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We study dynamic liquid bridge formation, which is relevant for wet granular flows involving highly viscous liquids and
short collisions. Specifically, the drainage process of liquid adhering to two identical, non-porous wet particles with dif-
ference initial film heights is simulated using Direct Numerical Simulations (DNS). We extract the position of the inter-
face, and define the liquid bridge and its volume by detecting a characteristic neck position. This allows us building a
dynamic model for predicting bridge volume, and the liquid remaining on the particle surface. Our model is based on
two dimensionless mobility parameters, as well as a dimensionless time scale to describe the filling process. In the pres-
ent work model parameters were calibrated with DNS data. We find that the proposed model structure is sufficient to
collapse all our simulation data, indicating that our model is general enough to describe liquid bridge formation

between equally sized particles. © 2016 American Institute of Chemical Engineers AICAE J, 00: 000-000, 2016
Keywords: granular flows, wet particles, liquid bridge, liquid transport, direct numerical simulation, volume of fluid

method

Introduction

Flow of highly saturated wet granular matter is encountered
in a wide range of engineering applications, particularly in the
energy sector, or the pharmaceutics and food industry.' Due to
viscous effects, evaporation or condensation, capillary forces
and inhomogeneous liquid distribution in wet granular flows,
the liquid transport is difficult to describe and complex flow
behaviour is generally observed.? Specifically, liquid bridges
between particles may lead to particle agglomeration3 which
is either wanted (in the case of wet granulation), or unwanted
(e.g., in wet fluidized beds used for coking). Clearly, a better
understanding of the formation of liquid bridges will aid in
controlling these processes. Previous studies on liquid bridges
between particles mainly focused on static bridges,4 bridge
deformation during stretching and mpture,2’5_7 or the energy
dissipated on rupture,z’g’9 however, few theoretical and experi-
mental studies provided a detailed understanding of the initial
bridge formation process, and the accompanying liquid trans-
fer rate from the particle surface into the bridge. Experimental
results, and the resulting empirical models, have been sum-
marized by Herminghausm, mainly focusing on the effect of
roughness, as well as evaporation and re-condensation.
Unfortunately, these models cannot be applied to engineering
problems, since they (1) focus on the long-term behaviour of
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the bridge and (2) do not provide a closure for the model
parameters.

Studies of liquid bridges between two identical particles were
initiated in 1920s'"'? and were later extended to cover pendular
bridges between unequal-sized particles, or a particle and a
wall.*1 Studies of moving particles and the associated liquid
bridge formation were carried out, starting with the work of
Pitois et al.'*, which found that the particle relative velocity sig-
nificantly influences the liquid bridge force. Rossetti and Simons’
introduced an important improvement, that is, a novel micro
force balance device which is capable of observing the liquid
bridge between particles and measuring the force exerted by lig-
uid bride. Darabi et al.2, presented a new coalescence model for
binary collision between two identical wet particles, considering
capillary and viscous forces exerted by (instantaneously formed)
pendular bridges. Despite a variety of researchers’'> 2 that has
broadened our understanding of liquid bridges, a study describing
a detailed model on the time evolution of a single (pendular) lig-
uid bridge during its formation phase is still missing. This is due
to the lack of our understanding how quickly liquid is transported
into a liquid bridge, and how much of the liquid (initially present
on the particles) is able to flow into the bridge. One reason for
this lack of understanding is that experimental investigations to
quantify the liquid present in the bridge are tedious, and that sim-
ulations require an enormous spatial and temporal resolution to
picture the filling process.

Wet particle collisions, or collisions in a viscous fluid, have
been studied by a variety of researchers. For example, Davis
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et al.”?, experimentally studied particle collisions with wet
smooth surfaces, and they demonstrate that the lubrication
forces play an important role on the particle rebound. Donahue
et al.24, further studied the collisions between liquid-coated
spheres using a three-body Newton’s Cradle, and they
revealed that fluid lubrication resistance on rebound plays a
key role in the dynamics of the collision. Li et al.>, calibrated
a model with experimental results of wet particle collisions.
Gondret et al.?®, focused on the bouncing motion of spherical
particles in a viscous fluid, and they quantified the wet restitu-
tion coefficient by varying the density and the elastic proper-
ties of the solid sphere, as well as liquid film viscosity.
Gollwitzer et al.?”, revealed that the dimensionless film thick-
ness is a crucial parameter that affects the restitution coeffi-
cient. A rough estimate of the liquid bridge volume, i.e.,
Vy = aI,,3 /16, was used in their work to determine the rupture
energy. Sutkar et al.® provided a new approach for the estima-
tion of wet restitution coefficients between a particle and a wet
surface based on a dimensional and energy budget analysis.
However, their data is only in fair agreement with the pro-
posed model, and they have not provided a model for the pre-
diction of the liquid bridge volume. In summary, a large
number of researchers have focused on particle collision
dynamics without a detailed analysis of liquid bridge
formation. %"

In this article we focus on applying simulations to elucidate
the complex flow processes associated with bridge formation.
In general, three categories of simulations methods that aim at
modeling liquid bridges can be distinguished: (1) solving the
Young-Laplace equation (YLE), (2) solving an approximated
version of the YLE based on geometrical simplifications, and
(3) a full numerical solution of the Navier-Stokes equation of
the gas-liquid systems.

The first approach yields analytical solutions only for cer-
tain geometrical configurations,* and hence, one has to employ
a numerical integration for a general geometrical configura-
tion.>' ™ For example, Lian et gl 2, provided a simple numer-
ical scheme for solving the YLE and revealed that the rupture
distance of equally-sized particles can be written as the cube
root of the liquid bridge volume for small contact angles. They
also obtained a bridge force model based on a simple approxi-
mation method, which was independent of the contact angle.
Similarly, Mikami et a1.34, and Willett et al.® , proposed a sim-
ple capillary force model by fitting the numerical solution of
the YLE. However, as shown in Pepin et al.®, the drawbacks
when solving the YLE to study liquid bridges are that (1) a
fixed contact angles is required and (2) that the effect of liquid
flow into (or out of) the bridge cannot be predicted.

The second approach is to obtain a simple approximation of
the liquid bridge shape, typically by assuming a toroidal'**%*’
or parabolic shape (see, e.g., Pepin et al.®). The benefits of
using simplified approximation models are obvious: there is
no need to solve the full YLE and an analytical solution can
be obtained that can be readily implemented into particles sim-
ulation codes. However, approximate solutions become
increasingly inaccurate for increasing particle separation38 and
they suffer the same drawbacks as the solution of the YLE.

The third approach is the numerical solution of the Navier-
Stokes equations describing (1) the flow of the liquid, or (2)
the liquid and the surrounding gas. In the past two decades this
approach has been used with increasing frequency. Early
research was based on a simplified version of the Navier-
Stokes equation, that is, modified boundary conditions were
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used at the interface (see, e.g., Eggers and Dupont™ as well as
Papageorgiou®”’). Later, Zhang et al.*', investigated the
stretching of a liquid bridge between two circular disks by
using a similar method. A fair amount of work to simplify the
Navier-Stokes equations for the situation of liquid bridges
between two circular disks (but not actual spherical particles)
has been performed. Hence, these previous work is only able
to provide qualitative information, and has little value for
practical application. Only very recently, direct numerical
simulations (DNS) of the Navier-Stokes equation have been
attempted to simulate liquid bridge formation in an axisym-
metric setup.42_45 These methods provide a full description of
the liquid bridge dynamics, and hence are a promising
approach for studying the bridge formation process.

Objectives

Only few theoretical and experimental studies in the litera-
ture were concerned with the bridge formation process and the
accompanying liquid transfer rate into the bridge. While mod-
els for liquid transfer on bridge rupture exist Lian et al.*?, as
well as Shi and McCarthy%, these models still require addi-
tional assumptions for the liquid volume present in the bridge.
With this in mind, we have started investigations to establish a
detailed model that is able to predict liquid transport and the
distribution of liquid between two spheres in our recent
work.* In the present work, we systematically study the liquid
bridge and drainage process of liquid adhering to two identical
wet particles. We use a DNS based on the Volume of Fluid
(VoF) method, that is, we simulate both the motion of the liq-
uid and the surrounding gas. By reconstructing the interface
between these two fluid phases, we extract the interface posi-
tion to identify the bridge shape and size. Specifically, the lig-
uid bridge is defined by detecting the neck positions of the
liquid film on each particle surface (for details see the “Liquid
Bridge Volume calculation” section). We then use a direct
integration method (DIM) to calculate the liquid bridge vol-
ume based on the interface position at each instant in time.
Our ultimate goal is then building a dynamic model for the lig-
uid bridge volume during the filling process based on these
DNS data. Therefore, we fit our DNS data to a postulated lig-
uid bridge filling model, which is an extension of the ideas of
Mohan et al.*’, but still allows for an analytical solution to
predict the bridge volume. Specifically, our postulated model
assumes that the filling rate is not affected by the particles’ rel-
ative motion, and that the filling rate is linear in the difference
between the liquid present on a particle and the bridge volume.
Such a model requires the specification of only three dimen-
sionless parameters, as we will show in the following. While
our work is currently limited to smooth particles of identical
size, the model proposed by us can be easily re-calibrated to
account for, that is, particle roughness, or particle size differ-
ences once data for the amount of liquid in the bridge is avail-
able for these situations.

