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The effect of particle size distribution on the hydrodynamics of dilute-phase pneumatic conveying system
was analyzed using computational particle fluid dynamics (CPFD) simulation. The influence of a simula-
tion parameter, i.e., correction factor of drag coefficient (k), on the hydrodynamics of pneumatic convey-
ing system was determined via CPFD simulation. When results of simulation were compared with
experimental data of previous studies, the average error of pressure drop per length predicted by the
CPFD approach with the correction factor was below 4.4%. Saltation velocity and the pressure drop per
unit length declined as the drag force coefficient increased. Simulation results also revealed that the pres-
sure drop per length and the saltation velocity were decreased when the fine powder fraction in the par-
ticle size distribution was increased, although the width of particle size distribution was widened, and
the standard deviation was increased. Finally, the Relative Standard Deviation (RSD) of pressure drop
per length was measured and compared with median diameter (d50), Sauter mean diameter, geometric
mean diameter, and arithmetic mean diameter. The RSD of the Sauter mean diameter was 5.8%, approx-
imately twice less than the RSD value of d50 commonly used in pneumatic conveying.
� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

A pneumatic conveying system is widely used in various indus-
tries such as agriculture, chemical manufacture, pharmaceuticals,
paints, mining, mineral processing, rubber, and electric power gen-
eration [1–6] due to its many advantages such as dust-free trans-
portation, particle transmission via horizontal and vertical
pipelines, and particle transportation by bending sections into var-
ious shapes. In addition, the cost of maintaining the pneumatic
conveying system is relatively low. Thus, this system can be used
to transport valuable materials safely at no additional cost [7,8].
This system is also relatively easy to automate and control [3].
Nonetheless, the prediction of gas–solid flow behavior and the
interaction between particles and walls are complex. Furthermore,
several studies have reported effects of particle parameters such as
sphericity, particle size, particle density, and particle–wall interac-
tions such as particle wall adhesion and wall roughness on hydro-
dynamics of pneumatic conveying system using Computational
Fluid Dynamics (CFD) [9–13]. Thus, the pneumatic conveying sys-
tem needs to consider these fluidization behavior, as well as parti-
cle properties, to construct the system [14].

The pneumatic system has recently attracted increased atten-
tion for transportation of offshore drillings. Following offshore dril-
ling operations, the particle size generally shows a wide
distribution ranging from 100 to 2000 lm [15]. Although the par-
ticle size significantly affects saltation velocity during particle
transmission, to the authors’ best knowledge, the effect of particle
size distribution (PSD) on pneumatic conveying system has not
been investigated comprehensively yet [14]. Until now, the empir-
ical correlations for the pneumatic conveying system have been
developed using the median diameter (d50) representing the PSD.
The particle size was considered uniform during CFD simulation
of the pneumatic system [16–19]. Although the role of PSD in a
pneumatic conveying system has yet to be reported, studies have
investigated changes in pick-up velocity when two solid species
are combined [20]. The variance in the PSD of a pneumatic convey-
ing system may alter the flow regime under the same flow rate,
thus affecting operating conditions. CFD and Discrete Element
Method (DEM) are usually not appropriate for determining the
effect of PSD due to a high computational cost [21–23]. Compared
with CFD or DEM simulations, Computational Particle Fluid
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Nomenclature

Ap Acceleration of particle, [m/s2]
Ar Archimedes number, [–]
Cd Drag coefficient, [–]
D Combined drag function, [1/s]
D1 Wen and Yu drag function, [1/s]
D2 Ergun drag function, [1/s]
Dp Average particle drag function, [1/s]
Dp Drag function at the particle location, [1/s]
Dt Internal diameter of pipe, [mm]
Dt,50 Internal pipe with a diameter of 50 mm [mm]
di Particle diameter of bin i, [lm]
d10 10 percentile diameter, [lm]
d50 Median diameter, [lm]
d90 90 percentile diameter, [lm]
di Diameter of ith particle, [lm]
dsv Sauter mean diameter, [lm]
dgo Geometric mean diameter, [lm]
dar Arithmetic mean diameter, [lm]
F Momentum transfer between the fluid and solid phases,

