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Abstract: Various simulations have been conducted to understand the macroscopic behavior of
particles in the solid-gas flow in rotating drums in the past. In these studies, the no-slip wall
boundary condition and fixed restitution coefficient between particles were usually adopted. The
paper presents a numerical study of the gas-solid flow in a rotating drum to understand the effect
of the specularity coefficient and restitution coefficient on the hydrodynamic behavior of particles
in the segregation process. The volume fraction, granular pressure, granular temperature and
their relationships are examined in detail. The boundary conditions of the no-slip and specularity
coefficient of 1 are compared. In the simulations, two different sizes of particles with the same density
are considered and the Eulerian–Eulerian multiphase model and the kinetic theory of granular flow
(KTGF) are used. The results reveal that the hydrodynamical behavior of the particles in the rotating
drum is affected by the boundary condition and restitution coefficient. In particular, the increase of
specularity coefficient can increase the active region depth, angle repose, granular pressure for both
small and large particles and granular temperature for large particles. With increasing restitution
coefficient, the angle of repose decreases and granular pressure and temperature increase at the same
volume fraction for both small and large particles.

Keywords: rotating drum; gas–solids flow; computational fluid dynamics; granular pressure;
granular temperature

1. Introduction

Understanding the dynamical behaviour of particles in rotating drums has attracted
numerous research efforts over the past few decades due to their extensive applications in
process industries [1–3]. Knowledge of the solids flow pattern in rotating drums is essential
to the optimization of drum design. In general, different flow regimes of solid motion can
be exhibited by adjusting the rotational speed of drums [4]. For a rolling motion, there
are two distinct regions: passive and active, in which particle mixing and segregation
occur. The formation of different segregation patterns and the mechanism are still not fully
understood though many studies have been conducted in this area [5–7].

The dynamics of granular in the segregation process is complex and it is related to
the properties of particles and the boundary condition of the systems [8,9]. Two of the key
properties affecting the particle behaviour are the specularity coefficient and restitution
coefficient. Specularity coefficient was defined by Johnson and Jackson [10] for the wall
boundary condition, i.e., the relative velocity between particles and wall, which is also
known as slip velocity. It ranges from 0 to 1, with the specularity coefficient of 1 often
being considered to be the no-slip wall boundary condition [11]. The restitution coefficient
is the ratio of the final to initial relative velocity between two particles after they collide.
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The value of the restitution coefficient between particles depends on the impact velocity of
particles, particles’ physical properties and hardness ratio [12,13]. Many researchers have
conducted simulations to investigate the hydrodynamics of particles in rotating drums,
especially by using computational fluid dynamics (CFD) [2,14–16]. In these studies, the no-
slip wall boundary condition was normally adopted. However, such a boundary condition
rarely exists in real systems. A few studies have been carried out to understand the effect
of the specularity coefficient on the dynamics of particles in rotating drums. Huang and
Kuo [17] conducted simulations to study the impact of the specularity coefficient in the
segregation process in a rotating drum. Machado et al. [18] simulated the particle dynamic
flow in a rotary drum with one flight under different boundary conditions by using the
Euler-Euler approach with the kinetic theory of granular flow. These studies were mainly
focused on the volume fraction and velocity distribution of the particles. The effects of the
specularity coefficient on the hydrodynamical behaviour in terms of other properties such
as granular pressure and temperature are still unclear. In addition, very little investigation
has been conducted to understand the difference in particle behaviour between the no-slip
and specularity coefficient boundary conditions for a binary particle segregation in rotating
drums. The effect of the restitution coefficient has not been paid much attention in the past
although it is one of the key properties in the CFD simulation of gas–solid flow in rotating
drums. Taghizadeh [19] conducted numerical simulation by using the CFD to explore
the effect of restitution coefficient on granular temperature by considering single sized
particles. However, this does not give a clear picture on how the restitution coefficient can
impact the granular temperature in the segregation process where the sizes of the particles
are different. Moreover, very little is known about the effect of the restitution coefficient on
the hydrodynamics of particles such as volume fraction, granular temperature, granular
pressure and the relationships among them.