In the following, we first describe the methodology used to
establish the liquid bridge model, including (1) the initial
bridge and boundary conditions that have been used in our
simulations, (2) the interface feature extraction procedure, as
well as (3) the postulated model itself. Subsequently, we intro-
duce a geometrical bridge volume, which is used to normalize
the bridge volume measured from our detailed simulations.
Then we present results, starting with the calibration of the
sub-models for the initial bridge volume and the subsequent
viscous filling stage, and we are the first to provide a dynamic
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Liquid film

(a)

Figure 1. Sketch of the simulation setup, as well as the initial bridge shape.
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(b)

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

model for predicting liquid bridge formation. Also, the effect
of grid refinement, as well as that of the Reynolds number, are
carefully analyzed as well. Finally, we discuss our findings
and provide conclusions that should guide the application and
future extension of our model.

Methodology
Initial and boundary conditions

We consider two identical smooth spheres, which are fixed
in space, that is, the spheres’ relative velocity is zero. In this
work, we consider the general situation of an asymmetric lig-
uid bridge, that is, the thickness of the films initially present
on the particle surfaces are different. In what follows, we
define that particle 1 always has less liquid compared to parti-
cle 2, as shown in Figure 1 (panel a). R is the sphere radius for
two particles, and /; and &, are the initial film heights of parti-
cle 1 and particle 2, respectively. S is defined as the half sepa-
ration distance between the particle surfaces.

The initial shape of the liquid bridge has been set according
to the initial film height and the particle separation. Because
we do not simulate the approach of the spheres, and hence
cannot predict the deformation of the liquid films on the parti-
cle prior to coalescence, we must assume the initial bridge
shape right after the films have coalesced. Specifically, we
assume that the liquid in the overlapping region of the liquid
films (i.e., red and green shaded regions in Figure 1b) is
instantaneously displaced laterally, and flows into a ring-
shaped region. The latter is illustrated by the red solid area in
Figure 1b, that is, the bridge has been considered to be cylin-
drical at time zero. Geometrical considerations, discussed in
greater detail in “Geometrical Bridge Volume” section, can
now be used to predict the size of the ring-shaped region.
These considerations, as well as the assumption of zero initial
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velocity and uniform pressure distribution, have been used to
initialize all our simulations.

Most important, in our simulations there is no gravity, or
other force acting on the system. The physical reason why lig-
uid in the films on the particle surfaces flows into the liquid
bridge is as follows: the pressure in the film (adhering to the
particle surface, and far away from the bridge) can be esti-
mated as p; = 20/R, while the pressure in the liquid bridge
region can be approximated as py, & —a/Rcurve. Here Reyrye 18
the radius of curvature of the liquid bridge surface. Thus, the
pressure in the liquid bridge region is always negative or zero,
while that in the film is always positive. Hence, a pressure dif-
ference between the particle surface and the liquid bridge
region exists, driving the liquid into the bridge. This liquid
flow will not stop until the pressure difference reaches zero, or
the liquid film on the particle surface ruptures (for details
about film rupture see section “Film Rupture and Grid
Refinement”).

VoF simulation approach

A VoF method,*® which is available as “interFoam” solver
in the open-source software package OpenFOAM®, has been
employed in our simulation. The interFoam solver has been
verified extensively by Deshpande et al.*®, and we have also
made several tests, for example, calculating the pressure distri-
bution in a liquid film coating a single sphere. For a typical
grid resolution of Ah = Ax/h; = 0.10 (here Ax is the grid spac-

ing, and £ is the film height), these test show that the pressure

can be predicted within an acceptable error tolerance of ca. 2

—4.6%. In addition, we have tested the grid dependency of
our results, and found that Ah = 0.12 gives acceptable results
for most situations of interest (see section “Film Rupture and
Grid Refinement” for more details).
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Another critical point when it comes to two-phase flows is
the prediction of the dynamic contact angle, since this is not a
constant, but is influenced by the speed of the three-phase con-
tact line. Unfortunately, the current implementation of
dynamic contact angles in the “interFoam” solver has not been
verified, and hence we are unable to accurately simulate the
motion of three-phase contact lines. However, we have spared
out this detailed by simply assuming that the spheres are com-
pletely coated, and hence there is (initially) no three-phase
contact line in our simulations. This allows us to apply the
“interFoam” solver for our studies of two coated particles
without additional modifications. It must be mentioned here
that for long times we observe a rupture of the liquid film pres-
ent on the spheres. In such a situation a three-phase contact
line forms, and hence, our solver will deliver inaccurate (but
still physical) predictions of the liquid bridge shape after rup-
ture. We accept this inaccuracy for the time being, and simply
have not considered data collected after film rupturing events
in our analysis.

The transport equation for a color function, representing the
volume fraction of the liquid phase, is solved together with the
continuity and momentum equations:

a(gtU) +V- (pUU)=—Vp+,u[VU+(VU)T} +f, (1)
V- U=0 2)
% LV - (Un)=0 3)

where U is the velocity field shared by the two fluids (i.e., the
liquid on the spheres and the surrounding gas) throughout the
flow domain, and « is the phase fraction indicator. p is density,
p is pressure, and f;, are body forces, which include (1) surface
tension effects at the interface, and (2) gravity. However,
effects due to gravity have been neglected in our simulation,
because viscous and capillary effects are dominant in situa-
tions involving relevant particles (i.e., in situations in which
particles have a diameter that is smaller than the capillary
length). The phase function acan proceed within the range
0 < o < 1, with alpha being zero (or unity) in regions occupied
by the gas (or the liquid), respectively.

The physical properties are computed as averages based on the
distribution of the liquid volume fraction o. Specifically, we use:

p=ptp,(1—0) )
B= ot e (1—o) o

where p; (or g;) and p,(or u,) are the density (or the dynamic
viscosity) of the liquid and gas, respectively.

Relevant dimensionless quantities describing the problem
can be readily identified: the dimensionless initial film heights,
the dimensionless separation distance, the bridge volume and
the amount of liquid on particle surface normalized by a refer-
ence volume (i.e., the particle radius cubed R3), the density
and viscosity ratio between the liquid and the ambient gas, the
pressure scaled with a typical capillary pressure (i.e., surface
tension over the particle radius) and the velocity scaled with a
typical capillary speed (i.e., the ratio of surface tension and
viscosity of the liquid). The relevant time scale can be based
on a corresponding viscous time scale, which is chosen to be
the ratio of the particle radius and the capillary speed. Finally,
we may want to consider the effect of the fluid’s inertia on the
filling process, and hence a Reynolds number can be defined
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based on the capillary speed, the particle radius, and the fluid :
viscosity. Note, that alternatively an Ohnesorge number can :
be defined, with is simply the inverse of the square root of the 32

Reynolds number as summarized below:

hif=hi/R, hi =hy/R, h{ = (h{ +h3)/2, S*=S/R;
Lp+1 = pl/R3’ L;ZZ pZ/RS’ V;:Vh/RS;

prati():pl/pg’ :uratio::ul/:ug;

Mref:O_/.ul’pref:O—/R’ tref:Rﬂl/O—;

17 =1/t

Re=0Rp,/1ii, Oh=py/\/p;oR=1/vRe, Ca=1y|U|/.

A typical result of our DNS is shown in Figure 2, in which 32
we illustrate the dimensionless flow velocity for various :
dimensionless times. Most important, this figure illustrates :
that the dimensionless velocity strongly decrease with time, :
and it can be expected that the rate with which the bridge is 3-

filled decreases with increasing time.

All relevant simulation parameters and numerical scheme 33

are defined in Table 1.

Liquid bridge volume calculation

The gas—liquid interface can be easily determined from the
DNS data by analyzing the distribution of the phase fraction.
Hence, we have taken a simple, yet effective sampling method
to detect the gas—liquid of the film and the bridge formed
between the particles.

As can be seen in Figure 3, the sampling procedure takes
place between O; and O, with an interval of dx and a large
enough sample distance in the y-direction. By applying the

335T1

336

337
338
339
340
341
342 F3
343
344

sampling interval from O; and O,, we obtain a list of data for 345

the phase value along each sampling line, and consequently :

the interface position can be determined at o = 0.5.

Next, we need to define which portion of the fluid in the sys- :
tem is considered to be in the liquid bridge. As can be seen :
from Figures 2 and 3 (panel b), there exists a minimal liquid 3:
film thickness on each of the two spheres. Thus, if one would 3:
analyze the thickness profile on each particle, one can observe :
a certain angular position where the film is thinnest. We have 35
used this local minimum to define the extent of the liquid 35

bridge. Specifically, we denote these positions of the minima
as the “neck” positions, which separate the bridge from the

film adhering to the particle surface. These neck positions are 3:

the basis for the subsequent bridge volume calculation.

After the interface positions and neck position have been 3
determined, we can calculate the liquid bridge volume by 3
using a DIM. Specifically, we use slices with thickness dx (see :

Figure 3, panel b), as well as the known neck positions, to 362

determine the bridge volume by numerical integration using
the trapezoidal rule.

