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The effects of cohesive forces of van der Waals type in the fluidization/defluidization of aeratable type A powders in the
Geldart classification are numerically investigated. The effects of friction and particle-size distribution (PSD) on some
design-significant parameters, such as minimum fluidization and bubbling velocities, are also investigated. For these types
of particles, cohesive forces are observed as necessary to fully exhibit the role friction plays in commonly observed
phenomena, such as pressure overshoot and hysteresis around minimum fluidization. This study also shows that a full-
experimental PSD consisting of a dozen particle sizes may be sufficiently represented by a few particle diameters.
Reducing the number of particle types may benefit the continuum approach, which is based on the kinetic theory of granu-
lar flow, by reducing computational expense, while still maintaining the accuracy of the predictions. Published 2013
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Introduction

Small type A powders, as classified by Geldart,1 are of
great importance in industry. These powders offer many
advantages over other powder types due to the ease of fluid-
ization and the large surface area of the particles. Such fea-
tures often make these powders the ideal choice for reacting
particles (e.g., pulverized coal combustion and gasification)
or as solid catalysts for chemical reactions (e.g., fluid cata-
lytic cracking or FCC). Experimentally, the cohesiveness of
a powder and its fines content are known to play an impor-
tant role in the rheological and fluidization behavior of type
A powders.2 In fact, Molerus3 attributed the transition from
group C to A and A to B in the Geldart classification of
powders to the diminishing strength of cohesive van der
Waals forces. Furthermore, simple experiments of free-
falling type A powders clearly showed the effects of van der
Waals cohesive forces in creating agglomerates of small
particles.4

The importance of cohesive forces on homogenous (i.e.,
nonbubbling) bed expansion during fluidization of type A
particles has been the subject of debate as Girimonte and
Formisani5 summarized. In particular, Jackson6 concluded
that the stable expansion of such beds cannot be based on
hydrodynamics alone as the solid-like behavior of the bed
during this transition period indicates sustained particle–
particle contacts must exist. Therefore, cohesive forces have

been reported to play some role in maintaining a stable
regime between minimum and bubbling fluidization.5

Another experimentally observed effect at minimum fluidiza-
tion is a spike in pressure drop that extends beyond the static
pressure of the bed. For type B particles, this behavior has
been explained by the interlocking of these coarser particles
(such as uniformly sized sharp sand) that requires an extra
force to unlock them.7 For type A particles, Jackson6 cited
friction as the main cause of the spike because increasing
the bed diameter decreases the amplitude of the pressure
spike. Jackson6 indicated that further measurements are
needed to distinguish between the effects of wall friction and
cohesion. Isolating the effects of cohesive van der Waals
forces from other effects, such as electrostatics and humidity,
however, is very difficult to do experimentally. Accordingly,
computations offer a useful alternative for isolating and con-
sequently understanding the effects of cohesion; one can
simply neglect specific forces by not including them in the
model. The major objective of this work is to investigate the
effect of cohesion on the fluidization and defluidization of
small particles using a computational fluid dynamic (CFD)
approach.

The majority of researchers using a continuum two-fluid
model (TFM), based on kinetic theory for granular flows
(KTGF), have ignored cohesion. However, a few exceptions
exist.8–10 For example, van Wachem and Sasic included
cohesive force calculations in a simple force balance, with
assumptions, to determine the size of cohesive agglomer-
ates.9 This information was then used to feed into their TFM
simulation. In a different approach, Gidaspow and Huilin
included the effects of cohesive forces for a FCC catalyst, a
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typical group A powder, via the radial distribution function
at contact.8 Ye et al. later investigated possible modifications
to KTGF based on discrete particle simulations of the same
type of particles in a fully periodic system in a vacuum.
Similar to the work of Gidaspow and Huilin,8 they independ-
ently found that the effects of cohesion could be included
in the radial distribution function.10 A discrete particle
approach, wherein the trajectory and collision of every parti-
cle in the computational domain is resolved, circumvents the
difficulties encountered in continuum models when it comes
to incorporating cohesive forces. Conversely, the ease of
including forces in discrete methods is largely offset by the
greater computational demands involved in the calculations of
tracking each particle and its neighbors and resolving their
collisions. The large number of particles is a major constraint
in conducting DPM simulations especially when dealing with
small type A particles. As a result, different strategies have
been adopted to reduce the computational requirements. For
example, studies have used larger particles with low density11

or used artificially high cohesive force on larger particles.12,13

Regardless, small system geometries are typically still used to
obtain numerical results in a reasonable time (e.g., Wang
et al.14). The current study is similarly restricted.

Recent numerical studies from Kuipers’ research group14

concluded that the effects of cohesive van der Waals forces
were not significant in a small pseudo three-dimensional (3-
D) fluidized bed with FCC particles of 75-lm diameter. In
one study,15 the gas inlet velocity was about 10 times the
minimum fluidization velocity (Umf), and the values for
material property of cohesion (Hamaker constant) were rela-
tively low compared to those reported in the literature.16–18

In this study, full 3-D simulations of a fluidized bed are con-
ducted along the complete fluidization/defluidization cycle
using reasonable material cohesion properties and realistic
particles with asperities on their surface. The effects of fric-
tion and particle-size distribution (PSD) on key design param-
eters, such as minimum fluidization and bubbling velocities,
are examined. The results of these studies are used to assess
the overall effects of cohesive forces in the fluidization of
small type A powders.

