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Density-driven segregation of binary granular mixtures
in a vertically vibrating drum: The role of filling fraction
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This paper investigates the influence of filling fraction on the segregation patterns of binary granular mixtures in a
vertically vibrating drum through experiments and simulations. Glass and stainless steel spherical grains, which differ in
mass density, are used to give rise to density-driven segregation. The results reveal four segregation patterns, including
Brazil nut effect segregation, counterclockwise two-eye-like segregation, dumpling-like segregation and clockwise two-
eye-like segregation. The theoretical analysis demonstrates that grains predominantly exhibit counterclockwise convection
at low filling fractions, while clockwise convection dominates at high filling fractions. Competition between buoyancy and
convection forces determines the final stable segregation pattern. These findings provide valuable insights into controlling
segregation in granular systems, which is crucial for optimizing industrial processes in fields such as pharmaceuticals and
chemical engineering.
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1. Introduction

Granular materials, consisting of substantial discrete
grains, are ubiquitously observed in nature and daily life.[1–5]

External excitations, such as gravity,[6,7] vibration,[8,9] and
shear,[10,11] must be applied to granular systems due to the
dissipative collisions between grains. Granular systems can
exhibit complex segregation behaviors, where binary mix-
tures may spontaneously separate due to differences in den-
sity, size and surface roughness. This segregation behav-
ior is of great importance in process treatments such as dry-
ing and heat transfer within the pharmaceutical and chemical
industries.[12–15] Although significant progress has been made,
the underlying physical mechanisms driving segregation re-
main intriguing, and controlling the segregation patterns of bi-
nary mixtures requires deeper understanding for both theoret-
ical investigation and practical application.

External energy has to be continuously pumped into gran-
ular systems to keep grains flowing due to the intrinsic dissi-
pation of granular interactions. Vertical vibration is a common
method, leading to a widely acknowledged segregation pat-
tern, the Brazil nut effect (BNE).[16–18] In a binary granular
system, smaller grains are more easily captured by gaps than
larger grains, leading to smaller grains depositing at the bot-
tom layer while larger grains float to the top layer. As a coun-
terpart to BNE segregation, density-driven segregation is an-
other typical collective motion where grains with higher mass
density prefer to sink compared with lighter grains.[19–21] Per-

colation and buoyancy effects are considered to be the intrin-
sic driving forces that determine size-based and density-driven
segregation patterns, respectively. The degree of segregation
becomes more significant when both percolation and buoy-
ancy act favorably on segregation. Grains with a smaller size
and higher mass density move easily toward the bottom, while
those with a larger size and lower mass density are shifted to-
ward the top layer. On the contrary, a reverse segregation pat-
tern can occur when the two driving forces act in opposite di-
rections in a binary system with smaller, lower-density grains
and larger, higher-density grains. The final stable segregation
and mixing pattern depends on the outcome of the competition
between the percolation effect and the buoyancy effect.

Based on these basic segregation and mixing-driven
mechanisms, various external excitations, such as self-gravity
and vertical vibration, have been employed to achieve tar-
geted segregation and mixing states.[22–29] Different segrega-
tion patterns have been discovered, such as strip segregation
on inclined slopes[30–32] and ring-like segregation in rotating
drums.[33–35] Generally, grains with different size and mass
density properties complete the segregation or mixing process
during flow. Compared with normal classical fluids, an exter-
nal driving force serves as a heat source. Granular tempera-
ture, defined by the kinetic energy of grains, is introduced to
characterize the dynamic behavior of granular systems. The
special intrinsic nonlinear interactions between grains lead to
a nonuniform distribution of granular temperature. A higher
granular temperature corresponds to larger separation gaps
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among grains, creating local regions of reduced packing den-
sity. When gradients in granular temperature and mass den-
sity are sufficiently large, similar to natural convection in flu-
ids, the buoyancy force can induce instability and drive natural
convection within granular systems.[36–39] The interaction be-
tween grains differs from that between grains and container
walls, creating gradients in granular temperature. Altering the
properties of the container walls to achieve specific convec-
tion patterns is another important method for segregating bi-
nary granular mixtures. Unlike buoyancy-driven convection,
the driving force for granular flow is primarily due to the mo-
tion of the container walls. This type of convection, analogous
to forced convection in fluids, is driven by the movement of
the container walls rather than buoyancy. The buoyancy force
drives the density-driven segregation of binary granular mix-
tures during the flowing process.

