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Transient size segregation of binary granular mixtures
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Abstract. Transient size segregation of a bi-disperse granular mixture flowing over a periodic chute is studied
using DEM simulations and theory. A recently developed particle force-based size segregation model has been
shown to successfully predict the steady state behavior of binary granular mixtures [1]. This promising model is
used to predict the time-dependent segregation of different size binary mixtures in this work. A one dimensional
continuum model is developed to solve the convection-diffusion equation by incorporating a mixture segregation
model along with rheological model. The inter-coupling of segregation with rheology is accounted to predict
evolution of species concentration. We also investigate the effect of different initial configurations (Large near
base (LNB), Small near base (SNB) and well-mixed) on the transient evolution of the flow and segregation. The
particle force-based segregation model is able to predict the evolution of the concentration profile for all three
initial configurations for smallest size ratio of 1.25. Significant deviations, however, are observed for larger size
ratios, suggesting the need to account for the evolution of the velocity field in the model.

1 Introduction

The segregation of different-sized grains plays a crucial
role in many solid handling industries as well as geo-
physical situations. Segregation can be either desirable
for separating particles or undesirable where mixing is re-
quired, affecting product quality. Size segregation, partic-
ularly in dense granular flows, has been extensively inves-
tigated through experimental observations [2, 3] and Dis-
crete Element Method simulations [4–6]). To better un-
derstand this phenomenon, studies have focused on the-
oretical modelling of segregation in chutes [1], bounded
heaps [7], plane shear flow [8], and rotating cylinders [9].
Three continuum approaches for modelling segregation
are commonly used in the literature: kinetic theory based
approaches (e.g. [10]), empirical methods [7], and particle
force-based approaches [1]. Among these, empirical seg-
regation models are considered to be the most promising
since they have been successful in predicting steady state
as well as transient segregation due to differences in size
as well as densities (see [7, 11, 12]). Very often, these
empirical segregation models rely on prior knowledge of
the velocity profile to determine the species concentration
profiles in the mixture along with their segregation mod-
els. Recently, [13] proposed a segregation model based on
experimental observations for a single large intruder. This
model is qualitatively capable of predicting the evolution
of segregation behavior in various geometries, including
plane shear flow [8], chute flow, rotating square box [14],
and triangular rotating drums [15]. These studies solve the
momentum balance equations to capture the evolving flow
rheology. The particle force-based segregation model pro-
posed by [1] have also successfully predicted steady state
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segregation in periodic chutes. We note that although peri-
odic chute flow is commonly used to study granular segre-
gation, because of species conservation, it is more akin to
the initial segregation transient for an infinitely long chute
rather than a chute where particles enter at the upstream
end and exit at the downstream end. In this work, we ex-
tended the particle force-based segregation model to pre-
dict time-dependent segregation.

2 Simulation Methodology

We perform the Discrete Element Method (DEM) simu-
lations of bi-disperse granular mixtures flowing over an
inclined surface using our in-house code. We simulate
sufficiently frictional (friction coefficient µpp = 0.5) and
slightly inelastic (coefficient of normal restitution e =

0.88) spherical particles of two different sizes with size
ratio r = dL/d of identical densities. Although the par-
ticles within each species are identical in size, ordering
does not occur during flow due to the rough bottom wall.
We choose a simulation box with the periodic boundaries
in the x and z directions having base area of 20d ↑ 20d,
where d is the diameter of the small particles. Initially,
the particles are arranged in a cubic lattice and allowed to
settle at an inclination angle of ω = 0↓ under the influence
of gravity, until the average kinetic energy of the particles
in the layer becomes below 10↔6

mgd. The layer height af-
ter settling is approximately H ↗ 30d. The total number
of particles in the simulation box depends on the mixture
composition and ranges from 7608 to 10536. The inclina-
tion angle is then increased to the desired value, initiating
the flow of particles. Details regarding the contact force
model and property calculations can be found in [16]. In
order to study the effect of initial configuration on the seg-

EPJ Web of Conferences 340, 05001 (2025)	 https://doi.org/10.1051/epjconf/202534005001
Powders & Grains 2025

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



regation dynamics, we performed simulations for two dif-
ferent case of completely segregated mixtures: large near
base (LNB) where all the large particles are concentrated
near the base, and small near base (SNB) where all the
small particles are concentrated near the base case. We
also simulate a well-mixed initial configuration of parti-
cles as well. In this work, we report results for three dif-
ferent size ratios of r = 1.25, r = 1.5 and r = 2 flowing at
an inclination angle ω = 25o.

