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The application of the sinter vertical cooling technology in the iron and steel industry is conducive to the realization of the double
carbon in China. To reduce the energy consumption and improve the economy of the new process, the gas flow resistance in the
sinter bed under the layered distribution pattern was experimentally studied. The gas flow resistance of most of the layered
distribution modes is lower than that of the random distribution mode. Among all layered arrangement modes, the layered
mode with the particle size increasing from the bottom-up has the lowest resistance, followed by the layered mode with the
particle size decreasing from the bottom-up. These two modes ensure the feasibility of the application of the layered
distribution pattern in the continuous production of the moving bed. Besides, increasing the number of layers benefits the
reduction of the gas flow resistance, which has a more significant effect on the layered mode with the particle size increasing
from the bottom-up. For the sinter mixture with the equivalent particle diameter of 11.45mm, the gas resistance of the modes
with the particle size increasing and decreasing from the bottom-up decreases by 11.71% and 8.26% with the layer number
increasing from three to five, respectively. Also, the effect of the layered distribution pattern on the gas flow resistance
progressively weakens with increasing the equivalent particle diameter. For the five-layer distribution mode with the particle
size increasing from the bottom-up, the gas resistance decreases by 2.72% with the equivalent particle diameter increasing from
11.45mm to 15.45mm, while that decreases by 4.61% with the equivalent particle diameter increasing from 15.45mm to
19.45mm. What's more, the change of the equivalent particle diameter has a more significant influence on the layered mode
with the particle size decreasing from the bottom-up. With the equivalent particle diameter increasing from 15.45mm to
19.45mm under the five-layer distribution pattern, the gas resistance of the layered mode with the particle size increasing from
the bottom-up reduces by 4.61%, while that of the mode with the particle size decreasing from the bottom-up reduces by 7.38%.

1. Introduction

For realizing the green economic development system, China
has put forward the targets of Carbon Peak in 2030 and Car-
bon Neutrality in 2060. Apart from vigorously developing
the clean energy, including the solar energy, the breakthrough
in the energy conversation and emission reduction technology
of the traditional industry is a very important aspect, such as
the iron and steel industry. The latest statistics show that the
energy consumption of the iron and steel industry accounts

for about 20% of the whole industry [1–4]. Among all pro-
cesses, the energy consumption of the sintering process
accounts for approximately 10~15% of the iron and steel
industry, second only to the ironmaking process [5]. In the
sintering process, the sensible heat of the sinter makes up
about 70% of the waste heat resource. Therefore, improving
the recovery rate of the sensible heat is of great significance
for reducing the energy consumption of the sintering process
and even the iron and steel industry. This would be a most
promising method for China to realize the “double Carbon.”
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At present, the waste heat recovery of the high-
temperature sinter is mainly through the annular cooling
process. Since the air leakage rate of the annular cooler is
as high as 35~50% and the cooling gas can only be heated
to 150~380 °C, the recovery rate of the waste heat from the
sinter is less than 30%. Given the shortcomings of the exist-
ing process, the vertical tank cooling process of the sinter has
been newly proposed based on the coke dry quenching pro-
cess [6, 7]. It is estimated that the vertical cooling process
can increase the temperature of the cooling gas to 500~550
°C and increase the recovery rate from 30% to 80%.

The feasibility of the sinter vertical tank cooling process
mainly depends on the gas-solid heat transfer and the gas flow
resistance. The gas flow characteristic not only is the basis of the
gas-solid heat transfer but also directly determines the pressure
of the required fan and the power of the matching motor. For
the sinteringmachine with the annual capacity of 4million tons
of the sinter, the heights of the sinter layer in the annular cooler
and the vertical cooler are 0.8~1.5m [5, 8–11] and 7~10m [12,
13], respectively. Therefore, the gas flow resistance of the verti-
cal cooler is much higher than that of the annular cooler. The
excessive resistance not onlymakes it difficult for the gas to pass
through the sinter layer but also reduces the efficiency of the
gas-solid heat transfer and increases the energy consumption.
Therefore, how to reduce the gas flow resistance is the key to
the application of the sinter vertical tank cooling process.

