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Density-driven submerged granular flows in rotating drums
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Abstract. Granular flows and segregation phenomena play critical roles in diverse natural and industrial pro-
cesses. We investigated the dynamics of mono-dispersed and binary granular mixtures in submerged rotating
drums using combined experimental and numerical methods. Mono-dispersed granular flows demonstrate clear
transitions between rolling and cascading regimes, strongly influenced by particle density, fluid properties, and
rotation speeds; these transitions are effectively captured by a modified Froude number (Fr∗) incorporating
particle-fluid density differences. Extending this analysis to binary mixtures reveals a density-driven segrega-
tion mechanism, with the mixing index exhibiting an exponential relationship with the effective density ratio
(D). Our findings offer enhanced fundamental understanding of submerged granular flows and segregation
dynamics, providing valuable insights for both scientific exploration and engineering practices.

1 Introduction

Granular materials, composed of discrete solid particles
varying in size, shape, and density, are commonly dis-
persed in ambient fluids. Driven primarily by gravity,
such systems are prevalent in natural phenomena such as
snow avalanches, landslides, and debris flows [1]. In par-
ticular, granular segregation, the spontaneous separation
due to particle differences, significantly impacts processes
ranging from sediment transport to pharmaceutical man-
ufacturing and wood pulp engineering [2, 3]. Therefore,
accurately predicting granular flow, including segregation
behaviour under different conditions, is essential for both
scientific understanding and practical applications.

Extensive research has focused on mono-dispersed
granular flow dynamics in rotating drums, highlight-
ing significant influences from particle properties [4, 5].
Within these drums, granular flow typically develops as a
moving surface layer overlaying a relatively static, densely
packed bed [6]. Increasing rotation speed sequentially
triggers different flow regimes: sliding, surging, slump-
ing, rolling, cascading, cataracting, and centrifuging, each
characterised by unique flow dynamics and particle in-
teractions [7]. Of these regimes, the rolling and cascad-
ing states are particularly relevant, marked respectively
by steady-state particle circulation and dilute, collision-
dominated interactions [8]. To characterise these com-
plex behaviours, the dimensionless parameter, such as the
Froude number (Fr =

√
ω2R/g), captures the interplay

between gravitational, inertial, and buoyancy forces [9].
Parallel investigations into binary granular mixtures reveal
even more intricate phenomena, especially granular segre-
gation, where particles spontaneously separate due to den-
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sity differences, forming distinct "central core" structures
under dry conditions [10].

Submerged granular flows exhibit considerable com-
plexity owing to viscous interactions between particles and
ambient fluids. While granular dynamics in low-density
fluids (e.g., air) are predominantly governed by particle-
particle collisions and gravitational forces [11, 12], com-
plexities escalate significantly when particle and fluid den-
sities become comparable, leading to distinct buoyancy ef-
fects. To characterise these density-driven phenomena, the
dimensionless buoyancy parameter (∆ρ/ρs = (ρs−ρ f )/ρs)
has proven effective in differentiating submerged granu-
lar behaviours from their dry counterparts [13]. More-
over, previous studies have demonstrated the critical in-
fluence of grain-fluid density ratios in identifying distinct
flow regimes and segregation dynamics within immersed
granular media [14]. Experimental investigations of chute
flows and rotating drum configurations further underscore
the significant role that fluid properties, particle character-
istics, and rotation speed play in determining granular flow
morphologies and dynamics [15].

To gain a deeper understanding of the effects of parti-
cle density in submerged rotating drum systems, this study
uses a combined experimental and numerical approach to
systematically investigate both granular flow and segrega-
tion. By introducing and validating a modified Froude
number to characterise mono-dispersed flows, and em-
ploying a mixing index to quantify segregation efficiency
in binary mixtures, the analysis highlights critical param-
eters governing granular behaviour.

2 Methods
2.1 Experimental setup and configuration

The experiments were conducted using rotating drum se-
tups illustrated in Fig. 1(a). A cylindrical drum fabricated
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Figure 1. Experimental methods: Schematic of (a) experimental
setup and apparatus, (b) the cylindrical acrylic drum with thick-
ness W = 30 mm and radius R = 75 mm. (c) The three parti-
cle types used in studies: from left to right, polyoxymethylene
(POM, ρs = 1382 kg/m3), glass beads (ρs = 2363 kg/m3) and
stainless steel (ρs = 7803 kg/m3).

from transparent acrylic was used, shown in Fig.1(b), with
inner radius (R) of 75 mm and axial lengths of 30 mm.
The rotation was driven by motorised stages, offering pre-
cise speed control in the range of ω ∈ [5, 60] rpm, cover-
ing both rolling and cascading regimes critical for practi-
cal and scientific interests. The drum was fully immersed
in purified water (density ρw = 1000 kg/m3 and viscosity
ηw = 0.001 Pa · s).