3 Continuum approach

Following the previous studies [7], we use the advection-
diffusion equation with explicit segregation term to model
segregating granular flows. The volume concentration fi

of i
th species in flowing binary granular mixture is ob-

tained by solving the following equation using the local
mixture velocity field (v).

ε fi

εt
+ ↘ · (v fi) + ↘ · (JS

i
) + ↘ · (JD

i
) = 0. (1)

JS

i
and JD

i
are segregation and diffusion fluxes of the i

th

species, respectively. For the periodic boundary condition
in x and z↔ directions and no net flow in y↔ direction,
equation 1 reduces to

ε fi

εt
= ↔ ε
εy

(J
S

i
+ J

D

i
). (2)

The segregation and diffusion fluxes are given as J
S

i
=

fiv
seg
i

, and J
D

i
= ↔D

ε fi

εy
, D being the diffusion coeffi-

cient. As observed in previous studies [1, 17], we also
find the linear variation of diffusivity (D) with the shear
rate (ϑ̇) along with a dependence of the local volume av-
erage diameter dmix = d[r fL + (1 ↔ fL)]. Hence, we use
D = bϑ̇d2

mix
in our model with b as diffusivity parameter

proposed in [17]. We use the particle force-based segre-
gation model [1] to obtain the segregation velocity expres-
sion of the large species in a binary mixture as

v
seg
L
=

mLgcosω

cϖϱdL

ς0(1 ↔ fL)(1 + k fL), (3)

where, mL and dL are the mass and diameter of the large
particles in the mixture, respectively. c is Stokes drag co-
efficient that seems to depend on the packing fraction [18].
ς0 and k are model parameters and fL is the local concen-
tration of large particles. We use k = r (i.e., size ratio)
along with ς0 which corresponds to the ratio of net upward
force to the weight of the particle, as given in [1]. The ef-
fective mixture viscosity (ϱ = |φyx|/ϑ̇) is the ratio of shear
stress (|φyx|) to shear rate (ϑ̇). By substituting the segrega-
tion velocity of large species in equation 2, we obtain the
segregation-diffusion equation for the large species as

ε fL

εt
= ↔ ε
εy

(
mLgcosωϑ̇

cϖ|φyx|dL

ς0(1 ↔ fL)(1 + k fL) ↔ bϑ̇d2
mix

ε fL

εy

)
.

(4)
Solving the equation 4 requires the knowledge of shear

stress (|φyx|) and shear rate (ϑ̇). To obtain these at every
time step, we need to solve time-dependent momentum

balance equations. However, our DEM simulation data
show that the time taken for evolution of segregation is
nearly an order of magnitude larger than that for velocity.
In other words, the rheological time scale is very small
compared to the segregation time scale, and hence, we use
the quasi-steady state momentum balance equations to ob-
tain φyx and ϑ̇ and ignore the evolution time for velocity to
solve the time-dependent segregation-diffusion equation 2.

Simplified momentum balance equations for steady
fully developed flow over an inclined plane at an inclina-
tion angle ω in x and y↔ directions are given as

φyx(y) = ↔↼↽pg sin ω(H ↔ y), (5)

P(y) = ↼↽pg cos ω(H ↔ y), (6)

where ↽p is the particle density, ↼ denotes local packing
fraction, which is assumed to remain constant both in time
and space, with a value of ↼ = 0.58. Dense flow rheology
dictates that the pressure and shear stress relate to each
other through an inertial number dependent effective fric-
tion coefficient, expressed as µ(Imix) = |φyx |

