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Abstract: Pneumatic conveying is a widely used operation in power plants, mineral industries for
transportation of dust, ash, mineral etc. It forms an easy and eco-friendly method for the dry transportation
of particulate solids. Pressure drop plays an important role in the economic design of the pneumatic
conveying system. A review of correlations available for estimation of drag coefficient and the particle-
wall friction has been made. The ability of correlations to predict the pressure drop for the data available
in the literature has been studied using a one-dimensional, two-fluid model. The simulation, along with
statistical analysis indicates the suitability of few correlations for drag coefficient estimation for a wide
range of particle size and solid mass flow rates. For the estimation of particle-wall friction, a correlation
suitable for large particles at large solid feed rate needs to be developed from experimental results.
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INTRODUCTION

The experimenta and computational study of
two phase gassolid flow in various
configurations is of interest to researchers owing
to its widerange of applications [1-6]. The
conventional approach to the simulation of two
phase gas-solid flows is the use of one
dimensional mass, momentum and energy
conservation differential Equations for the gas
phase and the solid phase using the cross-section
averaged velocities, densities and volume
fraction of the phases. These set of differential
Equations are converted to system of algebraic
(difference) Equations, the solution of which
would provide the cross sectiona averaged
information about velocity, volume fraction and
density of the phases [5-6, 7]. This approach is
simple, and provides the macroscopic
information about the system. While the use of
cross-section  averaged one  dimensiona

equations offer the advantage of computationally
less rigorous and hence easier and faster, the
simulations carried out using multi-dimensional
models offer higher insights into the system.
However the success of the one dimensional and
multi-dimensional model depends on the
accuracy of the empirical correlations used and
their suitability for the simulation problem under
guestion. The present study is amed at
comparing the existing correlations for the
simulation and suggests the more suitable of the
available correlations for the particular case.
Proposa of a new correlation requires the
rigorous analysis of more experimental data
under widely different operating conditions and
is not attempted here.
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MODEL

A one dimensional model for dilute phase
pneumatic conveying has been developed using
the momentum, mass and energy conservation
Equations for both the phases and solved using
the method reported earlier [4, 5]. The
conservation Equations contain source terms that
utilize mass, momentum and energy interaction
between the gas and particles. Since the model
was developed for dilute phase conveying, all
types of particle-particle interactions are ignored.
The model does not account for mass transfer
between the phases. Hence only the sources due
to the following were considered: particle-wall
friction, gaswall friction, gas-particle heat
transfer, drag due to dlip between the phases &
gravitational force for both the phases. The
detailed model, its assumptions, constitutive
Equations, solution methodology and its
performance can be obtained from our earlier
work by neglecting the terms that contain radial
derivative [4]. Evaluation of source terms
requires a number of constitutive Equations for
various parameters and is available in [4]. Gas-
wall friction was determined by the well known
Blasius Equation, which has been widely
accepted to represent the gas-wall friction
accurately. In the present work, the applicability
of various correlations for drag coefficient and
particlewall friction has been tested by
comparing the smulation results with the
published experimental data[8, 9].

ESTIMATION OF DRAG COEFFICIENT

A list of correlations that has been used widely
for determining the single-particle drag
coefficient in the simulation of fast fluidized
beds, circulating fluidized beds, risers &
pneumatic conveying by various researchers [ 10-
17] isgiven in Table 1. These have been used in
various one and two-dimensional simulation of
gas-solid flow problems. The ranges of Reynolds
number for which the correlations are applicable
are also presented in Table 1.

While considering the effects of presence of
multiple particles, the drag force per unit length
that exists between gas and solid phases is given
as[18]

_ 3ACdAST 4 (ug —u,)?
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(1)

where Cd represents the single particle drag
coefficient.

Fq
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ESTIMATION OF PARTICLE-WALL
FRICTION

Among several equations available for prediction
of particleewall friction and initial solids
velocity, choice of an appropriate equation is
difficult [19]. From the mass flow rates of gas
and solids, pressure drop and porosity data from
pneumatic conveying experiments, the particle-
wall friction have been calculated and provided
in the literature using an Equation of the form,

. _AR[ 2D .
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where f, represents friction factor for solids. The
detailed experiment and the calculation of solids
friction factor from a typicad pneumatic
conveying experiment are avalable in the
literature [20]. A list of correlations that have
been developed from such pneumatic conveying
studies and published in the literature [20-24] is
given in Table 2 which covers the wide range of
particles sizes, mass flow rate of gas and
particles, void fraction etc.

