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Liquid transport in moving particle beds occurs due to liquid transfer upon particle–particle collisions, as well as
due to convective transport caused by the particle motion. These transport mechanisms are typically described
with rather simplistic models, and expensive discrete particle simulations need to be used for their evaluation.
In this article, we analyze the effect of a variety of liquid transfer models in several flow configurations. After
selecting an appropriate transfermodel,we perform a large set of homogeneous shearflow simulations involving
soft, frictional spheres. Based on the results of these simulations, we build regimemaps of the effective liquid flux
through sheared particle beds.We then draw an analogy to the transport of thermal energy in these systems, and
find good agreement of the computed dimensionless conductive fluxes. Our results constitute the foundation for
the future development of continuummodels to describe liquid and thermal transport throughmoving granular
materials.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Granular flows can be found both in industry and nature, e.g., in pro-
duction processes for food and pharmaceuticals, or geophysical flows,
such as landslides. Often, a certain amount of liquid is part of the gran-
ular material, which leads to extremely complex flow behavior due to
inhomogeneous liquid distribution and the presence of cohesive forces
[1,2]. The formation and rupture of liquid bridges in these granular
materials cause a change in the mechanical properties, making the de-
velopment of rigorous rheological models for suchmaterials a formida-
ble, and up to nowunresolved, task [3]. This is not surprising, since even
the experimental observation of the liquid distribution (i.e., the amount
of liquid in the film on particles, as well as in the bridges between par-
ticles) is extremely challenging [4–6]. For example, the experimental
measurement of liquid bridge clusters between individual particles
with high accuracy is expensive and limited to static particle assemblies
[7]. Furthermore, previous experimental work could not correlate the
bridge volume to cohesive forces, ormeasure the transport rate of liquid
through sheared particle beds. Unfortunately, exactly this information
would be required to establish more sophisticated models describing
the flow behavior of wet granular materials, or the transport rate of
liquid in these materials. The latter, namely the rate of liquid transport
through a sheared bed of wet particles, is the focus of our paper.

In the last two decades, researchers have employed the discrete
element modeling (DEM) approach to study the effect of liquid brid-
ges. Typically, bridges are assumed to be pendular (i.e., between ex-
actly two particles), and their shape is assumed to be that of a static
bridge [8,9]. A cornerstone in the development of DEM models was
the study of Lian et al. [10]. They developed a liquid bridge model
based on the numerical solution of the Laplace–Young equation. On
the basis of their results, the dimensionless rupture distance of a liq-
uid bridge was determined to be proportional to the cube root of the
dimensionless liquid bridge volume. This result triggered further
work in this field. For example, Xu and Yu [11] studied the impact
of different amounts of liquid in a fluidized bed. McCarthy and Ottino
[12] developed a soft-sphere simulation model that incorporates
liquid-bridging forces. Only recently Mani et al. [13] implemented a
redistribution scheme for liquid in a sheared particle bed. Specifical-
ly, they investigated liquid transport in wall-bounded granular
flows. These theoretical studies clearly highlight the recent interest
in wet granular flows, and the importance of knowing the liquid dis-
tribution in sheared particle beds.

From an experimental point of view, models to describe the liquid
bridgeswere developed using rotating tumbler systems [14] and vibrat-
ed beds [15]. Recent experimental studies on liquid bridges in static (or
slowly moving) particle beds have been summarized by Herminghaus
[16]. These studies were very successful to predict properties of static
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(or slowlymoving) granularmaterials, e.g., the yield strength. However,
models describing the formation and breakage of liquid bridges in
sheared particle beds, or the rheological consequences, could not be ad-
dressed in sufficient detail.

In summary, there is little quantitative understanding of the liquid
transport rate in sheared particle beds, its effect on the distribution of
liquid bridge volumina, or the rheological consequences. Thus, the aim
of this study was to help in developing such a quantitative understand-
ing, with the ultimate goal of deriving a continuum model for liquid
transfer in a moving particle bed. Such a continuum model could then
be used to help in the engineering of wet particulate systems, as found
in applications likewet granulation, drying [17], coating [18], orwet im-
pregnation of porous catalysts [19].

In our paper, we focus on various models that have been devel-
oped for the formation and rupture of pendular liquid bridges be-
tween particles. These models consist of a sub-model for the
formation of a bridge (in which liquid drains from the film on the
particle into the bridge), and a sub-model for bridge rupture (i.e.,
the redistribution of liquid upon bridge rupture). While the rupture
processes is always modeled as an instantaneous event, we use a
model that (i) assumes an instantaneous bridge formation, or a
model (ii) with a finite liquid transfer rate of the drainage process.
We investigate the effect of these model details in various flow con-
figurations by means of an analysis of the conductive and convective
liquid fluxes. Specifically, we have assumed that particles are smooth
and uniformly coated with a thin liquid layer. This is a rough approx-
imation for typical industrial systems, however, limits the parameter
space of our theoretical analysis significantly. Also, we have not used
any force models associated with the liquid bridges. This assumption
clearly limits the applicability of our results to systems involving
smooth particles with high inertia (i.e., high density and a diameter
in the millimeter range). However, we feel that excluding liquid
bridge forces avoids some unresolved difficulties in interpreting re-
sults from shear flow simulations associated with the formation of
agglomerates. Furthermore, excluding the effect of liquid bridge
forces and considering thin films allows us to draw an analogy be-
tween liquid transport and thermal transport [20,21] in granular
shear flows.

Our key results consist of correlations of conductive and convective
liquid fluxes with dimensionless flow parameters, i.e., a dimensionless
shear rate. Therefore, we have used ideas from the field of granular rhe-
ology (e.g., Chialvo et al. [22]) to non-dimensionalize the physical pa-
rameters that describe wet granular flows, and the associated liquid
flux. This helped us to differentiate between an inertial, quasi-static,
and intermediate flow regimes, which are well established in the field
of granular rheology [22]. Our study shows that these regimes alsoman-
ifest in different regimes of liquid and heat transport rates through
sheared particle beds.

Our paper is structured as follows: in Section 2 we describe the sim-
ulation methods and setup, including the details of the liquid transfer
models. Section 3 summarizes the dimensional analysis for heat and liq-
uid transfer. Section 4 summarizes the results of a theoretical analysis
for liquid transfer. Section 5 summarizes the results of the shear flow
simulations, and Section 6 summarizes the key findings of our study.
2. Simulation method

2.1. Particle flow model

Computer simulations using the discrete elementmethod were per-
formed using the software package LIGGGHTS [23]. A linear spring dash-
pot model [24] was used tomodel normal and tangential contact forces
between particles. Based on these forces, the trajectories of individual
particles were computed based on Newton's equation of translational
and rotational motions.
The force acting on the particle i, from particle j can be decomposed
into a normal (fin) and a tangential component (fit). These forces are
modeled as:

δ ¼ ri þ r j− r0i−r0j
��� ��� ð1Þ

fni ¼ knδnij−ηnv
n
ij ð2Þ

fti ¼ −ktu
t
ij−ηtv

t
ij ð3Þ

Here δ is the normal overlap (which is positive for overlapping parti-
cles), anduij

t is the tangential overlap (for other symbols refer to theNo-
menclature section). By Newton's third law, particle j experiences the
same force as experienced by particle i but in the opposite direction.
Furthermore, we enforce Coulomb's criterion by ensuring that

fti
��� ���b μ fni

�� ��: ð4Þ

When using the linear spring dashpot model, one can compute a
characteristic contact time tc given by

tc ¼ π=ω; and ð5Þ

ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kn=meff−ηn

2= 4meff
2

� �q
: ð6Þ

This contact time sets the time step Δt for the integration of
Newton's equation of motion. The restitution coefficient en can be de-
fined as the ratio of relative velocities of the particle after and before col-
lision. For the linear spring-dashpot model, one can approximate en as:

en ¼ exp
−π ηn

meff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kn=meff−ηn

2=meff
2

q
0
B@

1
CA: ð7Þ

In our simulations, the spring stiffness and damping coefficient in
the normal and tangential direction are set equal. Specifically, we set
ηn and kn such that we obtain a certain restitution coefficient and di-
mensionless shear rate γ⁎ (see “Simulation setup and flow properties”
section for details). Therefore, the normal spring stiffness and damping
coefficients were calculated using:

kn ¼ 16
15

ffiffiffiffiffiffiffi
reff

p
Yeff

15meff v
2
char

16
ffiffiffiffiffiffiffi
reff

p
Yeff

" #1=5
; ð8Þ

Yeff ¼
γ=γ�ð Þ2d3pρp

16=15ð Þ4=5 reff
� �2=5

meff

� �1=5
vcharð Þ2=5

2
64

3
75
5=4

; and ð9Þ

ηn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4meffkn

1þ π
ln enð Þ

� �2
vuut : ð10Þ

Note, that the characteristic impact velocity vchar drops out of Eq. (8)
after inserting Eq. (9), such that vchar is irrelevant for our subsequent
analysis based on dimensionless quantities. vchar defines the Young's
modulus Yeff of the modeled particulate system, i.e., helps to apply our
(dimensionless) results to a certain real-world application.