Model Description

The effect of cohesion on the flow behavior of small Gel-
dart type A powders is explored using DPM-CFD simula-
tions. In this approach, the fluid phase is described by the
standard volume-averaged Navier–Stokes equations for a sin-
gle phase modified to include the presence of the particulate
phase, which is modeled using discrete particles. Accord-
ingly, the continuum gas-phase governing equations for mass
and momentum conservation in a nonreacting isothermal sys-
tem are as follows
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where eg is the fluid void fraction, qg is the fluid-phase den-
sity, Pg is the fluid-phase pressure, sg is the fluid viscous
stress tensor, g is the specific gravity force, Vg is the local
average velocity of the fluid phase, Vp is the particle veloc-
ity, bp is the interphase momentum exchange coefficient, NT

represents the total number of particles in the system, and /p

and /c are volume of the particle and fluid cell, respectively.
The averaging process yields unknown terms, which

require constitutive relations in terms of the flow field varia-
bles to establish a fully specified set of equations. Those
terms include the fluid viscous stress tensor and the inter-
phase momentum exchange term (or drag force). Closure for
the fluid-phase viscous stress tensor is achieved by assuming
a Newtonian fluid, in which case, the viscous stresses are
proportional to the rate-of-strain
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where lg is the fluid viscosity, Dg is the rate-of-strain tensor,
and I is the identity tensor. Coupling with the particulate
phase is achieved primarily through the drag force, which is
closed using the standard model by Wen–Yu19 for the inter-
phase momentum exchange coefficient
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where dp is the particle diameter, and CD is the drag coeffi-
cient expressed as
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In the DPM-CFD approach, the particulate phase is repre-
sented by NT spherical particles with diameter dp and density
qp. The motion of each individual particle is described using
Newton’s laws of motion
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where xp is the particle position, Fc,p is the net contact force
due to particle contact with walls and other particles, Fvw,p is
the net van der Waals force arising from particle–particle
and particle–wall interactions, Ip is the moment of inertia,
xp is the particle angular velocity, and Tp is the sum of all
torques acting on the particle. The other terms are as defined
earlier.

The contact force from particle–particle or particle–wall
collisions is described using a soft-sphere model based on the
spring-dashpot model by Cundall and Strack.20 In this
approach, a linear spring and a dashpot are used to formulate
the normal contact force, whereas a linear spring, a dashpot,
and a slider are used to compute the tangential contact force.
The spring accounts for repulsion between colliding particles,
and the dashpot dissipates kinetic energy due to inelastic
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collisions. The slider accounts for finite Coulomb friction
between particles and serves to limit the tangential contact
force when sliding occurs. (For more specific details on the
model and its implementation, see Garg et al.21)

Interparticle forces can result from a variety of causes
(e.g., capillary forces and electrostatic forces).22 Of interest
in this article are those forces arising from van der Waals
interactions. The van der Waals forces between particles
have their origin in the forces between constituent molecules
(e.g., dipole–dipole, dipole-induced-dipole, etc.), and a rigor-
ous treatment requires a quantum mechanics description.
These molecular interactions are generally quantified via
interaction potentials that show an inverse power dependence
on the separation distance. The interaction potentials are
then used, with simplified treatments, to obtain an expression
for the macroscopic interparticle attractive force. For exam-
ple, Hamaker16 approximated the macroscopic van der Waals
interparticle attractive force between various geometric
shapes by summing all pairwise combinations of correspond-
ing intermolecular attraction forces between the two bodies
in a vacuum. Using this analysis, the magnitude of the van
der Waals force between two spheres of different radii (rp

and rl) with smooth surfaces is as follows
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where A is the Hamaker coefficient, which is a constant that
depends on the material properties with typical values rang-
ing from 10220210219 J.16–18 The quantity s is the distance
between their surfaces
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where xp and xl denote the position of particle p and l,
respectively. In the limit that s is much less than either parti-
cle radii (s « rp, rl), this expression reduces to the more
familiar expression18
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where rpl5
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rp1rl
is the average particle radius.

As evident, the van der Waals force decreases with
decreasing particle size. However, the magnitude of other
forces in the system, such as gravity and drag, decrease to a
greater extent.23 Consequently, the van der Waals force can
be dominant for very small particles even though the force is
smaller in magnitude than for larger particles of the same
material. Moreover, the van der Waals forces are only
noticeable when the particles are sufficiently close together,
that is, when the separation distances are small, as the van
der Waals force drops rapidly with increasing distance. The
analogous attractive force for a system consisting of a sphere
and a flat surface (i.e., wall) is effectively twice that16,18
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Strictly speaking, neither the molecular forces are pairwise
additive nor can the additive approach be readily extended
to bodies interacting in a medium. Nonetheless, the Hamaker
model is commonly invoked for investigating the effects of
interparticle cohesion and enables us to gain a better
understanding of the importance of such forces.

If surface asperities or protuberances exist, they will impact
the real area of contact and distance between the bulk surfa-
ces.24 Real particles will be characterized by some finite sur-
face roughness. In idealized geometries, such as spheres,
surface roughness may limit the approach of the two particles
so that the effective separation distance is larger, and as a
result, the van der Waals attraction is reduced.23 Surface
structures may also give rise to mechanical interlocking of the
surfaces. A rigorous study of the contact problem for real par-
ticles with rough surfaces is a challenging issue not addressed
here (see Adams and Nosonovsky25 for more details). In addi-
tion, mathematical representations of varying complexity have
been proposed to describe particle surface topography, from
invoking a statistical distribution of asperity heights to models
based on fractal surface geometries.22 The application of such
models to interparticle forces is another difficult problem. As
a result, simpler asperity contact models have been developed.

