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Abstract

:

A proper burden and porosity distribution of the bed in the upper shaft are important prerequisites for realizing a stable and efficient operation of the ironmaking blast furnace. The discrete element method was used to investigate the effects of the static friction coefficient between burden particles and shaft angle on the burden profile and porosity distribution in the bed formed by charging the burden with a bell-less charging equipment. The results indicate that a large static friction coefficient makes the particles stay closer to the impact point (i.e., where they fall) from the rotating chute. A large mixed region of the burden bed decreases the gas permeability, and an increase in the burden particle roughness will worsen this problem. The burden surface shape becomes flatter with an increase in the shaft angle. These findings explain the effect of particle properties and wall geometry on the inner structure of the burden bed.
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1. Introduction


The blast furnace (BF) is still the main industrial process for the production of iron for steelmaking. It is a countercurrent three-phase (gas–solid-liquid) system with complex heat, mass, and momentum transfer as well as chemical reactions showing considerable spatial variation. The process accounts for more than 90% of the global hot metal production [1], and this ironmaking–steelmaking route contributes 6–8% of the global anthropogenic greenhouse gas emissions. As a reduction of CO2 emissions from industrial processes is an urgent topic today, some new solutions have been proposed for the blast furnace, for example, highly oxygen-enriched [2] or hydrogen-rich operation of the furnace [3,4] and use of biomass as a reductant [5]. Additionally, the operation stability and efficiency have a large influence on gas utilization and the rate of reductants and emissions, which are all important and mutually interdependent factors.



To achieve a stable and smooth operation of the BF, which is a prerequisite of low reduction and emission rates, four main control schemes are often applied: burden distribution control, thermal control, slag forming control, and blast control [6]. The burden distribution control scheme, also termed top adjustment, manipulates the initial radial distribution of burden materials in the BF. It is today usually realized by the use of a bell-less charging system [7].



There is a strong connection between the overall furnace behavior and the burden bed properties. The reason for this is that the burden distribution determines the porosity distribution of the charged materials and, therefore, also the bed permeability, which, in turn, affects the gas flow distribution. Further, the burden distribution affects the level and shape of the cohesive zone, where the iron-bearing materials start to soften and finally melt. The distribution not only determines the distribution and utilization of gas flow in the BF, but also is an important factor affecting the mass flow rates and the chemical reactions between gas and burden layers, which ultimately significantly affects BF efficiency, operation costs, and the environmental impact.



Particle-scale analysis plays a critical role in gaining a deeper understanding of the mechanisms governing the formation of the burden layers and bed structure in the BF throat and shaft. The burden bed at the top of the BF consists of alternating ore and coke layers, and this layered structure tends to persist during the descent in the throat and shaft. Some researchers used the burden surface profile [8,9,10], ore-to-coke ratio [11,12], or porosity distribution [13,14,15] to characterize the burden distribution at the top of the BF. The burden distribution can be indirectly estimated by observing the bed surface by radar [16,17,18,19] or mechanical profile meters [20,21], but the internal structure can only be accessed by extremely time-consuming sampling after filling of the BF before a blow-in; there are no reliable methods by which the internal bed structure can be measured in an operating blast furnace. To save the effort and time of experimental measurements, a large number of mathematical models of the burden distribution have been proposed. These include data-driven methods [22,23] and first principle models [24,25]. Along with the development of software and computing power, numerical simulation methods have become a choice for more researchers. In particular, the discrete element method (DEM) [26] makes it possible to study complex particulate flow problems. The method has already been widely used to study local or global particulate and multiphase flows in the BF under different conditions. The process and development of simulation methods of the ironmaking BF have been summarized in recent reviews [27,28,29].



