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Abstract. In this work, we investigate the effect of capillary forces and particle size on wet granular flows 
and we propose a scaling methodology that ensures the conservation of the bed flow. We validate the 
scaling law experimentally by using different size glass beads with tunable capillary forces. The latter is 
obtained using mixtures of ethanol-water as interstitial liquid and by increasing the hydrophobicity of glass 
beads with an ad-hoc silanization procedure. The scaling methodology in the flow regimes considered 
(slipping, slumping and rolling) yields similar bed flow for different particle sizes including the angle of 
repose that normally increases when decreasing the particle size.  

1 Introduction  

A correct understanding of granular flow is critical to 

the success of a wide range of pharmaceutical processes 

including mixing, coating and tableting [1, 2].  
Flow parameters are inherently scale-dependent: if 

the particle size is changed, characteristic properties such 

as the dynamic angle of repose (i.e. the angle near the 

midpoint of the flowing layer in a drum) and the depth of 

the free flowing layer will change. This makes the 

scaling of granular flows a complex endeavor.  
A simple and practical geometry to study the flow of 

granular materials is the rotating drum. This has been 

extensively studied by many researchers including 

Taberlet et al. [3] who derived an equation to describe 

the S shape of the granular pile in a rotating drum. 

Rajchenbach [4] correlated the dynamic angle of repose 

to the rotation speed of the drum. Elperin and Vikhansky 

[5] proposed a model for describing the bed flow using a 

Mohr-Coulomb failure criterion.   
While, most of these studies focused on the flow of 

dry particles, mechanisms governing particle flow in wet 

systems remain poorly understood. In fact, adding a 

small amount of liquid to a particulate system can 

significantly alter its flow behaviour. The work of Tegzes 

et al. [6] for instance showed that the capillary force 

determines the flow motion of particles. Brewster et al. 

[7] showed that the presence of interparticle cohesion 
reduces the concavity of the free flowing surface in the 

drum. Therefore, the effects of capillary force on wet 

granular flow cannot be ignored. 
Dimensional analysis can be used to simplify the 

flow description by reducing the number of system 
parameters. Henein et al. [8] correlated the flow of 

particles in a drum to the magnitude of the Froude 

number and categorized it into six flow regimes; 

slipping, slumping, rolling, cascading, cataracting, and 

centrifuging. Orpe et al. [9] found that the flowing layer 

thickness is symmetric at low Froude number (Fr) and 

large particle size to drum radius (r/R). However, so far, 

scaling relationships for wet particulate systems in a 

rotating drum are unavailable, and it is not clear how 

particle size affects the flow of particles in the presence 

of liquid-induced cohesion. 

In this work, we study the flow of wet particles in a 
rotating drum in the slipping, slumping and rolling 

regimes by using a silanization method to alter the 

surface properties of the glass beads, and hence, to 

indirectly control the bed flow in the drum. We begin by 

investigating the influence of the particle size, rotation 

speed and the capillary force on the bed flow motion. 

Then, we propose an approach that ensures particle flow 
similarity for different particle sizes.   

2 Materials and Methods  
2.1 Capillary force and silanization procedure 

The capillary force between interacting particles is 

known to control the flow behaviour of wet granular 
materials; here we focus on the pendular regime [10]. 

For a given particle radius r, the capillary force depends 

linearly on the contact angle θ and the surface tension γ. 

For a proper understanding of the problem, we isolate 

the roles of particle size, contact angle, and surface 

tension. Similarly to the work of Raux et al. [11], we treat 

the surface of the glass beads via silanization to increase 

their hydrophobicity, that is the contact angle θ. Using 

mixtures of ethanol-water as interstitial liquid and glass 

beads with different hydrophobicity, the capillary force 

between two adjacent beads can be manipulated over a 
wide range of values. 

Chemical compounds used for silanization are: 

Silanization solution I~5% (v/v) (5% (v/v) 

dimethyldichlorosilane in Heptane, Selectophore), 

Hydrochloric acid (HCL, 0.1 M), Acetone and Ethanol.  
The procedure for increasing the beads 

hydrophobicity is as follows: first, glass beads are 

cleaned for at least one hour by immersion into freshly 

prepared HCL solution under agitation using a rotor-
stator homogenizer. Then, they are rinsed thoroughly 

with deionized water and oven dried for 3 hours at 60°C. 
Afterward, the freshly cleaned glass beads are immersed 

in 5 % (v/v) dimethyldichlorosilane in heptane 

(silanisation solution) under agitation for an hour. 

Finally, the glass beads are rinsed with acetone and 

allowed to air-dry under a fume hood for 24 hours.  

    F c ~ γcosθ. (1) 
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Fig. 1. Contact angles of water-ethanol mixtures as a function 

of the ethanol fraction on silanized and non-silanized glass. 

