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The discrete element method combined with computational fluid dynamics was coupled with a capillary liquid bridge
force model for computational studies of mixing behaviors in gas fluidized bed systems containing wet granular materi-
als. Due to the presence of strong capillary liquid bridge forces between wet particles, relative motions between adja-
cent particles were hindered. There was a high tendency for wet particles to form large aggregates within which
independent motions of individual particles were limited. This resulted in much lower mixing efficiencies in comparison
with fluidization of dry particles. Capillary liquid bridge forces were on average stronger than both fluid drag forces
and particle-particle collision forces and this accounted for the difficulty with which individual particles could be
removed and transferred between aggregates. Such exchange of particles between aggregates was necessary for mixing
to occur during fluidization of wet granular materials but required strong capillary liquid bridge forces to be overcome.
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Introduction

Gasification is the process of converting carbonaceous
materials into gases, such as carbon monoxide and hydrogen
through high-temperature reactions with steam or oxygen.
The reaction is usually carried out in a fluidized bed reactor
in the presence of fine catalyst particles and at high tempera-
tures. Recent studies have suggested that the use of mixtures
of carbon sources for gasification reactions may result in
synergistic effects that may lead to higher reaction yields
and lower production of the by-product known as tar in such
processes. In such co-gasification processes, fluidization of at
least two different types of solid particles in a fluidized bed
reactor is necessary. Due to differences in sizes and material
properties of the different types of solid particles, the fluid-
ization behavior is expected to be different and much more
complex than single-species fluidization. This has strong
implications for actual co-gasification operations as good
contacting and mixing between the various types of particles
is essential for efficient chemical reactions. In addition, feed-
stocks for co-gasification reactions may include various types
of solid materials that contain large quantities of moisture
such as low rank coal, horticultural waste, domestic waste or
sewage sludge. As such, a good understanding of the fluidiz-
ing and mixing behaviors of wet solid particles will be
instrumental for the eventual design of industrial fluidized

Correspondence concerning this article should be addressed to E. W. C. Lim at
chelwce@nus.edu.sg.

© 2013 American Institute of Chemical Engineers

4058 November 2013 Vol. 59, No. 11

bed systems for carrying out integrated mixing—drying opera-
tions for feedstocks of co-gasification processes that com-
prise mixtures of wet granular materials.

Although several studies of solids mixing in fluidized bed
systems have been reported in the research literature, mixing
behaviors of wet granular materials during fluidization does
not seem to have been adequately addressed to date. Rhodes
et al.' examined the usefulness of the discrete element
method (DEM) for studying solids mixing in gas fluidized
beds and showed that gas velocity and particle properties
were important parameters influencing solids mixing in bub-
bling fluidized beds. Feng et al.” reported a numerical study
of segregation and mixing of binary mixtures of particles in
a gas fluidized bed via the approach of combining the DEM
with computational fluid dynamics (CFD). They subse-
quently extended their study to investigate the effects of gas
velocity on mixing behaviors under partially and fully fluid-
ized conditions.” Dahl and Hrenya® also applied a similar
Eulerian-Lagrangian model based on DEM and CFD to
investigate segregation behavior in gas fluidized bed systems
with continuous particle size distributions. The mixing
behaviors of solid particles in other fluidized bed systems of
interest, such as inclined fluidized beds® as well as rotating
fluidized beds,” have similarly been examined by various
researchers in recent years. Apart from the Eulerian—Lagran-
gian or CFD-DEM approach, the Eulerian—Eulerian
approach based on a two-fluid model had also been applied
for studies of mixing behaviors in fluidized bed systems.
Cooper and Coronella’ used such an approach to simulate a
binary fluidized bed and investigate the effects of gas
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velocity, maximum packing fraction and solids composition
on extent of mixing. The multifluid Eulerian model incorpo-
rating the kinetic theory of granular flow has also been
applied by several researchers for studies of mixing and seg-
regation behaviors in fluidized bed systems containing binary
mixtures of particles differing in sizes or densities.*”'" More
recently, Gui and Fan'? demonstrated the method of cou-
pling DEM with large eddy simulation (LES) for studies of
mixing of monodispersed particles with identical densities in
bubbling fluidized beds.