Proposed model for liquid bridge filling

Our DNS indicate that the mechanism of liquid bridge for-
mation consists of the following steps: after the coated par-
ticles get close to each other (caused by the relative motion in
a real-world granular flow), the films coalesce, a liquid bridge
is then formed between the particles, and finally liquid drains
into the bridge. Thus, it is reasonable to assume that there is
(1) a very fast initial formation processes (immediately after
coalescence; since we cannot resolve this process, we will
simply assume a certain initial bridge volume), and (2) and a
comparably slow filling process. Consequently, we differenti-
ate between two stages of the filling process of liquid bridge:
(I) a capillary-force driven initial stage (fast filling), and (II) a
viscous filling stage (slower filling). Although these two stages
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Figure 2. Typical velocity field for fluids flow over two fully coated particles using DNS.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

will overlap in physical reality, we define stage I to end after a
(viscous) reference time scale of t.r, that is, a dimensionless
time of " =1. As shown next, we employ two different sub-
models to predict the liquid bridge volume in these two stages.
By employing an overall mass balance it is then straight for-
ward to predict the liquid residing on the contacting particles.

For the initial stage we simply aim on correlating the bridge
volume after r~ = 1 with the most important process parame-
ters. Specifically, we simply choose the key geometrical
parameters, which are (1) the initial film height 4, as well as
(2) the half separation distance S.

The next section of the article details on a postulated model
to predict the time evolution of liquid bridge volume in stage
II. Specifically, we use a phenomenological closure for the
flow rate between the film and bridge compartment. We
assume the flow rate to be proportional to the difference of the
mobile fraction of the liquid on the particle and half of the
bridge volume. To compute the mobile fraction of the liquid
present on the particle, we use a single parameter which is
called the mobility parameter ¢,, ;. This parameter is simply
the ratio of the mobile liquid (i.e., the portion of liquid which
flows into liquid bridge region) on a particle divided by the
total liquid content on particle i. We will see in the “Results”
section that the mobility parameter itself is a function of the
initial film height and the particle separation, but is invariant
in time. For now, we simply use ¢,,; as a parameter that is
constant during the filling process. Using a dimensionless fill-
ing rate parameter a; (which one can assume to be specific for
each particle /) and the reference time scale t.r, we finally
arrive at the following differential equations for predicting the
liquid content L,, ; on each particle i:

dL[,,' —da; V},
— P = Lyib,:——
dt ( pifm 2>

2016 Vol. 00, No. 00
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This closure is linear in the unknown variables. Hence, an
analytical solution for the liquid bridge volume and the liquid
content remaining on the particles can be obtained. A simple
mass balance yields the governing equation for the volume
Vyj of bridge j:

dvy; dL, ;
hzlz_z P (7)

dt | dt

Here [; is the list of particle indices that is in contact with

bridge j. We now rewrite these equations in dimensionless var-

iables, and apply them to a two-particle system. Together with

appropriate initial conditions, as well as the assumption that a;

is a constant for a pair of particles sharing the same bridge, we
arrive at the following analytical solution:

2r; 2r

+2 m . +2 m L
Vi=vi+C 4— ¢ l(e"’ —1>+c27"' ¢ 1<e'2’ —1) )
‘ " -

7

Table 1. Simulation Parameters and Numerical Schemes
Used in the VoF Simulations

Parameter Value Comment
At 5% 1073 Dimensionless
time step
Ah 0.05-0.33 Dimensionless
mesh resolution
Time derivative Backward Second order,
scheme implicit
Laplacian scheme Gauss linear Unbounded,
corrected second order,
conservative
Convection scheme Gauss linear Unbounded,
(for U) second order
Convection scheme Gauss vanLeer van Leer limiter
(for o)
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centre line

0,

h,
(a)

Figure 3. Sketch of (a) the gas-liquid interface between two particles, as well as (b) the sampling procedure used
to detect the neck position.

Stage:

sampling distance

N\

neck positions
(b)

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Cif Cof o
+ g5+ ritt ot
Lpl—LpL0+Z<e‘ 1)+E(e2 1) ©)
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L;z :L;zo_cl % (em _1)
L™, o)
12, +1

—C, : (erzﬁ - 1)

L)

where r; 12, C;, and C, are dimensionless coefficients that are
detailed in Appendix A. Using this solution it is now straight
forward to calibrate the model parameters (i.e., a; and ¢,,;) with
the results of our DNS (i.e., the time evolution of L,, and V).

Geometrical Bridge Volume

In order to close the proposed model (see “Results” sec-
tion), it is useful to define a reference bridge volume based on
geometrical arguments. For such a geometrical bridge volume
we have considered two types which are illustrated in Figure
4. Our goal is to study liquid bridge formation between par-
ticles having initially a different liquid content. Thus, it is use-
ful to define a bridge volume based on the average (i.e.,
arithmetic mean) film height %, (see the definition in previous
section “VoF Simulation Approach”). The expressions for the
geometrical bridge volume detailed below need to be under-
stood as the typical volume of a liquid bridge when making
certain assumptions about its shape.

Type 1

Type I (Figure 4a) is a simple definition based on the
assumption that the initial bridge volume is that in the cap-

6 DOI 10.1002/aic
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shaped region of the particle. This definition is similar to the

idea of Shi and McCarthy46, which assumed that a fixed frac- 44:
tion of the liquid present on the particle forms the bridge. This -

Page: 6

442

previous definition of Shi and McCarthy would predict a linear 445

relationship between the bridge volume and the liquid film

thickness (and, to a first approximation, also with the liquid -

content on each particle’s surface). However, we argue that
this previous definition is unrealistic. The reason for this is
that the lateral extent (i.e., the length b) of the cap-shaped
region defined by the gas—liquid interface and the symmetry
plane between contacting particles is clearly a function of the
film thickness (see Figure 4, left panel). Hence, for the present
work we assume that the geometrical bridge volume of “type
I” is a nonlinear function of the liquid film thickness. Specifi-
cally, we assume that the bridge volume is equal to the red-
shaded cap-shaped region in Figure 4 (left panel). For this sit-
uation the liquid bridge volume can be calculated analytically:

Vi o1 =2hob" =, (11)
with

=(1+ho*)cos ' (1/(1+he™)) (12)

| <>

Type 11

Type II considers another shape of the liquid bridge, which
is shown in Figure 4b. Here, we take the separation distance of
the particle into account, implying that the type II geometrical
bridge volume is more realistic for large separations. Specifi-
cally, we assume that the liquid in the overlapping regions
(given by the assumed spherical shape of the liquid films on
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(a)

Stage:

-r".hcyl_z

(b)
Figure 4. Geometrical bridge volume: (a) type | (the dashed line indicates the symmetry plane of two contacting
particles), (b) type II.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the particle) must be laterally displaced when the particles
approach each other. This liquid is assumed to flow into a
ring-shaped region. One can then compute the liquid bridge
volume from the red shaded area (see Figure 4, right panel).
Specifically, the volume of the type II bridge geometry can be
calculated as follows:

13)

The evaluation of the above equation involves lengthy
expressions, and is detailed in Appendix B. Unfortunately, this
evaluation also requires an iterative procedure, making it less
attractive for direct evaluation during large-scale DEM-based
simulation.

We next compare these two types of models for the geomet-
rical bridge volume for two situations: in situation A we
increase the liquid content (i.e., the initial film heights), but
assume contacting particles (i.e., zero separation between par-
ticles). Results for this situation are shown in Figure 5, which
shows the dimensionless bridge volume as a function of the
L;ro, where L;O is dimensionless form of average amount of ini-
tial liquid content of the two particles and defined by

L= %n((R+ho)3—R3) /R3= %n((1+h3)3—1>. We observe

that for both types of definitions the bridge volume increase
with the liquid content nonlinearly. Note, that in the definition
of Shi and McCarthy46 the bridge volume increases linearly.
Furthermore, we see that the two curves for type I and type II
nearly overlap, and that type II predictions are slightly larger
than that of type I. Thus, the two curves agree well with each
other for thin initial films, while they do not agree with each
other for thicker films. Since the definition of the type Il model
at zero separation is close to that of type I, this is expected and
explained as follows: the type II model takes into account that
the laterally displaced liquid forms a bridge with a certain
height Ay, and hey > (see Figure 4, right panel). Conse-
quently, a certain amount of the liquid on the particle (in addi-
tion to that accounted for in the type [ model) is considered to
be in the bridge. Thus, when using the type II definition, the
(geometrical) bridge volume is somewhat larger compared to
that predicted by type I. In summary, we see that the type I
approximation is appropriate for thin films and at zero separa-

Va1 =Voir—Veap
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tion, while type II should be considered for all other
situations.

Situation B is now investigated to demonstrate the effect of
the particle—particle separation distance on the predicted (geo-
metrical) bridge volume. Specifically, a certain (constant) ini-
tial film height was assumed for both types of models, and the
separation between particles was varied. Results are illustrated
in Figure 6. One can observe that the prediction of the type I
model is not affected by the separation distance. However, for
the type II model, the geometrical bridge volume remarkably
decreases when the separation distance increases. Also, the
type II model predicts a somewhat larger bridge volume (com-
pared to type I) at zero separation as it should be. In summary,
the type II model is more realistic, and we will demonstrate in
following that our results (based on DNS) are very close to the
predictions of this model.

