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The pore structure in the high-temperature zone plays a leading role in the permeability of the sinter bed. How-
ever, few studies on the bed structure in the high-temperature zone of sintering are due to the difficulty of sam-
pling. Pilot-scale sinter pot tests were conducted to investigate the flame front propagation properties and pore
evolution characteristics under different granulation moisture in this paper. Liquid nitrogen was injected to
quench the sintering bed. We use X-ray computed tomography to reconstruct the high-temperature zone sinter
structures. Results show that the higher porosity of green bed under higher granulationmoisture results in faster
flame front and more likely channels formation. The porosity of the high-temperature zone increases from
48.40% to 51.50% and 55.68%withmoisture increasing from 5.30% to 6.35% and 6.91%. However, themean length
of pores decreases from 1.60 mm to 1.38 mm caused by inadequate coalesce under high moisture conditions.
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1. Introduction

The iron ore sintering process is widely used globally for agglomer-
ation of iron ore as an important pre-process of blast furnace
ironmaking [1]. Iron ores, fluxes, return fines, and coke are blended be-
fore granulatingwith calculatedwater and then filled into the sinter pot
[2]. After the igniter ignites, the self-sustaining porousmediumcombus-
tion generates under the suction of the induced draft fan. As a typical
porous media combustion process with solid fuel embedded, the iron
ore sintering process is different because the solid phase participates
in the reaction, and the porosity changes before and after the flame
front arrive [3]. During the iron ore sintering process, the solid phases,
including iron ores, fluxes, return fines, and fuel, react together. The
melting processes, liquid phase generation and seepage, bubbles move-
ment and coalescence occur [4,5]. The permeability and pore properties
of the bed change significantly before and after the flame front passes
through [6,7].

Previous studies divided the sintering bed into sintered zone, high-
temperature zone, and humidified zone according to the sintering
state of the bed materials [8]. The high-temperature zone plays a con-
trolling role in the overall permeability of the sinter bed [8–10]. More-
over, the amount of melt formed is crucial to the agglomeration
structure and strength of the sinter [11]. Therefore, the high-
temperature zone pore structure and dynamic evolution characteristics
have an important influence on the permeability of the sintering bed,
thus affecting the sinter yield, productivity, and strength [12]. It is
clear that the structure of the green bed will affect the structure of the
sinter bed. It is reported that the permeability of the sinter bed is posi-
tively related to that of the green bed [13,14]. Many factors are affecting
the porosity of the green bed. Different iron ores have different absorp-
tion and infiltration of water, and their bonding properties are also dif-
ferent [15]. Raw material particles with different structures, sizes and
strengths prepared by different granulation processes also affect the
structure of the green bed [16–18]. The porosity of the green bed layer
under different bed heights is different because of the compaction effect
caused by gravity load [19–21]. Granulation moisture is also one of the
critical factors affecting the structure of the green bed. The particle
size of rawmaterials increases and its distribution narrows, the perme-
ability of the green bed increases, thus the flame front speed increases
[22], with the increase of granulation moisture within a specific critical
value range, which is different for different iron ore materials [23,24].
The permeability of the green bed deteriorates under the condition of
too high granulation moisture [25]. Moisture transfer between bed
layers caused by evaporation and condensation also changes the bed
structure and permeability during sintering [26]. According to the
existing state of water in the sintering process, Podder [27] divided
the unsintered region into four regions: drying region, equilibrium
zone, condensation zone, and unreacted zone. With the sintering
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Table 1
Ore blend and sinter mix proportioning.

Basic ore blend proportion (wt% ore basis)

Australia ore A 16.67
Australia ore B 16.67
Australia ore C 33.33
Brazil ore A 16.67
Brazil ore B 16.67

Sinter mix proportioning (wt% ore basis)
Basic ore blend 57.48
Limestone 8.08
Dolomite 4.94
Coke breeze 4.50
Return fines 3.35–5.00 mm 16.67

0–3.35 mm 8.33

Table 2
Sintering conditions.