P
which equals

to tan ω using equations 5 and 6. Further, we compute the
inertial number by rearranging the empirical form of µ(I)
given by [19] as

Imix = Io

µ(Imix) ↔ µs

µm ↔ µ(Imix)
. (7)

Here, Io, µs, µm are the rheological parameters, and the val-
ues for these parameters are same as given by [16]. Next,
we calculate the shear rate ϑ̇ using the dimensionless iner-
tial number Imix expression, ϑ̇(y) = Imixdmix/

√
P/↽

P
. After

substituting ϑ̇ and |φyx| (using equation 5), we solve equa-
tion 4 to obtain the concentration of large species using the
MATLAB pdepe solver. The required initial and boundary
conditions are given as follows:

fL(y, 0) = fL,ini(y),

J
S

L
(0, t) + J

D

L
(0, t) = 0,

J
S

L
(h, t) + J

D

L
(h, t) = 0. (8)

Here, the initial concentration profile of the i
th species,

fL,ini(y), is equal to the total composition of that species
in the mixture ( f

T

L
) in case of well-mixed initial configu-

ration. For a near complete segregated mixture, fL,ini(y) is
represented by a step function.

4 Results and discussion

In this section, we report the comparison of continuum
model predictions of the transient evolution of species
concentration with the DEM simulation data. The re-
sults are reported in non-dimensional form, where both y
and ycom are scaled by the small particle diameter d and
time t is scaled by

√
d/g. Figure 1 shows the results for

50%↔ 50% binary mixture (size ratio r = 1.25) flowing at
an inclination angle of ω = 25o. The flow begins from
a large near base (LNB) configuration (snapshot shown
in figure 1b -inset). Figure 1a shows the instantaneous
concentration profiles of large species at different times.
Initially, the large particles are concentrated near the base
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Figure 1. (a) Instantaneous concentration profiles of large
species in an equal composition binary mixture having size ratio
(r = 1.25) flowing at inclination angle ω = 25o. (b) Time vari-
ation of centre of masses (ycom) for both large (blue) and small
(green) species.

(LNB case), and as the flow evolves, they gradually move
toward the free surface, while the smaller particles move
towards the base. Large particles are observed in the top
layer at the steady state with clear dominance of small
particles near the bottom. The model predictions (lines)
match with the corresponding DEM data (symbols of the
same color) except near the free surface and the base due
to the lower values of the solids fraction in these regions.
The centre of mass (ycom) of large and small species for
this case is shown in figure 1b. ycom of the large particles
(blue) increases over time, while that of the small particles
(green) decreases. Solid lines (model predictions) closely
match symbols (DEM data) indicating that the continuum
model predicts the temporal evolution of segregation dy-
namics reasonably well.
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Figure 2. Instantaneous concentration profiles of large species
( fL) in binary mixture with size ratio r = 1.25 for two different
mixture compositions: (a) f

T

L
= 0.25, and (b) f

T

L
= 0.75. The

corresponding time variation of ycom shown in (c), and (d) re-
spectively.

Next, we report the effect of mixture composition on
the segregation dynamics of binary size mixtures. Fig-
ure 2 shows the results for two different mixture compo-
sitions for size ratio r = 1.25 at inclination ω = 25↓. As
in figure 1a, flow starts from large near base configura-
tion. Figure 2a shows the instantaneous concentration pro-
files of large species for a mixture rich in small particles

( f
T

L
= 0.25) at different times. Similarly, figure 2b shows

the instantaneous concentration profiles of large species in
mixture rich in large particles ( f

T

L
= 0.75). The corre-

sponding ycom data are shown in figures 2c and 2d. The
continuum model predictions match the DEM simulation
data accurately for both low and high compositions of
large particles in the mixture.

