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The high-temperature zone of the sintering bed is the crucial area for material change and structural remodeling,
and the heat is provided by coke combustion. Understanding how fuel combustion affects bed structure is of great
significance to optimize sintering parameters and sintering quality. In this study, sintering pot tests were carried
out under three coke ratios of 4.5%, 5.0% and 5.5%, and liquid nitrogen was used to quench the high-

temperature zone sintering. The clear internal structure of the high-temperature zone sinter was obtained
using X-ray computed tomography (XCT). Results show that with the increase of coke ratio, the porosity in the
high-temperature zone decreases from 54.29% to 51.04% and 48.07%, and the number of terminal nodes, branch
nodes and segments of the pore skeleton decreases by 51.6%, 55.2% and 53.1% respectively. The pores in the
high-temperature zone are fully fused and developed.

1. Introduction

With the increasingly severe ecological and climate problems caused
by global warming, carbon emission reduction has become one of the
focuses of development and research in many industries [1]. As a
developing country, a large part of carbon emissions in China come from
secondary industry, especially the combustion process of fossil fuels [2].
As an energy-intensive industry, the carbon emission of the iron and
steel industry deserves special attention [3]. The statistical results show
that in 2018, the total CO2 emissions from smelting and pressing of
ferrous metals processes in China reached 1769.6 million tons (Mt),
accounting for 18.4% of the total national emissions, including 1068.7
Mt from coke combustion, which accounts for 60.4% of the emissions
from the welding and pressing of ferrous metals process [4]. As an ore
powder agglomeration method widely used globally, the importance of
the sintering process for the quality and output of iron and steel smelting
cannot be overemphasized [5], which accounts for more than 10% of the
total energy consumption of the iron and steel industry. Thus, opti-
mizing energy utilization in the sintering process is of great significance
to carbon emission reduction in the steel industry.

The sintering process of iron ore is a self-sustaining porous medium
combustion process of a packed bed formed after granulation of a certain
proportion of ores, fluxes, fuel and return fines under negative pressure
suction after ignition [6]. Coke is widely used as sintering fuel in
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industry, also the primary source of carbon emissions [7]. The sintering
bed was usually stratified according to its temperature and moisture in
previous studies [8,9]. The igniter ignites the sintering bed to form a
flame front, and then the combustion of coke maintains the flame front.
That is, a high-temperature zone gradually propagating downward is
formed [10]. On the one hand, the addition amount, combustion speed
and rate of coke determine the propagation speed of the flame front, the
width and the temperature of the high-temperature zone [11,12], which
further affect the evolution of the sintering bed structure [13], sinter
quality and yield [14] and the flue gas composition [15]. On the other
hand, coke consumption and combustion are the decisive factors of
carbon emission in the sintering process [4].

The application effect and combustion characteristics of various
forms of fuel have been thoroughly studied. The combustion behavior of
coke breeze at different particle sizes and its effect on sintered products
have been widely studied [16,17]. Besides, Fan et al. investigated the
effect on ignition parameters and the optimization on sintering quality
of coke segregation [18]. The combustion behaviors of different types of
quasi-particles obtained by changing the coke distribution through the
change of granulation process have been also studied [17,19,20]. The
effects of coke distribution on sintering parameters, sintering quality,
and sintering flue gas composition have also been thoroughly discussed
and verified by experiments [21-24]. It is also one of the research hot-
spots in recent years to reduce fossil energy consumption and the
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emission of flue gas pollutants by replacing coke with biomass fuel in
different proportions [25,26]. However, biomass fuel is often more
reactive and burns faster. Therefore, many laboratory studies use flux
powder or ore powder to pre-granule biomass fuel to form coated
quasi-particles [20,27]. Similarly, the modification of biomass fuel by
impregnation is also to improve its combustion characteristics and meet
the needs of the sintering process [20,28].