Sintering conditions

Bed height (mm) 650
Ignition suction (kPa) 6
Ignition temperature (°C) 1200
Ignition time (s) 90
Sintering suction (kPa) 16

Moisture (wt%)
Case1 5.30
Case2 6.35
Case3 6.91
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process, the bed state continues to transform, and the position of differ-
ent zones is also changing, which affects the airflow through the bed.
Thus, it is of great significance to study the structure change of the
sintering bed, especially the high-temperature zone, and its influence
on the flame propagation under different granulationmoisture for opti-
mizing the sintering quality and yield.

X-ray computed tomography (XCT) has beenwidely used to analyze
the pore characteristics of porous media with the development of spa-
tial visualization techniques and numerical modeling methods since re-
cent decades [28,29]. The non-destructive scanning and model
reconstruction of the sinter can be realized using XCT, which can effec-
tively reproduce the three-dimensional (3D) pore structure of the sinter
and better analyze the pore characteristics. Nushiro et al. [30] put a
small sinter pot in the center of the XCT device and obtained the pore
structure of the sinter with different bulk densities of raw materials.
Nevertheless, only millimeter-sized pores were analyzed, limited to
the equipment conditions at that time. Shatokha et al. [31] proposed a
method to distinguish open and closed pores of sinter and analyze
their pore characteristics using XCT data, which realized a wider range
of pore size measurement than mercury intrusion porosimetry to mea-
sure a higher open porosity. XCT can also reveal the volumetric spatial
distribution of the pores, which cannot be obtained from traditional
techniques such as mercury intrusion porosimetry and optical micros-
copy [32]. Zhou et al. [16] reconstructed clear pore distribution
and topology by applying XCT and numerically analyzed the pore char-
acteristics and permeability of several rawmaterials packed beds. How-
ever, most of the researches on the pore characteristics of sinter use the
sintered samples [7,14,33] or the tablets made of ore powder to simu-
late the sintering samples [34] for XCT analysis due to the difficulty of
sampling the high-temperature zone under sintering.
Fig. 1. Procedures of sinter pot tests and X
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The liquid nitrogen quenching method has been used in previous
studies. Zhao et al. and Zhou et al. [35–37] froze the sintering rawmate-
rials after granulationwith liquid nitrogen in order tomake the particles
firm without changing the particle size of the rawmaterials, so as to be
used for screening and particle size analysis. Pownceby et al. [38,39]
quenched micro simulated sintered sample to investigate the solid
solution range, thermal stability, and selected phase relationships of
silico-ferrite of calcium and aluminum (SFCA). Berg et al. [40] injected
liquid nitrogen into a 400 mm high sinter pot to quench the high-
temperature sinter to analyze the effect of oxygen potential change on
the metallographic composition of the sinter. However, the height of
the sintering bed has a significant impact on the gravity load of the
bed and the heat storage effect in the sintering process, affecting
the pore structure of the sintering bed. In this study, liquid nitrogen
was used to rapidly quench a 650 mm sintering bed, which is closer
to the height of industrial sintering machines, to preserve the high-
temperature zone structure since sintering. Then XCT was applied to
reconstruct the complete three-dimensional structure of samples in
the high-temperature zone. The number, distribution and morphologi-
cal characteristics of pores were extracted to evaluate the effect of
granulation moisture on the structure of the high-temperature zone
under sintering.

2. Experimental

2.1. Materials and sinter pot test

Table 1 shows thematerials of this study and their proportioning, in-
cluding a mixture of three Australian ores and two Brazilian ores, coke,
limestone, dolomite, and return fines, according to the typical iron ore
proportioning in the Asia Pacific region. The binary basicity, defined as
the ratio of CaO and SiO2 mass content in the mixture, is mainly
controlled by adding flux, including limestone and dolomite. Of
course, the addition of return fines and coke breeze will also affect
-ray computed tomography system.
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the basicity. The proportion of each raw material is comprehensively
adjusted to ensure that the binary basicity is 1.90. The particle sizes
of ore, coke and flux shall not exceed 10 mm, 5 mm and 3 mm,
respectively. The addition of return fines with the particle size of
0–3.35 mm and 3.35–5 mm is controlled in the ratio of 1:2, so that the
return fines ratio of the total sintering mixture is 25.00%. The coke
ratio of 4.50% is suitable for this ingredient according to our previous ex-
perimental [41]. The raw materials preliminarily mixed according to
Table 1 were put into the drum for 1 min dry mixing and then 10 min
wet mixing with calculated water addition.