Figure 7 further illustrates how the separation distance
affects the prediction of the (geometrical) bridge volume when
using the type II model. As can be seen from Figure 7 the

0.14 n
===Vior
0'12__‘((;:—5;Jf ,'_
0.1+
" cJJO.OS- 1
= 0.06¢
0.04+
0.02;
G 1 1 1 i
0 0.2 0.4 0.6 0.8 1 1.2 1.4
L+
Pl

Figure 5. Comparison of the type | and type Il model
for computing the geometrical bridge volume
in situation A: increasing liquid content on
the particles at S* = 0.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Comparison of the type | and type Il model
for computing the geometrical bridge volume
in situation B: fixed initial film height
hg =0.08 and variation of the separation dis-
tance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

bridge volume increases monotonically, but nonlinearly, with
increasing (initial) liquid content for every choice of separa-
tion distance. In the situation of zero separation the largest
bridge volume is predicted. Also, it can be observed that the
bridge volume decreases almost linearly with increasing sep-
aration distance, finally approaching zero for S*/hj =1 as it
should be. The physical interpretation of this fact is that for
the situation in which the separation equals the initial film
thickness, the overlapping region of thin films between two
particles vanishes. Thus, the geometrical bridge volume
becomes zero. In summary, the type Il model shows the cor-
rect behaviour for a variety of limiting cases. Hence we argue
that it is physically more relevant compared to previous
work.

0.1 -
—S* =00

-5t = 0.2h7
v S5+t =0.4hg

4S5t = 0.6h7

~ S5t = 0.8h

0.08

. o008 o5+ = 0.9k
&
0.04
0.02
0 E=5=—0— :
0o 02 04 06 08 1
L
-IP()

Figure 7. Effect of the separation distance on the
bridge volume as a function of the initial lig-
uid content (type Il model).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Normalized initial bridge model Ky; vs. nor-
malized separation distance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Results
Early stage model (stage I)

The initial bridge forms very quickly, and the inertia of the 5
fluid may play a certain role. Inertia is difficult to model due
its inherent nonlinearity. We hence define a fixed initial bridge -
volume for “early times.” Specifically, we have chosen the 5
early stage to end after one reference viscous time scale, that 544

is,att" = 1.
We now attempt to model the initial bridge volume by

defining the variable Ky,;, which is the ratio of the simulated :
(total) initial bridge volume (V; o is the liquid bridge volume 5

at t" = 1) and the average initial film height 4 to the power
of some exponent 7:
Vio

KVl:—

. (14)
(hy)

This definition is based on the simple idea that the initial 53
bridge volume is only a function of the (initial) film height, 5
similar to the idea we used to define the geometrical bridge 5:
volume of type I. We see from Figure 8 that when choosing 5:

549

550

n = 1.5 we can collapse our DNS results for a variety of film 555

thicknesses with the expression:

S+
KVI =-8.0 <—> +10.5

e s)

Thus, we see that we can obtain a reasonable collapse of our 5
data on a straight line for this choice of n and for S*/h; <0.7. 5

We also note that (1) the normalized bridge volume linearly
decreases with increasing separation distance, and (2) that the
bridge volume is a super-linear function of the film height.
The former fact is in agreement with the type II geometrical

bridge volume (refer to “Geometrical Bridge Volume” sec- 5
tion). The latter again stresses the fact that the assumption of 564
Shi and McCarthy*® that liquid is “harvest” from a fixed (area) 365
fraction of the particle surface is not supported by our results. 5
A model based on “harvesting” from a fixed (area) fraction of 5
the particle surface would result in a linear increase of the 5
bridge volume with film height, that is, n = 1. Clearly, this is 5

not supported by our DNS data.
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Figure 9. Initial bridge model, K> vs. normalized sepa-
ration distance.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

In summary, our model for Ky; could already be used to
compute V,, for a collision involving two wet particles using
Eq. 15. However, we next aim at using the geometrical bridge
volume of type II to normalize the calculated initial bridge
volume. We do this since this model accounts for the effect of
the separation distance on the bridge volume, and we expect
that a normalization with this geometrical bridge volume
yields a variable that is independent of S™.

Specifically, we define the variable Ky, as the ratio of the
measured initial bridge, the geometrical bridge volume calcu-
lated using the type II model (refer to “Type II” section), and a
function of A :

_ Vo
Vlj:g,ll (h(-;)”

Again, n is a parameter that is used as an exponent of the
initial film height, and helps to collapse all data into a single
curve. We expect that n is close to zero, that is, that the geo-
metrical bridge volume based on the type I model is sufficient
to account for any effects due to the film height. The results of
our analysis are displayed in Figure 9, which illustrates that
the variable Ky, is independent of the average film height,
when choosing n = 0.2. For the Ky, model, we also suggest a
linear relationship between the normalized liquid bridge vol-
ume and the separation distance:

S+
KV2 =0.7 (—+) +2.2
h()

Ky (16)

A7)

In addition we note that assuming n = 0, that is, using a nor-
malization purely based on the geometrical bridge volume,
would be also a good approximation (data not shown). Inter-
estingly, we find that Ky, (hg )" ~ 1.3 for zero separation,
indicating that the geometrical bridge volume of type II is
indeed a good approximation of the initial bridge volume.
Also, we find that Ky, increases with increasing separation,
indicating that the geometrical bridge volume of type II over-
compensates the decrease of the bridge volume. Thus, our
DNS data suggest that the bridge volume is systematically
larger for $* >0 than that based on geometrical arguments.
The exact reason for this is could not be isolated. However, it
is clear that in the DNS the deformation of the gas—liquid

AIChE Journal 2016 Vol. 00, No. 00
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interface is also taken into account. We speculate that this
deformation leads to an additional lateral shift of the neck
position (in addition to the shift caused by to the displaced
fluid), which is more pronounced for larger separations.

In summary, the model for Ky, presented above, together
with its definition, and the geometrical bridge volume (type II)
can be used to compute the bridge volume at r* = 1. We next
focus on the calibration of the parameters in the proposed
bridge viscous filling model (see section “Proposed Model for
Liquid Bridge Filling”), that can be used to predict the time
evolution of the liquid bridge after this point in time.

Viscous filling stage model (stage II)

We start with looking at the time evolution of bridge vol-
ume and liquid present on the particle for the situation of zero
separation start by taking one case for example (see Figure
10). We obtain the following parameter set ¢,,; =0.49,
¢z =0.38, and find that mobility parameter of particle 1 is
somewhat larger than that of particle 2 (particle 1 initialized
with less liquid content than particle 2). Furthermore, we find
that the dimensionless filing rate coefficient ¢; (i.e., the inverse
of a dimensionless filling time scale) is approximately 0.025.
This value fits all our data reasonably well, and hence we
accept ¢, to be a universal constant from now on.

Results in Figure 11 are also obtained for the zero separation
case, however, for a different combination of film thicknesses.
The mobility parameters for this case are ¢,,; =0.45 and
¢m2 = 0.43, respectively. By comparing Figures 10 and 11, we
observe that the trend of liquid transport between two particles
are similar, and the model approximates the filling process rea-
sonably well. As expected, the case with the larger (average)
initial film height yields a larger liquid bridge volume.

Further testing of our model for other combinations of
thickness reveals that our model is indeed able to describe the
filling process well. As we can see from Figure 12, larger film
height always leads to larger bridge volume, which is obvious.
We also can see that the filling process levels off after about
50 dimensionless time units. This is also suggested by the
inverse of the constant «@;, which has been fixed before.

1.5r

v
£-3
-5
4
3

Vit L

0.3/

5 10 15 20 25 30 35 40

Figure 10. Fitted model (lines) vs. DNS data (symbols)
over time for S* =0, h{ = 0.07, and h] =
0.1.
Red circles: liquid bridge volume (V,:r ); Black dia-
monds: liquid content on particle 1 (L;l); Blue trian-
gles: liquid content on particle 2 (L;z). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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5 10 15 20 25 30 35 40 45 50
:“.'

Figure 11. Fitted model (lines) vs. DNS data (symbols)
over time for S* =0, h} = 0.09 and h} = 0.1.
Red circles: liquid bridge volume (V}); Black dia-
monds: liquid content on particle 1 (L3,); Blue trian-
gles: liquid content on particle 2 (L},). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

044  However, the filling process has not completely stopped at
045 1" =50. Indeed, we find that when running the simulation for
646 a longer duration the filling process will end at some point due
647 to the rupture of the film on one of the two particle surfaces.
648 We will discuss this peculiar behavior later (see section “Film
649 Rupture and Grid Refinement”).

650 Considering now separations larger than zero, we again see
651 that the model is able to approximate the DNS data well (see
Fi3 Figure 13, for St =0.045, hf’ = 0.09, and i; =0.1). However,
653 we find that the parameters ¢,,; and ¢,,» change. Specifically,
654 the value of the mobility parameters is now ¢,,; = 0.42 and
655 ¢,2 = 0.39, respectively. Thus, the mobility of the liquid on
656 the particles becomes smaller for S >0 compared to the case
657 with S* = 0. Our interpretation of this fact is that less liquid is
658 mobile to flow into the bridge when the particles have a certain
Fi4 separation. Again, we can see from Figure 14 that larger initial
660 film height causes larger liquid bridge volume, as expected.