[N]
f Probability distribution function derived from Liou-

ville’s equation, [–]
g Acceleration due to gravity, [m/s2]
g1 Blending function introduced by Peter et al. [31], [–]
k Correction factor of drag coefficient, [–]
n Superficial gas velocity designated point, [–]
ni Number of particles in bin i, [–]
p Fluid pressure, [Pa]
ps Solid pressure in Eulerian CFD; positive constant for

particle normal stressinCPFD [Pa]
DP
L Pressure drop per length, [Pa/m]
Re Reynolds number, [–]

rn Normal-to-wall momentum retention, [–]
rp Radius of particle, [lm]
rt Tangent-to-wall momentum retention, [–]
Si Standard deviation of particle size distribution desig-

nated point, [–]
uf Gas phase velocity, [m/s]
ug Superficial gas velocity, [m/s]
up Solid phase velocity, [m/s]
�uP Drag-averaged particle velocity, [m/s]
up;n Velocity of Nth particle, [m/s]
Vp Particle volume, [m3]
Xp Modified acceleration due to constant stresses, [m/s2]
Xj Superficial gas velocity designated point, [–]
xp Particle position, [m]

Greek symbols
e Constant of inter-particle normal stress, [–]
b Constant of inter-particle normal stress, [–]
hcp Particle volume fraction when particle is packed, [–]
hp Particle volume fraction, [–]
hf Fluid volume fraction, [–]
qf Fluid density, [kg/m3]
qp Particle density, [kg/m3]
�qp Mass-averaged particle density, [kg/m3]
sf Fluid stress tensor, [Pa]
sp Inter-particle normal stress, [Pa]

Subscripts
f Fluid
p Particle
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Dynamics (CPFD) enables calculation of a wider PSD using the MP-
PIC (Multiphase Particle-in cell) method [22,24–27]. Thus, CPFD
simulation was used to confirm hydrodynamic changes in the
pneumatic conveying system according to changes in PSD. Bar-
racuda�, a commercial code for CPFD simulation was used in this
study.

CPFD has been investigated in many fields, but rarely in pneu-
matic conveying [28–30]. In case of a dense phase involving a ver-
tical pneumatic conveying system, CPFD simulation can
adequately predict actual experimental results [30]. In case of a
dilute phase in a horizontal pneumatic conveying system, effects
of simulation parameters (normal-to-wall momentum retention
(rn) and tangent-to-wall momentum retention (rt)) of CPFD simula-
tion have been confirmed. When the retention value of particle
wall momentum is 0.98, the simulation can adequately predict a
diluted horizontal pneumatic conveying system, similar to actual
experimental results [29,30]. However, the effect of drag force on
simulation has not been analyzed and a pneumatic conveying sys-
tem using CPFD simulation has yet to be interpreted.

Therefore, effects of drag force coefficient and PSD on the
hydrodynamics of a horizontal pneumatic conveying system were
investigated in this study and the appropriate value of drag force
coefficient was determined. Furthermore, four types of average
particle size based on median diameter (d50), Sauter mean diame-
ter (dsv), geometric mean diameter (dgo), and arithmetic mean
diameter (dar) for the pneumatic conveying system were compared
with calculated values of relative standard deviation (RSD) follow-
ing CPFD simulation in order to select the appropriate particle
diameter.
2337
2. Modeling

2.1. Governing equations for CPFD

The CPFD method was used to calculate the three-dimensional
momentum of particles and fluids. The fluid phase was calculated
using the Navier-Stokes equation, while the discrete solid phase
was determined by grouping similar particles into cells using a
Multi-Phase Particle-In-Cell (MP-PIC) numerical method. Both fluid
and solid phases were coupled with the interphase drag force [21].