The procedures of the sinter pot tests are shown in Fig. 1, and the sin-
ter condition is shown in Table 2. The granules are filled into a 650mm
high cylindrical sintering pot with an inner diameter of 120mm, which
was paved with 1 kg sinters with a particle size of 6.3–8 mm at the bot-
tom in advance. Under the wind box negative pressure of 6 kPa, a
50–100mm thickflame front is formed after a 90 s ignitionwith natural
gas igniter. Then the flame front propagates from top to bottom along
the bed under the suction of the induced draft fan as the negative pres-
sure of thewind boxwas increased to 16 kPa rapidly. Five pressure sen-
sors are installed on the sintering cup 100 mm, 200 mm, 300 mm,
400 mm, and 500 mm from top to bottom to measure the change of
bed layer pressure during sintering.

Three sinter pot tests were conducted to investigate the influence of
granulation moisture (5.30%, 6.35%, 6.91%) on high-temperature zone
pore structure and flame propagation characteristics of the sintering
bed, as shown in Table 2. According to the indication of pressure sen-
sors, it was considered that the sintering process was half-finished
when the negative pressure of the bed layer at 300 mm decreased rap-
idly, which indicated that the flame front was passing through the bed
layer at 300mm. The induced draft fanwas shut off and the liquid nitro-
gen was injected for rapid cooling and then sampling the sinter. The cy-
lindrical sinter samples from the high-temperature zone with both
diameter and height of 100 mm were scanned using XCT. The current
and voltage of XCT were set to 350 μA and 190 kV. The samples were
placed 510mmand 860mmaway from the X-ray source and detectors,
Fig. 2.XCT images processing procedure: (a) original XCT image; (b) selection of region of
interest (ROI); (c) noise reduction and binarization (blue: pore, black: void);
(d) segmentation.
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respectively. The exposure timewas set to 0.8 s. Considering the limita-
tion of computing resources and the balance of accuracy requirements,
we selected the resolution to 74 μmwhich can capturemost of the pores
in the sinter and effectively evaluate the permeability of the sinter bed
but not exceed the bearing range of computing resources.
Fig. 3. Distribution of negative pressure of sintering bed under different granulation
moisture, (a) 5.3%, (b) 6.35%, (c) 6.91%.
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2.2. X-ray computed tomography image processing

The 3D reconstruction of the sinter structure and the calculation of
pore parameters need a lot of computing resources. As we all know,
the particle size of sinter in industrial production is 5–40 mm and the
boundary of “macropore” and “micropore” is usually 1 mm in most
studies on pore analysis of sinter [41]. So a 30 × 30 × 30 mm3 cube re-
gion was extracted from the scanned samples for calculation and pa-
rameter statistics in this study, which is enough to characterize the
sinter, considering the trade-off between calculation resource con-
sumption and analysis accuracy.

Fig. 2 shows the typical images processing procedure of the XCT
slice. Fig. 2(a) is a typical XCT slice grayscale image. Firstly, a
30 × 30 × 30mm3 region of interest (ROI) was extracted from the orig-
inal XCT data (Fig. 2(b)). Secondly, noise reduction and binarization of
the ROI grayscale image were carried out (Fig. 2(c)) to distinguish the
pore and solid matrix. Then the binary slices were segmented (Fig. 2
Fig. 4. 3D structure of solid matrixes and pores (left: solid
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(d)) to count the parameters such as equivalent diameter and sphericity
of pores.

The spherical equivalent diameter De of the pore was defined as eq.
(1):

De ¼
ffiffiffiffiffiffiffi
6V
π

3

r
ð1Þ

The sphericity of pores was defined as eq. (2):

ψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π 6Vð Þ23

q
S

ð2Þ

Where V is the volume of pores (m3) and S is the area of pores (m2).
matrix, middle: pore structure, right: closed pores).



Fig. 5. The volume fractions open pores and closed pores in the high-temperature zone
under different granulation moisture.

