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Rodlike particles have been usually found in industrial applications, such as the straw and needle catalyst
in energy and chemical engineering. Compared to spherical particles, rodlike particles exhibit different
behaviour in the packing structure due to their rotational movement. In this work, we have experimen-
tally explored the packing structure and its friction factor for fluid flow. The porosity of packing structure
generated by two packing methods is measured for four kinds of rodlike particles. The experimental
results show that the porosity of bed of rodlike particles in the poured packing is not a monotonic func-
tion of the aspect ratio of particles. This is due to the competition between the ‘‘self-fitting” effect and
excluded effect. The porosity of bed of rodlike particles is more sensitive to the packing method than that
of spherical particles. To describe the pressure drop of fluid flow through the packing structure, the Ergun
equation is further modified by introducing the modified Reynolds number and Galileo number. By
combing the experimental data for packed bed generated by the fluidised packing method, and other
experimental work in current literature, a new empirical equation is proposed to predict the friction fac-
tor of the packing structure of rodlike particles, in which the effects of the particle orientation and particle
shape are both considered by the equivalent sphericity. These experimental results would be of interest
from applied standpoints as well as revealing fundamental effects of the aspect ratio of rodlike particles
on the packing structure.
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Rodlike particles have been widely used in many industrial
applications, such as the straw in biomass utilization and the nee-
dle catalyst in chemical and pharmic engineering. During the pro-
cesses such as fluidisation and catalytic reaction, the pressure drop
and heat transfer of fluid flow as well as catalytic efficiency are
strongly affected by the porosity and the friction behaviour of
the packed bed. Compared to spherical particles, rodlike particles
exhibit unique behaviours, such as the rotational movement and
anisotropic distribution of particle orientation. However, the struc-
ture of the packed bed of rodlike particles up till now is still lacking
for rigorous elucidation. In order to generate sufficient information
for general applications, it is essential and practical to illustrate the
packing structure of rodlike particles and the friction behaviour of
fluid flow.

For the packed bed of rodlike particles, several researchers
[1–8] had experimentally measured the porosity, and showed that
the porosity strongly depended on the aspect ratio. For example,
Novellani et al. [7] found that the porosity of bed could increase
from 0.42 to 0.90 when the aspect ratio changed from 5 to 50.
Based on these experimental results, Parkhouse & Kelly [4], Zou
& Yu [5] and Rahli et al. [6] also proposed several empirical corre-
lations to predict the porosity of bed of rodlike particles. Besides
the porosity of bed in the experiments, the microscopic structural
information could be further extracted by numerical simulation
[9–17], such as the coordination number and particle orientation.
Williams and Philipse [9] found that the spatial correlations grad-
ually vanished with increasing the aspect ratio. Zhao et al. [12]
simulated the densely random packing of spherocylinders by using
an improved geometric-based relaxation algorithm, and showed
that the coordination number was not a monotonic function of
the aspect ratio. Meng et al. [13] simulated the packed bed of the
mixtures of rodlike particles with different aspect ratios, and pro-
posed an empirical correlation to predict the porosity of bed of
mixtures. Nan et al. [16] confirmed the strong tendency of horizon-
tal alignment of rodlike particles in the packed bed. However, as
different packing methods are used in these work, the underlying
mechanism of the effect of aspect ratio on the packing structure
is still needed to be further explored.
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The fluid flow through the packed bed of non-spherical particles
had been explored by several researchers through experiments
[18–26] and numerical simulations [27–37]. Among these work,
only limited information was related to rodlike particles. Nemec
& Levec [20] experimentally measured the pressure drop of fluid
flow through the packed bed of spherical particles as well as rod-
like particles (l/d = 1.31, 2.94, 5.77), and proposed an empirical cor-
relation to predict the pressure drop. Liu [23] measured the
minimum fluidisation velocity of cylinders, and showed that the
minimum fluidisation velocity was smaller than that of spherical
particles. Allen et al. [25] showed that the pressure drop of fluid
flow through the packed bed of rodlike particles was much differ-
ent to that of spherical particles, and also developed another
empirical equation to predict the pressure drop, which was based
on the experiment result of only one kind of rodlike particles
(l/d = 1.2). By using DEM-CFD simulation, Zhong et al. [27]
simulated the fluidised behaviour of rodlike particles (l/d = 2.3),
including the bed expansion ratio and particle volume fraction.
Oschmann et al. [32] claimed that rodlike particles tended to mix
slower with increasing elongation if the same gas velocity was
applied. Vollmari et al. [33,34] compared the simulation results
with their experimental work, and showed that the particle orien-
tation had a great influence on the pressure drop. Nan et al. [35]
also simulated the minimum fluidisation velocity and the fluidised
behaviour of spherical particles as well as two kinds of rodlike par-
ticles (l/d-1 = 5.0 and 8.0), and showed that there should be a min-
imum Umf for rodlike particles as the particle sphericity decreases.
Due to the limit of the experiment work on the fluid flow through
the packed bed, the empirical correlations of the friction factor are
defective.

