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Liquid induced cohesion has a significant effect on the flow characteristics of wet granular assemblies. The
strength of capillary forces between the particles canbe continuously tuned bymaking the glass beads hydropho-
bic via chemical silanization. Main results of rotating drum experiments are that stronger liquid-induced cohe-
sion decreases the width of the flowing region, the velocity of the particles at the free surface and the local
granular temperature, but in contrast, increases the width of the creeping region as well as the dynamic angle
of repose. Our proposed scaling methodology yields invariant bed flow characteristics for different particle
sizes in the flow regimes considered (rolling and cascading regimes), and thus allows to control the flow.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wet granular flows are ubiquitous in nature (e.g. mud flow, debris
flow and avalanches) with direct application to numerous industrial
processes (e.g. coating, granulation and fertilizer production). A simple
and practical geometry to study the flow of granular materials is the ro-
tating drum. This apparatus has been extensively studied by many re-
searchers including Henein et al. [1] who established a relationship
between the flow of particles in a drum and the Froude number and cat-
egorized it into six flow modes; slipping, slumping, rolling, cascading,
cataracting, and centrifuging. At low rotation speed of the drum,
Rajchenbach [2] correlated the dynamic angle of repose to the rotation
speed. Taberlet et al. [3] derived an equation to describe the S shape of
the granular pile in a drum. Orpe et al. [4] found that the flowing layer
is symmetric at low Froude number (Fr) and large ratios of particle
size to drum radius (2r/D). Further on, Elperin and Vikhansky [5] pro-
posed a model for describing the bed flow using a Mohr-Coulomb fail-
ure criterion. Sheng et al. [6] investigated the effect of particles surface
roughness on the bed flow. At low rotation speed, below 10 rpm in
their device geometry (Fr=0.17), the surface of the pile in their rotat-
ing drumwas flatwith a flow speed that decreases from the bed surface
downwards. Nakagawa et al. [7] measured the velocity of the flow in a
rotating drum by resonance imaging. For large rotation rate, they
showed that the surface is S-shaped and the flow rate is usually the
highest in the middle of the flowing layer where the angle of the slope
is the steepest. An almost stationary bulk region usually referred to as
SM), University of Twente, NL-
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the creeping region can also be found below the flowing region.
Komatsu et al. [8] measured the creeping region and found that the ve-
locity rapidly decreases with depth in this region. Jain et al. [9] found
that the velocity gradients and thicknesses of the flowing layer do not
vary when the width of the drum is between 2 and 30 times the size
of the particles.

While, most of these studies focused on the flow of dry particles,
mechanisms governing particle flow in wet systems remain poorly un-
derstood. In fact, when a small amount of liquid is added to a pile of par-
ticles, pendular bridges form and the particles are attracted by capillary
forces, creating complex structures and flow behavior. The work of
Tegzes et al. [10] and Schubert [11] for instance showed that the capillary
force strongly influences and changes the flowmotion of particles. Brew-
ster et al. [12] found that the presence of interparticle cohesion reduces
the concavity of the freeflowing, pushing it towards aflat or even slightly
convex shape. Through experiments in a shear cell device, Chou et al.
[13] found that the liquid content increases the segregation of particles
in a rotating drum. Using Discrete Element Method (DEM) simulation,
Liu et al. [14] investigated the effect of surface tension on the flow of
wet particles. They showed that the maximum angle of stability of the
flow in a rotating drum increases with the surface tension. Samadani
and Kudrolli [15] showed that the flow in wet granular systems is con-
trolled by the number of liquid bridges. Roy et al. [16] studied the effect
of liquid bridge volume and surface tension of the liquid on the macro-
scopic properties of the bulk materials, and established a micro-macro
correlation. Using a split bottom shear cell, Mani et al. [17] showed that
liquid concentration decreases inside a shear band. In a more recent
work, Jarray et al. [18] investigated the effect of interstitial liquid on
the dynamic angle of repose and showed that it is possible to scale the
flow and obtain similar dynamic angles of repose for different particle
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic of pendular liquid bridges between two identical spherical particles
(Left) and the pendular state (right).
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sizes by modifying the surface properties of the particles. Despite these
efforts, the effect of the complex network of capillary bridges on themac-
roscopic properties of granular assemblies under dynamic conditions re-
mains obscure and, therefore, must be better understood to be able to
control wet granular flows.

The aim of this work is to explore the effect of liquid induced cohe-
sion on the flow properties of wet granular assemblies at different par-
ticle sizes in order to establish a scaling methodology of the flow of wet
particles in a rotating drum. We complement our previous work [18]
and focus mainly on macroscopic phenomena associated with the col-
lective behaviour of particles. In their investigation of the flow of wet
granular assemblies in a rotating drum, several authors including
Nowak et al. [19], Xu et al. [20], Soria-Hoy et al. [21] and Tagzes et al.
[10] varied the liquid content. In this work, however, rather than chang-
ing the liquid content, we vary experimentally the capillary force and
we use the variability of the contact angle to vary the strength of capil-
lary cohesion. Chemical silanization is used to alter the surface proper-
ties of the glass beads allowing to obtain a wide range of capillary
forces between the particles when mixed with a small amount of
ethanol-water mixtures. We begin by investigating and classifying the
influence of the particle size, rotation speed and the capillary forces on
the bed flow in dry and diverse wet systems, and we show how liquid
induced cohesion affects the free flowing layer and the dynamic angle
of repose. Then,we explore the effect of the capillary force on the creep-
ing zone and the free surface flow bymeasuring the granular flow fields
using Particle Image Velocimetry (PIV). Flow characteristics, such as ve-
locity and granular temperature are explored in detail. Finally, in
Section 3.3, we propose a scaling approach that ensures particle flow
similarity for different particle sizes.

2. Materials and methods

2.1. Capillary force and silanization procedure

The structure ofwet granular assemblies is determined by a complex
network of mechanical contacts and non-uniform liquid bridges
connecting adjacent particles. Such bridges, for instance, keep a
sandcastle standing [22] and determine the flowproperties of wet gran-
ular materials. The dynamic behavior of wet granular materials can dis-
play a complex dependence on the amount and type of liquid present
[23–25]. In this work, we will focus on the pendular state [26,27],
where liquid bridges are small and do not merge. This results in a
pairwise capillary force that displays little variations with the liquid vol-
ume towards small separation distances or at particle contact [28,29].
For two particles in contact (i.e. d~0, with d the distance between the
two particles) with the same radius (see Fig. 1), the capillary force de-
pends linearly on the product of contact angle cosθ, the surface tension
γ and the radius r [30,31].