Fig. 7. Proportion of pore number under different moisture.
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3. Results and discussion

3.1. Flame front propagation characteristics of the sinter bed

The pressure drop in the sintering process is mainly caused by the
high-temperature zone [9]. In a typical iron ore sintering process, the
bed negative pressure increased gradually from top to bottom. At a cer-
tain height, the decrease of the bed negative pressure is slight before the
flame front reaches but rapid when the flame front leaves. In order to
monitor the flame front propagation process, pressure sensors were
used to monitor the pressure changes at different bed heights during
sintering. Fig. 3 shows the bed pressure curves under three different
granulation moisture conditions during sintering. Before the start of
sintering, the negative pressure of the wind box was increased to
16 kPa after 90 seconds of ignition at a low negative pressure of 6 kPa.
Therefore, it is considered that the surge of negative pressure of wind
box to 16 kPa is the sign of the start of sintering.

The quotient of the sinter bed height divided by the sintering time is
the flame front speed. Under the condition of 5.30%moisture, the flame
front speed is low, and the pressure drops slowly due to the lousy
Fig. 6. Particle size distribution of sinter mixture.
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permeability of the bed. With the increase of granulation moisture,
the moment of rapid decrease of bed negative pressure is advanced,
and the decrease speed gets faster. It indicates that the permeability of
the sinter bed and the flame front speed increases with the increase of
moisture. The high-temperature zone reaches a specific height bed ear-
lier, and the duration gets shorter. The permeability-moisture curve is
parabolic [9]. In the granulation process, the fine particles adhere to
the large particles as the core under the action ofwater to form an inter-
nal initial layer. When the water is sufficient, a thicker internal initial
layer will be formed, and then medium-sized particles will be embed-
ded into the surface of the internal initial layer to form an external ad-
hering layer. However, when the water is insufficient, these medium-
sized particles are not easy to adhere or fall off after adhesion, and
then scatter in the pores of the raw material bed, which is also one of
the reasons for the poor permeability of the raw material bed under
low moisture [9].

With the increase of granulationmoisture, the formed internal initial
layer is more cohesive, so more medium-sized particles are embedded
to forma thicker external adhesive layer, increasing the Sautermean di-
ameter of raw material particles, and increasing the porosity and per-
meability of the green bed. However, too thick adhering layer is easy
Fig. 8. Change of pore number under different moisture.



Fig. 9. The volume fraction of pores with different sizes.
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to disintegrate during the filling process when the moisture exceeds a
specific critical moisture value, resulting in the fine particles scattering
and filling the pores of the bed, which reduce the permeability of the
green bed. However, it is evident that the granulation moisture in this
study did not exceed the critical value [16]. The increase of granulation
moisture had a positive effect on both bed permeability and flame front
speed.

3.2. Three-dimensional reconstruction and pore distribution of
high-temperature zone structure

In order to study the structural characteristics of the high-
temperature zone in the sintering process, XCT was conducted on the
high-temperature zone samples cooled by liquid nitrogen under differ-
ent granulation moisture sintering conditions. Then the three-
dimensional reconstruction of its complete structure was carried out,
as shown in Fig. 4. The pores connected with external space were de-
fined as open pores, the pores not connected with external space were
defined as closed pores, and the non-porous parts, including solid
phase and solidified liquid phase, were described as matrix [31]. From
left to right, the distribution of matrix, pores, and closed pores are
shown in Fig. 4.
Fig. 10. Pore sphericity under different moisture.

Fig. 11. Surface porosity in different directions under different moisture, (a) 5.3%,
(b) 6.35%, (c) 6.91%.
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Fig. 12.Number of pores in different directionswith differentmoisture, (a) 5.3%, (b) 6.35%,
(c) 6.91%.
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Fig. 5 shows the volume fractions of open and closed pores in the
high-temperature zone samples under different moisture conditions.
Under the conditions of granulation moisture of 5.30%, 6.35% and
6.91%, the total porosity of samples in the high-temperature zone is
48.40%, 51.50% and 55.68%, respectively. The pore structure of the
green bed is the basis of the pore structure of the sintering bed. A series
of physical and chemical reactionswill happenwhen the flame front ar-
rives, leading to the melting and coalescence of materials. The porosity
of the sinter bed is often higher than that of the green bed due to the
mass loss mainly caused by fuel combustion, water evaporation, and
carbonate decomposition. The change of poremorphology and distribu-
tion primarily occurs in the high-temperature zone, mainly due to the
merging of small bubbles, the breaking and escaping of large bubbles,
and the impact of gas flow on the liquid phase. Zhou et al. [14] reported
that generally, the permeability of the sinter bed is positively correlated
with that of the green bed. The variation trend of the sintering bed po-
rosity in the high-temperature zone is also consistent with the green
bed porosity. As discussed in Section 3.1, the increase of granulation
moisture will increase raw material particle size, promoting the poros-
ity and permeability of the green bed. More moisture will evaporate
during sintering, resulting in more significant mass loss and further in-
crease of bed porosity under the condition of high granulationmoisture.
As the transition stage between the raw bed and the sintering bed, the
porosity of the high-temperature zone also increases.