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 software. The LBADSA plugin is based on the 

fitting of the Young-Laplace equation to the image data 

[12]. As shown in Fig. 1, water−ethanol mixtures with 

different ethanol fraction allow to obtain intermediate 

contact angles, which continuously decrease from 96° to 

30° for silanized beads as the ethanol fraction in the 

liquid increases from 0 to 1. The higher the contact 

angle, the lower the wettability of the glass.

Fig. 2. Inverse of the Weber number We as a function of 
ethanol fraction for silanized and non-silanized glass for 
different particle radii r. The red circles mark to the 

configurations studied in section 3.3. Surface tension values are 
taken from Ref. [13].

To characterize the motion of wet particles, the 
particle based Weber number is often used [14, 15], 

given by the ratio of kinetic to capillary energy of the 

particle.

where r the particle radius, ρp the density of glass bead 

and V the average velocity of the flowing particles. This 

velocity is taken constant, V = 0.11 m/s. The Weber 
number in equation (2) also takes into consideration the 

effect of the particle-liquid contact angle θ. 

In Fig. 2, we plot the inverse of the particle based 

Weber number We, defined in equation (2), against the 

volume fraction of ethanol in the water-ethanol mixture. 

Surface tension values are taken from Ref. [13]. Here, 

differently from e.g. [14, 15], the variability of the 

contact angle � is taken into account. We vary We by 
varying the capillary force Fc~γcosθ, for different 

particle sizes. The Weber number increases (Fc 

decreases) with increasing ethanol concentration for 

particles with unmodified glass surface, while We 

decreases (Fc increases) in the case of silanized glass 

beads, in agreement with the literature [16]. This allows 

to control the strength of the capillary force and We 
number in wet granular flows.

2.2 The Drum apparatus

Samples of silanized and non-silanized glass beads 

with different ethanol-water mixtures as described 

above, are then placed in a rotating drum to study the 

granular flow. The drum is made by a cylinder of 121 

mm inner diameter, 22 mm width (frontal view in Fig. 3 

a), and held between two circular plexiglass (PMMA) 

plates of 5 mm thickness to allow optical access. The 

drum is placed vertically on a rotating axle driven by a 

variable-speed motor. The PMMA walls of the drum are 

coated with FEB coating to prevent wet glass beads from 

sticking on the wall. Images of the rotating drum are 

recorded using a MotionBLITZ EoSens high speed 
camera working at a speed of 460 frame.s-1. Images are 

then post-processed using a particle tracking package in 

Matlab [17].

After each experiment, the drum is dried in an oven 

for one hour to let the remaining liquid from the previous 

experiment evaporate. In all experiments, the drum 
filling ratio is around 35% (w/w) (i.e. 125 g of glass 
beads) and the amount of added liquid is 4 ml, where the 

pendular state is expected. 

Fig. 3. a) Rotating drum apparatus (back) and camera (front),
b) Schematic representation of the transverse plane the with the 
particle flow in a rotating drum. 

We perform flow experiments in the drum for a selected 

set of particle types, with different hydrophobicity and 
sizes, namely 0.85 mm, 1.25 mm and 2 mm. 

Parameters and characteristics of the drum and the 

glass beads are summarized in Table 1.
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Table 1. Properties of the drum and the glass beads.  

Properties Value 
Drum, R×L (mm) 60.5×22 

Glass beads radii r (mm) 0.85, 1.25 and 2  

Rotation speed (rpm) 3 to 57 

Particle density ρp, (kg.m-3) 2500 

Filling level β 35% (125 g) 

Volumetric liquid content vliq (ml) 4 

3 Results and discussion  
3.1 Effect of capillary force on the bed flow  

In order to characterize the flow in the drum, we 

focus on the dynamic angle of repose, i.e. the angle 

between the top surface of the rolling bed and the 

horizontal plane (Fig. 3 b). This angle is numerically 

computed by linear regression of the positions of the 

particles on the surface of the flow, detected by a 
concave-hull algorithm [18]. 

First, we investigate the flow in the simplest case of 

non-salinized particles with pure-water as interstitial 

fluid. This will help us to gain knowledge on the 

interplay between particle size and capillary force.

Fig. 4 shows the dynamic angle of repose versus 

rotation speed for three particle sizes in wet system with 

pure water as interstitial liquid (configuration 3, 4 and 5 

in Fig. 2). As the rotation speed increases, the dynamic 

angle of repose increases. Smaller glass beads have a 

higher dynamic angle of repose. This is because a 
decrease of the particle size decreases the Weber number 

We (see Fig. 2), i.e. capillary forces become stronger. 

Fig. 4. Dynamic angle of repose as a function the rotation 
speed for different particle sizes in wet system.