RESULTS & DISCUSSION

Pressure drop is an important parameter in the
design of the pneumatic conveying systems for
disposal of dugt, fly ash etc. The requirements of
the blower/vacuum equipment are determined
from the pressure drop along the conveying line.
Pressure drop in a pneumatic conveying is due to
the cumulative effects of particle acceeration,
gas-wall friction, gas-solid friction, drag and
gravitational forces [9]. During the particle
acceleration, the particles gain momentum from
gas by virtue of which their velocity increases to
alarge value from itsinitial velocity (a very low
value). High pressure drops are experienced in
the acceleration region, due to high relative
velocity in that region. After the acceleration
region, the gas and solid phase velocities
practicaly remain constant. The length of
acceleration region depends on the relative
amounts of gas and solid flow, particle size etc.
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Table 1: Correlationsfor estimation of single particle drag coefficient.
Correlation Reference No. Equation No.
10 3
cd=—2 [1+ﬁj;ReP<o.01 [10] 3
p Re, p
cd =—2(1+10%); 0.01< Re»< 1.5
P Re,
x = -0.883+0.906 |og(Rep)-0.025[l og(Rey)]2
cd=—2 (1+ 0.138Re%™2); 1.5< Rep < 133
P Re,
log(Cd) = 2.0351-1.66(L )+0.3958(L %)-0.0306(L>);
40< Re» <1000
Re, = rq(ug-us)D,
My
_24/ . 11 4
Cd=2), iRep<1 [11] 4
Cd=0.44; Rep > 1000
2 [12] ©®)
Cd = (0.63+ 4'?5j
€p
1
cd = [0.336+£3j [13] (6)
Re
Re - Ayl 4(ug—us)D,
Ay
14 7
Cd = 0.4+£+—4 4 @
Rep Red®
[15] 8
Cd = [0.28+A+ 605J
Re, Rep
cd =181+ 0.125Re )| ; Re, < 1000; [16] ©)
Cd =0.445; Re, > 1000
cd =181+ 0.1(Re)) [17] (10)
Table 2: Correlationsfor estimation of particle-wall friction
Correlation Reference No. Equation No.
W -0.115 u.D 0.339 [21]
f, =o.oos{—9j [ g p} ; W =mydmy (11)
Mo u,D
15 [20]
e, u u;e
f, =0.0017 —— P (12)
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555D [20]
p= W (14)

p




K.S. Rajan/Int.J.ChemTech Res.2012,4(4)

1317

B [22]
e e
f,= A{—p] {—u‘ . J ; (15)
€q Ug —Up
A =0.0126 & B=-0.979; uy > u,
A=0.041& B =-1.021; uy < u
f, =0.048(u, | %; Dp = 20um, u,= 3.5-22.9m/s [20]
(16)
f, =0.074u,2"™; uy= 3.0-6.7m/s [20]
(17)
f, =0.0285u;'(gD)*°; D=26.5- 46.8 mm [23]
u,= 1-10 m/s (18)
A, = 0.082 W O%Fr®®Fr 2D/ d,)** ;d, > 500um [24]
Az =21 W*FrFr (DI dp)*t;d, < 500um (19)
AP = ,psULW/(2D) ; W = mJmj : Fr = u?/gD
Frs=u?/gD

COMPARISON OF CORRELATIONS FOR
DRAG COEFFICIENT

Correlations in the Table 1 were tested for their
applicability to predict the pressure drop. Some
literature studies show the comparison of drag
coefficients predicted from different correlations
for a wide range of particle Reynolds number
(Re,). Since, pressure drop is more important
from the economic design aspects, these
correlations were tested for their applicability to
predict pressure drop. This may yield a wide
choice of expressions suitable to design/simulate
dilute phase pneumatic conveying. The
experimental data were so chosen from the
literature such that the simulations were carried
out with fine and coarse particles, with a wide
range of solid to gas mass ratios.

