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Measurement and Prediction of Pressure Drop in Pneumatic
Conveying: Effect of Particle Characteristics, Mass Loading, and

Reynolds Number

Kimberly H. Henthorn,*' Kinam Park,’ and Jennifer S. Curtis'

School of Chemical Engineering and Departments of Pharmaceutics and Biomedical Engineering,
Purdue University, West Lafayette, Indiana 47907

This paper reports the effect of Reynolds number, mass loading, and particle shape and size on
pressure drop in a vertical gas—solids pneumatic conveying line. We isolate the effect of one
variable while holding all others constant. A commonly used pressure drop correlation and a
state-of-the-art multiphase computational fluid dynamics (CFD) models are then assessed by
comparing their predictions to experimental data. Deficiencies in the models and the correlation
are identified, and possible modifications are proposed. The most notable deficiency is the inability
of both the experimental correlation and the CFD model to accurately predict the pressure drop
for gas—solids flow with highly aspherical particles.

Background

Experimental Data and Correlations for Pres-
sure Drop. Total pressure drop in a vertical two-phase
conveying system is often estimated via experimental
correlation by summing contributions from both the
solid and the gas phases. Correlations typically express
the total pressure drop as a sum of six terms: the
acceleration of gas (1), the acceleration of solids (2), gas
friction (3), solids friction (4), the weight of solids (5),
and the weight of gas (6).1:2

1 1 2f.0 UL
APy = 5epUg” + 5(1 = pU," + HepUg L Lt

(1) (2) (3)
Fo L+ p,L(1 - e)gsin 6 + p,Leg sin 6 (1)
(4) 5) (6)

where 6 represents the angle of inclination of the pipe,
U, is the interstitial particle velocity, U, is the inter-
stitial gas velocity, D is the pipe diameter, L is the
length over which the pressure measurement is made,
€ is the void fraction, and Fpy, is the solids-pipe friction
force [force/length?].

Gas friction is generally assumed to be independent
of the presence of solids, so term (3) uses the Fanning
friction factor, f;, of single-phase pressure drop calcula-
tions. For dilute flow, it is often assumed that the slip
velocity is equal to the terminal velocity, U, of the
particles so that the void fraction can be estimated given
a known solids mass flux.
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m

where m represents the mass loading, defined to be the
ratio of the mass flow rate of particles to the mass flow
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rate of gas. The solids friction force, Fiy, is the most
difficult term to estimate, and numerous groups have
proposed expressions based on experimental measure-
ments. Typically, the solids friction force is described
in terms of a solids friction factor, f,, where

2f.0.(1 — e)U.’L
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One of the most commonly employed correlations by
Konno and Saito,? applied in this paper, uses experi-
mental data to determine f;, as a function of the
interstitial particle velocity and the pipe diameter,
resulting in the following expression for Fi:

F L= 0.057mngg\/ig:)L 4)

The experiments of Konno and Saito (as well as many
others including Singh,* Rautiainen et al.,> Hettiaratchi
et al., and Namkung and Cho”) show an increase in
pressure drop with increasing mass loading and Rey-
nolds number. However, as Marcus et al.8 and Klinzing®
have pointed out, it is well known that for finer particles
(20—75 um) at mass loadings between 0.5 and 4.0 and
Reynolds numbers between 15 000 and 40 000, pressure
drop may initially decrease with increasing solids load-
ings at very low loadings. Interactions between particles
and turbulent eddies lead to a reduction of gas-phase
stress and a resulting decrease in pressure drop.

In the experiments of Konno and Saito, several
different sized glass and copper spheres were used, but
because the results were combined into one data set,
assessment of the effect of particle size on pressure drop
was not possible to determine from their data. However,
by examination of the data of Nieuwland et al.l for
glass spheres between 275 and 655 um, pressure drop
increased with increasing particle size. Plasynski et al.ll
also explored the particle size effect during high-
pressure pneumatic conveying using glass spheres
ranging in size from 97 to 545 um. They concluded that
pressure drop increases with increasing particle size at
elevated pressures; however, the differences in pressure
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drop taken at atmospheric pressure were very small for
the two particle sizes. Plasynski et al. also compared
the glass sphere results to pressure drop data from two
different sizes of coal particles having a density ap-
proximately half that of the glass. As expected, they
concluded that measured pressure drop is generally
higher for particles with greater density. Pelegrinal?
examined the effect of particle size via a one-dimen-
sional plug flow model based on interstitial gas and
solids momentum balances which described particle-
wall friction using a correlation for f;, given by Yang.13:14
From his model, Pelegrina concluded that pressure drop
for spheres would increase with decreasing particle size
at high Reynolds number (~31 500) because the solids
friction and drag increase for smaller particles; this
result contradicts the previously cited work.