In vertical vibrating rectangular containers with vertical
walls, two distinct convection modes of grains have been ob-
served: upward and downward modes.[40–45] In the upward
mode, grains flow upward in the middle of the container and
downward along the vertical side walls, whereas in the down-
ward mode the convection direction is reversed, with grains
flowing downward in the middle and upward along the verti-
cal side walls. This transition between downward and upward
convection modes depends closely on the shear force applied
to the grains from the side walls. The upward convection mode
tends to occur when there is less friction between the grains
and the side walls. Conversely, increased friction between the
grains and the side walls promotes the downward convection
mode. Recently, in vertical vibrating drums, higher granular
temperatures were found near the lateral walls compared with
regions farther from them.[6] The gradient in granular temper-
ature is higher in vertical vibrating drums than in vertical vi-
brating rectangular containers. The reversal of density-driven
segregation starts from the lateral walls and then extends to
the central regions. In this study, the filling fraction is kept
at a low value. Additionally, the simulation results indicate
that the efficiency of energy transfer from vertical to horizon-
tal directions in a drum with curved walls tends to increase the
temperature of the granular system more significantly than in a
rectangular container. The higher granular temperature results
in a lower local packing fraction, which accelerates the oc-
currence of the buoyancy effect. Consequently, reverse BNE
(RBNE)–BNE inversion happens more quickly in a drum than
in a rectangular container. Building on this work, the role of
filling fraction in density-driven segregation is extensively in-
vestigated in this paper. The driving force from the curved
walls on the granular system differs significantly between low
and high filling fractions.

This study aims to explore how filling fraction affects the
segregation patterns of binary grains with different densities in

a vertically vibrating drum. Section 2 details the experimental
setup and simulation model. In Section 3, four segregation pat-
terns are presented alongside the temporal evolution of mass
center and grain trajectory plots. By analyzing grain–drum
wall collisions, a theoretical explanation is provided regard-
ing the competition between buoyancy and convection forces.
Quantitative flow rate results at the drum’s central axis support
this theory. Finally, Section 4 summarizes the study’s findings.

Hf

(a)

Fig. 1. Snapshots of the system at the beginning. (a) Experimental
setup with filling height Hf; the corresponding filling fraction Φ can be
calculated directly. (b) Simulation system with radius R. The coordi-
nate origin is placed at the center of the bottom for all experiments and
simulations.

2. Experimental setup and simulation model
Figure 1(a) shows the experimental setup, which includes

a vertical vibrating shaker and a drum. The drum’s frame
is constructed from aluminum alloy with a diameter 2R =

100 mm and a thickness Tc = 20 mm. The front and rear
sides of the drum are covered by two plastic plates. The
drum is placed on a vertical vibration shaker, which pro-
vides a sinusoidal displacement in the z direction, described
by zvib = Asin(2π f t), where A = 1.5 mm and f = 20 Hz are
the vibration amplitude and frequency, respectively. The vi-
bration period is T = 1/ f and the maximum vibration veloc-
ity is v0 = 2πA f . In the experiments, stainless steel and glass
spheres are used as the heavy (h) and light (l) grains, respec-
tively. An initial two-layer configuration exhibiting RBNE
segregation is prepared as shown in Fig. 1(a). In this configu-
ration, glass grains are first randomly poured into the container
followed by stacking stainless steel grains on the top layer. Hf

is the filling height within the range [0,2R]. The filling angle
and the filling fraction are defined by the relation Φ = φ/π in
the range φ ∈ [0,π] and Φ ∈ [0,1], respectively. When φ is 0,
there are no particles piled in the drum, and the drum is fully
filled with particles when φ is π .