Fc ¼ 2πγr cos θ: ð1Þ

Fig. 1 shows the liquid bridge between two identical spheres. Here, θ
is the liquid contact angle at the solid–liquid interfaces. Relatively small
liquid bridges are considered and gravitational deformations of theme-
nisci are neglected.

In order to characterize the capillary forces generated by liquid brid-
ges and their effect on the flow of granular assemblies, we consider sep-
arately the roles of particle size, contact angle, and surface tension.
Similarly to the work of Raux et al. [32], we treat the surface of the
glass beads via silanization to increase their hydrophobicity (i.e. we in-
crease the contact angle θ). Usingmixtures of ethanol-water as intersti-
tial liquid and glass beads with different hydrophobicity, the capillary
force between two adjacent beads can be tuned over a wide range.

Silanization is based on the adsorption, self-assembly and covalent
binding of silane molecules onto the surface of glass beads. Chemical
compounds used for silanization are: silanization solution I~5% (V/V)
(5% in volume of Dimethyldichlorosilane inHeptane, Selectophore), Hy-
drochloric acid (HCl, 0.1 mol), Acetone and Ethanol.

The procedure for increasing the beads hydrophobicity is as fol-
lows: First, glass beads, initially hydrophilic, are cleaned for at least
one hour by immersion into freshly prepared HCl solution under ag-
itation using a rotor-stator homogenizer. Then, they are rinsed thor-
oughly with deionized water and oven dried for 3 h at 60 °C.
Afterwards, the freshly cleaned glass beads are immersed in the
silanisation solution under low agitation at room temperature for
one hour. The inorganic functionality of the silane reacts with the
different OH groups obtained after cleaning with HCl and forms
Si\\OH groups that make the glass beads hydrophobic. Finally, the
glass beads are rinsed with acetone and allowed to air-dry under a
fume hood for 24 h.

To measure the contact angle, θ, liquid droplets are placed on a glass
surface. Then, pictures of the droplet are taken using a MotionBLITZ
EoSens camera with close-up lenses. The contact angle is then deduced
by image analysis using LBADSA plugin in the open source imageJ soft-
ware. The LBADSA plugin is based on the fitting of the Young-Laplace
equation to the image data [33]. As shown in Fig. 2, water−ethanolmix-
tures with different ethanol fractions give various contact angles, which
continuously decrease from 96° to 30° for silanized beads and from 53°
to 6° for untreated glass as the ethanol fraction in the liquid increases:
the higher the contact angle, the lower the wettability of the hydropho-
bic glass surface.

In Fig. 3, we plot the capillary force Fc defined in Eq. (1) against the
volume fraction of ethanol in the water-ethanol mixture. Surface ten-
sion values are taken from Ref. [34]. Since the contact angle θ affects
the strength of the capillary force, here, differently from e.g [35,36].,
the variability of the contact angle is taken into account. The Bond num-
ber Bo (Eq. 2), represents the ratio of the capillary force to the gravita-
tional force, is also shown along the vertical axis in Fig. 3 as a function
the water-ethanol fraction.

Bo ¼ 3γ cos θ
2r2ρpg

; ð2Þ

where ρp is the density of the particle.
The capillary force decreases with increasing ethanol concentra-

tion for particles with unmodified glass surface, while Fc increases
in the case of silanized glass beads, in agreement with the literature
[37]. This allows controlling the strength of the capillary force be-
tween the glass beads in the rotating drum. Overall, one dry and six
different wet experiments were performed in the rotating drum for
different particle sizes (0.85, 1.25 and 2 mm in radius). The wet
cases correspond to the 6 left points in Fig. 2. Details of the experi-
ments are given in Table 1.

Image of Fig. 1


Fig. 2. Contact angles of water-ethanol mixtures as a function of the ethanol fraction on
silanized and non-silanized glass.
Adapted from Ref. [18].
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2.2. The drum apparatus

Samples of silanized and non-silanized glass particles, as described
above in Table 1, are placed in a rotating drum (see Fig. 4). We use the
new updated version of the drum setup that was used to study segrega-
tion byWindows-Yule et al. [38]. The drum ismade by a cylinder of 121
mm inner diameter, 22 mmwidth, larger than 6.4 × r of all the particles
used, and held between two circular plexiglass (PMMA) plates of 5 mm
thickness to allow optical access (frontal view in Fig. 4 (a)). The drum is
placed on a horizontal rotating axis driven by a variable-speed motor,
aligned with the z axis. The PMMA walls of the drum are coated with
Fluorinated Ethylene Propylene (FEP) coating manufactured by CS
HydeCompany to preventwet glass beads from sticking on thewall. Im-
ages of the rotating drum are recorded using aMotionBLITZ EoSens high
speed camera working at a speed of 460 fps. For a quasi-two-
dimensional rotating drum, Jain et al. [39] argued that the width of the
drum in the z direction should be larger than 6.4 × r, with r the average
radius of the particles, to neglect the front and back wall friction on the
flow characteristics, but also should be lower than 18.8 × r in order to
suppress axial effects [40]. Consequently, the velocity field can be as-
sumed to be two dimensional. The angle between the top surface of
the rolling bed and the horizontal plane is called the dynamic angle of
Fig. 3.Capillary forces Fc ofwater-ethanolmixtures as a function of the ethanol fraction on
silanized and non-silanized glass beads. Fc is calculated using Eq. (1), and Bo obtained
from Eq. (2).
repose θr (Fig. 4 (b)). We refer to the angle at the bottom of the drum
as the lower dynamic angle of repose θs. The axis y is normal to the
flow, andwe refer to the zone in themiddle of the bed along the y direc-
tion as the median region (See Fig. 4 (b)).

