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The methodology of coupling large eddy simulation (LES) with the discrete element
method was applied for computational studies of pneumatic transport of granular
materials through vertical and horizontal pipes in the presence of electrostatic effects.
The LES numerical results obtained agreed well with the law of the wall for various
y ' -ranges. The simulations showed that a thin layer of particles formed and remained
adhered to the pipe walls during the pneumatic conveying process due to the effects of
strong electrostatic forces of attraction toward the pipe walls. Particle concentrations
were generally higher near the pipe walls than at the pipe center resulting in the ring
flow pattern observed in previous experimental studies. The close correspondence
between particle velocity vectors and fluid drag force vectors was indicative of the im-
portance of fluid drag forces in influencing particle behaviors. In contrast, the much
weaker particle—particle electrostatic repulsion forces had negligible effects on parti-
cle behaviors within the system under all operating conditions considered. The electro-
static field strength developed during pneumatic conveying increased with decreasing
flow rate due to increased amount of particle-wall collisions. Based on dynamic analy-
ses of forces acting on individual particles, it may be concluded that electrostatic
effects played a dominant role in influencing particle behaviors during pneumatic con-
veying at low flow rates, whereas drag forces became more important at high flow
rates. © 2011 American Institute of Chemical Engineers AIChE J, 58: 1040-1059, 2012
Keywords: pneumatic transport, electrostatics, large eddy simulation, discrete element
method, numerical simulation

Introduction

Triboelectrification is the process of charge acquisition by

solid particulate materials during flows due to repeated colli-
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sions between the solid particles with surfaces of a different
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material. It is an important phenomenon that arises in vari-
ous environmental and industrial processes especially those
that involve bounded turbulent flows of solid particulate
materials. In recent years, the behaviors of granular materials
under the effects of electrostatics have been investigated by
several researchers. For example, the behaviors of small,
conductive particles (<<1 mm) in known electric fields gen-
erated using a pair of parallel plates with alternating or
direct voltages applied have been studied. The clustering pat-
terns of such granular materials have been observed to be
dependent on the voltage appliedl_3 as well as the humidity
of the environment.* A similar phenomenon was observed
by Yao et al.’ for larger particles with diameter 2.8 mm
where three characteristic aggregation patterns referred to as
clusters, half-ring and ring were observed to form during
pneumatic conveying through a vertical pipe in the presence
of electrostatic effects. Al-Adel et al.® investigated the effect
of static electrification on gas—solid flows in vertical risers
and captured qualitative features of riser flows: core-annular
particle distribution, annular particle downflow at low riser
gas velocities, and annular upflow at high gas velocities. Jo-
seph and Klinzing” demonstrated that choking of granular
flow was caused by electrostatic effects in vertical pneumatic
transport. On the other hand, electrostatic effects were de-
pendent on a variety of factors such as the physical, chemi-
cal, and electrical characteristics of the material used and
ambient conditions. Smeltzer et al.® performed tests in a
pneumatic conveying system using glass beads and found
that at constant loadings small particles exhibited greater
electrostatic effects than large particles. Matsusaka et al.’?
developed a formulation for the variation of granule charging
caused by repeated impacts on a wall and used the formula-
tion to granule charging in granular flows where each gran-
ule carried a different amount of charge. They then analyzed
theoretically the granule charge distribution. Recently, Yao
and Wang'® developed a method to investigate the effects of
granule size and shape on electrostatics generation in pneu-
matic conveying systems and demonstrated that the proposed
method is a useful tool for characterization of electrostatic
effects in systems where granules have different sizes and
geometries.

On the other hand, many researchers have considered the
motions of ensembles of particles of various sizes and den-
sities using numerical methods as reviewed by Crowe,''
McLaughlin,'? and Elghobashi.'? The use of direct numerical
simulation (DNS) techniques imposed severe restrictions on
the ranges of parameters that could be studied because of
the high computational demands. As such, DNS studies of
particle motions in boundary layer flows had been confined
to low Reynolds numbers and short simulation times. This
had meant that only particles with short relaxation times in
simple geometries could be studied."*"” In dilute systems,
the effect of turbulence on particle motion had to be consid-
ered, whereas the converse was usually assumed to be negli-
gible. With this assumption, the continuous phase could be
treated separately from the particulate phase. However, when
higher particle loadings were considered (volume fraction >
10~°), particles significantly affected the turbulent flow field
and two-way coupling between the phases had to be
applied.18 At even higher particle concentrations (volume
fraction > 107, particle—particle interactions also became
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important.'”> To model high Reynolds number flows within
reasonable computational times, large eddy simulation (LES)
has become a widely used technique in recent years. With
LES, information regarding the small scales of turbulence is
lost. In multiphase flows involving solid particulate materi-
als, this is not a severe loss because it may be assumed that
particles do not respond to these small scale turbulence
effects due to the high density ratio between the particulate
and the continuous phases.

In this study, the methodology of coupling LES with the
discrete element method (DEM) was used to study pneu-
matic transport of granular materials through vertical pipes
in the presence of electrostatic effects. Flows at three Reyn-
olds numbers (Rep = 34 x 10%, 38 x 10° 55 x 10°) were
considered. The particle size used was d, = 2.8 mm, and the
influence of electrostatic forces on particle behaviors was
investigated. Particle concentrations and distributions near
the pipe wall were found to depend on gas flow rates. A dy-
namical analysis examining the main forces acting on indi-
vidual particles (gravity, buoyancy, and drag) was carried
out to understand the mechanisms giving rise to the observed
particle behaviors.

Mathematical Model
Continuous phase

LES Method. The incompressible form of the three-
dimensional, unsteady Navier-Stokes equations is given by:

V-U=0 1

ou 1
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where the quantities have been made dimensionless by u, and
0.

Top-hat filtering, implemented through finite-volume
implicit grid-filtering, was used to generate the equations
governing the transport of the large eddies. After filtering,
the equations of motion became the following:
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The ‘““over-bar” notation denotes application of the top-hat
filter. The second last term on the right-hand side of (4) rep-
resents the mean streamwise pressure gradient that balances
the total shear force for a fully developed pipe flow. The fil-
tered pressure gradient OP/Ox; excludes the mean stream-
wise pressure gradient but includes the normal (or diagonal)
components of the subgrid scale stresses. The eddy viscosity,
vr was determined from the subgrid kinetic energy, as
described in the following section. The drag force f; in dense
gas—solid flow could be calculated by Eqs. 30-34 to be pre-
sented later.