In recent years, the relevant scholars have carried out
some experimental researches on the resistance characteris-
tic of the gas flow in the sinter bed [14–21]. Results showed
that the gas flow resistance increased linearly with the bed
height increasing [14], increased in a quadratic relationship
with the increase of the gas velocity [14, 15], and decreased
exponentially with the increase of the particle size and voi-
dage [15]. Tian et al. [16] also found that the wall effect on
the gas flow resistance can be ignored for 19 <D/dp < 35
(the ratio of the bed diameter D to the particle diameter dp
). However, the wall effect would lead to the reduction of
the gas flow resistance for 7 <D/dp < 19. When the crushed
sinter was added to the sinter mixture, the gas flow resis-
tance in the bed would increase by 2~3 times [19]. In addi-
tion, the related studies on other particles are mainly
concerned on the influences of the wall effect [22–24], parti-
cle shape [25–29], and particle size distribution [28–32] on
the gas flow resistance. Therefore, there are few studies on
how to reduce the gas flow resistance in the sinter bed.

In the actual production, the particle size of the sinter is
nonuniform, but has a wide particle size distribution [17].
Therefore, the traditional distribution pattern, namely, the ran-
dom distribution pattern, would cause the uneven distribution
of the particle size and voidage in the sinter bed [33, 34]. The
gas flow in the random bed is very disordered [35], leading to
a sharp increase in the gas flow resistance and the uneven cool-
ing of the high-temperature sinter. Besides, the gas flow in the
packed bed with the double-size sinter was more disordered
than that in the packed bed with themonosize sinter [18]. Com-
pared with the particle bed of the wide particle size distribution,
the gas flow in the particle bed of the narrow particle size distri-
bution is more uniform, and the gas flow resistance is lower

[36]. Based on the above reason, the layered distribution pattern
based on the particle size is proposed [33, 34]; that is, the sinter
mixture with the wide particle size distribution is divided into a
variety of sinters with the narrow particle size distribution for
the layered distribution. The numerical studies showed that
the flow field and temperature distribution in the layered bed
are relatively uniform [35]. Also, the recovery rate of the waste
heat under the layered distribution pattern can be raised by
about 14% compared with the random distribution pattern
[33, 34].

Air distributor Outlet

Packed bed

Pressure transmitter

Paperless recorder

Supporting device

Vortex
flowmeter Air duct

Frequency
conversion blower

Figure 1: A sketch of the experimental apparatus for measuring the
gas flow resistance in the sinter bed.
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Figure 2: The original particle size distribution of sinter samples.
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According to the above findings, the layered distribution
pattern is beneficial to improve the uniformity of the gas
flow and the sinter temperature in the packed bed. However,
it is not known whether the uniform distribution of the gas
flow is beneficial to reduce the gas flow resistance in the sin-
ter bed. Therefore, from the viewpoint of reducing the
energy consumption, the influence of the layered distribu-
tion pattern on the gas flow resistance is studied through
experiments, thereby determining the optimal layered distri-
bution mode.

2. Experimental Method

2.1. Experimental System. In this study, the experimental
apparatus is constructed to measure the gas flow resistance
in the sinter bed, as shown in Figure 1. As the main part
of the experimental apparatus, the height and the inner
diameter of the cylindrical bed are 1000mm and
400mm, respectively. The air distributor with the uniform
openings is arranged at the bed bottom to obtain the uni-

form flow field in the cross-section. Six pressure taps are
evenly arranged along the axial direction. For each tap, 9
measuring points are uniformly set along the radial direc-
tion to calculate the average pressure of the cross-section.
The pressure transmitter (CGYL-202) with the length of
650mm is selected to acquire the pressure information,
the measured range and accuracy of which are 0~5 kPa
and 0.5%, respectively. The frequency conversion blower
(HRD 65FU-100/7.5) is selected to precisely control the
gas flow rate. The vortex flowmeter with the compensation
of the temperature and pressure (type: LUGB1315C-P3Z)
is used to measure the gas flow rate under the standard
condition (273.15K and 101.325 kPa). The measured range
and accuracy of the flowmeter are 150~2500Nm3·h-1 and
1.0%, respectively.