The simulation system used is shown in Fig. 1(b), where
the glass and steel grains are initially positioned at the bot-
tom and top layers, respectively. The vibration acceleration is
defined as Γ = A(2π f )2/g, where g = 9.8 m/s2 is the gravi-
tational acceleration. In this work, f and Γ are set to 20 Hz
and 2.4, respectively. In the simulations, the grain motion is
described using Newton’s equations, as detailed in our previ-
ous works.[6,7,34,35,48] The acceleration due to gravity is set to
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g = 9.8 m/s2, consistent with experimental conditions. The
positions and velocities of the grains are updated using the
Verlet algorithm at each simulation time step. A soft sphere
model is adopted to describe the interaction between two con-
tacting grains, wherein both normal and tangential forces are
considered. The normal interaction at the contact point is de-
scribed using the Cundall–Strack formula[46–48]

Fn =
4
3

E∗
√

R∗δn
3/2−2

√
5
6

β
√

Snm∗Vn. (1)

The tangential component is taken as the minor tangential
force with a memory effect and the dynamic frictional force:

Fτ =−min
(

Sτ δτ −2

√
5
6

β
√

Sτ m∗Vτ ,µFn

)
sign(δτ). (2)

In Eqs. (1) and (2), n and τ , respectively, denote the nor-
mal and tangential directions at the contact point, and δn and
δτ , respectively, denote the normal and tangential displace-
ments since time t0 at which contact is first established. The
calculation details are as follows:

β =
lne√

ln2e+π2
,

1
m∗

=
1
mi

+
1

m j
,

Sn = 2E∗
√

R∗δn, Sτ = 8E∗
√

R∗δn,

1
E∗

=
1−ν2

i
Ei

+
1−ν2

j

E j
,

1
R∗

=
1
Ri

+
1
R j

,

where e is the coefficient of restitution. The quantities mi and
m j are the masses of grains i and j making contact, respec-
tively, and Sn and Sτ characterize the normal and tangential
stiffness of the grains, respectively. E and ν are the Young’s
modulus and Poisson’s ratio, respectively. In our simulations,
the friction coefficient µ is fixed for both heavy and light
grains, and a collision between a grain and a wall is regarded
as a grain–grain collision, except that the wall has infinite mass
and diameter. Table 1 lists the values of the material parame-
ters of the grains in the simulations.

Table 1. The parameters of the granular materials in the simulations.

Quantity Symbol Value
Diameter (mm) d 4
Density for steer grain (g/cm3) ρh 7.8
Density for glass grain (g/cm3) ρl 2.5
Young’s modulus (MPa) E 100
Poison’s ratio ν 0.25
Restitution coefficient e 0.7
Static friction coefficient µS 0.28
Rolling friction coefficient µR 0.01
Simulation time-step (10−5 s) dt 1.5

3. Results and discussion
Four typical stable segregation patterns in the experi-

ments are shown in Fig. 2 for filling fractions Φ = 0.48,
0.73, 0.87 and 0.95, with the numbers of heavy and light
grains being as follows: Nh = 600, Nl = 600; Nh = 850,
Nl = 850; Nh = 1100, Nl = 1100; and Nh = 1200, Nl = 1200,