Based on the above, it is clear that knowledge about how the burden is distributed at charging and during burden descent is central and useful for designing operation and control strategies and for troubleshooting in the daily operation. DEM has been widely applied in this field [6,8,30,31]. Many researchers investigated the ore-to-coke ratio, which is usually defined as the ratio of the mass of the ore layer and the coke layer along the radial direction of the furnace throat. Fukushima et al. [32] found that a somewhat lower central ore-to-coke ratio should be maintained to keep good gas permeability and a stable state of the melting zone. Zhou et al. [12] investigated the effects of reverse charging, coke platform width, central coke charging, and pellet ratio on the ore-to-coke ratio using a three-dimensional model. In order to optimize the BF operation, some researchers have paid attention to other factors that affect the burden distribution. Ho et al. [31] demonstrated that the burden distribution is influenced by particle density, size, chute angle, and distance between the bin and chute. Kou et al. [30] investigated the corresponding effects of distributor angle, rotating speed and length, and the stock line on burden profiles and distribution along the radius in the upper part of a COREX shaft furnace.



The studies discussed above have improved our understanding of the BF process related to the burden distribution. However, most of the studies were focused on a macroscopic view. The permeability or porosity of the burden bed in the BF throat, which is closely related to the burden distribution along the radial and vertical direction of the throat, is also an important aspect reflecting the inner structure, which affects the distribution of the gas flow. In BF models, the Ergun equation [33] has usually been applied to predict the global pressure drop in the furnace using a constant porosity in the layers. From this equation, it can be seen that even a small decrease in porosity along the vertical or radial direction of the bed would significantly influence the permeability of the whole bed and, therefore, the gas flow resistance and distribution. Even though many factors that affect the burden distribution also influence the porosity distribution, there are not many papers in the literature that have studied the latter aspect. The burden surface profile in the throat is related to the charging matrix, as well as the particle size, density, and surface roughness of the burden particles. The friction coefficient is a parameter that reflects the roughness of a particle. Some other investigations [34,35,36] and earlier works of the present authors [37,38] have demonstrated that the friction coefficient has a quite large effect on the porosity distribution of a particle pile. In addition, the charged burden redistributes as it descends from the stockline. The operation condition of the BF is strongly influenced by the burden redistribution due to the local ore reduction and coke gasification [39]. Studies [40,41] have been conducted on the descending behavior of burden, demonstrating that the descent rate and the height of the stockline affect the burden and porosity distribution in the blast furnace shaft.



The main objective of the research described in this paper is to gain a better understanding of the inner structure of the burden materials after charging and the impacts of some factors on the radial and vertical porosity distribution in the BF throat and upper shaft. This paper is organized as follows: In Section 2, DEM is introduced. The section also presents the problem tackled and the simulation conditions. Section 3 reports the results and discusses the findings of the study of the effects of static friction coefficient and shaft angle on the radial and vertical porosity distribution of the burden bed. Finally, conclusions are drawn in Section 4.




2. Methodology


2.1. Discrete Element Method


DEM is a numerical method for the simulation of the interaction of particles, which was first proposed by Cundall and Strack [26]. The method is based on Newton’s second law of motion combined with a force–displacement correlation at the points of contact between particles or between particles and surfaces. The interaction forces of two particles in contact are shown in Figure 1. The method considers two states of motion of particles, translational and rotational, and applies a model of the contact of the particles. In this work, the open-source software LIGGGHTS was used with the nonlinear Hertz–Mindlin no-slip contact model. The governing equations for the motion of particle i with mass mi and the moment of inertia Ii in contact with N other particles j can be written as:


   m i    d  u i    d t   =  ∑  j = 1  N       K n   δ  n ,   i j   −  γ n   v  n ,   i j     +    K t   δ  t , i j   −  γ t   v  t , i j       +  m i   g   



(1)






   I i    d  ω i    dt   =  ∑  j = 1  N  (  M r k  +  M r d  )  



(2)




where    u i    and    ω i    are the translational and angular velocities of the particle, respectively, and    M r k    and    M r d    are the torques of tangential force and rolling friction force.   g   is the gravity acceleration. For the alternative elastic-plastic spring-dashpot (EPSD2) model, which was used in this study, the viscous damping torque    M r d    was disabled. The terms    δ n    and    δ t    express the normal and tangential overlap distances of two particles,    v n    and    v t    represent the normal and tangential components of the relative speed of the two particles,    K n    and    K t    are the normal and tangential elastic constants, and    γ n    and    γ t    are the normal and tangential viscoelastic damping constants. These can be calculated by [42,43]:


