum and
especially on the particle granular temperature.

Fig. 1 Schematic of rotating drum operating on rolling regime

Table 1 Phases and simulation properties

Description Value

Solid phase

ρs

(
kg
m3

)
Particle density 1164

dp (mm) Particle diameter 6.2

Fluid phase

ρ f

(
kg
m3

)
Fluid density

μ f

(
Kg
m·s

)
Viscosity of fluid 1.8 × 10−5

Simulation condition

Δt (s) Time step 1 × 10−4

E Relative error between iteration 1 × 10−4

ess Restitution coefficient 0.95

F (%) Filling degree 18.81

αs.max Maximum packing limit 0.6

ω
( rad

s

)
Rotation speed 1.45

2 The CFD simulationmodel

2.1 Computational domain

Figure 1 shows the cross section of two-dimensional rotary
drum that used in the present study. The drum was made of
aluminum with 215mm inner diameter. In Fig. 1 the Carte-
sian coordinate is located at the center of drum and assumed
an apparent coordinate system that the x́-axis is parallel to the
bed surface and the ý-axis is perpendicular to the bed surface,
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Table 2 Governing equations

Continuity equation for gas phase ∂
∂t

(
εgρg

) + ∇.
(
εgρg �vg

) =
Nm∑
n=1

Rgs (1)

Continuity equation for solid phase ∂
∂t (εsρs) + ∇. (εsρs �vs) =

Nm∑
n=1

Rsg (2)

εg + εs = 1 (3)

Momentum equation for gas phase ∂
∂t

(
εgρg �vg

) + ∇.
(
εgρg �vg �vg

) = εg∇ p + ∇ ¯̄τg + βgs
(�vs �vg

) + εgρgg (4)

Momentum equation for solid
phase

∂
∂t (εsρs �vs) + ∇. (εsρs �vs �vs) = εs∇ p − ∇ ps + ∇. ¯̄τs + βgs

(�vg �vs
) + εsρs g (5)

Stress tensor for gas phase ¯̄τg = εgμg

{[
∇�vg + (∇�vg

)T]
− 2

3∇.�vgI
}

(6)

Stress tensor for solid phase ¯̄τs = εsμs

{[
∇�vs + (∇�vs)T

]
+ (

εsλs − 2
3 εsμs

) ∇.�vgI
}

(7)

Particulate pressure [13] ps = εsρsΘs + 2ρs (1 + ess) ε2s g0ssΘs (8)

Drag model [18]

⎧
⎨
⎩

βErgan = 150 ε2s μg

εgd2s
+ 1.75 εsρg|�vs−�vg|

ds
for εg ≤ 0.8

βWen−Yu = 3
4CD

εsεgρg|�vs−�vg|
ds

ε−2.65
g for εg > 0.8

(9)

CD =
{

24
εg Res

[
1 + 0.15

(
εg Res

)0.687] for Res < 1000

0.44 for Res ≥ 1000
(10)

Re = εgρg|�vs−�vg|ds
μg

(11)

Kinetic theory approach

Transport equation of granular
temperature

3
2

[
∂
∂t (εsρsΘs) + ∇ (εsρsΘs) �vs

] = (∇ ps I + εs∇ ¯̄τs
) : ∇�vs +∇ (kθ s∇Θs) − γs + ϕs (12)

Dissipation of the turbulent kinetic
energy [15]

γs = 3
(
1 − e2ss

)
ε2s ρs g0ssΘs

(
4
dp

√
Θs
π

− ∇�vs
)

(13)

Radial distribution function [12] g0ss =
[
1 −

(
εs

εsmax

)1/3]−1

(14)

Energy exchange between the fluid
and the solid phases [19]

ϕs = −3βgsΘs (15)

Granular shear viscosity [12,18] μs = μs.col + μs.kin + μs.fr (16)

μs.col = 4
5ρsε

2
s ds g0ss (1 + ess)

√
Θs
π

(17)

μs.kin = 10
96

ρs ds
√

�sπ
(1+ess)εs g0ss

(
1 + 4

5 (1 + ess) εsg0ss
)2

(18)

μs.fr = pssinϕ

2
√
I2D

(19)

to facilitate calculations. The inside of drumwasmeshed as a
computational domain with 20,644 unstructured tetrahedral
meshes.

