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Abstract: The gas flow regime and pressure drop in a gas–solid packed bed with irregularly shaped
sinter particles were experimentally investigated. Using a self-made experimental facility for data
measurement, the gas flow pressure drop in a sinter bed layer was determined for various exper-
imental conditions. According to the changes in the modified coefficients, α and β, for different
flow regimes, the flow transitions from one regime to another in packed beds with different particle
diameters were described. Furthermore, the pressure drop correlations for different flow regimes
were determined, and the reliabilities of the obtained correlations were contrastively analyzed. The
results show that, when the particle diameter is constant, the modified pressure drop per unit height,
∆P/Hu, increases linearly with the increasing gas superficial velocity. When the gas superficial
velocity is larger than 1.15 m/s under atmospheric conditions, the gas flow regime in the sinter
bed layer is the turbulent flow. Compared with the experimental correlation of the whole flow, the
pressure drop correlations obtained by the piecewise fitting method provided a better prediction of
the experimental values, and the average deviations of the obtained correlations for the Forchheimer
flow and the turbulent flow were 5.31% and 4.07%, respectively.

Keywords: sinter; packed bed; pressure drop; particle friction factor; flow regime

1. Introduction

Gas–solid packed beds have attracted more and more attention due to the importance
of their research results in the application of engineering technology [1–3]. Compared with
the open area, the gas flow in a random particle packing area is more complex and variable
because of the presence of inertial resistance, caused by the particle packing structure in
the flow area. Therefore, understanding the detailed gas flow characteristics in a packed
bed with particles is very important for engineering applications.

Referencing the structure of a dry quenching furnace, the vertical tank presented is
a new and efficient piece of equipment for sinter waste heat recovery [4–6]. The gas flow
regime and gas flow pressure drop through the bed layer directly impact the selection
of the flow model in the numerical calculation and determination of the required blower
power in the actual conditions, which are very important for the optimization design of
the vertical tank. Generally speaking, the vertical tank is a random gas–solid packed bed
with large particles, and the related research on packed beds can be used to investigate the
gas flow regime and gas flow pressure drop through the bed layer of the vertical tank.

As the numerical research on the flow and heat transfer process in packed beds with
particles grows, the determination of the flow transition from one regime to another in a
particle bed layer is particularly important. Some techniques involving direct visualization,
electrochemical microelectrodes, magnetic resonance imaging, as well as particle image
velocimetry, are employed to investigate the local flow transition phenomena in particle
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bed layers. Jolls and Hanratty [7] discovered that the flow transition between the laminar
flow and the turbulent flow in a packed bed with spheres occurred over a particle Reynolds
number, ranging from 110 to 150, using direct visualization methods and electrochemical
techniques; additionally, the flow regime was found to be turbulent, at a particle Reynolds
number near 300, through direct visualization. Using the same methods, Bu et al. [8,9] and
Yang et al. [10] analyzed the change in the flow transition from one regime to another in
packed beds with spheres, and found that the particle packing structures play a decisive
role for the flow transitions in various flow regimes. Johns et al. [11] investigated the
flow transition from one regime to another in the pores of packed beds using the velocity
measurement technique of magnetic resonance imaging, and found that the flow transition
between the laminar flow and the turbulence flow occurred at a local pore at a Reynolds
number of 30. Using particle image velocimetry, Horton and Pokrajac [12] studied the
turbulent flows through packed beds with spheres in a cubic arrangement, and three
different flow regimes were observed. The results showed that the Reynolds number of
370 was a critical value, which meant that the fluid flow entered into the turbulent flow
region. Some other relevant studies were also reported in the literature [13,14].

Except for the experimental methods mentioned above, the methods of dimensionless
Ergun’s correlation and particle friction factor were also applied to analyze the flow
transition from one regime to another in packed beds. Fand et al. [15] and Kececioglu
and Jiang [16] analyzed the flow transitions between various flow regimes in packed
beds with spheres of different diameters through the method of dimensionless Ergun’s
correlation. Four flow regimes were identified, and the critical particle Reynolds numbers
for various flow regimes were also obtained. On the basis of the particle friction factor,
Liu and Masliyah [17] experimentally found that the critical particle Reynolds number
is about 320 for the flow transition between the laminar flow and the turbulent flow.
Çarpinlioglu et al. [18] experimentally analyzed the flow transition from one regime to
another for different particle diameters in a fixed cylindrical packed bed. They estimated a
particle Reynolds number of greater than 5000 for the range of a fully rough flow through
a packed bed.