Subgrid Modeling. The dynamic subgrid kinetic energy
model used in this work, given in detail by Kim and

DOI 10.1002/aic 1041



Menon,'? can be summarized as follows. The transport equa-
tion for the subgrid Kinetic energy, kg, is given as:

e+3( ak‘g“) )
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where the eddy viscosity, vr, is given by
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and the dissipation rate, &, is given by
ek
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where A is the grid scale and C. and C, are dynamically
determined. The resolved strain-rate tensor, S is expressed as
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and its magnitude is defined as
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Let the “hat” notation symbolize the application of the
test filter to a quantity and the “overbar’ notation symbolize
application of the grid filter. The Leonard stress tensor is
then defined as

—
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The kinetic energy at the test filter level can be found
from the trace of

1l/— <=~
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The dissipation at the test filter level is expressed as
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Through a similarity assumption between the subgrid
stress tensor and the Leonard stress tensor, one can arrive at
the following equation:
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Lij = —ZC[Aktle/s%Sij Y

3 OiiLik (13)

The least-square method of Lilly20 is then used to obtain a

formula for C,

1 Lijo-ij

C = 14
=S (14)
where
= AR, (15)
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By invoking a similarity assumption between the dissipa-
tion at the test filter and grid filter levels, an equation for the
dissipation at the test filter level is given as

eIk
Eest = Ce —> (16)
A

One may now calculate C; and C.. These constants have
been constrained to be positive in the current simulations.

Cylindrical Co-Ordinate System. The momentum and
continuity equations used in this study are in cylindrical co-
ordinate system and given below.
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where ¢, represents axial flux r-vy, (v, is the axial velocity), ¢,
is radial flux r-v; (v, is the radial velocity) and gg = vg.
The stress is given as follows:

7; = (1 4+ viRe)S; 21)

where the eddy viscosity vr is shown in Eq. 6 according to the
subgrid model used and the strain tensor expressed by the
variables ¢; is:
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Numerical Procedures. The governing equations were, in
accordance with the symmetry of the geometry, expressed in
cylindrical coordinates as shown in the previous section. The
equations were solved using a second-order finite volume
method with central differencing of spatial derivatives on a
staggered grid. Diffusion terms were handled with the Crank-
Nicholson scheme and convective terms with the second-
order Adams-Bashforth scheme. The Harlow-Welch fractional
step method was used to solve the pressure Poisson equation
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resulting from the fractional step method. Uniform computa-
tional grid was applied to the circumferential and axial direc-
tions. In the radial direction, nonuniform meshes specified by
a hyperbolic tangent function were used.

Periodic boundary condition was applied in the axial
direction as the simulated pipe flow was fully developed. On
the pipe wall, the usual no-slip boundary condition was
applied. Because of the cylindrical co-ordinate system used
in this work, a singularity existed at the centerline of the
pipe (r = 0), which made it difficult to specify boundary
conditions for all velocity components at the pipe center.
Unger and Friedrich*' argued that no boundary conditions
are needed as the grid surface area goes to zero, and there-
fore, the momentum and mass fluxes are also zero. In this
work, another approach was taken to deal with this by solv-
ing the fluxes (r times velocity components) instead of the
velocity variables directly as shown in Eqgs. 17-20. There-
fore, at the centerline, a value of zero was specified for all
three variables used in the equations.

Most of the computations for a pipe of length L, = I0R
were performed using a 65 x 39 x 65 grid but the influence
of the grid resolution on the accuracy of the solution was
investigated. The finest grid (129 x 49 x 129) led to well
resolved simulations. The 65 x 39 x 65 grid captured all of
the features of the flow although small differences between
some of the statistics obtained with these two grids were dis-
cernable. As the finer grid required much longer CPU time
and greater storage requirements, simulations were performed
using the 65 x 39 x 65 grid which gave a good compromise
between CPU time and accuracy. The final statistics were
obtained by spatial averaging in the homogeneous streamwise
and circumferential directions and time-averaging. The simu-
lation results will be validated in the following sections.

The computational grid constructed was nonuniform in the
radial direction with more nodes near the wall boundary.
With a pipe radius of 0.5, the i,.x nodes were distributed
according to a hyperbolic tangent function:

r,:o.5><tanh( ! ln<1+c)> (23)
2imax 1—c

where ¢ is an adjustable constant. To have the first grid point
located at y* ~ 1.5 and the second at y© & 5, we took for ¢ the
value of 0.22 in cases with Re, = 56.2 x 10°, ¢ = 0.30 for Rey,
=38.6 x 10°, and ¢ = 0.34 for Re, = 33.4 x 10°. Here, Rey, is
defined as the Reynolds number based on the bulk velocity and
pipe diameter. The Re. based on the friction velocity u, and
pipe diameter can be obtained once the friction velocity is
known. Based on Blasius’ law,22 the friction velocities could
be calculated to be 0.0133 m s~ for Rey, = 56.2 x 10, 0.0096
m s~ for Re, = 38.6 x 10° and 0.0085 m s~ for Re, = 33.4
x 107 yielding friction Reynolds numbers of 534, 383, and
337, respectively. It should be mentioned here that LES at a
higher Reynolds number but with the same number of grid
points would give less accurate results, especially with respect
to the smaller scales.

Discrete element method
The methodology of DEM and its corresponding govern-
ing equations have been presented numerous times in the
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research literature” >’ and only a brief description will be

presented here for sake of completeness. The method of
implementation followed that used by Lim et al.>** in their
numerical studies of pneumatic conveying of granular mate-
rials through vertical, horizontal, and inclined pipes. The
translational and rotational motions of individual solid par-
ticles are governed by Newton’s laws of motion:

dV,‘ N
mi—s = ]E:1 (feij +faij) +mig +fri + fei (24)
da)i N
I; i = E T; (25)

where m; and v; are the mass and velocity of ith particle,
respectively, N is the number of particles in contact with ith
particle, f.;; and fy; are the contact and viscous contact
damping forces, respectively, f;; is the fluid drag due to the
interstitial fluid, f. ; is the electrostatic force, /; is the moment
of inertia of ith particle, w; is its angular velocity, and Tj; is the
torque arising from contact forces which causes the particle to
rotate.

