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ABSTRACT

Partially saturated granular flows are common in various natural and industrial processes, such as landslides, mineral handling, and food
processing. We conduct experiments and apply the discrete element method to study granular flows in rotating drums under partially
saturated conditions. We focus on varying the strength of cohesion (surface tension) and rotation rate within the modes of rolling flow and
cascading flow. With an increase in surface tension, a rolling mode can possess a steeper slope and correspondingly needs a higher rotation
rate to transition to a cascading. The depth of the flowing region increases with increasing cohesion, while the sensitivity is reduced for cases
of high cohesion. We propose a dimensionless number CE that captures the combined effects of rotation, gravity, and cohesion on the
dynamic angle of repose and flow depth. In addition, we extract statistical information on the formation of clusters within the flow. We find
a power law relation between the cluster size distribution and its probability, which indicates that stronger cohesion can promote the
formation of larger clusters, and we discuss how cohesion impact on flows manifested by cluster formation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166241

I. INTRODUCTION

Granular materials are prevalent in all domains of human activ-
ity, from natural sands to industrial and mining operations.1 When
disturbed, these materials can transition from behaving as a solid to
flowing like a liquid. The rheological properties of this flowing material
have been studied under various conditions.2–6 Individual grains in
these flows can be characterized by properties, such as their size, shape,
and mass. A granular flow, when described as a continuum, can alter-
natively be described by fields, such as the density (or solid fraction),
pressure, and strain rate. To determine the relationships between the
individual particle properties and their continuum equivalents, many
apparatus and simulations with different geometries have been studied
for granular media with and without the presence of inter-particle
cohesion.2–4,7–14 However, there is still a lack of comprehensive under-
standing of the flow behavior of cohesive granular materials.

A granular surface flow can occur due to the presence of gravity
and a difference in height. A surface flow is characterized by a flowing
layer of grains at the surface, with stationary grains underneath.
Surface particles flowing along steeper slopes tend to possess higher
velocities.15 For slightly cohesive particles under the same conditions,

surface particle velocity is observed to be reduced.14 With the increase
in cohesion, the surface flow can transition to a plug flow, where a
plug region can be found overlying a shear band.7,10,16 The stratifica-
tion of the flow region can be viewed as a transition from a collisional
flow to a viscoplastic regime.10,17,18 A viscoplastic flow can be charac-
terized as a shear rate sensitive regime that shear resistance can rise
corresponding to the tendency of an increasing shear rate, while the
shearing strength is less affected by a varying shear rate in a collisional
flow regime. Therefore, the critical conditions between these two
regimes can be reflected in the change in along-depth velocity and
strain rate profiles, and flow layer depth. The variation of the flowing
layer depth, i.e., the distance between the flow surface and the flow-
solid interface, may indicate the dissipation of the amount of gravita-
tional energy that was previously stored by particles flowing on the
top.14,19

Since characteristic particle size plays a crucial role in affecting
various aspects of granular flow, including inter-particle friction, pack-
ing and porosity, permeability and seepage, segregation and mix-
ing,20–23 a description of the cluster formation can be critical.11,15,24 It
is particularly useful to understand the flow mechanism of cohesive
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particles.3,7,15,18,25 Bonamy et al.26 studied cluster formation in cohe-
sionless particle surface flows based on velocity fluctuations, where a
negative power law relation was identified between the cluster size
(quantified by the number of particles within a cluster) and their corre-
sponding probabilities. Cao et al.25 demonstrated that the inter-cluster
plastic rearrangement between unstable tetrahedral clusters plays an
essential role in the plasticity of sheared granular materials. Zou et al.27

presented how the particle shape (aspect ratio) can contribute to
increasing the cluster formation in a dense granular flow. For cohesive
particles, a viscoplastic flow accompanied by free surfaces that possess
repetitive patterns due to the formed clusters can be observed.18 The
velocity of intra-cluster particles remains coherent, which can lead to a
relatively low local granular temperature.14 Rognon et al.7 mentioned
that clusters can play a key role in the dilation effect of cohesive granu-
lar flows.

The rotating drum has been widely used in various applications
and provides rich information on granular flow.4,5,11–14 Particles in a
rotating drum can be divided into two parts. First, a passive, “solid-
like,” region is rotated along the tube before flowing down. Second, an
active flow, “fluid-like,” region forms a surface flow. As the rotation
rate increases for a given granular medium, the flow can be character-
ized into six surface flow modes: slipping (no flow), slumping (inter-
mittent avalanches), rolling (continuous flow with a tilted flat surface),
cascading (continuous flow with a curved “S” shape surface), cataract-
ing (overturning tumbling), and centrifuging (all particles stuck to the
tube walls).28 It has been shown that the transition between these
modes depends on a variety of parameters, e.g., the rotation rate, parti-
cle shape, particle-to-drum size ratio, filling rate, wall effects, and cohe-
sion effects.14,29–33 The dimensionless Froude number (Fr) is widely
adopted to describe the mode transition,