The governing equation varied with fluid and particle phases.
The fluid phase was calculated using Eq. (1):

@

@t
qf hf

� �
þr � qf hf uf

� �
¼ 0 ð1Þ

The momentum of the incompressible fluid was calculated
using Eq. (2):

@

@t
qf hf uf

� �
þr � qf hf uf uf

� �
¼ �rp� F þ qf hf g þr � ðhfsf Þ ð2Þ

In Eq. (2), qf was fluid density, hf was fluid volume fraction, uf
was fluid velocity, p was fluid pressure, sf was fluid stress tensor,
g was acceleration of gravity, and F was the rate of momentum
exchange per volume between fluid and particle phases:

F ¼
ZZZ

fVpqp½Dp uf � up
� �� 1

qp
rp�dVpdqpdup ð3Þ

where Vp was particle volume, up was particle velocity, qp was par-
ticle density, Dp was the drag function at the particle location, and f
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was the distribution function calculated using the Liouville’s equa-
tion [21].

Particles were analyzed via Eq. (4) using the Lagrangian
method:

Ap ¼ dðupÞ
dt

¼ Dp uf � up
� ��rp

qp
þ Xp þ g ð4Þ

In the modified stress term (Xp), individual particle acceleration
represented a blend between particle acceleration and the original
MP-PIC method, which was appropriate for rapid granular flow
(the first term on the right-hand side of Eq. (5)) and the average
particle acceleration in a close-packed state.

Xp ¼ �rsp
q
�
php

þ g1ðhpÞ½Dp

�
uf � u

�
P

� �
� Dp uf � up

� �� ð 1
q
�
p

� 1
qp

Þrp

ð5Þ
The term u

�
Pin Eq. (5) represented the drag-averaged particle

velocity and q
�
pwas the mass-averaged particle density. The term

g1denoted the blending function introduced by Peter et al. [31].
Eqs. (4) and (5) represented aerodynamic drag, in which sp denoted
inter-particle normal stress expressed in Eq. (6):

sp ¼
psh

b
p

max½ hcp � hp
� �

; e 1� hp
� �� ð6Þ

whereeIn Eq. (6), e whereewas a small numerical constant denoting
inter-particle normal stress. It was used to calibrate when particles
were closely packed. In this study, the value of ewheree was about
10-7. The constant ps was expressed in units of pressure. It was also
used to calibrate the value of sp. hcphcp represented the fraction of
particle volume when particles were packed. b was also a constant
indicating inter–particle normal stress, with a value normally rang-
ing from 2 to 5 and a default value of 3. Since the value of hphp does
not reach hcphcp, the value of s is not generally large [32]. Thus, the
particle–particle interaction did not have a relatively large effect.

The particle position was calculated using Eq. (7):

dxp
dt

¼ up ð7Þ
2.2. Drag models

Wen and Yu correlation [33] is known to generally fit well with
a dilute system while the Ergun equation [34] is appropriate for
packed particles. Gidaspow [35] has proposed a drag function by
combining these two expressions. The combined drag function is
expressed as:

Dp ¼
D1 hp < 0:75hcp

ðD2 � D1Þð hp�0:75hcp
0:85hcp�0:75hcp

Þ þ D1 0:85hcp � hp � 0:75hcp
D2 hp > 0:85hcp

8><
>: ð8Þ

In Eq. (8), hp represents the volume fraction of the particle, hcp is
the volume fraction of close packed state, and D1 refers to the value
derived from the Wen and Yu drag model [33] based on Eq. (9):

D1 ¼ 3
8
Cd

qf uf�
�� up

��
qprp

ð9Þ

Cd represents the drag coefficient in the Wen and Yu equation:
Cd ¼
k� 24

Re � h�2:65
f Re < 0:5

k� 24
Re � h�2:65

f ð1þ 0:15Re0:687Þ 0:5 � Re � 1000

k� 0:44� h�2:65
f Re > 1000

8>><
>>:

ð10Þ
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The constant k is a correction factor of drag coefficient used to
increase or decrease the value of Cd to fit experimental data [36].

The Ergun equation can be expressed as Eq. (11):

D2 ¼ 0:5
180� hp
hf Re

þ 2
� �qf uf�

�� up

��
qprp

ð11Þ
3. Simulation set-up

Geometry, particle properties, and operating conditions were
similar to those in previous experiments [30]. The fluid flow was
isothermal and incompressible. Effects of gravity were considered.
Note that no chemical reaction was included here as the system
was designed to transfer materials, not to act as a reactor.