In this work, the porosity and the friction factor of the packed
bed of rodlike particles are investigated by experiments. The
packed bed is generated by two methods, and the variation of
the porosity with aspect ratio is illustrated with the underlay
mechanisms. The pressure drop of fluid flow through the packed
bed is then explored, and a new empirical equation of the friction
factor is developed for the packed bed of rodlike particles.

2. Particle characterisation

In this work, to investigate the effect of aspect ratio of particles
on the structure of the particle bed, four kinds of rodlike particles
with different aspect ratios are used. Two kinds of rodlike particles
are made from ceramic with white colour, which are designated as
WS and WL, respectively; and another two are accurately cut from
long carbon fibres with black colour, which are designated as BS
and BL, respectively. Besides rodlike particles, the spherical glass
beads are also used for comparison and designated as GB.

The particle density is measured by the liquid pycnometre
method [38,39], where an electric balance with precision of
0.01 g, a 250 mL pycnometre and deionized water are used. The
glass beads (GB) have uniform size distribution with diameter of
2 mm. The physical size of rodlike particles is measured by the
image analysis method: (1) the particle sample is randomly dis-
persed on a plate (i.e. black plate for WS and WL particles, white
plate for BS and BL particles), and a ruler is fixed onto the plate;
(2) the image of the dispersed particles is taken by the camera with
high resolution; (3) the physical size per unit pixel of the image is
measured based on the scale on the ruler; (4) the background col-
our is subtracted from the image and the region of ruler in the
image is also cut off; (5) the image is binarised, as shown in
Fig. 1, and then the size of all particles could be auto-calculated
and averaged. By repeating the processes (1)-(5), totally 3–5 sam-
ples with around 1000 particles are measured for each kind of rod-
like particles.
The particle density and size are shown in Table 1, where the
aspect ratio is defined as:

AR ¼ l=d� 1 ð1Þ
where l and d are the length and diameter of the circular cross-
section of particles, respectively. For spherical particles, l is the
same as d, and the aspect ratio is zero. For rodlike particles, BS
and BL particles have larger aspect ratios than that of WS and WL
particles, and the largest aspect ratio is 6.34. Table 1 also shows that
the standard deviation of the aspect ratio of particles increases with
AR. The probability distribution of the aspect ratio of rodlike parti-
cles is close to Gaussian distribution, as shown in Fig. 2.

3. Porosity of the packed bed

The structure of the particle bed is firstly characterised by the
porosity, which is defined as:

e ¼ 1�
P

Vp

Vc
ð2Þ

where
P

Vp is the total particle volume, calculated from the particle
density and particle mass; Vc is the total volume of the packed bed.
To investigate the variation of porosity in different packing condi-
tions, two methods are used to generate the packed bed:

(1) Poured packing. The packed bed is formed by dropping the
particles from a specified height and the following sedimen-
tation of particles under gravity. To make the measurement
have good repeatability, two plexiglass cylinders with the
same diameter of 100 mm are used. They are firstly put
together in the vertical direction, and the top one (i.e. hollow
cylinder vessel) is then slowly removed along horizontal
direction when the packed bed is generated, resulting in
the final bed with a flat surface. The porosity of bed could
be calculated from the weighted mass of the final packed
bed and the volume of the bottom cylinder vessel.