0.8—— —_— : : - —

5 10 15 20 25 30 35 40 45 50
£+
Figure 12. Liquid bridge volume over time: fitted model
(lines) vs. DNS data (symbols), S* =0.
Red circles: hf = 0.075; Black diamonds: h; =0.085;
Blue triangles: har =0.095. [Color figure can be viewed

in the online issue, which is available at wileyonlineli-
brary.com.]
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4

Figure 13. Fitted model (lines) vs. DNS data (symbols) over

time for S* = 0.045, h{ = 0.09 and hj = 0.1.

Red circles: liquid bridge volume (V;); Black dia-
monds: liquid content on particle 1 (Lg,); Blue trian-
gles: liquid content on particle 2 (L7,). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

We now aim on demonstrating that our model is able to rep-
resent data for a variety of dimensionless initial film heights.
Since the key parameter that is influenced by the film height is
the mobility (i.e., ¢,,), we have collected these parameters for
a large set of separation distances and dimensionless initial
film heights. We now make an attempt of modeling ¢,,; by
first computing an average mobility ¢,, (see Eq. 18), that is
simply defined as the arithmetic mean of the motilities of the
particles in contact. We now look at the trends of this average
parameter as a function of the initial average film height. As
we can see from Figure 15, ¢,, changes linearly with the aver-
age initial film height for zero separation. Specifically, we
obtain the following relationship for ¢,,:

0.8

0.1

5 10 15 20 25 30 35 40 45 50

t +

Figure 14. Combined effect of film height and separa-

Published on behalf of the AIChE

tion distance: liquid bridge volume over
time: fitted model (line) vs. DNS data (sym-
bols).

Red circles: ST =0.045 and h{ =0.065; Black dia-
monds: S*=0.025 and h; =0.08; Blue triangles:
St =10.035 and hg =0.095. [Color figure can be viewed
in the online issue, which is available at wileyonlineli-
brary.com.]
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Figure 15. ¢, as a function of h{ for a separation of
s*=o.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
¢m +¢m
= (18)
¢, =5hg 19)
674 For the difference in the mobilities, denoted as A¢,, =
F16 |¢,,1 —¢,| and illustrated in Figure 16, we find the follow-
676 ing approximation:
A¢,,=2.9Ahy (20)
677 Next, we aim at correlating ¢,, with the separation distance.

678 Specifically, we consider data sets for variations in the initial
F19 film height and separation distance shown in Figure 17. Again,
680 we can collapse all data for different initial film heights when
681 normalizing it with some function of the initial film height.
682 Specifically, we define the variable K, to be

¢”l
Ky = 21
/m Sha— ( )
683 Based on the data shown in Figure 17, we find the following
684 relationship for K,:
0.35:— = i = -
0.3 J
0.25 A
Y Y
: 0.2 Lo
=
Q0.5
o L
0.1 T 9
| 0""
0.05/ ot
¢'6
(% 0.02 0.04 0.06 0.08 0.1
Aht

Figure 16. A¢,,as a function of the dimensionless dif-
ference of the film heights.

15 T 1
o hf =0.065
¢ hi =0.08
v hi = 0.095,
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Figure 17. K, as a function of the normalized separa-
tion distance for contacting and non-
contacting particles.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

S+
Ky, =1-0.32 <—+> (22)
hg

The meaning of these relationships is that the average
mobility of the liquid on the particle surfaces systematically
decreases with increasing separation distance. The physical
interpretation of this fact is that smaller bridges (implied by
larger separation distances and constant overall liquid content)
simply allow proportionally less liquid to flow from the parti-
cle surface into the bridge. In contrast, at small separation dis-
tances, and hence larger bridges, a larger fraction of the
particle’s surface area is connected to the bridge, and hence
the mobility parameter is large.

Film rupture and grid refinement

We also show some interesting findings which we observe
for very long simulation times and thin films: as can be seen in
Figure 18 the film ruptures at the neck position for sufficiently
long time. Specifically, we observe that for thin films the film
ruptures on the particle with initially less liquid (i.e., particle
1). This means that the bridge filling process stops after a cer-
tain time, which is also the case for the proposed model.
Unfortunately, we cannot accurately predict the rupturing pro-
cess, simply because the film at the rupturing point must
become thinner than the (finite) grid resolution. It is therefore
essential how the grid resolution affects the film rupturing
event. This is discussed next.

We start our investigation of the effect of grid refinement
by defining a dimensionless grid size Ah. Specifically, we
choose Al = Ax/h;, where Ax is the mesh size and /; is the
initial film height of the particle with the lower amount of lig-
uid on its surface. As can be seen from Figure 19, the grid
refinement affects the filling process only negligibly, with the
largest deviations observed for long times, that is, 7> 100.
As can be seen in the Figure for the case of a grid size of
Ah=0.17 (blue circles) film rupture is observed at " = 175.
However, in case of a larger grid resolution, that is, Az = 0.12
(black diamonds), we do not observe film rupture and the fill-
ing process continues until the simulation was terminated.
Therefore, grid refinement plays an important role for
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Figure 18. Pressure distribution before and after the film rupture moment t* =220, S* = 0, h{ = 0.06, hy =
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0.10

(the rupture time scale is small, that is, below t* <1).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

predicting the final rupturing process. Moreover, it can be
observed that a finer mesh yields a rather smooth curve, in
contrast to the results for the coarser grid in which the bridge
volume appears to fluctuate. This is again caused by the more
challenging detection of the neck position in the case of a
(comparably) coarse grid.

We have observed in our simulations that the film rupturing
phenomena occurs on particles with less liquid. The obvious
reason for film rupturing in the simulation is inadequate reso-
lution of the liquid film in the neck region. The thinning of the
film there is caused by the pressure difference over the neck
region, which drives the flow of liquid into the bridge: due to
the complex shape of the gas—liquid interface in this region,
the pressure changes in a nonlinear way in the neck region.
The pressure distribution is such that more liquid exits the
neck region than can flow from the film toward the neck. This
leads to a thinning of the film, and once the film thickness is in
the order of the grid resolution, it will rupture. We hence must
limit the applicability of our model to situations well before
the rupture event occurs in the simulation, that is, to 7 < 100.

Reynolds number and density ratio effects

In order to further investigate the model’s ability to reflect
various real-world situations, we checked the effect of the
Reynolds number on the filling process. Therefore, we have
chosen a situation with rather thin films (i.e., hT =0.04,
h; =0.08, S* =0.02). We choose Re=1, Re=100, and
Re = 10,000 for investigating Reynolds number effects.

As we can see from Figure 20, the points at which film rup-
ture occurs are almost identical. Also, we observe that larger
Reynolds number lead to an earlier film rupturing event (see
Figure 21). However, the filling process of the bridge is not
substantially affected by the Reynolds number. Hence, we
draw the conclusion that the Reynolds number plays a negligi-
ble role for the bridge filling process, at least in the range of
parameters we have investigated.

Finally, we have investigated the effect of the density ratio
on the liquid bridge filling process (see our results in Figure
22 for the density ratios of p = 10, and p = 1000). The density
ratio is a critical parameter for the numerical simulation, since
simulations with a smaller density ratio are typically easier to
conduct. As can be seen from Figure 22 the density ratio has
little effect on the liquid bridge filling process as long as
p>10, and the rupturing event is delayed by about five
dimensionless time units in the case of the low density ratio
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that has been investigated. Therefore, we can safely neglect
effects due to the ambient gas density when considering bridge
filling in gas—liquid-particle systems.

Initial bridge shape effects

In this section we summarize data on the effect of the ini-
tial shape of the liquid bridge on the bridge filling process.
As shown in Figure 23, four types of initial bridge shapes
have been investigated, that is, the standard cylinder (denoted
as “cylinder”), no bridge (“none”), a too large cylinder
(“large cylinder”), i.e., the radius is 20% larger than standard
cylinder, and a smooth curve in the form of a circle
(“circle”). The results are shown in Figure 24, and we
observe that the initial liquid bridge shape has generally a
small effect on the filling process, except for the situation
“large cylinder”. For this situation significantly more liquid
is in the bridge, however, the qualitative behavior of the fill-
ing process is preserved. Hence, we conclude that as long as
the bridge is initialized with a realistic shape (i.e., a cylinder
containing the displaced fluid), the effect of the exact initial
shape is in the order of 3.3% between “none” and “cylinder”,
and 3.9% between “circle” and “cylinder”.

0.8 T ' :

0.7¢

0.6

-0-Ah =0.17 |
~~Ah = 0.12

150 200

‘0 50

100
t+

Figure 19. Grid refinement effects on the liquid bridge
filling, h = 0.04, h; = 0.08, S*= 0.02.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 20. Liquid film distribution at the rupture moment, h{ = 0.04, h; = 0.08, S*=0.02.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Discussion

In our study, we investigate the liquid bridge and drainage
process of liquid adhering to two wet particles based on key
dimensionless parameters. We provide a model for the predic-
tion of dynamic liquid-bridge formation between two particles
by assuming that the filling rate of the liquid bridge is not
affected by the particles’ relative motion. Thus, we assume a
quasi-static situation in which particles do not move, but only
liquid is mobile to flow into the bridge. We next perform a
time scale analysis to probe situations for which such a quasi-
static assumption is appropriate.