However, the bed structure is constantly evolving in the sintering
process, mainly in the high-temperature zone and driven by the airflow
impact and the heat release of coke combustion [29]. The traditional
analysis of bed structure mainly measures green bed bulk density,
permeability, and sintered bed porosity [13]. The porosity of sinter
measured by traditional methods such as mercury intrusion porosimetry
does not include closed pores [30], while optical microscopy can not
effectively count the volume and quantity of large pores [31]. X-ray
computed tomography (XCT) is a non-destructive visualization tech-
nology for the internal three-dimensional (3D) structure of objects.,
which has played a significant role in the structural research of porous
media in recent years [32,33]. Nushiro et al. [34] have already used XCT
to analyze the structure and density of the sinter but can not obtain
many accurate and compelling data, limited by the resolution and data
processing capacity of the equipment at that time. With the improve-
ment of XCT accuracy and the development of image processing tech-
nology, it is not difficult to effectively distinguish whether the pores in
the sinter are open or closed [30]. Furthermore, Zhou et al. calculated
the permeability of raw material bed and sintering bed after obtaining
the pore structure of the green bed and sintering bed with XCT [35,36]
and put forward the calculation method of effective thermal conduc-
tivity of sinter [37], combined with computational fluid dynamics
(CFD). XCT can also help to analyze the strength properties of green bed
or sintering bed [38,39].

What is more, the pressure drop in the high-temperature zone is the
controlling factor of the overall pressure drop of the sintering bed, which is
mainly affected by the temperature and structure of the high-temperature
zone, and further affects the sintering speed and sintering quality [8,11].
Clarifying the impact of coke combustion on the sintering process, so as to
determine the appropriate amount and mode of coke addition, has guiding
significance for carbon emission reduction in the sintering process and the
improvement of sintering product quality. However, it is difficult to obtain
complete samples of the changing high-temperature zone bed during
sintering, so few studies show how fuel combustion affects the evolution of
bed structure in the high-temperature zone. Liquid nitrogen was used to
quench the sintering bed to obtain complete sinter samples in the
high-temperature zone in this study. Then the 3D structure of the samples
was reconstructed by XCT, and the visualization of the sintering bed
structure in the change process can be realized. The pore quantity and
morphological characteristics of sinter in high-temperature zone with
different coke ratio were analyzed, and the influence mechanism of coke
combustion process on bed structure evolution was clarified, providing a
valuable reference for exploring the methods to improve the quality and
output of sinter.

2. Experimental and materials
2.1. Sinter pot tests

The pilot-scale sinter pot tests in this study were as close to the in-
dustrial operation as possible to ensure that the experimental results
have better reference significance for industrial production. A typical
ore batching in the Asia Pacific region is adopted, including three ores
from Australia and two Brazil, as shown in Table 1. The binary basicity
was set to 1.90 by controlling the addition of limestone and dolomite as
fluxes, appropriate for the sinter quality according to our previous re-
searches using the same ores [40,41]. The return fines ratio was
controlled at 25% by adding return fines with particle sizes of 0-3.35
mm and 3.35-5 mm to the raw materials in the ratio of 1:2, referring to
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Table 1
Ore blend proportion and sintering conditions.

Ore blend proportion (wt.% ore basis)

Ore 1 from Australia 16.67

Ore 2 from Australia 16.67

Ore 3 from Australia 33.33

Ore 4 from Brazil 16.67

Ore 1 from Brazil 16.67

Sintering conditions

Basicity 1.9

Return fines ratio (wt.% total basis) 25

Bed height (mm) 650

Ignition suction (kPa) 6

Ignition temperature (°C) 1200

Ignition time (s) 90

Sintering suction (kPa) 16

Coke ratio (wt.% total basis) Casel 4.5
Case2 5.0
Case3 5.5

the engineering experience. Three sinter pot tests with the coke ratio of
4.5 wt%, 5.0 wt% and 5.5 wt% on dry basis were conducted to evaluate
the effect of the coke ratio on the flame front propagation and provide
samples for the study of pore structure.