After each experiment, the drum is dried in an oven for one hour to
let the remaining liquid from the previous experiment evaporate. Ex-
periments were restricted to the rolling and cascading regimes in the
range 0.05 b Fr b 0.4, where the Froude number;

Fr ¼
ffiffiffiffiffiffiffiffiffiffi
ω2D
2g

s
; ð3Þ

represents the ratio of centrifugal to gravitational acceleration [41]. In Eq.
(3), ω is the angular speed of the drum, D its diameter andgthe acceler-
ation due to gravity. Experiments are conducted using a selected set of
monodisperse glass beads of density 2500 kg/m3 with Young's modulus
Y=6.4 × 1010 N/m2 and Poisson ratio ν=0.2. Parameters and charac-
teristics of the drum and the glass beads are summarized in Table 2.

Throughout this work, a reference amount of liquid Vliq is mixedwith
the same mass of particles (i.e. 125 g of particles corresponding to a bed
volumeVbed=0.00035m3) in the rotating drum.Using Vliq=4ml as in-
terstitial liquid for all the particle sizes used (i.e. 0.85, 125 and 2mm), the
bed saturation;

s ¼ kρp 1−ξð Þ
ρlξ

¼ Vliq

Vbedξ
; ð4Þ

where ξ is the porosity of the bed in the rotating drum, k represents the
mass fraction of liquid, ρp and ρl are the density of the particle and the
liquid respectively. In our case, the bed saturation is below 25%, suggest-
ing that we are in the pendular state [42,43].

2.3. Image post-processing

The images, acquired using the high-speed camera, are post-
processed using the particle tracking package Trackmate within the
Fiji ImageJ distribution [44]. In Fig. 5, we show the images post-
processing steps used in this work to compute the dynamic angle of re-
pose and the velocityfield. First, we removed the background from each
image and adjusted the lighting in order for the moving particles to be-
come markedly brighter than the background. Then, the Trackmate
package is used to detect the position of the particles in every frame.
Particles outlines (i.e. spots) that stand out from the background were
segmented and identified based on the difference of Gaussians ap-
proach [45] with an estimated particle diameter of ~8 pixels. Detected
particles are represented as spots or spheres with an initially constant
radius (see Fig. 5). The detected spots are then imported in ParaView
[46] and converted into a sequence of tables. Then, the dynamic angle
of repose is numerically computed by linear regression of the positions
of the particles using an in-house python code filter. The python code
detects the particles which are on the surface of the flow using a
concave-hull algorithm (the code is attached as supplementary mate-
rial) [47].

Particle Image Velocimetry (PIV) in the PIVlab package [48] in
Matlab is used to measure the particles displacements and vector
fields. PIV is a non-intrusive, image-based measurement technique
where a deformation field is detected by comparing two consecutive
images. First, the drumwhich represents the Area of Interest (AOI) is
cut out of the digital image and divided into small sub-areas called
interrogation cells. Then, every two successive frames are combined
into a single new frame. To obtain the velocity vectors between the
interrogation areas in the first and second image, a multi-pass corre-
lation algorithm with a final interrogation size of 8 pixels is used,
which is of the order of the particle size. An interrogation size around
the order of the particle size has also been adopted by previous au-
thors [49,50] to ensure smooth and reliable results. For each

Image of &INS id=
Image of Fig. 3


Table 1
Experimental cases used throughout this work. Wet cases correspond to the 6 left points in Fig. 2.

Cases Wet or dry Silanized Ethanol fraction Capillary forces Fc
(mN, for particle size r = 1.25 mm)

Bond number Bo
(for particle size r = 1.25 mm)

Case 1 Dry No – – –
Case 2 Wet Yes 0 0 0
Case 3 Wet Yes 0.1 0.0517 0.2755
Case 4 Wet Yes 0.2 0.1372 0.7315
Case 5 Wet No 0.2 0.2247 1.1974
Case 6 Wet No 0.1 0.2533 1.3500
Case 7 Wet No 0 0.3403 1.8134
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experimental run, we applied PIV analysis for over 120 consecutive
images (i.e. over the period of 0.33 s). The final time-averaged veloc-
ity vectors field is obtained by averaging all velocity fields that are
calculated using each newly combined image (see Fig. 5). The data
obtained from PIV are then imported in ParaView for further post-
processing. Using several python scripts, the granular temperature
and the flow speed are computed, smoothed using Point Volume In-
terpolation [51,52] and visualized in ParaView (see Section 2.4). For
the smoothing, a Gaussian kernel is used, with a cut-off equal to 6
times the particle radius (i.e. 6r).

2.4. Properties computation

The data obtained from PIV are used to calculate the flow speed and
the granular temperature. The flow speed is a measure of flowability
and mobility of particles in an avalanche or during continuous flow,
and is calculated, for a particle i, using the following formula:

φi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vi;x−vi;ωx
� �2 þ vi;y−vi;ωy

� �2q
; ð5Þ

where v
*
i ¼ ðvi;x; vi;yÞis the particle velocity and v

*
iω ¼ ðvi;ωx; vi;ωyÞis the

angular velocity of particle i due to the rotation of the drum.
The granular temperature T of particles quantifies the inter-particle

random motions caused by continuous collisions between particles or
between particles and boundaries. Measurements of T are useful to elu-
cidate the variable dynamic nature of granular material flows. Since the
granular temperature is analogous to the thermodynamic temperature,
it should be expected that T is the highest in the regions where the ma-
terial exhibits fluid-like flow and lowest in those regions where the be-
haviour is solid-like [53]. As suggested by Ahn et al. [54] and Bonamy
et al. [55], we extract the granular temperature T as the variance of
the velocities for a short duration of the flow (0.33 s) by subdividing
the drum into elementary square cells of coordinates (x,y) of size set
Fig. 4. a) Rotating drumapparatus (back) and camera (front), b) Schematic representation
of the particle flow in a rotating drum.
equal to twice the particle diameter. We then define the velocity fluctu-
ation of a particle i as:

δφi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φi; x−φav;x

� �2
þ φi; y−φav;y

� �2
r

; ð6Þ

where φ av is the mean flow speed value of the cell (x,y) that contains
the particle i. From the velocityfluctuationwe can compute the granular
temperature Ti using:

Ti ¼
1
2
δφi

2 : ð7Þ

3. Results and discussion

We first examine the effect of particle size and drum rotation speed
on the flow characteristics in the dry case using monosized spherical
particles. This is followed by results showing the effect of capillary forces
on the flow. The obtained data are then used to establish scaling
relationships.