Particle interaction time scales

A key question that could not be answered in the current
article is what happens in case the particles move relative to
each other, and hence the above mentioned quasi-static
assumption breaks down. In order to do so, we must identify
the limits of the models proposed in the current work. Specifi-
cally, there are two criteria that need to be satisfied to accept
the assumption of zero relative particle velocity:

0.4

0.35-

0.3r

0.25¢
T
[

0.2}

0.15}

0.1 -0-Re=1
== Re = 100
Re = 10000
0.05 : : - i
0 10 20 30 40 50 60 70 80

f+
Figure 21. Reynolds number effect on liquid bridge fill-
ing, hi = 0.04, h} = 0.08, S* =0.02.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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1. The time scale for bridge formation must be smaller
than a characteristic time scale (denoted as t,..) for the par-
ticles to accelerate to a typical speed of liquid flow (i.e.,
=0/ 1,). Physically this means that the speed of the parti-
cle relative motion is smaller than the speed of liquid flow.

2. The time scale for bridge formation must be smaller
than the time (denoted as f...s) it takes for the particles to
cross the film.

The acceleration time scale 7,.. can be calculated from the
force balance on a particle. Assuming that the liquid bridge
only exhibits a cohesive force due to surface tension, the
dimensional acceleration time scale (such that the particle
have accelerated to the typical liquid flow speed urr) is
tace =R2pp /1. The corresponding dimensionless acceleration
time scale (with #.s=Ry, /o being the reference time scale) is:

v Rp,o
acc 2
Hy

(23)

The time for an approaching particle to cross the film, that
IS, feross» €an be calculated from a typical particle—particle rela-
tive velocity u.; and the film thickness, that is, feross =70/ Urel-

0.4

0.35- 1

0= = 10
=—p = 1000

0 10 20 30 40 50 60 70 80
t +

Figure 22. Density ratio effect on bridge volume filling,
h} = 0.04, h; = 0.08, S™ =0.02.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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cylinder none

Using Stokes settling velocity as u,;, one obtains for the
dimensionless crossing time scale:

Ohq u,o
2R?py (pp—pg)g

+ —
Leross ™

(24)

Here ha' =ho/R is the dimensionless film-thickness, y, is
the ambient gas viscosity, and p,, is the particle density. Note,
that the alternative assumption of iy =urer=0/p would lead
to z;oss‘um_ =h6r . However, as explained above in the discussion
of #,.c, it takes time to accelerate the particles to the capillary
speed. Hence, the latter velocity scale is certainly of lower
importance for typical applications that are characterized by a
large particle Stokes number.

In case both dimensionless time scales are much larger than
unity, the assumption of nonmoving particles in our simula-
tions is acceptable. By assuming typical properties of various
water—glycerine mixtures,*” and using parameters typical for a
fluidized bed, we have summarized key dimensionless param-
eters in Table 2 and Figure 25. It can be seen that for most flu-
idized bed systems the assumption of zero relative particle
velocity when modeling liquid transfer is justified. Tables 2
and 3 list relevant system parameters for particulate systems
involving pure water, as well as mixtures of glycerine and
water (60 and 40%). In general, situations with highly viscous
fluids (i.e., pure glycerine), appear to conflict with our quasi-
static assumption. For these situations the relative velocity of
the particles might influence the bridge filling process. How-
ever, for most systems involving typical liquids with a water-
like viscosity (see Tables 2 and 3, as well as the illustration in
Figure 25), we find that the assumption of zero relative particle
velocity is adequate.

Viscous effects during particle approach

The acceleration time scale defined above is based on New-
ton’s law of motion considering capillary forces only. Clearly,
viscous forces will retard the particles’ relative motion, and
hence we expect that the typical particle interaction time is
larger than 7} _. Next, we analyze such a situation by including

acc*
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circle
Figure 23. Different shapes of the initial liquid bridge (h¥ = 0.06, h = 0.10, S™ =0.01).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

large cylinder

lubrication effects due to the liquid between two approaching
wet particles. For such a situation we have:

_, " dil

Fyis+Fep=m—— 25)

dt

where F vis 18 the viscous force, F cap 18 the capillary force, and
m is the mass of one particle. For small particles (i.e., in case
the particle size is smaller than the capillary length), the gravi-
tational forces can be neglected, and only capillary and vis-
cous forces affect particle motion. Pitois et al.'* and Darabi
et al.” applied the lubrication approximation for liquid flow
between the two particle surfaces, and arrived at the following
expression for the viscous force:

Foo 3 xS
FVlS_ 27T,MR Xv S dt ) (26)
1
0.8 yyYYYY
vyvyvvvvvvy
",‘.v"vvv °§§£§g§£§§§§£
0.6/ Y, £§§g§§3 |
+
0.4/ v 833
v 86
02" 3 s
P v large cylinder
0 A circle
0 20 40 60 80 100

r+
Figure 24. Effect of the initial bridge shape on the
bridge filling process (h{ = 0.06, h = 0.10,
S* =0.01).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 2. Summary of Parameters Relevant for Liquid Transfer in Typical Fluidized Beds (for ¢ __ Refer to Figure 25)

Cross

Glycerine/water R [m] pp [kgm™] hy trer [S] [ Oh
Water Se-6 1000 0.01 6.86e-8 363.5 0.052
Glycerine/water-60/40% Se-6 1000 0.01 8.54e-7 2.54 0.58
Glycerine/water-79/21% Se-6 1000 0.01 3.86e-6 0.13 2.53
Glycerine/water-90/10% 5e-6 1000 0.01 1.74e-5 6.55¢e-3 11.1
Pure glycerine Se-6 1000 0.01 8.87e-5 2.52e-4 56.13
Water Se-6 1000 0.1 6.86e-8 363.5 0.052
Glycerine/water-60/40% Se-6 1000 0.1 8.54e-7 2.54 0.58
Glycerine/water-79/21% 5e-6 1000 0.1 3.86e-6 0.13 2.53
Glycerine/water-90/10% Se-6 1000 0.1 1.74e-5 6.55¢-3 11.1
Pure glycerine Se-6 1000 0.1 8.87e-5 2.52e-4 56.13
Water 5e-3 1000 0.1 6.86e-5 3.64e5 1.66e-3
Glycerine/water-60/40% 5e-3 1000 0.1 8.54e-4 2.54e3 1.85e-2
Glycerine/water-79/21% 5e-3 1000 0.1 3.86e-3 130 0.08
Glycerine/water-90/10% Se-3 1000 0.1 1.74e-2 6.55 0.35
Pure glycerine Se-3 1000 le-4 8.87e-2 0.25 1.77
Water Se-6 5000 0.1 6.86e-8 1717 0.052
Glycerine/water-60/40% Se-6 5000 0.1 8.54e-7 12.7 0.58
Glycerine/water-79/21% Se-6 5000 0.1 3.86e-6 0.65 2.53
Glycerine/water-90/10% Se-6 5000 0.1 1.74e-5 0.033 11.1
Pure glycerine Se-6 5000 0.1 8.87e-5 1.25¢e-3 56.13
2V, ters, that is, that of water and pure glycerine to illustrate the
Xy =1=1/4/1+ RS2’ @7 solution. Relevant properties for these liquids are listed in

where R is the particle radius, S is the half separation distance
between the particle surfaces, and V), is the liquid bridge vol-
ume. Pitois et al.'* and Darabi et al.z, also provided a model for
the capillary force that accounts for the bridge volume effect.
For fully wetted particles their capillary force model is:

Feap=21R0X, (28)

Substituting the model for the viscous and capillary force
into Eq. 25, and using typical initial conditions (i.e., an initial
separation of 10% of the particle radius, and particles initially
at rest), we obain the following differential equation:

3 1dS %S
— 2 R*X? === +2nRo X, =m—

2 T2 e TR R 29)
S(0)=0.1R ;  §'(0)=0.

Integrating the above equation in time is straight forward
(e.g., using Matlab®), and we have chosen two sets of parame-

10°
—0—pp = 1000, water
== pp = 0000, water
Ninali s 1000, glycerine
10" | —e~p, = 5000, glycerine

"]

‘CTOSSs

T

Table 4. The particle size is chosen to be 10 um, the liquid
bridge volume is chosen to be 20% of the particle volume, the
Reynold number is defined by the capillary speed, the particle
radius, and the fluid viscosity (i.e., Re=aRp,/u?). One can
also define a capillary number Ca to quantify the ratio of vis-
cous and capillary effects. This number is based on the Stokes
setting velocity (as a proxy for the relevant particle—particle
relative speed), the viscosity of the liquid, and the surface ten-
sion, that is, Ca= ity /6= 82 w R? ?pp—ps gs / (‘9,uga . In
summary, we obtain for
e pure glycerine: Re = 6.34 X 10™*, Ca = 0.975, and for

e water: Re = 730, Ca=7.54 X 10~*

Figure 26 illustrates the time evolution of the particle sepa-
ration distance, as well as the acceleration time scale derived
above. Figure 27 summarizes the corresponding relative veloc-
ity scaled with the reference velocity, that is, a typical speed
of the adhering liquid when flowing into the bridge. We can
observe from Figure 26 (dashed and continuous bold line) that

the time until contact is larger than z. for the glycerine

Table 3. Effect of Selected Particle Parameters on
Dimensionless Bridge Filling Parameters for Glycerine/
Water-60/40% Mixtures