Next, we validate the continuum model by comparing
its predictions with the DEM data for two distinct initial
configurations. The mixture considered is a 50% ↔ 50%
binary mixture flowing at an inclination angle of ω = 25↓

and we only report the time variation of species centre of
mass (ycom). Figure 3a shows the evolution of ycom start-
ing from a position of well-mixed case. The initial values
of ycom are identical for both species at t = 0. With time,
the position of center of mass (ycom) of the large (blue)
particles increases, while that of the small (green) parti-
cles decreases. Similarly, figure 3b shows the evolution of
ycom for the initially segregated state with large particles
occupying at the top half. In this case, only diffusive mix-
ing occurs at the interface, causing a slight change in ycom

with time.
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Figure 3. Time variation of ycom for 50% ↔ 50% mixture of size
ratio r = 1.25 starting to flow from (a) well-mixed case, and (b)
small near base.

The steady state values of ycom for both large and small
particles in figures 3a and 3b are the same as those ob-
served in the LNB case (shown in figure 1b). Thus, al-
though the extent of segregation at steady state remains
unchanged for initial configurations, the time required to
reach steady state and the evolution of segregation are sig-
nificantly influenced by the initial configuration. Again,
the continuum model accurately captures the segregation
dynamics, with its predictions (solid lines) closely match-
ing the DEM data (symbols) for all different initial config-
urations.
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Figure 4. Time variation of ycom for 50%↔ 50% mixture for size
ratios (a) r = 1.5, and (b) r = 2.0 starting from large near base
initial configuration.

We next report the results for larger size ratios r = 1.5
and 2.0, shown in figures 4a and 4b, respectively. The
continuum model does not capture the evolution of ycom
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regation dynamics, we performed simulations for two dif-
ferent case of completely segregated mixtures: large near
base (LNB) where all the large particles are concentrated
near the base, and small near base (SNB) where all the
small particles are concentrated near the base case. We
also simulate a well-mixed initial configuration of parti-
cles as well. In this work, we report results for three dif-
ferent size ratios of r = 1.25, r = 1.5 and r = 2 flowing at
an inclination angle ω = 25o.

3 Continuum approach

Following the previous studies [7], we use the advection-
diffusion equation with explicit segregation term to model
segregating granular flows. The volume concentration fi

of i
th species in flowing binary granular mixture is ob-

tained by solving the following equation using the local
mixture velocity field (v).

ε fi

εt
+ ↘ · (v fi) + ↘ · (JS

i
) + ↘ · (JD

i
) = 0. (1)

JS

i
and JD

i
are segregation and diffusion fluxes of the i

th

species, respectively. For the periodic boundary condition
in x and z↔ directions and no net flow in y↔ direction,
equation 1 reduces to

ε fi

εt
= ↔ ε
εy

(J
S

i
+ J

D

i
). (2)

The segregation and diffusion fluxes are given as J
S

i
=

fiv
seg
i

, and J
D

i
= ↔D

ε fi

εy
, D being the diffusion coeffi-

cient. As observed in previous studies [1, 17], we also
find the linear variation of diffusivity (D) with the shear
rate (ϑ̇) along with a dependence of the local volume av-
erage diameter dmix = d[r fL + (1 ↔ fL)]. Hence, we use
D = bϑ̇d2

mix
in our model with b as diffusivity parameter

proposed in [17]. We use the particle force-based segre-
gation model [1] to obtain the segregation velocity expres-
sion of the large species in a binary mixture as

v
seg
L
=

mLgcosω

cϖϱdL

ς0(1 ↔ fL)(1 + k fL), (3)

where, mL and dL are the mass and diameter of the large
particles in the mixture, respectively. c is Stokes drag co-
efficient that seems to depend on the packing fraction [18].
ς0 and k are model parameters and fL is the local concen-
tration of large particles. We use k = r (i.e., size ratio)
along with ς0 which corresponds to the ratio of net upward
force to the weight of the particle, as given in [1]. The ef-
fective mixture viscosity (ϱ = |φyx|/ϑ̇) is the ratio of shear
stress (|φyx|) to shear rate (ϑ̇). By substituting the segrega-
tion velocity of large species in equation 2, we obtain the
segregation-diffusion equation for the large species as

ε fL

εt
= ↔ ε
εy

(
mLgcosωϑ̇

cϖ|φyx|dL

ς0(1 ↔ fL)(1 + k fL) ↔ bϑ̇d2
mix

ε fL

εy

)
.