In addition to modeling and computational studies, experi-
mental investigations of mixing behaviors in gas fluidized
bed systems have also been reported by many researchers.
Du et al."* examined gas and solids mixing in bubbling and
turbulent fluidized beds using helium and phosphor tracer
techniques as well as electrical capacitance tomography. The
dispersion behaviors of solids in the axial and radial direc-
tions were analyzed for the bubbling, turbulent and fast flu-
idization regimes. Wormsbecker et al.'* applied a core
sampling technique to study segregation patterns in a conical
fluidized bed of dry pharmaceutical granulate with a continu-
ous, bimodal particle size distribution. Joseph et al.'> con-
ducted axial and radial segregation measurements of species
segregation for binary Geldart group B mixtures of particles
differing in size and/or density by frozen bed sectioning
techniques. Experimental studies have also been conducted
on mixing behaviors in spouting fluidized beds,'® nanoag-
glomerate fluidized beds,'” beds composed of biomass-sand
mixtures,'® as well as bubbling fluidized beds containing
Geldart group B particles with continuous, Gaussian or log-
normal size distributions."?

Despite the potential importance of fluidized bed mixers
and dryers for preprocessing of feedstocks comprising mix-
tures of wet granular materials for co-gasification operations,
studies of mixing behaviors of wet solids in gas fluidized
bed systems have been limited. One of the first computa-
tional studies in this area was reported by Mikami et al.®
who applied the CFD-DEM approach for simulations of wet
powder fluidization and observed that the minimum fluidiz-
ing velocity for wet particles was higher than that for dry
particles. Jain et al.>! showed that the CFD-DEM approach
coupled with a capillary liquid bridge force model was use-
ful for characterizing differences in minimum fluidization
velocities of dry and wet particles. Tardos and Pfeffer”
demonstrated experimentally the occurrence of agglomera-
tion of particles due to the formation of new species during
a chemical reaction that occurred on the surface of the par-
ticles leading to defluidization. Wormsbecker and Pugsley23
conducted experiments to demonstrate the effects of liquid
bridging on fluidization behaviors of porous pharmaceutical
granules and observed that the granules exhibited Geldart C
type fluidization behaviors at high moisture contents and
Geldart B type behaviors otherwise.

Studies of mixing behaviors of dry or wet granular materi-
als in gas fluidized bed systems that have been reported in
the literature to date, such as the work by Jain et al.?!
reviewed above, have focused largely on the kinematics
aspects of fluidization and mixing behaviors. These do not
provide deeper insights to the underlying mechanisms of the
mixing behaviors that gave rise to such observations as low
mixing efficiencies of wet granular materials in gas fluidized
bed systems. To gain deeper insights to the fundamental
mechanisms responsible for such fluidization and mixing
behaviors, considerations of the dynamics aspects of fluidiza-
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tion and mixing are essential. In other words, analyses of the
various forces present within the fluidized bed systems dur-
ing fluidization and mixing are required. In the present study,
the conventional CFD-DEM model was coupled with a cap-
illary liquid bridge force model to investigate the mixing
behaviors of dry and wet solid particles in gas fluidized bed
systems. Mixing efficiencies were compared quantitatively
via a mixing index and dynamic force data at the scale of
individual particles were extracted from the simulations con-
ducted and analyzed with a view towards advancing current
understanding of the mechanisms involved in mixing of wet
granular materials during fluidization processes. In the fol-
lowing section, the computational model and physical system
of interest to the present study will be described. The simu-
lation results obtained for the various physical conditions
considered in this study will then be discussed and a sum-
mary of the conclusions derived will be presented in the
Conclusions section of this article.