   K n  =  4 3  ·    Y i   Y j     Y j    1 −  ν i 2    +  Y i    1 −  ν j 2           R i   R j     R i  +  R j     δ n     



(3)






   K t  =   4  Y i   Y j     Y j    2 −  ν i      1 +  ν i    +  Y i    2 −  ν j      1 +  ν j       



(4)






   γ n  = − 2    5 6      ln  e        ln  2   e  +  π 2        2    Y i   Y j       R i   R j     R i  +  R j     δ n    ·    m i   m j     m i  +  m j       Y j    1 −  ν i 2    +  Y i    1 −  ν j 2         



(5)






   γ t  = − 2    5 6      ln  e        ln  2   e  +  π 2          4  Y i   Y j       R i   R j     R i  +  R j     δ n    ·    m i   m j     m i  +  m j       Y j    2 −  ν i      1 +  ν i    +  Y i    2 −  ν j      1 +  ν j         



(6)




where Y, e, and ν represent the properties of the particle, namely, Young’s modulus, coefficient of restitution, and Poisson’s ratio, respectively, and    R i      and    R j    are the particle radii.



The torque due to the spring    M r k    is calculated as:


   S r  =  S t  ·  R  * 2    



(7)






  Δ  M r k  = −  s r  Δ  θ r   



(8)






   M  r , t + Δ t  k  =  M  r , t  k  + Δ  M r k   



(9)






     M  r , t + Δ t  k    ≤  M r m  =  μ r   R *    F  n   



(10)




where    S t    is the tangential stiffness and    S r    is the rolling stiffness,    R *  =      1   R i    +  1   R j        − 1     is the effective radius, and   Δ  θ r    is the relative rotation increment between the particles. The spring torque is limited by the full mobilization torque,    M r m   , which is determined by the normal force,     F  n   , and the coefficient of rolling friction,    μ r  .   The friction force is expressed with a Coulomb-type friction law. It defines that the tangential force Ft of a particle should be no more than the normal force, Fn, multiplied by the static friction coefficient,    μ s  .  


      F  t  ≤  μ s    F  n   



(11)








2.2. System Studied


The model applied in the analysis of the present work is the same as the one developed in a previous work by the authors [14], which demonstrated the model validity through a comparison between simulated radial porosity distribution of coke layers and experimentally observed porosities. The charging system modeled is a downscaled (1:10) variant of that of an industrial blast furnace (Nangang Steel Company, Nanjing China), as shown in Figure 2, with a slot model of the throat and a full model of the shaft. The former is used to study the effects of physical parameters and a moving stockline on the porosity distribution of the burden bed in the BF throat. This simplified setup helps save computational time. It is established based on the assumptions that the BF throat is axisymmetric and is charged symmetrically, and the wall effect from the front and back slot planes is negligible. The latter setup is used to investigate how the porosity distribution of the burden bed changes when the shaft diameter grows, and is three-dimensional to appropriately consider the volume change along with the increase in the shaft diameter. It is worth noting that the charging system is the same in both studies.