Fr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2R=g

p
; (1)

where x is the rotation rate, R is the drum radius, and g is the gravita-
tional acceleration. The Froude number considers the competing
effects of inertia and gravity.14,31 A low Froude number typically corre-
sponds to slipping, and a Froude number greater than one represents
centrifuging. In this work, unless stated otherwise, we focus on flow
transition between rolling and cascading flow modes. Within the roll-
ing and cascading modes, the dynamic angle of repose h is a critical
parameter for characterizing the behavior of the granular flow.14,28,34,35

A relationship between Fr and the dynamic angle of repose can be
established,31,36 where an increase in Fr can drive the transition gradu-
ally from slumping to rolling and then to cascading.

For cohesive particles in a rotating drum, two additional dimen-
sionless numbers become relevant, namely, the Bond number (Bo),
which describes the relative importance of cohesion compared to the
gravitational force, and theWeber number (We), representing the ratio
of inertia to cohesion.14,29 These two dimensionless numbers are
expressed as

Bo ¼ c cos hC
qgr2p

; (2)

We ¼ qrpðxRÞ2
c cos hC

; (3)

where c is the liquid surface tension, hC is the multiphase contact
angle, q is the material density, rp is the average particle radius, and x

is the rotation rate. Within relatively high cohesion, typically, the
Bo> 1, intermittent avalanches can be observed when the rotating rate
is low.37 While under the same condition, a continuous flow can be
found for cohesionless particles.29 Within continuous flow modes, a
nonlinear correlation can be found betweenWe and the dynamic angle
of repose.14

Here, we investigate the behavior of partially saturated granu-
lar media in a rotating drum through experimentally validated sim-
ulations with the discrete element method (DEM). We focus on
quantifying and analyzing three key characteristic features: the
dynamic angle of repose (h), the flow depth (h), and the formation
of clusters, under various rotation rates (x) and surface tensions
(c). After the introduction, we first present the experimental setup
and numerical method in Sec. II. In Sec. III, we discuss the effect of
cohesion on these characteristic features to understand the rela-
tionship between cohesion energy (provided by c) and kinetic
energy (by x). We propose a dimensionless number that takes
gravity, inertia, and cohesion into account and demonstrate its
effectiveness in characterizing cohesive granular flows in a rotating
drum. Finally, we discuss the implications of our findings and con-
clude with potential research directions.

II. METHOD
A. Rotating drum setup

A photograph of the experimental apparatus is shown in Fig. 1.
The sidewalls of the rotating drum are fabricated from clear acrylic.
The drum body is 3D printed polylactic acid thermoplastic (density
1.24 g/cm3) using an Ultimaker3 3D printer. Twelve bulges are spaced
evenly around the drum to prevent slip between particles and the
drum. The bulges are cylindrical with diameter 2rp, which ensures that
their effect on the flow behavior in bulk regions is negligible.38,39 The
system is made watertight with a sealing strip between the drum and
the sidewalls. Two nonstick and transparent FEP fluoropolymer films
(with low surface energy leading to a contact angle of around 100�) are
attached to the sidewalls to prevent wet particles from sticking to
them. Glass beads with average radius rp � 1:01mm6 3% are used.
A high-speed camera shooting at a frame rate of 500 fps with
1920� 1080 pixels is used to capture the granular flow through the
transparent sidewalls. A LED ring light directed at the drum is set to
provide enough light for the camera, and a blackboard is attached to
the back of the drum to act as a homogeneous contrasting background.
At this zoom level, each particle is approximately 8� 8 pixels, which
ensures precision of the experimental results.

The filling level of the drum is expressed as Vfilled
Vcontainer

� 30%, where
a total of 376.6 g of glass beads in the experiment is used. We study
here low volumetric water content conditions, i.e., mw ¼ Vliquid=Vsolid

� 2%, where Vliquid is the volume of liquid and Vsolid is the volume of
solids. In this state, the liquid exists mainly in the form of liquid brid-
ges in the granular materials, which creates attractive inter-particle
(capillary) forces and consequently impacts the behavior of the granu-
lar medium.40–42 In this study, we consider the capillary force supplied
by the liquid bridge as the primary source of this cohesion effect, which
is the case for particles of size greater than �100lm where van der
Waals force can be neglected.40,43 In the experiment, 3.1ml of distilled
water is added to make �2% volumetric water content in the experi-
ment to ensure a pendular state, which possesses a typical surface ten-
sion�0.073N/m under a room temperature.
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A rendering of the simulation is shown in Fig. 1. We use a
drum with internal radius R ¼ 96rp and thickness T ¼ 30rp. 37 500
particles are used in the simulation to ensure the filling level
is around 30%. The detail of the DEM modeling is explained in
Sec. II B.