A model commonly used to describe the van der Waals
force, while accounting for the effect of surface roughness
was developed by Rumpf.26 This model is based on contact
of a single hemispherical asperity centered at a flat surface
and interacting with a much larger spherical particle. The
model consists of two terms. The first represents the interac-
tion of the spherical particle with the asperity, whereas the
second describes the interaction between the spherical particle
and the flat surface, which is separated by the height (radius)
of the asperity. Rumpf26 obtained his modified Hamaker
model based on Lifshitz’s macroscopic approach27,28 and
applying Derjaguin’s approximation for both interactions.24

Note that, the Derjaguin’s approximation is only valid when s
« rp, rl (i.e., the surface-to-surface separation is much smaller
than either particle radii).18 Rumpf’s original expression26 for
the attractive force was extended for a system consisting of
an asperity centered on the surface of the spherical particle
interacting with another spherical particle of different radii,
and when the asperity height is not too far from the average
sphere radius29
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where rasp is the radius of the asperity. Asperities of radii
ranging from 0.1–0.5 l for particle diameters ranging from
the order of 1 l to 10’s of microns have been reported in the
literature. Also, the radius of an asperity is usually lower for
used particles than for fresh particles due to abrasion.30

Rabinovich et al.24 further modified this model to include a
more realistic quantification of surface topography through
the root-mean square of the surface roughness.

Similar to Rumpf,29 Forsyth and Rhodes31 also developed
a model for a single hemispherical asperity centered on the
surface a larger spherical particle interacting with a flat sur-
face. This expression is shown here, modified for a system
of interacting spherical particles
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A comparison of these different models, namely, the com-
plete Hamaker and reduced Hamaker expressions (Eqs. 9
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and 11, respectively), the Rumpf expression29 (Eq. 13), and
the Forsyth and Rhodes expression31 (Eq. 14), is given in
Figure 1. This figure shows the normalized van der Waals
force, defined as the ratio of interparticle attractive force
(Fvdw,lp) to particle weight (mg), as a function of separation
distance (s) for the case of equal-sized spherical particles
with typical values for parameters: A 5 10219 J, rp 5 35 lm,
q 5 1.5 g/cm3, and rasp 5 0.1 lm. It is worth noting that the
dimensionless van der Waals force is commonly used to
quantify cohesiveness and is also referred to as the cohesive
granular bond number.22

The main difference between the two Hamaker expres-
sions for the interparticle force and those of Rumpf,29 and
Forsyth and Rhodes31 is in the effects of asperities. As is
evident in Figure 1, surface irregularities may reduce the
evaluated cohesive forces by about two orders of magnitude
near contact. In contrast, the differences between these mod-
els observed at large distances, although still large, are irrel-
evant due to the very weak nature of these forces (less than
1026 the weight of a particle). Also worth noting is that
evaluation of the interparticle attractive force is very sensi-
tive to the surface asperities, the effect of which is only
crudely estimated in the selected models through interaction
of a single spherical cap. Recall, for example, that in real
surfaces the asperities are likely the sites where contact
occurs. As the interparticle attractive force will vary depend-
ing on the size of the asperity, a range of forces are possible
for a given particle with realistic surface roughness. For very
small asperities, 0.01 lm for 10–100 lm particles, the con-
tribution of the asperity to the total attractive force becomes
insignificant.32 Moreover, for realistic surface topographies,
very small asperities will likely be overshadowed by larger
asperities, that is, they are unlikely to participate in contact
anyway.33

As discussed above, different approaches are available to
quantify the van der Waals force. In this effort, the extended
expression of Rumpf29 (Eq. 13) is used to evaluate all parti-
cle–particle and particle–wall cohesive interactions. The
force of interaction between a particle and a wall is calcu-
lated from the same expression (Eq. 13) but taking rp 5 rl in
the definition of rpl and multiplying the equation by a factor
of 2. The net van der Waals force on the particle is then

given by the sum of all particle–particle and particle–wall
cohesive interactions

Fvw;p5
XNc

p51
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where npl is the unit vector along the line of contact pointing
from particle p to particle l, and Nc represents the number of
cohesive particle–particle and particle–wall interactions. As
discussed above, the model chosen here to represent surface
roughness can only be considered an approximation. A more
accurate model would need to include not only a rigorous
description of surface roughness but also the effects of parti-
cle hardness (deformation), which is beyond the scope of the
current work.

The Multiphase Flow with Interphase eXchange (MFIX)
code (https://mfix.netl.doe.gov) is used for all simulations in
this effort. The gas-phase flow field is solved numerically on
a staggered Cartesian computational grid using a semi-
implicit scheme based on the well-known SIMPLE algo-
rithm34 with a variable time step. The convection terms are
evaluated using Superbee, a second-order discretization
scheme, along with deferred correction.35 In contrast, the
particle equations of motion do not require a computational
grid, and a constant time step is used. As has been used for
similar systems, the DPM time step is equal to 1 3 1026

s.11,15,36 The particle velocity is updated through a first-order
integration scheme, which is in turn used to update the par-
ticle’s position. In this DPM-CFD coupled approach, the
simulation effectively advances in two steps. First, the con-
tinuum fluid equations are solved for a fluid time step,
wherein the particles are stationary. Once the fluid variables
converge, the discrete particle simulation begins, wherein the
particles are advanced through several smaller time steps
until the time elapsed equals a fluid time step. At this point,
the fluid and particles are at the same physical time and the
process repeats.