3.1. Geometry and grid resolution

The pneumatic conveyer used in the previous study [30] had an
inlet diameter of 81 mm and a length of 11.5 m. However, as this
geometry required prolonged computational time to simulate a
pipe, an optimization simulation of the pipe length was conducted.
As shown in Supplementary Fig. 1, the particle velocity and volume
fraction converged to a constant value less than 1.7% of the relative
error of 1.5 m in length. As the particle velocity and particle vol-
ume fraction profiles stabilized at approximately 1.5 m, the pipe
length was set to be 3 m for CPFD simulation.

The geometry was meshed with a built-in module in Barracu-
da� software as shown in Fig. 1. The mesh consisted of 765,625
cells (35 � 35 � 525) in total, with each cell measuring 2.3 � 2.3
� 5.7 mm in size. Here, the resolution of the grid was selected fol-
lowing a mesh independence test as described in Fig. 2. When the
grid resolution was less than 20 � 20 � 525, the pressure drop per
length was underestimated, implying that the simulation did not
accurately reflect the wall effect. When the grid resolution was
greater than 20 � 20 � 525, the value of pressure drop per length
converged to less than 1.7% of the relative error as shown in Fig. 2.
Thus, the grid resolution was selected as 35 � 35 � 525. The com-
putational time was approximately 24 h with a grid resolution of
35 � 35 � 525. Specifications used for the simulation were Intel�

I7-8700K & NVIDIA Titan XP, RAM 32 GB).

3.2. Material properties

Particle characteristics were similar to those reported in a pre-
vious study [30], including a particle density of 2,715 kg/m3 and a
d50 of 290 lm. To evaluate the effect of PSD on the hydrodynamics
of the pneumatic conveying system, the width of PSD was changed.
Selection of appropriate PSD function is necessary in order to elim-
inate the shape effect. Many previous studies have used log normal
distribution as a PSD [37–43]. Furthermore, the sample size of drill
cuttings followed a log normal distribution. In this study, d50 was
fixed at 290 lm. The standard deviation of log normal distribution,
i.e., the width of PSD was altered as depicted in Fig. 3.

To determine the most appropriate type of particle mean diam-
eter in the pneumatic conveying system, the PSD was changed
while fixing each type of particle mean diameter constant as
shown in Table 1. The width of PSD was changed by selecting dif-
ferent standard deviations of log normal diameter distribution,
while one of these mean particle sizes based on four different
parameters (i.e., d50, dsv, dgo and dar) was held constant.

3.3. Initial and boundary conditions

The initial air flow was set in the absence of particles, assuming
that the initial pressure inside the pneumatic conveyer was set to



Fig. 1. The computational domain of geometry.
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be 1 atm of air without particles. The superficial gas velocity ran-
ged from 14.8 to 30 m/s. The air density was 1.2 kg/m3 and the
temperature was fixed at 298 K. The outlet pressure was main-
2339
tained at atmospheric pressure (101325 Pa). The inlet pressure var-
ied with pressure variance in the pneumatic conveying pipe. The
initial particle velocity at the inlet boundary was set to be 0. The
solid mass feed rate was fixed at 0.3 kg/s, similar to previous exper-
imental conditions [30]. A bounce-back condition was used to
model particle–wall interactions, assuming that 95% of normal
and 98% of the tangential momentum of particles were retained
after collision with the pipe wall, i.e., a normal-to-wall momentum
retention (rn) = 0.95, and a tangent-to-wall momentum retention
(rt) = 0.98 in the Barracuda set-up. These values were confirmed
to be appropriate under simulation conditions [29,30].