In this work, CFD simulations have been conducted to study the effect of the specu-
larity coefficient and the restitution coefficient between particles on the hydrodynamics
of gas–solids flow in a rotating drum. The granular pressure and granular temperature of
large and small particles in the segregation process are examined in detail. The boundary
conditions with the no-slip and specularity coefficients 1 and 0.65 are considered. The
results obtained based on the different boundary conditions are compared. Especially, the
difference between the no-slip and specularity coefficient 1 in the flow is elucidated. The
effects of the restitution coefficient on the granular pressure and granular temperature
are investigated.

2. Simulation Method and Conditions

The gas-solid flow in a rotating drum was simulated using the KTGF (Kinetic theory
of granular flows)–Eulerian approach in this work. In the method, the governing equations
consist of the continuity equations of mass, balances equations of momentum for both
gas and solids phases and the balance equations for the granular temperature for solid
phases. A binary mixture consisting of particles with two different sizes was considered.
The equations of continuity for the gas and solids phases are respectively given by

∂

∂t
(
αgρg

)
+∇·

(
αgρg

→
v g

)
= 0 (1)

∂

∂t
(αsiρsi) +∇·

(
αsiρsi

→
v si

)
= 0 (2)

where ρ, α and v are the density, volume fraction and velocity of each phase, respectively.
The subscripts si (i = 1, 2) and g denote the ith component of the solids phase and gas phase,
respectively. The sum of the volume fractions of each phase equals to unity:

αg +
2

∑
i=1

αsi = 1 (3)
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The balance equations of momentum for the gas and the solids phases are respectively,

∂
∂t

(
αgρg

→
v g

)
+ ∇·

(
αgρg

→
v g
→
v g

)
= −αg∇p +∇·=τg +

2
∑

i=1
Ksig

(→
v si −

→
v g

)
+ αgρg

→
g

∂
∂t

(
αsiρsi

→
v si

)
+ ∇·

(
αsiρsi

→
v si
→
v si

)
= −αsi∇p−∇psi +∇·

=
τsi + Kgsi

(→
v g −

→
v si

)
(4)

+ Ksjsi

(→
v sj −

→
v si

)
+ αsiρsi

→
g f or i 6= j (5)

where p and psi are the gas phase pressure and the solid phase pressure of the ith component,
respectively;

→
g represents the gravitational acceleration; Ksig, Kgsi and Ksjsi are the inter-

phase interaction terms.
=
τ is the stress-strain tensor.

The balance equations for the granular temperature are given by:

3
2

[
∂
∂t (αsiρsiθsi) +∇·

(
αsiρsi

→
v siθsi

)]
=

(
−psi

=
I +

=
τsi

)
: ∇→v si

+∇·
(
kθsi∇θsi

)
− γθsi + ϕgsi + ϕsjsi, for i 6= j

(6)

where θsi denotes the granular temperature;
=
I is the unit vector; kθsi is the diffusion

coefficient; γθsi is the rate of collisional energy dissipation; ϕgsi and ϕsjsi are the energy
exchanges between gas and solid phases and between solid phases, respectively.

The solids pressure consists of a kinetic term and a collision term:

psi = αsiρsiθsi + 2
d3

sjsi

d3
si

(
1 + esjsi) αsiαsjρsig0,sjsiθsi (7)

where esjsi is the restitution coefficient between particles; dsi is the particle diameter of the
ith component; dsjsi (=

(
dsj + dsi

)
/2) is the mean value of the two particle diameters. g0,sjsi

is the radial distribution function, given by

g0,sisj =
dsi g0,sjsj+dsjg0,sisi

dsi+dsj

g0,sisi =

[
1−

(
αs

αs,max

) 1
3
]−1

+ 1
2 dsi

2
∑

i=1

αsi
dsi

where αs =
2
∑

i=1
αsi and αs,max is the volume fraction αs at a closely random packing state.