Fig. 2. Schematic representation of the liquid transfer between two particles using model
B1: (a) particles approach each other, (b) particle surfaces are in contact, (c) particles sep-
arate and liquid transfer takes place, (d) particles move away from each other.
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2.2. Liquid transfer models

In this studywe assume that the layer of liquid is very thin compared
to the particle radius, to ensure that only pendular liquid bridges are
formed. Furthermore, we assume that the liquid layer is uniformly dis-
tributed on the surface of each particle (i.e., we assume smooth parti-
cles, perfect wetting, and a uniform film thickness). In case a bridge is
formed, our models B2 and C (see below for details) consider the
stretching of the bridge and its rupture. It should be noted that the effect
of gravity has been neglected in our study as well. This assumption is
valid as long as the capillary length Lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ l= gρlð Þp

is much larger
than the particle diameter.

Based on the above assumptions, we consider four different models
for liquid transfer upon a particle–particle collision:

• Model— A: A simple conduction based transfer rate model analogous
to heat transfer between contacting particles (no rupture distance
considered)

• Model — B1: An instantaneous liquid transfer model based on
particle–particle surface contact (instantaneous bridge forma-
tion, no rupture distance considered)

• Model — B2: An instantaneous liquid transfer model that con-
siders the finite thickness of the liquid layer on the particles, as
well as a model for the rupture distance.

• Model — C: A filling rate based model for the drainage of liquid
into the bridge, as well as a model for the rupture distance.

In the following we briefly discuss these models, further details are
documented in Appendix A.

2.2.1. Model A
In this model, the liquid transfer between the particles takes place

similarly to heat conduction between two contacting particles (see the
illustration in Fig. 1). Thus, liquid transfer takes place when the particle
surfaces are in contact. The transfer rate is based on the difference of the
liquid content on the contacting particles (Lp,i and Lp,j), and a liquid
transfer coefficient hc. This model has been previously used to model
liquid transfer in impregnation processes [25], and can be written as:

Q ¼ Lp; j−Lp;i
� �

hc: ð11Þ

2.2.2. Model B1
In this model, as illustrated in Fig. 2, liquid transfer between the par-

ticles takes place at the time instant the particle surfaces separate (i.e.,
*

a b

d e

Fig. 1. Schematic representation of liquid and heat transfer between two particles: (a,d) p
place, (c,f) particles move away from each other (model A for liquid transfer).
particles are not in contact anymore, but were in contact in the previous
time-step). The liquid transfer rates Qi and Qi are calculated using
Eq. (12). Here Vb,i and Vb,j are the volume of the liquid contributed by
particles i and j, respectively. This model was initially proposed by Shi
and McCarthy [26]. Here n is the transfer ratio, which equals 0.5 for
equally sized particles.

Qi ¼
Vb;i þ Vb; j

� �
n

� �
−Vb;i

Δt
; Q j ¼

Vb;i þ Vb; j

� �
1−nð Þ

� �
−Vb; j

Δt
ð12Þ

Vb;i ¼
Lp;i
2

1−
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1
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ð13Þ

2.2.3. Model B2
In this model, as illustrated in Fig. 3, particles exchange liquid after

the liquid films of the particles touch. Specifically, we assume that liquid
contributed from particles i and j instantaneously forms a liquid bridge
c

f

articles approach each other, (b,e) particle surfaces are in contact and transfer takes
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Fig. 3. Schematic representation of the liquid transfer between two particles using model B2: (a) particles approach each other, (b) the liquid films are in contact, (c) a liquid bridge is
formed, (d) particles move away from each other and the bridge ruptures at a certain rupture distance, and (e) liquid is redistributed and particles separate.
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with volume Vb (Eq. (14); see the illustration in Fig. 3b and c). The liquid
transfer rate for particles i and j is calculated using Eq. (15).

Vb ¼ Vb;i þ Vb; j ð14Þ

Qi ¼ −Vb;i=Δt; Q j ¼ −Vb; j=Δt ð15Þ

After the collision, the particles may separate, and the liquid bridge
ruptures when the surface–surface separation distance sc is greater
than the rupture distance sr [10]. The rupture distance is calculated
using Eq. (17) [10]. Specifically, we have chosen the contact angle θ to
be zero, as we assume that the liquid is perfectly wetting the particles
[10,26]. Once the liquid bridge ruptures, the liquid transfer rates are cal-
culated based on Eq. (16) to model the redistribution of liquid from the
bridge back onto the particle surfaces (see the illustration in Fig. 3d–e).

Qi ¼
Vbn
Δt

; Qi ¼
Vb 1−nð Þ

Δt
ð16Þ

sr ¼ 1þ 0:5θcð ÞV 1=3ð Þ
b ð17Þ

sc ¼ r0i−r0j
��� ���−ri−r j ð18Þ
a

d

b

Fig. 4. Schematic representation of the liquid transfer between two particles usingModel C: (a) pa
from the particle drains into the bridge, (d) particles move away from each other and the bridge
2.2.4. Model C
Same as in model B2 we model liquid transfer after the liquid films

on the particle surface touch (see Fig. 4). However, in model C we ex-
change liquid with a finite rate. Specifically, we assume that only a cer-
tain fraction ϕmobile of a liquid on the surface of the contacting particles
can flow into the bridge. The transfer rates are calculated using:

Qi ¼ −
c f
tref

Lp;iϕmobile−Vb

� �
; and ð19Þ

Q j ¼ −
c f
tref

Lp; jϕmobile−Vb

� �
ð20Þ

tref ¼
reff μ l

σ l
; and reff ¼;

2rir j
ri þ r j

ð21Þ

ϕmobile ¼ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

r2j

ri þ r j
� �2

vuuut : ð22Þ

Here cf is a dimensionless filling rate coefficient, tref is the reference
liquid bridge filling time and ϕmobile is the fraction of the liquid on the
surface of the particle that is mobile to flow into the bridge. We use
e

c

rticles approach each other, (b) the liquid films touch and a liquid bridge is formed, (c) liquid
finally ruptures, and (e) liquid is redistributed and particles separate.
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Fig. 5. Collapse of scaled pressure vs. scaled shear rate curves for μ=0.1 (exponents a and
b being 2/3 and 4/3, respectively).
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the expression of Shi and McCarthy [26] for ϕmobile, which is based on
geometrical considerations. The reference time scale tref for bridgefilling
is taken to be the same as in the recent work of Gross et al. [27] for vis-
cous droplet coalescence.

The structure of our expressions for the liquid transfer rate (Eqs. (19)
and (20)) requires some explanation. The flow of liquid into a bridge is
generally driven by a difference in the pressure of liquid in the film (on
the particle surface) and the pressure in the bridge. Clearly, in case the
pressure of liquid in the bridge is small, then the liquid flows into the
bridge. If the liquid bridge volume is large, the pressure in the bridge
might become larger than the pressure in the liquid film and there
could be a backflow (i.e., flow from the bridge into the film driven by
wetting). To a first approximation, the liquid volume in the bridge is di-
rectly proportional to the pressure. Hence, we have chosen the differ-
ence of the bridge volume and the amount of (mobile) liquid on the
particle surface as the key quantity that governs the rate of liquid trans-
fer in Eqs. (19) and (20). This has some advantages: unlike model B2
that transfers the liquid from the film into the bridge instantaneously,
model C can account for thefinite rate of transfer, aswell as for the back-
flow of liquid onto the particles. The dynamics of wetting that induce
backflow are complex [28], and currently not accurately modeled
when using model C. However, there are no accurate models available
for this backflow. Because of this, we have addressed a further improve-
ment of model C to future work and stickwith the rather simple formu-
lation given by Eqs. (19) and (20).

After specification of the transfer rates, the liquid bridge volume can
be found by a simple mass balance:

dVb

dt
¼ − Qi þ Q j

� �
: ð23Þ

After the collision of particles, the liquid bridge ruptures when the
separation distance between them is greater than the rupture distance
(same behavior as model B2).

2.3. Model for heat transfer in analogy with model A

Model A for liquid transfer was based on similar assumptions as one
would use for a heat transfer model between comparably stiff particles
[29]. In such a heat transfermodel, it is assumed that transfer of heat oc-
curs through a disk-shaped region at the particle–particle contact. The
size of this region is typically assumed to be proportional to the normal
overlap, which is realistic for small deformations, i.e., small overlaps.
The heat exchange rate during such a single particle–particle collision
(see the illustration in Fig. 1) can be modeled using [29]:

Q ¼ KCTref δ
�dp θi−θ j

� �
: ð24Þ

Normalizing the above heat transfer model with the reference heat
content of a single particle, one obtains:

Q �∝ K
ρpcpd

2
p

δ� θi−θ j

� �
: ð25Þ

It is now easy to identify hheat = K/(ρpcpdp2)δ* as a characteristic heat
transfer coefficient due to particle–particle collisions in analogy to the liq-
uid transfer coefficient hc inmodel A. The key difference is that thedimen-
sionless overlap δ⁎ appears in the heat conduction model. This overlap
depends on the particle stiffness and the contact stress that develops in
the bed of particles. We detail on these parameters in the next section.