The simulation process can be shortly described as follows: Particles are randomly generated to gather in the hopper and are then regularly released to be distributed in the throat by the rotating chute applying a given charging matrix, with the chute angles 37°, 34°, and 31° for the throat model simulation and 37° and 31° for the shaft simulation, where the reported values express the angle between the chute and the rotational axis. One ring of particles is charged for each angle. The rotation speed of the chute is 8 r/min, and the original stockline (i.e., the distance between the burden surface and the lower edge of the chute) is 0.24 m. For the slot model, when the chute rotates outside of the slot throat, particles will be deleted. The throat model holds six burden layers, while the shaft model has three layers to reduce the computation effort. It was found that three layers were sufficient to fill the shaft part considered. To calculate the porosity distribution of the burden layers, the particle bed is divided into several virtual boxes (14 boxes for the throat model and 8 for the shaft model), counting the number of particles in each box on the basis of the position of the particles’ centers. The size of the virtual box is 50 mm × 100 mm × 40 mm, which is large enough to ignore the effects of the walls on the porosity. The porosity is obtained as   P = 1 −  ∑ i   n i   V i  /  V  box      , where ni expresses the number of particles in a virtual box, and    V i    is the volume of a particle of type i, while Vbox is the volume of the virtual box. Earlier research has shown that spherical particles with adjusted coefficients of rolling friction can accurately consider the effect of particle shape on the behavior of the granular system in BFs [44,45]. The particle size and the mass ratio of particles of different sizes studied in this work are reported in Table 1. Since a particle size reduction to 1/10 of the actual one would yield too small particles, a particle size representing 1/4 of the actual size was used, supported by findings from earlier research [14]. In the shaft model, the mass fraction of small particles was increased to make sure that more small particles can participate in the permeation for the simplified charging matrix studied. Table 1 also reports the number of particles for the slot and three-dimensional models. As for DEM parameters, Table 2 presents the settings, which are largely based on what has been reported in the literature [46,47] and earlier measurements by the present authors [48].



This work investigates the effects of the static friction coefficient between the particles on the porosity distribution along the radial and vertical direction of the burden bed, considering the different types of particles in contact. In the blast furnace, the burden bed is continuously descending after charging. If the charging cannot be sped up when the burden descends fast, the level of the stockline will decrease. In this research, a moving stockline can be achieved by changing the fixed descent rate of the burden bed at the lower end of the domains, which was set to 0.0025, 0.05, and 0.1 m/s, assuming that the rate is radially uniform. The porosity distribution of the burden bed in the shaft is also studied for different shaft angles (80°, 83°, and 85°) of the shaft model. Figure 3 shows examples of simulated results of the throat (slot) model and the shaft model, where sinter is depicted by blue and coke by red. It is worth noting that the two bottom layers in Figure 3a act as the base to establish an inclined burden profile for the charged burden layers. The base layers are the same for all cases to ensure identical initial conditions. It can be seen that the burden shape is of platform + funnel type (cf. Figure 3a), which corresponds to a common pattern encountered in industrial blast furnaces, and that the static friction coefficient plays an important role.





3. Results and Discussion


3.1. Static Friction Coefficient between Particles


The static friction coefficient of particles includes the coefficient between the same types of particles and between particles of different types. In the BF, the ore (sinter or pellet) and coke are alternately charged layer by layer, so the effects of the static friction coefficient of sinter–coke, sinter–sinter, and coke–coke were studied in this work, as outlined in Table 3. Figure 4 shows a vertical cross section of the burden for different static friction coefficients. With the increase in the static friction coefficient between sinter and coke, sinter and sinter, coke and coke, more particles stay at the platform rather than moving down the funnel to the center, while for small friction coefficients, more particles gather in the funnel. From the enlarged figures in Figure 4, it can be seen that for a mixed region where the sinter is above the coke, the smaller sinter particles penetrate into the voids between the larger coke particles and then gather at the intermediate position if the static friction coefficient is small (cf. region enclosed by the white dotted ellipse). In addition, for the coke, a higher surface roughness (large static friction coefficient) makes it easier for the particles to accumulate near the furnace wall. In the BF, this leads to a “wall-working” gas distribution, which increases heat losses and wall wear, possibly affecting the campaign life length of the BF.