(2) Fluidised packing. The particles are poured into a rectangu-
lar vessel and then the particle bed is fully fluidised. By
slowly decreasing the superficial gas velocity, the fluidised
bed could pack again under gravity and air drag, resulting
in a new particle bed with a smooth free surface. The poros-
ity of bed is calculated based on the height of the new par-
ticle bed, which could be obtained from the image analysis
method.

The variation of the porosity with the aspect ratio of particles is
shown in Fig. 3. It shows that the porosity of bed strongly depends
on the aspect ratio of particles, and the packed bed formed by par-
ticles with larger aspect ratio is usually looser than that with smal-
ler aspect ratio. Comparing two methods, a denser packed bed
could be obtained in the poured method. For the spherical glass
beads, the difference of porosity of bed between these two meth-
ods is much smaller than that of rodlike particles. It indicates that
the porosity of bed of rodlike particles is more sensitive to the
packing method than that of spherical particles.

Fig. 3 also shows that in the poured packing method, the mini-
mum porosity of bed does not occur at AR = 0.0 (i.e. spherical par-
ticles). With the increase of aspect ratio, the porosity of bed
decreases first and then increases. This trend is caused by the com-
petition between two effects:

(1) Rodlike particles could rotate with freedom of 2, and the
physical sizes in the axial and radial directions are different.
Thus, they could rotate and fit themselves into the
surrounding pores in one specified orientation, resulting in



Fig. 1. The snapshots after the binarization of the images of dispersed rodlike particles (a) WS particles; (b) WL particles; (c) BS particles; (d) BL particles.

Table 1
Physical properties of the particles in the experiment.

Label Material Density qp/kg�m�3 Length l/mm Diameter d/mm Aspect ratio l/d-1

GB glass 2505 2 2 0
WS ceramic 3365 3.06 ± 0.14 1.46 ± 0.11 1.11 ± 0.14
WL ceramic 3230 5.92 ± 0.22 1.84 ± 0.16 2.23 ± 0.24
BS carbon fibre 1467 11.28 ± 1.54 2.51 ± 0.33 3.53 ± 0.68
BL carbon fibre 1525 10.92 ± 1.00 1.52 ± 0.33 6.34 ± 0.95

*± is standard deviation.
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more efficient packing. This effect is designated as self-fitting
effect. It is also similar to the packing of spherical particles
with a wide size distribution, where a denser packing struc-
ture could be obtained than that of mono-sized spheres. Thus,
compared to spherical particles, denser packing of rodlike
particles are formed, resulting in more contacts per particle
to eliminate the additionally rotational freedom [40].

(2) 2) When the aspect ratio is large enough, the particles which
would like to insert into surrounding pores are easily
excluded by the surrounding particles, and the free space
of motion is also much limited, leading to looser packing
structure. This effect is designated as the excluded effect
and becomes more pronounced for particles with larger
aspect ratio. It could also be quantified by excluded volume
of particles [41].

However, in the fluidised packing method, the particle motion
is strongly affected by the drag force, and the additional kinetic
energy needed for particle rotation and insertion is minimised by
slowly decreasing the superficial gas velocity. Thus, the self-
fitting effect is limited, and the porosity of bed does not change
much when the aspect ratio is small. This trend also agrees well
with the DEM simulation results [42], where the AR-e curve
becomes more and more flat with the decrease of the settling
velocity when the aspect ratio is small. It also suggests that in dif-
ferent packing methods, the porosity of bed could have different
trends with the increase of aspect ratio of particles.

4. Friction factor of the packed bed

According to the pore conduct model [43], the geometry of the
packed bed could be simplified as a series of connected conduits
with different diameters and lengths, and the pressure drop of fluid
flow through the packed bed could be related to the frictional (lam-
inar or turbulent) energy losses along the straight sections of each
conduit and the local losses due to the expansions and contractions
between each two connected conduits. Based on this hypothesis,
the pressure drop of fluid flow through the packed bed could be
given as:

DP
L

¼ A
l 1 - eð Þ2
d2
SVe3

U þ B
qf 1 - eð Þ
dSVe3

U2 ð3Þ



Fig. 2. The probability distribution of the aspect ratio (l/d-1) of rodlike particles (a) WS particles; (b) WL particles; (c) BS particles; (d) BL particles.