(4)
Solving the equation 4 requires the knowledge of shear

stress (|φyx|) and shear rate (ϑ̇). To obtain these at every
time step, we need to solve time-dependent momentum

balance equations. However, our DEM simulation data
show that the time taken for evolution of segregation is
nearly an order of magnitude larger than that for velocity.
In other words, the rheological time scale is very small
compared to the segregation time scale, and hence, we use
the quasi-steady state momentum balance equations to ob-
tain φyx and ϑ̇ and ignore the evolution time for velocity to
solve the time-dependent segregation-diffusion equation 2.

Simplified momentum balance equations for steady
fully developed flow over an inclined plane at an inclina-
tion angle ω in x and y↔ directions are given as

φyx(y) = ↔↼↽pg sin ω(H ↔ y), (5)

P(y) = ↼↽pg cos ω(H ↔ y), (6)

where ↽p is the particle density, ↼ denotes local packing
fraction, which is assumed to remain constant both in time
and space, with a value of ↼ = 0.58. Dense flow rheology
dictates that the pressure and shear stress relate to each
other through an inertial number dependent effective fric-
tion coefficient, expressed as µ(Imix) = |φyx |

P
which equals

to tan ω using equations 5 and 6. Further, we compute the
inertial number by rearranging the empirical form of µ(I)
given by [19] as

Imix = Io

µ(Imix) ↔ µs

µm ↔ µ(Imix)
. (7)

Here, Io, µs, µm are the rheological parameters, and the val-
ues for these parameters are same as given by [16]. Next,
we calculate the shear rate ϑ̇ using the dimensionless iner-
tial number Imix expression, ϑ̇(y) = Imixdmix/

√
P/↽

P
. After

substituting ϑ̇ and |φyx| (using equation 5), we solve equa-
tion 4 to obtain the concentration of large species using the
MATLAB pdepe solver. The required initial and boundary
conditions are given as follows:

fL(y, 0) = fL,ini(y),

J
S

L
(0, t) + J

D

L
(0, t) = 0,

J
S

L
(h, t) + J

D

L
(h, t) = 0. (8)

Here, the initial concentration profile of the i
th species,

fL,ini(y), is equal to the total composition of that species
in the mixture ( f

T

L
) in case of well-mixed initial configu-

ration. For a near complete segregated mixture, fL,ini(y) is
represented by a step function.

4 Results and discussion

In this section, we report the comparison of continuum
model predictions of the transient evolution of species
concentration with the DEM simulation data. The re-
sults are reported in non-dimensional form, where both y
and ycom are scaled by the small particle diameter d and
time t is scaled by

√
d/g. Figure 1 shows the results for

50%↔ 50% binary mixture (size ratio r = 1.25) flowing at
an inclination angle of ω = 25o. The flow begins from
a large near base (LNB) configuration (snapshot shown
in figure 1b -inset). Figure 1a shows the instantaneous
concentration profiles of large species at different times.
Initially, the large particles are concentrated near the base
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Figure 1. (a) Instantaneous concentration profiles of large
species in an equal composition binary mixture having size ratio
(r = 1.25) flowing at inclination angle ω = 25o. (b) Time vari-
ation of centre of masses (ycom) for both large (blue) and small
(green) species.

(LNB case), and as the flow evolves, they gradually move
toward the free surface, while the smaller particles move
towards the base. Large particles are observed in the top
layer at the steady state with clear dominance of small
particles near the bottom. The model predictions (lines)
match with the corresponding DEM data (symbols of the
same color) except near the free surface and the base due
to the lower values of the solids fraction in these regions.
The centre of mass (ycom) of large and small species for
this case is shown in figure 1b. ycom of the large particles
(blue) increases over time, while that of the small particles
(green) decreases. Solid lines (model predictions) closely
match symbols (DEM data) indicating that the continuum
model predicts the temporal evolution of segregation dy-
namics reasonably well.
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Figure 2. Instantaneous concentration profiles of large species
( fL) in binary mixture with size ratio r = 1.25 for two different
mixture compositions: (a) f

T

L
= 0.25, and (b) f

T

L
= 0.75. The

corresponding time variation of ycom shown in (c), and (d) re-
spectively.