Region 1 in Figure 4 with a size of 0.3 m × 0.1 m × 0.1 m was chosen to further clarify the effects of the static friction coefficient on the radial porosity distribution of the burden layers. Since the blast furnace is charged symmetrically, only 1/2 of the burden bed is considered here. This region was selected to include enough of the bed, but not the wall region where the local porosity is affected by the boundary. Figure 5 shows the radial porosity distribution in Region 1 for different static friction coefficients between particles of different types and between the same types of particles. From Figure 5a,b, it is seen that the porosity increases with the increase in the static friction coefficient for X > 0.1 m, which corresponds to a distance of about 1/3 of the radius from the center. However, for X < 0.1 m, the result is opposite. It is worth noting that the porosity changes little when the static friction coefficient increases further (cf. Cases 2 and 3 in Figure 5a). In addition, there is an increasing porosity trend around the center area for Figure 5b compared with Figure 5a because the large coefficient of static friction between the same types of particles and between particles of different types leads to fewer particles gathering here.



The static friction coefficient influences the ability of particles to move on the burden slope and the permeability of small particles into the voids of large particles. For particles in the intermediate and wall region, the permeability of particles (small sinters) into the voids of large ones has major effects on the porosity. In this region, increasing the static friction coefficient makes it more difficult for small particles to penetrate into the voids of large particles, which results in a large bed porosity. This can be further studied in Figure 6, which shows the mass fraction distribution of the smallest (3 mm) sinter in the mixed region of sinter and coke (i.e., upper half of Region 1). The green dotted lines represent the original mass friction of the smallest sinter in the burden bed. The mass fraction of small sinter decreases with the increase in the static friction coefficient at the intermediate position of the throat, which is the main mixed region. This phenomenon can be seen in Figure 7, where the occurrence of the smallest sinter size (dark blue) shows a decreasing trend from the top to the bottom panel. For particles close to the center position, the particle movability along the burden slope influences the porosity. A large static friction coefficient makes it more difficult for small particles to move to the center position, while some larger ones gather there, resulting in a large bed porosity. However, when the coefficients of static friction between the same types of particles and between particles of different types are all large (Cases 4 and 5), it is difficult for both the large and small particles to move. Therefore, for a BF burden of the platform + hopper profile, which has a slope, increasing the static friction coefficient of sinter–sinter, coke–coke, or sinter-coke will increase the porosity close to the “platform” region (the wall position of the throat) and decrease the porosity close to the “hopper” region.



Figure 8b shows the vertical porosity distribution in the bed for different static friction coefficients of sinter–coke corresponding to the region depicted in Figure 8a. The burden bed was divided into five subareas along the vertical direction, and the reported porosities are averages for each subarea, excluding empty areas. The layered structure and the mixing effect caused by particles in different layers lead to a zigzag porosity pattern in the BF throat, which is in agreement with the findings of earlier works by the authors [14] and results presented in the literature [49]. For burden bed areas (1 and 2) without inclined parts, the change of porosity is not obvious. Overall, from the bottom to the top of the burden bed, the porosity increases as a result of the compacting caused by the weight of the overlaying burden and percolation of small particles into the void between large particles [50]. However, the porosity shows a sudden increase in the region (Area 3) where the coke layer is above the sinter layer due to lack of a mixed layer. The porosity in Area 4 decreases because of the occurrence of mixed regions where a layer of sinter of small size lies above the coke layer. As mentioned above, the porosity will decrease in the mixed layer because of the permeation of small sinter. For the mixed region (Area 4), the porosity increases with the static friction coefficient since the higher friction makes the percolation less likely. It should be stressed that the size difference between sinter and coke particles is the main reason for the formation of mixed layers.




3.2. Shaft Angle


When the burden that has been charged into the BF throat descends into the furnace shaft, it will also move radially due to the increase of diameter. In this process, the shaft angle is an important factor influencing the burden distribution. Figure 9 shows the size of models of the BF top with different shaft angles (α = 80°, 83°, and 85°), which were used to study the effects of shaft angle on the burden and porosity distributions of the bed. Since the furnace height was kept constant, an increasing shaft angle means that the diameter of the throat also increases, as indicated in the figure.