Wang et al.’® focused on the effects of smaller par-
ticles, 20 and 66 um glass spheres, on pressure drop.
Solid-phase friction factors, f;,, were deduced from
overall pressure drop measurements and compared to
results from three published friction factor correla-
tions.313:1416 Tn all cases, the experimental data for
pressure drop were much lower than the predictions
over a range of mass loadings from 5 to 20. Wang et al.
attributed this difference to the cohesiveness of the
powder. They proposed that interactions with the pipe
wall are much more prominent for cohesive material so
that as the particles are conveyed, some particles will
deposit on the wall and others will be re-entrained by
the gas. As a result, a lubrication effect associated with
the particle—wall collisions may be occurring, resulting
in a lower friction factor. Their data also showed that
as the Reynolds number increases at low mass loadings,
the pressure drop decreases, but at higher mass load-
ings, the pressure drop increases with increasing Rey-
nolds number. Additionally, the pressure drop increases
with increasing particle size at higher Reynolds num-
bers (>12 500) but decreases with increasing particle
size at lower Reynolds numbers.

Pelegrinal? also examined the effect of particle shape
with particles of the same equivalent volume diameter
using his one-dimensional plug flow model. Experimen-
tal settling data for particles with sphericities ranging
from 0.72 to 1.0 were correlated from the work of
others!”18 to yield a relationship between the particle
drag coefficient as a function of the particle Reynolds
number, the particle sphericity ¢, and the particle shape
factor for momentum transfer—defined as the ratio of
the projected area of the equivalent sphere to the real
projected area of the particle. He found that the pres-
sure drop is higher for nonspherical particles as com-
pared to spheres having the same volume; he attributed
this result to the increase in projected area and drag
for nonspherical particles. This result was in agreement
with what Hariu and Molstad!® found from direct
experimentation measuring pressure drop for gas—
solids flow in a riser with spherical and nonspherical
catalyst particles having the same sieve diameter rang-
ing from 177 to 590 um.

Haider and Levenspiel?? developed a drag coefficient,
Cy, correlation for nonspherical particles based on
experimental sedimentation data with a wide variety
of particle sphericities from numerous groups. The
particle Reynolds numbers, Rep, of the experimental
data ranged from approximately 0.01 to 250 000.
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Drag coefficients for particle sphericities ranging from
0.806 to 1.0 displayed good fit when compared to the
correlation; tetrahedron-shaped particles having a sphe-
ricity of 0.670 also showed fairly good agreement. In
addition, disks with sphericities ranging from 0.026 to
0.23 were studied; the fit between the experimental data
and the correlation was much poorer in this case. For
the most aspherical particle considered by Pelegrinal?
(¢ = 0.72), over a particle Reynolds number range from
1 to 30, the Haider and Levenspiel drag coefficient
correlation is approximately 70—85% higher than the
drag coefficient as given by Pelegrina. It should be noted
that almost all of the particles discussed in these two
papers were more spheroidal in shape than the particles
used in the current work; as a result, the drag coefficient
expressions discussed in this paper may not be ap-
propriate for the range of sphericities investigated here.

Gas—Solid Computational Fluid Dynamics (CFD)
Models. As computer capacity has increased, the de-
velopment of CFD models has grown at a rapid pace.
Models such as the works of Arastoopour and Gi-
daspow,?! Nakamura and Capes,?2 and Nieuwland et
al.1% describe the gas—solid system in a two-fluid
framework and allow for pressure drop variations along
the axial length of the tube. Particle-phase stresses are
described empirically, and an additional force term is
added to the balance of momentum for the particle
phase. Other models such as the work of Chen and
Marshall?® describe the particle motion in a detailed
fashion via a Lagrangian treatment and account for
particle—particle and particle—wall collisions. These
models, however, are limited to solids loadings which
are much more dilute than the range of loadings
considered in this work unless an assumption of a
fictitious “particle packet” is employed.