The schematic diagram of the sinter pot tests device is shown in
Fig. 1. The raw materials weighted according to Table 1 were hoisted
into the drum for 1 min dry mix. An automatic feeding chute then fed the
mixed materials to a bigger drum for 10 min granulation by adding
water as a target moisture content of 6.35% of the total weight for all
cases. 1 kg sinters with a particle size of 6.3-8 mm were paved at the
bottom of the sinter pot with a height of 650 mm and an inner diameter
of 120 mm advance to ensure the air permeability of the bed under the
premise of no leakage. The granulated raw materials were then filled
into the sinter pot. The samples were taken from the remaining granu-
lation, weighed and placed in the oven. The moisture content of raw
materials was calculated by the mass difference before and after drying,
and then the working conditions deviating from the target moisture
were repeated. Table 1 shows the sintering conditions. Six pressure
transmitters are installed at five different heights of the bed and the
outlet of the wind box respectively, as shown in Fig. 1. The sharp
decrease of bed negative pressure means the passage of the flame front.
It indicates that the sintering is about half-finished when the bed
negative pressure at 300 mm from the top of the sinter pot decreases
rapidly. At this time, the induced draft fan was turned off, and liquid
nitrogen was rapidly injected to quench the bed. The high-temperature
zone where materials coagulation and structural evolution were taking
place was rapidly cooled and the shape fixed.

2.2. XCT imaging and post-processing process

The size of the sinter fed into the blast furnace in the industrial
ironmaking process is generally 5-40 mm, and the scale of the XCT
system limits the size of the sample. So 100 x 100 mm cylindrical
samples in high-temperature zone sinter obtained by liquid nitrogen
quenching after sintering were taken out to visualize the internal
structure, which is sufficient to include the main structural character-
istics of sinter. The samples were fixed on the precision sample platform
of the XCT device as shown in Fig. 2 for imaging. The selection of
appropriate imaging parameters is essential before XCT imaging oper-
ation. Too low the resolution of the XCT unit will result in the inability to
recognize the small-scale geometric features inside the sinter, while too
high resolution will lead to a large amount of imaging data and consume
a lot of computing resources for processing. In most studies related to the
pore structure of the sinter, pores larger than 1 mm are usually called
“macropore”, otherwise they are called “micropore” [40]. Weighing the
accuracy requirements of the analysis and the computing power of the
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Fig. 2. X-ray computed tomography system for sintering sample.

server, the imaging resolution was set to 74 pm. Other parameters of the
XCT system are shown in Table 2.

Slice grayscale image inside sinter was obtained utilizing the XCT
imaging process, as shown in Fig. 3 (a). Obviously, the larger the region of
interest, the more representative the statistical results of pore character-
istics are. However, it consumes a lot of calculation resources to recon-
struct the three-dimensional structure of sinter and analyze the pore
characteristics through XCT data. In view of the 1 mm pore size limit of
“macropore” and “micropore” mentioned above and our preliminary

Table 2

Parameter setting of XCT system.
Parameter Unit Value
Voltage kv 190
Current pA 350
Exposure time s 0.8
Distance from X-ray source to sample mm 510
Distance from detector to sample mm 860
Resolution pm 74
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(c)

(d)

Fig. 3. XCT images processing procedure: (a) original grayscale image; (b)
selection (ROI); (c) noise reduction and binarization; (d) segmentation.

reconstruction, we chose a 30 x 30 x 30 mm? cube region as the region of
interest (ROI), which is sufficient to provide the required sinter structural
characteristics and reduce the calculation time as much as possible within
the scope of our server, as shown in Fig. 3 (b). The noise reduction and
binarization of the grayscale image can make the boundaries of the solid
phase (blue) and pores (black) clear, as shown in Fig. 3 (c). Finally, the
binary slices were segmented to count the shape and distribution char-
acteristic parameters of pores as shown in Fig. 3 (d).