The no-slip boundary condition has been used for gas phase, i.e., the relative move-
ment between the wall and gas is zero. Both the no-slip and slip boundary conditions
have been considered for the solid phase. For no-slip condition, it is assumed that the slip
velocities of particles at the wall are zero. For the wall slip condition, Johnson and Jackson
boundary conditions [10] are applied:

→
u sl·

(
=
σc +

=
σf

)
·→n∣∣∣→u sl

∣∣∣ +
∅
√

3θsπρsαs

∣∣∣→u sl

∣∣∣
6αs,max

[
1−

(
αs

αs, max

) 1
3
] + N f tan δ = 0 (8)

where
→
u sl is the slip velocity between the wall and particles;

=
σc and

=
σ f are the collisional

and frictional stress tensors, respectively;
→
n is the unit normal vector of the wall; φ is the

specularity coefficient; θs (=
2
∑

i=1
θsi) is the granular temperature; ρs (=

2
∑

i=1
ρsi) is the density
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of the solid phases; N f is the frictional pressure; and δ is the angle of friction between the
wall and particles.

A higher order scheme, i.e., QUICK scheme, has been used to solve the balance equa-
tions. The solutions of pressure and velocity obtained from the equations need corrections.
The SIMPLE algorithm has been used for the corrections in every iteration.

In this work, a horizontal rotating drum with a diameter of 50 mm and a length of
50 mm has been considered (Figure 1a). The drum is similar to that used in [17], where
the segregation pattern and velocity distribution were focused on. It rotates clockwise
with a speed of 20 rpm. Under this condition, the flow of the drum is in the rolling mode.
In this mode, there are two distinct flow regions: passive and active (Figure 1b). In the
CFD (FLUENT) finite volume numerical analysis, the drum volume is divided into 29,
588 elements (Figure 1c). Simulations with more elements have been conducted. It has
been shown that the results are not affected by the number of elements, confirming that
the present treatment is suitable for the system considered. Other parameters used in the
simulations are provided in Table 1.
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Figure 1. (a) Schematic diagram of the rotating drum; (b) rolling mode of particles’ motion in a
transverse plane of the rotating drum; and (c) mesh of the transverse plane.

Table 1. Parameters used in the simulations.

Quantity Value

Solid density, ρs (kg/m3)
Particle diameter, ds (mm)

2500
0.385, 0.775

Angle of internal friction, φ◦ 23.94◦, 33.66◦

Particle-particle restitution coefficient, ep 0.9
Particle-wall restitution coefficient, ew 0.9

Air density, ρg (kg/m3) 1.225
Cylinder diameter, D (mm) 50

Cylinder length, L (mm) 50
Rotational speed, ω (rpm) 20

Boundary condition 0.65, 1 (specularity coefficient), no-slip
Restitution coefficient 0.75, 0.8, 0.9
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In each simulation, the smaller particles are initially horizontally loaded on the top
of the larger particles. Two streams of particles in the drum are of equal volume and the
total solids fill level is 50%. The initial volume fraction is 0.61 for both particle streams. The
remaining spaces are filled with gas (air was used as the gas phase here). The interstitial air
has a density 1.225 kg/m3 and viscosity 1.7894 × 10−5 kg/(m·s). The simulation time step
is 10−4 s and the total simulation time is 5 s. The simulations have also been run a longer
time. The results show that the properties considered are very close at 5 s and 15 s, which
implies that a steady state has been reached at 5 s for all cases.