2.2 Solid and fluid specification

The simulation parameters are assumed to be same as Santos
et al. [16] study that air and soybean were considered as
the gas and solid phase respectively to simulate gas–solid
system (two phase flow) in the rotary drum. The fluid and
solid characteristics are presented in the Table 1.

2.3 Governing equations

In the present study, a CFD model developed to predict the
hydrodynamic of flow in the rotating drum. The Eulerian–

Eulerian multi-phase approach, along with the kinetic theory
of granular flow was used. The basic assumptions used in
simulation are:

a) The particles are spherical and rigid, cohesionless and
mono size.

b) The particles ensemble behaves as a continuum.
c) The granular particle bed is incompressible, and the par-

ticle density is constant.
d) Due to low Mach number (< 0.3), the gas is assumed

incompressible, and the density and viscosity of the gas
are constant.
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Table 3 Mesh properties

Mesh number Nodes Skewness
(maximum)

Aspect ratio range

Mesh 1 20,644 0.243 1–4.22

Mesh 2 26,405 0.213 1–2.52

Mesh 3 30,748 0.249 1–2.45

Fig. 2 Velocity magnitude of solid phase for different mesh size
(1.45 rad/s rotation speed, 18.81% filling degree)

The conservation equations (mass and momentum) and
other equations which were used in the simulation are pre-
sented inTable 2. Equations 1 and 2 are themass conservation
equation for gas and solid phase, respectively. The momen-
tum equation for gas and solid phase as written as Eqs. 4
and 5. In these equations εg, εs, �vg, �vs, ¯̄τg, ¯̄τs, ρg, ρs, p. and
ps . are the volume fraction, velocity, viscous stress tensor,
density of the gas and solid phases, fluid pressure and partic-
ulate pressure, respectively. In the present study, only drag
force and gravitational force were considered on the momen-
tum equation (β. is the drag coefficient between two phases
and g. is the gravity acceleration). Equations 6 and 7 shows
the Newtonian forms of viscous stress tensor for gas and
solid phase, respectively, that used in momentum conserva-
tion equations. In these equations μg, μs and λs are the gas,
solid and bulk viscosities, respectively. The particulate pres-
sure in solid phase momentum equation is written as Eq. 8.
The drag force in Eqs. 4 and 5 calculated using the model
developed by Gidaspow [18] (Eqs. 9–11). Kinetic theory of
granular flow was employed to calculate solid stress ten-
sor and particulate pressure. In the kinetic theory of flow,
particles move in random motion and a new term has been
defined that called granular temperature, Θ ., that equals to

Fig. 3 Comparison of Velocity distribution of solid phase between
present work and experimental data [16] (1.45 rad/s rotation speed,
18.81%filling degree); a velocitymagnitude, bX-velocity, cY-velocity
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Fig. 4 Solid flow pattern and volume fraction in the rotating drum with different restitution coefficient (ess). (1.45 rad/s rotation speed, 18.81%
filling degree); a ess: 0.95 b ess: 0.92 c ess: 0.9 d ess: 0.85

mean square of the randommotion of particles. The granular
temperature equation is written as Eq. 12. In this simulation,
the algebraic rm of granular temperature transport equation
was used. In this equation ϕs. and γs. arthe energy exchange
between the fluid and the solid phases and the dissipation of
the turbulent kinetic energy, respectively. g0ss. is the radial
distribution function that calculated by model developed by
Luet al. [12]. The shear viscosity of solid phase is sum of
three terms (collisional viscosity, kinetic viscosity and fric-
tional viscosity). The Gidaspow model [18] was utilized to
calculthe collisional viscosity and kinetic viscosity (Eqs. 17
and 18, respectively), and the model which is developed by
Schaeffer’s [12] was applied to calculate granular friction-
aliscosity (Eq. 19).