B. Discrete element method

The DEM has been proven to be effective in investigating granu-
lar phenomena with abundant detail.3,44–47 Here, we use the open-
source platform LIGGGHTS to simulate the granular system.48 The
particle movement in DEM is described by the computation of
Newton’s second law. The normal, tangential, and rolling inter-particle
contact laws are, respectively, described as49–51

FHertz
n ¼ kndn � bn�n; (4)

Ft ¼ ktdt � bt�t ; (5)

Mr ¼ krDhr � brx; (6)

where n, t, and r represent the normal, tangential, and rolling direc-
tions, respectively, the superscript “Hertz” represents the Hertzian con-
tact, F is the contact force, k is the contact stiffness, M is the rolling
torque, d is the overlap distance between contacting particles, Dhr is
the relative rotation angle of contacting particles, b is the coefficient of
damping, and � and x, respectively, denote the relative translational
velocity and relative angular velocity for contacting neighbors. Here, kn
is expressed as the nonlinear Heartzian law by kn ¼ 4

3E
ffiffiffiffiffiffiffiffiffiffi
R�dn

p
, where

E is the Young’s modulus and R� ¼ rirj
riþrj

is the effective radius of con-

tacting neighbors. The tangential friction force and rolling torque, Ft
and Mr, are capped to satisfy a Coulomb style criteria defined by
jFt j � lsjFtotal

n j and jMr j � lrrpF
total
n , respectively, where ls is the

coefficient of sliding friction and lr is the coefficient of rolling fric-
tion.50 Notice that ls for glass beads can vary from 0.2 to 0.65,52–56 we
select ls ¼ 0:5 in this study, a common value adopted in the
literature.52,53

The choice of the appropriate coefficient of restitution e for gran-
ular flows is an active area of research. Experiments have indicated
that greater collisional velocity corresponds to smaller e.57 For cohesive
granular flows, e can drastically decrease even at low impact veloc-
ity.58,59 Furthermore, for particle collisions submerged in surrounding
fluids with viscosity that cannot be ignored, e also decreases with the
Stokes number that reflects the ratio of particle inertia to particle vis-
cous drag.60 At lower levels of water content, the liquid is localized
near the contacts (as capillary bridges), and the dissipation mecha-
nisms include the viscous effect and the hysteretic effect from the
forming and breakup of capillary bridges.61 Thus, the choice of proper
e depends on the relative dissipation to particle inertia. Here, we adopt
a simplified approach of adopting a constant e¼ 0.9 to represent the
effective coefficient of restitution, a common approach adopted in the
literature.3,56,62 Computational stability44,47 is guaranteed by checking
the time step t ¼ 10�8s 	 ffiffiffiffiffiffiffiffiffiffiffiffiffi

m=Eds
p � 3� 10�7 s, where m denotes

the mass of the smallest particle, ds ¼ 0:95dp denotes the diameter
of the smallest particles, and particle size in this study is set uniformly
distributed as dp ¼ 26 5%. Table I lists key parameters adopted in
this study.

C. The cohesion contact law

The constitutive model of capillary force proposed by Soulie
et al.63 is described by

Fcap
n ¼ pc

ffiffiffiffiffiffi
rirj

p
cþ eðadgap=rjþbÞ� �

; (7)

where Fcap
n is the normal capillary force, ri and rj are the radius of two

neighboring particles linked by a liquid bridge with j indicating the
larger one, dgap is the distance between the surfaces of each pair of
neighboring particles, a, b, and c are coefficients deduced from the liq-
uid bridge volume (Vbri

ij ), hC, and rj, respectively.
63 Here, the liquid

film is assumed to fully cover the surface of particles, which leads to
hC ¼ 0�.64 Note the lubrication effect is considered negligible in this
study due to the adopted low water content and kinetic viscosity,

FIG. 1. The experiment and simulation setup. Left: a photo of the experimental rotating drum with a rotation rate x¼ 15 rpm under dry conditions. Right: a simulation of the
same scenario as the left experimental photo. The rotating drum has a radius R and depth T. Twelve bulges are used to avoid slipping between particles and the drum. The
drum rotates anti-clockwise. The color scale from blue to red represents an increase in particle velocity magnitude.
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which can avoid the build-up of interstitial hydrostatic pressure.34,65,66

A liquid bridge can form when the surface gap distance reaches
Dbirth ¼ ht;i þ ht;j, which takes the liquid film thickness ht;i