Computational Model
Discrete element method

The DEM was developed by Cundall and Strack** for
modeling the behavior of assemblies of discs and spheres.
With the advent of computational power in recent years, it
has been applied for studies of various types of multiphase
flow systems.zs_31 In this section, a brief description of the
method and corresponding governing equations will be
presented.

The governing equations in DEM for describing transla-
tional and rotational motions of individual solid particles are
basically Newton’s laws of motion
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where m; and v; are the mass and velocity of the ith particle,
respectively, N is the number of particles in contact with the
ith particle, f;; and fg;; are the contact and viscous contact
damping forces, respectively, fg; is the fluid drag force, feap,jj
is the capillary liquid bridge force between wet particles, I;
is the moment of inertia of the ith particle, ®; is its angular
velocity and Tj; is the torque arising from contact forces
which causes the particle to rotate.

Contact and damping forces were calculated by applying a
linear spring-and-dashpot model as closure. The normal
(fenyij» fanyj) and tangential (feyj;, faei;) components of the
contact and damping forces were calculated as follows

fenij=— (n,iOnip) M 3)

Fetj=— (10101t )

fanij =1, (ve - MM )
farij=—1,;{ (Ve - ti)ti+ (0 XRi— 0 XR;) } ©)

where i, 0, M, H,; and i« ; O, ti, 1,; are the spring
constants, displacements between particles, unit vectors and
viscous contact damping coefficients in the normal and tan-
gential directions, respectively, v, is the relative velocity
between particles and R; and R; are the radii of particles
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i and j, respectively. If [feij| > |fenijltan ¢, then [fey|=
|fc,,1ij|tan ¢, where tan ¢ is analogous to the coefficient of
friction.

Computational fluid dynamics

The governing equations for describing the motion of the
continuum gas phase are basically the Navier—Stokes equa-
tions. An additional source term in the momentum equation
has been included to account for interphase interactions

Oe
E+Vo (eu)=0 @)
(9(paftsu) +V - (preun)=—¢eVP+V - (eVu) +preg—F  (8)

where u is the velocity vector, p; is the fluid density, p; is
the fluid viscosity, ¢ is the local average porosity, P is the
fluid pressure and F is the source term due to fluid—particle
interaction.

Fluid drag force

In a multiphase system, the interstitial fluid exerts drag
forces on the solid particles whenever velocity differences
exist between the two phases. Several fluid drag force mod-
els have been developed in the literature and the model due
to Di Felice®® which is applicable over a wide range of parti-
cle Reynolds numbers was used for calculating the fluid drag
force in this study

fri=fpoe; " ©)
f10.:=0.5cq0, TR & ;= ;| (W;—v;) (10)
2
4=3.7—0.65exp [— (l's_logszep"') (1
48\’
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Re = 2p¢R;i|u;—vi] (13)

e

where fyg; is the fluid drag force on particle i in the absence
of other particles, y is an empirical parameter, ¢; is the local
average porosity in the vicinity of particle i, cqo; is the drag
coefficient, Rep; is the Reynolds number based on particle
diameter and u; is the fluid velocity of the computational
cell in which particle i is located.

Capillary liquid bridge force

Several models for describing the behavior of liquid
bridges between solid particles have been reported in the lit-
erature. Simons et al.** obtained a closed form approximate
solution of the Young-Laplace equation for calculating the
rupture energy of pendular liquid bridges. In the current
study, following Mikami et al.,*° the capillary liquid bridge
force between wet particles was calculated according to the
following equations

feapij=exp (Ahe+B)+C (14)

For particle—particle capillary liquid bridge force
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Table 1. Material Properties and System Parameters

Shape of Particles Spherical
Number of particles 25,000
Particle diameter 1.0 mm
Particle density 2500 kg m™~?
Coefficient of restitution 0.9
Coefficient of friction 0.3