Contact and damping forces have to be calculated using
force-displacement models that relate such forces to the rela-
tive positions, velocities, and angular velocities of the collid-
ing particles. Following previous studies,”> a linear
spring-and-dashpot model was implemented for the calcula-
tion of these collision forces. With such a closure, interpar-
ticle collisions are modeled as compressions of a perfectly
elastic spring, whereas the inelasticities associated with such
collisions are modeled by the damping of energy in the
dashpot component of the model. Collisions between par-
ticles and a wall may be handled in a similar manner but
with the latter not incurring any change in its momentum. In
other words, a wall at the point of contact with a particle
may be treated as another particle but with an infinite
amount of inertia. The normal (f., ;. fan;) and tangential
(ferij» Jai) components of the contact and damping forces
are calculated according to the following equations:

fcn,ij = _(Kn,ién,ij>ni (26)
fevii = — (i)t (27)
Jangj = My (Ve - )i (28)

fdtﬁij = —nm-{(vr . t,‘)[,‘ + (COI' X R,‘ —w; X Rj)} (29)

where K, Onjs M, My and K;, Oy, 4, 1y are the spring
constants, displacements between particles, unit vectors, and
viscous contact damping coefficients in the normal and
tangential directions, respectively, v, is the relative velocity
between particles, and R; and R; are the radii of particles i and
J» respectively. If Ifo ;; > Ifen ;! tan ¢, then “slippage” between
two contacting surfaces is simulated based on Coulomb-type
friction law, i.e., Ifo; ;1 = lfen ;! tang, where tan ¢ is analogous
to the coefficient of friction.

The fluid drag force model proposed by Di Felice®® which
is applicable over a wide range of particle Reynolds numbers
was used to evaluate the drag force. The equations in this
fluid drag force model include:
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where fjy; 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, Re,; is the Reynolds number based on particle
diameter, py is the fluid density, i is the fluid viscosity, and u;
is the fluid velocity.

Under the two-way coupling approach for modeling fluid-
particle interactions, the calculation of fy requires numerical
interpolation of gas-phase velocity, pressure, and void frac-
tion from neighboring nodes to particle locations. In this
work, this has been handled by an interpolation method that
is in fact a convex combination of information at neighbor-
ing nodes in the 3-D case. By Newton’s law, the total parti-
cle-to-gas force in a cell can be calculated by integrating the
drag forces acting on all particles inside the cell. Because of
the utilization of a staggered grid for velocity and pressure
discretization, the particle-to-gas force may once more be
interpolated to the location of velocity nodes.

Electrostatics effect

During pneumatic conveying, solid particles gain electro-
static charges as a result of repeated collisions and impacts
against other particles and with the walls of the conveying
pipe. The amount of charge transferred between two contact-
ing bodies during impact depends on the potential difference
between the two bodies, which in turn depends on their sur-
face work functions and the image charge effect. In addition,
the large group of charged particles within a conveying line
gives rise to an electric field that can also influence the total
potential difference through what is known as the space
charge effect. It may be expected that a comprehensive
mathematical model which incorporates such effects would
be necessary for a detailed transient simulation of the electri-
fication of particles starting from uncharged ones. Such a
model is beyond the scope of this study. Instead, it was
assumed that the pneumatic conveying system had been
operated beyond the transient state of electrification such as
to reach a dynamic state of electrostatic equilibrium.18 The
amount of charge carried by the particles as well as the
walls of the pipe then remained fairly constant with respect
to time. In general, charges are transferred between particles
and the pipe walls during particle-wall collisions due to dif-
ferences in material properties between the two contacting
bodies while charge transfer between two colliding particles
may occur due to differences in electrical potential or charge
densities. At the state of electrostatic equilibrium, it may be
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expected that particles and the pipe walls are oppositely
charged relatively to each other as all particles carry the
same type of charges. In other words, attractive electrostatic
forces exist between particles and pipe walls while repulsive
electrostatic forces exist between any pair of particles. The
total electrostatic force acting on each particle may then be
written as the sum of electrostatic forces due to charges car-
ried by other particles and the pipe walls.

Jei = fep,i +fow,i (35)

where f.,; and fc,; are the electrostatic forces due to other
charged particles and the pipe walls acting on particle i,
respectively. It may also be mentioned at this point that at the
state of electrostatic equilibrium, the linear charge density of
the pipe walls is assumed to give rise to electrostatic forces of
attraction acting on particles near the walls that are much more
significant than image charge forces. In other words, it is
assumed that image charge forces are negligible in comparison
with the electrostatic forces due to charged pipe walls when
the state of electrostatic equilibrium has been attained.

The electrostatic force arising from charges carried by
other particles may be calculated by assuming each particle
to be a constant point charge.

N Qz
Jepi = n; (36)
P! ;47‘[801‘5«1

J#i

where Q is the constant charge assumed to be carried by all
particles, ¢, is the permittivity of free space, r;; is the distance
between particles i and j, and #; is the unit normal vector in the
direction of the line joining the two particle centers.

The average electric field strength near a wall of the pneu-
matic conveying pipe may be estimated by assuming the
pipe to be a flat plat infinitely long in the axial direction.”’

where E is the electric field strength, ¢ is the equilibrium
charge on the pipe wall, ¢, is the permittivity of free space, r is
the average distance of particles to the pipe wall, and 4 is the
linear charge density along the pipe wall. The electrostatic
force on a charged particle i located near the pipe wall may
then be calculated as f.,,; = E-O.

The geometry of the pneumatic conveying system and
type of particles used in this simulations are summarized in
Tables 1 and 2. These were based on the experimental work
of Yao et al.’! so that a meaningful comparison between the
simulation and experimental outputs can be made. The over-
all solid fraction was about 5% as applied in the experimen-
tal studies of the previous researchers. In all simulations per-
formed, particles were first allowed to settle freely under
gravity for 0.5 s before gas flow was initiated. Periodic
boundary conditions were applied to the solid phase to simu-
late an open flow system. Particles which were carried out
of the conveying pipe by the flowing gas were simulated to
re-enter from the inlet of the pipe with the same velocities
and radial positions.

April 2012 Vol. 58, No. 4 AIChE Journal



Table 1. Material Properties and System Parameters

Shape of Particles Spherical
Particle diameter, d 2.8 mm
Particle density, p, 1123 kg m™*
Coefficient of restitution 0.9
Coefficient of friction 0.3

Gas density, py 1.205 ke m’
Gas viscosity, u¢ 18 x 10> Nsm 2
Pipe diameter 0.04 m

Pipe length 1.0 m
Computational cell size 4 mm x 4 mm
Simulation time step, At 10°t0 107 s

The particle response time can be calculated as follows:

d2
= % 35395 (38)
18,01‘]0wv

Tp

The dimensionless time step used for integration of the

governing equations in LES was 1.0 x 10~*. Based on the
following equation:

+
-7 (39)
it may be seen that for the three flow velocities considered in
this work with corresponding values of p, equal to 0.008,
0.009, 0.013 m s~ ', the dimensional time steps required are
236 x 107>, 1.86 x 107>, and 8.93 x 10 s, respectively. It
is thus clear that the integral time scale of turbulence is much
smaller than the particle response time and hence sufficient to
resolve the particle trajectories.