3. Results and Discussion
3.1. Volume Fraction and Velocity

Figure 2 shows the distributions of the volume fraction at different times for the flow
with the no-slip boundary condition and 0.9 restitution coefficient. The particulate phase
distribution mainly depends on the momentum transferring between the drum walls and
particles and that between particles in a horizontal rotating drum. At the no-slip boundary
condition, high momentum is transferred by the wall to the particles, which causes fast
motions of the particles. Therefore, the particles could form a segregation core after a short
period of time as shown in Figure 2. Particle percolation can be observed: small particles
gradually concentrating at the centre of the bed, while larger particles accumulating near
the drum wall. At t = 5 s, a segregation pattern is formed, i.e., a segregation band formed
by the large particles near the wall and a segregation core formed by the small particles at
the centre region of the bed. The segregation profile is similar to the one obtained in the
previous studies [17].
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Figure 3 shows the segregation pattern of particles for different boundary conditions,
including those with the no-slip and specularity coefficients 1 and 0.65. The radial segrega-
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tion profiles are similar in all cases for both the sizes of particles. The small particle rich
core is formed at the bed centre while the large particles form a rich band near the wall
wrapping up the small particle core. Compared with specularity coefficients 1 and 0.65, the
no-slip boundary condition creates a thicker segregation band near the wall. The volume
fraction is higher at the band region for the no-slip condition due to more momentum
transferring between the wall and particles. Less time is required to form the segregation
core for both the sizes of particles at this condition.
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Figure 4 shows the effect of restitution coefficient on the formation of the particle
segregation pattern. The same wall boundary condition has been adopted in these cases. So,
the main contribution to the formation of segregation core and band is from the momentum
transferring between particles. Compared with the restitution coefficient of 0.9, for the
two lower restitution coefficients, the momentum transferring is smaller, or the relative
velocity of two particles after they collide become lower. This causes that more time
needs to form a stable segregation core for small particles and segregation band for large
particles. The effect of the restitution coefficient on the profile of the volume fraction is
obvious, as shown in Figure 4. Different from restitution coefficient 0.9, for the two lower
restitution coefficients, there is a small region near the middle of the bed, in which large
particles concentrate.

The streamwise velocity and angle of repose are two important properties for under-
standing the hydrodynamic behaviour of particles in a rotating drum. Figure 5 shows
the streamwise velocity Vx as a function of the bed depth (along the Y’ axis) for large
particles at t = 5 s for different boundary conditions and restitution coefficients. For all cases
considered, the velocity profile can be divided into two segments, one exhibiting a linear
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trend, another being nonlinear. The two segments correspond to the passive and active
regions, respectively, and intersect at the point with zero velocity except the cases with
restitution coefficients of 0.75 and 0.8. At the intersection, the velocity profile has a large
change in its gradient. In the active region, the velocity increases along the Y’ axis from the
intersection and reach its highest magnitude at the surface of the bed for both small and
large particles. In the passive region, the velocity decreases along the Y’ axis from the wall.
Among the three boundary conditions, specularity coefficient 1 has the largest velocity,
while specularity coefficient 0.65 has the lowest one. The depth of the active region is higher
for specularity coefficient 1 and lower for specularity coefficient 0.65. This is because the
particles near the wall are brought to a higher location by the wall for a larger specularity
coefficient. These particles move down along the bed surface from such a height, resulting
in bigger magnitude of particle velocity. The case with restitution coefficient 0.9 has larger
velocities in the active region compared with restitution coefficients 0.7 and 0.8. Different
from the other cases, in the two cases with lower restitution coefficients, the two segments
of the velocity profile intersect at a point with a positive velocity Vx. The reason is that
for the two cases, besides the segregation band near the wall, an additional concentration
region is formed inside the bed by the large particles. Most of these particles have small
positive velocities.
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The value of the angle of repose is affected by the boundary condition and restitution
coefficient as shown in Figure 6. The no-slip boundary condition has a higher angle of
repose than the cases with specularity coefficients 1 and 0.65. This is because the no-slip
condition between the wall and particles can cause the particles to move to a high position
along the wall. With the increasing restitution coefficient, the angle of repose decreases.
The reason for the feature is that for the same boundary condition, there are higher particle
velocities on the bed surface for larger restitution coefficient as shown in Figure 5b. When
the particles with a larger velocity Vx move down along the free-flowing bed surface,
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they collide with the drum wall and create more momentum to resist the motions of other
particles, leading to a lower gradient of bed surface.
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3.2. Granular Pressure