Experiments were conducted using mono-sized spher-
ical particles, shown in Fig. 1(c), of polyoxymethylene
(POM, ρs = 1382 kg/m3), glass beads (ρs = 2363 kg/m3),
and stainless steel (ρs = 7803 kg/m3), all with a nomi-
nal diameter of 2 mm ± 3%. Two experimental configu-
rations were employed: mono-dispersed and binary mix-
tures. Mono-dispersed tests maintained a filling ratio of
approximately 25 %, while binary mixtures consisted of
equal numbers of two particle types (∼14,270 particles
each), yielding a filling ratio of 35.6 %. Particle dynamics
and flow patterns were recorded using a high-speed cam-
era, and granular velocities were extracted through Particle
Image Velocimetry (PIV) analyses [16]. Experimental re-
peatability was confirmed, with measured angles of repose
exhibiting standard deviations below 5 %.

2.2 Numerical simulations

Numerical simulations were performed using two distinct
approaches to address both mono-dispersed and binary
granular flow scenarios. For mono-dispersed granular
flows, a two-phase Eulerian CFD model coupled with the
µ(I) rheology was adopted, treating both fluid and solid
phases as continuous, interpenetrating media. The compu-
tational domain replicated the experimental drum geom-
etry, and mesh sensitivity analysis confirmed that a mesh
size of ℓ/R = 1/37.5 provided an optimal balance between
accuracy and computational efficiency.

The drag force governing fluid-particle interactions
was modeled using the Gidaspow drag formulation [17].
The apparent viscosity of the solid phase was described
by the µ(I) rheology model, expressed as µ(I) = µs +

(µd − µs)/(I0/I + 1), where I0 is an empirically determined
reference value. The friction coefficients µs and µd, rep-
resenting the static and dynamic limits, were experimen-
tally obtained by measuring the "start" and "stop" angles

in preliminary tests, with µd = tan θstart and µs = tan θstop

[18]. The inertial number, I, is defined as I = γ̇ds/
√

ps/ρs,
where γ̇ denotes the shear rate, ds is the particle diameter,
and ps is the solid pressure.

For binary granular mixtures, an unresolved CFD-
DEM model [19] was adopted, which averages fluid quan-
tities over volumes larger than individual particles. How-
ever, the limitation lies in the small-scale hydrodynamic
features near particle surfaces, such as boundary layers
and interstitial vortices, which are not resolved in this ap-
proach. The fluid phase was modelled using Eulerian-
averaged Navier–Stokes equations, while particle dynam-
ics was governed by the discrete element method (DEM)
with the Hertz contact model. The CFD mesh size was
set at twice the particle diameter (2ds), with a DEM time
step of 10−4 s and a CFD time step of 10−3 s. Simula-
tions also explored a range of fluid and particle densities
by varying the fluid density ρ f ∈ [0.2ρw, ρw] and particle
density ρs ∈ [1.400ρw, 9.743ρw]. In addition, the lubri-
cation forces are not considered, as their effect is negligi-
ble when the dimensionless ratio I/J =

√
ρsPs · ds/η f is

large, where Ps represents the confining pressure. In our
system, I/J ≈ 5, 000 even at the lowest ω = 5rpm, indi-
cating lubrication dissipation is minimal [20]. The segre-
gation between binary mixtures is quantified by the Lacey
mixing index M = (σ2 − σ2

0)/(σ2
m − σ2

0) ∈ [0, 1], with
σ2 =

∑N
i=1(ϕi − ϕm)2/(N − 1). Here, N denotes the to-

tal number of equal-sized cells that collectively contain all
grains. The local concentration of tracer grains in the i-th
cell is ϕi, and ϕm represents the mean concentration over
all cells. The theoretical maximum variance is given by
σ2

0 = ϕm · (1 − ϕm), while the minimum variance corre-
sponding to σ2

m = σ
2
0/n, where n is the number of grains

in each cell [21].
To quantify the agreement between numerical and ex-

perimental results, the standard deviation of the error, σe,
was calculated. For mono-dispersed cases, σe of the dy-
namic angle of repose is 2.3%, while for binary mixtures,
σe of the mixing index remains under 3%. These results
confirm the reliability of the simulation framework.