Some simulation results are depicted in Figure 10, indicating that the burden surface becomes more horizontal with the increase in the shaft angle, especially for the coke layers. The angles ( β ) between the coke layer and the horizontal plane are 17.8°, 16.2°, and 15.7° for the shaft angles 80°, 83°, and 85°, respectively. A large shaft angle makes particles move outwards, and thus, the “funnel” of the burden surface is not so marked. This will lead to a more uniform burden distribution from the wall to the center of the BF. Figure 11 shows the radial porosity distribution of the burden bed in Region 2 (mixed layer) indicated in Figure 10 at the boundary between the throat and the shaft, where the angle of the wall changes. The porosity of the individual sinter and coke layers is about 0.41 and 0.36, respectively, so the porosity in the mixed region is clearly lower. For all the shaft angles, the porosity decreases from the wall to the center, but the porosity shows large differences at the wall because of the wall effect. Generally, the porosity close to the wall decreases with the increase in the shaft angle, but the effect is minor farther from the wall. The bars in the insert of Figure 11 show the average porosity of Region 2, with standard deviations indicated in red. When the shaft angle increases, the standard deviation decreases, which demonstrates that a large shaft angle decreases the nonuniformity of the porosity distribution from the edge to the center of the shaft.



The shaft angle has greatest effects on the porosity near the BF wall, so it was studied in more detail. The vertical porosity distribution of burden layers close to the wall is depicted in Figure 12, determined by taking averages of the porosity in the areas indicated by the dashed white boxes in the left subpanel. The porosity is seen to decrease from the top to the bottom of the burden bed. The shaft angle affects the vertical porosity distribution, especially for the turning point from the throat to the shaft (three middle boxes in the left figure of Figure 12). These results are consistent with the experimental findings reported by Ichida et al. [50], which demonstrated that the burden particles near the furnace wall are rearranged in a relatively short time at the extension of the shaft section as a so-called wall effect. However, as also seen in the figure, the porosity becomes larger at the wall when the shaft angle decreases. In addition, there is no zigzag increase when the shaft angle is small (e.g., 80°). This is caused by the larger void free at the wall, which the particles cannot densely fill, and the effect of the mixed layer is therefore unimportant. In the blast furnace, such porosity increase will cause an increased local gas flow rate, which may be detrimental for the furnace operation in terms of increased heat loss and wear of the refractory, but may be beneficial if large quantities of (smaller) ore are charged at the wall. For the layer parts far away from the considered region (not shown here), the influence of the shaft angle is small.





4. Conclusions


Some factors affecting the burden surface profile and porosity distribution of the burden bed in the upper part of the blast furnace charged with sinter and coke have been studied numerically. Two 1/10 scale simulation models of the upper part of the furnace were developed: a two-dimensional slot throat model and a three-dimensional shaft model, both with the same charging system. The discrete element method (DEM) was applied to study the arising particle bed and its properties. For the applied charging matrix, where two or three rings of ore and coke were charged with the same set of chute angles, the arising burden surface shape can be characterized as “platform + funnel”. The results of the study can be condensed in the following main findings:




	(1)

	
The static friction coefficient between particles affects the radial porosity distribution of the burden layers in the throat. With an increase in the coefficient, more particles stay at the platform or upper slope rather than moving to the funnel part, especially for small particles.




	(2)

	
An increased burden particle roughness will make the porosity drop in the mixed layers less pronounced. This will improve the gas permeability of the blast furnace.




	(3)

	
The burden surface shape becomes flatter with an increase in the shaft angle. The shaft angle of the BF also affects the burden distribution and porosity of the burden bed at the position of the turning point from the BF throat to the shaft for the region close to the wall.




	(4)

	
A properly chosen shaft angle can make the burden distribution more uniform and reduce the change of the porosity distribution during burden descent, but the angle has naturally other effects of the BF performance that also should be considered.