2.2. Particle Characteristics of the Sinter. The sinter particles
come from HBIS Group Hansteel Company in China. Before
the test, five batches of original sinter mixtures are screened
to obtain the particle size distribution, as shown in Figure 2.

(a) 5~60 mm (b) 5~10 mm (c) 10~15 mm (d) 15~20 mm

(e) 20~25 mm (f) 25~30 mm (g) 30~35 mm (h) 35~40 mm

(i) 40~45 mm (j) 45~50 mm (k) 50~55 mm (l) 55~60 mm

Figure 3: Photographs taken on the sinter of 5~60mm: (a) the unsorted sinter mixture with the multisize; (b–l) 11 kinds of the sieved sinter
with the monosize.

Table 1: Expressions of the measured and calculated method for characteristic parameters of sinter particles.

Characteristic parameter Expression Equation

Apparent density of the monosize sinter [17, 18] ρa,s = m1/m3 − m2 −m4ð Þð Þρw (i)

Equivalent diameter of the monosize sinter [16, 17, 21] dp,s =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ms/πρa,s3

q
(ii)

Apparent density of the sinter mixture [18] ρa,m =〠n

i=1wiρa,si (iii)

Equivalent diameter of the sinter mixture [29–31, 36] dp,m =〠n

i=1wi/〠
n

i=1wi/dp,si (iv)

Bulk density [17, 18] ρb = M1 −M2ð Þ/V (v)

Voidage [16–18, 21] ε = 1 − ρb/ρa (vi)
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It is observed that the particle size distribution among five
batches of sinter mixtures is nearly consistent. Note that
the sinter with the particle size range of 5~60mm accounts
for more than 85% of the total weight. Thus, they are taken
for the test of the layered distribution, as shown in Figure 3.

To characterize the sinter of each monosize, the apparent
density ρa,s defined as Equation (i) in Table 1 is measured by
the drainage method [17, 18], as shown in Figure 4. The
equivalent particle diameter dp,s is calculated by Equation
(ii) in Table 1 with the equal volume method [16, 17, 21].
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Figure 4: The apparent density ρa,s and equivalent particle diameter dp,s of the monosize sinter under different particle sizes d.
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Table 2: Characteristic parameters of the three kinds of sinter mixtures.

Equivalent particle diameter dp,m
(mm)

Apparent density ρa,m
(kg·m-3)

Bulk density ρb,m
(kg·m-3)

Total height of the sinter bed L
(cm)

Voidage
ε

11.45 3676.09 1663.47 45.30 0.5475

15.45 3622.03 1581.00 47.11 0.5635

19.45 3589.73 1512.95 49.23 0.5785

5~15 15~35 35~60
1250

1500

1750

3500

3750

4000

5~15 15~25 15~35 35~45 45~60

(b)

Bulk density ρb
Apparent Density ρa
Voidage ε

Bulk density ρb
Apparent Density ρa
Voidage ε

D
en

sit
y 

ρ 
(k

g·
m

−3
)

Particle size d
under the three-layer pattern (mm)

Particle size d
under the five-layer pattern (mm)

(a)

0.54

0.56

0.58

0.60

0.62

0.64

V
oi

da
ge

 ε

0.5475

Voidage of the sinter mixture
with dp of 11.45 mm

Figure 6: Characteristic parameters of the sinter in each particle size range under the three-layer pattern (a) and the five-layer pattern (b).

5~15 mm:
23.85 wt.%

35~45 mm: 
19.89 wt.%

45~60 mm: 
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Top
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Figure 7: The schematic diagram of the distribution mode: (a) the random distribution mode; (b) the five-layer arrangement mode with the
particle size increasing from the bottom-up (i.e., mode 1 in Table 4).
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Table 3: All three-layer arrangement modes for the sinter mixture with the equivalent particle diameter of 11.45mm.