Meanwhile, compared with an open area, the gas flow pressure drop in a random
particle packing area is much larger because of inertial resistance loss. In order to determine
the operating costs and required blower power in the actual conditions, it is very important
to obtain the gas flow pressure drop correlations through the bed layer with particles.
Apart from Ergun’s equation [19], which is an indirect correlation calculation, the particle
friction factor, first proposed by Rose and Rizk [20,21], was applied to describe the gas
flow pressure drop through the particle bed layer. The specific calculation correlation is
defined below.

fp =
∆Pdp

ρHu2 (1)

Because of the different particle packing structures in the pores of a bed layer, the
correlations of particle friction factor in a packed bed with various particle diameters have
been modified in subsequent decades [22–26]. The correlations of particle friction factor
established by Hicks [22], Tallmadge [23], and Lee and Ogawa [24] were also determined
for different operation conditions, which are presented below.

fp = 6.8
(1− ε)1.2

ε3 Rep
−0.2 (2)

fp = 150
(1− ε)2

ε3Rep
+ 4.2

(1− ε)1.1666

ε3 Rep
−1/6 (3)

fp =
1
2

[
12.5(1− ε)2

ε3

][
29.32Rep

−1 + 1.56Rep
−n + 0.1

]
, (4)

where n = 0.352 + 0.1ε + 0.275ε2.
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As shown from the above correlations, the particle friction factor was only a function
including the Reynolds number and the bed voidage, and the correlations were completely
different for different operation conditions. Furthermore, Montillet et al. [25] and Özahi
et al. [26] also experimentally investigated the pressure drop characteristic of fluid flow
through a packed bed for various ranges of particle Reynolds number, and considered
the effect of the ratio of the inner diameter of the bed layer with the particle equivalent
diameter (D/dp) in the correlation of particle friction factor.

The above research results demonstrate that the critical Reynolds numbers of the flow
transition from one regime to another are not the same for different packed beds because
of the changes in particle size and shape, and that the correlations of particle friction factor
established by the experimental method are also different. In addition, the application
conditions of previous pressure drop correlations in packed beds mainly focused on the
whole flow region, including the laminar, transition, and turbulent flows, and the gas flow
pressure drop correlations for different flow regimes in packed beds were seldom studied.
Furthermore, most of the above research focused on packed beds with spherical particles,
and only a few studies were conducted on the flow regime and gas flow pressure drop
through packed beds with irregularly shaped particles. Because of the irregularity and
nonuniformity of sinter particles, both the flow transition from one regime to another and
the gas flow pressure drop in a sinter bed layer remain unclear, thus, it is necessary to carry
out further relevant theoretical and experimental research.

In summary, a self-made experimental facility was used to investigate the flow regime
and the gas flow pressure drop in packed beds with sinter particles. The experimental
data of gas flow pressure drop in a bed layer were first measured under the conditions of
various gas velocities and particle diameters, and then the flow transitions from one regime
to another in the packed beds for various particle diameters were described through the
particle friction factor method. Finally, the correlations of the particle friction factor used
for describing the gas flow pressure drop under different flow regimes were determined
using the dimensional analysis method, and the reliabilities of the obtained pressure drop
correlations were also analyzed. The research results of this work provide references for
the selection of flow models in the numerical calculation and the determination of the
required blower power in the actual conditions, and thus play an important role for the
optimization design of vertical tanks.

2. Experimental Description

The self-made experimental facility included a vertical tank with an inner diameter of
430 mm and a height of 1400 mm that is shown schematically in Figure 1. The cooling air,
driven by an air blower, first flowed through the throttle valve, then through the orifice
plate flow meter, and finally through the sinter bed layer towards the upper surface situated
inside the test section. The throttle valve was used to adjust the cooling air flow rate, and
the specific value of the cooling air flow rate was measured by the orifice plate flow meter.