Gas density, pr 1.205 kg-m

Gas viscosity, W 1.8X 107> N s:m™>
Gas velocity 1.0, 1.4, 1.6, and 1.8 m-s™!
Dimensionless 0.01
liquid volume, V/
Surface tension, y 0.073 N-m ™!
Contact angle, 0 0 rad
System dimensions 64 mm length X 8 mm
width X 800 mm height

Simulation time step 107%s

hre=(0.620+0.99)** (15)
A=—1.17 "7 (16)

B=(—0.34In V—0.96)0°—0.019In V+0.48  (17)

C=0.00421n V+0.078 (18)

For particle—wall capillary liquid bridge force

he=(0.220+0.95)V"% (19)
A=—19y " (20)

B=(—0.0161n V—-0.76)0°~0.12In V+1.2  (21)

C=0.0131n V+0.18 (22)

where ho=h¢/Ri,V=V/7R?, feapij=Ffeapij/TRiy> he is the
critical rupture distance between particles, V is the liquid
bridge volume, 7y is the surface tension, and 6 is the contact
angle. Ennis et al.>* showed that viscous effects dominated
the capillary liquid bridge force when the capillary number,
Ca, was greater than 1 and surface tension dominated it
when Ca was less than 0.001. It was assumed that the vis-
cous contribution to the strength of the capillary liquid
bridge force was negligible for the physical conditions
applied in this study. This assumption could be evaluated by
examining the capillary number which is the ratio of the
dynamic to static force, Ca = pv,/y, where p is the liquid vis-
cosity, v, is the relative velocity between two particles con-
nected by a liquid bridge and y is the surface tension of the
liquid. In the present study, the liquid was assumed to be
water and relative velocities between particles were not
expected to be greater than 1 m/s for the operating condi-
tions applied. Thus, the capillary number was expected to be
less than about 0.01 which supports the assumption that the
contribution of viscous effects to the capillary liquid bridge
force could be deemed negligible compared to that of sur-
face tension.

Simulation conditions

The geometry of the computational domain considered in
this study was a fluidized bed with a rectangular base meas-
uring 64mm X 8§ mm and height of 800 mm. The granular
materials consisted of 25,000 spherical particles with diame-

ter 1.0mm and density 2500 kg:m . Other pertinent
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Figure 1. Mixing behaviors of dry particles in a gas fluidized bed.

The relative fluidizing velocities applied, U/Ung,ary, Were (a) 1.0 and (b) 1.8, where the minimum fluidization velocity, Umgary, Was
approximately 1.0 m-s~". [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

simulation parameters are presented in Table 1. In all simu-
lations performed, particles were first allowed to settle freely
under gravity for 0.5 s and form a packing at the bottom of
the container before fluidizing air was initiated. A uniform
fluidizing gas velocity was applied at the base of the compu-
tational domain to simulate a uniform gas distribution. Simu-
lations were performed in three dimensions for both solid
and gas phases.

Results and Discussion

Figure 1 shows the mixing behaviors of dry particles dur-
ing fluidization at various fluidizing velocities. All fluidized
bed systems contained equal amounts of monodispersed par-
ticles with identical physical properties. The packed beds
formed at the start of each fluidization process were divided
into two layers containing approximately equal numbers of
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particles, and particles in the two layers were colored differ-
ently to allow visualization of the subsequent mixing behav-
iors. With a low fluidizing velocity of 1.0 m-s~ ', the initial
packed bed of particles was expanded only slightly
(Figure la) corresponding to the state of incipient fluidiza-
tion. The minimum fluidization velocity, Upygary, of the
packed bed was thus approximately 1.0 m-s~'. Although par-
ticles were not lifted high from their original positions, they
were nevertheless able to undergo vigorous relative motions
within the slightly expanded bed giving rise to gradual mix-
ing between the two layers of particles. Based on visual
inspection, Figure la shows that the bed had become fairly
well mixed at the end of 5 s. With a higher relative fluidiz-
ing velocity of U/U s gry = 1.4, greater expansions of the bed
and more vigorous relative motions of particles were
observed (figure not shown for brevity). Consequently, the
time required for the bed to become well mixed based on
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Figure 2. Distributions of spatially averaged fractions
of particles originally belonging to the bot-
tom layer of the packed beds of dry par-
ticles.
(a) 0.5 s and (b) 10 s after the start of the fluidization