The main pore shape parameters include equivalent diameter (D)
and sphericity (%), calculated according to the following equations (1)
and (2).
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Where V is the volume of pores (mg), and S is the area of pores (mz).
3. Results and discussion
3.1. Effect of coke ratio on flame front propagation

During the sintering process, the suction of the induced draft fan
makes the whole bed in a negative pressure state. The closer to the
bottom of the sintering cup, the higher the bed negative pressure of the
bellows. As sintering proceeds, the flame front moves downward. The
bed where the flame front has passed is the sintered zone, and the area
where the flame front has not reached is the unsintered zone or raw
material zone. Fig. 4 shows the distribution and change of sintering bed
pressure during sintering under different coke ratio conditions. The re-
sults show that the decrease time of bed negative pressure is slightly
delayed with the increase of coke ratio from 5.0% to 5.5%, which in-
dicates that the vertical sintering speed becomes slower.

On the one hand, in the case of a high coke ratio, fuel combustion will

20 7 (a) —@— 100 mm bed pressure —&— 200 mm bed pressure

—W— 300 mm bed pressure —— 400 mm bed pressure
18 4 —<— 500 mm bed pressurc —— Windbox pressure
16

—
)
1

o)
1

Negative pressure (kpa)
B =
1

Sintering time (min)

20 (b) —@— 100mm bed pressure —&— 200mm bed pressure
—%—300mm bed pressure —@— 400mm bed pressure|
18 4 ——500mm bed pressure —l— Windbox pressure

Negative pressure (kpa)

Sintering time (min)

Fig. 4. Change of negative pressure of sintering bed under different coke ratio
(2)5.0%, (b)5.5%.
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release more heat, resulting in higher bed temperature and more melt
formation. The gas in the high-temperature zone will expand and in-
crease the gas flow resistance. The higher the temperature, the stronger
the expansion and the greater the resistance. The formation of melt is
conducive to the agglomeration of materials and the remodeling of the
sinter structure. However, too much melt may block the gas flow
channels in the high-temperature zone in a short time, resulting in the
obstruction of the downward heat transfer of the gas flow in the high-
temperature zone. On the other hand, more coke combustion requires
more oxygen. In the rapid combustion process in the high-temperature
zone, the oxygen in the gas flow is rapidly consumed and the oxygen
potential is rapidly reduced, resulting in slower coke combustion and
slower flame front propagation. However, the gas flow is easier to
overcome the resistance of the liquid phase and form channels when the
gas flow driving force caused by the negative pressure of the bellows is
large according to our previous study [8]. Therefore, the increase of melt
caused by high coke ratio has no obvious effect on the deceleration of
gas flow velocity under high bellows negative pressure, which explains
that the effect of the increase of coke ratio on the slowing down of
sintering speed is not too apparent under the negative pressure of 16 kPa
bellows used in this study.

3.2. Pore distribution characteristics in the high-temperature zone

The green bed is filled with granulated sintering raw materials. A series
of physical and chemical reactions occur in the sintering process, especially
in the high-temperature zone. The heat released by fuel combustion makes
the bed temperature in the high-temperature zone reach more than
1200 °C, and the fine powder adhesion layer of quasi-particles melts to
liquid phase. The liquid phase flows under the influence of viscous force,
surface tension and gravity to connect the initially dispersed granulation. At
the same time, the original voids between quasi-particles gradually pene-
trate under the impact of gas flow to form channels. With heat transfer front
and flame front propagation during sintering, the high-temperature zone
gradually shifts downward. The original high-temperature zone gradually
cooled down. The solidified liquid phase binds the granules to form
agglomerated sinter, and the bed structure is remolded.