Three kinds of sinter particles (10–18 mm, 18–30 mm, 30–40 mm), sieved out by
standard test sieves of different sizes, were used as packing materials in the experiment,
and on the basis of the immersion method and weighing method, the true density of sinter
was determined as 3400 kg/m3. Using the measurement of three-dimensional length under
the particle projection, the corresponding degrees of sphericity for the three kinds of sieved
particles were measured as 0.69, 0.72, and 0.89, respectively. The pressure tappings were
set at two different heights (400 mm, 1200 mm) of the experimental vertical tank and used
to measure the cross-sectional pressure drop distribution by the differential pressure gauge
(DPG). Then, the measurement data of gas flow pressure drop in the cross-section of the bed
layer, ∆P(r), under different experimental conditions, were used to determine the value of
the mean pressure drop, ∆P, in the sinter bed layer. The whole experiment was conducted
for different gas superficial velocities under the normal conditions of T0 = 293.15 K and
P0 = 0.1 MPa. The average diameter of sieved particles (d), particle sphericity (Φ), particle
equivalent diameter (dp), and the change in the ranges of the gas superficial velocity for
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the whole experiment are listed in Table 1. The particle equivalent diameter, dp, was the
product of the average particle diameter and the particle sphericity.
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Figure 1. Structural diagram of the self-made experimental facility: (1) air blower; (2) throttle valve;
(3) orifice plate flow meter; (4) experimental vertical tank.

Table 1. Particle parameters and change in the ranges of the gas superficial velocity.

d (mm) Φ dp (mm) u (m/s)

14 0.69 9.66 0.3827, 0.5741, 0.7655, 0.9569, 1.15, 1.34, 1.531, 1.722,
1.9138, 2.105, 2.2965, 2.4879, 2.6793, 2.8707, 3.06

24 0.72 17.28 0.3827, 0.5741, 0.7655, 0.9569, 1.15, 1.34, 1.531, 1.722,
1.9138, 2.105, 2.2965, 2.4879, 2.6793, 2.8707, 3.06

35 0.89 31.15 0.3827, 0.5741, 0.7655, 0.9569, 1.15, 1.34, 1.531, 1.722,
1.9138, 2.105, 2.2965, 2.4879, 2.6793, 2.8707, 3.06

In regard to the measurement devices used in the experiment: the orifice plate flow
meter was adopted to measure the cooling air flow rate, and the differential pressure
gauge was applied to determine the mean gas flow pressure drop through the sinter bed
layer. The measuring range of the orifice plate flow meter was 100–1500 m3/h, and the
measurement precision of the orifice plate flow meter was 1% of the measurement value.
The maximum measuring value and precision of the differential pressure gauge were
5000 Pa and 1 Pa, respectively.

The experimental procedure was such that the changes in modified pressure drop per
unit height, ∆P/Hu, with the gas velocity under various experimental conditions, were first
determined on the basis of the measurement data of the mean pressure drop, mentioned
above. Then, the flow transitions from one regime to another in packed beds with sinter
particles of different diameters were analyzed using the particle friction factor method.
Finally, the correlations of particle friction factor for describing the gas flow pressure
drop under various flow regimes were experimentally obtained using the dimensional
analysis method.

3. Results and Discussion

The correlation of modified pressure drop per unit height in a particle bed layer is
determined by the Forchheimer equation [27,28].

∆P
Hu

=
µ

K
+

ρF√
K

u (5)
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According to the experimental data of the mean pressure drop, described above, the
changes in the modified pressure drop per unit height, ∆P/Hu, with the gas superficial
velocity for different particle diameters are shown in Figure 2. As seen in Figure 2, the
modified pressure drop per unit height gradually increases with the gas superficial velocity
when the particle diameter is constant, and gradually decreases with the increasing of the
particle diameter for any given gas superficial velocity. According to the analysis of the
data fitting results, the increase in the modified pressure drop per unit height shows a first
power relationship with the gas superficial velocity.
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3.1. Analysis of Gas Flow Regime

In order to define the particle friction factor, f p, in a sinter bed layer, Equation (5) can
be rewritten as follows:

fp =
µdp

Kρu
+

Fdp√
K

(6)

fp =
α

Rep
+ β, (7)

where α and β are the modified coefficients, and Rep is the particle Reynolds number, which
could be respectively written as the following equations:

α =
dp

2

K
(8)

β =
Fdp√

K
(9)

Rep =
ρudp

µ
(10)

According to the results of previous research [29], the gas flow regime in the sin-
ter bed layer of a vertical tank is considered as the non-Darcy flow, which consists of
both Forchheimer flow and the turbulent flow. The values of the permeability, K, and
the Forchheimer coefficient, F, are different for different flow regimes in a particle bed
layer [15,27] because of the change in gas flow intensity; thus, the values of the modified
coefficients α and β for various flow regimes also change with the gas flow intensity based
on Equations (8) and (9).