Results and Discussion
Flow field simulation

Mean Velocity. It is known that in wall-bounded turbulent
flows, such as pipe flows, channel flows, and boundary layers,
several flow regimes each having their own flow characteris-
tics and scaling parameters will be present. Normally, a dis-
tinction is made between a so-called inner and an outer layer.
The inner layer consists of the near-wall region, in which the
flow is assumed to be independent of the large scale geome-
try. In other words, the flow quantities in the inner layer are
similar regardless of whether the flow geometry takes the
form of a pipe, channel, or flat plate. The outer layer on the
other hand depends on the geometry of the flow. Of course, a
region of overlap between the two layers exists in which a
gradual transition from one layer into the other occurs.

Table 2. Electrostatic Parameters for Vertical Pneumatic
Conveying Simulations

Inlet Gas Particle Charge Pipe Wall Linear
Velocity Density Charge Density
(ms ") ao0?cgh J(Cm"
12.6 2.36 —1.57 x 107
14.6 2.05 -3.27 x 10°°
21.2 1.22 —1.14 x 10°°
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Figure 1 shows the mean velocity profiles, nondimension-
alized with the friction velocity u,, along the entire pipe
cross section. These data were plotted in the usual semi-log-
arithmic manner using inner scaling. For comparison, the
universal curves defined by W + = y* (3" < 5) and Wt =
Alny" + B(y" > 30) were plotted. The mean velocity pro-
file in a turbulent pipe flow at high Reynolds numbers may
be described as follows. Very near the wall, in the viscous
sublayer where y" < 5, the Reynolds stress was negligible
and w' grew linearly with y*©, W™ = y*. Conversely, in the
limit of an infinite Reynolds number, the turbulent inertial
region where y© > 30 was characterized by a negligible vis-
cous stress and a dominant Reynolds stress. Modeling the
Reynolds stress in this region by the linear mixing-length
approach of Prandtl’? resulted in the “logarithmic velocity
distribution law” W' = A In y" + B. For fully developed
pipe flows at high Reynolds numbers, the experimental data
indicated that A = 2.5 and B = 5.0. However, for low Reyn-
olds numbers the additive constant B took a value of 5.5.%
These equations specified the law of the wall for various y*-
ranges. The values of the constants A and B are still a matter
of dispute, as there is considerable scatter in these values as
determined from experiments. In Figure 1, all three meas-
ured profiles tended toward W' = y* as the layer 0 < y" <
5 was approached.

Figure 1 also shows that the characteristics of the profiles
compared quite well, although the simulated profiles were
slightly higher than the universal curve, as was found in sev-
eral experiments. The higher Reynolds number LES curve
showed some discrepancies with the other curves in the so-
called buffer layer. This deviation could be attributed to the
limited resolution of the simulation and the performance of
the SGS modeling in this buffer layer. Presumably, a more

+
= |
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20f
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10° 10' 10° 10°
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Figure 1. Measured mean velocity profile scaled on
inner variables for three different Reynolds
numbers: 33.3 x 10% 38.6 x 10° and 56.2 x
10° (corresponding to flow rates 950, 1100,
and 1600 L min™").
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Figure 2. Streamwise turbulence intensity distributions
for pipe flow plotted in inner coordinates.

advanced dynamic SGS model reflecting the local properties
of turbulence would be more appropriate in this case.

Turbulence Intensity. Figure 2 shows turbulence inten-
sities for the streamwise direction. The inhomogeneity and
anisotropy of the turbulence properties could be observed. It
is seen that the maximum value of the axial turbulence in-
tensity was located at around a fixed position irrespective of
Reynolds number, in agreement with the work of Mochizuki
and Nieuwstadt®® which concluded from a survey of data
taken in boundary layer, pipe, and channel flows that this
peak was independent of Reynolds number, and therefore
followed classical scaling. Classical scaling worked very
well for the mean velocity profile, as comprehensively dem-
onstrated by Zagarola and Smits®>> and McKeon et al.*® Fig-
ure 2 shows that the streamwise turbulence intensity profiles
obtained in this work and other previous studies exhibited a
peak in w'? near y© = 15 which was independent of Reyn-
olds number, and therefore followed classical scaling.

Electrostatic field

The electrostatic field strength in a pneumatic conveying
system is determined by the amount of charges accumulated
on the pipe walls at the state of electrostatic equilibrium. As
the state of electrostatic equilibrium is established, it is pos-
sible to evaluate the time-invariant -electrostatic field
strength.®’ The electrostatic field strength due to the charged
pipe walls of the vertical pipe was calculated according to
Eq. 37 for the three flow rates considered in this study. It
was assumed that charges were evenly distributed along the
pipe walls. Figure 3 shows that for all cases, the highest
electrostatic field strength appeared near the pipe walls and
degraded toward the pipe center. In addition, the electrostatic
field strength at equilibrium increased with decreasing air
flow rate. To evaluate the effects of the electrostatic field on
particle behaviors without complications from other dynamic
factors such as fluid drag and interparticle collisions, the
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Figure 3. Electrostatic field strength distribution of
charged pipe wall in -z plane for three flows
(E = 1.22 x 10° ~ 1.22 x 10’ V. m~', 150 con-
tour levels were applied and scaled linearly
between the minimum and maximum levels):
(a) 950, (b) 1100, (c) 1600 L min~".
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Figure 4. Particle distributions after settling under
gravity in the presence of electrostatic
effects but without air flow.

The electrostatic field strengths applied corresponded to
those that will be developed under the state of electrostatic
equilibrium at air flow rates of (a) 950, (b) 1100, and (c)
1600 L min~". The direction of gravity is toward the left of
each panel. Only the bottom 0.2 m section of each vertical
pneumatic conveying pipe is shown.
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Figure 5. (a) Instantaneous particle distribution during vertical pneumatic conveying at an air flow rate of 950 L

min~" in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous particle velocity vectors with color contours
indicating magnitudes of axial components of particle velocities ranging linearly from 0 m s~ ' (blue) to 12.6 m s (red). (c) Instantane-
ous fluid drag force vectors with color contours indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N
(blue) t0 2.0 x 107* N (red). (d) Instantaneous mterpdrtlcle electrostatic repulmon force vectors w1th color contours indicating radial com-
ponents of interparticle electrostatic repulqlon forces rangmg linearly from —10"° N (blue) to 10~° N (red). (e) Instantaneous particle dis-

tribution during vertical pneumatic conveying at an air flow rate of 950 L min

gravity is toward the left of each panel.