Note that, in the drag force relation (Eqs. 4 and 5) used to
calculate the drag force on the particle, the mean gas-phase
velocity is interpolated to the particle location. The drag force
on the fluid is then calculated by projecting the drag force on
each particle back onto to the gas-phase Cartesian grid.

Simulation Conditions

The DPM-CFD model described above is used to simulate
the fluidization and defluidization process of a small 3-D bed
of Geldart group A particles. Unless otherwise noted, the
input parameters for these simulations, including gas and
particle properties, system geometry, and numerical parame-
ters are summarized in Table 1 and discussed briefly below.
Note that, the gas (air) flow is treated as slightly compressi-
ble so the gas-phase density is described using the ideal gas
law as the equation of state. A monodisperse system com-
posed of spheres that are 75 lm in diameter and 1500 kg/m3

in density is considered first. The effects of PSD are also
investigated with two polydisperse systems having the same
overall mean particle size as the monodisperse system
(75 lm) but composed of either three or 12 particle types of
different diameter and identical density. The simulated PSD
by mass for the two polydisperse systems is presented in
Table 2. The size distribution consisting of 12 particle types
was taken from experimental data for an FCC powder given
by the first PSRI (Particulate Solids Research Inc.) challenge
problem.37 The size distributions consisting of one and three

Figure 1. Normalized van der Waals (vdW) force with
the weight of a particle (75-lm diameter and
0.1-lm asperities) as a function of interpar-
ticle distance for different cohesion models.

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

available at wileyonlinelibrary.com.]
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particle types are an approximation of the real PSD having
the same mean particle size. Accordingly, whether a simula-
tion with fewer particle types may be used and still accu-
rately reproduce the results from a simulation using a more
complete experimental PSD is also investigated.

Five parameters are required to describe the contact force
in this soft-sphere model: the normal and the tangential spring
stiffness (kn and kt), the normal and the tangential damping
coefficient (gn and gt), and the friction coefficient (l). Note
that the normal dashpot damping coefficient can be related to
the normal restitution coefficient (en) using the differential
equations for a damped harmonic oscillator.38,39 In addition,
the tangential collisional parameters are related to the normal
collisional parameters, wherein the ratio of normal to tangen-
tial spring constant (kn/kt) is taken as 2/7.38,40 Similar to the
work by Silbert et al.,40 the ratio of normal to tangential
dampening coefficient (gn/gt) is taken as 1/2. The values for
normal and tangential particle–particle collisional parameters
are the same as those for particle–wall interactions.

Note that, the interparticle attractive force (Eq. 13)
approaches infinity as separation distance approaches zero (i.e.,
particle contact). To avoid this issue, a minimum cutoff sepa-
ration (smin) is used. For anything below this distance
(s� smin), the van der Waals force remains constant and is
assumed to equal to the force experienced at smin. As evident
from Figure 1, the van der Waals force drops rapidly with
increasing separation. Therefore, to save computational time, a

maximum cutoff separation is also used (smax), beyond which
the cohesive force is ignored. In this case, smax is approxi-
mately equal to the particle diameter divided by four. In this
effort, the particle roughness is assumed to be characterized by
an asperity of radius 0.1 lm, which is slightly less than the
reported 0.15-lm asperity radii for small FCC particles.32,41

The simulations are run using a 3-D domain in Cartesian
coordinates. In regard to gas-phase continuum equations, the
four sidewalls (east, west, front, and back) are treated as
impenetrable noslip boundaries (the normal and tangential
components of gas velocity are zero). At the outlet, the pres-
sure is specified atmospheric (1.013 3 106 Pa). A uniform
superficial gas velocity is specified at the inlet, which is set
to change with time to examine the fluidization/defluidiza-
tion process. Following Ye et al.,36 the superficial gas veloc-
ity is changed linearly in time rather than using a stepwise
increment method

Usf 5Kt (16)

where K is a constant value for acceleration/deceleration,
and t is the simulation time. In this effort, a value of K equal
61 cm/s2 is used for fluidization/defluidization, which is
slightly smaller than the value used in a similar setup.36

These authors selected a value of 3 cm/s2 to achieve reason-
able speed-up compared to the stepwise method, while mini-
mizing differences in the predicted results (pressure drop and
bed height). Ye et al.36 discuss this matter in greater detail.
Based on a brief investigation, the current results were also
found to be insensitive to the particular technique for the
value of K selected (figure not shown).

The initial state of a simulation is obtained by orderly
placing particles at the bottom of the bed. The bed is then
uniformly fluidized with air at a superficial gas velocity set
at 1.2 cm/s (�2.4Umf for the monodisperse case) allowing it
to bubble/fluidize. After 0.2 s for the monodisperse case or
1 s for the polydisperse case, the superficial gas velocity is
quickly decreased to zero over a span of 0.1 s causing the
particles to drop and the bed to reach a packed state. This
procedure allows for an initial random packing of particles
and is referred to as the prefluidization stage. The prefluid-
ization stage for the polydisperse case is longer to allow for
particles with different sizes to naturally segregate (as shown
later). The superficial gas velocity is then slowly increased
(K 5 1 cm/s2) to about 2.523 Umf during the fluidization
stage and then decreased back to zero in the same manner