respectively. When the filling fraction is low (Φ = 0.48), as
shown in Fig. 2(a1), the initial RBNE segregation pattern is
reversed, leading to the occurrence of the BNE segregation
pattern, where light and heavy grains migrate to the top and
bottom layers, respectively. As demonstrated in Movie 1 of
the simulation in the supplementary material (SM), all grains
move up and down with the vibration of the drum, and no
visible convection is observed during the observation period.
Upon increasing the filling fraction to Φ = 0.73, as shown in
Fig. 2(a2), RBNE–BNE reversal also occurs but is not stable.
As shown in Movie 2 of the simulation in the SM, a downward
convection mode occurs. Most of the light grains flow up-
ward along the drum walls, converging from the surface of the
granular bed to the center, and then move downward along the
drum center to form two symmetric closed convection rolls.
The heavy grains are also involved in the convection, but most
of them fluidize in the inner layers of the convection rolls.
When the filling fraction continues to increase to Φ = 0.87,
as shown in Fig. 2(a3), a dumpling-like segregation pattern is
observed, where heavy grains accumulate around the center
of the granular bed while the light grains migrate toward the
outer layer. As shown in Movie 3 of the simulation in the SM,
no visible convection is observed, and all grains only move up
and down with the vibration of the container. When the fill-
ing fraction reaches a high value of Φ = 0.95, as shown in
Fig. 2(a4), a two-eye-like segregation pattern is formed, char-
acterized by two collective regions with heavy grains appear-
ing symmetrically with respect to the vertical diameter. The
light grains are distributed near the side wall and the central
axis of the drum. As shown in Movie 4 of the simulation in the
SM, an upward convection mode occurs. The light grains flow
downward along the drum walls, converging from the bottom
of the granular bed to the center, and then move upward along
the drum central line to form two symmetric closed convec-
tion rolls. The heavy grains fluidize in the inner layers of the
convection rolls.

The corresponding simulations were conducted, reveal-
ing similar segregation patterns as depicted in Figs. 2(b1),
2(b2), 2(b3) and 2(b4). The corresponding movies are shown
in the SM. No visible convection occurs for the filling frac-
tions Φ = 0.48 and 0.87. The granular bed simply moves up
and down with the vibration of the drum. A stable BNE seg-
regation pattern is observed for the lower fraction Φ = 0.48,
whereas for the higher fraction Φ = 0.87, heavy grains are po-
sitioned around the center of the granular bed and light grains
distribute at the outer layer. For the filling fractions Φ = 0.73
and 0.95, downward and upward convection modes occur re-
spectively. Two symmetric closed convection rolls appear rel-
ative to the central axis of the drum. The light grains flow
upward (for Φ = 0.73) and downward (for Φ = 0.95) along
the drum walls, and then move downward (for Φ = 0.73) and
upward (for Φ = 0.95) along the drum central line, respec-
tively.
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Fig. 2. Four typical snapshots of the steady segregation pattern from experiment and simulation results with low, moderate and high filling
fractions: (a1), (b1) Φ = 0.48, Nh = 600, Nl = 600; (a2), (b2) Φ = 0.73, Nh = 850, Nl = 850; (a3), (b3) Φ = 0.87, Nh = 1100, Nl = 1100;
(a4), (b4) Φ = 0.95, Nh = 1200, Nl = 1200.
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Since the filling fraction has a great influence on the fi-
nal stable segregation pattern, it is valuable to quantitatively
characterize the dynamical process of each grain species. The
mass-center of grains in the z and x directions is first in-
troduced as in our previous work,[6,34,35] defined as z̄p =

1
Np

∑
Np
i=1 zi, where p= h, l represents the species of grains. Np is

the number of grains of species p and zi is the height of grain
i with respect to the bottom of the container. Figures 3(a1)

and 3(a2) show the temporal evolution of the mass-center of
grains for heavy and light grains, where the filling fraction is
Φ = 0.48. At the beginning, z̄h and z̄l are large and small
values, respectively, consistent with the initial RBNE pattern.
When the RBNE–BNE reversal starts, z̄h decreases and z̄l in-
creases continuously, corresponding to the sinking of heavy
grains and the rising of light grains. After the segregation in-
version is completed, both z̄h and z̄l stabilize at small and large
values, respectively, indicating that the BNE pattern is stable.
For the dynamical process of each grain species in the x di-
rection, a change in sign indicates that heavy and light grains
exchange their positions. The positive and negative signs of
x̄h and x̄l indicate that they initially move toward the right and
left sides of the drum, respectively. Subsequently, x̄h and x̄l

change their signs and migrate toward the left and right sides
of the drum. In the final steady state, both x̄l and x̄h fluctu-
ate near zero, indicating that heavy and light grains are mixed
again in the x direction. In Figs. 3(b1) and 3(b2), for Φ = 0.73,
the initial RBNE is also destroyed, and heavy and light grains
exchange their positions in the z direction during the initial
period. When the steady state is reached, the mass centers of
the heavy and light grains coincide with each other. In the x
direction, the mass centers of both heavy and light grains re-
main near zero with some fluctuation. Similar evolutions are
observed for the center positions of heavy and light grains as
the filling fraction increases to Φ = 0.87 and 0.95. In the z di-
rection, the initial RBNE cannot be maintained, and the mass
centers of heavy and light grains reach the same stable value.
The temporal evolution of the mass centers of heavy and light
grains shows similar behavior, fluctuating around zero.