Fig. 3. Variation of the porosity of bed with the aspect ratio (l/d-1) of particles.
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where m is the fluid viscosity; qf is the fluid density; dSV is the Sauter
diameter of particles; A and B are constants, depending on the tor-
tuosity of the packed bed, which is the ratio of the length of actual
fluid path to that of the packed bed. The first item of the right part
arises from the losses of viscous energy, proportional to fluid veloc-
ity, and the second item of the right part arises from the local and
inertial losses of energy, proportional to the square of fluid velocity.

To apply this equation to the packed bed of rodlike particles, the
modified Reynolds number Re* and Galileo number Ga* are intro-
duced in this work:
Re� ¼ qf DeUe

l
¼ qf dSVU
lð1� eÞ ð4Þ

Ga� ¼ q2
f gD

3
e

l2 ¼ q2
f gd

3
SVe3

l2ð1� eÞ3
ð5Þ

where De and Ue are the characteristic diameter and velocity,
respectively:

De ¼ 6Vvoid

Avoid
¼ edSV

ð1� eÞ ð6Þ

Ue ¼ U
e

ð7Þ

where Vvoid and Avoid are the volume and surface area of the voids of
packed bed, respectively. Thus, Eq. (3) could be written as:

DP=L
qf g

¼ 1
Ga� ðARe � þBRe�2Þ ð8Þ

It could be further simplified as:

f� ¼ DP
L

dSV

qf U
2

e3

ð1� eÞ ¼
DP=L
qf g

Ga�
Re�2 ¼ A

Re� þ B ð9Þ

where the left part f* is designated as the friction factor of the
packed bed. Although the porosity of bed does not solely appear
in Eq. (9), its effect on the pressure drop could be considered by
Re* and Ga*. Further physical meaning of the derivation of Eqs. (3)
and (9) could be found in Niven [43]. The current empirical models
of pressure drop of fluid flow through the packed bed in the articles
are all converted into the form of Eq. (9) in this work, which are not
the original form if not specified.



Fig. 4. The variation of friction factor with modified Reynolds number for particle
WL.
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For spherical particles, the pressure drop could be predicted by
Ergun Equation [44]:

DP ¼ 150
lL

/2d2
V

ð1� eÞ2
e3

U þ 1:75
qf L
/dV

ð1� eÞ
e3

U2 ð10Þ

where the regular sphericityU is the ratio between the surface area
of the volume equivalent sphere and the considered rod; dV is the
volume-equivalent diameter of particles, which is also equal to
dSV/U. By converting Ergun equation into Eq. (9), the friction factor
could be given as:

f� ¼ 150
Re� þ 1:75 ð11Þ

For rodlike particles, Nemc & Levec [20] measured 3 kinds of
particles with different aspect ratios (l/d = 1.91, 2.94, 5.77). By
combing their own experiment work and the experiment data of
Pahl [18] for another two kinds of rodlike particles (l/d = 1.31,
3.81), the dependence of A and B on the particle sphericity could
be described by Eqs. (12) and (13) based on data fitting method,
which is designated as ‘‘N-I” model.

A ¼ 150
/3=2 ð12Þ
B ¼ 1:75
/4=3 ð13Þ

Allen et al. [25] used one kind of rodlike particles (l/d = 1.2), and
also proposed an empirical equation of friction factor of the packed
bed (e = 0.4), which is termed as ‘‘N-II” model:

A ¼ 243 ð14Þ
B ¼ 6:93
Re�0:12 ð15Þ

It should be noted that the variety of aspect ratios of rodlike
particles in both ‘‘N-I” and ‘‘N-II” models is much limited. To fur-
ther develop the empirical equation of friction factors, more exper-
iment data is needed. In this work, the pressure drop through the
packed bed with height of 200–300 mm is measured, and then
the friction factor is calculated based on the particle properties
and porosity of bed shown in Table 1 and Table 2. To minimise
the effect of initial packing conditions and avoid the horizontal
alignment of particles in poured packing, only the packed bed
formed by fluidised packing method is used. The value of A and B
in Eq. (9) could be obtained by least square fitting of the curve of
variation of friction factor with modified Reynolds number, as
shown in Fig. 4. It shows that the friction factor decreases with
modified Reynolds number. The value of A and B for all four kinds
of rodlike particles is shown in Table 2. It shows that A increases
with the aspect ratio of rodlike particles (i.e. the decrease of
sphericity), but B is much less sensitive to the aspect ratio.