3.4. Simulation time and convergence criterion

The simulation was calculated in a transient state. The initial
time step was set to be 0.0001 s. However, the time step was
adjusted with the mesh and parcel for the computational accuracy
using the Barracuda Courant-Friedrichs-Lewy (CFL) algorithm [44].
The lower and upper limits of the CFL algorithm were set to be 0.8
and 1.5, respectively. To ensure a steady state of simulation, the
pressure drop per length was determined over time. Pressure drop
per length was calculated from 2.5 m to 3 m of length. After 1 s, as
shown in Fig. 4, the pressure drop per length was converged to a
constant value, less than 1.3% of the relative error. Based on these
results, the simulation time was set to be 3 s. Limited residual val-
ues for convergence were set to be 10�7, 10�8, and 10�7 for volume,
pressure, and velocity, respectively. A large eddy simulation (LES)
was used, in which large eddies were directly calculated. The
subgrid-scale (SGS) turbulence was calculated using the Smagorin-
sky method [45].

4. Results and discussion

4.1. Drag force coefficient

Although the value of the correction factor of drag coefficient
(k) commonly used in Barracuda� is 1, many previous studies have
reported that this value may differ depending on experimental
conditions [46–48]. A previous study of a circulating fluidized
bed similar to the pneumatic conveying system has shown that a
k value of 0.7 fits well [47]. In addition, the Wen & Yu-Ergun drag
model, which was used in this study, overestimated the drag force
in a circulating fluidized bed riser under CPFD simulation [49].
Therefore, the effect of k on simulation was confirmed and



Table 1
Particle size distribution in cases showing log normal distribution (log X ~ N (l, r2), d:lm).

Item l r d10 d50 d90 dsv dgo dar

Case 1 5.67 0 290 290 290 290 290 290
Case 2 5.67 0.26 207 290 406 281 291 301
Case 3 5.67 0.6 135 290 625 248 295 349
Case 4 5.67 0.69 119 290 705 235 296 372
Case 5 5.67 0.92 90 290 938 201 301 445
Case 6 5.67 1.1 71 290 1186 172 306 532
Case 7 5.3 0 201 201 201 201 201 201
Case 8 5.33 0.26 148 207 290 201 208 215
Case 9 5.46 0.6 109 235 507 201 239 284
Case 10 5.51 0.69 102 248 603 201 253 318
Case 11 5.67 0.92 90 290 938 201 301 445
Case 12 5.83 1.1 83 340 1391 201 359 624
Case 13 5.7 0 300 300 300 300 300 300
Case 14 5.7 0.26 214 300 420 291 300 311
Case 15 5.69 0.6 137 296 637 253 300 357
Case 16 5.68 0.69 121 294 715 239 300 377
Case 17 5.67 0.92 90 290 938 201 300 445
Case 18 5.65 1.1 70 285 1167 169 300 524
Case 19 6.1 0 444 444 444 444 444 444
Case 20 6.06 0.26 306 428 600 416 430 444
Case 21 5.91 0.6 171 369 794 315 375 444
Case 22 5.848 0.69 143 347 842 281 354 444
Case 23 5.67 0.92 90 290 938 201 301 444
Case 24 5.49 1.1 59 242 990 143 255 444

Time, [sec]

0.0 0.5 1.0 1.5 2.0 2.5 3.0

P
re

ss
ur

e 
dr

op
 p

er
 le

ng
th

, [
P

a]

0

100

200

300

400

500

600

Superficial gas velocity=22 m/s , Solid mass flow rate = 0.3 kg/s

Fig. 4. Pressure drop per length over simulation time at ug of 22 m/s and solid mass
flow rate of 0.3 kg/s.

Superficial gas velocity, [m/s]

10 12 14 16 18 20 22 24

P
re

ss
ur

e 
dr

op
 p

er
 le

ng
th

, [
P

a/
m

]

0

50

100

150

200

250

k=0.1
k= 0.3
k= 0.5
k= 0.7
k= 0.9
k= 1
Experiment data

Fig. 5. Pressure drop per length with a changing correction factor of drag coefficient
and a fixed solid mass flow rate at 0.3 kg/s.

Woo Chang Sung, Jun Young Kim, Seok Woo Chung et al. Advanced Powder Technology 32 (2021) 2336–2344
experimental and simulation results were validated by changing
the k value in the method used in previous studies [50].