The findings of the present work are somewhat constrained by the limited number of cases studied. In future work, different charging programs should be studied to make more definite conclusions about the effects of factors on the porosity distribution. The simulations should rather be based on a sector model than a slot or full model of the throat and shaft, as this would more realistically reflect the true process without prohibitive numerical efforts. Obviously, an experimental verification of the findings would also strengthen the conclusions.
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Figure 1. Interaction forces between two particles (i and j) in DEM. 
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Figure 2. Models of the charging system with slot throat (a) and whole shaft (b) used in the simulation. 
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Figure 3. Examples of cross section of simulation results for throat model (a) and shaft model (b). 
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Figure 4. Simulation results of the cross sections of burden layers and local enlarged figures showing the effect of a growing static friction coefficient of sinter−coke (a) and sinter–sinter and coke–coke (b). 
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Figure 5. Radial porosity distribution in Region 1 of Figure 4 for different static friction coefficients of sinter–coke (a) and sinter–sinter and coke–coke (b). 
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Figure 6. Mass fraction distribution of the smallest sinter (3 mm) of the burden bed in the upper part (0.3 m × 0.1 m × 0.04 m) of Region 1, where the sinter layer is above the coke layer for growing static friction coefficients of sinter–coke (a) and sinter–sinter and coke–coke (b). 
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Figure 7. Local cross section of the particles in the mixed region with a sinter layer above the coke layer for growing static friction coefficients of sinter–coke from top to bottom. 
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Figure 8. (a) Division of the bed in the throat into subareas and (b) corresponding vertical porosity distribution for different static friction coefficients of sinter–coke. 
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Figure 9. Models of different shaft angles (α) in the simulation. 
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Figure 10. Cross section of burden profiles for different shaft angles. 
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Figure 11. Radial porosity distribution in the mixed region (Region 2 in Figure 10) where the sinter layer is above the coke layer for different shaft angles. The inserted graph is the average porosity in the mixed region. 
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Figure 12. Cross section of burden profile (a) and vertical porosity distribution of burden layers close to the wall of the upper shaft and throat (b). 
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Table 1. Properties of sinter and coke in the simulation. The particle size is 1/4 of the actual particle size.
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Model Type

	
Particle Size

	
Sinter

	
Coke






	
Throat (slot) model

	
Particle number

	
9.3 × 104




	
Diameter (mm)

	
3

	
6

	
11

	
6

	
10

	
15




	
Mass ratio (%)

	
11.8

	
14.7

	
73.5

	
30

	
20

	
50




	
Shaft (3D) model

	
Particle number

	
5 × 104




	
Diameter (mm)

	
3

	
6

	
11

	
6

	
10

	
15




	
Mass ratio (%)

	
40

	
20

	
40

	
30

	
20

	
50
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Table 2. Parameters used in DEM simulation.
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	Parameters
	Value





	Time step (s)
	1 × 10−5



	Coke
	



	 Particle density (kg/m3)
	1050



	 Young’s modulus (Pa)
	5.4 × 108



	 Poisson’s ratio
	0.22



	 Interparticle restitution coefficient
	0.39



	 Interparticle static friction coefficient
	0.30



	 Interparticle rolling friction coefficient
	0.25



	Sinter
	



	 Particle density (kg/m3)
	4837



	 Young’s modulus (Pa)
	3.5 × 109



	 Poisson’s ratio
	0.25



	 Interparticle restitution coefficient
	0.35



	 Interparticle static friction coefficient
	0.40



	 Interparticle rolling friction coefficient
	0.30



	Sinter–coke

Interparticle restitution coefficient
	0.25



	 Interparticle static friction coefficient
	0.30



	 Interparticle rolling friction coefficient
	0.25



	Wall
	



	 Young’s modulus (Pa)
	1 × 108



	 Poisson’s ratio
	0.40



	Coke–wall
	



	 Restitution coefficient
	0.20



	 Static friction coefficient
	0.20



	 Rolling friction coefficient
	0.10



	Sinter–wall
	



	 Restitution coefficient
	0.20



	 Static friction coefficient
	0.30



	 Rolling friction coefficient
	0.15
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Table 3. Simulation cases with different static friction coefficients.
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	Static Friction Coefficient
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	sinter–coke
	0.1
	0.3
	0.5
	0.4
	0.4



	sinter–sinter
	0.2
	0.2
	0.2
	0.3
	0.4



	coke–coke
	0.1
	0.1
	0.1
	0.2
	0.3
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