Figure 7 shows the granular pressure distributions for large and small particles in the
transverse plane at the middle location of the drum under three different combination of
boundary condition and restitution coefficient. For small particles, the granular pressure
is large in the middle region of the bed, where the particle segregation core forms. The
fluctuation of granular pressure can be observed in the region due to particle collisions.
The granular pressure has small values near the boundary of the rotating drum for small
particles for the two cases with 0.9 restitution coefficient. For the case with the restitution
coefficient of 0.75, a small region near the wall has the largest granular pressure. The
pattern of the granular pressure distribution for larger particles is similar for all cases. The
pressure has large values at a region near the wall where the large particle segregation
band forms. It decreases with approaching the top of the flow and has small values in the
middle region of the bed.
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To quantify the effect of specularity coefficient on granular pressure, Figure 8 shows
the variation of granular pressure with volume fraction at different boundary conditions.
The whole drum has been considered. For small particles, as shown in Figure 8a, with
increasing solid volume fraction, the granular pressure increases to reach a peak, decreases
and then increases again. The reason for such a distribution pattern is because the granular
pressure is highly related to particle collision. In the range of lower solid volume fraction,
as the solid volume fraction increase, there is more chance for particles to collide with
each other, thus resulting in a higher granular pressure. When such collision reaches its
maximum, the granular pressure will decrease with the increase of solid volume fraction
due to collision mechanism being impeded by more particles per unit volume. The quasi-
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static contact plays a more important role at the stage. When the solid volume fraction
increases further, the granular pressure increases due to the increase of the contact forces
between particles. For large particles, as shown in Figure 8b, the granular pressure increases
slowly and then sharply, with the increase of large particle volume fraction during the
segregation process. The sharp increase in the granular pressure mainly occurs near the
wall due to the formation of the segregation band. Furthermore, it can be seen that the
granular pressure in the transverse plane for specularity 1 is higher than that for the no-slip
boundary condition and 0.65 specularity coefficient for both large and small particles. This
feature could be attributed to the large nonzero tangential velocity of the solid phase at
the wall, i.e., strong interactions between the particles and wall for specularity 1 solid
phase wall boundary condition compared with 0.65 specularity coefficient and the no-slip
boundary condition. In addition, at a lower specularity coefficient and the no-slip boundary
condition, some large particles remaining at the surface of the dense bed in the active region
are hard to drop towards the bottom of the bed in the passive region. These large particles
form a layer at the top of the bed and, thus, it takes more time to completely segregate for
the no-slip boundary condition than specularity coefficient 1. For this reason, the granular
pressure for specularity coefficient 1 is higher than the no-slip boundary condition at the
same instant of time.
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Figure 8. Variations of granular pressure with volume fraction under different boundary conditions
for: (a) small particle, (b) large particle at t = 5 s.
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Figure 9 shows the variations of granular pressure in the transverse plane at different
distances to the end of the drum for small particle and large particles. Two distances,
i.e., Z = 5 mm and 25 mm (middle location of the drum in the axial direction), have been
considered. It can be seen that the case with specularity coefficient 1 has a higher granular
pressure than that with the no-slip and 0.65 specularity coefficient boundary conditions,
especially, for higher volume fraction. However, at the distance Z = 5 mm, the difference
between the three boundary conditions is relatively small compared to the distance of
Z = 25 mm, especially for large particles, which indicates that the boundary condition has
a small effect near the ends of the drum, but relatively large effect far from the ends. In
addition, the comparison of the granular pressures at different distances shows that for the
same volume fraction, the granular pressure at Z = 25 mm is higher than that at the drum
end for both small and large particles.
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Figure 10 shows the variation of granular pressure with volume fraction at different
restitution coefficients with the no-slip boundary condition. Similar variation trend to
Figure 8 can be observed for small and large particles for different restitution coefficients.
The pressure exhibits an increase trend with the volume fraction for all cases. For small
particles, there is a local peak. At the same volume fraction, the case with a higher restitution
coefficient has a larger granular pressure. This is because a higher restitution coefficient
would generate higher particle volume fractions along the radial direction and, thus, causes
higher granular pressures.
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3.3. Granular Temperature