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

visual inspection was reduced to about 2 s. Similar observa-
tions may be made with the application of higher relative
fluidizing velocities of U/Up¢ary = 1.6 and 1.8 (Figure 1b).
The mixing behaviors of the various fluidized bed systems
will now be examined more quantitatively by analyzing the
variation of distribution of particles as well as a mixing
index with time during the fluidization process. Figure 2a
shows the spatially averaged fractions of particles originally
belonging to the bottom layer of the packed bed as a func-
tion of position in the vertical direction 0.5 s after the start
of the fluidization process. Consistent with the observations
derived from Figure 1 previously, only a limited extent of
mixing between the two layers of particles were achieved at
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0.5 s for all fluidizing velocities investigated. The bottom
sections of the fluidized beds still consisted of particles that
originally belonged to the bottom layer of the packed bed at
0.5 s (Figure 2a). In contrast, Figure 2b shows that the frac-
tions of these particles became approximately 0.5 throughout
the entire bed after 10 s of fluidization for all fluidizing
velocities investigated, indicating that almost perfect mixing
between the original layers of particles had been achieved.

The progressions in time of the extents of mixing for the
above fluidized bed systems may also be analyzed based on
a mixing index."* Here, the Lacey mixing index was cal-
culated at equal time intervals during the fluidization process
for each fluidized bed system according to the following
formula

2
G—0

0 23
o2—a} (23)

Lacey index=

where a,> and gy’ are the theoretical upper and lower limits
of mixture variances calculated as 0'02 =p(1—p) and
or> = p(1 —p)/n, p and (1 —p) are the proportions of the
two groups of particles determined from samples, respec-
tively, and n is the number of particles in each sample. The
computational domain was divided into sampling cells with
dimensions 4mm X 4mm X 4mm for sampling. Sampling
was performed on every cell at equal time intervals and only
samples containing at least 40 particles were used for calcu-
lating the Lacey mixing index. This was deemed representa-
tive of the state of mixing of the fluidized bed.

Figure 3 shows that the Lacey index for the fluidized bed
system with an applied relative fluidizing velocity of
UlUntary = 1.0 increased fairly rapidly from 0.0 to 1.0
within about 5 s, which was in agreement with the observa-
tion derived based on visual inspection of Figure la. With
higher relative fluidizing velocities of 1.4, 1.6, and 1.8, the
Lacey indices increased rapidly and reached 1.0 within about
2 s, indicating shorter times required to attain almost perfect
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Figure 3. Time evolution of Lacey mixing indices for
the fluidized bed systems containing dry par-
ticles at various relative fluidizing velocities.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 4. Mixing behaviors of wet particles in a gas flu-
idized bed.

The relative fluidizing velocities applied, U/U,,g,wet, Were
(a) 0.9, (b) 1.3, (¢) 1.5, and (d) 1.6, where the minimum
fluidization velocity, Ungwer, Was approximately 1.1
m-s~ L [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

mixing and thus higher mixing efficiencies at these fluidizing
velocities. Interestingly, mixing efficiencies increased only
minimally when relative fluidizing velocity was increased
from 1.4 to 1.8. The mechanistic behaviors of the fluidized
beds at the individual particle level giving rise to these mac-
roscopic observations will be analyzed in greater details in a
later section of this article after discussions of the mixing
behaviors of fluidized bed systems containing wet solid
particles.