To improve the predictions of the model, three sources of exper-
imental data are used:
Table 2
Physical properties of the particles and bed.

Label dV/mm dSV/mm / e A B

WS 2.14 1.77 0.826 0.401 178.2 2.4
WL 3.11 2.39 0.768 0.415 183.7 2.3
BS 4.74 3.38 0.713 0.549 281.1 2.4
BL 3.36 2.12 0.631 0.616 361.8 1.6
(1) The friction factor of 6 kinds of rodlike particles used to fit
the ‘‘N-I” and ‘‘N-II” models, including Pahl et al. [18]
(l/d = 1.31, 3.81), Nemec & Levec [20] (l/d = 1.91, 2.94,
5.77), and Allen et al. [25] (l/d = 1.2). The value of A and B
in Eq. (9) could be fitted from the variation of friction factor
with modified Reynolds number.

(2) The friction factor of 4 kinds of rodlike particles
(l/d = 1.02,1.25, 3.0, 3.59), which is re-calculated based on
the pressure drop of fluid flow provided by Vollmari et al.
[33]. However, their data showed that the friction factor f*
decreases with modified Reynolds number Re* firstly, but
then increased with Re* sharply, which is contrary to the
predictions of previous models. This might be caused by
the effect of the gas distributor. Thus, the friction factor at
high modified Reynolds number in Vollmari et al. [33] is
not used in this work. The values of A and B in Eq. (9) could
be fitted from the variation of friction factor with modified
Reynolds number.

(3) the friction factor of 4 kinds of rodlike particles (l/d = 2.11,
3.23, 4.53, 7.34) in this work, as shown in Table 2.

(4) Meanwhile, to consider the effects of particle orientation on
the packed bed, the equivalent sphericity Ueq is introduced
for rodlike particles:

/eq ¼ 1
3

ffiffiffiffiffiffi
/?

p þ 2
3
ffiffiffiffi
/

p
 !�1

ð16Þ

where U\ is the crosswise sphericity, namely the ratio between the
cross-sectional area of the volume equivalent sphere and the pro-
jected cross-sectional area of the considered rodlike particle per-
pendicular to the fluid flow. The equivalent sphericity Ueq is also
termed as Stokes’ shape factor introduced by Ganser [45].

The variation of the friction factor with equivalent sphericity is
shown in Fig. 5. The data points are scattered, which may be
caused by the difference of the preparation methods to generate
the packed bed between the sources of experimental data. By using
least square fitting, the empirical equations of A and B could be
given as:

A ¼ 150
/3:0

eq

ð17Þ

B ¼ 2:5
/�0:4

eq

ð18Þ



Fig. 5. Variation of A (a) and B (b) with equivalent sphericity.

Table 3
Relative deviation of the empirical correlations.

Model Ergun Equation N-II Model N-I Model This work

Relative deviation/% 29.49 33.47 19.65 12.85
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To compare the accuracy of different empirical equations, the
relative deviation of friction factor is calculated at each modified
Reynolds number and then averaged, as shown in Eq. (19). The
mean relative deviation of all kinds of rodlike particles is shown
in Table 3. It shows that the predictions of new empirical correla-
tion in this work are closer to the experimental results.

MRD ¼ 1
N

XN
i¼1

f i;calc � �f i;exp�
f i;exp�

� 100% ð19Þ
5. Conclusions

The packed bed of rodlike particles is explored by experimental
method. The packed bed is generated by the poured packing
method and fluidised packing method. The effect of aspect ratio
of rodlike particles on the bed structure is quantified by the poros-
ity and friction factor. The main results from the present study can
be summarised as follows:

(1) With the increase of aspect ratio, the porosity in the packed
bed firstly decreases and then increases, which is the result
of the competition between the self-fitting effects and
excluded effects.

(2) Compared to spherical particles, the packed bed of rodlike
particles is more sensitive to the packing method.

(3) Based on the pore conduct model, a new empirical correla-
tion is developed to predict the friction factor of the packed
bed of rodlike particles with better accuracy, where the
effect of particle orientation is considered with particle
shape.
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