The granular temperature is an important concept in the hydrodynamics in gas—solid
flows. It is related to the fluctuation of particle velocity. Figure 11 shows the granular
temperature distributions in the YZ plane at X = 0 under different boundary conditions
for small and large particles. There exists a temperature band near the bed surface in the
active region where the particles exhibit a fluid like behaviour for all cases. In the region
the band occupies, the volume fraction is low while the velocity is high, causing high
collision between particles. As a result, high fluctuations of velocity occur, which lead to
a high granular temperature. For large particles, the cases with specularity coefficient 1
and the no-slip boundary condition have a higher granular temperature than the case with
specularity coefficient 0.65, which is due to the fact that the velocity at the active region is
higher for the two conditions. In contrast, for small particles, specularity coefficient 0.65 has
a higher granular temperature than other two conditions. At a lower specularity coefficient,
the tangential forces between the particles and wall are high, which causes more collisions
between particles and then increase the granular temperature in the active region.
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Figure 12 shows the variation of the granular temperature with volume fraction on
the transverse plane at the middle location of the drum for different boundary conditions.
The temperature increases with the volume fraction, reaches its peak and then decreases
for both small and large particles. The peak with the high temperature corresponds to
the temperature band near the bed surface as shown in Figure 11. For small particles,
specularity coefficient 0.65 has the higher peak compared with the other two conditions,
which is consistent with the finding in Figure 11b. The peak for specularity coefficient 1 is
the lowest, which indicates that the area of the granular temperature band on the transverse
plane is smaller than that of other two conditions. For large particles, the result is opposite.
The specularity coefficient 1 condition generates the highest peak in the distribution of
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temperature. The value of the volume fraction corresponding to the peak is relatively
large for the condition as well. The small temperature at the small volume fraction can be
attributed to the effect of the wall, near which both the volume fraction and the temperature
are low.
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Figure 12. Variations of granular temperature with volume fraction at different boundary conditions
for: (a) small particle; and (b) large particle at t = 5 s.

Figure 13 shows the variations of granular temperature alone the bed depth (i.e., along
the Y’ axis, starting at the wall) for different values of restitution coefficient. For both small
and large particles, the temperature is very small in the passive region, sharply increases
along the depth to its peak in the active region and then decreases near the bed surface. The
peaks correspond to the temperature bands. The reduction of temperature at the surface
indicates that the particles move along the same direction at the surface, causing a small
velocity fluctuation. Therefore, the temperature bands do not contain the bed surface and
it should be beneath the surface. The no-slip boundary condition has been imposed on
all cases. Due to the condition, there is a thin layer sticking to the drum wall, where the
particles move with the rotation of the drum wall; therefore, there is a small temperature.
The restitution coefficient affects the values of the temperature largely. Higher restitution
coefficient would cause higher temperature at the same bed depth for both small and large
particles. High restitution coefficient indicates a low dissipation rate of momentum at the
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particles’ collisions, resulting in the increment of particle fluctuation of the solid phase and,
therefore, the increase in the value of granular temperature.

Processes 2022, 10, x FOR PEER REVIEW 17 of 19 
 

 

 

(a)  

 

(b)  

Figure 13. Granular temperature distributions along the bed depth for various restitution coeffi-
cients for: (a) small particles; and (b) large particles. 