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V solid
i þ V liquid

i
3

q
�ri ¼ 0:007ri into consideration. The liquid

bridge rupture distance Drupture ¼ ð1þ 0:5hCÞ � ðVbri
ij Þ13 is adopted,

beyond which the liquid bridge breaks, and Fcap
n no longer exists.67

Based on the assumption mw � 2%, the liquid volume on each

particle is set as V liquid
i ¼ Vi � 2%, where Vi denotes the volume of

the particle i. The liquid bridge volume Vbri
i is calculated as 0:05

�ðV liquid
i þ V liquid

j Þ ¼ ðVi þ VjÞ � 0:1%, where the coefficient 0.05
ensures liquid volume conservation when contacting neighbors of each
particle may reach 12 (face-centered-cubic topological structure),
meaning a maximum of 60% of the effective volumetric liquid content

of one particle (V liquid
i ) forms liquid bridges. Note, the liquid weight

plays a negligible role in the dynamics of particles since the mass ratio
between liquid and particles is ql � 0:02

qp
� 2%. The particle-wall con-

tact force is assumed to be the same as the particle–particle contact,
with the wall side possessing an infinite radius to mimic a plate.30,68 A
detailed illustration and analysis of the formation and rupture of the
liquid bridges under different surface tensions can be found in our pre-
vious work.69

III. RESULTS AND DISCUSSION

In this section, we first present the result of macro-scale phenom-
ena, i.e., mode transition and dynamic angle of repose, in a parametric
study by varying x and c. Through this process, the simulation is vali-
dated. After that, characterization indices of the meso-scale phenom-
ena (flow depth) and the micro-scale phenomena (the size distribution
of cohesion-induced clusters) are extracted. We propose a new dimen-
sionless number to gain insight from these characteristic indices to dis-
cuss how cohesion affects the granular flow regime in the rotating
drum.

A. Flow mode and dynamic angle of repose

We investigate the flow regime during the mode transition
between rolling and cascading. Note the transition is evaluated through

visual observation results,5,70 and the curvature is not quantitatively
examined. Both cohesionless (dry) and cohesive (wet) conditions
under rotating speed x¼ 15, 20, and 25 rpm are used to validate the
simulation against the experiment. As shown in Fig. 2(a), comparing
each of the cohesionless and cohesive cases indicates that the addition
of cohesion results in a less curved slope (Cyan dashed lines) with
respect to the cohesionless cases (Cyan solid lines). This shows that as
x increases, the cohesive case presents a delayed transition from roll-
ing to cascading. That is, one needs a relatively higher x to enable a
rolling-cascading transition for cohesive particles than that for dry par-
ticles. An uplifted slope toe of the cohesionless condition can be used
to distinguish it from the cohesive case, which is highlighted by red
circles in Fig. 2(a). A further increase in cohesion can lead to a flat-
tened profile, which was observed in previous studies14,68,71 and will
also be presented in Sec. IIIB.

To quantitatively capture the differences in surface profiles under
different cohesion and rotation rate, the dynamic angle of repose (h) is
extracted. As illustrated in the top left inset of Fig. 2(a), a coordinate
can be constructed taking the red dot as the origin located on the sur-
face with the xlocal axis points toward the right, and an angle between
the slope and xlocal can be obtained. When the red dot moves along the
slope from the toe to the top, a variation of h can be found. Here,
unless stated otherwise, a maximum value of h, representing the steep-
est point for the free surface slope, is defined as the dynamic angle of
repose.14,35,36 Note the definition of h is the same in both experiments
and simulations. The h is plotted against the inverse ofWe in Fig. 2(b).
The hC, which can be affected by surface roughness, materials type,
and sphericity, is assumed as � 60� in the experiment based on previ-
ous studies.42,72 The relation between h and the inverse ofWe shows a
sharp increase at low cohesion cases followed by a near plateau at
high cohesion, which is consistent with previous work.14 Moreover, in
Fig. 2(b), we can see that either an increase in cohesion or rotation rate
can lead to a higher h.

Small discrepancies between simulation and experiments can be
attributed to two reasons. In simulation, the particle–wall interaction is
assumed to be identical to inter-particle contact with the wall side pos-
sessing an infinite radius to mimic a plate. However, a weaker
particle–wall interaction may cause less energy dissipation in the
experiment. Additionally, although liquid and particles are fully mixed
before filling into the drum, the difference in liquid distribution
between the experiment and simulation may cause differences in parti-
cle cluster formation, which will be discussed in Sec. IIIC.

To measure the impact of the cohesion and the rotation rate on
h, we discuss the influencing factor separately. First, we focus on the
variation of h under a cohesion-dominant condition. Nowak et al.29

examined low rotation rate in the slumping mode with intermittent
avalanches. Under this cohesion-dominant condition, the maximum
static angle of repose could be correlated with the cohesion strength
through force balance, leading to the relationship,29

maxðhstatÞ �minðhstatÞ /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
9p
2/

�1
3

 
a cos ðminðhstatÞÞcffiffiffi
6

p
tan ðminðhstatÞqgrpL

!vuut ;

(8)

where maxðhstatÞ is the maximum static angle of repose, which is not
affected by the rotating speed, minðhstatÞ is the averaged minimum
static angle of repose that can balance particles weight on a slope, / is

TABLE I. Model parameters.