The distribution of solid matrix, pores and closed pores in the high-
temperature zone are shown in Fig. 5. With the increase of coke ratio
from 4.5% to 5.0% and 5.5%, the porosity in the high-temperature zone is
54.29%, 51.04% and 48.07% respectively. The solid matrix shows a trend
from granular to cohesive. More heat is released at a higher coke ratio,
which is conducive to the formation of the molten liquid phase. As dis-
cussed above, a high coke ratio brings high bed temperature, more molten
liquid phase generation and long sintering time, promoting the melting
and coagulation of sintering materials. Therefore, the bed structure is fully
remolded, the degree of solid matrix integration is higher, and the porosity
of sinter is lower under higher coke ratio conditions.

In order to characterize the pore distribution more intuitively, we
counted the changes of surface porosity in three directions in space, as
shown in Fig. 6. It can be seen from Figs. 6 and 5 that the number and
size of pores are random and disordered in each direction. The granu-
lation and filling of sintering raw materials form an anisotropic green
bed stacking structure. The high temperature remodeling of the bed and
the impact of gas flow in the sintering process do not change the
anisotropy of the bed structure.

3.3. Pore morphological characteristics in the high-temperature zone

Fig. 7 shows the pore frequency distribution according to equivalent
diameter under different coke ratios. The pores of 0-0.2 mm account for
more than 40% of the total number, and the pores of 0-0.4 mm account
for more than 70%. Under any conditions, the pores larger than 1 mm
account for no more than 13%. Fig. 8 shows the pore volume fraction
according to equivalent diameter under different coke ratios. The pore
volume fraction of pores larger than 3 mm is about 90%, while that of
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(b) 5.0%

(€)5.5%

Fig. 5. Distribution of matrixes and pores (left: solid matrix, middle: pore structure, right: closed pores).

pores larger than 1 mm is about 99%. It can be seen that the number
frequency distribution and volume fraction distribution of pores with
different sizes are basically the same. Although the number of micro-
pores accounts for the vast majority, its volume fraction is almost
negligible, which greatly impacts the strength and metallurgical char-
acteristics of the sinter but not on the gas flow channels. The dominant
macropores in volume fraction dominate the permeability in the high-
temperature zone.

In the process of sintering the flame front propagating downward, a
complex three-phase merger of solid phase, melting and bubbles happen
in the high-temperature zone. The shape of bubbles is constantly
changing. Fig. 9 shows the sphericity of pores of various sizes at different
coke ratios. Obviously, the smaller the pore size, the greater its sphe-
ricity, that is, the closer it is to a sphere. The bubble in the high-
temperature zone is a region surrounded by the interface between the
molten liquid phase and gas. Surface tension takes 2y/r as the driving
force to promote the remodeling of bubbles to the form with low system

193

energy to make its state stable, where r is the bubble radius. While the
viscosity of the liquid phase will prevent this remodeling process [42].
The smaller the bubble, the greater the effect of surface tension, and the
easier the bubble is to reshape to the sphere, which is the form with low
system energy.

It can also be seen from Fig. 9 that the sphericity of pores in a specific
size range tends to increase with the increase of the coke ratio. The pore
sphericity under the 5.5% coke ratio condition is greater than that under
the other two conditions. On the one hand, under the condition of a high
coke ratio, the bed temperature is high, the amount of liquid phase is
increased, and its viscosity is low. The resistance of viscous force to
pores remodeling process is reduced. On the other hand, a slow com-
bustion rate under a high coke ratio means a long holding time of the
high-temperature zone. There is more time for the bubble to develop
into a nearly spherical shape driven by surface tension. In the process of
liquid nitrogen quenching, the evolving bubbles are frozen instanta-
neously to obtain more spherical pores at a high coke ratio.
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Fig. 6. Surface porosity in different directions under different coke rate, (a)
4.5%, (b) 5.0%, (c) 5.5%.