Mode of the layered
arrangement

Particle size range of the sinter in
each layer d (mm)

Total height of the sinter layer L
(cm)

Ratio of the resistance increase Sk
(%)

Bed bottom→bed top
First
layer

Second
layer

Third
layer

0
Random distribution mode

(control condition)
45.30 /

1 5~15 15~35 35~60 47.02 -13.99

2 5~15 35~60 15~35 46.54 -6.92

3 15~35 5~15 35~60 46.65 -9.65

4 15~35 35~60 5~15 46.14 -10.95

5 35~60 5~15 15~35 46.03 3.93

6 35~60 15~35 5~15 46.92 -11.89

Table 4: All five-layer arrangement modes for the sinter mixture with the equivalent particle diameter of 11.45mm.

Mode of the layered
arrangement

Particle size range of the sinter in each layer d
(mm)

Total height of the sinter
layer L (cm)

Ratio of the resistance
increase Sk (%)

Bed bottom→bed top
First
layer

Second
layer

Third
layer

Fourth
layer

Fifth
layer

0 Random distribution mode (control condition) 45.30 /

1 5~15 15~25 25~35 35~45 45~60 47.36 -25.70

2 15~25 25~35 35~45 45~60 5~15 46.25 -0.56

3 25~35 35~45 45~60 5~15 15~25 47.12 -14.99

4 35~45 45~60 5~15 15~25 25~35 47.27 -10.19

5 45~60 5~15 15~25 25~35 35~45 46.74 -2.93

6 5~15 25~35 45~60 15~25 35~45 46.70 -3.32

7 15~25 35~45 5~15 25~35 45~60 46.58 2.95

8 25~35 45~60 15~25 35~45 5~15 46.37 -2.04

9 35~45 5~15 25~35 45~60 15~25 46.23 -4.63

10 45~60 15~25 35~45 5~15 25~35 45.85 -5.13

11 5~15 35~45 15~25 45~60 25~35 45.25 -1.75

12 15~25 45~60 25~35 5~15 35~45 45.51 -7.09

13 25~35 5~15 35~45 15~25 45~60 46.71 -1.52

14 35~45 15~25 45~60 25~35 5~15 46.16 4.85

15 45~60 25~35 5~15 35~45 15~25 45.84 3.99

16 5~15 45~60 35~45 25~35 15~25 46.02 3.24

17 15~25 5~15 45~60 35~45 25~35 46.04 1.74

18 25~35 15~25 5~15 45~60 35~45 46.22 -10.90

19 35~45 25~35 15~25 5~15 45~60 46.01 -3.91

20 45~60 35~45 25~35 15~25 5~15 46.62 -20.15

Table 5: Summary of the relative uncertainty of parameters in this study.

Parameter Symbol Uncertainty (%) Parameter Symbol Uncertainty (%)

Equivalent particle diameter dp 1.51 Gas velocity ug 1.00

Apparent density ρa 1.42 Voidage ε 1.81

Bulk density ρb 1.12 Gas resistance ΔP 0.50
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For the multisize sinter mixture composed of a variety of the
monosize sinter, the apparent density ρa,m and equivalent
particle diameter dp,m can be calculated by Equation (iii) in
Table 1 [18] with the weighted method and Equation (iv)
in Table 1 with the weighted harmonic mean method
[29–31, 36], respectively. For multisize sinter mixtures and

monosize sinters, the bulk density ρb can be measured by
the weighing method of Equation (v) in Table 1 [17, 18].
The bed voidage ε can be calculated by Equation (vi) in
Table 1 [16–18, 21].

To study the influence of the particle size distribution on
the gas flow resistance under the layered distribution
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pattern, three types of sinter mixtures are designed, as
shown in Figure 5. The equivalent particle diameters dp,m
of the three kinds of sinter mixtures are 11.45mm,
15.45mm, and 19.45mm, respectively. To ensure the com-
parability of experimental results, the mass of the three kinds
of sinter mixtures is the same, which is 94.30 kg. The charac-
teristic parameters of the sinter mixture obtained by the
above methods are shown in Table 2.