3.1. Dry case: effect of particle size and rotation speed on the flow

In a rotating drum, particles are continuously rotated and lifted to
the upper part of the drum and the angle of the slope increases until
the maximum angle of stability θm (also called avalanching angle) is
reached. Once this angle is exceeded, an avalanche occurs and the par-
ticles flow, slump or roll down the slope of the flowing layer to a new
inferior dynamic angle of repose θr (see Fig. 4 (b)). The maximum
angle of stability θm as a function of the Froude number Fr, for the dry
case, for particle size r = 1.25 mm, is shown in Appendix A. Particles
are then coming to rest at the lower part of the bed. There are two im-
portant criteria of the avalanche phenomenon for large. First, an ava-
lanche occurs right after the slope of the free surface exceeds a
threshold, and a fluid-like flow happens for a period of time equal to
the avalanche duration, until the lowest energy state is reached (i.e. par-
ticles are at rest). Second, after few rotations of the drum, and for large
Table 2
Properties of the drum and the glass beads.

Properties Value

Drum, D × L (mm) 121 × 22
Glass beads radii r (mm) 0.85, 1.25 and 2
Rotation speed ω (rpm) 5 to 45
Particle density ρp, (kg/m3) 2500
Filling level β 35% (~125 g–0.00035 m3)
Young's modulus Y (N/m2) 6.4 × 1010

Poisson ratio ν 0.2
Volumetric liquid content Vliq (ml) 4

Image of Fig. 4


Fig. 5. Post processing steps of the images acquired from the high-speed camera.
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enough Froude number (Fr N 0.05) a continuous flow regime is reached
where θm ≈ θr.

As an example, we show in Fig. 6 the dynamic angle of the flow as a
function of time for dry particles of radius 1.25 mm and two rotation
rates; ω= 5 rpm (i.e. Fr=0.04) and ω= 25 rpm (i.e. Fr= 0.21). The
drum starts to rotate slowly such that the slope of the interface in-
creases linearly. Then, successive avalanches occur with a stick-slipmo-
tion depending on the rotation speed of the drum until a steady
continuous flow with small variations is obtained. A complete charac-
terization of the avalanche dynamics of granular media in a rotating
drum was carried out by Tegzes et al. [10] and similar behavior of the
flow was observed.

Next, we focus on steady continuous flows and we characterize the
flow in the drum using the dynamic angle of repose θr and the flow
speed profile of the granular assemblies.

Fig. 7 shows the dynamic angle of repose versus the rotation speed
for the different particle sizes in the dry case (0.85, 1.25 and 2 mm,
case. 1). The dynamic angle of repose increases as the rotation speed in-
creases but the effect of particle size on the dynamic angle of repose is
Fig. 6. Transition from avalanching to continuous regime. Glass beads (r=1.25mm) in a
rotating drum.
small. Nevertheless, we notice that increasing the particle size slightly
decreases the angle of repose at the same rotation speed, possibly due
to stronger wall effect (i.e. decreasing 2r/L).

At low rotation speed (i.e. low Froude number), the error bars of the
dynamic angle of repose are large, indicating relatively high variations
of the slope of the bed, reminiscent to the slumping intermittent
avalanching regime. Around 15 rpm (i.e. Fr=0.125), the error bars of
the angle of repose become smaller due the shrinking of the periodicity
of the small avalanches occurring in the continuous flow. At around 20
rpm (i.e. Fr=0.16), the S shape starts to form, and the lower dynamic
angle of repose decreases with the formation of a curved free surface.
At 30 rpm (i.e. Fr = 0.25), the flowing layer acquires an even more
curved shape, and displays the distinct signatures of the cascading re-
gime. Above 45 rpm (i.e. Fr=0.37), the flow becomes slightly discon-
tinuous marking the transition from the cascading to the cataracting
regime. For all particle sizes, when scaling the rotation speed using the
Fig. 7. Dynamic angle of repose θr as a function of the rotation speed and the Froude
number Fr, for the dry case. The line is described by Eq. (8).

Image of &INS id=
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Froude number Fr, the dynamic angle of repose for the dry case col-
lapses into one linear profile (see Fig. 7), with the following equation:

θr; dry ¼ θd0 þ θd1Fr ; ð8Þ

with θd0 ≅ 22° and θd1 ≅ 85°.
In Fig. 8 (a), we show the flow velocity components φx and φy of

1.25 mm particles after 10 s of drum rotation and at 25 rpm (Fr =
0.203, in the cascading regime), where the continuous flow is reached.
The flow velocity components show a jellyfish cloud where the highest
flow speed is observed at the top-right tail, and the lowest is observed at
the head of the jellyfish at the bottom-left. Three regions can be distin-
guished: (1) A flowing region represented by the tail of the jellyfish
exhibiting high flow speed comparing to the core of the bed. The maxi-
mum flow speed in this region occurs approximately in the centre of the
flowing layer. (2) The bottom part of the drum in Fig. 8 (a) represents
the static zone where particles are quasi-immobile. Finally (3), a creep-
ing region where the magnitude of the flow speed φ, defined in
Section 2.4, increases rapidly with the normal to the flow y. We define
the boundaries of this region between the interfaces of the static region
and the flowing region (i.e. where the velocity magnitude is approxi-
mately between 0.1 and 0.25m/s). In Appendix B, we show also the lab-
oratory frame velocity components vx and vy of the flow.

Fig. 8 (b) shows a smoothed field of the flow speed φ averaged over
120 frames (i.e. 0.33 s). In the upper part of the bed, the intensity of φ is
the largest, and decreases gradually through the creeping into the static
zone. This is because the angular velocity is subtracted from the velocity
(see Eq. (5)).