distributions of particles after settling under gravity for 0.5 s
in the presence of electrostatic effects but without air flow
were analyzed. Figure 4a shows that a thin layer of particles
adhered stably to the pipe walls under the effects of an elec-
trostatic field corresponding to that which would be devel-
oped under the state of electrostatic equilibrium at an air
flow rate of 950 L min~'. At higher air flow rates where the
strengths of the electrostatic fields developed were lower, the
tendencies for particles to be adhered to the pipe walls were
also correspondingly lower. It would be seen later that these
would have implications for solid concentration profiles
developed over the cross sections of the pipe during the
actual pneumatic conveying process.
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Figure 5a shows an instantaneous snapshot of the pneu-
matic conveying process obtained from DEM simulations for
an air flow rate of 950 L min~'. The state of electrostatic
equilibrium was assumed to be established throughout the
conveying process. As with the previous simulation involv-
ing particles settling under gravity, it may also be seen here
that a thin layer of particles remained adhered to the pipe
walls under the effects of strong electrostatic forces of
attraction toward the pipe walls. Particle concentrations were
generally higher near the pipe walls than at the pipe center
and such a flow pattern would correspond to the ring flow
pattern observed in previous experimental studies.’ Figure
5b shows that most particles in the conveying pipe moved in
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Figure 6. (a) Instantaneous particle distribution during vertical pneumatic conveying at an air flow rate of 1100 L
min~' in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous particle velocity vectors with color contours
indicating magnitudes of axial components of particle velocities ranging linearly from 0 m s~ ' (blue) to 14.6 m s ' (red). (c) Instantane-
ous fluid drag force vectors with color contours indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N
(blue) to 5.0 x 10~* N (red). (d) Instantaneous mterpartlcle electrostatic repulsmn force vectors Wlth color contours indicating radial com-
ponents of interparticle electrostatic repulsion forces ranging linearly from —107° N (blue) to 10° N (red). () Instantaneous particle dis-

tribution during vertical pneumatic conveying at an air flow rate of 1100 L min

gravity is toward the left of each panel.

the axial direction. Particle velocities were generally higher
near the pipe center than at the pipe walls due to similar air
velocity profiles developed over the cross section of the
pipe. However, it may also be seen that most particles
moved at much lower velocities than the average gas veloc-
ity of 12.6 m sl Figure 5c shows that fluid drag forces act-
ing on particles were predominantly oriented in the axial
direction, indicating that the direction of motion of particles
was largely a result of fluid drag forces. Although electro-
static forces that arose due to particle—particle repulsion
might have the effect of disrupting the almost unidirectional
motion of particles, Figure 5d shows that such forces were
much smaller in magnitudes than fluid drag forces and so
did not exert significant effects on particle behaviors during
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~!in the absence of electrostatic effects. The direction of

the pneumatic conveying process. It may thus be concluded
at this point that the ring flow pattern observed in experi-
mental studies of pneumatic conveying through vertical
pipes arose due to two predominant types of forces present
within the system. Electrostatic forces of attraction resulted
in the adherence of particles onto the pipe walls as fluid
drag forces moved the particles along the pipe in the axial
direction. These two aspects of solid pattern formation and
solid motion had minimal disruptive effects on each other as
the two types of forces that gave rise to them were oriented
more or less normal to each other. In contrast, Figure Se
shows that particles were distributed fairly homogeneously
in the radial direction during pneumatic conveying in the ab-
sence of any electrostatic effects. This is reminiscent of the
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Figure 7. (a) Instantaneous particle distribution during vertical pneumatic conveying at an air flow rate of 1600 L

min~" in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous particle velocity vectors with color contours
indicating magnitudes of axial components of particle velocities ranging linearly from 0 m s™ (blue) to 21.2 m s~ ! (red). (c) Instantane-
ous fluid drag force vectors with color contours indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N
(blue) to 5.0 x 10~* N (red). (d) Instantaneous interparticle electrostatic repulsion force vectors with color contours indicating radial com-
ponents of interparticle electrostatic repulsion forces ranging linearly from —1077 N (blue) to 1077 N (red). (e) Instantaneous particle dis-
tribution during vertical pneumatic conveying at an air flow rate of 1600 L min~' in the absence of electrostatic effects. The direction of

gravity is toward the left of each panel.

dispersed flow pattern that had been observed in previous
experimental studies where at the start of each pneumatic
conveying experiment, the dispersed flow pattern was
formed as the amount of electrostatic charges present on the
particles as well as the pipe walls was negligible.’

Figure 6a shows that the flow pattern observed at a higher
air flow rate of 1100 L min~' was similar to that seen previ-

AIChE Journal April 2012 Vol. 58, No. 4
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ously. Because of the slightly weaker electrostatic field pres-
ent, a thinner layer of particles was seen adhered to most
parts of the pipe walls. In addition, there was a tendency for
particles to move in the form of clusters near the pipe center.
Figure 6b shows that the predominant direction of particle
motion was along the axis of the pipe. The close correspon-
dence between the particle velocity vectors and fluid drag

DOI 10.1002/aic 1049



Table 3. Dynamic Analysis for Individual Particles in Near Wall Region (<r,)

Air Flow Rate (L min™") Fp, (N) Fp, (N) Fr, (N) Fr, (N)

1600 345 x 1074 7.94 x 1073 5.16 x 1077 2.89 x 1077
1100 3.90 x 1073 6.70 x 10°* 247 x 107° 1.38 x 10°¢
950 3.14 x 107° 5.60 x 107* 1.37 x 107° 7.68 x 107°

Particle weight: 1.26 x 10* N.

force vectors as seen in Figure 6¢c was again indicative of
the importance of fluid drag forces in influencing particle
behaviors. In comparison with the previous case, particles
conveyed at a higher air flow rate were observed to move at
velocities closer to the average gas velocity. Figure 6d shows
that particle—particle electrostatic repulsion forces were typi-
cally oriented in more or less random directions and so were
expected to cause deviation of particle velocities from the
axial direction. Such forces acting on particles adhered to
the pipe walls might also dislodge such particles from the
pipe walls leading to destruction of the characteristic ring
flow pattern. However, as with the previous case presented,
Figure 6d shows that such particle—particle electrostatic
repulsion forces were much smaller in magnitudes than both
fluid drag forces and electrostatic forces of attraction exerted
by the pipe walls and so their disruptive effects were not
manifested in the flow patterns observed. Figure 6e shows
that no layer of particles was seen adhered to the pipe walls
in the absence of electrostatic effects thus further verifying
that the contrasting phenomenon observed in the previous
panels was a consequence of the electrostatic forces present.