Parameter Value

Young’s modulus, E (Pa) 6� 1010

Coefficient of sliding friction, ls (-) 0.5
Coefficient of rolling friction, lr (-) 0.001
Coefficient of restitution (-) 0.9
Surface tension, c (N/m) 0–0.146
Contact angle, hC (�) 0
Gravitational acceleration, g (m/s2) 9.81
Liquid dynamic viscosity, lv (Pa 
 s) 8:9� 10�4

Particle diameter, dp (mm) 2%6 5%
Particle density, q (kg/m3) 2460
Drum radius/depth, R/T (-) 48dp/15dp
Volumetric liquid content, mw (-) 2%
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the solid packing fraction, a is a constant coefficient, rp is the particle
radius, and L is a constant representing a characteristic system size.
This equation describes a linear relationship between the maximum
static angle of repose with surface tension. Given the definition of
Bond number in Eq. (2), Eq. (8) can be further simplified to

maxðhstatÞ �minðhstatÞ / Bo1=2; (9)

implying a linear relationship between the increase in the static angle
of repose and Bo1=2. Figure 3(a) shows the linear relation between
Bo1=2 and h with different rotation rates.

At higher relative rotation rates, when inertial effects become
dominant, it has been observed that the flow becomes continuous, and
the Fr can be adopted to evaluate the dynamic angle of repose,14 which
can be expressed as

h� hfit / Fr; (10)

where hfit � 22� is a fitting parameter.14 Here, Eq. (10) also indicates a
linear relation between the increase in dynamic angle of repose and Fr,
which can be seen in Fig. 3(b).

It can be seen that Eqs. (8) and (10) independently take the effects
of cohesion and inertia on h into account, respectively. Whereas in the
current system, both cohesion and inertia effects are considered, as
such, it is expected that both Fr and Bo should impact the resulting h.

To take both the cohesion and inertial effects into account, based
on Eqs. (8) and (10), we define a new non-dimensional parameter CE

as

CE ¼ Bo1=2 þ k 
 Fr; (11)

where C stands for “Combination” and E represents “Effects of rota-
tion, gravity, and cohesion.” Then, assuming a linear relationship

based on the observation from Figs. 3(a) and 3(b), the angle of repose
can be quantitatively estimated by

hpred ¼ h1 
 CE þ h2; (12)

where h1, k, and h2 are fitted to be 6.47�, 12.25�, and 28.29�, respec-
tively, with a goodness of fitting R2 � 0:98. Using Eqs. (11) and (12),
we can see h agrees well with hpred in Fig. 3(c). Note the slight modifi-
cation of Eqs. (8) and (10) when they are combined to form CE. In Eq.
(8), minðhstatÞ � 23:8� is a theoretical parameter that is independent
of systems.29 As a result, h1 and k represent the sensitivity of h on
Bo1=2 and Fr, respectively, and combined with h2 (a system-dependent
fitting coefficient), they can be looked as the reformatted fitting coeffi-
cient for capturing both minðhstatÞ and hfit.

B. Flow depth

Underneath the surface, the particle assemblies can be divided
into flow and solid regions based on the index that depicts the local
flow (deformation) with respect to time, i.e., shear strain rate _es. Here,

_es is expressed as _es ¼ 1
2 ð@vx@y þ

@vy
@x Þ, where vx and vy are time-series

averaged local velocities (mapped in mesh grids with a size 2dp) along
the x and y axes, and @ is the differential operator. The shear strain
rate for varying cohesion and rotation rate are shown as a phase dia-
gram in Fig. 4. A critical value _es;cri ¼ 10 x is applied to indicate the
flow-solid interface, which is shown as black solid lines in the render-
ing of all cases in Fig. 4.

Within the flow region, a relatively high _es area in the lower part
of the slope can be observed when cohesion is not dominant. As a
comparison, a relatively high cohesion tends to split the flow region
into a plug zone overlying a shear band7,10,18 (Fig. 4, We¼ 70).