The experimental and simulation results demonstrate that
variations in filling fraction lead to different segregation pat-
terns. The collisions between grains are dissipative, but what
are the active driving forces for grain motion? Obviously, the
self-gravity of the grains and the vibration of the drum are two
primary energy sources for the granular system. The former
generates a buoyant force due to the difference in mass density
between heavy and light grains, leading to segregation in the
direction of gravity during the flowing process. The latter can
drive the granular system into specific upward and downward
convection modes. Figure 4 shows the simulation results for
the driving forces on the grains adjacent to the drum wall in
the normal and tangential directions. The positive direction

for the normal direction is inward along the vertical direction
of the drum wall, and the tangential direction is positive in the
counterclockwise direction. Every data point is averaged over
at least 500 vibration periods at the same phase angle when a
stable segregation pattern is reached. The initial times used are
t = 30 s, 105 s, 130 s and 130 s, which are the same as those in
Fig. 3. Lines M and N correspond to filling angles of φ = 90◦

and−90◦, representing the filling height Hf = R and the filling
fraction Φ = 0.5. All panels show that grains experience a pe-
riodic driving force synchronized with the vibration period of
the drum. For the lower filling fraction Φ = 0.48, the normal
collision force is primarily confined between lines A (t = 3

4 T )
and B (t = T ), as shown in Fig. 4(a1). During other phases, the
minimal collision force indicates that most grains are detached
from the drum wall. The tangential collision force, which is
the dynamic friction force fµ , is determined by the normal
collision force and the tendency of motion, as evidenced by
Fig. 4(a2). It is strictly confined between lines A and B at the
beginning of the ascending phase. At the right (θ > 0) and
left (θ < 0) sides of the drum, the friction forces are positive
and negative, respectively, between lines A and B. This indi-
cates that grains experience counterclockwise and clockwise
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driving forces. The tangential collision force is minimal dur-
ing other phases, suggesting that gravity dominates the motion
of the grains. In Figs. 4(b1), 4(b2), 4(c1) and 4(c2), increas-
ing the filling fraction extends the range of significant normal
collisions to the phase between lines B and C. The range of
the tangential collision force also extends with increasing fill-
ing fraction and changes sign between lines B and C, although
it remains confined between lines M and N. When the filling
fraction is very high (Φ = 0.95), as shown in Figs. 4(d1) and
4(d2), both the normal and tangential collision forces extend
into the descending phase between lines C and D and into the
regions θ > 90◦ and θ < −90◦. This indicates that collisions
with the upper drum wall play a significant role in the forced
motion of the grains.

vx v

vy
fµG

f

f f

Fn

v′

v′

v

vy fµ

G

Fn

vx′

′

′

′
(a)

0.4
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φ (π)

F
τ
  
(−
m
g

)
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µ=0.28

(b)

-
 

Fig. 5. (a) Schematic diagram of convection and buoyant forces. 𝑣0
and 𝑣′0 are the incident and reflection velocities, respectively. v′x and
v′y are the reflection velocities in x and y directions, respectively. 𝐺
is the self-gravity. 𝐹n is the contact force in the normal direction. 𝑓µ

is the friction force between the grain and the drum wall. 𝑓i (i = 4, 5
and 6) is the buoyant force for heavy and light grains. (b) Dependence
of the driving force F̄τ on the filling angle. Squares and circles repre-
sent friction coefficients µ = 0.1 and 0.28, respectively. Open and solid
symbols represent the filling angles φ < π/2 and φ > π/2, respectively.