Models that allow for solid density variations over the
tube cross section and describe particle—particle colli-
sions in a fundamental way stem from the seminal work
of Sinclair and Jackson,2* whose model is based on the
two-fluid framework of Anderson and Jackson.25 Sinclair
and Jackson’s model utilized kinetic theory concepts to
describe the stresses associated with the particle—
particle and particle—wall interactions, assuming that
the random motion of particles in a gas—solids system
resembles that of molecules in a gas.

Louge et al.2¢ incorporated the work of Sinclair and
Jackson into their model but extended its applicability
to a turbulent gas. They also accounted for the effect
the two phases have on one another at the level of the
velocity fluctuations. Bolio et al.2” further developed the
Louge et al. model by adding a #—¢ model to describe
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gas turbulence that is modified for the presence of a
dilute particle phase. In this model, three terms from
the gas momentum balance sum to give the total
pressure drop: the weight of the gas (term 4, eq 10),
gas-phase stress estimated through a modified k—e¢
model (term 3, eq 10), and drag (term 2, eq 10).
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where f3 is the drag coefficient, v is the particle volume
fraction, and ut is the eddy viscosity. Drag can be found
via the axial solid-phase momentum balance (axial
component eq 11; radial component eq 12) by summing
the weight of the particles (term 3, eq 11) and the solid-
phase stress (term 1, eq 11).
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where o0y, and oy, are the solid-phase stress tensors as
given by the kinetic theory of Lun and Savage.?8

Hadinoto and Curtis?® have recently extended the
model of Bolio et al. to account for lubrication effects in
particle—particle collisions. They recognized that the
behavior of collisions in a vacuum as described by the
kinetic theory of Lun and Savage, characterized by a
coefficient of restitution es, can be significantly different
than that for particles colliding in a viscous fluid,
characterized by a coefficient of restitution ef, where ey
is less than es. They have shown improved predictions
for gas—solids flow in the case of smaller particles (less
than 100 um) and very good predictions for liquid—solid
flow with large Bagnold numbers (collision-dominated
flows). In the case of large particles in a gas, their
predictions asymptote to the results given by the Bolio
et al. model.

The Hadinoto and Curtis gas—solid flow model is the
CFD model employed in this paper for comparison with
experimental data for the pressure drop. In the previous
paper (Hadinoto and Curtis??), comparisons of the model
predictions with Laser Doppler velocimetry (LDV) data
were made for radial profiles of the mean gas velocity,
mean solids velocity, fluctuating gas velocity, and
fluctuating solids velocity. While pressure drop com-
parisons are not as detailed as radial profile compari-
sons, the pressure drop comparisons nevertheless indi-
cate whether the model is performing well at the
macroscopic level. Also, in this paper, a wider range of
particle sizes and shapes are employed than in the
previous paper. In addition, the use of pressure drop
data enables comparisons between CFD model predic-
tions and predictions from the correlation.

Particle-phase slip at solid boundaries is described
following Sinclair and Jackson.2* The particle-phase slip
is a function of the fraction of tangential momentum
lost at the wall, represented by a specularity coefficient,
¢ (0 < ¢ < 1), which depends on the wall roughness.
The granular energy at the wall is found by equating
the flux of granular energy to the wall to the sum of
the energy lost at the wall by inelastic particle—wall

collisions (which depends on the coefficient of restitution
for particle—wall collisions) and the energy gained by
particle shearing at the wall due to slip.2*

This paper reports the effect of Reynolds number,
mass loading, and particle shape and size on pressure
drop in a vertical gas—solids pneumatic conveying line.
The effect of one variable is investigated while holding
all others constant. The Konno and Saito? pressure drop
correlation and the Hadinoto and Curtis (2004) mul-
tiphase CFD model are then assessed by comparing
their predictions to experimental data.