In addition, as shown in Fig. 5, the volume fraction of closed pores in
the high-temperature zone gradually decreases from0.71% to 0.51% and
0.39% with the increase of granulation moisture. The increase of the
high-temperature zone porosity is the superposition result of both the
increase of open pore volume fraction and the decrease of pore volume
fraction. The porosity of the green bed is high, and the gas flow travels
faster under high moisture, as discussed in Section 3.1, so it is easier to
impact the liquid phase and form the gas flow channels.

Meanwhile, the increase of quasi-particle size under high granula-
tion moisture is mainly caused by the increase of the external adhesion
layer. The particle size distribution of fluxes and iron ores is shown in
Fig. 6, in which medium-sized particles with the particle size of
0.1–1 mm account for about 40% and 23%, respectively. There are rela-
tively more large particles and fine powders in iron ore. Therefore, the
increase of granulation moisture causes more flux particles to adhere
to the external adhering layer. In the sintering process, the adhered
medium-sized flux particles decompose and fully contact with the ore
powder, so as to form a local high basicity area, resulting in a large
amount and lower viscosity of liquid phase. So the gas flow resistance
is smaller, conducive to the increase of gasflow rate, and easier to create
gas flow channels [7]. This promotes the movement of bubbles in the
molten liquid phase and the connection and coalescence, resulting in
more open pores and less closed pores.

The proportion of the number of pores in different pore size ranges
to the total number of pores in the high-temperature zone under differ-
ent granulation moisture are shown in Figs. 7 and 8. The number of
poreswith the equivalent diameter of 0–0.2mmaccounts for the largest
proportion of the total number of pores, consistent with Shatokha et al.
[31]. Furthermore, there is little difference in pore number distribution
under different granulation moisture.

It can be seen from Fig. 8 that with the increase of granulationmois-
ture, the number of almost all of the pores increases except those with
equivalent diameter + 1 mm, and the smaller the pores are, the more
pronounced the increasing trend is. The flame front travels faster
under high moisture, which means a shorter sintering time with a
fixed bed height. Shorter time of high temperature in the bed leads to
low melting and insufficient coagulation of materials. A large number
of small bubbles cannot fuse into larger bubbles, thus leaving more
small pores in the matrix. The number of pores with an equivalent di-
ameter of +1 mm does not show a significant trend with the change
of granulation moisture, which may be because the larger pores are
more affected by the structure of the green bed and air impact. The
669
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increase of green bed porosity and air impact is conducive to the forma-
tion of large pores. However, the bubble fusion caused by shorter
sintering time is insufficient, which is not conducive to the formation
of large pores. Under the superposition of the two effects, the number
of large pores does not appear a noticeable change trend.

However, as shown in Fig. 9, granulationmoisture did not significantly
affect the volume fraction of pores with different pore diameters, which
indicates that the increase of total pore volume is the result of the increase
of pores in different particle size ranges. The volume fraction of poreswith
an equivalent diameter of +1 mm is high as 99%. These larger pores are
more likely to fuse in the process of liquid phase flow in the high-
temperature zone and form channels under the impact of gas flow, thus
affecting the permeability of the high-temperature zone. It can be found
that although the number of pores of −1 mm is large, their volume
fraction is tiny combined with the results of Fig. 5. At high porosity, the
proportion of small pore volume in the total pore volume remains un-
changed, which indicates that the number of small pores increases signif-
icantly，which is consistent with the statistical results in Fig. 8, further
proving that the pore fusion in the high-temperature zone is insufficient
under high moisture. These micropores greatly influence the strength
and reducibility of the sinter but little influence the gas flow resistance
and thermal characteristics in the sintering process.