FIG. 2. (a) Surface profiles of experiments (left lines) and simulations (right lines). Solid lines represent dry conditions, and dashed lines wet (cohesive) conditions. Insets at the
left show two photographs of the experiment under dry and wet conditions. As a comparison, the right insets show two renderings of simulations under the corresponding condi-
tions to the left insets. Note a slight difference in the filling level (volumetric particle content) between experiments (29.7%6 0.6%) and simulations (30.2%) can be the reason
that profiles less ideal intersect. Moreover, axes centers for both experiments and simulations (Sim) should be identical; however, a shift toward the left is applied to the Sim
cases to observe the profile clearly. Red circles highlight the difference in slope toes between cohesive (flattened) and dry (curved) conditions. See the detailed description of
how the dynamic angle of repose h is defined in Sec. III A. (b) The dynamic angle of repose h as a function of 1/We. Hollow markers are simulation results, and solid markers
are experimental results. w, �, and � represent x¼ 15, 20, and 25 rpm, respectively. The error bar of the experiment results is calculated from the standard deviation of five
repeating cases. The error bar of simulations is obtained as the standard deviation of more than ten h datasets recorded along every 0.25 revolution after the dynamic angle of
repose reaches a steady state.
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The variation of flow region can be attributed to the transition from a
collisional regime to a viscoplastic regime due to the increase in cohe-
sion. Within the collisional regime, particles possess relatively high
velocities [shown as the velocity profile in Figs. S1(a), S1(d), and S1(g)]

while moving along the depth since little energy can be dissipated
through collisions. The velocity profiles also show a slower decreasing
trend of velocity from the surface as the cohesion increases, which are
captured as the corresponding variation of the strain rate profile in
Figs. S1(b), S1(e), and S1(h). Additionally, the flow region is eroded by
the solid region because particles near the flow-solid interface are
trapped in the solid region, which narrows the flow region near the
toe. The combination of relatively high velocity and narrowed flow
region leads to a higher temporal deformation, i.e., high _es, near the
toe of slopes. In contrast, for the viscoplastic regime, relatively low _es
either in the plug zone or the localized shear band shows that the tem-
poral deformation of particles is constrained by the cohesion due to
the stronger energy dissipation.

FIG. 3. Variation of the dynamic angle of repose as a function of (a) Bo1=2, (b) Fr,
and (c) CE. Dashed lines in (a) and (b) are the guide for eye of linear relationships,
and in (c) indicates h ¼ hpred. Color transitions from blue to red indicate an
increase in cohesion, see Fig. 2(b).

FIG. 4. Phase diagrams of shear strain rate (_es) as a function of c and x. We is
calculated for each case. To obtain _es, local particle information, such as particle
position and velocity, is obtained using a square sampling mesh of size 2dp. The
red dashed line in each inset indicates the measured flow surface. The black solid
line is the flow-solid interface, and the black dashed line separates the flow region
into a plug zone and a shear zone, both delineated by _es;cri. The illustration in the
inset We¼ 35 shows the extraction of the flow depth h. Similar to the establishment
of the coordinate for h, here, a coordinate is established with the origin (the red dot)
located on the flow-solid interface (the black solid line). As the origin moves along
the flow-solid interface, the arrow perpendicular to the interface segment between
white dashed lines with length 10dp can be drawn to obtain the interface-surface
distance, which is the flow depth. The gray dotted line indicates the visually
observed mode transition from cascading to rolling when We � 400.
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A flow depth h can be extracted as the distance from the flow sur-
face (red dashed lines) to the interface (solid lines), as illustrated in
Fig. 4, case We¼ 35. The flow depth (h) is plotted along the x axis
shown in Fig. 5(a). The concave shape of h depicts the inhomogeneity
of the flow region observed in Fig. 4, which is an intrinsic feature of
rotating drums.3,8 The maximum flow depth hmax, as a meso-scale
index, is plotted againstWe in Fig. 4(b).

Interestingly, both cohesion and rotation rate possess a positive lin-
ear relationship with h, whereas flow depth is less affected by rotation
rate as cohesion increases. This may be attributed to that as cohesion
increases, the solid region can possess higher strength and reach a higher
peak, meaning higher gravitational potential is accumulated. Thus, when
the solid region is sheared to fail and flow down, more energy needs to
be dissipated compared to less cohesive cases. In Fig. 4, the flow region

with smaller _es due to the dominance of capillary force implies a less
intensive deformation, meaning the increased inter-particle bonds can
enhance energy dissipation in the flow region.73 Therefore, greater hmax

is observed when the Weber number is small, indicating the viscoplastic
regime (cohesion-dominated regime), and it is insensitive to inertial
effects, i.e., hmax remains similar, and x has little effect. AsWe increases,
the flow then gradually enters the collisional regime (inertia-dominated
regime), where hmax becomes less relevant to the cohesion force.

C. Cluster formation

The discrete nature of granular flow makes it complex and chal-
lenging to characterize.1,75 Clusters can form in granular flows, which
can make the energy dissipation in the flow region more complex.7,25

FIG. 5. (a) The flow depth h scanning along the x (horizontal) direction, which is illustrated in the inset (x¼ 15 rpm and c¼ 0.146 N/m) of Fig. 4. The inset shows the area in
the square for clarity. (b) The max flow depth hmax is plotted as the function of We. Color transitions from blue to red indicate an increase in cohesion, which can be referred to
Fig. 2(b). The dashed line shows a critical value of We¼ 400.