To analyze the effect of the layer number on the gas flow
resistance, two types of the layered distribution patterns are
studied. The first type is divided into three layers, which is com-
posed of the three kinds of sinters with the particle size of
5~15mm, 15~35mm, and 35~60mm. The second type is
divided into five layers, which contains the five kinds of sinters
with the particle size of 5~15mm, 15~25mm, 25~35mm,
35~45mm, and 45~60mm. The bulk density ρb, apparent den-
sity ρa, and voidage ε of the sinter of each particle size are mea-
sured by means of the above methods, as shown in Figure 6.

To analyze the effect of the gas velocity ug, the gas resis-
tance in the layered bed is measured under the five kinds of
gas velocities, namely, 0.4, 0.8, 1.2, 1.6, and 2.0m·s-1. The
conventional random distribution pattern is also studied as
the control experiment, as shown in Figure 7. To study the
effect of the layered arrangement mode, the gas resistance
in the bed of the sinter mixture with the equivalent particle
diameter of 11.45mm is measured under 6 kinds of three-
layer arrangement modes and 20 kinds of five-layer arrange-
ment modes based on the orthogonal design, as shown in
Tables 3 and 4, respectively. Tables also list the ratio of the
resistance increase Sk for different layered arrangement
modes compared with the random distribution mode, which
is defined as follows:

Sk =
1
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where Sk is the ratio of the resistance increase of the k-th lay-
ered arrangement mode; ΔPi

r and ΔPi
k represent the gas

resistance of the i-th gas velocity under the random distribu-
tion mode and the k-th layered arrangement mode, respec-
tively; and i is the condition of the i-th gas velocity.

2.3. Uncertainty Analysis. The uncertainty analysis of
parameters is calculated by the theory of the error transfer
[21, 37–39]. Suppose the relationship between the parameter
y and k variables is as follows:

y = f x1, x2, x3,⋯,xkð Þ, ð2Þ

where x1, x2, x3,⋯, xk are k independent variables.
Then the absolute uncertainty of y (Δy) can be calculated

according to the absolute uncertainty of each independent
variable (Δx1, Δx2, Δx3,⋯, Δxk) as follows:

Δy =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
k

j=1

∂f
∂xj

Δxj

 !2
vuut : ð3Þ

Therefore, the relative uncertainty of y is expressed as

Δy
y

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
k

j=1

Δxj
xj

 !2
vuut : ð4Þ

The relative uncertainty of each parameter is shown in
Table 5.

3. Experimental Results and Discussion

3.1. Analysis of the Three-Layer Arrangement Mode. Figure 8
shows the change of the gas flow resistance (ΔP) with the gas
velocity (ug) under the three-layer layered mode and the
random mode for the sinter mixture with the equivalent par-
ticle diameter of 11.45mm. It can be observed that ΔP
increases in a quadratic relationship with the increase of ug
. With the increase of ug, the collision between the gas and
sinter particles will intensify. Therefore, the turbulent degree
of the gas flow increases, which makes the gas resistance
increase [14].

Based on the data in Figure 8, the ratio of the resistance
increase Sk under different three-layer arrangement modes is
calculated, as shown in Figure 9(a). It can be found that the
gas flow resistance (ΔP) of most of the layered arrangement
modes is lower than that of the random distribution mode.
On the one hand, the mixing degree of sinters under the lay-
ered distribution mode is lower than that of the random dis-
tribution mode. Therefore, Figure 6(a) shows that the
voidage of each layer under the layered distribution mode
is larger than that of the random distribution mode. This
reduces the viscous resistance and the inertial resistance of
the gas flow [14, 40]. On the other hand, the interval width
of the particle size of the sinter in each layer under the lay-
ered distribution mode is narrower than that of the random
distribution mode. The voidage distribution along the radial
direction under the layered bed is more uniform, which
reduces the disorder of the gas flow [35, 36].

Also, it can be seen from Figure 9(a) that the gas flow resis-
tance of mode 1 and mode 6 is the smallest, which is 13.99%
and 11.89% lower than that of the random distribution mode,
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arrangement modes for the sinter mixture with the equivalent particle diameter of 11.45mm.
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respectively. It can be seen from Table 3 that mode 1 and
mode 6 are the arrangement modes with the particle size
increasing and decreasing from the bed bottom to the bed
top, respectively. As can be seen from Figure 9(b), the bed
height of these two modes is the highest. This indicates that
themixing degree of particles at the interface of adjacent layers
is the lowest due to the continuous change of the particle size.
Therefore, the disorder degree of the gas flow through the bed
and the local resistance at the interface are relatively the low-
est. Unexpectedly, the gas resistance of mode 5 is 3.93% higher
than that of the random distribution mode. However, the ratio
of the resistance increase is very small. Therefore, the gas flow
resistance in the packed bed under the five-layer layered distri-
bution pattern is further studied.