2.4 Boundary conditions and numerical solution

For the drum wall, the no slip wall boundary condition was
considered, with 1.45 rad/s rotation speed. At the starting of

simulation, solid particles were loaded in drum, by 0.4 void
fraction between particles.

In the present simulation, the equations discretized by
finite volume method and the Semi Implicit Method for
Pressure Linked Equation algorithm applied to simultane-
ous solution of governing equations [20]. In this simulation,
an in-house code utilized to simulate the flow behavior in the
rotating drum. All of simulations were conducted by Core
i7, 2.67GHz 8MB cache CPU with 8GB RAM. Other sim-
ulation conditions are presented in Table 1.

3 Results and discussion

3.1 Grid independence and validation of model

In order to study of mesh and check the independence of
results from mesh characteristics, simulation performed by
three tetrahedral mesh sizes. The mesh properties exist on
Table 3. Figure 2 plotted the velocity magnitude along the
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Fig. 5 The value of repose angle at different restitution coefficient (ess)
(1.45 rad rotation speed, 18.81% filling degree)

perpendicular line to the bed surface for three mesh sizes.
According to the Fig. 2, it can be found that three types of
mesh have same result, consequently for reduction of com-
putational cost and saving time, first mesh (mesh 1) has been
chosen which has the smallest size and lowest nodes.

In order to ensure the model’s accuracy, we must com-
pare the simulation results with an experimental work, so
that the model can be used in future works. Thus, the simu-
lation results compared with Santos et al. [16] experimental
data. Figure 3 shows the velocity magnitude, x-velocity and
y-velocity of the simulation and the experiment. The two
dimensional (2D)model simulated with conditions similar to
mentioned experimental work (filling degree 18.81, rotation
speed 1.54Rad/s). As illustrated in Fig. 3, good consistency
between simulation results and experimental data exists, but
the negligible deviation between results may be due to either
adaption or estimation of simulation parameters.

3.2 Effect of restitution coefficient on granular
temperature

Before simulating solid–gas (multi-fluid) system, strain,
pressure and viscosity of the solid phase should be define.
For this purpose, KTGF model has been used. In this model
the particles move on random motion and energy transfers
by particles collisions. The fluctuation of the particle motion
and energy transfer by collision cause to define a new term,
which called ‘granular temperature’. This parameter is equal
to one third of square of solid velocity fluctuation (vsf) that
defines as follows:

θs = 1

3
v2sf (20)

The granular temperature has significant effect on the hydro-
dynamic behavior of rotating drum. In this section, the effect

Fig. 6 Granular temperature distribution for various restitution coef-
ficients at specific depth (ý) (1.45 rad/s rotation speed, 18.81% filling
degree); a ý: 7mm, b ý: 15mm c ý: 22mm
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Fig. 7 Granular temperature distribution for various restitution coef-
ficients at different depth (ý) (1.45 rad/s rotation speed, 18.81% filling
degree)

of restitution coefficient (ess) on the granular temperature
examined by setting the restitution coefficient to four differ-
ent values (0.85, 0.9, 0.92, 0.95). The definition of restitution
coefficient can be written as follows:

ess = Speed of particle after collision

Speed of particle before collision
(21)

According to the previous studies [21–23], generally, the
value of restitution coefficient is not constant and depends
on the impact velocity of particles, physical properties of
particles and hardness ration of particles, but based on the
investigation of Gorham and Kharaz [24], when the particles
bed have elastic or semi-elastic behavior, can assumed a con-
stant value for restitution coefficient . In the present study,
the particle bed has semi-elastic cdition. In the CFD simula-
tion, restitution coefficient plays role of tuning parameter, so
many researchers [13,15,16,25], utilized different constant
values of restitution coefficient on their simulation.