Experimental Section

A schematic of the vertical conveying line system is
shown in Figure 1. Pressurized air was filtered of oil
and moisture before moving through a series of pressure
regulators and flow measuring devices. Air velocity
increased as the air passed through a 2 mm diameter
Venturi feeder, which aided in entrainment of particles
coming from the attached hopper. A bypass line was
added to pressurize the hopper so that higher particle
flow rates could be achievable. The particle-laden air
then flowed through a smooth 90° elbow to a vertical 1
in. diameter copper tube, which was grounded to reduce
electrostatic effects. Fully developed turbulent flow is
expected to form in a 50 in. development length given
the low solids loadings. Two pair of water manometers,
sensitive to +0.001 in. of HsO, indicated that the
pressure drop was not changing with axial distance. (It
should be noted that there was a slight degree of
oscillation in the pressure readings. The degree of
oscillation in the pressure readings varied with the
solids loading, from a negligible amount at the lower
loadings to occasional pressure drop increases of up to
25% of the base pressure drop value. It is hypothesized
that the occasional pressure increases were associated
with occasional clusters of particles passing through the
system.) Pressure drop was measured over an 8 in.
vertical section of pipe, after which the particle-laden
air flowed through another smooth elbow to the filtra-
tion section. Particles were removed from the gas stream
using a cyclone separator, and the mass flow rate of
solid was measured by using a scale to continuously
weigh the captured particles. The scale used in the
process is accurate to £0.1 Ib. On average, pressure drop
measurements were repeated three times, and the mean
value was reported in the Results and Discussion
section. Error bars on the graphs in the results section
indicate the maximum deviation from mean value
associated with these repeated measurements. From a
detailed error analysis,? the errors in the reported mass
loading and Reynolds number are 9% and 6%, respec-
tively.

Properties for the particles used in the experiments
are shown in Table 1. The standard deviation of the
particle sizes is approximately 20% of the reported mean
value. The sphericity of the particles was determined
by measuring the pressure drop through a packed bed
and employing the Carman—Kozeny equation to relate
the pressure drop to particle sphericity. The uncertainty
associated with the sphericity measurements was ap-
proximately 14%.3° The glass particles have a sphericity
close to 1; the sand and mica are highly nonspherical.
The mica particles are flakes, and the sand particles
are both spheroidal and platelike in shape as evidenced
by scanning electron microscopy (SEM) photographs
(Figure 2). All particles were dried for at least 3 days
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Figure 1. Experimental setup for measurement of pressure drop.

Table 1. Properties of Particles Used in the Experiments

mean equivalent

particle density volume diameter

type (g/em3) (um) sphericity

glass 2.5 70 0.97
200
275
500

sand 2.6 154 0.59
260

mica 2.8 154 0.64
260 0.39

in a drying oven and stored in a desiccator to minimize
the presence of moisture in the system.

The coefficient of restitution for particle—particle
collisions, es, is 0.94 and representative of collisions
between glass beads.?! The coefficient of restitution for
particle—wall collisions, ey, is 0.15 and representative
of collisions between glass and copper (the pipe wall
material).3! A value for e;, the coefficient of restitution
for particle—particle collisions accounting for the viscos-
ity of the interstitial fluid, is found based on the work
of Gondret et al.32 They showed that the ratio of er to eg
is a function of the impact Stokes number, defined as

St = Tplimp

= ; (13)
by,

To Air Filters

Particle
Collection

Scale

Pressurized
air

Rotameter Oil/water

filter

Pressure
Regulator

where m,, is the particle mass and vinp is the impact
velocity of the particle. For glass beads flowing in air
at the velocities considered in this work, the value for
eris 0.93. For all of the gas—solid systems considered
in this work, the value of er is very close to es because
the impact Stokes number is very high (>1200) due to
the low viscosity of the fluid and the large particle
velocities. A sensitivity analysis of the predicted pres-
sure drop as a function of ef, holding the ratio of ef to e
constant and at a mass loading of 2.0, revealed that a
26% change in er produced less than a 7% change in
predicted pressure drop. Hence, the model predictions
for all particles investigated were obtained with a value
of e = 0.94 and er = 0.93. In addition, the sensitivity of
pressure drop with respect to ey, was also investigated.
For 70 um glass spheres at a Reynolds number of 20 400
and a mass loading of 0.5, changing the value of ey, from
0.15 to 0.135 produced a negligible change in predicted
pressure drop. Hence, the model predictions for all
particles reported in this paper were obtained with a
value of ey, = 0.15. The specularity coefficient was held
constant at 0.008 for all predictions, which is represen-
tative of the wall roughness associated with a copper
pipe. This was determined previously by comparisons
between model predictions and pressure drop data
obtained in a copper pipe®® and comparisons between
model predictions and LDV data obtained in a copper

pipe.??
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Figure 2. SEM images of (a) mica flake, (b) spheroidal sand particle, and (c) flat sand particle.
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Figure 3. Comparison of single-phase pressure drop determined

by the Hadinoto and Curtis?® model, correlation, and experimental

data.