3.2. Analysis of the Five-Layer Arrangement Model. As
shown in Figure 10 based on the sinter mixture with the
equivalent particle diameter of 11.45mm, the gas flow resis-
tance ΔP is compared between all five-layer layered modes
and the random distribution mode. Notably, Figure 10(a)
shows that there are indeed several layered modes, ΔP of
which is higher than that of the random distribution mode.

Based on the ratio of the resistance increase Sk of
Figure 11(a), all layered modes can be divided into three cat-

egories, namely, Sk > 0%, 0 > Sk > −10%, and Sk < −10%.
According to Figure 11(b), the average bed heights of the
layered mode of Sk > 0%, 0 > Sk > −10%, and Sk < −10% are
45.88 cm, 46.41 cm, and 46.88 cm, respectively. For the same
batch of the sinter mixture, the bed voidage reduces with the
decrease of the bed height. The lower the bed voidage, the
greater the gas flow resistance. Besides, it can be seen from
Table 4 that the particle size of the sinter between adjacent
layers changes greatly under the five layered modes of Sk >
0%. The great change of the particle size between adjacent
layers would produce two factors to increase the resistance.
On the one hand, the mixing degree of sinter particles
between adjacent layers increases. This makes the unifor-
mity of the voidage distribution along the radial distribution
reduce, which increases the turbulent degree of the gas flow.
On the other hand, the change range of the voidage along
the axial direction at the interface of adjacent layers
increases. This makes the gas flow expand or contract
abruptly at the interface, increasing the local resistance. For
the layered mode of Sk < −10%, the particle size of the sinter
between adjacent layers changes little, which basically shows
the continuous increase or the continuous decrease. The
mixing degree of the sinter between adjacent layers reduces.
This not only improves the uniformity of the voidage
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Figure 12: The effect of the layer number on the gas flow resistance of the sinter mixture with the equivalent particle diameter of 11.45mm:
(a) the comparison of the gas flow resistance ΔP between two three-layer modes and two five-layer modes; (b) the comparison of the ratio of
the resistance decrease Sk

∗ between the two three-layer models and two five-layer models.
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distribution along the radial direction, but also reduces the
variation range of the axial voidage at the interface. There-
fore, the gas can flow evenly through the sinter layer, which
reduces the turbulent degree and the local resistance of the
gas flow.

As can be seen from Figure 11(a) for the five-layer distri-
bution pattern, the gas flow resistance of modes with the
particle size increasing and decreasing from the bottom-up
(i.e., modes 1 and 20) is also the lowest, which is 25.70%
and 20.15% lower than that of the random distribution
mode, respectively. For the layered distribution pattern, the
layered mode with the particle size increasing from the
bottom-up has the smallest resistance, followed by the mode
with the particle size decreasing from the bottom-up. Com-
pared with the layered mode with the particle size increasing
from the bottom-up, the small-size sinter in the upper layer
can be easily filled into gaps between the large-size sinters in
the lower layer for the mode with the particle size decreasing
from the bottom-up. Therefore, the packing structure of the
mode with the particle size decreasing from the bottom-up is
more complex, intensifying the disorder and resistance of
the gas flow.