3 Results

3.1 Flow patterns and shear rate

In the mono-dispersed granular flow, as illustrated in Fig.
2, the flow regimes are classified based on surface mor-
phology. The lighter particles (POM) exhibit cascading
behaviour (S-shaped surface) across the entire range of an-
gular velocities (ω = 5–20 rpm). In contrast, the heavier
particles (glass beads and stainless steel) maintain rolling
behaviour (flat surface) at ω = 5 rpm before transitioning
to cascading at higher angular velocities (ω ≥ 10 rpm).
Increasing ω also results in elevated shear rates, as higher
rotational speeds inject greater kinetic energy, intensify-
ing particle interactions. Moreover, particle density sig-
nificantly influences shear rate magnitudes, with heavier
particles exhibiting higher shear rates due to enhanced in-
ertial and gravitational effects.

Figure 2. Shear rate distributions in submerged mono-dispersed
granular systems for (left to right) POM particles, glass beads,
and stainless steel particles, showing comparison between exper-
imental measurements and numerical simulations. Dashed lines
delineate rolling and cascading flow regimes. The granular flow
surface is indicated by red dashed lines, while black solid lines
mark the flow region interface.

Figure 3. Correlation between the flowing surface profile and the
modified Froude number (Fr∗) based on experimental data, with
the normalised dynamic angle of repose expressed as θm/θave,
where θave = tan−1[(µs + µd)/2], and the Stokes number defined
as S t = d1.5

√
∆ρgρs/(18η f ).

3.2 Dynamic angle of repose

The dynamic angle of repose (θm), defined as the max-
imum inclination angle of the granular free surface at
steady state, increased with rotational speed (ω) and fluid
density. To systematically quantify the combined influ-
ences of inertial and buoyancy forces, a modified Froude
number was introduced as Fr∗ =

√
ρsω2R/g(ρs − ρ f ).

It shares dimensional similarities with the inverse of the
Euler number Eu−1 = ρ f U2/∆p, a parameter commonly
used to characterise energy losses in internal flows, where
U is the characteristic velocity of the flow and ∆p rep-
resents the pressure drop. In addition, Fr∗ incorporates
the dimensionless buoyancy-corrected parameter ∆ρ/ρs =

(ρs − ρ f )/ρs, valid for ρs > ρ f , and reduces to the tra-
ditional Froude number Fr =

√
(ω2R/g) in the dry limit

as ρ f /ρs → 0, which is analogous to buoyancy-corrected
inertial numbers proposed for submerged granular heap
flows, where particle dynamics are governed by their ap-
parent weight [14]. As shown in Fig. 3, Fr∗ is univer-
sally correlated with the observed variations in θm across
different particle and fluid properties. Additionally, to ac-
count for frictional variations, θm was normalised by an
averaged friction angle, θave = tan−1[(µs + µd)/2], repre-
senting both static and dynamic friction characteristics of
the particles.The inset of Fig. 3 shows that the normalised
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Figure 4. Predicted pressure distributions under submerged con-
ditions for different materials at varying rotation speeds: (a) pore
fluid pressure and (b) solid pressure.

dynamic angle θm/θave increases with Fr∗(1 + 1/S t) both
dry and submerged flows. The scaling, proposed by the
previous study [9], was shown to unify results across grain
types and drum geometries in dry systems. Our findings
confirm this trend in dry flows, but the scaling diminishes
when fluid effects become significant.

3.3 Pressure distribution

Numerical simulations provide detailed measurements of
solid pressure (ps) and pore fluid pressure (p f ) distribu-
tions in submerged granular flows, which are obtained af-
ter the granular system reaches steady state and are spa-
tially averaged over time. As shown in Fig. 4, both ps and
p f increased with particle density, while ω had a limited
effect at medium and high densities. In addition, p f was
significantly higher than ps, indicating the dominant influ-
ence of pore fluid pressure in submerged granular flows.