Figure 4 shows the mixing behaviors of wet particles dur-
ing fluidization at the relative gas velocities of U/Uf.wet =
0.9, 1.3, 1.5, and 1.6, where the minimum fluidization veloc-
ity, Umgt.wer, Was determined to be approximately 1.1 ms~ L
Following Mikami et al.”® the amount of liquid present
between particles was simulated to be 0.27 wt % for all
cases considered in this study. The liquid content was
assumed to remain constant throughout the fluidization and
mixing process regardless of the fluidizing velocity applied.
It may be observed that particle motions within the fluidized
bed were significantly hindered by the presence of cohesive
forces resulting from the wetness of particles. At the lowest
relative gas velocity of U/Ufwer = 0.9, minimal expansion
of the bed was observed and the two layers of particles in
the original packed bed remained segregated as two large
clusters even after 5 s of fluidization (Figure 4a). At higher
relative fluidizing velocities, particles were observed to be
fluidized in the form of large aggregates due to the presence
of strong cohesive forces and fairly good mixing could be
achieved after 5 s of fluidization (Figures 4b—4d). Although
the formation of aggregates observed here resulted from the
effects of wetness, the fluidization behaviors exhibited by
the various fluidized bed systems were reminiscent of those
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of Geldart group C particles. Due to strong cohesive forces
between adjacent particles, relative motions between par-
ticles that were essential for mixing to occur were severely
hindered especially at low fluidizing velocities.

Figure 5a shows that the fluidized bed with an applied rel-
ative gas velocity of U/Upyswer =0.9 was still in a state of
almost complete segregation at 0.5 s, in agreement with the
qualitative observations made earlier. At higher relative flu-
idizing velocities, although mixing between the two layers of
particles had begun at 0.5 s, large extents of segregation
could still be discerned based on the solid fraction distribu-
tions. Figure 5b shows that mixing was essentially complete
after 10 s of fluidization at the relative velocities of 1.3, 1.5,
and 1.6 as exhibited by more or less uniform distributions of
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Figure 5. Distributions of spatially averaged fractions
of particles originally belonging to the bot-
tom layer of the packed beds of wet par-
ticles.
(a) 0.5 s and (b) 10 s after the start of the fluidization

process. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 6. Time evolution of Lacey mixing indices for
the fluidized bed systems containing wet
particles at various relative fluidizing veloc-
ities.

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

solid fraction throughout the entire beds. In contrast, a non-
uniform solid fraction distribution indicating some extent of
segregation between the original layers of particles was still
discernable for the case of fluidization at U/U ¢ wer = 0.9.
The lower mixing efficiencies of wet particles during flu-
idization may be observed from the Lacey index profiles and
comparisons with those presented earlier for dry particles. It
may be seen from Figure 6 that the Lacey index for the flu-
idized bed system with an applied relative gas velocity of U/
Unnt.wer = 0.9 increased much more slowly than those seen in
Figure 3 for dry particles and reached a value of 0.5 after 10
s. In other words, mixing was still very far from complete
after 10 s of fluidization and this was consistent with the
qualitative observations made earlier based on visual inspec-
tion of Figure 4a. Figure 6 also shows that, in contrast with
the profiles for dry particles, the Lacey index profiles
obtained at higher relative fluidizing velocities of 1.3, 1.5,
and 1.6 do not collapse onto one another and the rate of
increase of Lacey index values increased with increasing flu-
idizing velocity. The time required for the Lacey index to
reach a value of 1.0 decreased from about 7 to 5 and to 4 s
as relative fluidizing velocity increased from 1.3 to 1.5 and
to 1.6. In comparison with the case of fluidization of dry
particles at the relative fluidizing velocity of 1.6 where the
time required for the Lacey index to reach a value of 1.0
was observed to be about 2 s, that required for the case of
fluidization of wet particles at the same relative fluidizing
velocity was about twice as long. This may indicate that the
fluidizing velocity had become a limiting factor that deter-
mined the mixing efficiencies of the fluidized bed systems
containing wet solid particles which was in complete con-
trast to the case of dry particles. Here, high relative fluidiz-
ing velocity was necessary and essential for particles to be
able to overcome the strong cohesive forces arising from
wetness which was in turn required for particles to be able
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to undergo relative motions and thus mixing. As such, mix-
ing efficiencies could be increased by increasing fluidizing
velocity in this latter case. In the remaining sections of this
article, detailed mechanistic behaviors at the individual parti-
cle scale will be analyzed in relation with dynamic force
data to substantiate the above explanations with a view
towards achieving deeper insights to the mixing mechanisms
associated with wet particles in fluidized bed systems.