2.4. Simulation setup and flow properties

As the simulation setup we have chosen a number of simple particle
configurations, including a fully periodic cubical box with Lees–
Edwards boundary conditions [30]. These boundary conditions can be
used to impose a uniform shear flow with a fixed shear rate γ (see the
“Sheared particle assemblies” section for details). The advantage when
using this setup is that there are no wall effects (i.e., each point in the
simulation domain is statistically identical), and that reference data is
available for both the rheology [22] and (to some extent) the heat con-
duction in dry granular materials [21].

To characterize the speed of shearing, we use the dimensionless
shear rate defined as [22]:

γ� ¼ γd3=2p =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kn=ρp

q
: ð26Þ

This dimensionless parameter is the ratio of a characteristic deforma-
tion time of the particles and a characteristic shearing time. The shearing
time (together with the particle volume fraction) also sets the time scale
for particle–particle collisions. In industrial applications particles are typ-
ically very stiff (i.e., kn is large), and hence γ⁎ may become extremely
small. Using the soft-sphere approach, it is very time consuming to per-
form simulations at γ⁎ less than ca. 10−5, because the time step becomes
very small. Fortunately, the analysis of Chialvo et al. [22] shows that two
distinct flow regimes (i.e., an inertial and quasi-static regime) are present
for γ* b 10−3. Below this dimensionless shear rate, the flow regime does
not change. For soft particles, i.e., γ* b 10−1, a third (intermediate) flow
regime is prevailing [22]. Fig. 5 shows our simulation results for these re-
gimes, and consequently we considered a range between 10−4 and 1 for
the dimensionless shear rate.

The total stress in the particle packing is given by [22]:

σ ¼ 1
V

X
i

X
j≠2

1
2
rij⊗f i þmiv

0
i⊗v0i

2
4

3
5 ð27Þ

pc ¼ σ cxx
þ σ cyy

þ σ czz

� �
=3: ð28Þ

In Eq. (27) the summations are over all particles and contacts be-
tween particles in the simulation domain. The contact pressure was
scaled to obtain a dimensionless contact pressure pc⁎ = pcdp/kn. We
have used this pressure to benchmark our simulation results with liter-
ature data [22], thereby confirming the validity of the code.

It should be noted that the dimensionless contact pressure is an in-
dicator for the dimensionless overlap and contact duration between
particles [21]. Thus, we expect that the well-established regime transi-
tions for pc⁎ (e.g., see Chialvo et al. [22]) should be also reflected by re-
gime transitions for the effective conductive fluxes for heat and liquid



Table 1
Summary of dimensional model parameters.

Dimensional quantity Symbol Value Unit

Particle diameter dp 10−3 [m]
Young's modulus Y 1.32 · 102 [N/m2]
Initial particle velocity vx, vy 1,0.01 [m/s]
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transport through a particle bed. We detail on the calculation of these
effective fluxes in the next paragraph.

2.5. Fluxes

The conductive and the convective fluxes for the heat transfer be-
tween particles can be calculated using the following equations [21]:

qcond ¼ 1
V

X
c

Qrij qconv ¼ 1
V

X
i

meff cpTivi: ð29Þ

The reference conductive heat flux, which is the product of the ther-
mal conductivity and the temperature gradient in the gradient direction
(i.e., y-direction), is given by:

qs ¼ −K∇yT: ð30Þ

In analogy to the effective heat flux, the conductive and convective
liquid fluxes for particle i are calculated using the following equations:

qcond ¼ 1
V

X
c

Qrij qconv ¼ 1
V

X
i

Lp;ivi: ð31Þ

The total flux q is the sum of the conductive, qcond, and convective
flux, qconv. A reference liquid flux (in the gradient direction) can be cal-
culated using:

qs ¼ γ∇yLp=dp: ð32Þ

Here∇yLp is the gradient of the liquid content imposed in our shear
flow simulations (see Sheared particle assemblies section for details).
Note that this reference flux is independent of the liquid properties,
since some liquid transfer models assume instantaneous liquid transfer
and liquid properties are irrelevant.

2.6. Coordination number

The knowledge about the number of particle–particle contacts and
the number of liquid bridges can be used to compute coordination num-
bers, i.e., the average number of contacts (or liquid bridges) per particle.
Because in some of our models the lifetime of a liquid bridge and a con-
tact is not identical, we need to differentiate between a contact and a
bridge coordination number defined as:

Zc ¼ 2Nc;tot=Np; Zb ¼ 2Nb;tot=Np: ð33Þ

We will show that the subtle difference between these two coordi-
nation numbers is essential to understand the regimes dictating liquid
conduction through sheared particle beds.

3. Dimensional analysis

The key dimensionless granular-flow parameters, i.e., the particle
volume fraction, the friction coefficient, the coefficient of restitution,
the dimensionless stresses, and the dimensionless shear rate are well
documented in literature (e.g., see Chialvo et al. [22]). In addition to
these parameters, there are several additional influence parameters in-
volved in case the heat or liquid transfer is considered.

3.1. Heat transfer

For heat transfer in granular materials the Peclet number

Pe ¼ γ
dp=2
� �2
K=ρpcp

ð34Þ
can be identified as the main non-dimensional influence parameter.
The Peclet number can be interpreted as the ratio of a characteristic
time for heat conduction (within the particle) and a characteristic
granular flow time tshear = 1/γ. In typical applications, this Peclet
number ranges from 10−5 to 103. In our study, we focused only on
a Peclet number of 10−2.

3.2. Liquid transfer

For liquid transfer in granularmaterials, little is known about the key
dimensionless parameters that govern the effective transfer rate. Based
on the models for liquid transfer that we have defined earlier, the fol-
lowing list of relevant parameters exists:

γ; reff ; μ l;σ l; h0: ð35Þ

Here h0 is a characteristic (initial) thickness of the liquid film on the
particles. Selectingmass, length and time as the base dimensions, two in-
dependent dimensionless groups can be derived using the Buckingham
pi-theorem. These dimensionless groups are:

π1 ¼ Γ ¼ γreff μ l=σ l ð36Þ

π2 ¼ ε ¼ h0=reff : ð37Þ

Here, Γ is the ratio of a reference time scale tref = reffμl/σl for the
drainage of liquid from the film on the particle into the bridge and the
granular flow time scale. Eq. (37) defines a dimensionless liquid film
thickness, and hence characterizes the (dimensionless) liquid content
on the surface of the particles.

Formodels B1 andB2, Γ formally approaches zero, since liquid transfer
is assumed to be instantaneous and there is no intrinsic time scale for the
drainage process. For model A, we can interpret the liquid transfer coeffi-
cient hc as being an inverse time scale for liquid transfer, i.e., tref = 1/hc.
Consequently, we can calculate Γ for model A via Γ= γ/hc.

Comparing the definitions of the Peclet and Γ numbers, we note that
these two quantities formally describe two similar facts: namely the
competition of convective and conductive transport of thermal energy
and liquid transport, respectively.

4. Theoretical analysis of liquid transfer models

4.1. Single particle–particle collision

A single particle–particle collision is a simple setup that can dem-
onstrate the differences in the bridge volume between models B2
and C, since only these models provide explicit information on the
bridge volume. A particle is set in motion towards a stationary parti-
cle, and the collision is simulated using the parameters listed in
Tables 1 and 2.

For a single particle–particle collision, the outcome in casemodel B2
is used is fairly obvious, namely the liquid bridge volume is the sum of
the liquid contributed by each particle. For model C an analytical solu-
tion can be derived after specifying appropriate boundary and initial
conditions. Specifically, for two identical particles (having the same



Table 2
Summary of dimensionless input parameters.

Parameters Symbol Value

Coefficient of restitution en 0.90
Coefficient of friction μ 0.10
Poisson ratio v 0.45
Film thickness h0/reff 10−2

Dimensionless filling rate coefficient (model C) cf 1
Dimensionless time step Δt/tc 1/64

Table 3
Comparison of scaled time-averaged conductive fluxes qcond�x ¼

1
V∑

c
Qrij

� 	
Lp= dptcdxð Þ using models

A, B2 and C for a multi-particle collision (tref/tc = 6.25 · 10−3).