3.4 Granular segregation in binary mixtures

Extending from mono-dispersed granular flow to binary
mixtures, granular segregation phenomena were system-
atically examined through the mixing index (M) and the
effective density ratio (D). The relationship between seg-
regation efficiency and D is illustrated in Fig. 5(a). Re-
sults indicate that M decreases exponentially with increas-
ing D, following the relation M = (1 − c)eb(D−1) + c,
where fitting parameters b < 0 and 0 < c < 1. In the
case where ρh = ρl, the mixture becomes mono-disperse,
yielding (D,M) = (1, 1). Conversely, as the density of
the light particles approaches that of the surrounding fluid
(ρl → ρ f ), the buoyancy force becomes dominant, leading
to an infinite effective density ratio and a fully segregated
state where M → c. The parameter c thus characterises the
maximum segregation achievable under the given system
conditions, which could be governed by the drum geome-
try, rotation speed, and filling state. Furthermore, param-
eters b and c evolve distinctly with the global Reynolds
number (Re = ρ fωRdp/η f ), where c exhibits a logarith-
mic linearity, while b displays a bilinear behaviour, sug-
gesting a regime transition from viscous to inertial domi-
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Figure 1. Experimental methods: Schematic of (a) experimental
setup and apparatus, (b) the cylindrical acrylic drum with thick-
ness W = 30 mm and radius R = 75 mm. (c) The three parti-
cle types used in studies: from left to right, polyoxymethylene
(POM, ρs = 1382 kg/m3), glass beads (ρs = 2363 kg/m3) and
stainless steel (ρs = 7803 kg/m3).

from transparent acrylic was used, shown in Fig.1(b), with
inner radius (R) of 75 mm and axial lengths of 30 mm.
The rotation was driven by motorised stages, offering pre-
cise speed control in the range of ω ∈ [5, 60] rpm, cover-
ing both rolling and cascading regimes critical for practi-
cal and scientific interests. The drum was fully immersed
in purified water (density ρw = 1000 kg/m3 and viscosity
ηw = 0.001 Pa · s).

Experiments were conducted using mono-sized spher-
ical particles, shown in Fig. 1(c), of polyoxymethylene
(POM, ρs = 1382 kg/m3), glass beads (ρs = 2363 kg/m3),
and stainless steel (ρs = 7803 kg/m3), all with a nomi-
nal diameter of 2 mm ± 3%. Two experimental configu-
rations were employed: mono-dispersed and binary mix-
tures. Mono-dispersed tests maintained a filling ratio of
approximately 25 %, while binary mixtures consisted of
equal numbers of two particle types (∼14,270 particles
each), yielding a filling ratio of 35.6 %. Particle dynamics
and flow patterns were recorded using a high-speed cam-
era, and granular velocities were extracted through Particle
Image Velocimetry (PIV) analyses [16]. Experimental re-
peatability was confirmed, with measured angles of repose
exhibiting standard deviations below 5 %.

2.2 Numerical simulations

Numerical simulations were performed using two distinct
approaches to address both mono-dispersed and binary
granular flow scenarios. For mono-dispersed granular
flows, a two-phase Eulerian CFD model coupled with the
µ(I) rheology was adopted, treating both fluid and solid
phases as continuous, interpenetrating media. The compu-
tational domain replicated the experimental drum geom-
etry, and mesh sensitivity analysis confirmed that a mesh
size of ℓ/R = 1/37.5 provided an optimal balance between
accuracy and computational efficiency.

The drag force governing fluid-particle interactions
was modeled using the Gidaspow drag formulation [17].
The apparent viscosity of the solid phase was described
by the µ(I) rheology model, expressed as µ(I) = µs +

(µd − µs)/(I0/I + 1), where I0 is an empirically determined
reference value. The friction coefficients µs and µd, rep-
resenting the static and dynamic limits, were experimen-
tally obtained by measuring the "start" and "stop" angles

in preliminary tests, with µd = tan θstart and µs = tan θstop

[18]. The inertial number, I, is defined as I = γ̇ds/
√

ps/ρs,
where γ̇ denotes the shear rate, ds is the particle diameter,
and ps is the solid pressure.

For binary granular mixtures, an unresolved CFD-
DEM model [19] was adopted, which averages fluid quan-
tities over volumes larger than individual particles. How-
ever, the limitation lies in the small-scale hydrodynamic
features near particle surfaces, such as boundary layers
and interstitial vortices, which are not resolved in this ap-
proach. The fluid phase was modelled using Eulerian-
averaged Navier–Stokes equations, while particle dynam-
ics was governed by the discrete element method (DEM)
with the Hertz contact model. The CFD mesh size was
set at twice the particle diameter (2ds), with a DEM time
step of 10−4 s and a CFD time step of 10−3 s. Simula-
tions also explored a range of fluid and particle densities
by varying the fluid density ρ f ∈ [0.2ρw, ρw] and particle
density ρs ∈ [1.400ρw, 9.743ρw]. In addition, the lubri-
cation forces are not considered, as their effect is negligi-
ble when the dimensionless ratio I/J =