Next, we report the effect of mixture composition on
the segregation dynamics of binary size mixtures. Fig-
ure 2 shows the results for two different mixture compo-
sitions for size ratio r = 1.25 at inclination ω = 25↓. As
in figure 1a, flow starts from large near base configura-
tion. Figure 2a shows the instantaneous concentration pro-
files of large species for a mixture rich in small particles

( f
T

L
= 0.25) at different times. Similarly, figure 2b shows

the instantaneous concentration profiles of large species in
mixture rich in large particles ( f

T

L
= 0.75). The corre-

sponding ycom data are shown in figures 2c and 2d. The
continuum model predictions match the DEM simulation
data accurately for both low and high compositions of
large particles in the mixture.

Next, we validate the continuum model by comparing
its predictions with the DEM data for two distinct initial
configurations. The mixture considered is a 50% ↔ 50%
binary mixture flowing at an inclination angle of ω = 25↓

and we only report the time variation of species centre of
mass (ycom). Figure 3a shows the evolution of ycom start-
ing from a position of well-mixed case. The initial values
of ycom are identical for both species at t = 0. With time,
the position of center of mass (ycom) of the large (blue)
particles increases, while that of the small (green) parti-
cles decreases. Similarly, figure 3b shows the evolution of
ycom for the initially segregated state with large particles
occupying at the top half. In this case, only diffusive mix-
ing occurs at the interface, causing a slight change in ycom

with time.
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Figure 3. Time variation of ycom for 50% ↔ 50% mixture of size
ratio r = 1.25 starting to flow from (a) well-mixed case, and (b)
small near base.

The steady state values of ycom for both large and small
particles in figures 3a and 3b are the same as those ob-
served in the LNB case (shown in figure 1b). Thus, al-
though the extent of segregation at steady state remains
unchanged for initial configurations, the time required to
reach steady state and the evolution of segregation are sig-
nificantly influenced by the initial configuration. Again,
the continuum model accurately captures the segregation
dynamics, with its predictions (solid lines) closely match-
ing the DEM data (symbols) for all different initial config-
urations.
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Figure 4. Time variation of ycom for 50%↔ 50% mixture for size
ratios (a) r = 1.5, and (b) r = 2.0 starting from large near base
initial configuration.

We next report the results for larger size ratios r = 1.5
and 2.0, shown in figures 4a and 4b, respectively. The
continuum model does not capture the evolution of ycom
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for these larger size ratios. This is due to the fact that the
continuum model assumes that the rheological time scale
is much shorter than the segregation time scale. Increase in
size ratio leads to faster segregation (and hence decreased
segregation time scale), making the assumption less accu-
rate for larger size ratios. Since the steady state segrega-
tion is accurately predicted using this model, we conclude
that the accounting of the velocity evolution with time is
critical for these size ratios.

5 Summary

We study the size segregation of dense binary granular
mixtures of spherical particles flowing over an inclined
plane and developed a continuum model that predicts the
segregation dynamics. We utilize the particle force-based
segregation model proposed by [1] and incorporate the
steady state velocity field through the µ(I) rheological
model [19]. Our DEM simulation data reveals that the rhe-
ological time scale is significantly smaller than the segre-
gation time for the small size ratios. This simplified model
predicts the segregation dynamics in good agreement with
DEM simulation data across the bulk region of layer over
a wide range of mixture composition for three different
initial configurations considered in this study. The model
is unable to capture the segregation in the basal region
and near the free surface due to lower values of the solids
fraction in these regions. However, the continuum model
predictions differ significantly from the DEM results for
larger size ratios of 1.5 and 2, since the assumption that
the rheological time scale is much shorter than the seg-
regation time scale is more accurate for small size ratios
and becomes less accurate for larger size ratios. The ac-
counting of the velocity evolution seems to be important
for these size ratios and will be explored in future.
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