Liquid transfer model Scaled time-averaged conductive liquid flux
qcond�x

A 1.14 · 10−8

B2 4.26 · 10−11

C 1.61 · 10−11
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diameter and liquid content), we can formulate the following differen-
tial mass balances:

dLp
dt

¼ −
c f
tref

Lpϕmobile−Vb

� �
ð38Þ

dVb

dt
¼ 2cf

tref
Lpϕmobile−Vb

� �
¼ −2

dLp
dt

: ð39Þ

By differentiating these ordinary differential equations, specifying
appropriate initial conditions (indicated by the subscript 0), and inte-
gration we get:

L�p ¼ 1−V�
b;0

� �
−

ϕmobile 1−V�
b;0

� �
−V�

b;0

h i
2þ ϕmobile

1−e−c f ϕmobileþ2ð ÞT�� �
; and

ð40Þ

V�
b ¼ V�

b;0 þ
2 ϕmobile 1−V�

b;0

� �
−V�

b;0

h i
2þ ϕmobile

1−e−c f ϕmobileþ2ð ÞT�� �
: ð41Þ

Here the time, the volume of liquid on the particle, and the liquid
bridge volume are made dimensionless using the following reference
parameters:

T� ¼ t=tref ; Lp
� ¼ Lp=Lp;0; Vb

� ¼ Vb=Lp;0; Lp;0 ¼ dp
3 π
2
ε: ð42Þ

To test the implementation of model C, the results for the liquid
bridge volume from the simulation were compared with this analytical
solution, and excellent agreement was found.

Fig. 6 shows a comparison of the dimensionless liquid bridge volume
(Vb⁎) calculated usingmodel B2 andmodel C for various reference times
(note that we have used the contact time tc to scale the time axis). For a
Fig. 6. Variation of dimensionless liquid bridge volume using model B2 and model C (for
various reference times) during a typical particle–particle collision.
reference time shorter than the contact time, the liquid bridge forms in-
stantaneously, while for longer reference times the drainage of liquid is
slow. From Fig. 6 another interesting observation can be made. The
bridge volume obtained when using model B2 is always larger than
the values obtained when using model C, even for short reference
times and long times. This is because in model C transfer of liquid
from the film into the bridge stops at a certain equilibrium bridge vol-
ume Vb,∞⁎ = Vb,0⁎ + 2[ϕmobile(1 − Vb,0⁎ ) − Vb,0⁎ ]/(2 + ϕmobile). Thus,
based on the assumptions made for model C (i.e., Vb,0⁎ = 0, and the ex-
pression used for ϕmobile), we get Vb,∞⁎ = Vb,B2⁎ /(1 + Vb,B2⁎ /2). Here Vb,B2⁎

is the liquid bridge volume predicted by model B2.
We note that we have also tested our liquid bridge models in a

multi-particle collision setup, results are summarized in Table 3. As
can be seen, the scaled time-averaged conductive fluxes obtained
when using model B2 is higher than that obtained when using model
C. The formation and rupture of liquid bridges are instantaneous in
model B2, unlike in model C, where the drainage of liquid from the
film into the bridge is characterized by the time scale tref. Thus, the dy-
namics of the bridge filling are reflected by a decrease of the conductive
flux in a collision setup where particles finally separate (i.e., the bridge
ruptures). As mentioned in the Simulation method section, model C al-
lows a slow backflow of liquid from the bridge onto comparably dry
particles. Model B2 predicts such a transfer only upon bridge rupture.
Thus, in a flow regime with enduring contacts (and comparably small
collision and bridge rupture frequencies), we expect that model C pre-
dicts higher fluxes. We investigate this behavior in the next section.

4.2. Liquid transfer between contacting particles

In what follows, particles are placed in contact with each other in an
ordered chain, and are not allowed tomove. The particles are placed in a
reference volume V with volume Npdp

3 (here Np is the number of parti-
cles). We consider a steady-state situation and impose a gradient in
the liquid content on the particles. This allows us to calculate expres-
sions for the normalized conductive flux qcond⁎ for models A and C. Be-
cause in a static bed there is no intrinsic time scale for flow (i.e., 1/γ),
the normalized conductive flux for model A is

qcond� ¼ qcond
= −hc∇yLp=dp
� �

; ð43Þ

and for model C is

qcond� ¼ qcond
= −∇yLp= dptref

h i� �
: ð44Þ

Also, we note that because there is no bridge rupture, models B1 and
B2 would predict zero conductive flux for this setup.

For model A we obtain:

qcond� ¼ 1− 1
Np

: ð45Þ

Thus, for long chains we get a dimensionless flux of unity.
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Fig. 7. Time-averaged scaled conductive fluxes for various particle volume fractions
(ε = 2.6 ⋅ 10−6) (a) γ* = 10−4, (b) γ* = 10−2, and (c) γ* = 1.
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For model C the liquid bridge volume at steady state is given by:

Vb ¼ 1
2

Lp;i þ Lp; j
� �

ϕmobile: ð46Þ

Consequently, the dimensionless liquid flux at steady-state condi-
tions is:

qcond� ¼ 1− 1
Np

 !
c f ϕmobile

2
: ð47Þ

It can be observed that the liquid transfer rate of model C is by a fac-
tor cfϕmobile/2 smaller than that predicted by model A. Thus, in the lim-
iting case of contacting, ordered assemblies of particles, models A and
C are equivalent except for a prefactor. Consequently, we expect that
there exists an analogy betweenmodel A (and heat conduction) and liq-
uid transport for this limiting case. This is of great significance, since
such an analogy would mean that theoretical models for predicting
the effective heat conductivity of particle beds could be applied to liquid
transport. While for contact particle this analogy will hold, we cannot a
priori expect that models C and A give similar results for more dilute
granular flows and for arbitrarily large liquid content (note that model
A does not consider a rupture distance). We will come back to this
point in the next section of our paper.

Finally, we note that we have also performed simulations of liquid
transport in randomly oriented, dense assemblies of particles (particle
volume fraction 0.64). These simulations confirm that, at steady state,
models A and model C give similar results except for a prefactor (see
Table 4 for details). Thus, the dimensionless liquid flux in a dense flow
is to a first approximation independent of the liquid content and can
be modeled similar to heat transfer between particles.

5. Sheared particle assemblies

5.1. Liquid transfer

We now investigate the liquid transport under well-controlled flow
conditions. Therefore, particles are placed in a cubic periodic box of
length (H/dp = 15) at various particle volume fractions ϕp (0.3–0.64).
Lees–Edwards boundary conditions are applied to drive a homogeneous
shear flow, with the shear gradient pointing in the y-direction. The x-
direction is the flow (i.e., streamwise) direction, and the z-direction is
the spanwise direction. The liquid content on the particles is defined
based on a dimensionless reference film thickness ε = h0/reff. Here h0
and reff are the dimensional reference film thickness and effective radius
of the particles, respectively. The former is proportional to the reference
liquid content on the particlesLp;0 ¼ dp

2πh0. A gradient in the liquid con-
tent of the particles is imposed in the gradient (i.e., y-) direction by fixing
the liquid content of the top layer of particles while keeping the bottom
particles dry (i.e., liquid content and bridge volume equal to zero). To ex-
clude effects of these two layers on the computed averaged fluxes, we
exclude these regions from our averaging procedure. The simulations
are carried out for a fixed dimensionless shear rate (γ⁎ ranging between
Table 4
Time-averaged scaled conductive liquid fluxes in the gradient direction usingmodel A and
model C (static particle bed near close packing; ϕp = 0.64, ε = 10−3).

Model A Model C

tref/tc qcondy =qs

625 1.95 · 10−5 2.18 · 10−7

62.5 1.94 · 10−4 1.74 · 10−6

6.25 1.97 · 10−3 1.67 · 10−5

0.625 1.96 · 10−2 1.68 · 10−4
10−4 and 1) and various dimensionless Γ numbers ranging from 10−3 to
unity. A typical snapshot of such a simulation is presented in Fig. 12,
which is discussed in greater detail in one of the following paragraphs.

In what follows, we first investigate liquid transfer at very low
liquid content, for which we expect that models A and C give simi-
lar results (see our Theoretical analysis in the previous section).
The input parameters for these simulations are summarized in
Table 5.

After the flow has approached a statistical steady state, the conduc-
tive and the convective fluxes are computed (see ‘Simulation method’
section), time averaged and scaled with the reference flux quantity.
Fig. 7 shows the values of the time-averaged scaled conductive
fluxes for various particle volume fractions (0.3–0.64) and some
representative dimensionless shear rates γ⁎ for very thin liquid films
(i.e., ε= 2.6 ⋅ 10−6). Focusing on the behavior of a typical granular ma-
terial (i.e., stiff particles characterized by γ*= 10−4 as shown in Fig. 7a),
we observe a jump in the conductive flux at a critical volume fraction of
ca. 0.60 (models B1 andB2 are an exception: here thefluxdecreases after
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Fig. 8. Time-averaged scaled convective fluxes for various particle volume fractions
(ε = 2.6 ⋅ 10−6) (a) γ* = 10−4, (b) γ* = 10−2, and (c) γ* = 1.