√
ρsPs · ds/η f is

large, where Ps represents the confining pressure. In our
system, I/J ≈ 5, 000 even at the lowest ω = 5rpm, indi-
cating lubrication dissipation is minimal [20]. The segre-
gation between binary mixtures is quantified by the Lacey
mixing index M = (σ2 − σ2

0)/(σ2
m − σ2

0) ∈ [0, 1], with
σ2 =

∑N
i=1(ϕi − ϕm)2/(N − 1). Here, N denotes the to-

tal number of equal-sized cells that collectively contain all
grains. The local concentration of tracer grains in the i-th
cell is ϕi, and ϕm represents the mean concentration over
all cells. The theoretical maximum variance is given by
σ2

0 = ϕm · (1 − ϕm), while the minimum variance corre-
sponding to σ2

m = σ
2
0/n, where n is the number of grains

in each cell [21].
To quantify the agreement between numerical and ex-

perimental results, the standard deviation of the error, σe,
was calculated. For mono-dispersed cases, σe of the dy-
namic angle of repose is 2.3%, while for binary mixtures,
σe of the mixing index remains under 3%. These results
confirm the reliability of the simulation framework.

3 Results

3.1 Flow patterns and shear rate

In the mono-dispersed granular flow, as illustrated in Fig.
2, the flow regimes are classified based on surface mor-
phology. The lighter particles (POM) exhibit cascading
behaviour (S-shaped surface) across the entire range of an-
gular velocities (ω = 5–20 rpm). In contrast, the heavier
particles (glass beads and stainless steel) maintain rolling
behaviour (flat surface) at ω = 5 rpm before transitioning
to cascading at higher angular velocities (ω ≥ 10 rpm).
Increasing ω also results in elevated shear rates, as higher
rotational speeds inject greater kinetic energy, intensify-
ing particle interactions. Moreover, particle density sig-
nificantly influences shear rate magnitudes, with heavier
particles exhibiting higher shear rates due to enhanced in-
ertial and gravitational effects.

Figure 2. Shear rate distributions in submerged mono-dispersed
granular systems for (left to right) POM particles, glass beads,
and stainless steel particles, showing comparison between exper-
imental measurements and numerical simulations. Dashed lines
delineate rolling and cascading flow regimes. The granular flow
surface is indicated by red dashed lines, while black solid lines
mark the flow region interface.

Figure 3. Correlation between the flowing surface profile and the
modified Froude number (Fr∗) based on experimental data, with
the normalised dynamic angle of repose expressed as θm/θave,
where θave = tan−1[(µs + µd)/2], and the Stokes number defined
as S t = d1.5

√
∆ρgρs/(18η f ).

3.2 Dynamic angle of repose

The dynamic angle of repose (θm), defined as the max-
imum inclination angle of the granular free surface at
steady state, increased with rotational speed (ω) and fluid
density. To systematically quantify the combined influ-
ences of inertial and buoyancy forces, a modified Froude
number was introduced as Fr∗ =

√
ρsω2R/g(ρs − ρ f ).

It shares dimensional similarities with the inverse of the
Euler number Eu−1 = ρ f U2/∆p, a parameter commonly
used to characterise energy losses in internal flows, where
U is the characteristic velocity of the flow and ∆p rep-
resents the pressure drop. In addition, Fr∗ incorporates
the dimensionless buoyancy-corrected parameter ∆ρ/ρs =

(ρs − ρ f )/ρs, valid for ρs > ρ f , and reduces to the tra-
ditional Froude number Fr =

√
(ω2R/g) in the dry limit

as ρ f /ρs → 0, which is analogous to buoyancy-corrected
inertial numbers proposed for submerged granular heap
flows, where particle dynamics are governed by their ap-
parent weight [14]. As shown in Fig. 3, Fr∗ is univer-
sally correlated with the observed variations in θm across
different particle and fluid properties. Additionally, to ac-
count for frictional variations, θm was normalised by an
averaged friction angle, θave = tan−1[(µs + µd)/2], repre-
senting both static and dynamic friction characteristics of
the particles.The inset of Fig. 3 shows that the normalised
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Figure 4. Predicted pressure distributions under submerged con-
ditions for different materials at varying rotation speeds: (a) pore
fluid pressure and (b) solid pressure.

dynamic angle θm/θave increases with Fr∗(1 + 1/S t) both
dry and submerged flows. The scaling, proposed by the
previous study [9], was shown to unify results across grain
types and drum geometries in dry systems. Our findings
confirm this trend in dry flows, but the scaling diminishes
when fluid effects become significant.