Cases R [m] p,[kgm ] i  ter[s] th. th Oh
1 S5e-6 1500 le-2 8.54e-7 3.82 142 0.58
2 5e-6 1500 0.2 8.54e-7 3.82 284 0.58
3 le-5 1500 0.1 1.7le-6 7.63 355 041
4 le-5 2000 0.1 1.7le-6 10.18 26.6 0.41
5 le-5 5000 0.1 1.7le-6 2544 10.6 0.41

Table 4. Properties of Different Water-Glycerine Mixtures

1072 (Adapted from Eddi et al.*)
= -1
10 10 - -3
hat Mixture 1 [Pa-s] p [kg-m ] o [N/m]
_ . v o Water 1% 1073 1000 0.073

Figure 25. t;, . for water and pure glycerine in typical Glycerine/water-60/40% 0.0115 1153 0.0673

fluidized bed operations. Glycerine/water-79/21% 0.05 1204 0.0647

. . . s . Glycerine/water-90/10% 0.22 1238 0.0634

[Color figure can be viewed in the online issue, which i’

is available at wileyonlinelibrary.com.] Pure glycerine 1.12 1262 0.0631
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Figure 26. Time evolution of the half separation dis-
tance S* during the acceleration phase of
two approaching particles (p, =2000 [um],
d, =10 [pm], V} =0.1).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

system. Thus, the particles accelerate, but only for the situa-
tion where viscous forces are neglected the particle accelerate
beyond u..s (see Figure 27). In contrast, in the system involv-
ing water the particles’ relative speed never excees u.r, and
the impact speed is in the order of 0.01 u..¢ (see thin dashed
and continuous line in Figures 26 and 27). As expected, lubri-
cation forces resist the particle’s relative motion and delay the
time until contact (see continuous lines in Figures 26 and 27).
This effect is more pronounced for the viscous systems, while
the effect in the system involving water is rather small.
Clearly, in case one does not take into account the viscous
term (see Eq. 26) for the glycerine system, the particles accel-
erate to an unphysically large relative velocity. In case we
account for viscous forces, however, we expect typical particle
relative speeds smaller than 0.1 u,.s, even for highly viscous
systems (see Figure 27). These particle velocities are below
the typical liquid speed for early times (i.e., ™ = 1, see Figure
2). For longer times both the liquid and particle speed
decreases rapidly, the particles’ surfaces touch (at ¥ between
5 and 50 depending on the viscosity of the liquid, see
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Figure 27. Time evolution of the relative particle veloc-
ity during the acceleration phase of two
approaching particles (parameters are the
same as in Figure 26).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 27). Hence, bridge filling is also unaffected by particle
motion for longer times, simply because the particles are
already in contact. Based on the above consideration of par-
ticles accelerating from zero velocity, it appears that our
assumption of a quasi-static liquid bridge formation is valid
for a wide range of wet particulate systems.

Typical impact speeds in sedimenting suspensions

The typical relative particle velocity at impact is important
for our analysis, since it affects the scale for film crossing. We
have therefore performed simulations of a typical application
we are interested in (i.e., wet granulation in a fluidized bed).
Specifically, we considered a freely sedimenting suspension,
and have recorded the speed and orientation of particle—parti-
cle collisions. The simulations followed the approach used by
Radl and Sundaresan®®, with identical fluid and particle

/uy |

u

Urel, norm

Hyel, tang ¥ Yy

Figure 28. Distribution of particle collision velocities in the normal and tangential direction (left panel), as well as
illustration of the vertical particle velocity distribution (right panel, d, =150 [um], p, = 1500 [kg/m3],
¢p =0.10, particles sediment in air at ambient conditions).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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P28 properties. Our results are summarized in Figure 28, highlight-
934 ing that collisions in typical applications we are interested in
935 (i.e., fluidized beds) are mostly gentle: the typical impact
936 speed is in the order of 10% of the particles’ terminal settling
937 velocity. Also, we observe from Figure 28 that particle colli-
938 sions are primarily oblique, that is, the particles’ relative speed
939 in the tangential direction (at the contact point) is smaller than
940 that in the normal direction. In Appendix C we summarize
941 more data for sedimenting suspensions, which show a similar
942 qualitative behavior and a moderate increase of the impact
943 speed when decreasing the particle concentration. Clearly, our
944 data supports our assumption of quasi-static bridge filling for a
945  wide range of wet particulate systems with rather thick liquid
946  films and a rather low liquid viscosity.

947 Of course, the relative speed of particles in a wet collision
948 event is set by the process, and we have only considered a wet
949 fluidized bed here. Clearly, it is necessary to check the appro-
950 priateness of our model for a specific application via a prior
951 analysis of typical particle relative velocities.

952 Conclusions

953 A new model to predict dynamic liquid bridge formation
954 between two wet particles has been presented in this article.
955 This model is based on DNS data, which were obtained by
956 extracting the interface position from VoF-based simulations
957 of the bridge filling process. The liquid bridge volume was
958 defined based on a characteristic neck position, and a DIM
959 was employed to calculate the liquid bridge volume. This
960 allowed us building a dynamic model for predicting the bridge
961 volume, and the liquid remaining on the particle surfaces.
962 Such a model might help to refine our picture of wet particle
963 collisions that previously focused exclusively on predictions
964 of the coefficient of restitution (Donahue et al.>*, Sutkar
965 et al.”®).

966 Our model differentiates between (1) a fast initial bridge
967 formation stage where the dimensionless time is less than a
968 reference time for capillary-driven viscous flow, and (2) a sub-
969 sequent slower viscous filling stage where viscous effects are
970 dominant. The initial stage model is based on a geometrical
971 reference volume, and has been calibrated with DNS data at a
972 dimensionless time of /* = 1. Our initial stage model can be
973 used as a first estimate for the liquid bridge volume in short
974 particle collisions, and is an extension of the model prosed by
975 Shi and McCarthy*. The postulated model for the viscous fill-
976 ing stage model relies on a universal parameter q; (i.e., a char-
977 acteristic dimensionless filling time), as well as dimensionless
978  liquid mobility parameters ¢,,; and ¢,,> of the contacting par-
979 ticles. A model equation for these mobility parameters has
980 been proposed. Specifically, we consider that the mobilities
981 are functions of the film height and the separation distance. In
982 summary, our model is valid for liquid bridge formation
983 between two identical particles coated with thin continuous
984 films (i.e., an initial relative film height of less than 10% of the
985  particle radius).

986 We observed that our results obtained from the DNS are
987 independent of the Reynolds number, as well as the density
988  ratio between the liquid coating the particles and the ambient
989 gas. This suggests that our model is applicable to a wide range
990  of gas-particle systems involving wet particulate systems.

991 However, our simulation study indicates that grid refine-
992 ment plays an important role in the final stages of film flow
993 where the film ruptures. To get a precise model for the filling
994 process at long times, as well as to correctly predict film rup-
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ture, it is essential to use a fine enough computational mesh in 995
the simulations (i.e., the dimensionless grid resolution Ak 996
should be 0.12 or smaller). This clearly limited the current 997
study to axisymmetric configurations. Hence, our study is only 998
a step forward to better understand the equilibration of liquid 999
on particles and in liquid bridged in a particle bed. Still work 1000
needs to be done in the future, specifically, it would be inter- 1001

esting to 1002
e experimentally support the observed film rupturing event 1003
for long times, 1004
e investigate the wetting of initially completely dry particle, 1005
and particles that have a complex morphology, 1006
e quantify the effect of particle relative motion on the liquid 1007
bridge formation process. 1008
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Notation 1017
Latin symbols 1018
a; = dimensionless filling rate parameter, — 1020

Ca = capillary number, — 1028
_d, = particle diameter, m 1028
Fyis = viscous force acting on the particle, kg - m/s” 1030
Fcop = capillary force acting on the particle, kg - m/s” 1033
g = gravity, m/s? 1038

ho = average initial film height of the particle pair, m 1036

h; = initial film height of particle i, m 1043
hey1,i = the height of the red shade cylinder on particle i, m 1048
L, o = reference volume of liquid on the particle, m’ 1048
L, ;= volume of liquid present on the particle £, m® 1050
m = mass of the particle, kg 1058

n;; = unit normal vector, — 1058
Oh = Ohnesorge number, — 1060

P = pressure, Pa 10632
Pt = reference pressure, Pa 1068
ps = pressure at the particle surfaces, Pa 1086
py, = pressure at the liquid bridge, Pa 1073
R = particle radius, m 1078
Ry = radius of the initial cylinder region, m 1078
Reurve = radius of curvature of the liquid bridge surface, m 1080
Re = reynolds number, — 1088