Slope = 6/5 

Slope = 5/4 

Slope = 3/4 

Slope = 9/10

a

b

Fig. 9.Map of the time-averaged scaled conductive fluxes as a function of the dimension-
less shear rate (ϕp=0.3, 0.612, 0.64) (ε=2.6 ⋅ 10−6) for (a) comparably fast liquid trans-
port (Γ= 10−3, 10−2) and (b) for comparably slow liquid transport (Γ = 10−1, 1).
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the jump, this will be discussed below). This is due to the formation of
regions consisting of particles with enduring contacts (often called
“force chains”, see, e.g., Chialvo and Sundaresan [31]). This results
in a much faster transfer of liquid between particles (model A), as
well as between particles and liquid bridges (model C) in the gradi-
ent direction. This phenomenon is similar to the rheological behavior
of sheared beds of stiff particles, where the stress increases by orders
of magnitude upon the formation of force chains [31]. An important
detail, visible in Fig. 7a, is that in the inertial regime (i.e., well
below the critical volume fraction) model C always predicts lower
conductive fluxes compared to models B1 and B2. The reason for
this is the finite rate of bridge filling in model C, compared to the
assumed instantaneous filling in models B1 and B2. In the inertial
regime collisions are short such that bridges cannot fill up (in
model C), and the backflow of liquid from the bridge to the films
(only considered in model C) is negligibly small.

Comparing the two rate-based models, i.e., models A and C, we can
draw another important conclusion: same as for a contacting particle
bed, and considering the same Γ value, model A predicts larger conduc-
tive fluxes compared to model C as shown in Fig. 7a–c. We have
discussed the reason for this behavior already in the theoretical analysis
(see previous section). Thus, a key influence factor for liquid transport in
sheared particle beds is the fraction of mobile liquid on the particle sur-
face, ϕmobile. Interestingly, we find that this is true for all flow regimes,
and all particle volume fractions considered.

The conductivefluxvalues ofmodel B1 in the inertialflow regime (see
Fig. 7a for ϕp b 0.59) show an increasing trend with increasing particle
volume fraction, in agreement with all other models. However, in the
quasi-static flow regime the trend is opposite. This peculiar behavior of
model B1 is only present for dimensionless shear rates of less than 10−2

(see Fig. 7b), but vanishes in the intermediate flow regime (see Fig. 7c).
Interestingly, model B2 does not show this behavior. Thus, the behavior
of model B1 is obviously connected to the particle stiffness and the life-
time of a particle–particle contact. The subtle, but obviously important,
difference between models B1 and B2 is that model B1 redistributes the
liquid (that is present in the film on the particle) upon bridge rupture.
Model B1 is based on the assumption that all the liquid in the films on
the contacting particles is participating in the redistribution process dur-
ing a bridge rupture. This is unrealistic in case multiple bridges exist: on
average too much liquid is available in the film, which slows down liquid
transfer for a predefined gradient of the liquid content (note that Lp refers
to the liquid on the particle surface only). In contrast, inmodel B2 the liq-
uid bridge isfilledupona collision (and the amount of liquid in thefilmon
the particle surface decreases). Then, the bridge volume is redistributed
upon bridge rupture. By imposing a mean gradient of the liquid content,
∇yLp, simulations involvingmodel B2 contain a larger total liquid content
compared to simulations using model B1. Thus, simply more liquid is
available for transfer in model B2, resulting in a larger liquid flux. This ef-
fect becomes more important for a larger number of bridges per particle,
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Fig. 10. Collapse of scaled conductive liquid flux vs. scaled shear rate values for model C
with exponents listed in Table 6 (ϕc = 0.59, ε = 2.6 ⋅ 10−6; (a) Γ = 1; (b) Γ = 10−1;
(c) Γ = 10−2; (d) Γ = 10−3).

quasistatic
Slope = -9/20 

inertial

Slope = -11/10 

Fig. 11.Behavior of scaled conductiveflux in thequasi-static regime (i.e., forϕp=0.64 and
γ* = 10−4) and the parameter kinert for the inertial regime.
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i.e., a larger particle volume fraction,which is exactlywhatweobserved in
our simulations.

Another key finding is that in the intermediate regime (i.e., very soft
particles, γ* = 1 as illustrated in Fig. 7c) model C predicts higher
conductive fluxes for fast (dimensionless) liquid transfer rates (i.e.,
small Γ) compared tomodel B2. This is explained by the long characteris-
tic contact time for this regime that allows a complete fill-up of the brid-
ges when using model C. Furthermore, it is possible that during a single
collision liquid can be transferred from the bridge to the films (i.e., back-
flow takes place). This leads to an equilibrationof the liquid content of the
contacting particles. Backflow can occur inmodel C during the lifetime of
a particle–particle collision, and can eventually transfer more liquid than
present in the bridge. In contrast, inmodel B2 redistribution between the
bridge and the film can occur only during bridge rupture, and involves a
limited amount of liquid fixed by the liquid bridge volume.

We now focus on the convective fluxes (in the gradient direction),
i.e., the amount of liquid transported due to the randommotion of par-
ticles. Fig. 8 illustrates the time-averaged scaled convective flux values
for different particle volume fractions and different flow regimes.
Again, we have limited the presentation to some characteristic dimen-
sionless shear rates γ⁎ to highlight the most important effects. First,
we observe that the convective mode of liquid transfer in the inertial
flow regime is larger compared to the conductive flux in this regime.
Second, the convective flux varies roughly by an order of magnitude
depending on the particle volume fraction, the shear rate and the Γ
number. In contrast, the conductive flux varies by ca. 8 orders of magni-
tude in the same parameter space. Consequently, the liquid transfer
model has comparatively little effect on the total liquid flux in these
flows, especially for stiff particles in a dilute flow (see Fig. 8a). In sum-
mary, approximating convective liquid transport with a constant (di-
mensionless) liquid flux can be used as a simple model for this flow
regime. Physically this can be interpreted by considering the effect of
the particle volume fraction on the granular temperature, i.e., the rate
of particle dispersion: it is well known that granular temperature does
only weakly depend on the particle volume fraction in the range 0.2 b

ϕp b 0.55 [31], in agreement with our results for the convective fluxes.
Furthermore, we observe an interesting decrease in the convective
flux with increasing particle volume fraction for soft particles (see
Fig. 8b–c). This is due to the lower diffusion coefficient of particles
with increasing particle volume fraction, which suppresses convective
transport of liquid. Finally, we note that at larger γ⁎ the trend with re-
spect to the Γ number is inversed for the convective versus the conduc-
tive mode of liquid transfer: slow liquid transfer (i.e., large Γ) leads to a
large local variance of the liquid content, and particle diffusion leads to a
comparably large convective liquid transport. In contrast, fast liquid
transfer (i.e., small Γ) leads to a more equilibrated local liquid content
of the particles, and particle diffusion is less efficient for convective
transport of liquid adhering to the particles. As discussed in connection
with Fig. 7, exactly the opposite is true for the conductive flux.

Fig. 9 shows a summary of the scaled time-averaged conductive liq-
uidfluxes formodel B2 andmodel C at various characteristic times. Here



Fig. 12. Snapshots of dimensionless volume of liquid on the particles (including the liquid bridge and liquid film volume) for a volume fraction of 0.64 (ε = 2.6 ⋅ 10−6 model C;
γ* = 10−3 (a) Γ = 1; (b) Γ = 10−3).
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wehave plotted our results as a function of the dimensionless shear rate
to better illustrate the differentflow regimes.We have only included re-
sults for model B2 andmodel C here, because the other models give un-
realistic results in some regimes as discussed in the last section. In Fig. 9
we observe that model C manifests in similar regimes of liquid transfer
as one would expect from previous studies on granular rheology [31].
Specifically, we observe a strong increase of the flux with increasing di-
mensionless shear rate in the inertial regime (i.e., low ϕp). The dimen-
sionless flux scales with γ�ð Þninert , with the exponent ninert between 3/4
and 5/4. This exponent is much smaller than the exponent for the stress
in the inertial regime (which is equal to 2, see [31]). At higher shear
rates, the flux saturates because the flow regimes shift to an intermedi-
ate regime (soft particles, enduring contacts). Fluxes in the quasi-static
regime (i.e., extremely large particle volume fractions for γ⁎ b ca. 10−1)
are, to a first approximation, independent of the shear rate, but influ-
enced by the reference time scale for liquid transfer.

Interestingly, model B2 does not show the increase of the flux in the
inertial regime with increasing shear rate. This is because the exchange
of liquid is fixed per collision in model B2, in contrast to model C where
also the duration of a collision is important. The behavior ofmodel B2 in
the quasi-static and intermediate regime is similar compared to model
C. The only significant difference is that model C predicts much higher
fluxes compared to model B2 for small reference time scales, i.e., small
Γ. This behavior is due to backflow from the bridge into the film in
model C, a fact that has been already discussed in connectionwith Fig. 7.

5.1.1. Average coordination number
In addition to the conductive and convective fluxes, we have also

computed the average coordination numbers Zc; Zb
� �

based on thenum-
ber of particle–particle contacts and the number of liquid bridges. The
bridge coordination numbers is a useful indicator to identify the critical
particle volume fraction at which a regime transition occurs [31].

We observe from our simulation results that for very thin liquid
films the coordination number based on the particle contacts and the
liquid bridges is essentially the same. We also observed that the critical
Table 5
Summary of dimensionless input parameters for the shear flow simulations.