Table 1. Simulation Conditions Including Gas and Solids Physical Parameters

Quantity Symbol Units Value

Gravitational acceleration g m/s2 9.81
Gas viscosity lg Pa s 1.8 3 1025

Gas temperature and pressure Tg, PG K, Pa 300, 101,300
Particle density qp kg/m3 1500
Particle (mean) diameter dp lm 75
Total number of particles Nt – 90,000, 119,726, 128,550
Normal spring constant kn kg/s2 7
Normal restitution coefficient en – 0.95
Friction coefficient l – 0.3
Hamakar constant A J 10219

Radius of asperity rasp lm 0.1
Minimum cutoff distance smin nm 0.4
Maximum cutoff distance smax lm 20
System geometry Lx 3 Ly 3 Lz cm 3 cm 3 cm 0.3 3 1.0 3 0.3
Cartesian grid i 3 j 3 k – 12 3 40 3 12

The particle diameter represents the mean particle diameter in the polydisperse case. The total number of particles varies depending on the size distribution,
with the total number of particles increasing with the width of the size distribution.

Table 2. Particle-Size Distribution for Polydisperse Cases

Containing 12 and Three Particle Types

Bin Number
Particle

Diameter (lm) Weight (%)
Number

of Particles

1 44/54 5/30 22286/72337
2 49/75 5/40 16136/35999
3 54/100 5/30 12056/11390
4 58 10 19460
5 61 5 8364
6 65 10 13826
7 72 10 10173
8 77 10 8317
9 84 10 6406
10 92 10 4876
11 100 10 3797
12 110 10 2853

The first three rows contain information about the powder with ternary PSD
(indicated by numbers in italic).
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(K 5 21 cm/s2) during the defluidization stage. This process,
fluidization and defluidization, generally takes about 3 s.

During the fluidization and defluidization cycle, the pres-
sure drop and bed height are measured to observe the impact
of van der Waals-type cohesive forces on the fluidization
behavior. The pressure drop across the bed (DP) is estimated
by the pressure at the lowest computational node minus the
pressure at the outlet, which is simply the atmospheric pres-
sure. The pressure drop is then normalized (DP*) by the
weight of the particles per unit cross-sectional area of the

bed (mtot g
Area where mtot 5

XNt

p51
qpvp and vp is the particle vol-

ume). The bed height (H) is defined as the y-position
(height) of the particle, below which 99% of the total mass
is located. This method is very accurate and provides a
smooth profile in bed height vs. superficial gas velocity and
relies on the inherent nature of the discrete simulation data.
Alternatively, the bed height may be defined as the grid
height, below which contains a given percentage (e.g., 95 or
99%) of the bed weight (e.g., Syamlal and O’Brien42). This
technique has been used in processing two-fluid simulations
but in the DPM-CFD approach results in a staircase-type
profile due to the discrete nature of the computational grid.
A third approach uses the solids volume fraction in each cell
and corresponding cell height to estimate an average bed
height (e.g., Goldschmidt et al.43). This method yields a rela-
tively smooth profile in comparison but still reflects a TFM
approach in using grid based data. For all cases, the bed
height is normalized (H*) by the height of the bed measured
at the start of the fluidization cycle corresponding to the
monodisperse case with dp 5 75 lm, A 5 10219J, rasp 5 0.1
lm, and l 5 0.3, in which H/ dp 5 50.4.

Fluidization of Cohesive Particles

The primary focus of this effort is how van der Waals-
type cohesive forces affect the fluidization behavior of Gel-
dart group A powders. Geldart1 divided the fluidization
behavior at ambient conditions according to particle size and
density differences. Four behavior groups were recognized.
Designated as group A are powders that give a region of
homogenous nonbubbling fluidization beginning at the mini-
mum fluidization velocity followed by bubbling fluidization
as fluidization velocity increases. The minimum fluidization
velocity (Umf) is generally defined as the superficial fluid
velocity, at which the drag force on the bed with e5emf

matches the buoyant weight of the bed. Geldart1 also defined
the minimum bubbling velocity (Umb) as the superficial gas
velocity, at which the first clearly recognizable bubble
appears. Accordingly, group A particles are those for which
Umb/Umf> 1. This behavior can be observed in Figure 2,
which shows predicted fluidization behavior, namely, the
nondimensional pressure drop and bed height during the pro-
cess of fluidization and defluidization, for a system of nonco-
hesive monodisperse particles.

Graphical determination of the minimum fluidization and
minimum bubbling velocity from the fluidization/defluidiza-
tion curves may vary. For example, some efforts identify the
minimum fluidization velocity as the point, at which the
pressure drop first equals the weight of the particles.36,44 The
minimum fluidization condition can also be marked by a dis-
continuous change in slope of both pressure drop and bed
height curve.6 A similar approach is used here, specifically,
by marking the minimum fluidization condition as a sudden

change in the slope of bed height during fluidization, which
gives a minimum fluidization velocity of 0.5 cm/s. The mini-
mum bubbling velocity may be identified by the point, at
which bubbling first begins through a visual inspection of
the bed (or in snapshots).11,45 It has also been identified by
noting a change in the spatial fluctuation of local poros-
ities,36 or by the point where the hysteresis loop closes.6 In
this effort, the minimum bubbling velocity is defined as the
point during fluidization when fluctuations in bed height
begin to occur, which coincides with the appearance of bub-
bles in the bed. Using this approach, a minimum bubbling
point may be identified at a superficial velocity of 0.8 cm/s.
In agreement with earlier reports,11,46 the results show that
group A behavior may be predicted (Umb/Umf> 1) in the
absence of interparticle forces. However, the precise behav-
ior may still differ from that of real powders because the
interparticle forces were explicitly set to zero in this case.