Figure 3 shows the changes in particle friction factor, f p, with the particle Reynolds
number, Rep, for different particle diameters. The fitting curves of f p–Rep for different
particle diameters, based on Equation (7), are also shown in Figure 3. Figure 3 shows
that the f p gradually decreased with the increase in the Rep for a certain particle diameter.
In addition, the fitting curves of f p–Rep for different particle diameters did not match
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the experimental data very well, which means that there were two flow regimes, namely
the Forchheimer flow and the turbulent flow, in the sinter bed layer for different particle
diameters under the experimental conditions. Furthermore, when the particle Reynolds
number reached the fifth experimental point (from left to right) for different particle
diameters, as shown in Figure 3, the corresponding experimental values of the particle
friction factor deviated the most from the fitting curve in all three experimental conditions,
which means that the gas flow regime in the sinter bed layer had changed at that moment.
Therefore, when the particle Reynolds number in the sinter bed layer is larger than the
number corresponding to the fifth experimental point (from left to right in Figure 3), that
is, when the gas superficial velocity is larger than 1.15 m/s, the gas flow in the sinter bed
layer is in the turbulent flow region at that moment.
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3.2. Determination of the Particle Friction Factor

The sinter particles of an average diameter, d = 35mm, were used as the research
objects in random packing with a bed layer voidage, ε = 0.53 [30]. A comparison of the
experimental data of the pressure drop for d = 35mm with the calculation values of the
pressure drop cited in the literature [19,22–24] is presented in Figure 4.

As seen in Figure 4, the pressure drop correlations mentioned in the literature [19,22–24]
fit the experimental data with a large deviation, and the comparison results from the other
three particle diameters also had a similar regularity. The reason for the deviation is
that the pressure drop correlations mentioned in the literature [19,22–24] only applied
to the investigation of the gas flow pressure drop in a bed layer with uniform particles,
not irregularly shaped particles. Therefore, the experimental gas flow pressure drop
correlations in a bed layer with irregularly shaped sinter particles need to be redetermined
based on the measured experimental data.
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Figure 5 shows the quantitative relationships of the particle friction factor, f p, with
the particle Reynolds number, Rep, for different flow regimes and particle diameters. The
specific values of the modified coefficients α and β for different flow regimes are also
listed in Table 2. As shown in Figure 5, the fitting curves in the Forchheimer flow and
the turbulent flow obtained using Equation (7) match the experimental data very well for
a given particle diameter. However, for a given flow regime, the modified coefficient α
gradually increases with the increase in the particle diameter, and the modified coefficient
β tends to first increase, then decrease, and finally increase again, as shown in Table 2.
This variation trend is the same as the trend shown in Figure 3. When the Forchheimer
flow changes into the turbulent flow in the bed layer, the modified coefficient α increases,
and the modified coefficient β decreases for the smaller particle diameter. Furthermore,
the changes in the modified coefficients α and β are the opposite for the larger particle
diameters. Therefore, Equation (7) is only applicable for experimental conditions with a
given particle diameter, and a new method is needed to obtain the correlations of gas flow
pressure drop for different flow regimes in packed beds with sinter particles.

Table 2. Values of the modified coefficients α and β for different flow regimes.

Coefficients
Forchheimer Flow Turbulent Flow

d = 14 mm d = 24 mm d = 35 mm d = 14 mm d = 24 mm d = 35 mm

α 456.8 1305.2 2798.1 745.6 753.1 1658
β 2.35 1.5 1.55 1.96 1.92 2.03

As is known from the pressure drop correlations in the literature [19,25,26], the main
factors influencing the gas flow pressure drop per unit height in a particle bed layer
involved the gas superficial velocity, gas density, dynamic viscosity, particle diameter, and
inner diameter of the bed layer. Therefore, the general function relation of gas flow pressure
drop in a particle bed layer is determined below.

f
(

∆P
H

, u, µ, ρ, dp, D
)
= 0 (11)

According to the π theorem of the dimensional analysis method, Equation (11) is
redefined as follows:

f
(

∆Pdp

Hρu2 , Rep,
D
dp

)
= 0 (12)

fp =
∆Pdp

Hρu2 = kRep
a1

(
D
dp

)a2

, (13)

where k, a1, and a2 are the fitting parameters.
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Equation (13) is the multivariate nonlinear equation, which can be converted to a
linear equation by applying the logarithmic approach on both sides of the expression; thus,
the result is obtained as:

ln fp = ln k + a1 ln Rep + a2 ln
(

D
dp

)
(14)

The experimental data of the particle friction factor for the whole flow, the Forchheimer
flow, and the turbulent flow in a sinter bed layer, as shown in Figures 3 and 5, are brought
into Equation (14) for regression analysis using the least square method, and the specific
values of the fitting parameters k, a1, and a2 are listed in Table 3.