Figure 4 illustrates the solid flow pattern on the rotat-
ing drum for different restitution coefficient (ess). It can be
seen that restitution coefficient has significant effect on the
hydrodynamic of rotating drum and this effect was clearly
identified by investigation of a repose angle. To calculate the
repose angle, drawn up a line parallel to x-axis (Fig.1) and a
tangent line at the bed surface, then the angle between two
lines was calculated. The values of repose angle for differ-
ent restitution coefficients computed and depicted in Fig. 5.
According to this figure, the repose angle decreases with
increasing the restitution coefficient. Thus, it can change the
treatment of rotating drum on the active region.

Figure 6 shows the value of computed granular tem-
perature on the specific bed depth for different values of
restitution coefficient. The distance in the x-axis label refer
to distance from the drum wall (on the apparent coordinate
center side in Fig.1) at the specific bed depth.

Generally, as depicted in Fig. 6, augmentation of resti-
tution coefficient leads to increasing the value of granular
temperature. At specific bed depth near the wall boundary
(such as 15mm), the granular temperature reduced and on
the central areas its value increased, demonstrated a sharp
value on the diagram. This variation on the values of granu-
lar temperature can be justified that on the near wall areas
the thickness of active region reduced and bed treatment
will move to passive region as sooner as central region. A
schematic diagram of rotating bed and active and passive
region showsonFig. 1.At thin layer sticking to the drumwall,
due to no slip boundary condition, the particles move with
drum wall rotation and the granular temperature suddenly
increases. According to the granular temperature equation as
mentioned on the Sect. 2, this parameter is proportional to
solid particle velocity.

On the upper part of bed (active region), due to none
zero granular temperature, the collision between particles has
significant effect. High restitution coefficient indicates low
dissipation of momentum at particles collision and finally
resulted in enhancing thefluctuation on the solid phase, there-
fore the value of granular temperature increased. On the other
hand, by increasing the depth, the characteristic of the solid
bed moves to passive behavior. By comparison of the gran-
ular temperature on the different depths, it can be found that
by increasing the depth, the value of granular temperature
decline to zero. In this region, the inter-particle collisions
can be negligible and the bed treats as plug flow and does
not fluctuate on the particles velocity. Figure 7 shows the
variation of granular temperature at different bed depth (ý).
According to this figure, the point at which the granular tem-
perature is zero, is the active/passive layer interface.OnFig. 7
it can be seen, that by increasing the restitution coefficient the
active region thickness enhanced. Finally from Figs. 6 and 7,
by increasing the value of restitution coefficient, active layer
become thicker.

As KTGF model mentioned on the Sect. 2, the solid pres-
sure, bulk viscosity and shear viscosity of the solid phase
depend on the granular temperature values, and restitution
coefficient has significant effect on granular temperature.
Therefore,while simulating the hydrodynamic of the rotating
drum, this parameter must be accurately determined.

3.3 Influence of rotation speed on granular
temperature

By changing the rotation speed (Froude number), various
regimes on the rotating drum can be observed. Six flow
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Fig. 8 Solid flow pattern and volume fraction in the rotating drum at different rotation speeds (ω) (18.81% filling degree); a 5 rpm b 10 rpm c 15
rpm d 20 rpm
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Fig. 9 The value of repose angle at different rotation speed (ω) (18.81%
filling degree)

regimes on the rotating drum have been detected which
classified according to increasing the rotation speed as:
slipping, slumping, rolling, cascading, cataracting and cen-

trifuging [4]. In the industrial processes, rotatingdrummostly
works at rolling regime. Thus, in this section rotating drum
examined at different rotating speeds (5, 10, 15 and 20 rpm)
on the rolling regime and effect of rotation speed on the gran-
ular temperature was investigated.

Figure 8 shows the pattern of solid phase flow on the dif-
ferent rotation speeds. According to the Figs. 8 and 9, it
can be seen that rotation speed has significant effect on the
hydrodynamic of rotating drum. By increasing the rotation
speed, repose angle also increases.On the other hand, accord-
ing to previous experimental studies [26–28] and numerical
investigation [29], by increasing the drum rotation speed, the
mean circulation time of the particle decreases and leads to
improve of particles mixing in the bed.

