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A B S T R A C T   

Bed permeability is a crucial factor in blast furnace efficiency and stability. The Discrete Element Method (DEM) 
has been used extensively to model material flow in different parts of the furnace and holds great potential for 
optimizing the permeability. The inherent computational load is the main bottleneck in using this method to 
provide detailed descriptions of different blast furnace granular phenomena on an industrial scale. In recent 
years, computing capabilities have been rapidly increasing and more elaborate models are being developed for 
the furnace as a whole. This paper reviews the recent progress in modelling relevant phenomena related to the 
burden distribution, and how they affect the bed permeability, using DEM. We conclude that significant efforts 
have been made in modelling the burden distribution; however, these models generally do not investigate the 
permeability. Hence, understanding of how the permeability can be optimized still requires significant efforts 
towards model development.   
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1. Introduction 

Steel is the most important engineering and construction material 
worldwide. The majority of energy consumed in an integrated steel plant 
is attributed to the smelting unit, a counter-current reactor commonly 
known as a blast furnace, where liquid iron is produced through a series 
of mostly endothermic chemical reactions occurring between ascending 
hot gas which is injected through tuyeres at the bottom of the furnace 
and a descending packed bed of raw materials (collectively referred to as 
the “burden”) which are charged at the furnace top. Fig. 1 shows the 
general layout of the blast furnace including its charging system. Two 
types of charging systems are often encountered in blast furnace oper
ation: bell-type (BT) and bell-less type (BLT). Bell-less systems are 
typically used in large and new blast furnaces with an improved design 
providing greater flexibility of charging method and more efficient 
burden distribution control when compared to bell-type systems [1]. 

The burden is charged in alternating layers of ferrous components 
(combinations of pellets, sinter and lump ore [2]) which may be mixed 
with additives, and coke. Since the gas temperature is highest at some 
distance above the tuyeres, the charged ores are progressively heated 
towards this point and will eventually melt. The consumption of solids 
and extraction of liquid products allows the packed bed to continuously 
travel downwards and a new batch of burden materials is added once the 
stock line level has decreased to a set-point height. Thus, the blast 
furnace can be regarded as a continuous reactor in which the solid-gas 
interactions control the process. 

For many years, researchers have emphasized the importance of the 
burden distribution in furnace productivity [3–7]. How the bed layers 
are formed during furnace charging and how they subsequently deform 
during the burden descent are important as the burden distribution is 
closely linked to the permeability. Depending on the operation strategy, 
furnace operators aim for a certain burden distribution to control the 

Fig. 1. Illustration of the packed bed structure, the (bell-less top) charging system and raw materials involved in blast furnace ironmaking.  
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bed permeability, and therefore the gas flow, along the shaft radius 
[8–10]. In practice, however, it is difficult to achieve the targeted dis
tribution due to the complex interplay of granular phenomena which 
occur during charging and descent. Hence, there is a need to investigate 
how the material behaves during operation and whether the burden 
distribution can be improved. Since physical inspections and real-time 
measurements are very difficult and expensive to execute during 
furnace operation, a more feasible approach to predict the true burden 
distribution, and how it affects the permeability, is required. 

Computational modelling is considered to be a powerful research 
tool which allows for saving time and costs when optimizing industrial 
processes. The Discrete Element Method (DEM) [11] quantifies the 
forces acting on each particle and can therefore predict the spatio- 
temporal evolution of a granular flow. The strength of DEM lies in the 
fact that both the bulk and particle-level characteristics of a flow can be 
analyzed, making this technique particularly suitable for scrutinizing 
the burden distribution and its effect on bed permeability. A DEM model 
requires input parameters which must be carefully selected such that the 
real-life flow behavior can be predicted at the lowest possible compu
tational cost; the latter is especially true for large-scale applications. This 
balance of accuracy and efficiency requires the modeler to make certain 
modelling choices, which generally depend on the process or phenom
enon being modelled. Hence, developing a model for optimizing the 
burden and subsequent gas flow distribution through charging requires 
a thorough understanding of the phenomena which are important to 
consider and how they can be modelled by DEM. 