The pressure drop per length under various k values is depicted
in Fig. 5. The pressure drop per length was averaged over time from
2 s to 3 s. Previous experimental data [30] were used to validate
simulation results. As expressed in Eq. (10), k is a scalar product
of the drag force. As the k value changed, the value of drag force
also varied. In the pneumatic conveying system, the drag force is
related to saltation velocity, which refers to the velocity at which
the total pressure drop per unit length of the flow is minimum
[51–53]. Also, it is the minimum velocity required for conveying
solids without formation of stationary beds and dunes at the bot-
tom of the pipe [54]. As demonstrated in previous studies, the
saltation velocity where the pressure drop per length changes
rapidly (Fig. 5) decreased as the value of k increased. Previous stud-
ies have reported that drag force is a significant value of saltation
velocity [9,10,54–56]. As the value of k increased, the drag force
increased the particle velocity as well, but decreased the saltation
velocity.
2340
However, the pressure drop per length decreased as the k value
increased. The slip velocity of a particle is related to the drag force
[46] thus increasing the drag force increases the particle velocity.
When superficial gas velocity was 21.64 m/s and the solid mass
flow rate was set to be 0.3 kg/s, the particle velocity was increased
when the k value was increased as shown in supplementary Fig. 1
(A). Increasing the particle velocity decreased the particle resi-
dence time, which decreased the particle volume fraction inside
the pneumatic conveyer as shown in supplementary Fig. 1 (B). As
a result, a decrease in k value triggered a decrease in pressure drop.

However, when simulation results were compared to experi-
mental results reported in the previous study [30], experimental
results of the saltation velocity (the total pressure drop per length
becomes minimum) and pressure drop values adequately matched
when the k value was set to be 0.5 (Fig. 5). Experimental data and
simulation results of pressure drop per length with solid mass flow
rate fixed at 0.25 or 0.35 kg/s are depicted in supplementary Fig. 2.
Likewise, when the k value was 0.5, experimental results of the
previous study well matched with simulation results.
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4.2. Effect of particle size distribution

To validate the effect of PSD on the hydrodynamics of the pneu-
matic conveying system, the simulation was performed assuming a
log normal distribution as mentioned in Section 3. Although the
median diameter (d50) was fixed, the pressure drop per length var-
ied with the width of PSD as shown in Fig. 6. When the particle size
was mono-sized (case 1) and the PSD had a narrow distribution
(case 2), the saltation velocity, with a huge peak representing the
pressure drop per length, was approximately 15 m/s. As expressed
in supplementary Fig. 3, under the velocity at which the pressure
drop was rapidly decreased, particles accumulated and formed
dunes at the bottom of the pipe. Similar to previous studies
[51,54,57], before the saltation velocity, some particles were trans-
ported in the form of dunes while others were conveyed with the
air in pneumatic conveyor. However, when the PSD was wider
(cases 3–6), no significant change occurred in the pressure drop
per length. In case of mono-sized particles (case 1), some particles
were transported to the bottom forming dunes. However, when the
PSD was wider (cases 3–6), particles were transported in the dilute
regime, even in case 1 and case 6 operated at the same superficial
gas velocity (supplementary Fig. 3).

Differences in flow regime despite similar median diameter
(d50) are explained graphically by plotting particle velocity against
PSD (Fig. 7). The particle velocity according to each PSD was based
on altered standard deviation as shown in Fig. 7. The particle veloc-
ity was determined by calculating the average velocity of particles
passing through the pneumatic conveyer:
Particle average velocity ¼
Pn¼n