Parameters Symbol Value

Coefficient of restitution en 0.90
Friction coefficient μ 0.10
Poisson ratio v 0.45
Film thickness ε = ho/reff 2.6⁎ · 10−6

and · 10−3

Dimensionless filling rate coefficient (model C) cf 1
Contact time tc/Δt 50
particle volume fraction ϕc at which the coordination number for very
thin liquid films becomes large is ca. 0.6. This critical value is in agree-
ment with previous work [32], and we now aim on applying models
from the field of granular rheology to our results for the conductive
flux. We note that ϕc is known to be a function of the interparticle fric-
tion coefficient.We have decided to not investigate the effect of the fric-
tion coefficient in this paper, since the effect (on granular rheology) of
this parameter is well documented in literature [32]. We expect a simi-
lar effect on the conductive fluxes, and an extension of our work to dif-
ferent interparticle friction coefficient is anyhow straight forward.

5.1.2. Rescaled fluxes and shear rates
We now focus onmodel C only, because it is themost rigorous model

and suitable to study transport in collision and contact dominated flow.
Also, model C offers the largest flexibility to model liquid transfer in all
flow regimes, and hence we analyze it in more detail. Specifically, we
now aim on collapsing our data for different particle volume fractions
onto a single curve to identify the regimes of conductive liquid transfer.

First, we find that the scaled conductive flux (from Fig. 7) for this
model can be collapsed to a single curve by appropriate scaling. Our
scaling was inspired by the work of [22], which focused on the predic-
tion of stresses. Specifically, in Fig. 10 we have re-scaled the conductive
flux using the term (ϕp − ϕc)a, and the dimensionless shear rate using
the term (ϕp − ϕc)b. Here a and b are exponents that need to be deter-
mined. The critical particle volume fraction and the exponents used for
this collapse are listed in Table 6.

Our data for the very thin films (i.e., ε= 2.6.10−6) can be collapsed
with a single set of exponents (see the results displayed in Fig. 10). The
model equation describing all of our results for the inertial regime is of
the form qy

cond⁎/|ϕp − ϕc|a = kinert(γ*/|ϕp − ϕc|b)5/4. Here the parameter
kinert is a function of the Γ number, and the numerical values can be ob-
tained using the fits in Fig. 10. Fig. 11 shows behavior of the scaled con-
ductive flux for the particles in the quasistatic regime, as well as the
behavior of kinertfor different Γ numbers. As can be seen, the flux and
the parameter kinert are found to be a decreasing function of the Γ num-
ber. Specifically, our results suggest a power-law expression for these
relationships, with exponents of −9/20 and −11/10 for the flux in
the quasi-static regime and kinert, respectively. In summary, the data in
Table 6
Summary of the exponents for collapsing the conductive fluxes as a function of the
dimensionless shear rate (for liquid and heat transfer).

Mode of transport Parameter range ϕc a b

Liquid transfer (ε = 2.6 ⋅ 10−6) 10−3 ≤ Γ ≤ 1 0.59 1/6 9/5
Heat transfer Pe = 10−2 0.613 1/3 7/5
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Fig. 11 suggest that the conductive liquid transfer is impacted by the Γ
number in both the quasi-static and inertial flow regimes. Hence, we
conclude that for both flow regimes it is essential to know the liquid
transfer rates in order to accurately model conductive liquid fluxes.

The good match in the intermediate and quasi-static regime for dif-
ferent larger Γ numbers is surprising, sincewe find that the liquid distri-
bution is qualitatively different. This is illustrated in Fig. 12, which
shows snapshots of the dimensionless liquid volume on the particles
for a flow in the quasi-static regime. We observe that for larger Γ num-
bers (i.e., slow liquid transfer) a high variance of the liquid volume on
the particles exists. Thus, particles at the same position (in the gradient
direction) have a very different liquid content, and the mode of liquid
transport is mainly convective. In contrast, at small Γ numbers (i.e.,
fast liquid transfer) there is very little variance of the liquid content. De-
spite this qualitative difference, the trends in the variation of the scaled
time-averaged conductive liquid fluxes are similar.
1

a

b

5.1.3. Effect of the liquid film thickness
We now use model C to study the effect of the liquid film thickness

on the conductive liquid fluxes. We start by looking at the bridge coor-
dination number.

Fig. 13 shows the ratio of the values of the averagebridge coordination
number and the average contact coordination number for various liquid
film thicknesses. For very thin liquid films, i.e., ε N 10−4, there is no differ-
ence in themagnitude of the contact andbridge coordinationnumber. For
higher liquid film thickness (i.e., ε N 10−4) the number of liquid bridges
present in the system becomes larger than the number of particle–parti-
cle contacts. This effect is due to the finite rupture distance, which is con-
sidered in model C. Consequently, we expect that the critical particle
volume fraction at which the transition from a “single-bridge” dom-
inated to a “multi-bridge” dominated (i.e., dense) regime takes place,
will decrease with increasing ε. Hence for higher liquid film thick-
ness (i.e., ε N 10−4) the values of average bridge coordination number
are factors of magnitude larger than the average contact coordination
number indicating a shift from the pendular regime to the funicular re-
gime. For extremely thick films, i.e., ε close to 0.1, the ratio of the bridge
coordination number for dense flows in the inertial regime (ϕp = 0.5)
is factors ofmagnitude larger than the average contact coordination num-
ber indicating that it approaches that typical for a quasi-static flow. Addi-
tionally Fig. 16 shows the same behavior reiterating the argument we
made earlier about the bridge coordination number. Thus, despite that
the flow is inertial and there are few particle–particle contacts, a network
of liquid bridges is established that allows a comparably fast transfer of
liquid. Particles in our study are assumed to be non-porous in nature. So
the shape of the liquid bridge (i.e., pendular or funicular) depends on
the level of saturation (i.e., S= NpLp,0/(V(1− ϕp))) of the pores between
the particles as shown in Fig. 17. Based on earlier studies [33] we know
that for higher liquid film thicknesses (i.e., ε N 10−2) the shape of the liq-
uid bridges for dense flows shifts from pendular to the funicular regime.
Fig. 13. Ratio of average bridge and contact coordination number for different particle vol-
ume fractions (model C, Γ = 10−3, γ⁎ = 10−3).
To check the effect of the increased liquid film thickness (i.e., based
on themaximum liquid content on the particles) on the scaled conduc-
tive fluxes, simulations with higher liquid film thicknesses were per-
formed (see our results in Fig. 14). From this figure we conclude that
an increased liquid film thickness increases the dimensionless conduc-
tive fluxes in the inertial flow regime. This is supported by our earlier
observations (see Fig. 13) that increased film thickness leads to more
liquid bridges per particle.

In summary, an increase in the liquid content on the particles in-
creases the dimensional conductive transport of liquid super-linearly:
more liquid on the particle (i.e., thicker films) leads to a higher dimen-
sionless flux, and because the flux is scaled with the liquid content, this
results in a super-linear increase of the dimensional flux. Clearly, film
thickness and rupture distance effects must be considered when build-
ing a liquid transfer models. These effects are essential to reproduce the
non-linear behavior of the conductive fluxwith changing liquid content.

Based on these observations, more simulations were performed
for thicker liquid films (ε=10−3) and plotted versus the dimension-
less shear rate (see the data displayed in Fig. 15). However, our data
for ε = 10−3 could not be collapsed similar to the scaling used in very
thin films. We observe in general that as we increase Γ number, the gap
between the quasistatic and the inertial regime reduces (i.e., the dense
flows in the inertial regime approaches the quasistatic regime). Hence
for higher liquid film thickness a modified scaling methodology is re-
quired which will be addressed in future work.

It is now interesting to consider the transport of another scalar quan-
tity, i.e., thermal energy, in a granular shear flow to draw an analogy to
liquid transport. We indeed find that such an analogy exists in the lim-
iting case of very thin liquid films.
310

Fig. 14. Summary of scaled conductive liquid flux vs. dimensionless film thickness values
for model C; γ⁎ = 10−3 (a: Γ = 1, and b: Γ = 10−3).
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Fig. 16. Average bridge coordination number for different particle volume fractions with
different dimensional liquid film thickness (model C, γ⁎ = 10−3).
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Fig. 17. Level of saturation (S) of pores for a given dimensionless liquid film thickness ε at
different particle volume fractions ranging between 0.3 ≤ ϕp ≤ 0.64.
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Fig. 15. Time averaged scaled conductive vs. scaled shear rate values forModel C (ε=10−3),
(a) Γ= 10−3; (b) Γ= 10−2; (c) Γ= 10−1; (d) Γ= 1.
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5.2. Heat transfer

A simulation setupwith the same particle configuration as used in our
liquid transfer studied is used to investigate heat transfer. Similar to our
simulations for liquid transfer, we have fixed the temperature of the
particles at the top (i.e., θ1 = 1, hot particle layer) and at the bottom
(i.e., θ0 = 0, cold particle layer) of the periodic box. These hot and cold
particle layers have been excluded from the averaging procedure to de-
termine the heat fluxes. After running the shear flow simulations using
the Lees–Edwards boundary conditions to a statistical steady state, we
calculate the conductive fluxes directly from the known heat transfer
rates between individual particles. Again, the fluxes are then made di-
mensionless using the reference heat flux qs (see “Simulation method”
section for details). The thermal conductivitywas chosen based on a spec-
ified Peclet number. For now we have picked Pe= 10−2 to illustrate the
key effects of the shear rate andparticle volume fraction on thefluxes. The
simulations were performed for different dimensionless shear rates and
particle volume fractions to realize all three granular flow regimes.