Poikoainen et al. [9] presented the experimental
data for the pressure drop in the pneumatic
conveying of ceramic particles of 64 um
diameter through a duct of 19.2 cm diameter, at
different solids feed rates and gas velocities. The
pressure drop data were measured after 4 meters
from the bottom of the conveying duct, thereby
eliminating the pressure drop in the acceleration
zone. A plot of solids friction factor and solids
velocity, from their experimental data was also
presented. Their data was utilized for

comparison of different expressions for drag
coefficient. Simulations were done using the
correlations listed in Table 1 for a particular
value of gas and solid flow rates, thus for a fixed
value of solid-gas mass ratio to predict the
pressure drop for 5 m length after the
acceleration zone. The simulations were
repeated for different solid-gas mass ratios. The
numerical value of wall-particle friction factors
were taken from their work. It was observed that
amost al the correlations in the Table 1
predicted the pressure drop very closer to the
experimental value, with a very little absolute
error of less than 1%. This behavior can be
explained as follows: Since the smulated and
reported pressure drops do not include the
acceleration region, the velocities of both the
phases in the portion of the conveying duct under
simulation (after acceleration region) are fairly
constant. Also with finer particles, the dip
velocity (difference between the gas and solid
velocity) is less, further reducing the pressure
drop due to drag. To compare the true
performance of correlations, the simulations
were performed for 1m length of the acceleration
region from the bottom to predict the pressure
drop for the solid-gas mass ratios of 0.415 &
3.178. The results are shown in the Figure 1.
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Figure 1. Comparison of pressure drop predicted for acceleration region using the Equations (3) to
(10) for the dilute phase conveying of 64 mm ceramic particlesthrough a duct of 0.192 m.
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Figure 2. Comparison of pressure drop predicted using the Equations (3) to (10) and the
experimental data of [8] for the dilute phase conveying of 5 mm polythene particles through a tube

of 5.34 cm.

It can be seen from the Figure 1 that the pressure
drop in the acceleration region increases with the
increase in solids-gas flow ratio. This is
attributed to the fact that the presence of more
solids results in their decreased acceleration,
thereby increasing the slip velocity and hence the
high pressure drop in the acceleration region.
The RMS errors in the pressure drop prediction
among the different correlations were 0.9 and
9.92 for the solid-gas mass ratio of 0.4175 and
3.178 respectively. Equations (3), (4), (6), (7) &
(8) were found to predict pressure drop closer to
each other with much lesser RMS errors. Drag
force increases with the particle size, due to
slower acceleration or larger dip velocities.
Hence, the comparison of these correlations for a
larger particle size was necessary to complete the

analysis. Woodhead et al. [8] presented the
pressure drop data for the pneumatic conveying
of 5 mm polythene particles through a duct of
534 cm a different gas velocities and
suspension densities. The pressure drop included
the acceleration region aso. Capes and
Nakamura Equation [20] was used to estimate
the particlewall friction. Simulations were
performed using the correlations for various
solids-gas mass ratios from 1.7 to 7.8 and the
results are plotted in Figure 2. Figure 2 shows
the measured pressure drop and the pressure
drop predicted from correlations as a function of
the solids-gas mass ratio. The deviations are
large at the larger solids-gas ratio, due to higher
dip and higher drag. A statistical analysis was
performed and the RMS errors for these
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correlations were estimated. The Equations (3),
@, 5), (7) & (9) had RMS errors lesser than
0.35, while the other correlations showed RMS
errors in the range of 0.65-1.55 for the prediction
of pressure drop. Hence, it can be concluded that
the Equations (3), (4), (5), (V) & (9) can be
satisfactorily utilized for the design and
simulation of pneumatic conveying of large
particles (5 mm) and for wide range of solids-gas
mass ratios (1.7-7.8). The best correlation under
review for the smulation of data in [8] is the
correlation of Kaskas [14] with a RMS error of
0.22 for pressure drop prediction.

From the simulations carried out in the present
study and the comparison with experimental data
in [8] and [9], it can be concluded that the
Equations (3), (4) & (7) can be used for the
simulation of pressure drop in pneumatic
conveying of particlesin the size range 64 [1m to
5 mm and solids-gas mass ratio in the range of
04-78.

COMPARISON OF CORRELATIONS FOR
WALL-PARTICLE FRICTION Correlations
in Table 2 were tested for their applicability to
predict the pressure drop through estimation of
wall-particle friction. The simulations were
performed for the conveying of ceramic
spherical particles of 64 um through the duct of
19.2 cm for various solids-gas mass ratios. The
correlations in the Table 2 were used to predict