The analysis of collisions between grains and the drum
wall shows that larger collision forces in both normal and tan-
gential directions dominate the collision process when the fill-
ing fraction Φ < 0.5, leading to synchronized periodic motion
with the drum. However, a higher filling fraction promotes

collisions between grains and the upper drum wall in the re-
gion Φ > 0.5. The curved wall of the drum has a significantly
different impact on collision forces when the filling fraction is
increased from a lower to a higher value. Let us first consider
two special collisions for grains adjacent to the drum wall at
positions Hf < 0.5 and Hf > 0.5, as shown in Fig. 5(a). For
grain 1, located at the lower region of the drum, the direction
of the self-gravity 𝐺 is opposite to that of the collision force
𝐹n and the friction force 𝑓µ . However, for grain 2, located
at the upper region of the drum, 𝐺, 𝐹n and 𝑓µ contribute to
downward motion. Under the combined effect of self-gravity
and tangential collision forces, grains adjacent to the drum
wall exhibit two distinct forced motions, clockwise and coun-
terclockwise, depending on the filling fraction. This directed
motion is reasonably termed forced convection, analogous to
fluid dynamics. When a grain collides with the drum wall,
it also experiences collisions with other grains in the system.
The resulting acceleration can be considered equivalent to the
drum’s acceleration. Additionally, the granular system expe-
riences an upward lifting force from the drum wall during the
upward motion phase, and the driving force reverses direction
to become a downward pushing force during the downward
motion phase. This kind of forced motion is somewhat analo-
gous to forced convection in classical fluid mechanics, which
is closely related to the Froude number defined as the dimen-
sionless vibration acceleration Γ in granular system.[49] The
upward motion period TU is equal to the downward motion
period TD = TU = T/2. Therefore, considering the grain mo-
tion located at the right side of the drum, the driving force
for grains adjacent to the drum wall in the tangential direction
contributes to the forced motion over a vibration period and
can be expressed as follows:

F̄τ =
1
T

[∫ TU

0

∫
φ

0
µmgΓ cosθ dθ dt

−
∫ TD

0

∫
φ

0
mgsinθ dθ dt

]
=

1
2

mg(µΓ sinφ + cosφ −1), 0≤ φ ≤ 1
2

π, (3a)

F̄τ =
1
T

[∫ TU

0

∫
π/2

0
µmgΓ cosθ dθ dt

−
∫ TD

0

∫
π/2

0
mgsinθ dθ dt

−
∫ TD

0

∫
φ

π/2
µmgΓ cosθ dθ dt

]
=

1
2

mg{µΓ − [1+µΓ (1− sinφ)]}

=
1
2

mg(µΓ sinφ −1),
1
2

π < φ ≤ π. (3b)

In Fig. 5(b), the dependence of the driving force F̄τ on
the filling angle is plotted for two friction coefficients between
the grains and the drum wall, µ = 0.1 and 0.28. The grains
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are forced to move counterclockwise for positive F̄τ , while
they flow clockwise for negative F̄τ . Obviously, increasing
the friction coefficient between the grains and the drum wall
favors counterclockwise motion. Increasing the filling frac-
tion is equivalent to increasing the contact angle between the
grains and the drum wall. A negative F̄τ indicates the forma-
tion of clockwise motion of the grains. These characteristics
are consistent with the experimental results.[44] At the same
time, the grains experience the buoyant effect, as demonstrated
by grains 4, 5 and 6. The heavy grain 4 sinks downward, while
light grains 5 and 6 migrate upward. The corresponding buoy-
ant force for a single grain can be calculated similarly to the
case in fluids

FB = ρeffgV0, (4)

where ρeff = (ρh +ρl)/2 is the effective mass density of the
granular system.