4. Conclusions 
The dynamic segregation process of binary particles in a rotating drum has been sim-

ulated by using the CFD to examine the effect of the wall boundary condition and restitu-
tion coefficient on the hydrodynamic behaviour of the particles. The volume fraction, ve-
locity, angle of repose, granular pressure, granular temperature for small and large parti-
cles have been considered. The main conclusions can be summarized as follows. 
• The segregation pattern is similar to that obtained in the previous studies: small par-

ticle forming a segregation core at the centre and large particles forming a segrega-
tion band near the wall. Correspondingly, high granular pressure exists at the centre 
region for small particles and near the wall for large particles. There is a granular 
temperature band below the bed surface in the active region of the flow. 

• The comparison of the no-slip boundary condition and specularity coefficient 1 
shows that the values of the properties considered are different under the two con-
ditions. In particular, the case with no-slip boundary condition has a lower depth of 
active region, a higher angle of repose than that for the boundary condition with 
specularity coefficient 1. Further, the no-slip condition would cause lower granular 
pressure for both small and large particles and higher granular temperature for small 
particles. These results indicate that the specularity coefficient of 1 cannot be consid-
ered to be the no-slip boundary condition in the simulations of gas–solids flow. 

• The boundary condition affects the magnitudes of the properties considered, alt-
hough its influence on the distribution pattern of these properties is limited. Increas-
ing the specularity coefficient would lead to an increase in the active region depth, 

0

0.001

0.002

0.003

0.004

0.005

-25 -20 -15 -10 -5 0 5G
ra

nu
la

r t
em

pe
ra

tu
re

 (m
2 /s

2 )

Depth (mm)
0.75 res 0.8 res 0.9 res

0

0.005

0.01

0.015

-30 -20 -10 0 10

G
ra

nu
la

r t
em

pe
ra

tu
re

 (m
2 /s

2

Depth (mm)

0.75 res 0.8 res 0.9 res

Figure 13. Granular temperature distributions along the bed depth for various restitution coefficients
for: (a) small particles; and (b) large particles.

4. Conclusions

The dynamic segregation process of binary particles in a rotating drum has been
simulated by using the CFD to examine the effect of the wall boundary condition and
restitution coefficient on the hydrodynamic behaviour of the particles. The volume fraction,
velocity, angle of repose, granular pressure, granular temperature for small and large
particles have been considered. The main conclusions can be summarized as follows.

• The segregation pattern is similar to that obtained in the previous studies: small parti-
cle forming a segregation core at the centre and large particles forming a segregation
band near the wall. Correspondingly, high granular pressure exists at the centre region
for small particles and near the wall for large particles. There is a granular temperature
band below the bed surface in the active region of the flow.

• The comparison of the no-slip boundary condition and specularity coefficient 1 shows
that the values of the properties considered are different under the two conditions.
In particular, the case with no-slip boundary condition has a lower depth of active
region, a higher angle of repose than that for the boundary condition with specularity
coefficient 1. Further, the no-slip condition would cause lower granular pressure for
both small and large particles and higher granular temperature for small particles.
These results indicate that the specularity coefficient of 1 cannot be considered to be
the no-slip boundary condition in the simulations of gas–solids flow.
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• The boundary condition affects the magnitudes of the properties considered, although
its influence on the distribution pattern of these properties is limited. Increasing the
specularity coefficient would lead to an increase in the active region depth, angle
repose, granular pressure for both small and large particles and granular temperature
for large particles, but a decrease in granular temperature for small particles at the
same volume fraction.

• The restitution coefficient between particles plays an important role in granular pres-
sure, granular temperature and angle of repose and, consequently, affect the formation
of segregation in the rotating drum. With increasing restitution coefficient, the angle of
repose decreases and granular pressure and temperature increase at the same volume
fraction for both small and large particles.

The results indicate that proper specularity coefficient and restitution coefficient should
be selected to achieve an effective segregation process. Future work will be conducted
to develop approaches to determine the values of these properties, especially specularity
coefficient for specific systems, which is hard to be obtained by physical experiments.
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