At the highest air flow rate of 1600 L min~"' considered in
this study, the flow pattern obtained from the DEM simula-
tions shows that the characteristic ring flow pattern was no
longer easily discernable due to much fewer particles
remaining adhered to the pipe walls during the conveying
process (Figure 7a). This was a direct consequence of the
weak electrostatic field present under such flow conditions as
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seen in Figure 3 earlier. Figure 7b shows that most particles
moved at velocities close to the average gas velocity and
predominantly in the axial direction. As with the previous
case, particle velocities were strongly influenced by fluid
drag forces (Figure 7c) and the much weaker particle—parti-
cle electrostatic repulsion forces (Figure 7d) had negligible
effect on particle behaviors within the system. Because of
the weaker electrostatic field strength, the flow pattern devel-
oped was similar to that developed in the complete absence
of electrostatic effects (Figure 7e). However, it would be
seen in a later section via a more quantitative analysis of
particle distribution within the conveying pipe that small dif-
ferences in flow patterns could still be detected at this oper-
ating condition.

Dynamic analysis

The forces acting on individual particles near the wall
boundary (<r,) were calculated and the results summarized
in Table 3. Drag forces in both the radial and axial direc-
tions (Fp,, Fp,) increased with air flow rate. For all cases
considered, the drag force in the axial direction (Fp,) was
larger than the gravitational force acting on each particle so
that particles could be transported upward in the vertical
pipe. At an air flow rate of 1600 L min~', the drag force in
the radial direction (Fp,) was much larger than the electro-
static force acting on individual particles and this had the
effect of causing particles to move away from the pipe walls
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Figure 8. Concentration function profiles during vertical pneumatic conveying at various average gas velocities in
the (a) presence and (b) absence of electrostatic effects.
Radial positions have been nondimensionalized by diameter of pipe.
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Figure 9. Electrostatic forces acting on granules and particle concentration distributions within the vertical pipe
for the three flow rates: (a) 1600, (b) 1100, and (c) 950 L min~".

against the direction of electrostatic forces. As air flow rate
was decreased, electrostatic forces in the radial direction
increased. At an air flow rate of 950 L min’l, the magnitude
of electrostatic forces became similar to that of drag forces
in the radial direction. Therefore, there was a tendency for
particles to stick onto the pipe walls and form clusters in the
shapes of a ring along the vertical pipe as observed in the
experimental work of Yao et al.”> previously.

The frictional force in the axial direction (Fy,) arising
from particles adhering to the pipe walls due to electrostatic
forces increased with increasing electrostatic forces (see Ta-
ble 3). When compared with the drag force in the axial
direction Fp,, Fr, was lower but the difference in magni-
tudes between the two types of forces decreased with
increasing air flow rate. In other words, the frictional force
(Ff,) might play a more important role in affecting particle
behaviors in the near wall region at lower air flow rates. It
may also be noted that the frictional force defined here was
based on the electrostatic force Fg, only and excluded the
contribution from the drag force Fp,. If a particle stuck onto
the pipe wall, the drag force in the radial direction would be
expected to contribute toward the frictional force (Fg,) to
cause the particle to stay adhered on the pipe wall. For
example, at the air flow rate of 950 L min~', Fp, = 3.14 x
107> N, whereas the corresponding Fy, = Fp, X f = 3.14 x
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107° x 0.56 = 1.76 x 10> N. Based on the above dynamic
analyses, it may be concluded that electrostatic effects
played a more dominant role in influencing particle behav-
iors during pneumatic conveying through vertical pipes at
low flow rates while drag forces became more important at
high flow rates. This is in agreement with what may be
inferred from spatially averaged profiles of particle concen-
tration obtained from the DEM simulations. Following an
analogous approach applied by Matida et al.¥’ for analyzing
particle concentration distribution, the pipe cross section was
divided into 10 equal sampling strips and a dimensionless
particle concentration function was obtained as follows:

= SN (40)

where N,; is the number of particles sampled in strip 7, 7, is
the mean particle axial velocity, and A; and A are the cross-
sectional areas of the strip and entire pipe, respectively. Figure
8a shows profiles of the concentration function, S obtained
during pneumatic conveying at various air flow rates in the
presence of electrostatic effects. The concentration function
profile developed at the lowest air flow rate applied exhibited
the largest difference in magnitudes between the near wall

regions and at the pipe center corresponding to the ring flow
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Figure 10. (@) Cumulative number of particle-wall collisions and (b) instantaneous number of particles in contact
with pipe walls during vertical pneumatic conveying at various average gas velocities in the absence of

electrostatic effects.

(c) Cumulative number of particle-wall collisions and (d) instantaneous number of particles in contact with pipe walls during vertical
pneumatic conveying at various average gas velocities in the presence of electrostatic effects.

pattern. Such differences in the concentration function values
diminished with increasing air flow rate indicating a
corresponding drop in importance of electrostatic effects in
influencing particle behaviors. In contrast, Figure 8b shows
that the concentration function profiles obtained during
pneumatic conveying in the absence of electrostatic effects
fluctuated around a mean value of about 1.0 over the pipe
cross section for all air flow rates considered. This implies that
particles were more homogeneously distributed over the cross
section of the pipe. The tendency for particles to reside near
the pipe walls leading to the formation of the ring flow pattern
that is characteristic of pneumatic conveying in the presence of
electrostatic effects was absent in this case.

Figure 9 shows the particle concentration function over
the cross section of the pipe together with vectors of electro-
static forces acting on the particles. It may be observed that
the electrostatic field strength was fairly high near the pipe
wall and diminished toward the pipe center. This was due to

1052 DOI 10.1002/aic
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the fact that electrostatic charges were generated and resided
on the pipe wall. With decreasing air flow rates, the electro-
static field strength increased and this was accompanied by
an increase in surface charge density of granules as seen ear-
lier in Table 2. This relationship between air flow rates and
strength of electrostatic field developed during pneumatic
conveying may be explained by the number of particle-wall
collisions that occurred during the transport process. Figure
10a shows the cumulative number of particle-wall collisions
during pneumatic conveying at various air flow rates in the
absence of electrostatic effects. The cumulative number of
collisions increased fairly linearly with time and there was
minimal difference between the three flow rates considered.
Figure 10b shows the instantaneous number of particles that
were in contact with the pipe walls during the conveying
process at various air flow rates. It may be observed that in
the absence of electrostatic effects, the number of particles
that remained in contact with the pipe walls was low for all

April 2012 Vol. 58, No. 4 AIChE Journal
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Figure 11. Spatially averaged granular temperature profiles: (a) T, and (b) T, for vertical pneumatic conveying in
the presence of electrostatic effects as well as (c) T, and (d) T, for vertical pneumatic conveying in the

absence of electrostatic effects.