3.3 Pressure distribution

Numerical simulations provide detailed measurements of
solid pressure (ps) and pore fluid pressure (p f ) distribu-
tions in submerged granular flows, which are obtained af-
ter the granular system reaches steady state and are spa-
tially averaged over time. As shown in Fig. 4, both ps and
p f increased with particle density, while ω had a limited
effect at medium and high densities. In addition, p f was
significantly higher than ps, indicating the dominant influ-
ence of pore fluid pressure in submerged granular flows.

3.4 Granular segregation in binary mixtures

Extending from mono-dispersed granular flow to binary
mixtures, granular segregation phenomena were system-
atically examined through the mixing index (M) and the
effective density ratio (D). The relationship between seg-
regation efficiency and D is illustrated in Fig. 5(a). Re-
sults indicate that M decreases exponentially with increas-
ing D, following the relation M = (1 − c)eb(D−1) + c,
where fitting parameters b < 0 and 0 < c < 1. In the
case where ρh = ρl, the mixture becomes mono-disperse,
yielding (D,M) = (1, 1). Conversely, as the density of
the light particles approaches that of the surrounding fluid
(ρl → ρ f ), the buoyancy force becomes dominant, leading
to an infinite effective density ratio and a fully segregated
state where M → c. The parameter c thus characterises the
maximum segregation achievable under the given system
conditions, which could be governed by the drum geome-
try, rotation speed, and filling state. Furthermore, param-
eters b and c evolve distinctly with the global Reynolds
number (Re = ρ fωRdp/η f ), where c exhibits a logarith-
mic linearity, while b displays a bilinear behaviour, sug-
gesting a regime transition from viscous to inertial domi-
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Figure 5. (a) Mixing index M as a function for the effective
density ratio D at ω = 5 rpm. Dashed lines indicate the fitted
functions, and the hollow pentagram denotes (D,M) = (1, 1).
The inset illustrates the parameters, b and c vs. Re. (b) The
contact number ratio, z, plotted against D at ω = 5 rpm. The
upper hollow pentagram is for (D, z) = (1, 1), while the bottom
hollow pentagram is for (D, z) = (1, 0). The inset is for z versus
D for various rotating speeds.

nance. In submerged binary mixtures, segregation arises
not only from gravitational settling but also from fluid-
mediated forces. The heavy particle cluster experiences a
net force from buoyancy and drag aligned with the flow,
shifting it in the direction of drum rotation. As ω in-
creases, the enhanced drag facilitates the outward migra-
tion of heavy grains. At the highD regime, light particles
behave similarly to the fluid, allowing heavy particles to
decouple and segregate more effectively.

Further insights from particle-scale simulations (Fig.
5(b)) reveal the proportion of three contact types—heavy-
heavy (zh), light-light (zl), and different particle contacts
(zd). All three types follow exponential trends with vary-
ing D, mirroring the behaviour of M. At D = 1, the sys-
tem exhibits ideal mixing with zd = 1 and zh = zl = 0.
Increasing D promotes segregation, raising zh and zl but
diminishing zd. Additionally, higher ω expand the contact
interface between segregated heavy clusters and surround-
ing lighter particles, increasing zd while correspondingly
decreasing zh and zl.

4 Conclusion

This study investigates the flow dynamics and segregation
behaviours of mono-dispersed and binary granular mate-
rials in submerged rotating drums through integrated ex-
perimental and numerical analyses. Results demonstrate
a clear transition in granular flow regimes from rolling to
cascading with effects of both particle density and rotat-
ing speed. A modified Froude number (Fr∗), incorporat-
ing particle-fluid density differences, captures these flow
regime transitions and correlates with dynamic angles of
repose across various particle properties and fluid condi-
tions. Numerical simulations also highlight that pore fluid
pressures dominate significantly over solid pressures un-
der submerged conditions. In the binary mixtures, a new
dimensionless number,D, is introduced to link grain-fluid
properties directly to the macroscopic mixing index, M.

Furthermore, we propose a new predictive model for M in
density-driven segregation systems, capable of character-
ising the evolution of segregation from a well-mixed to a
nearly segregated state. Collectively, these findings pro-
vide fundamental insights into submerged granular flows,
offering practical implications for optimising industrial
material handling and processing and improving our un-
derstanding of fluid-mediated granular mechanics.
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