3.3. Effect of the Layer Number. Figure 12 illustrates the effect
of the layer number on the gas flow resistance. In
Figure 12(b), Sk

∗ is defined as the ratio of the resistance
decrease of the layered distribution mode compared to the
random distribution mode. As seen from Figure 12(a), the
gas flow resistance of the three-layer bed is higher than that
of the five-layer packed bed under two kinds of layered
modes with the particle size increasing and decreasing from
the bottom-up. Besides, Figure 12(b) indicates that the gas

flow resistance of the mode with the particle size decreasing
from the bottom-up declines by 8.26% with the layer num-
ber increasing from three to five, while that decreases by
11.71% for the mode with the particle size increasing from
the bottom-up. Therefore, the increase of the layer number
is not only conducive to further reduce the gas flow resis-
tance, but also has a more significant impact on the mode
with the particle size increasing from the bottom-up. This
can be attributed to the following two aspects. On the one
hand, the sinter with the particle size of 15~35mm under
the three-layer distribution pattern is composed of the sinter
with the particle size of 15~25mm and 25~35mm under the
five-layer distribution pattern. And the sinter with the parti-
cle size of 35~60mm consists of the sinter with the particle
size of 35~45mm and 45~60mm. Therefore, the packing
structure in the three-layer packed bed is more complex.
The distribution homogeneity of the voidage and particle
size along the radial direction reduces, which increases the
disorder degree of the gas flow [36]. On the other hand,
Figure 6 shows that the bed voidage of the sinter with the
particle size of 15~25 and 25~35mm is bigger than that of
the sinter with the particle size of 15~35mm. And the voi-
dage of the sinter with the particle size of 35~45 and
45~60mm is also bigger than that of the sinter of with the
particle size of 35~60mm. Therefore, the overall voidage of
the three-layer packed bed is smaller, leading to an increase
in the gas flow resistance [40].

3.4. Effect of the Equivalent Particle Diameter. Figure 13
compares the gas flow resistance of the three types of sinter
mixtures under the three kinds of distribution modes. The
gas flow resistance of the three modes decreases with the
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increase of the equivalent particle diameter dp,m. Table 2
shows that the overall voidage of the sinter mixture increases
with the increase of dp,m. This leads to the reduction of the
flow instability and specific surface area, decreasing the iner-
tial resistance and viscous resistance.

Based on the data in Figure 13, the ratio of the resistance
decrease Sk

∗ of the two five-layer modes under the three
kinds of equivalent particle diameters dp,m is calculated, as
shown in Figure 14. The ratio of the resistance decrease
Sk

∗ under two kinds of layered modes decreases with the
increase of the equivalent particle diameter dp,m. Moreover,
Sk

∗ of the mode with the particle size increasing from the
bottom-up decreases by 2.72% with dp,m increasing from
11.45mm to 15.45mm, while that decreases by 4.61% with
dp,m increasing from 15.45mm to 19.45mm. This indicates
that the effect of the layered distribution pattern on the resis-
tance reduction progressively weakens with the increase of
dp,m. It can be seen from Figure 5 that the proportion of
the small-size sinter and the large-size sinter would decrease
and increase when the equivalent particle diameter
increases, respectively. Therefore, it is easier to form large
gaps between particles. For the layered distribution mode,
the possibility of the small particle in adjacent layers filling
into gaps between large particles under the action of the
gravity increases. The nonuniformity of the voidage distri-
bution along the radial direction increases, which makes
the layered mode close to the random mode to some extent.
Therefore, the increase of the equivalent particle diameter
weakens the effect of the layered distribution mode on the
disorder degree of the gas flow.

With the increase of the equivalent diameter dp,m,
Figure 14 also shows that the change range of the ratio of
the resistance decrease Sk

∗ for the mode with the particle
size decreasing from the bottom-up is greater than that for
the mode with the particle size increasing from the
bottom-up. When the equivalent particle diameter dp,m
increases from 15.45mm to 19.45mm, Sk

∗ of the mode with
the particle size increasing from the bottom-up decreases by
4.61%, while that of the mode with the particle size decreas-
ing from the bottom-up decreases by 7.38%. Hence, the
increase of the equivalent particle diameter has a greater
influence on the mode with the particle size decreasing from
the bottom-up. For the layered mode with the particle size
increasing from the bottom-up, the size of the gap between
sinters in the lower layer is smaller than that of the sinter
in the upper layer. The sinter particles in the upper layer
are difficult to fill into gaps in the lower layer. Therefore,
the packing structure of the sinters is almost unchanged.
The increase of the equivalent particle diameter has little
effect on the bed structure of the mode with the particle size
increasing from the bottom-up. For the mode with the par-
ticle size decreasing from the bottom-up, the probability of
the small-size sinter in the upper layer filling into gaps
between the large particles in the lower layer increases grad-
ually with the increase of the equivalent particle diameter
dp,m. The packing structure of the mode with the particle
size decreasing from the bottom-up is more similar to that
of the random mode. Therefore, the gas resistance of the
mode with the particle size decreasing from the bottom-up
is more significantly affected by the change of the equivalent
particle diameter.
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4. Conclusions