Fig. 8 (c) shows a smoothed field of the granular temperature.
Within the core of the bed, the granular temperature is close to zero
due to the absence of local velocity fluctuations. This is reminiscent of
collective rigid body rotation. However, large fluctuations are observed
within theflowing region,with several hot local zones distributed along
the upper part of the flowing layer, i.e. near the free surface, which is
consistent with Couette flow modelling results of Zhang & Campbell
[53]. This indicates high vibrations of the particles due to binary random
collisions. In a study of the flow of dry granular material in rotating
drums, Chou et al. [56] also found that the granular temperature pre-
vails only in the flowing layer in the rotating drum. This also supports
the finding of Bonamy et al. [57], where they demonstrated the
presence of clusters in the free flowing layer emitted by the static
phase at the bottom of the drum. More qualitative comparison of T
and φ is presented in next sub-section.

3.2. Wet case: effect of capillary forces

Let us first examine the dynamic angle of repose in the simplest case
of non-silanized particles with pure-water as interstitial fluid. This will
Fig. 8. Snapshots of the a) vertical and horizontal flow velocity components, (b) flow speed φ a
help us to gain knowledge on the interplay between the effect of the
particle size and rotation speed when the particles are wet. The relative
velocity in our experiments never exceeds 10 m/s, and since the viscous
forces of ethanol and water are very low (0.89 mPa.s for water and
1.074 mPa·s at 25 °C), the capillary number (ratio of the viscous force
to the capillary force);

Ca ¼ vrμ
γ cos θ

≪1; ð9Þ

with vr the particle-particle relative velocity and μ the dynamic viscosity
of the interstitial liquid, is always below unity. Hence, the capillary
forces are more dominant than the viscous forces so the latter can be
neglected.

Fig. 9 shows the dynamic angle of repose versus rotation speed inwet
systems with pure water as interstitial liquid and for three particle sizes
0.8, 1.25 and 2mm. Like in the dry case, as the rotation speed increases,
the dynamic angle of repose increases. The interparticle liquid cohesion
has a significant effect on the bed flowmotion. Smaller glass beads have
a significantly higher dynamic angle of repose. This is because a decrease
of the particle size decreases the capillary force between the particles only
a little, but increases the Bond number much more. We observe two re-
gimes; when the rotation speed of the drum is below 35 rpm, the dy-
namic angle of repose increases linearly with the rotation speed. Above
35 rpm, the capillary force becomes less effective for the case of 2 mm
particle size comparing to 0.85 and1.25mm,withmuch reduced increase
in the dynamic angles of repose.

We now focus our attention on the effect of the capillary forces on
the dynamic angle of repose, flow speed, and granular temperature for
the rotation speed of the drum set to 25 rpm (Fr=0.203) and for parti-
cles with radius r = 1.25 mm. We tune the capillary force by mixing
surface treated glass beads (i.e. glass beads of different hydrophobicity)
with different ethanol-water mixtures as described in Section 2.1.

The dynamic angle of repose for the wet 1.25 mm particles as a
function of the time is shown in Fig. 10 for different capillary force
cases. Again, we find that as the capillary force increases, the dy-
namic angle of repose increases. The angle of the slope of case 7
(wet, non silanized with 0% ethanol) is as big as 49°, consequently,
larger than that of dry particles (around 38° in Fig. 7). This is not
surprising. As we increase the capillary force at a given rotation
rate, the particles experience a greater capillary cohesion and
they are dragged more to the upper part of the drum, causing an
increase in the slope of the bed. Similar findings were obtained
by Nowak et al. [19] and Soria-Hoyo et al. [21] for humid glass
beads with constant capillary force. They showed that the angle
of the flow decreases with an increase of the particle size for wet
particles. Liu et al. [14] found that an increase of the surface ten-
sion of the liquid increases the angle of the slope as well as the
nd (c) granular temperature T of the dry bed of 1.25 mm particles at 25 rpm (Fr=0.203).
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Fig. 9. Dynamic angle of repose as a function of the rotation speed for different particle
sizes in the wet case. Dry case line is from Fig. 7.
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collision frequency. Furthermore, as expected, silanized glass beads
mixed with water show a rather low dynamic angle of repose (case
2) close to that of the dry case. This is because the capillary forces
become weaker in the case of silanized surfaces due to the higher
glass-liquid contact angle.

For a complete understanding of the flow of wet granular assem-
blies, we show in Fig. 11 the flow speed φ, granular temperature, and
velocity components of the granular flow for particle radius 1.25 mm
at 25 rpm and for different capillary forces.

From the flow speedφ field of the drum in the top row of Fig. 11, the
flowing layer is easily distinguishable from the static bulk. The slope of
Fig. 10. Smoothed dynamic angle of repose as a function of time in the continuous flow
regime for different capillary forces, with particle size r = 1.25 mm and drum rotation
speed ω=25 rpm (Fr=0.203).
the free surface increases with increasing the capillary forces, which
confirms the results obtained from the measurement of the dynamic
angle of repose. While the flow pattern has a convex shape for dry
and low cohesive particles, an almost flat shape is observed for highly
cohesive particles, particularly for the 100% (V/V) water case (case. 7
in Table 1). By visual inspection of φ in Fig. 11, we can see that the
flow is confined to a thin layer near the free surface. This layer is com-
posed of the flowing region and the creeping region whose width in-
creases with the capillary forces, and starts to acquire a symmetric
profile, suggesting a gradual transition from rapid shear flow to plug
flow. At the same time, the surface flow speed seems to decrease with
increasing the capillary force. This is despite the fact that the capillary
force causes a larger dynamic angle of repose, resulting in a greater ki-
netic energy from the increase of the down-slope direction of the grav-
itational acceleration. This decrease of the flow speed can be attributed
to two simultaneous effects; one is that the sliding of particles on the
free surface is reduced by the cohesion forces exerted by the particles
below them; the second effect is that the kinetic energy of the particles
is also dissipated by stronger cohesive forces between wet particles.
This hints on the coexistence of inertial and capillary forces that governs
the flow of wet particles.