From the scaled fluxes of these simulations that were performed,we
readily observed that also for heat conduction three regimes can be dis-
tinguished: (i) a quasi-static regime (for ϕp N 0.62) where the conduc-
tive flux is not affected by the speed of shearing, (ii) an inertial regime
where the dimensionless shear rate has a pronounced effect on heat
conduction, and (iii) an intermediate regime at very large γ⁎ where
the data for all particle volume fractions collapses. By rescaling the
data in a way similar to what we have done for the liquid fluxes, we
are able to collapse all our data for the inertial and quasi-static regimes
onto two curves (see Fig. 18). Comparing our data for the scaled conduc-
tive heat and liquid flux for thin films (in Fig. 10), we indeed find that
the shape of the curves is similar. This, aswell as the formal equivalence
of the Peclet and Γ numbers (see Dimensional analysis section), support
our argument, that (for the limiting case of thin films) an analogy be-
tween heat and liquid transfer exists. However, we have also shown
that this analogy breaks down for thick liquid films, for which the effect
of a finite rupture distance results in a more complex behavior.

While we have not performed simulations at other Peclet numbers,
we speculate that the Peclet and Γ numbers will influence the scaled
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Slope = 2 

Fig. 18. Collapse of scaled conductive heatflux vs. scaled shear rate values for heat transfer at
Pe=10−2 with critical particle volume fractionϕc= 0.613 and exponents a=1/3, b=7/5.
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conductive fluxes in a similar way. Our speculation is based on the
above analogy, and the similarity of the model equations for both heat
transfer and liquid transfer (when usingmodel C for the latter). To sum-
marize, the key difference is, however, that in contrast to heat transfer,
liquid transfer is also impacted by the film thickness.

6. Conclusions

We investigated fourmodels for the calculation of liquid transfer upon
particle–particle collisions in granular flows. Thesemodelswere designed
to reflect liquid transport for smooth particles in flows with high inertia
such that liquid bridge forces become irrelevant. Our most sophisticated
model (i.e., model C) accounts for afinite rate of liquid exchange between
the films on contacting particles, and for a limited mobility of the film.

We first studied the key differences in rather simple granular sys-
tems, e.g., a static particle bed and a homogeneous shear flow. From
the latter simulations, we computed conductive and convective fluxes
to quantify the rate of liquid transport through sheared particle beds.
The key parameters in these simulations were the particle volume frac-
tion, a dimensionless liquid transfer time Γ, a dimensionless film thick-
ness ε, and the well-known dimensionless shear rate γ⁎.

Based our simulation results, we draw the following conclusions:

• For very thin liquid filmswe find that the scaled conductive flux can be
collapsed onto curves characterizing two essential regimes: (i) an iner-
tial regime where the conductive flux is proportional to the speed of
shearing, and (ii) a quasi-static regimewhere the conductive flux is in-
dependent of the shearing motion. A third flow regime can be defined
for extremely soft particles, which is, however, of little practical impor-
tance for typically stiff granular materials. Most importantly, we find
that the two essential regimes are persistent for all dimensionless liq-
uid transfer times (i.e., variations in the Γnumber) andfilm thicknesses
ε. This finding is of key importance for the future development of sim-
ple, continuum-based models that aim on the prediction liquid trans-
port in sheared granular materials without performing discrete
particle simulations.

• The key ingredient to collapse our data into the abovementioned flow
regimes is the knowledge of a critical particle volume fraction ϕc.
Above ϕc, multiple liquid bridges per particle exist, which changes
the mode of liquid transport. We have used the bridge coordination
number to identify ϕc.

• We have shown that the effect of dimensionless liquid film thickness
on the bridge coordination number is of key importance, because of
rupture distance effects. Consequently, the critical particle volume
fraction for liquid transfer is different from previously published data
[32].

• Our simulations indicate that, in case of comparably thick films, a re-
gime can existwhere the contact coordination is small, but the network
of liquid bridges is already established (i.e., the bridge coordination
number is large). In such a situation the stress build up in the granular
material is small, but the liquid transfer rate has already approached
the quasi-static regime (i.e., is comparably high). Such a regime could
be of significant industrial importance, since it would allow a fast dis-
persion of liquid in a moving bed of particles at low specific energy
input.

• Wehave shown that the fraction of liquid ϕmobile (on the surface of par-
ticles) that is able toflow into a bridge is of key importance for the liquid
transport rate. A refinedmodel for this quantity should be established in
future to improve the fidelity of liquid transfer models.

• We have also investigated the transport of thermal energy in sheared
particle beds, and explored similarities between transport of thermal
energy and liquid. This analogy can be exploited in continuummodels
that aim on predicting heat and liquid transport through sheared parti-
cle beds.

We again stress that our studywas limited to smooth particles, i.e., we
assumed that there is no interstitial fluid trapped on the particle surface
due to surface roughness effects. We think that including such effects is
straightforward, and hence requires just another set of simulations pa-
rameterized by an appropriate metric for surface roughness. Also, we
constrained ourselves to flows that are not affected by liquid bridge
forces, i.e., we considered the limit of an infinitely small Bond number.
Since models for liquid bridge forces are readily available, future exten-
sion of our study to finite Bond numbers is straightforward.

Finally, we note that our most sophisticated model (i.e., model C)
could be further improved by supplying more accurate expressions for
the initial liquid bridge volume (we assumed zero in this work), or for
wetting effects. The dynamics of wetting that control the rate of liquid
spreading on completely dry particles are complex in nature and are
currently modeled via the lumped parameter tref.
Nomenclature
Latin symbols
cp Heat capacity (of the particles) [J/kg K]
cf Dimensionless filling rate coefficient [–]
C Stiffness constant [–]
dp Particle diameter [m]
dx Length of the domain in x direction [m]
en Normal coefficient of restitution [–]
fi Force on the particle i [N/m2]
g Acceleration due to gravity [m/s2]
h Total liquid film thickness [m]
hheat Characteristic heat transfer coefficient [1/s]
hc Liquid transfer coefficient [1/s]
K Thermal conductivity (of the particles) [W/mK]
kn Normal spring stiffness [N/m]
Lc Capillary length [m]
Lp,0 Reference volume of liquid on the particle [m3]
Lp,i, Lp,j Volume of liquid present on the particle i and j [m3]
Lp⁎ Dimensionless volume of liquid on the particle [–]
meff Effective mass of the particles i and j [kg]
mi Mass of the particle i [kg]
n Transfer ratio [–]
nij Unit normal vector [–]
Nb,tot Total number of liquid bridges in the simulation [–]
Nc,tot Total number of contacts in the simulation [–]
Np Number of particles [–]
Nt Number of time steps [–]
pc Contact pressure [N/m2]
Pe Peclet number [–]
qcond Conductive flux vector (for heat transfer [W/m2], for liquid

transfer [m/s])
qcond⁎ Dimensionless conductive flux vector [–]
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qconv Convective flux vector (for heat transfer [W/m2], for liquid
transfer [m/s])

qconv⁎ Dimensionless convective flux vector [–]
Q Heat transfer rate [W], Liquid transfer rate [m3/s]
Qi Liquid transfer rate for particle i [m3/s]
ri Radius of the particle i (without liquid) [m]
ri' Position vector of particle i [m]
sc Separation distance between the surface of the particles i and

j [m]
sr Rupture distance [m]
tc Response time on contact level [s]
vchar Characteristic impact velocity [m/s]
Vb Liquid bridge volume [m3]
Vb,i Volume of liquid contributed by particle i [m3]
Vb⁎ Dimensionless liquid bridge volume [–]
Yeff Effective Young's modulus [N/m2]
Z Average coordination number [–]

Greek symbols
γ Shear rate [1/s]
γ* Scaled shear rate [–]
Γ Ratio of reference timescale to timescale for granular flow [–]
δ Overlap distance during a particle–particle contact [m]
δ* Dimensionless contact overlap [–]
Δt Time step [s]
ε Dimensional liquid film thickness [–]
ηn Viscous damping coefficient [Ns/m]
Fig. A.1. Algorithm scheme fo

Appendix A. Algorithmic details of liquid transfer models
ηt Tangential damping coefficient [Ns/m]
θ Dimensionless particle temperature [–]
θc Contact angle [–]
μ Coefficient of friction [–]
μl Dynamic viscosity of liquid [Ns/m2]
ν Poisson ratio [–]
ρl Density of the liquid [kg/m3]
ρp Density of the particles [kg/m3]
σl Surface tension of liquid [N/m]
ϕp Particle volume fraction [–]
ϕmobile Fraction of liquid on the surface that is mobile to flow into the

bridge [–]
ω Eigen frequency of damped harmonic oscillator [1/s]

Superscripts
n Normal direction [–]
p Particle [–]
t Tangential direction [–]
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Fig. A.2. Algorithm scheme for liquid transfer model B1.
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Fig. A.3. Algorithm scheme for liquid transfer model B2.
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Fig. A.4. Algorithm scheme for liquid transfer model C.