FIG. 6. Cluster formation criteria and an illustration example of clusters formed in granular flow. (a) The cluster formation criteria and illustrations. g is the angle between the
vector of fluctuation velocity (black arrows) of each pair of neighbors. Gray arrows depict the true velocity of each particle. The spring between particles represents the normal
contact force Fpairn . The DBASCAN algorithm is adopted using MATLAB toolbox, which was developed by Ester et al.74 Yellow circles indicate the formed clusters, and the
greens are single particles. (b) and (c) show two 3D perspectives of one example of cluster formation in wet granular flow. Red circles circulate four cluster locations. The red
dashed line, black dashed line, and black solid line are flow surface and _e boundaries the same as the case in Fig. 4 with x¼ 15 rpm and c¼ 0.037 N/m.
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Here, we first introduce our cluster formation criteria modified based
on previous research, followed by discussions on cluster spatial infor-
mation, cluster size distribution, and the relationship with flow
mechanisms.

Based on the concept of velocity fluctuation, inter-particle con-
tact, and inter-particle displacement, several methods have been used
to characterize cluster formation.11,24,27,76 Given that cohesion is essen-
tial regarding inter-particle constraints, we adopt particle-level indices
extracted from velocity fluctuation and inter-particle contact force to
investigate cluster formation in the cohesive granular flow [see illustra-
tion in Fig. 6(a)]. The translational granular temperature diagram (see
Fig. S2 in the supplementary material) shows the intensity of inter-
particle relative movement (described by Tg) due to the increased
cohesion. It can also be found that as the cohesion increases, the areas
possessing less intensity of Tg appear first near the surface. By taking
these two factors into consideration, we aim to extract particles that
possess relatively higher normal interaction forces and similar moving
directions, which guarantee a strong inter-particle bond and collective
motion.

To implement the method, normal contact forces that meet the
criteria jFpair

n j � 10crp are classified as potential cluster participants.
The effectiveness of a threshold around 10crp is tested to capture the
difference in cluster formation when cohesion is varying. The factor of
ten used here is to set a contact force threshold significantly larger
than that added effects from cohesion, isolating the major force net-
work. The threshold of Fpair

n is important to identify cluster effects in
cohesive granular materials as well as being the key to identify the clus-
ter formation due to stronger connection. The scenario of defining
Fpair
n a function of cohesion has already considered the importance of

different levels of cohesion, from dry (in cases of c¼ 0) to high cohe-
sion cases.

To describe the spatial kinetic correlation among particles, the
local velocity fluctuation is calculated for each particle as
~vf ¼ ~vi � vm, where i indicates the target particle and vm is the corre-
sponding local mean velocity. The local mean velocity is averaged by
taking all particles, through accumulating more than a hundred-time
steps, that locate in a sampling mesh grid into consideration. An angle
g between each pair of~vf ;i and~vf ;j is calculated, and a critical angle
gcri � 60� is set to filter out non-correlated particles26 [see Fig. 6(a)].
The DBSCAN algorithm is applied to construct clusters based on
potential cluster participants screened by criteria g and Fpair

n . The
DBSCAN algorithm sequentially searches for neighbors of a target par-
ticle to form clusters until no outside-cluster neighboring participants
can be found, which can avoid relatively weak connections (single par-
ticle connection) among clusters.27,74

A cluster formation illustration is shown in Fig. 6(a), where clus-
ter particles are colored yellow, and single particles are colored green.
A 3D view and a front view of the cluster formation example in the
flow region of a simulation case (x ¼ 15 rpm and c ¼ 0:0365N=m)
are shown in Figs. 6(b) and 6(c), respectively. The cluster formation
under different cohesion and rotation rates is shown in Fig. 7, which
illustrates that clusters occupy the region near the flow-solid interface
in relatively fewer cohesive cases while spreading across the whole flow
region in relatively strong cohesive cases. A reason for this can be that
relatively weak cohesive contacts tend to develop near the surface
region where no overburden pressure is applied. The weak contacts are
easier to break, so clusters are rarely formed in that region. The

packing fraction profiles along the depth in Figs. S1(c), S1(f), and S1(i)
show a decrease in / as cohesion rises, which reflects that the appear-
ance of larger cohesive clusters can lead to low-density granular
structures.69

In strongly cohesive cases, it can be found that relatively large
clusters appear mostly in the shear band (underneath the plug
zone), which supports the view that the cluster formation in the
shear band of cohesive granular materials is vital to resist shear.7

The appearance of clusters near the flow surface indicates the rea-
son for a repetitive fluctuating surface profile shown in the corre-
sponding plots of cases We< 400 in Fig. 7 and in work by Tegzes
et al.18 Under this condition, an increase in rotation rate is found
to have little effect on the cluster-occupied area and cluster sizes
due to the cohesion-dominant mechanism.