n¼1up;n

n
ð12Þ

As the PSD grew wider, the average particle velocity gradually
increased (Fig. 7) due to two reasons. First, as explained by Coussot
and Kaitna et al. [58,59], the small particle effect, in which fine par-
ticles suspended in the fluid, can alter the effective fluid properties
such as density and viscosity. Thus, fine particles are easily accel-
erated and suspended in air, which further accelerates coarse par-
ticles. Results of CPFD simulation showed that the velocity of
particles larger than 290 lm (case 6) was greater than the average
velocity of single-sized particles in case 1 as shown in supplemen-
tary Fig. 4. Second, the average particle velocity was gradually
increased as the PSD was widened due to an increase in the total
surface area of particles. The total surface area of particles was
1.69-fold larger in case 6, which had the widest PSD, than that in
case 1 with a single particle size. As the total surface area of the
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Fig. 6. Pressure drop per length with a changing particle size distribution and a
fixed solid mass flow rate at 0.3 kg/s.
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particles increased, the projected area of the drag force of the air
on the particles also increased, resulting in an increase in the aver-
age particle velocity [60,61].

In the dilute regime, particle velocity increased linearly with an
increase in superficial gas velocity, similar to the fixed up/ug value
regardless of the superficial gas velocity as described previously
[62]. However, Santo et al. [62] have proposed an empirical corre-
lation for up/ug as follows:

up

ug
¼ 1� 0:02½Ar � ð

qp � q
f

qf
Þ � ð Dt

Dt;50
Þ
�2

�
0:14

ð13Þ

where Ar represents the Archimedes number, Dt denotes inlet diam-
eter of pipe, and Dt,50 refers to internal pipe diameter of 50 mm.
Based on Eq. (13), the value of up/ug was 0.847 when d50 was
290 lm. However, when the PSD was changed while the d50 was
fixed, the value of up/ug showed a significant difference (Table 2),
suggesting that the pneumatic conveying system designed with a
correlation using d50 as a mean diameter might not represent the
particle property precisely.
4.3. Comparison of various mean particle sizes

In Section 4.2, effects of PSD magnitude on pressure drop per
length, up/ug, and the average particle velocity were investigated.
Unfortunately, several existing correlations did not consider the
effect of PSD as a parameter. Instead, they generally calculated
pressure drop per length or up/ug based on the average particle size,
especially median diameter (d50). Thus, most correlations do not
represent actual results since large errors can be generated using
the d50 value, which cannot show PSD variance. To minimize the
Table 2
Values of up/ug under
altered particle size
distribution and con-
stant d50.

Cases up/ug

Case 1 0.66
Case 2 0.69
Case 3 0.73
Case 4 0.75
Case 5 0.79
Case 6 0.82
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Fig. 8. Pressure drop per length under altered particle size distribution, (A) constant d50, (B) constant Sauter mean diameter (dsv), (C) constant geometric diameter (dgo), and
(D) constant arithmetic diameter (dar) with a fixed solid mass flow rate at 0.3 kg/s.
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error involving the previous correlation, it is necessary to confirm
the most appropriate particle mean size to express the PSD in the
pneumatic conveying system. Therefore, four parameters of aver-
age particle size (d50, dsv, dgo, and dar) were compared in this study.
Under different widths of PSD, cases 2, 8, 14, and 20 showed the
same PSD, whereas cases 1 to 6 showed the same d50 value. Cases
7 to 12 displayed the same dsv value. Cases 13 to 18 exhibited the
same dgo value and cases 19 to 24 carried the same dar as shown in
Table 1.

The pressure drop per length was calculated in those cases
while changing the superficial gas velocity (Fig. 8). Results of pres-
sure drop per length of cases 1 and 6 differed from those of cases 7
and 12. To quantify such differences, RSD was used. The RSD was
calculated by dividing the standard deviation by the average value
to indicate data spread [63]. The RSD value of the pressure drop per
length according to the PSD width was calculated under the same
superficial gas velocity condition. Calculated RSD values for each
superficial gas velocity were averaged. It was calculated using
the following equation.