300

o Eqn. (11) ° Eqgn. (12) .
25011 " Egn. (13) x Eqn. (14)
* Eqn. (15) © Eqgn. (16)
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EZOO - Eqn. (19) ©-exp
] : B
E 150 . .
@ 100 1
T % ' é Q
T 3
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Solids-gas mass ratio (-)
Figure 3: Comparison of pressure drop
predicted using the Equations (11) to (19) and
the experimental data of [9] for the dilute
phase conveying of 64 mm ceramic particles
through a duct of 0.192m.
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the particle-wall friction in the model for each
solids-gas mass ratio. For the estimation of drag
coefficient, the Equation 5 was used, as proposed
in the previous section of this article. The results
were compared with the experimental datain [9].
The range of solidsgas mass ratio for the
simulation is 0.4-4. The results are plotted in
Figure 3, as pressure drop-solids-gas mass ratio
relationship predicted using different correlations
for wall-particle friction. It can be seen from the
Figure 3 that most of the correlations predict the
pressure drop with large deviation from the
experimental value. It can aso be seen that the
Equation (19) predicts the pressure drop closely
with the experimental data, when compared with
the other correlations. The RMS error for the
data predicted by Equation (19) was 5 Pa/m,
while the other correlations had RMS errors in
the range of 16-90 Pa/m for the prediction of
pressure drop. Since the prediction of Equations
(11), (12), (16) & (18) are fairly closer to each
other and have the same behavior as that of the
experimental data; they can be improved by
altering the empirical constants in these
Equations. This also indicates the strong effect of
particle size and mass flow ratios on the wall-
particle friction. Hence Equation (19) and the
Equations (11), (12), (16) & (18) (with different
constants) may be used for design and simulation
for particlesin the micron size range.

35
—Exp o Egn. (12)

307 | » Egn. (12) x Eqn. (14) *
E x Eqn. (15) © Eqn. (16) '
B 27|+ Eqn(17) - Eqn(19) :
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0 : ) ; 3
o 15 b X :
0 gt

5 i
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Solids-gas massratio (-)
Figure 4. Comparison of pressure drop
predicted using the Equations (11) to (19) and
the experimental data of [8] for the dilute

phase conveying of 5 mm polythene particles
through atube of 5.34 cm.

To study the performance of these correlations
for large sized particles, simulations were

14
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performed for the conveying of ceramic
spherical particles of 5 mm diameter through the
tube of 5.34 cm for various solids-gas mass
ratios in the range of 1.7 — 12.4. Figure 4 shows
the comparison of pressure drops predicted by
different correlations and the experimental data.
Again, the predictions from different correlations
are different to alarge extent. Statistical analysis
shows that the correlation of Capes and
Nakamura [20] predicts the pressure drop with a
RMS error of 0.67 mbar/m. Equations (11), (12),
(13), (17) & (18) had RMS errors between 1.3
and 2.9 mbar/m for pressure drop prediction.
Since the pressure drop values are less, higher
deviations will result in too an erroneous
prediction. The deviations are more pronounced
at higher solids-gas mass ratios, indicating that a
correlation suitable for the simulation of large
particle flow at high solids-gas mass ratios needs
to be developed.

CONCLUSIONS

The prediction of pressure drop is critical for the
design and simulation of pneumatic conveying
equipments. The economy of a pneumatic

NOMENCLATURE
ALPHABETS
A Cross-sectional Area (n?)
Cq Drag Coefficient (-)
D Diameter of duct (m)
Dp Diameter of particle (m)
fo Particle-wall friction factor (-)

m Mass flow rate (kg/s)

AP Pressure drop (Pa)

Re, Particle Reynolds number (-)

Re Reynolds number (-)

u Actua velocity (m/s)

W Solids-gas mass flow ratio (-)

L Length (m)

Fq Drag force per unit length (N/m)
Fr Froude number (-)
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conveying operation for dust disposal depends
on the pressure drop in the conveying line. Since
the pressure drop estimation involves
determination of number of forces acting on the
solids and the gas, various correlations proposed
in the literature for the prediction of drag
coefficient and wall-particle friction were tested.
Some of the existing correlations for the
prediction of drag coefficient have been found to
be satisfactory for particles of small and large
size (64 [I/m & 5 mm) for a wide range of mass
flow ratios (0.4 — 7.8). The existing correlations
for the prediction of wall-particle friction
estimate the pressure drop with alarge error, for
the large particles at high solids-gas mass flow
ratios, indicating the necessity for more
experimental investigations in these operating
conditions.
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GREEK SYMBOLS
P Density (kg/m°)
1 Viscosity (kg/m.s)
€ Volume fraction of phase (-)
by Friction factor in Equation 19 (-)

SUBSCRIPTS & SUPERSCRIPTS
g Gas phase
p Particle
S Solid phase
t Terminal
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