394 B. Mohan et al. / Powder Technology 264 (2014) 377–395
References

[1] T. Halsey, A. Levine, How sandcastles fall, Phys. Rev. Lett. 08801 (1998) 1–4.
[2] P. Darabi, K. Pougatch, M. Salcudean, D. Grecov, A novel coalescence model for bina-

ry collision of identical wet particles, Chem. Eng. Sci. 64 (2009) 1868–1876.
[3] Z. Fournier, D. Geromichalos, S. Herminghaus, M.M. Kohonen, F. Mugele, M. Scheel,

et al., Mechanical properties of wet granular materials, J. Phys. Condens. Matter 17
(2005) S477–S502.

[4] P. Tegzes, R. Albert, M. Paskvan, A.L. Barabási, T. Vicsek, P. Schiffer, Liquid-induced
transitions in granular media, Phys. Rev. E Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Top. 60 (1999) 5823–5826.

[5] P. Tegzes, T. Vicsek, P. Schiffer, Development of correlations in the dynamics of wet
granular avalanches, Phys. Rev. E. 67 (2003) 051303.

[6] K. Sakaie, D. Fenistein, T.J. Carroll, M. van Hecke, P. Umbanhowar, MR imaging of
Reynolds dilatancy in the bulk of smooth granular flows, EPL (Europhysics Lett.)
84 (2008) 38001.

[7] M. Scheel, R. Seemann, M. Brinkmann, Morphological clues to wet granular pile sta-
bility, Nat. Mater. 7 (2008) 189–193.
[8] T. Mikami, H. Kamiya, M. Horio, Numerical simulation of cohesive powder behavior
in a fluidized bed, Chem. Eng. Sci. 53 (1998) 1927–1940.

[9] H. Li, J. McCarthy, Controlling cohesive particle mixing and segregation, Phys. Rev.
Lett. 90 (2003) 184301.

[10] G. Lian, C. Thornton, M. Adams, A theoretical study of the liquid bridge forces be-
tween two rigid spherical bodies, J. Colloid Interface Sci. 161 (1993) 138–147.

[11] B. Xu, A. Yu, S. Chew, P. Zulli, A study of the effect of liquid-induced forces on gas-
solid flow by a combined continuum and discrete model, Conf. CFD Miner. Process
Ind, 1999, pp. 267–272.

[12] J. McCarthy, J. Ottino, Particle dynamics simulation: a hybrid technique applied to
granular mixing, Powder Technol. 97 (1998) 91–99.

[13] R. Mani, D. Kadau, H. Herrmann, Liquid migration in sheared unsaturated granular
media, Granular Matter. 15 (2013) 447–454.

[14] Y. Muguruma, T. Tanaka, Y. Tsuji, Numerical simulation of particulate flow with liq-
uid bridge between particles (simulation of centrifugal tumbling granulator), Pow-
der Technol. 109 (2000) 49–57.

[15] S.C. Yang, S.S. Hsiau, The simulation of powders with liquid bridges in a 2D vibrated
bed, Chem. Eng. Sci. 56 (2001) 6837–6849.

[16] S. Herminghaus, Dynamics of wet granular matter, Adv. Phys. 54 (2005) 221–261.

http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0005
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0010
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0010
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0015
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0015
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0015
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0140
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0140
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0140
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0020
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0020
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0145
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0145
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0145
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0025
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0025
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0030
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0030
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0035
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0035
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0040
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0040
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0150
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0150
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0150
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0045
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0045
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0155
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0155
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0050
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0050
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0050
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0055
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0055
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0060


395B. Mohan et al. / Powder Technology 264 (2014) 377–395
[17] S. Schrank, B. Kann, E. Saurugger, H. Ehmann, O. Werzer, M. Windbergs, et al.,
Impact of Drying on Solid State Modifications and Drug Distribution in Ibuprofen-
Loaded Calcium Stearate Pellets, Mol. Pharm. 11 (2014) 599–609.

[18] G. Toschkoff, S. Just, A. Funke, D. Djuric, K. Knop, P. Kleinebudde, et al., Spray models
for discrete element simulations of particle coating processes, Chem. Eng. Sci. 101
(2013) 603–614.

[19] X. Liu, J.G. Khinast, B.J. Glasser, Drying of supported catalysts for low melting point
precursors: Impact of metal loading and drying methods on the metal distribution,
Chem. Eng. Sci. 79 (2012) 187–199.

[20] P. Rognon, I. Einav, Thermal transients and convective particle motion in dense
granular materials, Phys. Rev. Lett. 105 (2010) 218301.

[21] P. Rognon, I. Einav, J. Bonivin, T. Miller, A scaling law for heat conductivity in sheared
granular materials, EPL (Europhysics Lett.) 89 (2010) 58006.

[22] S. Chialvo, J. Sun, S. Sundaresan, Bridging the rheology of granular flows in three re-
gimes, Phys. Rev. E. 85 (2012) 21305.

[23] C. Kloss, C. Goniva, A. Hager, S. Amberger, S. Pirker, Models, algorithms and valida-
tion for opensource DEM and CFD-DEM, Prog. Comput. Fluid Dyn. Int. J. 12 (2012)
140–152.

[24] S. Luding, Introduction to discrete element methods: basic of contact force models
and how to perform the micro-macro transition to continuum theory, Eur. J. Envi-
ron. Civ. Eng. 12 (2008) 785–826.
[25] F.S. Romanski, A. Dubey, A.W. Chester, M.S. Tomassone, Dry catalyst impregnation in
a double cone blender: a computational and experimental analysis, Powder Technol.
221 (2012) 57–69.

[26] D. Shi, J.J. McCarthy, Numerical simulation of liquid transfer between particles, Pow-
der Technol. 184 (2008) 64–75.

[27] M. Gross, I. Steinbach, D. Raabe, F. Varnik, Viscous coalescence of droplets: a lattice
Boltzmann study, Phys. Fluids 25 (2013) 052101.

[28] D. Bonn, J. Eggers, J. Indekeu, J. Meunier, E. Rolley, Wetting and spreading, Rev. Mod.
Phys. 81 (2009) 739–805.

[29] F.P. Di Maio, A. Di Renzo, D. Trevisan, Comparison of heat transfer models in DEM-
CFD simulations of fluidized beds with an immersed probe, Powder Technol. 193
(2009) 257–265.

[30] A. Lees, S. Edwards, The computer study of transport processes under extreme con-
ditions, J. Phys. C Solid State Phys. 1921 (2001).

[31] S. Chialvo, S. Sundaresan, A modified kinetic theory for frictional granular flows in
dense and dilute regimes, Phys. Fluids 25 (2013) 070603.

[32] J. Sun, S. Sundaresan, A constitutive model with microstructure evolution for flow of
rate-independent granular materials, J. Fluid Mech. 682 (2011) 590–616.

[33] R.Y. Yang, R.P. Zou, A.B. Yu, Numerical study of the packing of wet coarse uniform
spheres, AIChE J 49 (2003) 1656–1666.

http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0065
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0065
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0065
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0070
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0070
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0070
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0075
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0075
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0075
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0080
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0080
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0160
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0160
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0085
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0085
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0090
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0090
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0090
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0095
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0095
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0095
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0100
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0100
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0100
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0105
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0105
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0110
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0110
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0115
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0115
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0120
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0120
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0120
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0165
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0165
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0125
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0125
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0130
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0130
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0135
http://refhub.elsevier.com/S0032-5910(14)00512-9/rf0135

	Regimes of liquid transport through sheared beds of inertial smooth particles
	1. Introduction
	2. Simulation method
	2.1. Particle flow model
	2.2. Liquid transfer models
	2.2.1. Model A
	2.2.2. Model B1
	2.2.3. Model B2
	2.2.4. Model C

	2.3. Model for heat transfer in analogy with model A
	2.4. Simulation setup and flow properties
	2.5. Fluxes
	2.6. Coordination number

	3. Dimensional analysis
	3.1. Heat transfer
	3.2. Liquid transfer

	4. Theoretical analysis of liquid transfer models
	4.1. Single particle–particle collision
	4.2. Liquid transfer between contacting particles

	5. Sheared particle assemblies
	5.1. Liquid transfer
	5.1.1. Average coordination number
	5.1.2. Rescaled fluxes and shear rates
	5.1.3. Effect of the liquid film thickness

	5.2. Heat transfer

	6. Conclusions
	Nomenclature
	Acknowledgment
	References