Corresponding to the phase diagram of cluster formation in Fig. 7,
the cluster size distribution of each case is plotted in Figs. 8(a)–8(c). A
power law decay of the probability of cluster size PðNÞ / N�a is found
to be consistent with similar 2D and quasi-2D cases11 withx ¼ 8 rpm,
where a smaller value of a indicates a greater chance of the formation
of large clusters. For the cohesionless cases, the results by Bonamy
et al.11 together with our results show that a higher level of boundary
constraints (from 3D to 2D) and a lower rotation rate (less kinetic

FIG. 7. Phase diagrams of cluster formation with varying cohesion and rotation
rate. The color scale from blue to red indicates an increase in cluster size N.
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energy) both make the flow tend to form larger clusters. This demon-
strates that the velocity fluctuation can be constrained by more strict
boundary confinement and lower inertia effects.15,24 As the cohesion
rises, according to Figs. 8(a)–8(c), a decreases, implying a general
increase in the size of formed clusters. We note that other factors such
as can also impact the cluster size distribution, such as the coefficient
of restitution and friction coefficient, which are interesting topics for
future research. In particular, further exploring the effects of model
parameters on the resulting cluster identification can be of interest to
establish quantitative correlations between the mechanism and obser-
vation. Finally, a is plotted againstWe to describe the competing effect
between cohesion energy and kinetic energy when observing cluster
formation. Same as Fig. 5(b), the result shows thatWe � 400 is a criti-
cal value above which the effects from cohesion on cluster size become
negligible.

To clarify the relationship between cluster formation and granu-
lar flow regime, the maximum flow depth hmax is plotted against a
shown in Fig. 9. The Pearson coefficient r � 0:86 implies that the clus-
ter size and flow depth are in a considerable positive correlation rela-
tionship. Since the clusters can possess a relatively irregular topology

FIG. 8. Cluster size distribution. (a)–(c) The probability distribution (P) of cluster size (N). w, �, and � represent x¼ 15, 20, and 25 rpm, respectively. The color transition
from blue to red indicates an increase in cohesion, which can be referred to Fig. 2(b). Solid lines are the guide of the eye for the power law relation shown in (a). Triangles in
(a) indicate a slopes of the 2D ða ¼ 260:1Þ and quasi-2D ða ¼ 2:960:1Þ cases for mono-sized spherical particles under dry conditions in the work by Bonamy et al.11 (d)
The power index a is plotted as the function of We, where the color transition is consistent with (a)–(c).

FIG. 9. The max flow depth hmax vs cluster size distribution power index a shown in
Fig. 8. The dashed line is a line of best fit with correlation coefficient r.
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compared to single-sphere particles, higher resistance of inter-cluster
contact (higher inter-cluster friction and rolling resistance) can be
raised to hinder the relative inter-cluster movement.7,76 Moreover, Cao
et al.25 also mentioned that the inter-cluster and intra-cluster plastic
rearrangement can play key roles in dissipating energy in granular
flows. In summary, an increase in cohesion is found to induce the
granular flow to form relatively larger clusters, which can be the key
regime affecting the granular flow.

IV. CONCLUSIONS

In this study, partially saturated granular flow in a rotating drum
is studied experimentally and numerically. We first demonstrate that
the experimentally observed rolling and cascading modes, controlled
by the inter-particle cohesion and drum rotation rate, are successfully
captured in the numerical simulation using the discrete element
method.

With the combined effects of cohesion, inertia, and gravity, a
dimensionless parameter, CE, is proposed to quantitatively describe the
cohesive granular flow. For the first time, a collapse of data on the
dynamic angle of repose under different rotation rate and cohesive
forces is observed. This implies the capability and universality of the
proposed CE in capturing the interplay among key mechanisms for
cohesive granular flows.

At the meso-scale and particle level, the depth of flow region and
the statistics of cluster formations in cohesive granular flow are exam-
ined. The transition from an inertia-dominated regime to a cohesion-
dominated regime is highlighted. We further explored the correlation
between the flow depth and cluster formation (with a correlation coef-
ficient> 0.8), showing the effects of the cohesion manifested by the
cluster formation.

Our results and analyses shed light on the multiscale connection
across the particle-level mechanism, i.e., grain agglomeration, expan-
sion of flow region (meso), and macroscopic observations character-
ized by the dynamic angle of repose. This study provides a new
perspective on cohesive granular flows via revealing the dominating
lower-scale features. This could benefit the development of various
engineering applications, such as the food industry,77,78 mineral han-
dling,79,80 and slope analysis under unsaturated conditions.81–83

SUPPLEMENTARY MATERIAL

See the supplementary material for the supplementary figures on
the normalized velocity, strain rate, and packing fraction along the
flow depth as well as the translational granular temperature diagram.
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