The values of the granular temperatures in Fig. 11, second row, range
from zero near the static zone, up to 0.00015 m2/s2 in some spots
scattered in the flowing region. The overall average low fluctuations of
the flow speed are due to a combination of capillary forces that reduce
the collision frequency by cohesion, and a relatively slow flowing re-
gime (i.e. cascading regime). Even though silanized wet glass beads
(Case 2) flow almost like dry particles (Fig. 11 (a)), we notice a decrease
of the number of hot spots of granular temperature in comparison to the
dry case (see Fig. 8 (c)), especially at the left side of the flowing region.
Nevertheless, granular flow is still dominated by the inertial forces of
the individual particles in the case of silanized beads mixed with
water (case 2) because the capillary forces are still weak and the parti-
cles can freely roll and move randomly along the free surface. Then, as
the capillary force increases, a gradual reduction of the granular temper-
ature in the flowing and creeping regions is observed, indicating less
frequent collisions between the particles especially for wet non-
silanized cases (Fig. 11 (e) and (f), cases 6 and 7), where the capillary
forces are highest. Particles become closely packed and flow as set of
clusters rather than individually. This can also be seen in the flow veloc-
ity components graph at the bottom of Fig. 11, showing the velocity
components of the bed. As the capillary force increases, the jellyfish
tail shrinks progressively. This manifests as a less scattered distribution
of the x and y components of the flow velocity in the flowing region,
with particles moving in a more orderly fashion on the surface of the
bed.

The flow speedφ averaged along the normal to the flow is illuminat-
ing this further. To obtain its profile, the flow speed of the particles
whose positions are between y and y + dy of the median zone of
width L (i.e. particles inside the cubic cell (y+ dy) × L) (see Fig. 4 (b))
are averaged and then projected on a line along the y direction:

φ yð Þ ¼
1
Ny

XNy

i¼1

φi yð Þ if xj j≤ L
2
;

0 else;

8><
>: ð10Þ

where Ny is the total number of particles in the cell (y+ dy) × L, with L
the width of the median zone equals to 4 × r here.

Fig. 12 (a) and (b) shows the spatial distribution along the y axis of
the averaged flow speedφ and the granular temperature T, respectively,
as obtained using Eq. (7). The granular temperature and the flow speed
are plotted from the bottom of the bed, traversing normal to the bed
surface (i.e. along y axis) up to the top of the bed. The distance along y
is normalized by the width of the bed that goes from the bottom (i.e.
0) of the bed y0 to its top (i.e. y/y0).
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Fig. 11. Snapshots of the flow speed field φ (top), granular temperature T (second row) and the vertical and horizontal flow velocity components of the bed in the rotating drum for
different capillary forces. Particles size r=1.25mm and drum rotation speed ω=25 rpm.
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In Fig. 12 (a), as y/y0 increases, right after the static region, the flow
speed show a rapid rise followed by a steady increase over the creeping
region, and finally reaches maxima. This flow speed maxima decrease
with the capillary force, with the highest maxima observed for dry
glass beads. We attribute this decrease to the formation of cluster net-
work by cohesion. As the clusters increase in size, the bed starts to slip
as a bulk of particles interconnected by capillary forces, where each
layer of particles is slowed down by the cohesive forces exerted by the
layer below. The capillary force between the particles leads to a higher
resistance force in the direction opposite to the flow that slow down
particle movement along the creeping and the flowing regions. Similar
behaviour was obtained by Liao et al. [58] upon increasing the viscosity
of an interstitial liquid. By adding glycerol rather than water, these au-
thors found that the flowing layer becomes even thicker and the flow
speed decreases even more.

Fig. 12 (b) shows the granular temperature profile along the y axis
perpendicular to the flow. Near the wall, because of the solid-like
movement of the particles, the granular temperature is almost ab-
sent. In the static region, the granular temperature starts to increase
slowly, then increases dramatically at the surface and reaches a peak.
This indicates a solid-like displacement in the static region, consider-
able shear with very little granular temperature in the creeping
region, and high collision of particles in the flowing regions,
confirming the results obtained in Fig. 11. We notice that cases 1
and 2 have the highest granular temperature maxima, and case 7
has the lowest. However, the spots of the granular temperature are
not uniform and are dispersed in the creeping and flowing regions
(see Fig. 11). This means that the strongly ranging magnitudes of
the peaks along the diagonal of the curves in Fig. 12 (b) are not nec-
essarily representative of the effect of the capillary forces on the
granular temperature. For this reason, we will examine next the
flow characteristics along the surface of the bed.

Similar to Fig. 12, we report in Fig. 13 (a) and (b) the flow speed
profile and the granular temperature of the particles, respectively,
along the surface. They are both plotted at the surface of the
flowing layer, starting from the left, lower side of the drum,
crossing the midpoint of the flow to the right, higher side of the
drum. The distance along the x axis is normalized by the length
of the surface outline (i.e. x/x0), and the width of the averaged
zone L here is also equal to 4 × r. In Fig. 13 (a), as expected, the
maximum of the flow speed profile decreases with the capillary
force. Moreover, the surface profiles exhibit a parabolic shape,
skewed to left for the dry case and start to shift to the middle as
the capillary force increases. Boateng and Barr [59] observed the
same skewness of surface flow in the case of dry materials. They at-
tributed it to the ability of the materials to dissipate energy
through collision and gain inertia while flowing down the slope.
For the dry case, particles go faster past the mid-chord position,
but, once mixed with liquid, they reach their maxima at the mid-
point and a symmetric profile is obtained, indicating that the parti-
cle flux in the flowing layer midpoint equals the one leaving it. The
shifting to the center (symmetrisation) can also be observed in the
averaged granular temperature shown in Fig. 13 (b), where the in-
tensity is highest on the left side of the drum for the dry and
weakly cohesive cases. This is mainly because the velocity of the
particles flowing down from the right side of the bed impacting
at the left side is reduced and homogenized by the capillary cohe-
sion. Furthermore, the peaks of the granular temperature decrease
with the capillary force. Once again, it can be inferred here that the
kinetic energy dissipation in the surface flow due to collision is re-
duced in favor of energy dissipation due to capillary forces.

Let's examine the effect of the capillary force further by investi-
gating the shear rate in the flowing region. Since the flow speed pro-
file in the midpoint of the creeping region is linear (see Fig. 12 (a)),
we can approximate the shear rate on this region using the following
formula:

δ
•
¼ Δφ

Δy
ð11Þ

In Fig. 14, we present themaximal shear rate for particle size 1.25
mm, as a function of capillary force and rotation speed. We vary the
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Fig. 12. a) Averaged flow speed φ profile along the diagonal (y/y0) normal to the free
surface. b) Averaged granular temperature profile along the diagonal (y/y0) normal to
the free surface, with particle size r=1.25mm and drum rotation speed ω=25 rpm.