Figure 7 shows typical snapshots of the fluidized bed sys-
tems containing dry particles at various fluidizing velocities.
Only a region that is one particle diameter in thickness
extracted from the midplane of the bed along the spanwise
direction is presented to aid visualization of particle behav-
iors within the interior of the bed. One apparent feature of
fluidization of dry particles at the operating conditions inves-
tigated here is the formation of large bubbles. During the flu-
idization process, individual particles may be randomly

(@)

(b)

0.2m/s
0.2m/s

Figure 7. Velocity vectors of particles located within a
region that is one particle diameter in thick-
ness extracted from the midplane of the bed
along the spanwise direction for the fluidized
bed systems containing dry particles at rela-
tive fluidizing velocities, U/Umt,ary, of (a) 1.0,
(b) 1.4, (c) 1.6, and (d) 1.8.
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Figure 8. Velocity vectors of particles located within a
region that is one particle diameter in thick-
ness extracted from the midplane of the bed
along the spanwise direction for the fluidized
bed systems containing wet particles at rela-
tive fluidizing velocities, U/Umn¢wet, Of (a) 0.9,
(b) 1.3, (c) 1.5, and (d) 1.6.

transported into either the lean bubble phase or rich emul-
sion phase. In addition, the particle velocity vectors pre-
sented in Figure 7 indicate that most particles were capable
of unhindered, independent motions. Although bulk move-
ments of particles dictated by the gas flow resulted in some
extent of synchronized solid motions, relative movements
between individual particles that promoted mixing were also
observed. In contrast, Figure 8 shows that wet particles
moved in the form of large aggregates or clusters during flu-
idization as described earlier. Due to the presence of strong
cohesive forces that hindered relative motions between adja-
cent particles, particles within each aggregate tended to
exhibit synchronized motions as a group. In the absence of
slip between individual particles, mixing within each aggre-
gate was hindered significantly. In this case, mixing may
only occur more effectively at a larger scale between indi-
vidual aggregates rather than at the individual particle scale.
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For the latter to occur, strong cohesive forces resulting from
capillary effects between wet particles needed to be over-
come by fluid drag forces or collision forces that arise during
particle—particle collisions. This would then allow particles
originally belonging to a particular aggregate to be dislodged
from the aggregate and become an independent particle
before joining another aggregate. Such exchange of particles
between aggregates was the basis of the mixing process that
occurred during fluidization of wet particles.

Figure 9 shows the time evolution of the various types of
forces experienced by every particle in the fluidized bed.
The magnitude of each force was calculated by averaging
over all particles in the entire bed and nondimensionalizing
by the particle weight. It may be observed that the condi-
tions required for mixing to occur during fluidization of wet
particles as described above were fairly difficult to achieve
under the operating conditions imposed. For all fluidizing
velocities applied, the average fluid drag force was much
smaller than the cohesive capillary liquid bridge force expe-
rienced by each particle in the fluidized bed while particle—
particle contact forces were on average slightly stronger than
capillary forces. Capillary and collision forces were the dom-
inant forces present in such fluidized bed systems and it
might be expected that the basic condition required for mix-
ing to occur, whereby fluid drag forces or collision forces
overcome capillary forces acting on each particle, was diffi-
cult to satisfy on average. This explains the lower mixing
efficiencies observed with such fluidized bed systems in
comparison with those containing dry particles. With the
application of higher fluidizing velocities, larger fluctuations
in average fluid drag forces and collision forces may
improve the likelihood of such forces overcoming capillary
forces for specific particles within the system. This implies
that fluidization velocity was indeed the limiting factor for
the operating conditions applied that determined the efficien-
cies with which mixing could occur and, thus, explains the
improvements in rates of increase in Lacey index values
observed with increasing fluidizing velocities seen earlier in
Figure 6. To our knowledge, this is the first mechanistic
explanation of macroscopic mixing behaviors of wet par-
ticles in fluidized bed systems via a dynamic force analysis
at the individual particle length scale.