In Fig. 5, we show the velocity gradient of the 
granular flow for particle size 1.25 mm at 25 rpm, with 
0% ethanol concentration (fethanol = 0) in the case of wet 
glass beads (configuration 4 in Fig. 2) and silanized wet 
glass beads (configuration 6 in Fig. 2). For the sake of 
completeness, we also show the flow in the case of dry 
particles. The velocity profile of the particles in the drum 
is obtained using a matlab particle tracking method [17].

Clearly, the interparticle cohesion has a significant 

effect on the bed flow motion. Whereas the flow pattern 

has a convex shape for dry particles, an almost flat shape 

is observed for wet particles. The dynamic angle of 

repose for the wet particles shown in Fig. 5 (b) is about 

46°, larger than that of dry particles (around 37° in Fig. 5 

a). By visual inspection of Fig. 5, we also notice that the 

depth of the high velocity zone becomes larger, but 

slower, in the wet case, suggesting a gradual transition 

from shear flow to plug flow. This transition is also 

marked by lower flow velocity, indicating a reduction of 

the mobility of particles.

Fig. 5. Snapshots (top ) and velocity (bottom) of the bed in the 
rotating drum for a) dry, b) wet and c) silanized glass beads.  

On the other hand, silanized glass beads mixed with 
water show a lower dynamic angle of repose and a 
thinner flowing layer (see Fig. 5 c), close to that of the 
dry case. This is because the capillary force becomes 
weaker in the case of silanized surface due to the higher 
contact angle. Thus, by means of silanization, it is
possible to alter the bed flow via the contact angle and 
even approach the flow motion of a dry system.  

3.2 Scaling methodology 

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 [19]. 

Five dimensionless groups are presented in equation 

(3) including Froude number Fr (ratio of inertial force to 

gravity force), Weber number We, liquid to particle 

volume ratio, capillary number Ca, and drum fill ratio β.

(3)

where Np is the total number of particles, �  is the 
dynamic viscosity, and Vr is the relative velocity 
between two particles in contact. In our study, we have 
kept the Froude number, liquid-particle volume ratio, 
and drum fill percentage constant among all experiments 
(see Table 1). In this study, we focus on the effect of the 
Weber number and neglect here the role of the Capillary 
number (Ca << 1).
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3.3 Particle size scaling 

Using the information from the previous sections, we 

propose a procedure to maintain dynamic similarity after 

scaling the particle size. In the case of granular flows, 
the relevant properties to compare are the dynamic angle 

of repose and the depth of the flowing layer. Here, we 

focus on the former and we test if we can obtain the 

same flow behavior by keeping the Weber number We 

constant. That is, for decreasing particle size, we must 

increase the capillary force accordingly.

We compare the flow motion of the smaller particle sizes 
(1.25 mm and 0.85mm) to the flow of the 2 mm particles 
and we check whether they have the same dynamic angle 
of repose. For that, we refer to Fig. 2 and we keep the 
inverse of the Weber number 1/We ~ 0.16 for the three 
cases, starting from configuration 3 with pure water. For 
particles with  r = 0.85 mm, rather than using water, we
use a mixture of  20% ethanol-80% water (v/v) with 
silanized 0.85 mm glass beads, indicated in Fig. 2 as
configuration 2. On the other hand, for particles of 1.25 
mm, we use 40% ethanol-60% (v/v) water with non-
silanized beads, marked in Fig. 2 as configuration 1. 

Fig. 6 presents the dynamic angle of repose of wet 
samples for different rotation speeds. While the open red 
symbols represent the configurations with almost the 
same Weber number, solid symbols represent configs. 4
and 5 with 100% (v/v) water and lower Weber number. 

Fig. 6. Dynamic angle of repose as a function of the rotation 
speed for different particle sizes in wet systems.

The dynamic angle of repose of  configurations 1 and 
2 collapses with that of the 2 mm size case (config. 3),
indicating that the latter can be rescaled to 0.85 mm or 
1.25 mm sizes if the Weber number is kept constant, via 
the contact angle and the surface tension. This means 
that, experimentally, the scaling approach works in the 
considered flow regimes (slipping, slumping and 
rolling).  

Conclusion 

The effect of capillary force and particle size on the 
bed flow in a rotating drum was investigated at different 
rotation speeds, from 3 to 57 rpm. Specifically, we have 

shown that the presence of liquid increases the depth of 
the flowing layer and reduces the mobility of the 
particles. We established a procedure to alter the strength 
of capillary forces by using mixtures of ethanol-water as 
interstitial liquid with silanized and non-silanized glass 
beads. Then, we proposed a scaling methodology that 
ensures similarity of the dynamic angle of repose by
keeping the Weber number constant after scaling the 
particle radius. We were able to obtain similar bed flow 
for different particle sizes, confirming that the proposed 
scaling methodology works for the few cases studied so 
far. A next step would be to test the scaling methodology 
on other quantities like the similarity of the flowing layer 
depth, and to include the effect of the liquid viscosity on 
the rather dynamic bed flow.  
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