S = half separation distance between particles, m 1088

t = time, s 1080

t.cc = acceleration time scale, s 1093
teross = film crossing time scale, s 1098
telax = particle relation time, s 1008
tr = reference time scale, s 1102
ur = reference fluid velocity, m - s 1108
iy = relative particle-particle velocity, m/s 1108
U = fluid velocity, m/s 1110

V), = liquid bridge volume, m® 1118
V0 = initial bridge volume, m? 1118
Vo1 = geometry bridge volume: type I, m? 1120
Vo= geometry bridge volume: type II, m’ 1123
Vs = integration volume of the red framed region in Figure 4b, m’ 1128
Veap,i = the cavity volume of particle, m’ 1120
VoverLap = the displaced volume of liquid of the overlap region, m’ 1133
DIM = direct integration method 1138
DNS = direct numerical simulation 1138
MFB = micro force balance 1140
YLE = Young-Laplace equation 1148
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Greek symbols

o = phase fraction indicator, —

Bey,i = initial filling angle on particle i that cause by geometry bride,

rad

At = time step, s

Ax = grid spacing, m

Ah = dimensionless grid spacing by initial film height, —

¢, = particle volume fraction, —
¢,,; = fraction of liquid on particle i that is mobile to flow into the

bridge, —

1 .—1

1, = dynamic viscosity of liquid, kg m™ " s

U, = dynamic viscosity of ambient gas, kgm s

1 -1

p; = density of the liquid, kg m 3

p, = density of the ambient gas, kg m ™

3

pp = density of the particles, kg m?

o = surface tension, kg § 72

Superscripts

+ = dimensionless quantity
i = particle index

norm = normal direction
tang = tangential direction

t = terminal
w = water

gly = glycerine

P = particle

ref = reference quantity
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Appendix A: Analytical Solution for a Two-Particle 2
System Hence, the general solution for Eq. A8 is given by 1389
The mass balance equations detailed in the manuscript can be L
normalized and written for the simplest case of a two-particle + =Cye" 1" +C e’°’+, (A13)
collision: dt
N L, 1 " "
dLy, _ Lo Vb (A) e =—2( — (Clrle” +Carse™ )
= b a:
drt p1Pml ’1 (Al4)
+ + + & +Che )
Ly =g, Vi (A2) <¢ml ) (Cl ©
drt 1 P2+ m2 2
and 1390
a(vh+ dL;r1 dL;2
=\t (A3) dv; 2r1 v (2 o
dt drt dt dtﬁ ==L +2¢ Cie"" + (2429, |2 (A15)
a;
The initial conditions are:
N it It oopt Ad Using the initial conditions, that is, V, |,_q=V, 1391
b li=0=Vios Lpili=0=Lp10: Lyoli=o=Lpoo (Ad) Lyl—o=Ly o> and L], _o=L;,,, and after rearrangement we 1392
. . . ive at: 1393
Exploiting the total mass balance, that is, Eq. A3, assuming armve & o
that a; is a constant for the pair of particles, and taking the time
L. . . ) ) )
derivatives of the above equations, we arrive at: ooz —a; ¢msz+20 (Za rah 242 d)ml +a (bml) 10
1=
dLy’ N, 1 2(ry=r1)
dt* =—q; qﬁml-l- Lpl + 2L (AS) 5 5 .
(ai O ta +air2)Vh,0
+/
dL,, ——a( (s 1 L 1L+, (A6) 2(ry—r1)
drt : mt ot 2! (A16)
where L dﬁ, L W. By rearranging Eq. A5, we now
obtain an expressmn of L ,'in terms of L;rl’
at ol 20+(2a’1¢ml+a Gy +2a3 ¢y )L P10 —(ar+aid,y+ai)Vy,
C= (A17)
2(rp—r1)
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Figure B1. Sketch illustrating the unknown variables in
the calculation of the geometrical bridge
volume type Il.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

by integration of Eq. A1S5, as well as using the initial condi-
tion for the bridge volume, we obtain

B2 221 (e
V;:V/;r,oJFCl(]',%l(e"" —1)+C27”’ p 1(e"z’ —1)

1
(A18)

Similarly, we obtain the following equations for the dimen-
sionless liquid content on particle 1 and particle 2:

C1 e C2 ot
+ _ g+ [ X
Ly =L+ (e" 1) + (2'2 1) (A19)
42+l L
L;2:L;2,0_C1 % (em - 1)
f (A20)

2r
(T,.z +2¢ml y | (er2t+ N 1)
)

—C,

Appendix B: Details on the Geometrical Bridge
Volume Type Il

The key to calculate the volume of liquid bridges of type II is
the calculation of the radius R, of the compensation cylinder
region. The known parameters, as shown in Figure 1 (panel a),
are the particle radius R, the initial film heights 4; and /;, and
the half separation between particles S. Once two particles have
been fixed in space, the liquid in the overlap regions of the lig-
uid films (i.e., the red and green shaded regions in Figure 1,
panel b) is displaced and flows into a ring-shaped region (i.e.,
red solid area in Figure 1, panel b). One can compute the vol-
ume of the ring-shaped region as follows:

First, the overlap liquid volume that is contributed by particle 1
(i.e., the green shaded area in Figure 1, panel b) and particle 2 (i.e.,
the red shaded area in Figure 1, panel b) can be computed from:

11
YIRTS (n(1212R* =241 >+ 4R + 16135 —3h} —48R* I S

—48RhyS?+96R2S?+ 128RS> +325* + 12R*h3 —24h3S% +4RN3
+1613S—3h3—48R*h,S—48Rh,S?))

VovcrLap =

(BI)

Second, the intersection radius R; can be calculated using Eq.
B2 as illustrated in Figure B1BI.
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\/(R+h1)2—Ri2+\/(R+h2)2—R?=2(R+S) (B2)
Third, the ring-shaped region is divided into two sub-regions, 1417
which have the heights Ay ; and Ay > as sketched in Figure B1. 1418
The ring-shaped sub-region 1 has the volume Vg1 = Vapeg — 1419
Vaecd, where Vaecd Vdcf Vcap,aef~ The cap helght is 1420

ha=R+h =/ (R+h)* =R,
Vcapiaef:% (3Rl-2+h§f). The liquid volume in sub-region 2, that 1422
is, Vey12 can be computed in the same fashion. 1423

Finally, we sum up the two sub-regions, and use the known 1424
volume of the displaced liquid, that is, VoyerLap, to arrive at the 1425

following expression involving the unknowns R, hi, hy S, 1426
and R: 1427

VoverLap: cyl :chl,l +chl,2 =f (Rcyh hi, h, S, R) (B3)

and thus the cap volume is 4

This expression cannot be solve directly to obtain Ry, how- 1428
ever, one can solve it numerically using, for example, a Newton 1429
algorithm. Once Ry, is known, we can calculate the geometrical 1430
bridge volume based on the contribution from each particle 7 1431
and as illustrated in shown in Figure 4 (panel b): 1432

. [ Rey
Bey1;=arcsin (R 4C—yhi>

(B4)

Ju, -

Upel, norm

Urel, tang !

Plu,, /u,)

o Uy, m}ml/“I
X Uy, tang i,
¥ )
. Ppi
IOJ (™Y 0.3
R
= 6. 0.1
¢ g
= % X
= o, A 0
~ . 4% X
B o "%
- e T Xyx 0.1
& %o X,
L] .xx 0.3
107! o
&
o ** J&xx
L X
>
™ 0”0
10?
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Upoy /U1,

Figure C1. Distribution of the relative particle velocity
at impact in a dilute (bottom panel;
¢p=0.05) and dense (top panel; ¢,=0.30)
cloud of freely sedimenting particles (the
inserts illustrate individual-particle veloc-
ities in the vertical direction).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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/’lcyl‘f=(R+S)—(R+h,~)cosﬁcylj (BS) Lagrange simulations using the code CFDEM® (Kloss et al.>!). 1438
7R3 Particles were allow to sediment under the action of gravity, 1439
Vcapﬁl:T(l—cos ﬁcyl,,-)z(Z-i-cos Beyr i) (B6) while their weight (and that of the surrounding gas) was bal- 1440

anced by a pressure gradient, similar to our previous work (see, 1441

1 50 : 49
_ . p2 ) Radl and Sundaresan). Also numerical parameters and drag 1442
Vbﬁi,l _TERcythle + g 7'[/’1,'COS ﬂcy17,»51n ﬁcyl,i ) p: g

(B7) models were identical to this previous work (a dimensionless 1443

(R2+(R+hi)2+R(R+hi)) grid resolution of Ax/(2R) =3, as a domain size of 53 X 53 X 1444
213 d,, was used). The statistics reported below were collected 1445

Voot =Vo,i1 = Veap.i (B8) by sampling impact velocities over a sufficiently long time, that 1446

is, 40 times the particle relaxation time f,x = u,z/g. Note that 1447
the particles were initialized homogeneously distributed in the 1448

1433 Appendix C: Relative Particle Velocity at Impact computational domain, and that a statistical steady state was 1449
1434 in a Sedimenting Suspension reached after ca. 5fejay. 1450
1436 We summarize statistics of the relative particle speed at 1451
1437 impact in a fully periodic domain using soft-sphere Euler- Manuscript received June 12, 2015, and revision received Jan. 22, 2016. 1452
1453
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