The objective of this work is twofold. First of all, we aim to provide a 
clear understanding of burden permeability, and how it is affected by 
different granular phenomena occurring during the charging and 
descending process according to literature. As DEM is particularly suited 
for modelling granular phenomena, our second aim is to review the 
state-of-the art in DEM models of the charging and descending phe
nomena for analyzing blast furnace permeability. Other reviews of blast 
furnace models have been published before [12–17], providing an 
overview of different modelling trends and discussing the use of both 
continuum and DEM models. The novelty of this paper is its focus on the 
permeability in particular, and the suitability of current blast furnace 
DEM models for this purpose. This paper could prove useful to modelers 
as it provides a summary on modelling and experimental methods and 
can serve as a guide for making certain choices based on literature. 

This paper is divided into two main parts based on our objectives. In 
Section 2, we provide an understanding of blast furnace burden distri
bution and its effect on permeability based on the current blast furnace 
DEM literature. In Section 3, we recommend a DEM model development 
framework based on general DEM literature and review the modelling 
methods used in current blast furnace DEM literature using this frame
work. We conclude this work in Section 4 by stating the knowledge gap 
and providing an outlook on focus areas for future studies. 

2. Granular phenomena affecting bed permeability 

In Section 1 we touched upon the importance of burden distribution 
on bed permeability. In this section, we first describe in more detail how 
the two are related (Section 2.1). Next, we discuss important granular 
phenomena which are expected to affect blast furnace burden perme
ability during charging and descent according to literature (Section 2.2). 
At the end of this section, we synthesize the practical findings of these 
studies which can be applied in industry (Section 2.3). 

2.1. Burden distribution and bed permeability 

As mentioned previously, the resources involved in blast furnace 
ironmaking are ferrous materials (iron ores), coke and hot gas. The 
furnace is divided into four main zones based on the thermal and 
chemical state of the raw materials. In summary, ferrous solids contain 
iron oxides which need to be reduced to iron by the hot gas, while the 

coke burden has multiple functions [18,19]: (1) it fulfils the thermal and 
chemical requirements for the reduction process; (2) it acts as a car
burizer; (3) it ensures adequate drainage of liquid products below the 
cohesive zone and passage for gas to and throughout the upper portion 
of the bed. The latter is possible due to the higher permeability of the 
coke bed compared to the ferrous bed, and the fact that only the coke 
layers remain permeable in the cohesive zone. 

The permeability of a packed bed provides a measure for how well 
the voids between particles comprising the bed (i.e., the pores) are 
connected [20]. This generally depends on the bed configuration; i.e., on 
factors such as the packing fraction, and geometrical features (shapes 
and sizes) of the particles [21]. In the context of blast furnace produc
tivity, the permeability determines to what extent the ascending gas is in 
contact with the ores, and therefore how well the reduction-melting 
process takes places. The literature suggests the following burden dis
tribution guidelines regarding the permeability:  

1. In the cohesive zone, there should be a minimum number and size of 
coke slits to allow adequate gas passage to the upper layers [22–24]. 
It is also important to have evenly sized coke slits, so that the gas flow 
is even in radial direction [10].  

2. In the lumpy zone:  
(a) Each coke layer should have a sufficient and even thickness in 

radial direction in order to provide adequate gas flow to the 
subsequent ore layer along the radius [9,10,25]. In general, the 
permeability increases with the coke layer thickness [9]; how
ever, as the steel industry faces increasing pressure to minimize 
its carbon footprint, the coke layer thickness is minimized as 
much as possible in modern operation. Pulverized coal is injected 
with the blast to account for the reduced metallurgical coke rate. 
To maintain permeability in the cohesive zone, coke is added to 
the ore burden in the form of small (nut) coke [19].  

(b) The ferrous layers should be as thin as possible to enhance gas- 
ore contact and have a uniform thickness along the radius [9]. 
Also, due to morphological differences, the different types of ore 
should be evenly distributed to provide a homogenous packing 
structure and therefore an even gas flow through the layer. 
Another (perhaps more important) reason for homogeneously 
distributed ores is the differences in chemical properties. Since 
the ores reach their melting point at different temperatures, an 
uneven radial and circumferential distribution at the top of the 
furnace could lead to problems in forming the cohesive zone, of 
which the shape plays an important role in gas flow distribution.  