Table 3. Values of the fitting parameters k, a1, and a2 for different flow regions.

Flow Regions
Fitting Parameters

k a1 a2

Whole flow 71.6 −0.31 −0.3
Forchheimer flow 395.2 −0.47 −0.5

Turbulent flow 17.2 −0.19 −0.15

In this case, the specific equations of the particle friction factor for different flow
regions in a packed bed with sinter particles are determined below.

fp = 71.6Rep
−0.31

(
D
dp

)−0.3

(0.38m/s < u < 3.06m/s) (15)
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fp = 395.2Rep
−0.47

(
D
dp

)−0.5

(0.38m/s < u < 1.15m/s) (16)

fp = 17.2Rep
−0.19

(
D
dp

)−0.15

(1.15m/s ≤ u < 3.06m/s) (17)

According to the calculation values of Equation (15), the comparison of the experimen-
tal values of the particle friction factor with the calculation values is presented in Figure 6
for the whole experimental cases. As shown in Figure 6, the average deviation of the
calculation values with the whole experimental data was 6.14% with a maximum deviation
of 18.71%, and the average deviations of the calculation values for the Forchheimer flow
and the turbulent flow were 7.54% and 5.51%, respectively.
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The comparison of the experimental values of the particle friction factor with the
calculation values, based on Equations (16) and (17), is presented in Figure 7 for the
whole experimental cases. As shown in Figure 7, the calculation values of the particle
friction factor match the experimental data well for all experimental cases. Compared with
Equation (15), the average deviation of Equation (16) was 5.31% with a maximum deviation
of 10.81%, and the average deviation of Equation (17) was 4.07% with a maximum deviation
of 9.4%. This means that the pressure drop correlations obtained by the piecewise fitting
method provided a better prediction of the experimental data.
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Furthermore, compared with the previous equations mentioned in the literature [19,22–24],
Equations (16) and (17) best predicted the whole experimental data, followed by Equation (15).
In addition, the compound form of Equations (16) and (17) is relatively simple: it does not
consider the bed layer voidage and contains only the effortless calculation factors, namely
the particle Reynolds number and the bed geometry factor (D/dp), which shows good
originality. As a result, Equations (16) and (17) are more practical for actual engineering
applications.

4. Conclusions

The gas flow regime and pressure drop for various gas superficial velocities in a
random packed bed with sinter particles of different diameters were experimentally inves-
tigated, and the major research results are discussed below.

(1) For a certain particle diameter, the modified pressure drop per unit height, ∆P/Hu,
increased linearly with the increase in gas superficial velocity, and the decrease in the
particle friction factor, f p, demonstrated a power exponential relationship with the
increasing particle Reynolds number, Rep.

(2) Because of the differences in the modified coefficients α and β for various flow regimes,
when the gas superficial velocity was larger than 1.15 m/s under atmospheric condi-
tions, the gas flow regime in the sinter bed layer at that moment was the turbulent flow.

(3) On the basis of the dimensional analysis method, the specific equations of particle
friction factor for the whole flow, the Forchheimer flow, and the turbulent flow in a
sinter bed layer were determined. Compared with the experimental correlation of
whole flow, the pressure drop correlations, obtained by the piecewise fitting method,
provided a better prediction of the experimental data, and the average deviations of
the obtained equations for the Forchheimer flow and the turbulent flow were 5.31%
and 4.07%, respectively.

The research results of this work provide references for the selection of flow models in
numerical calculations and the determination of the required blower power in actual condi-
tions. They also play an important role in the optimization of the design of a vertical tank.
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Abbreviations

d average particle diameter (m)
D inner diameter of sinter bed layer (m)
dp particle equivalent diameter (m)
F Forchheimer coefficient (−)
f p particle friction factor (−)
H height of sinter bed layer (m)



Energies 2021, 14, 872 11 of 12

K permeability (m2)
P0 atmospheric pressure (MPa)
Rep particle Reynolds number (−)
T0 ambient temperature (K)
u gas superficial velocity (m/s)
Greek symbols
∆P gas flow pressure drop through bed layer (Pa)
∆P gas flow pressure drop through bed layer (Pa)
µ gas dynamic viscosity (Pa·s)
ε bed voidage (−)
ρ gas density (kg/m)
Φ particle sphericity (−)
Subscripts
c critical point
cal calculated value
exp experimental value
p particle
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