Radial positions have been nondimensionalized by diameter of pipe.

flow rates considered. This was due to the dominance of the
fluid drag force in determining the trajectories of particles
within the pipe as discussed previously. In contrast, at the state
of electrostatic equilibrium, Figure 10c shows that the cumula-
tive number of particle-wall collisions increased much more
rapidly during pneumatic conveying at lower flow rates than at
higher flow rates. In comparisons with Figure 10a, the cumula-
tive number of collisions was also seen to increase much more
rapidly with time in the presence of electrostatic effects. Figure
10d also shows that the number of particles in contact with the
pipe walls at any one instant in time was also higher during
pneumatic conveying at lower flow rates than at higher flow
rates. The number of instantaneous particle-wall contacts in the
presence of electrostatic effects was also about two orders of
magnitude larger compared with those seen in Figure 10b
where electrostatic effects were absent. This is consistent with
the development of stronger electrostatic field strengths during
pneumatic conveying at lower flow rates than at higher flow
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rates observed in previous experimental studies.”' Although
the transient process of electrostatic charge generation and
accumulation on particles and pipe walls had not been consid-
ered in the present study, it may be deduced based on the two
cases presented here (one where electrostatic effect was absent
and one where the state of electrostatic equilibrium had been
established) that the rate of electrostatic charging is expected to
be higher at lower flow rates as a result of larger number of
particle-wall collisions and number of particles that remained
in contact with the pipe walls during the pneumatic conveying
process. This is a self-sustaining process in that stronger elec-
trostatic forces, which are a consequence of larger number of
particle-wall collisions, will be able to maintain the latter at a
sufficiently high level that is necessary for the sustenance of
the electrostatic field itself. Any flow patterns of the particles
that arise as a result of the electrostatic field, such as the ring
flow pattern, can thus be considered a fully developed feature
of the pneumatic conveying process.
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Figure 12. Instantaneous particle distribution during vertical pneumatic conveying at an air flow rate of 1600 L

min~" in the presence of electrostatic effects.

The particle charge densities are (a) 0.376 x 10°°C g ! (b) 1.33 x 107° C g ! and (c) 1.52 x 107°C g". (d) Concentration function
profiles during vertical pneumatic conveying in the presence of electrostatic effects with the above particle charge densities.

Figures 11a, b show that granular temperatures were fairly
isotropic during vertical pneumatic conveying in the pres-

n
. 2
ence of electrostatic effects. Here, Ty = 5, > 1 (vyi—¥y) and
=

n
To =55 (vei— Tx)z, where v, ; and v, ; are the vertical and
i=1

horizontal components of velocity of the ith particle, respec-
tively, v, and v, are the corresponding mean velocities.
Granular temperatures were highest at the lowest air flow
rate considered, and this was likely due to the strongest elec-
trostatic effects present. The magnitudes of granular temper-
atures at the other air flow rates of 1100 L min~" and 1600
L min~' were fairly similar. In contrast, Figures 11c, d show
that granular temperatures were very anisotropic in the ab-
sence of electrostatic effects. The axial components of gran-
ular temperatures were about one order of magnitude higher
than the corresponding radial components. Interestingly and
in stark contrast to the previous case, the axial component of
granular temperature was highest for the highest air flow rate
applied in the absence of electrostatic effects. This implied
that fluctuations in particle velocities were caused predomi-
nantly by electrostatic forces when electrostatic effects were
present and by the flow of air otherwise.
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The basis of all simulation results presented so far in this
study was the attainment of the state of electrostatic equilib-
rium in the pneumatic conveying system. During the tran-
sient stage of electrostatic charge accumulation via tribo-
charging, solid flow patterns are expected to evolve gradu-
ally through time from one corresponding to absence of any
electrostatic effects to that of electrostatic equilibrium. How-
ever, to our knowledge, studies of such solid flow pattern
evolution in pneumatic conveying systems have not been
reported in the literature to date. Yao et al.’ reported experi-
mental data of particle charge densities during the electro-
static charging process in a pneumatic conveying system.
Particle charge densities were observed to increase with time

Table 4. Electrostatic Parameters for Horizontal Pneumatic
Conveying Simulations

Published on behalf of the AIChE

Inlet Gas Particle Charge Pipe Wall Linear
Velocity Density Charge Density
(msh ao0?cgh J(Cm™h
12.6 2.36 —1.62 x 10°°
14.6 2.05 —8.89 x 1077
21.2 1.22 —1.32 x 1077
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Figure 13. (a) Instantaneous particle distribution during horizontal pneumatic conveying at an air flow rate of 950 L

min~" in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous fluid drag force vectorq with color contours
indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N (blue) to 1.0 x 10~* N (red). (c) Instantaneous
interparticle electrostatic repulmon force vectors w1th color contours indicating radial components of interparticle electrostatic repulsion
forces ranging linearly from ~107°N (blue) to 10"° N (red). (d) Instantaneous particle distribution during horizontal pneumatic convey-

ing at an air flow rate of 950 L min

during the first 3 h of operation. The values measured 66
min, 141 min, and 157 min after commencing operation of
the pneumatic conveying system were 0.376 X 1077 C g !,
133 x 1072 C g7, and 1.52 x 1072 C g™, respectively.
These were used in this study to carry out simulations of the
pneumatic conveying process during the transient stage of
electrostatic charging and to construct the corresponding par-
ticle concentration function profiles. Figures 12a—c show that
a gradual buildup of a layer of particles on the pipe walls
occurred with the increase in particle charge densities. The
solid flow pattern was indeed observed to evolve gradually
from that of dispersed flow towards that of ring flow. This
phenomenon is also seen more quantitatively in the particle
concentration function profiles in Figure 12d. With a particle
charge density of 0.376 X 1077 C g™! corresponding to the
state of the pneumatic conveying system a short while after
commencing operation, the concentration function profile
was fairly uniform and similar to that presented earlier for a
system without electrostatic effects. The concentration func-
tion became less uniform over the cross section of the con-
veying pipe with increasing particle charge density indicat-
ing that solid particles were accumulating on the pipe walls.
Eventually, the concentration function profile approached
that seen earlier for the system that had attained the state of
electrostatic equilibrium.
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~!in the absence of electrostatic effects. The direction of gravity is downward.