Fig. 13. a) Averaged flow speed φ profile along the surface (x/x0), b) Averaged granular
temperature profile along the surface of the flow (x/x0). Particles size r= 1.25 mm and
drum rotation speed ω=25 rpm.
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rotation speed for wet particles with 100% (V/V) water (case 7) and
we present the data with cross red symbols in Fig. 14. We also vary
the capillary force for drum rotation speed of 25 rpm and we present
the data as square symbols in Fig. 14. The values of the shear rate
were calculated from the slope of the linear part of the velocity pro-
files using Eq. (11). The shear rate increases linearly with an increase
of the rotation speed. This is a direct result of the increase of the flow
speed. This latter increases the sliding of the flowing layer, which in
turn increases the shear rate in the creeping region. However, the
shear rate slightly decreases with the increase of the capillary
force, due to higher kinetic energy dissipation and less particle colli-
sions due to stronger capillary attraction. Overall, the effect the cap-
illary force on the shear rate is low comparing to that of the rotation
speed of the drum.
Fig. 14. Shear rate in the creeping region as a function of the capillary force at 25 rpm, and
as a function of rotation speed at 100% (V/V) water, case 7.
3.3. Scaling of wet granular flow

The concept of similarity based on dimensional analysis states that
two processes might be considered similar if all involved length scales
are proportional, and all dimensionless numbers needed to describe
them have the same value [18,60].
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Fig. 16. Dynamic angle of repose as a function of the rotation speed for different particle
sizes in the wet case, for similar We≈ 120 (red symbols), and one case (blue squares)
with highly differentWe≈ 22.
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Five dimensionless groups are presented in Eq. (12) including the
Froude number Fr (ratio of inertial force to gravity force), granular
Weber number We (i.e. ratio of inertial forces to capillary forces), bed
saturation s, capillary number Ca, and drum fill ratio β.

Fr ¼
ffiffiffiffiffiffiffiffiffiffi
ω2D
2g

s
; We ¼ ρprv

2

γ cos θ
; s ¼ Vliq

Vbedξ
; Ca ¼ vrμ

γ cos θ
; ð12Þ

where Np is the total number of particles. Notice that the Weber and
Capillary numbers in eq. (12) take into consideration the effect of the
particle-liquid contact angle θ.

For scaling, we have kept liquid-particle volume ratio, and drum
fill percentage constant among all experiments. We scale the dy-
namic angle of repose of wet particles using the Weber number. As
emphasized previously, the effect of capillary forces on the flow
speed is low comparing to the effect of the rotation speed of the
drum. Hence, we will define the average velocity in the Weber num-
ber equation equal to the rotation speed of the drum times its radius
(i.e.w × D/2), andwe focus on the effect of theWeber number on the
flow where the capillary forces are dominant (i.e. capillary number
Ca ≪ 1). In Fig. 15, we show the evolution of the dynamic angle of re-
pose as a function of the inverse of the granular Weber number. We
vary theWeber number by varying the particle size for different cap-
illary forces (cases 3 to 7 in Table 1, for 0.85, 1.25 and 2 mmparticles)
for a fixed rotation speed ω = 25 rpm. The dynamic angle of repose
increases with the inverse of the Weber number and shows an expo-
nential rise:

θr; f it ¼ θr1− θr1−θr0ð Þe−
Weθ
We

� �b

; ð13Þ

with θr1 ≅ 56°, Weθ = 45.24, b = 0.713 and θr0 = θr, dry ≅ 37° is the
angle at which the inverse of Weber number is equal to zero (the
dry case at 25 rpm). The collapse of the data indicates that points
with close Weber number have similar dynamic angle of repose.
This allows to maintain dynamic similarity after scaling the particle
size. We will test this hypothesis by changing the particle size
while keeping the Weber number constant by increasing the capil-
lary force accordingly.

The points inside the red dashed circle in Fig. 15 have the same We
for different particle sizes: 2, 1.25 and 0.85 mm with three different
cases: case 7, case 4 and case 3, respectively (case 7: Water with non-
silanized glass beads, case 4: mixture of 10% ethanol-90% water (V/V)
with silanized glass beads, case 3: mixture of 20% ethanol-80% water
Fig. 15. Dynamic angle of repose θr with its respective fitted curve, plotted against the
granular Weber number. Drum rotation speed: 25 rpm.
(V/V) with silanized glass beads, see Table 1). We compare those three
points and check whether they have the same dynamic angle of repose
for different rotation speeds of the drum.

Fig. 16 presents the dynamic angle of repose of wet samples for dif-
ferent rotation speeds.While the red symbols represent the three points
that we chose (inside the red circle in Fig. 15) of different particle sizes
with almost the same Weber number, solid blue symbols represent
non-silanized particles of size 0.85 mm mixed with 100% (V/V) water
(case 7) and lower Weber number as a reference to indicate the range
of θr.

The dynamic angle of repose of the chosen points (i.e. particle
sizes 2, 1.25 and 0.85 mm) fall onto a single curve, indicating that
2 mm particles can be rescaled to 0.85 mm or 1.25 mm sizes if the
Weber number is kept constant. This means that, experimentally,
the scaling approach works in the considered flow regimes (rolling
and cascading).

Let us explore further this scaling and look closer at the flow
speed φ of these three points (inside the red circle in Fig. 15) with
the same Weber number. Similarly to subsection 3.2, we plot in Fig.
17 (a) and (b), the flow speed profiles at the midpoint of the flow
along the diagonal and on the surface of the flow, respectively. The
blue square symbols, as before, represent wet particles with 100%
(V/V) water (case 7, r = 0.85 mm) with different We. In the flowing
region, the profiles of the red symbols curves are very close to each
other but far away from the blue curve, especially in the case of the
diagonal φ profile in Fig. 17 (a). The flow speed at the surface is the
same for the three particle sizes (in red). In Fig. 17 (b), small lateral
variations are observed for flow speed along the surface of the red
curves, especially in the case of 2 mm particle size, but still, here
also, they show similar profiles relative to the blue case that display
much smaller φ.