The sphericity of pores with different sizes in the high-temperature
zone is shown in Fig. 10. It can be found that larger pores have smaller
sphericity. The sphericity of 0–0.2 mm pores is about 0.38, while that
of +1 mm pores is about 0.18. There is a three-phase fusion process of
solid phase, melting and gaswhen the flame front arrives in the process
of iron ore sintering, in which bubbles fuse and reshape, thus reducing
the system energy. There are two opposite forces, surface tension and
viscous force, affecting the reshaping process. The surface tension
tends to make the bubble rounder, while the viscous force prevents
this process [11]. The driving force of the reshaping process is a function
of 2γ / r, where γ is the surface tension of the melt and r is the bubble
radius. Therefore, bubbles with small equivalent diameters are easier
to reshape to near-spherical shape,which has the lowest systemenergy.

The gas flow impacts the liquid phase in the high-temperature zone
from top to bottom during sintering, which coincides with the direction
of gravity load. In order to explore whether the structure of the sinter is
regular in spatial distribution, we took a certain number of sections
equidistant in three directions of sinter samples, and made statistics
on the face porosity and the pore number on each section. The data
points in Figs. 11 and 12 correspond to the face porosity or the pore
number on the section at a certain distance from the coordinate origin.
If the pores in the high-temperature zone are regularly distributed in a
certain direction, the curve in the figure will change according to a cer-
tain law. But as shown in Fig. 11, the change of face porosity in one di-
rection is irregular, and there is no obvious difference in section
porosity in different directions. The heterogeneity of the green bed
Fig. 13. Pore skeleton network with differen
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leads to the uneven distribution of pores in all directions. The number
and size of pores are anisotropic in each direction. Vertical airflow im-
pact and gravity load affect the remodeling of bed structure without
changing the heterogeneity of pore space distribution.

In order to further understand the characteristics of the random dis-
tribution of these pores, the total amount of pores in different directions
is analyzed, as shown in Fig. 12. In Fig. 12(c), the number of pores in dif-
ferent sections changesmore violently and the variation range is signif-
icantly wider., indicating that the heterogeneity of pore number in each
direction gets evident with the increase of moisture. With the increase
of moisture, a shorter sintering time will reduce the combustion effi-
ciency of coke and reduce the heat release of fuel [25,42]. The porosity
and permeability of the sintering bed are higher, which means that
the convective heat transfer is more intense after the air enters the
bed. The gas flowwill takemore heat away, weakening the heat storage
effect of the fixed packed bed.

The sintering bed can be divided into drying region, equilibrium zone,
condensation zone and unreacted zone before the flame front reaches the
bed from the perspective of moisture transfer [27]. As the flame front ap-
proaches the bed gradually, the water vapor carried by the sintering flow
condenses in the unreacted zone, and the unreacted zone transforms into
the condensation zone. As the flame front gets close, the condensation of
water vapor and evaporation of water in the condensation zone reach a
dynamic equilibrium, and the bed layer transforms into the equilibrium
zone. The water in the bed evaporates rapidly when the flame front is
coming, and the bed layer transforms into the drying region. Under the
high moisture condition, the gas flow is faster, easier to take away the
heat released by steam condensation in the condensation zone and the
equilibrium zone, which also weakens the heat storage effect of the
fixed packed bed. In addition, higher moisture content leads to more
heat consumption for water evaporation in the process of transforming
the equilibrium zone into the drying region, which reduces the bed tem-
perature. The decrease of sintering bed temperaturewill lead to less liquid
formation andworse liquid fluidity [43]. Shorter sintering time and lower
bed temperature lead to the insufficient agglomeration of materials and
insufficient coalescence of bubbles in the high-temperature zone, which
results in more obvious non-uniformity in the distribution of pore num-
bers in all directions. On the contrary, higher bed temperature and longer
sintering time provide more liquid phase with good fluidity under low
moisture conditions,whichmeans the viscous force of gas-liquid interface
is lower, and the driving force of bubble reshaping is stronger. In a longer
reshaping time, the heterogeneity brought by the green bed is overcome
to a certain extent.