3.4. Pore skeleton network and parameters

The centerlines of the interconnection region are extracted from the
interior of the porous structure, and the size of each section of the
centerline is expanded according to the pore size of each region, so as to
obtain the pore skeleton network. The extraction of the pore skeleton
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network is helpful to visually characterize the shape and distribution of
annual connected pores in the high-temperature zone and carry out the
parametric analysis. As shown in Fig. 10, the pores gradually develop
close to the channels impacted by the gas flow. But the distribution of
pore skeleton under different coke ratios is random, and the length,
radius and shape of pores are obviously uneven. A pore may gradually
develop into several branches or end somewhere.

The position where the pore branches is called the branching node,
the end of the pore is called the terminal nodes, and the pore part be-
tween two adjacent nodes is called the segment. The detailed parameters
of the pore skeleton are statistically analyzed in Fig. 11. With the in-
crease of the coke ratio, the total volume and total length of the pore
framework decrease, which is consistent with the changing trend of
porosity in the high-temperature zone in Section 3.2. In addition, it can
be seen that the increase of the coke ratio has a more significant impact
on the total length of the pore skeleton than on the total volume. With
the increase of coke ratio from 4.5% to 5.5%, the total volume of pore
skeleton decreases by 11.5%, while the total length decreases by 25.3%.

On the one hand, the lower liquid phase viscosity and longer sin-
tering time under a high coke ratio make the materials fully integrate.
Some small bubbles merge into large bubbles and break out from the
liquid phase, reducing total pores volume in the high-temperature zone.
On the other hand, the connected pores in a large number of low vis-
cosity liquid phases are easier to expand and coarsen due to the
expansion of internal gas at high temperature, forming relatively short
and coarse gas flow channels, which also confirms the influence law of
coke ratio on pore sphericity.

Fig. 11 (b) shows that with the increase of coke ratio, the number of
terminal nodes, branching nodes and segments of the pore skeleton all
decrease significantly. The reduction rates were 51.6%, 55.2% and
53.1% respectively as the coke ratio increase from 4.5% to 5.5%,
obviously higher than the reduction of total volume and total length of
the pore skeleton. This shows that the more sufficient pore fusion and
development not only leads to the relatively short and thick pore skel-
eton, but also makes the segments of the pore skeleton longer or less
branched. This is because the long holding time of the high-temperature
zone makes the bubbles more likely to contact each other, so that the
two terminal nodes merge and fuse to form a more extended segment.
Low liquid viscosity leads to easy expansion and coarsening of bubbles.
In this process, some tiny branches may be swallowed by the trunk, and
the branching nodes and their corresponding segments disappear. In
addition, it can be seen from Fig. 10 that very few pore segments do not
branch or only branch one or two. Therefore, the relative relationship
that the number of terminal nodes is less than the number of branching
nodes and less than the number of segments is well understood.

4. Conclusions
In order to study the influence of coke ratio on the structural evo-

lution of high-temperature zone in the sintering process, sintering pot
tests under three coke ratio conditions were carried out, then the high-
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Fig. 11. Comparison of pore skeleton parameters under different coke ratios.

temperature zone being sintered was quenched with liquid nitrogen. The
three-dimensional structure of the high-temperature zone of the sinter-
ing bed was reconstructed using XCT. By analyzing the sintering and
XCT data, the following main conclusions are obtained:

1. High coke ratio leads to violent gas expansion and more melt for-
mation in the high-temperature zone, significant gas flow resistance
in the high-temperature zone, lower oxygen potential and slower
coke combustion, thus slowing down the sintering speed.

Fig. 10. Pore framework network under different coke rate (a)4.5%, (b)5.0%, (c)5.5%.
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2.

As the coke ratio increases from 4.5% to 5.0% and 5.5%, the bed
materials are fused more fully, the solid matrix in the high-
temperature zone changes from granular to bonded, and the
porosity decreases from 54.29% to 51.04% and 48.07%.

. Increasing the coke ratio can improve the sphericity of pores in the

high-temperature zone and promote the remolding of the pore
network. The number of terminal nodes, branching nodes and seg-
ments of the pore skeleton decrease by 51.6%, 55.2% and 53.1%,
respectively.
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