RSD ¼
X10
j¼1

ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P6
i¼1

DP
Lð ÞSi ;Xj�

P6
i¼1

DP
Lð ÞSi ;Xj
6

0
B@

1
CA

2

6

vuuuuut
P6

i¼1
DP
Lð ÞSi ;Xj

6

Þ � 1
10

ð14Þ

where Xj was the superficial gas velocity of the designated point
(specifically, X1 = 14.1435 m/s, X2 = 14.8 m/s, . . .,X9 = 27.3 m/s,
X10 = 29.9 m/s, Fig. 8) and Si was the standard deviation of PSD of
the designated point (specifically S1 = 0, S2 = 0.26, . . ., S5 = 0.92,
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S6 = 1.1). If the average particle size accurately represented the
PSD, the pressure drop per unit length should be similar to the case
with the same average particle size but different PSD magnitude.
Thus, the smaller the RSD of the pressure drop per length, the better
the average particle size representing the entire PSD. The RSD of the
pressure drop per length according to the PSD magnitude was cal-
culated for different cases under a constant superficial gas velocity
and an average particle size (d50: case 1–6, dsv: case 7–12, dgo: case
13–18, dar: case 19–24). The RSD of pressure drop per length was
calculated and averaged by varying superficial gas velocities
(14 m/s–30 m/s).

The RSD calculated above is shown in Fig. 9. It was found that
the dsv of an average particle showed less error with the PSD mag-
nitude. Compared with d50 conventionally used for the pneumatic
conveying system, it was found that the error was about twice lar-
ger than the dsv under the same simulation conditions (ug = 14–3
0 m/s and solid mass flow rate = 0.3 kg/s). Compared with dsv,
the effect of fine particles was underestimated based on d50. How-
ever, the dsv was obtained by dividing the particle volume by the
particle surface using the following equation [64,65]:

dsv ¼
Pn

i¼1nid
3
iPn

i¼1nid
2
i

ð15Þ

where ni and di were particle number and diameter, respectively.
The Sauter mean diameter of spherical objects reflects the size
and the total surface energy of the objects is equal to the average
surface energy of dispersed particles [66]. Therefore, the Sauter
mean diameter reflects the effect of fine particles with a large sur-
face area relative to the same volume. However, the particle flow of
the fluid is greatly affected by the drag force between the fluid and



Type of average particle size

d50 dsv dgo dar

R
el

at
iv

e 
st

an
da

rd
 d

ev
ia

tio
n 

of
 p

re
ss

ur
e 

dr
op

 p
er

 le
ng

th
, [

%
]

0

2

4

6

8

10

12

14

d50 dsv dgo dar

Fig. 9. RSD of pressure drop per length for d50, dsv, dgo, dar, respectively. Superficial
gas velocity was changed from 14.8 to 30 m/s and the solid mass flow rate was fixed
at 0.3 kg/s.

Woo Chang Sung, Jun Young Kim, Seok Woo Chung et al. Advanced Powder Technology 32 (2021) 2336–2344
the solid. Since the drag force is related to the particle surface
energy, the dsv value has been used to determine the average parti-
cle size in many fluidized bed studies [67–69]. Also, as explained in
Section 4.2, in the pneumatic conveying system, the PSD variation
was attributed to the acceleration of large particles by moving small
particles at a high speed. The increase in the total particle surface
area due to an increase in the fraction of fine particles is described
in Section 4.2. Thus, dsv is more appropriate for the pneumatic con-
veying system than d50, the mean particle size.
5. Conclusion

A horizontal pneumatic conveying system was analyzed via
CPFD simulation in the present study. As the k value increased,
the saltation velocity diminished and the pressure drop per length
decreased due to an increase in average particle velocity. Based on
the effect of PSD on the hydrodynamics of pneumatic conveying
system, the PSD widened, leading to a rapid flow of small particles
between large particles that were also accelerated. As the PSD
widened, the fraction of fine particles increased together with
the total particle surface area. As the total particle surface area
increased, the particle area affected by air also increased, followed
by an increase in the average particle velocity. The method for
determining the average particle size appropriate for interpreting
hydrodynamics of the pneumatic conveying system was investi-
gated. The dsv was the most suitable parameter for interpreting
the hydrodynamics of the pneumatic conveying system. Accord-
ingly, the average RSD according to the PSD was 5.8%. It was estab-
lished that the average RSD was 2-fold less than the value obtained
with d50 conventionally used in a pneumatic conveying system.
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