Figure 2 shows that the fluidization and defluidization
curves track one another closely and only a slight hysteresis
is evident, with the differences more prominent in the bed
height curves than the pressure drop curves. Also worth not-
ing are the large fluctuations in the curves of pressure drop
and bed expansion height that occur when the superficial gas
velocity is increased beyond the minimum bubbling velocity.
This behavior is in contrast to what was observed experi-
mentally,47 which showed little fluctuation attributable to the
relatively large bed used for the experiment. Recall that this
and other simulation studies36,48 use relatively small beds
due to computational limitations on the number of simulated
particles. These simulation studies also show large fluctua-
tions resulting from the formation of large bubbles (relative
to the bed diameter).

Figure 3 illustrates the effect of cohesion for the same sys-
tem as Figure 2. Most notably, simulations without cohesion
show a very small pressure overshoot, whereas simulations
with cohesion show a clear pressure overshoot. This suggests
that cohesion is a factor leading to the overshoot. In contrast,
Ye et al.36 observed a clear spike in pressure drop near Umf

without cohesion. Another simulation study,48 however,
detected only a small spike in pressure drop without cohesion
and a much larger spike with cohesion, which is similar to
present findings. This behavior was also confirmed in another

Figure 2. Fluidization/defluidization curves for a nonco-
hesive (A 5 0) monodisperse powder.

Characteristic parameters are: dp 5 75 lm and l 5 0.3.

The normalized pressure drop and bed height are repre-

sented by symbols and continuous lines, respectively.

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

available at wileyonlinelibrary.com.]
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independent study11 using a different DPM-CFD code. How
cohesion affects the pressure drop behavior near Umf will be
explored further when examining the effects of friction.

Observations reveal that the extent of hysteresis also
increases when the effects of cohesion are included. In
agreement with experimental observations,47 the pressure
drop curve during defluidization lies well below that for flu-
idization, whereas the opposite is observed for bed height.
Note that, the bed height curve corresponding to defluidiza-
tion lies above that of fluidization except at low superficial
gas velocities (Usf<Umf). Below this point, the curves cross,
indicating a slightly more compact bed in the final stage of
the defluidization cycle compared to the initial stage of the
fluidization cycle. This behavior suggests the bed did not
reach its maximum random packing prior to the fluidization
stage and is attributed to the rapid rate of defluidization that
follows the initial fluidization at approximately 1.2 Umf.
Experimentally, when a bed of Geldart A particles is deflui-
dized at the same rate, the bed height during defluidization
is generally found to lie above that of fluidization. This
behavior is attributed to the existence of yield stresses in the
bed.47 For example, when cohesion is included (see Figure
3), the behavior follows the experimentally observed trend
more closely. Namely, the bed height during defluidization
tends to lie above or near the height during fluidization for
all Usf. In a cohesive system, the particles derive more sup-
port from the forces transmitted through the assembly to the
distributor and walls during defluidization, and there is
greater frictional resistance,47 which acts to slow particle set-
tling (resist compression) compared to a noncohesive system.

The minimum fluidization and bubbling velocities are seen
to increase slightly compared to the noncohesive case. This
behavior is in slight contrast to earlier DPM-CFD simulation
studies, which have reported an increase in Umb but not Umf

with the addition of interparticle forces.36,46,49 In this study,
the slight increase in the value of Umf can be explained by
the increase in bed height at Umf, which corresponds to a
less packed bed. This result indicates that the predicted Umf

is sensitive to the computed porosity of the bed, which is
lower in the noncohesive case. Such behavior is reasonable
as the calculated drag force at Umf is sensitive to the pre-
dicted porosity at these conditions, which in turn is sensitive
to frictional forces, as explained in the next section.

A simple quantitative check of the computed values for

the minimum fluidization and bubbling velocities is possible

by comparison with values estimated from available empiri-

cal correlations. For example, using the correlations recom-

mended by Abrahamsen and Geldart50 and the physical

properties listed in Table 1, Umf and Umb are calculated as

0.35 and 0.70 cm/s, respectively. As evident, the computed

values of Umf and Umb (see, for example, Figure 3) are

higher than those calculated from the correlation. The over-

estimate is attributed to the predicted porosities at these con-

ditions, which is also affected by the nature of the powder,

such as polydispersity and friction as will be described later.