Based on the features of convection force and buoyancy
force, the segregation phenomena observed due to variations
in filling fraction can be attributed to their competitive effects.
The former promotes forced convection behavior in the granu-
lar system, while the latter favors the occurrence of BNE seg-
regation. Here, only the right half of the drum is considered
due to symmetry. At lower filling fractions, buoyancy has a
much stronger influence on the segregation process than con-
vection. The granular system eventually reaches a stable BNE
segregation pattern, where heavy grains accumulate at the bot-
tom layer and light grains gather at the top layer, as shown
in Figs. 2(a1) and 2(b1). An increase in filling fraction be-
low one-half enhances the counterclockwise convection force,
which eventually surpasses the buoyancy force. The granu-
lar system enters a fully counterclockwise convection flow.
Grains flow upward along the drum wall and then downward
along the central axis of the drum. However, heavy grains
sink due to the buoyancy effect and accumulate at the cen-
ter of the convection cell, as shown in Figs. 2(a2) and 2(b2).
When the filling fraction exceeds one-half, clockwise convec-
tion begins to dominate. For a filling fraction of Φ = 0.87, the
effects of clockwise and counterclockwise convection, as well
as buoyancy, are all significant. The resulting convection flow
halts, causing heavy grains to gather at the drum’s center and
light grains to remain on the periphery, as shown in Figs. 2(a3)

and 2(b3). When the filling fraction reaches a high value of
Φ = 0.95, clockwise convection dominates, forcing all grains
to flow clockwise. Simultaneously, the buoyancy effect causes
heavy grains to sink first, allowing light grains to flow outward
while heavy grains move inward, as shown in Figs. 2(a4) and
2(b4). Additionally, decreasing the friction coefficient tends
to increase the negative value of F̄τ , indicating that a smaller
friction coefficient favors the formation of a counterclockwise
convection mode.

To quantify the influence of filling fraction on the con-
vection effect, subregions are selected along the central axis
of the drum, as shown in Fig. 6. The size of each subregion
is Lx = 20 mm, Ly = 20 mm and Lz = 5 mm, and a total of
25 subregions are obtained. The local flow rate in the z direc-
tion through the cross-sectional area of subregion j is easily
defined as

Qz, j = ∑
i

qi,z/Lz, (5)

where qi,z is the flow rate of the ith grain in the jth subregion.

vi vi↪z

Fig. 6. Schematic diagram of subregion and the contributed flow rate qi
in the z direction for subregion j.

In Fig. 7, the time evolution of the local flow rates in three
typical subregions, the bottom, middle and top, is plotted for
filling fractions Φ = 0.48, 0.73, 0.87 and 0.95. For the top
subregion, the local flow rate is naturally close to zero due
to the sparse distribution of grains. The bottom and middle
subregions exhibit periodic upward and downward flow rates
synchronized with the drum’s vibration. The flow rate through
the central region is obtained by summing the flow rates of
all subregions and is expressed as Q̄ = Q̄+ + Q̄−, where Q̄+

and Q̄− represent the summations of positive and negative lo-
cal flow rates across all subregions, respectively. A positive Q̄
indicates upward flow at the drum’s center, corresponding to
clockwise convection flow, while a negative Q̄ indicates coun-
terclockwise convection flow. No convection flow is observed
when Q̄ = 0.

As shown in Figs. 7(a), 7(b), 7(c) and 7(d), the flow rates
Q̄z are 0.6242 s−1, −4.4215 s−1, 2.3449 s−1 and 16.6718 s−1

for the respective filling fractions. For filling fractions Φ =

0.45 and 0.87, the flow rates are small, indicating weak con-
vection. In contrast, higher flow rates are observed for Φ =

0.73 and 0.95. The negative and positive signs of Q̄ reveal that
convection is counterclockwise for Φ = 0.73 and clockwise
for Φ = 0.95. These observations align with the convection
modes depicted in Fig. 2.
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Fig. 7. Simulation results of local flow rate in the z direction for filling fractions (a) Φ = 0.48, (b1) Φ = 0.73, (c) Φ = 0.87 and (d) Φ = 0.95.
The dash and dash-dot lines represent the summations of positive Q̄+

z and negative Q̄−z local flow rates of all subregions, respectively. The solid
line represents the vibration position of the drum.