3.3. Pore skeleton network and parameters

The pore skeleton network under different granulatingwater condi-
tions is reconstructed to show the overall pore characteristics of the
t moisture (a) 5.3%, (b) 6.35%, (c) 6.91%.



Fig. 14. Comparison of pore structure parameters with differentmoisture (a)mean length
and radius of pores, (b) number of pore segments and nodes, (c) number of terminal
nodes and branching nodes.
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high-temperature zone intuitively, as shown in Fig. 13. It can be found
that the distribution of pore networks under different moisture condi-
tions is relatively random. The extraction of pore skeleton parameters
is necessary for further study of the influence of granulation moisture
on the characteristics of the pore skeleton.

The mean length and radius, the number of pore segments and
nodes, and the number of terminal nodes and branching nodes of the
high-temperature zone under different granulating moisture are
shown in Fig. 14. Fig. 14(a) shows that the mean length of pores de-
creases from 1.60 mm to 1.45 mm and 1.38 mm with the increase of
granulating moisture. The mean radius also appears a downward
trend. While the segments and nodes, including terminal nodes and
branching nodes, get more with the increase of moisture content, as
shown in Fig. 14(b) and (c).

As discussed above, the lower the moisture content, the slower the
flame front travels, contributing to a higher bed temperature and longer
sintering time. The formation process of the sinter pore skeleton can be
considered the integration and reshaping process of the green bed skel-
eton by gas flow impact, mass loss andmaterial coalescence. Under low
moisture content, sufficient material coalescence and bubble fusion are
conducive to the extension and expansion of pores. In the process of
bubbles extension, the nodes of two bubbles gradually contact and
fuse to form a longer pore section. In the expansion process of a bubble
made up of many branches, a trunk segment gradually expands and
coarsens, merging with the smaller segments connected initially to
form a coarser pore. Thus, the number of pore segments and nodes is
less, and the developed pores are longer and coarser under low mois-
ture conditions. However, the pore skeleton of the high-temperature
zone is based on that of the green bed, after all. Under the condition of
insufficient development, the pore skeleton is more limited by the
green bed, so the pores will not be unlimited short and fine. In addition,
the particle size of raw material is larger under high granulation mois-
ture, so it is easy to form slightly larger pores in the packed bed. The
above is why the mean radius of pores under 6.35% moisture and
6.91% moisture is not much different, as shown in Fig. 13(a).

4. Conclusions

Due to the difficulty of sampling, the research on the pore morphol-
ogy and distribution characteristics of the high-temperature zone of the
sintering bed has been scarce. In this study, liquid nitrogen was intro-
duced to quench the sintering bed, and X-ray computed tomography
was used to reconstruct the three-dimensional structure of the high-
temperature zone. We discussed the influence of granulation moisture
on the flame front propagation characteristics and the pore characteris-
tics in the high-temperature zone of the sintering bed by analyzing the
pressure variation of the sintering bed, the pore distribution, and the
pore skeleton parameters in the high-temperature zone. The main con-
clusions are as follows:

(1) In the range of granulationmoisture in this study, the flame front
speed increaseswith the increase of granulationmoisture, which
mainly affects the pore structure and permeability of the green
bed by affecting the particle size of granulation, thus affecting
the permeability of the high-temperature zone.

(2) The sphericity of pores is related to the relative magnitude of liq-
uid surface tension and viscous force in the three-phase fusion
process of solid phase, melting and bubble. The larger pores
have smaller sphericity. The macropores with De larger than
1 mm account for about 10% of the total pores in number, but
about 90% in volume, which play a leading role in gas flow
resistance and thermal characteristics.
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(3) The increase of granulation moisture leads to short sintering
time, low bed temperature, insufficient material coalescence
and bubble fusion.More small pores and closed pores are formed
in the high-temperature zone. The non-uniformity of pore distri-
bution gets prominent.

(4) Low bed temperature and short sintering time under high gran-
ulationmoisture cannotmake the pore framework reshape suffi-
ciently. Many pores are not fully expanded, resulting in more
pore segments and nodes are, while the mean radius and length
get small.
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