With the completion of the above studies of pneumatic
conveying through vertical pipes with electrostatic effects, it
was deemed prudent to apply the computational methodol-
ogy toward studies of horizontal pneumatic conveying. The
electrostatic parameters applied here were also based on the
experimental work of Yao et al.*' and are shown in Table 4.
On comparison with Table 2, it may be observed that parti-
cle charge densities developed during horizontal pneumatic
conveying were approximately one order of magnitude
smaller than those for vertical pneumatic conveying at corre-
sponding air flow rates. As such, electrostatic effects were
expected to play a less significant role in affecting solid flow
patterns in the present case. Figure 13a shows an instantane-
ous snapshot of the horizontal pneumatic conveying process
for an air flow rate of 950 L min~". It may be seen that par-
ticles in this case were asymmetrically distributed about the
axis of the pipe due to the effect of gravitational settling.
Fluid drag forces were oriented predominantly in the axial
direction (Figure 13b), whereas particle—particle electrostatic
repulsion forces were oriented randomly (Figure 13c). As in
the case of vertical pneumatic conveying, the latter was
much smaller in magnitude and so did not lead to dispersion
of the particles. Figure 13d shows an instantaneous snapshot
of the moving dunes flow pattern typically observed in hori-
zontal pneumatic conveying at low solid concentrations in
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Figure 14. (a) Instantaneous particle distribution during horizontal pneumatic conveying at an air flow rate of 1100

L min~'

in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous fluid drag force vectorq with color contours
indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N (blue) to 1.0 x 10~* N (red). (c) Instantaneous
interparticle electrostatic repulswn force vectors Wlth color contours indicating radial components of interparticle electrostatic repulsion
forces ranging linearly from ~10°N (blue) to 107° N (red). (d) Instantaneous particle distribution during horizontal pneumatic convey-

ing at an air flow rate of 1100 L min '

the absence of electrostatic effects. Because of the much
weaker electrostatic forces present during horizontal pneu-
matic conveying, the solid flow patterns developed at the
state of electrostatic equilibrium were similar to those
observed in the absence of any electrostatic effects. The
above observations were also applicable to horizontal pneu-
matic conveying at air flow rates of 1100 L min~' (Figure
14) and 1600 L min~' (Figure 15), where electrostatic
effects were even weaker. As such and for the sake of brev-
ity, the above discussion would not be repeated for the latter
two cases. Figures 16a, b show the concentration function
profiles developed in the presence and absence of electro-
static effects respectively. There were only minimal differen-
ces between the profiles at different air flow rates in both
cases thus supporting the earlier qualitative observations that
electrostatic effects were less significant in affecting particle
distributions within the pipe during horizontal pneumatic
conveying.

Figures 17a, b show that granular temperatures were
slightly anisotropic during horizontal pneumatic conveying
in the presence of electrostatic effects with the axial compo-
nent generally larger than the corresponding radial compo-
nent. As in the case of vertical pneumatic conveying in the
presence of electrostatic effects, granular temperatures were
observed to decrease with increasing air flow rate. This
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in the absence of electrostatic effects. The direction of gravity is downward.

seemed to indicate that fluctuations in particle velocities
were caused predominantly by electrostatic forces present
within the system. In the absence of electrostatic effects,
Figures 17c, d show that granular temperatures were also
slightly anisotropic. Although no general relationship
between granular temperatures and air flow rate could be
discerned, the slightly larger axial components than radial
components of granular temperatures in both cases seemed
to imply that the flow of air was more important in causing
fluctuations in particle velocities during horizontal pneumatic
conveying.

Conclusions

Pneumatic transport of granular materials through vertical
and horizontal pipes in the presence of electrostatic effects
has been investigated computationally using LES and the
DEM in this study. The LES numerical results obtained
agreed well with the law of the wall for various y'-ranges.
In addition, the maximum value of axial turbulence intensity
was observed to be located at around a fixed position irre-
spective of Reynolds number and therefore the flow behav-
iors in such systems followed classical scaling. For all cases
considered in this study, electrostatic field strength was high-
est near the pipe walls and degraded toward the pipe center.

April 2012 Vol. 58, No. 4 AIChE Journal
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Figure 15. (a) Instantaneous particle distribution during horizontal pneumatic conveying at an air flow rate of 1600

L min~'

in the presence of electrostatic effects.

The region marked by a dashed box is enlarged in the next three panels. (b) Instantaneous fluid drag force vectors with color contours
indicating magnitudes of axial components of fluid drag forces ranging linearly from 0 N (blue) to 1.0 x 10~* N (red). (c) Instantaneous
interparticle electrostatic repulsion_force vectors with color contours indicating radial components of interparticle electrostatic repulsion
forces ranging linearly from —10~7 N (blue) to 1077 N (red). (d) Instantaneous particle distribution during horizontal pneumatic convey-
ing at an air flow rate of 1600 L min ' in the absence of electrostatic effects. The direction of gravity is downward.

The electrostatic field strength was also seen to increase
with decreasing air flow rate. This may be explained by the
larger number of particle-wall collisions that occurred and
the larger number of particles that remained in contact with
the pipe walls at any one instant in time during pneumatic
conveying at lower flow rates than at higher flow rates. Typ-

05
1D O 12.6m/s (a)

04 30 o146 mis

o 03 pi: -0-212m/s

2 el

§ 0z bt

R =1

= 01 ko

k-1

-

]

2

g

-

g

E

R o3

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 40 45 50 55
Concentration fanction

ically, through the process of triboelectrification, all particles
carry the same type of charges but are charged oppositely to
the pipe walls when the state of electrostatic equilibrium has
been attained. The DEM simulations showed that a thin
layer of particles remained adhered to the pipe walls during
the pneumatic conveying process due to the effects of strong
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Figure 16. Concentration function profiles during horizontal pneumatic conveying at various average gas velocities
in the (a) presence and (b) absence of electrostatic effects.
Radial positions have been nondimensionalized by diameter of pipe.
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Figure 17. Spatially averaged granular temperature profiles (a) T, and (b) T, for horizontal pneumatic conveying in
the presence of electrostatic effects as well as (c) T, and (d) T, for horizontal pneumatic conveying in

the absence of electrostatic effects.

Radial positions have been nondimensionalized by diameter of pipe.

electrostatic forces of attraction towards the pipe walls. Par-
ticle concentrations were generally higher near the pipe
walls than at the pipe center resulting in the ring flow pat-
tern observed in previous experimental studies. The close
correspondence between particle velocity vectors and fluid
drag force vectors was indicative of the importance of fluid
drag forces in influencing particle behaviors. In contrast, the
much weaker particle—particle electrostatic repulsion forces
had negligible effects on particle behaviors within the system
under all operating conditions considered in this study.
Based on dynamic analyses of forces acting on individual
particles, it may be concluded that electrostatic effects
played a dominant role in influencing particle behaviors dur-
ing pneumatic conveying through vertical and horizontal
pipes at low flow rates, whereas drag forces became more
important at high flow rates. It would be pertinent to extend
the present study towards investigations of -electrostatic
effects in pneumatic conveying systems with different oper-
ating conditions and material properties. These may include
systems operated at different solid loadings or using particles

1058 DOI 10.1002/aic

Published on behalf of the AIChE

of various sizes, densities or electrostatic charging character-
istics. Further, the present numerical strategy can also be
applied toward studies of various other types of multiphase
or granular systems where electrostatic effects can develop
such as circulating fluidized beds, vibrated granular beds,
cyclones, and hoppers.
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