Figure 10 shows the calculated granular temperature at
specific bed depth for different rotation speeds. Reynolds
number increases, by increasing the rotation speed thatmeans
to increasing the fluctuation of solid particles velocity, which
according to the definition of the granular temperature in the
previous section, the value of this parameter also increases as
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Fig. 10 Granular temperature distribution for various rotation speed
(ω) at specific depth (ý) (18.81% filling degree); a ý: 7mm, b ý: 15mm
c ý: 22mm

Fig. 11 Velocity magnitude distribution for various rotation speeds at
specific depth (ý) (18.81% filling degree); a ý: 7mm, b ý: 15mm c ý:
22mm
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Fig. 12 The value of repose angle for different particle diameter
(1.45 rad/s rotation speed, 18.81% filling degree)

shown in Fig. 10. To confirm the above mentioned descrip-
tion, particle velocity at specific depth for different rotation
speeds depicted in Fig. 11.

According to the Fig. 10, as mentioned in previous sec-
tion, by approaching to the wall the thickness of active layer
reduced (lower granular temperature), but at different rota-
tion speeds the thickness of active layer varied that it can be
due to differences on repose angle value and particles bed
behavior. Also, in higher rotation speeds, rising and falling
of granular temperature curve is more intense.

According to the results discussed above, by setting the
rotation speed at different values, different operational pur-
pose can be obtained, but must be careful that by changing
the rotation speed, the flow regime maybe alters.

3.4 Influence of particle diameter on the granular
temperature

Another parameter can be effective on the granular temper-
ature is solid particle diameter (dp). In this section, effect
of particle diameter (5.5, 6.2, 7 and 7.5mm) on the granu-
lar temperature was studied. According to Fig. 12, it can be
found that the particle diameter dose not significant effect on
repose angle and it has constant value.

Figure 13 shows the computed granular temperature val-
ues at specific bed depth for different particle diameter. As
illustrated in this figure, by increasing the particle diame-
ter, granular temperature, fluctuation of particle velocity and
energy transferred by collision increases. According to the
equations in Sect. 2, by variation of particle diameter, turbu-
lent kinetic energy, collisional viscosity and kinetic viscosity
(Eqs. 11, 15, 16) characteristics of the solid phasewill change
that it causes to changing the hydrodynamic of rotating drum.
On other hand, particle diameter increasing leads to height-
ening the Reynolds number that eventually resulted in rising
the fluctuation of particles velocity on the solid phase.

Fig. 13 Granular temperature distribution for various particle diameter
at specific depth (ý) (1.45 rad/s rotation speed, 18.81% filling degree);
a ý: 7mm, b ý: 15mm c ý: 22mm
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As described in previous section, while the granular tem-
perature approaches to zero, the characteristics of solid phase
flow tends to passive region behavior and it can be seen in
Fig. 13 that elevation in the particle diameter leads to enhanc-
ing the granular temperature and the thickness of active layer
increases.

4 Conclusion

In present study, the hydrodynamic behavior of gas–solid in
the two-dimensional rotating bed was studied. In this pur-
pose, the granular temperature was investigated by using
finite volumemethod and granular kinetic theory. The effects
of the rotation speed, coefficient of restitution and particle
size on the granular temperature were studied and discussed.
It was found that particle-particle restitution coefficient and
rotation speed play important role in the granular tempera-
ture and consequently on the hydrodynamic behavior of the
bed. In this simulation, restitution coefficients of 0.85, 0.9,
0.92 and 0.95 were investigated. When restitution coefficient
is 0.95, the simulation results were close to the experimental
data.Also, the effect of the rotation speeds (ω)of 5, 10, 15 and
20 rpm on the granular temperature were investigated. It was
observed that with increasing the rotation speed, the granular
temperature at different depth of the bed changed. Eventu-
ally, the effects of particle size were studied and resulted that
by augmentation of the particle size, the granular temperature
increased while it did not affect the repose angle.
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