Since the dynamic angle of repose of dry particles can be scaled
with the Froude number as we already showed in Fig. 7, we will de-
velop a scaling equation that takes into consideration the rotation
speed. We will focus on the ratio of the angles of repose of the wet
to the dry case:

Δθ ¼ θr; wet

θr; dry
: ð14Þ
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Fig. 17. a) Average flow speedφ profile along the diagonal (y/y0) normal to the free surface, b) Average flow speedφ profile along the surface of the flow (x/x0). Drum rotation speedω=
25 rpm.
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In Fig. 18, we plot Δθ as a function of the inverse of the Weber
number for different rotation speeds and different particle sizes,
where θr, wet and θr, dry are the dynamic angles of repose in the
Fig. 18. Ratio of the wet over the dry dynamic angle of repose, Δθ plotted against the
granular Weber number with its fitted curve from Eq. (14).
wet and dry cases, respectively. The ratio increases linearly with
the inverse of the Weber number and all the points seem to collapse
into a single master curve with a standard error of 0.0303. Fig. 18
can be used to predict and control the flow of the particles from
the surface properties of glass beads and the adequate ethanol-
water fraction.

The curve fit obtained in Fig. 18 is described by the following
equation:

Δθ f it ¼
θr; f it

θdry
; ð15Þ

with θr, fit the fitted dynamic angle of repose obtained using eq. (13) and
θdry can be calculated using eq. (8).

4. Conclusion

Experiments on the continuous flow in a rotating drum of dry
and wet granular material were reported in this paper. The effect
of capillary forces and the particle size on the flow characteristics
was investigated for different rotation speeds. We have extracted
granular temperature and flow speed profiles by means of statisti-
cal analysis and PIV. We established a scaling relationship using
the Froude and the Weber number and we showed that the
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dynamic angle of repose and the shape of the free surface can be
varied and controlled to be similar by combining the rotation
rate of the drum and the capillary forces into an empirical scaling
relation.

We demonstrated that chemical salinization of the glass beads
allows to continuously alter the capillary forces between the parti-
cles, allowing to investigate the flow of granular assembly over a
wide range of capillary forces. We showed that the presence of liq-
uid increases the depth of the flowing layer and reduces the flow
speed of the particles. Granular temperature snapshots showed
that capillary forces reduce particle collisions due to of kinetic en-
ergy dissipation by cohesion forces. When the cohesion between
particles increases, particles become more closely packed and act
as clusters rather than individually. Capillary forces lead to a
greater resistance force exerted by the core of the bed on the
flowing region, resulting in a slower flow speed and thus, decrease
the shear rate in the flowing region. Finally, we proposed a scaling
methodology that ensures similarity of the dynamic angle of re-
pose by keeping the Weber number and the Froude number con-
stant after scaling the particle radius. We were able to obtain
similar bed flow for different particle sizes, and confirmed that
the proposed scaling approach works for the rolling and cascading
regimes.

The results reported here open several prospects. For instance, it
would be interesting to include the effect of the liquid viscosity on
the rather dynamic bed flow and to look deeper into the micro-
structure of the wet granular flow using Discrete Element Method
(DEM), which will be the focus of future work. It would be of
great interest also to consider how well the scaling methodology
works in other flowing regimes such as the cataracting regime.
Moreover, this paper provided some important clarifications re-
garding the capillary force effects on the local internal flow dynam-
ics of granular assemblies that should be applied to and checked
against other granular flows simulations (e.g. silo, inclined plane,
chute flow, etc.).
Ca Capillary number [−]
D Drum diameter [m]
d Distance between 2 particles surfaces [m]
Fc Capillary force [N]
Fr Froude number [−]
g Gravitational acceleration [m/s2]
k Mass fraction of liquid [−]
L Width of the drum [m]
Np Total number of particles in the drum [−]
r Particle radius [m]
T Granular temperature [m2/s2]
Vbed Volume of the bed [m3]
Vliq Volume of liquid added [m3]
v Particle velocity [m/s]
vr Relative velocity of the particles [m/s]
vω Angular velocity of the particle [1/s]
We Weber number [−]
s Bulk saturation [−]
Y Young's modulus Y [N/m2]
ν Poisson ratio ν [−]
θ Contact angle [°]
θr Dynamic angle of repose [°]
θm Maximum angle of stability [°]
θs Lower dynamic angle of repose [°]
γ Surface tension [N/m]
ω Rotation speed [s−1]
ρp Particle density [kg/m3]
β Filling level of the drum [−]
μ Dynamic viscosity of the interstitial liquid [Pa.s]
φ Flow speed [m/s]
δ• Shear rate [1/s]
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Appendix A

Fig. A.1 shows the maximum angle of stability θm as a function
of the Froude number Fr, which increases weakly with the
Froude number and exhibits high variability especially at low ro-
tation speeds. When the Froude number increases, the rotation
time becomes too short compared to the avalanche duration,
which explains the decrease of the variability with the Froude
number.
Fig. A.1.Maximum angle of stability θm as a function of the rotation speed and the Froude
number Fr, for the dry case, for particle size r=1.25 mm.
Appendix B

Fig. B.1 shows the velocity v components of the bed in a rotating
drum for different capillary forces. The three zones; flowing, creep-
ing and static are easily distinguishable in Fig. B.1 (a). The wall
driven (i.e. solid body rotating with the drum) velocity is observed
at the thick head of the jellyfish at the bottom-left and the flowing
zone is spread on the tail of the jellyfish shape. The flow velocity
profiles of the wet case and the dry case of the jellyfish can be
found in our previous work [18] and in the work of Weinhart et
al. [61]. As the capillary force increases the tail of the jellyfish
shrinks indicating tighter distributions of the velocity components,
confirming the results shown in Fig. 11. The median angle made by
the cloud of the velocity components in the creeping region is ap-
proximately equal to (θr + θs) / 2. The particles as well as the ve-
locity components distribution are less scattered and denser in
this region comparing to the other regions (see Fig. B.1 (a)). As ex-
plained by Komatsu [8], the particles in the static region inhibit the
displacement of those outside this region.
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Fig. B.1. Snapshots of the velocity's vertical and horizontal components in the rotating drum for different capillary forces. Particles size r=1.25mmand drum rotation speedω=25 rpm.
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Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2018.02.045.
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