Results and Discussion

Experimental pressure drop measurements were first
collected for single-phase flow over a range of Reynolds
numbers from 6300 to 20 300. These data were com-
pared with single-phase predictions based on the single-
phase fanning friction factor and the Hadinoto and
Curtis?® model. Agreement between measurement, cor-
relation, and model prediction is excellent (see Figure
3).

Reynolds Number Effects. Figure 4 shows pressure
drop predictions made by the Hadinoto and Curtis
model and the experimental correlation of Konno and
Saito? for the 70 um particles at a constant mass loading
of 2.0 over a range of Reynolds numbers. Differences
between the two predictions can be studied through
inspection of the four terms contributing to the overall
pressure drop. The gas gravity term is in fairly good
agreement between the correlation (term 6, eq 1) and
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Figure 4. Pressure drop predictions made by the Hadinoto and
Curtis?® model and Konno and Saito? correlation for two-phase
flow at m = 2.0 and d, = 70 um.

model (term 4, eq 10). The correlation predicts a much
higher (~114%) gas-phase stress (term 3, eq 1) than the
model (term 3, eq 10) over the entire range of Reynolds
numbers. This difference is because the correlation
neglects any direct effect of the particles on the gas-
phase stress while the model predicts damping of gas-
phase turbulence in the presence of the 70 um particles.
(LDV) data3* for the same system (solids loading = 0.7)
indicate that the prediction of turbulence damping is
indeed accurate for lower Reynolds numbers but some
turbulence enhancement is seen near the pipe centerline
at higher Reynolds numbers (Figure 5), which is not
captured by the model. In Figure 5, the open symbols
represent gas-phase velocity fluctuations in particle-
laden flow, and the closed symbols represent gas-phase
velocity fluctuations in single-phase flow. The uncer-
tainty associated with the LDV measurements is ap-
proximately 9% for gas-phase velocity fluctuations (U")
in particle-laden flow and 8% for single-phase gas
velocity fluctuations.?? The model predicts a much
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Figure 5. LDV data for (a) Re = 8300, (b) Re = 13 800, and (c)
Re = 20 800.31

higher (~71%) solid-phase stress (term 1, eq 11) than
the correlation (term 4, eq 1) at higher Reynolds
numbers, but the correlation predicts a higher solid-
phase stress for Reynolds numbers less than 20 400.
However, the magnitude of the solid-phase gravity term
in the model (term 3, eq 11) relative to the correlation
(term 5, eq 1) increases with decreasing Reynolds
number. This is because the correlation shows a negli-
gible dependence of solid-phase gravity on Reynolds
number, but the model predicts that the solid volume
fraction increases as the Reynolds number decreases,
resulting in an increase of the solid-phase gravity term
with decreasing Reynolds number. The overall effect for
70 um particles is a higher overall pressure drop
prediction by the Hadinoto and Curtis model for Rey-
nolds numbers greater than 13 800. These trends are
the same for the 200 um particles but much less
pronounced, resulting in comparable pressure drop
predictions for the model and correlation.

Two-phase pressure drop measurements were ob-
tained over a Reynolds numbers range of 12 600 to
20 400. In the present conveying system with 70 um
glass spheres, a Reynolds number of 12 600 is required
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for particle pickup velocity. In addition, limitations of
the equipment prevent achieving Reynolds numbers
higher than 20 400. The data (Figures 6 and 7) indicate
that, holding all other variables constant, absolute
pressure drop increases with increasing mass loading
and Reynolds number, which is in agreement with the
trends observed in the literature for particles in the size
range considered in this study.

Figure 6 compares experimental pressure drop mea-
surements to the predictions from the Hadinoto and
Curtis model and to the experimental correlation for
70 um glass spheres at Reynolds numbers of 15 100 and
20 400. Also shown are the predictions of the Bolio
et al.,2” model which significantly overpredict the pres-
sure drop. The correlation is able to capture the pressure
drop well at both Reynolds numbers, but some devia-
tions (approximately 10%) between the experimental
data and the values predicted by the model are apparent
at the higher Reynolds number. Examination of the
model contributions to the predicted pressure drop
reveals that both the gas-phase stress and the solid-
phase stress slightly increase as the Reynolds number
is increased. However, because the LDV measurements
in Figure 5 show that gas-phase eddy viscosity is
underpredicted at higher Reynolds numbers, the over-
prediction in the pressure drop must be due to in-
accuracies in the contribution from the solid-phase
stress. Hence, the model is not completely capturing the
decrease in the solid-phase momentum flux due to the
effect of lubrication. The lower pressure drop measure-
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Figure 8. Particle size effects for glass spheres at Re = 20 400.
Comparison of data to (a) the Hadinoto and Curtis2® model and
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ments with these finer particles could also be due to the
phenomenon that Wang et al.l® observed, finer glass
bead particles depositing on the pipe wall, an effect not
described in the CFD model.