Furthermore, the predicted values of Umf and Umb will

depend on the selected drag correlation. Abrahamsen and

Geldart50 also present a simple empirical correlation for the

bed expansion as Hmb =Hmf 5 Umb =Umfð Þ0:22
. A value of

1.11 is obtained using this correlation, which is identical to

the value calculated from the bed expansion height presented

in Figure 3.
To illustrate the fluidization/defluidization behavior of the

simulated fluidized bed, snapshots of this cohesive system

are shown in Figures 4a, b gives the corresponding results

from a polydisperse case with a PSD, which will be dis-

cussed in more detail below. To better visualize the bed

behavior, only a thin slice of the 3-D system, approximately

three to four particle diameters thick, in the xy-plane cen-

tered at z/dp 5 20 is displayed. Particles are colored accord-

ing to the magnitude of the dimensionless total cohesive

force (Fvw* 5 Fvw,p/mg). During the initial fluidization cycle

(Usf <5 �Umf), the bed consists of particles in contact with

a range of interparticle attractive forces (left most pane). At

Usf �2 Umf, the overall level of cohesion exhibited in the

system is less. In regard to the monodisperse case (Figure

4a), 2 Umf exceeds Umb, and hence the bed has expanded

and bubbling is observed. The magnitude of cohesive bonds

continues to diminish with increasing gas velocity as the bed

expands (Figure 3) and bubbles more vigorously (middle

pane Figure 4). If the gas velocity is further increased, then

a slugging regime will develop due to the small geometry of

the bed. On decreasing the superficial gas velocity, the bed

behavior closely reflects the behavior observed when gas

velocity was increased, although bubbling is maintained

through lower Usf and the bed remains slightly more

expanded.
Snapshots corresponding to the 12 species polydisperse

system show a few noteworthy differences with the monodis-
perse case. Recall that the simulation setup for the polydis-
perse case differs slightly from the monodisperse case in that
the initial fluidization occurs over a longer period (1 s). This
period allows particles with different sizes to naturally segre-
gate as shown in Figure 4b. In particular, the larger particles
form a conical pile near the bottom of the bed, whereas a
higher concentration of fines is noticeable toward the top
and near the walls, evident in the large-scaled cohesive
forces. Note that, these larger particles exhibit relatively
lower cohesive forces compared to the smaller particles
because the illustrated particle cohesive force is scaled by
the respective particle weight. Also, compared to the mono-
disperse case, bubbles are still not forming in the fluidization
of the polydipserse powder at a superficial gas velocity Usf

�2 Umf. Two factors likely contribute to the delay in bub-
bling: (1) the large pile of coarse particles that forms at the
bottom of the bed and are difficult to fluidize because of

Figure 3. Fluidization/defluidization curves for a cohe-
sive (A 5 10219 J and rasp 5 0.1 lm) monodis-
perse powder.

Other properties as in Figure 2. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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their mass and (2) the high concentration of fines at the top
of the bed form large cohesive clusters, which are also diffi-
cult to fluidize. These observations reflect the occurrence of
segregation of particles by size, which occurred in the bed
during the fluidization process with large particles settling at
the bottom and higher concentration of smaller particles at
the top of the bed. Finally, a comparison of the snapshots

near Umf during fluidization and defluidization (left and right
most panes of Figure 4b indicate that the state of a bed com-
posed of polydisperse powders has varied in this first fluid-
ization/defluidization cycle. Experimentally, the first few
cycles are generally ignored (e.g., Tsinontides and Jack-
son47). Computationally, however, simulating several cycles
becomes extremely expensive. Therefore, this study is

Figure 4. Snapshots showing bed behavior at varying intervals during the fluidization/defluidization cycle for the
(a) monodisperse and the (b) 12 species polydisperse system.

Other physical parameters as in Figure 3. Particles are colored by the magnitude of cohesive forces made dimensionless with

weight of particles (red and blue indicate values larger than 4 and near zero, respectively). Shown is only a thin slice of the 3-D

domain that is about three to four particles diameter in the xy-plane. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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limited to the first cycle, which experimentally has been
found to show the largest pressure-overshoot.51

Effect of Friction

To gauge the importance of frictional effects in regard to
the presence of a pressure overshoot at Umf, simulations
were run with varying levels of friction. Variations in fric-
tion coefficient are due to different surface properties that
can be caused by either different materials (e.g., glass beads
vs. FCC particles) or by particles fluidized under different
conditions (e.g., lubrication effects due to high humidity).
The results are displayed in Figure 5a for l of 0, 0.01, and
0.1. (The results corresponding to l of 0.3 are presented in
Figure 3.) These results may also be coupled with those of
Figure 2, the same system but with l 5 0.3 and A 5 0 (i.e.,
friction but no cohesion), to form a more complete picture.
Comparing Figure 3 to that of Figure 2, which have the
same friction but are with and without cohesion, respec-
tively, shows that the pressure overshoot at Umf is nominal
without cohesion. In addition, the pressure overshoot is
insignificant when cohesion is present but friction is removed
(Figure 5a for l 5 0) and a slight increase in l from 0 to
0.01 still results in an insignificant pressure overshoot. Only
when l is further increased to 0.1 does the pressure over-
shoot become visible, indicating that relatively large values

of friction are necessary to predict this behavior. In aggre-
gate, this evidence indicates that friction is responsible for
the pressure overshoot at Umf only when particles are held
closely together by the interparticle attractive force. In other
words, cohesion keeps particles together and allows the
effects of friction to manifest. This conclusion may be fur-
ther considered in the context of these two limiting cases:
(1) turn off cohesion and ramp up friction and (2) turn off
friction and ramp up cohesion. In regard to the first case, a
significant pressure overshoot was not observed even when
friction was increased;48 that is, without cohesion the level
of friction was effectively inconsequential. Note that, this
analysis only concerns small type A spherical particles in a
packed-bed arrangement. For heavier and/or nonspherical
particles for which cohesive forces can be neglected, this
behavior can still be observed (e.g., see Kunii and Leven-
spiel7). In regard to the second case, an increase in cohesion
(without friction) will result in shifting the particle classifica-
tion from Geldart group A to group C. Recall group C
describes powders that are in any way cohesive and are char-
acterized as extremely difficult to fluidize.1

Figure 5 also reveals that the minimum fluidization velocity
increases as the level of friction increases. Accordingly, fric-
tionless particles result in the smallest Umf. This can be traced
to the overall bed packing density. Specifically, Figure 5b
shows the corresponding nondimensional bed heights during
fluidization. In particular, the nondimensional bed heights of
less than one, corresponding to l 5 0 and l 5 0.01, indicate
denser beds relative to l 5 0.1. The fact that decreasing fric-
tion results in lower void fraction has been observed in previ-
ous studies.52 Finally, the hysteresis in the fluidization and
defluidization pressure drop curves becomes more prominent
with higher values of friction. These observations are in
agreement with a simple model proposed by Jackson6, who
observed that friction is the main cause of the pressure drop
overshoot and the increased hysteresis near Umf. The present
study reinforces this earlier work and augments it with the
observation that, for small Geldart A particles, cohesion is
necessary to reveal the effects of the frictional forces.