In Fig. 8, we summarize the influence of filling fraction
on the convection mode in a vertically vibrating drum. The
friction coefficient µ = 0.28 is first used. At low filling frac-
tions, convection flow is minimal and the central flow rate
approaches zero. Buoyancy drives heavy grains to settle at
the bottom, forming a BNE segregation pattern as shown in
Figs. 2(a1) and 2(b1). As the filling fraction increases, the
counterclockwise convection force grows, creating a down-
ward convection mode. Both heavy and light grains are in-
fluenced by convection, with heavy grains sinking to the cen-
ter of the convection roll and light grains moving to the pe-
riphery, forming a counterclockwise two-eye-like segregation
pattern as shown in Figs. 2(a2) and 2(b2). When the filling
fraction continues to rise and the convection and buoyancy ef-
fects balance, convection ceases, leading to a dumpling-like
pattern where heavy grains are centralized and light grains
form an outer layer, as shown in Figs. 2(a3) and 2(c3). At very
high filling fractions, the clockwise convection force domi-
nates, restarting grain flow. BNE occurs at the top surface,
with heavy grains sinking first, and the clockwise two-eye-like
segregation pattern emerges in Figs. 2(a4) and 2(d4), where
heavy and light grains are distributed in the inner and outer
layers of the convection roll. A low friction coefficient µ = 0.1
is also used in the simulations. The flow rate is expected to be
positive, indicating a clockwise convection mode. These char-
acteristics are consistent with the discussion of Eq. (3). The
clockwise convection force will increase when the friction co-
efficient decreases.

. . . . . . .
↩









Φ

Fig. 8. Flow rate Q̄z as a function of filling fraction Φ for friction coeffi-
cients µ = 0.1 (squares) and 0.28 (circles). Points A, B, C and D correspond
to filling fractions Φ = 0.48, 0.72, 0.87 and 0.95, respectively.

4. Conclusions
In this study, experiments and simulations are conducted

to investigate the influence of filling fraction on segregation
patterns in binary granular mixtures in a vertically vibrating
drum. Glass and stainless steel particles, differing in mass
density, are employed to analyze density-driven segregation
dynamics. Vertical and horizontal mass centers are defined
to quantify segregation intensity. Four distinct segregation
patterns emerge under varying filling fractions: the Brazil
nut effect (BNE), counterclockwise two-eye-like segregation,
dumpling-like segregation and a clockwise two-eye-like seg-
regation pattern, observed at low, medium, high and very high
filling fractions, respectively.

Simulation results reveal that, at low filling fractions, nor-
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mal and tangential collision forces predominantly occur dur-
ing the ascending vibration phase. Grain–wall collisions are
localized near the bottom region of the drum, where −π/2 <

θ < π/2. As the filling fraction increases, collisions extend
beyond θ > π/2 and θ < −π/2. This collision profile in-
dicates that at lower filling fractions grains primarily experi-
ence upward collisions during drum ascent and gravitational
settling during descent. Downward collisions critically in-
fluence segregation dynamics. Theoretical analysis demon-
strates that counterclockwise convection dominates at lower
filling fractions due to the prevalence of upward collision,
while increased downward collisions at higher filling frac-
tions induce clockwise convection. With small friction coef-
ficients, weak convection forces allow buoyancy to dominate,
where the stronger downward driving force stabilizes clock-
wise convection. The competition between convection forces
and buoyancy governs the effects of filling fraction on seg-
regation patterns. At low filling fractions, buoyancy-driven
BNE prevails. Increasing filling fraction enhances counter-
clockwise convection, causing heavy grains to sink from the
top flowing layer and accumulate at convection roll centers,
forming a two-eye-like pattern. At intermediate filling frac-
tions, balanced convection and buoyancy produce dumpling-
like segregation (heavy grains centrally, light grains peripher-
ally). At very high filling fractions, dominant clockwise con-
vection overpowers buoyancy, regenerating the two-eye-like
pattern. Additional simulations corroborate these mechanisms
through flow rate analysis in the drum’s central region. These
findings hold theoretical significance and industrial relevance
for optimizing granular mixture processes.
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