The pressure drop predictions with 200 um glass
beads, shown in Figure 7, indicate that both the model
and the correlation are able to accurately capture the
pressure drop. For 200 um glass beads flowing in a gas
at the range of Reynolds numbers considered here, the
effect of lubrication on the solid-phase stress is negli-
gible. The model clearly performs very well in this
particle flow regime.

Particle Size Effects. Figure 8 illustrates particle
size effects for 70, 200, and 500 um glass spheres at a
Reynolds number of 20 400. Because the Reynolds
number is constant, in this and subsequent figures, the
two-phase pressure drop is normalized with that of clear
gas. At this Reynolds number of 20 400, the experimen-
tal data show an increase in pressure drop with increas-
ing particle size, which agrees with the trend predicted
by the correlation and the data set of Nieuwland et al.1?
However, the model predicts that pressure drop first
decreases as particle size increases, and then increases
with increasing particle size. The experimental data in
Figure 9 appear to display the same trend with increas-
ing particle size as predicted by the model, but at the
lower Reynolds number of 15 100. (Unfortunately, the
particle size range that could be investigated at the
Reynolds number of 15 100 was limited by pickup
velocity considerations; 500 um glass spheres could not
be conveyed at this lower Reynolds number.) The
correlation is not able to predict this behavior at the
lower Reynolds number of 15100 but consistently
predicts that pressure drop increases with increasing
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Figure 9. Particle size effects for glass spheres at Re = 15 100.
Comparison of data to (a) the Hadinoto and Curtis® model and
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particle size. This particle size dependency in the
correlation is due to the assumption that the interstitial
particle velocity is always equal to the difference
between the interstitial gas velocity and the particle
terminal velocity. While this assumption is true for
smaller, lighter particles, for the particles investigated
here whose motion is significantly influenced by particle—
particle and particle—wall interactions, this assumption
is not accurate. LDV data, in fact, indicate that the
particle velocity exceeds the gas velocity near the
wall.3536 The experimental data shown in Figure 9
mimic the observations of Wang et al.,!® who also
observed that pressure drop decreases with increasing
particle size at lower Reynolds numbers. At higher
Reynolds numbers, Wang et al. found the same results
as shown in Figure 8 at the higher Reynolds number of
20 400 with smaller particles (20 and 66 um), that the
pressure drop increases with increasing particle size.

Examination of contributing terms to overall pressure
drop in the model explains the observed trends. At both
Reynolds numbers of 15 100 and 20 400, the gas-phase
and solid-phase stress terms increase and then decrease
as particle size increases, but these trends are over-
shadowed by the solids gravity term, which decreases
then increases with increasing particle size, resulting
in the same trend for the overall pressure drop. How-
ever, this trend predicted by the model becomes less
pronounced as the Reynolds number increases. At a
Reynolds number of 15 100, the increase in pressure
drop from 200 to 500 wum particles is much more
significant than the increase at a Reynolds number of
20 400.

Particle Shape Effects. To study the effect of
particle shape on pressure drop, experiments were
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Figure 11. Shape effects for particles with an equivalent volume
diameter 154 um at Re = 20 400.

performed with three types of particles having similar
equivalent diameters and densities but varying in
shape. Mica flakes with equivalent volume diameters
of 154 and 260 um having aspect ratios of 5 and 14,
respectively, were compared to nonspherical sand of
both spheroidal and platelike shapes and spherical glass
spheres. Material specific gravity ranged from 2.5 for
glass to 2.8 for mica, but assessment of the sensitivity
of the predicted pressure drop of the model with respect
to particle density revealed that this magnitude of
density variation has a negligible effect on the pressure
drop. Particle size is reported as equivalent volume
diameter, which is defined as the diameter of a sphere
having the same volume as the particle.