Conclusions

The mixing behaviors of wet granular materials in gas flu-
idized bed systems were investigated computationally in this
study. The conventional CFD-DEM model was coupled with
a capillary liquid bridge force model and used for simula-
tions of fluidization of dry and wet solid particles at various
fluidizing velocities. The mixing efficiencies of wet particles
were observed to be lower than those of dry particles. Due
to the presence of cohesive forces between wet particles aris-
ing from the formation of capillary liquid bridges, relative
motions between adjacent particles were hindered signifi-
cantly. Consequently, wet particles were observed to be flu-
idized in the form of aggregates or clusters. Within each
cluster, independent motions of individual particles relative
to one another that were important for mixing to occur were
limited. Mixing thus occurred at the length scales of aggre-
gates rather than those of particles. Based on detailed analy-
ses of dynamic force data extracted from the simulations
conducted, capillary liquid bridge forces between particles
during the fluidization process were indeed observed to be

DOI 10.1002/aic 4065



100

()
90 |

80
70
60

= 50 Fcollisinn'IF

g

40

30 f Fcapillary/Fg
20

10 Farag/Fy
0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (s)

100

(b)

90 |

80

70
60 Fcﬂl!isiun"‘Fg
= 50

40

30 Fcapillary/Fg

20

10 Farag/Fe
0 J Y
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (s)

100

()
920

80

70

F /F

collision’ *' g

60
50
40
30 F capittary/ Fg

20

10 Fdrag/Fg
0 A
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (s)
100
(d)
90
80
70 H
Fcullision/Fg
60 H
50 |
40
30 Fcapillary-"Fg
o S e e W e W
20 P‘J
10 Farse/Fy
0 " o
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
time (s)

Figure 9. Time evolution of average relative capillary liquid bridge forces (Fcapinary/Fg), relative fluid drag forces
(Farag/Fg), and relative particle-particle collision forces (Fcouision/Fg) for the fluidized bed systems contain-
ing wet particles at relative fluidizing velocities, U/Un¢,wet, of (a) 0.9, (b) 1.3, (c) 1.5, and (d) 1.6, where F4

is particle weight.

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

stronger on average than both fluid drag forces and particle—
particle collision forces. This explained the difficulty with
which particles could be removed from a particular aggre-
gate and transferred onto a different aggregate. Such particle
transfers necessarily required strong capillary forces to be
overcome by drag or collision forces and were essential for
mixing at the individual particle length scale to be achieved.
It would be pertinent to extend the present study towards
detailed parametric analyses of various factors such as mois-
ture content of the fluidized beds containing wet particles,
material properties of the granular materials and modes of
gas injection on mixing efficiencies. The mixing or segrega-
tion behaviors of binary mixtures of wet granular materials
with different sizes or densities may also be investigated
with the modified CFD-DEM model applied in this study. It
may also be interesting to carry out integrated mixing—drying
simulations of gas fluidized bed systems by further coupling
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the current computational model with an appropriate solids
drying model. In the research literature, studies of mixing
and segregation behaviors of wet or cohesive particles in
various types of systems have been reported. Li and McCar-
thy®® developed phase diagrams for mixing and segregation
of cohesive particles in rotating drums and annular shear
cells.*” Tt is envisaged that such phase diagrams can also be
developed for mixing of wet particles in gas fluidized bed
systems in a future study.
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