Effect of PSD

Up to now, the influence of van der Waals cohesive forces
on the fluidization behavior of Geldart A particles has been
examined in the context of a powder defined by a single par-
ticle size. Particles in a real powder will seldom be of uni-
form size but will be characterized by a PSD, which will
impact their rheological and fluidization behavior. For exam-
ple, a wide size distribution has been observed to lead to
smoother fluidization and better gas-solid contacting,53

whereas a narrow distribution may enhance bed stability
(e.g., reduce segregation).54 In addition, the presence of fines
(particles of 45-lm diameter or less) may improve the per-
formance of fluidized-bed reactors;55,56 however, excessive
fines may cause the powder to be too cohesive for proper
fluidization.57

Particle size and PSD will influence the magnitude of the
interparticle force. In view of this, the impact of van der
Waals cohesive forces on the fluidization behavior is also
investigated in the context of two powders having different
PSD but the same mean diameter of about 75 lm (see Table
2). The results are presented in Figures 6 and 7, character-
ized by three and 12 different particle sizes, respectively. As
the size distribution increases, the minimum fluidization

Figure 5. Effect of friction on the fluidization/defluidiza-
tion curves of a cohesive monodisperse pow-
der (a) the normalized pressure drop and (b)
bed height.

Other properties as in Figure 3. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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velocity decreases, while the minimum bubbling velocities
increases. Specifically, Umf is 0.55, 0.45 cm/s, and 0.41 cm/s
for the monodisperse, three and 12 species cases, respec-
tively, whereas the corresponding Umb is 0.87, 1.02, and
1.07 cm/s. The data clearly shows that homogeneous expan-
sion occurs over a larger range of superficial gas velocities
for the polydisperse cases compared to the monodisperse
case (see Figure 3). This result is mainly due to the increase
in the minimum bubbling velocity, which is attributed to the
segregation of large, more massive particles at the bottom of
the bed and highly cohesive fines at the top and near the
walls of the bed (discussed earlier in reference to Figure 4).
Conversely, the minimum fluidization velocity is primarily
affected by the predicted void fraction, which, as evident
from the decreases in bed height, decreases slightly as the
PSD becomes wider. This behavior is explained by consider-
ing the nature of the packed bed; that is, smaller particles
may occupy some of the voids formed by larger particles

and may produce a significant decrease in the void fraction
in a bed characterized by a PSD.58 In this study, the particles
are allowed to naturally segregate under gravity prior to the
fluidization cycle, and as a result, such extreme changes in
packing values were not predicted. Finally, unlike the mono-
disperse case, the minimum fluidization for polydisperse
cases does not occur at the maximum pressure drop over-
shoot but rather at the point where the pressure drop first
balances the weight of the bed. Recall that the definition of
minimum fluidization velocity in this study corresponds to
the point where a change in slope of the bed height curve is
observed indicating bed expansion. These qualitative and
quantitative differences in the fluidization behavior of pow-
ders with PSD indicate that they cannot be accurately simu-
lated with a single particle size. As indicated by comparing
both Figures 6 and 7, however, simulating the full-
experimental PSD with either three or 12 particle diameters
results in similar fluidization behavior. This analysis gives
further validity to a recent study in the literature based on a
continuum kinetic theory model59 that found fewer particle
diameters may be used to accurately represent a full PSD.

Conclusions

This study investigated the effects of cohesive forces on the
fluidization/defluidization of small type A powders using a
discrete particle approach. Significant changes in the fluidiza-
tion behavior are predicted when cohesion is included in simu-
lations. Namely, the spike in pressure drop and hysteresis
around minimum fluidization are quantitatively more noticea-
ble. In the literature, these observed phenomena have been
previously attributed to friction. The main contribution of this
study is to explain how contact friction occurs in small par-
ticles during fluidization. In particular, this investigation dem-
onstrates that the main role of interparticle cohesive forces is
to maintain close contact among particles. As a result, the
effects of sliding friction between particles and between par-
ticles and walls are emphasized in the presence of cohesion.
The present results show that without the effects of cohesion,
the action of friction is minimal for small type A particles.

The effects of including a real PSD as well as a simplified
PSD with much fewer particle sizes were also studied. Quan-
titative differences between the fluidization of monodisperse
and polydisperse powders are observed. Namely, when a
PSD is considered, a wider range of homogeneous fluidiza-
tion is observed, with both lower minimum fluidization and
higher minimum bubbling velocities, which is attributed to
the axial segregation of particles by size that occurs in the
system with a PSD. Therefore, if only a single-particle size
is considered, then the corresponding results will be inaccu-
rate when compared with those from the full PSD of 12 par-
ticle sizes. Then again, this study also shows that reasonable
results may still be achieved when considering only three
particle sizes. Although this conclusion may not be relevant
to a DPM approach, it is of major consequence to most
continuum-type models based on the kinetic theory of granu-
lar flow because it shows that fewer solids species may need
to be considered, which may lead to significant computa-
tional savings.
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