Figures 10 and 11 present data at a Reynolds number
of 20 400 for the three particle types having equivalent
volume diameters 260 and 154 um, respectively. As
expected, the model adequately predicts pressure drop
over a range of mass loadings for the spherical glass
particles. The correlation underpredicts the pressure
drop for the spherical particles by less than 10%.
However, there is a huge deviation between the mea-
surements and the predicted values from both the
correlation and the model for the two irregularly shaped
materials. The deviation between the measurements
and predictions increases with increasing particle di-
ameter. In addition, the difference between experimen-
tal data taken for mica flakes and sand was negligible;
the data do not show a significant change in pressure
drop between these two particle types at either equiva-
lent particle diameter.

Deviations between measurement and prediction are
expected with the correlation, as the correlation has no
dependency on particle shape. Also, clearly the pressure
drop predictions from the model, which accounts for the
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effect of particle shape through the use of the Haider
and Levenspiel?? drag coefficient, are not sufficiently
sensitive with respect to sphericity. As mentioned
earlier, Haider and Levenspiel found that their non-
spherical drag coefficient correlation predicted the
measured drag coefficients well for spheroidal particles
but not disklike particles. The inability of the model to
capture the effect of particle shape on the pressure drop
with these highly nonspherical particles may be because
the drag force modification for these particles depends
on more than just the sphericity. Because sphericity is
a ratio of surface areas, two particles may have the same
value of sphericity but behave differently in a flowing
fluid because their projected areas may be radically
different. In addition, particle orientation in the flowing
fluid will affect the drag force, and, in turbulent flow,
particles do not have a uniform orientation throughout
the flow field. For example, a spheroidal particle may
have the same sphericity as a flaky particle, but these
two types of particles will have different orientations
and different projected areas during flow and, conse-
quently, experience different drag forces. Finally, the
effect of sphericity is not accounted for in the description
of the gas turbulence modulation due to the presence
of the particles and in the kinetic theory of Lun et al.3”
used to describe the particle-phase stress.

Conclusions

This investigation reveals that variations in particle
shape greatly affect the pressure drop measured in a
vertical conveying line, particularly for highly aspherical
particles. However, comparisons between the experi-
mental data and the CFD model and the experimental
correlation indicate that both the model and the cor-
relation are currently not able to capture particle shape
effects. Hence, the body of data on which the experi-
mental correlation is based needs to be expanded to
include highly aspherical particles. Also, further refine-
ment of the model will require implementation of a drag
coefficient expression for highly nonspherical particles.

The model implemented in this work utilizes the drag
coefficient expression for nonspherical particles pro-
posed by Haider and Levenspiel. However, the particle
shapes studied in the current work lie outside the range
of sphericities applicable for this expression. As a result,
the development of a drag coefficient expression for
particles having very low sphericity is needed. In
addition, consideration of additional particle character-
istics, such as projected area, surface roughness, fractal
dimension, and particle orientation, may be necessary
to develop such an expression.

Another reason the current CFD model cannot ad-
equately capture the effect of particle shape may be due
to the lack of a solids stress model for highly nonspheri-
cal particles. While no such model has been developed
to date, there are presently several research groups
studying collisions between nonspherical particles. Huth-
mann et al.?® and Aspelmeier et al.3? have theoretically
investigated the exchange of translational and rota-
tional energy resulting from collisions between needle-
like particles. Walton and Braun*® have used discrete
element techniques and event-driven, hard-sphere col-
lision operators to study the dry granular flow of
nonspherical particles. We anticipate that the imple-
mentation of a solids stress model for nonspherical
particles, in addition to incorporating a more applicable
drag coefficient expression, will allow the current CFD
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model to better capture the effects of particle shape
observed in the experimental data.

This paper also illustrates the current lack of ability
of the model to predict turbulence enhancement and
dependence of pressure drop on gas velocity at high
Reynolds numbers. Particle Reynolds number is directly
proportional to the slip velocity between the gas and
solid phases. It is hypothesized that as the particle
Reynolds number increases, the difference between the
velocities of the two phases increases, and the perturba-
tion in gas motion behind the moving particles results
in turbulence enhancement of the gas phase. The
existing model does not account for this increase in gas
turbulence modulation, so further refinement will re-
quire the addition of models that consider the gas
behavior in particle wakes at high particle Reynolds
numbers.
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