The sinter vertical cooling technology is conducive to the
realization of the double carbon in the iron and steel indus-
try. To reduce the energy consumption of the new process,
the gas flow resistance in the sinter bed under the layered
distribution pattern was experimentally studied. The effects
of three factors, namely, the layered arrangement mode,
the layer number, and the equivalent particle diameter, are
carefully discussed.

The results show that the gas flow resistance of most of
the layered distribution modes is lower than that of the ran-
dom distribution mode. This indicates that the application
of the layered distribution pattern is beneficial to reduce
the gas resistance in the sinter bed. Among all layered
modes, the layered mode with the particle size increasing
from the bottom-up has the lowest resistance, followed by
the mode with the particle size decreasing from the
bottom-up. Since the operation state of the sinter vertical
cooling process is continuous, these two modes ensure the
feasibility of the application of the layered distribution pat-
tern. Besides, the increase of the layer number not only is
conducive to reduce the gas resistance but also has a more
significant impact on the layered mode with the particle size
increasing from the bottom-up. Moreover, the effect of the
layered distribution pattern on the gas flow resistance pro-
gressively weakens with the increase of the equivalent parti-
cle diameter. What's more, the mode with the particle size
decreasing from the bottom-up is more significantly affected
by the equivalent particle diameter.

This work not only is helpful to understand the effect of
the layered distribution pattern on the gas resistance charac-
teristic but also lays a foundation for the application of the
layered distribution pattern in the moving bed. However,
the bed structure and the mechanism of the gas flow under
the layered distribution pattern are still unclear, which is
an important research direction in the future.

Nomenclature

D: Diameter of the packed bed (m)
d: Particle size of the sinter (m)
dp: Equivalent particle diameter of the sinter (m)
dp,s: Equivalent particle diameter of the monosize sinter

(m)
dp,si: Equivalent particle diameter of a certain monosize

sinter in the sinter mixture (m)
dp,m: Equivalent particle diameter of the sinter mixture (m)
L: Height of the sinter bed (m)
ρa: Apparent density of sinter (kg·m-3)
m1: Mass of the dry sinter (kg)
m2: Mass of the sinter and test basket in water (kg)
m3: Mass of the wet sinter (kg)
m4: Mass of the test basket in water (kg)
M1: Mass of a batch of the sinter and test container (kg)
M2: Mass of the test container (kg)
ρw: Density of the water (kg·m-3)
ms: Mean mass of the single sinter (kg)
ρa,m: Apparent density of the sinter mixture (kg·m-3)

ρa,s: Apparent density of the monosize sinter (kg·m-3)
ρa,si: Apparent density of a certain monosize sinter in the

sinter mixture (kg·m-3)
ρb: Bulk density of the sinter (kg·m-3)
ug: Gas velocity under the standard condition (m·s-1)
V : Volume of the test container (m3)
w: Mass fraction of the sinter (wt.%)
wi: Mass fraction of a certain monosize sinter in the sinter

mixture (wt.%)
ΔP: Gas flow resistance in the sinter packed bed (Pa)
ΔPi

r : The gas flow resistance of a certain gas velocity under
the random distribution mode (Pa)

ΔPi
k: Gas flow resistance of a certain gas velocity under a

certain layered arrangement mode (Pa)
Sk: Ratio of the resistance increase of a certain layered

arrangement mode (%)
Sk

∗: The ratio of the resistance decrease of a certain layered
arrangement mode (%)

Greeks

ρ: Density (kg·m-3)
ε: Voidage

Subscripts

p: Particle
w: Water
g: Gas
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