(c) In general, an even particle size distribution throughout the 
layers is desired. The emphasis in this regard is on the even 
distribution of fines throughout the layers, as concentrated 
deposition of fines will result in localized clogging. 

These guidelines aim to diminish spatially separated regions of 
strong and weak gas flow throughout the packed bed. In practice how
ever, this is not exactly aimed for by blast furnace operators. As shown in 
Fig. 2, two basic operation modes are often described in literature 
[9,26–28]: central gas flow operation and wall-working operation. The 
main difference between the two lies in the gas flow distribution. In 
central gas flow operation, a strong gas flow is achieved in the center 
while the flow is directed towards the walls in wall-working operation. 
Other operation modes can also be found in literature such as “double- 
peak” and “flat” [10], but we will not further discuss them here. The 
preferential direction of gas flow in different operation modes is ach
ieved by selective deposition of coke, as can be seen Fig. 2. Depending on 
the operation strategy which is aimed for, an “optimal” burden distri
bution can be defined. However, very little information on the burden 
distribution requirements corresponding to different operation strate
gies can be found in literature. According to Liu [10], wall-working 
operation is not desirable since wall erosion is highest and gas utiliza
tion is poor, while central gas flow operation has lowest wall erosion and 
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better gas utilization. The flat operation mode has even better gas uti
lization, but does not offer the same degree of wall protection. Geerdes 
et al. [9] provide a clear set of requirements which, according to them, 
provides the ideal burden distribution for modern blast furnaces oper
ating under high pulverized coal injection rates: “(1) an ore-free center, 
(2) nearly horizontal layers of coke and ore burden, (3) some nut coke in 
the ore burden in the wall area and (4) fines distributed over the radius”. 

Based on these findings, we conclude that not only should the ma
terial distribution within each layer be homogeneous in size (and 
composition, for the ore layers), but the amount of fines should be 
limited and an even radial and circumferential mass distribution should 
be strived for. In the following, we review to which degree these aspects 
of the burden distribution have been studied in the past using DEM. 

2.2. Phenomena affecting burden distribution 

2.2.1. Segregation 
Segregation, also referred to as reverse mixing or de-mixing, is a 

widely-studied phenomenon occurring in granular flows which involves 
spatial arrangement of mixture components (pattern formation) due to 
differences in material properties such as size, density, shape and surface 
roughness [29]. Blast furnace operation involves different equipment 
which induce a variety of flow behaviors, and the burden differ in 
various material properties. Hence, segregation is expected to occur in 
different stages of the material handling process. In blast furnace oper
ations, a burden layer is formed by charging concentric rings, usually 
starting at the throat periphery and ending at the center. Segregation 
during charging of these individual rings can pose an impediment to 
achieving a homogeneous size and component distribution within a 
layer as a whole [30], which might affect the initial permeability dis
tribution [31] and the subsequent redistribution caused by the defor
mation of burden layers during their descent. Hence, it is important to 
understand how the multi-component burden segregates during 
charging and descent, and how this affects the permeability distribution.  

• During flow through the charging apparatus 

The coke and ore burden are charged into the parallel hoppers either 
from a conveyor belt or a skip [9]. In the case of a conveyor belt, some 
segregation of material can already occur during transportation on the 
belt due to its bouncing motion as it rolls over idlers. The small particles 
settle to the bottom of the belt while the coarse particles rest upon them. 
Going even further upstream, segregation also occurs as materials are 
discharged from storage onto the belt or into the skip. Only very little 
amount of research has been done on the occurrence of segregation as 
the material is handled upstream of the hoppers. Spence [32] undertook 
a thorough experimental investigation on size segregation within the 
charging system, which included the entire material transportation from 
the stock-house to the receiving hopper, material hopper, rotating chute 
and finally the furnace throat. They concluded that the segregation 

patterns emerging during material hopper discharge can be linked to 
segregation during filling of the receiving hopper. Another example is 
the work of Mio et al. [33], where a 1/3-scale furnace was used to 
investigate the distribution of coke and sinter in the throat after 
charging. In their system, the parallel hoppers received the burden 
materials from a surge hopper through a belt conveyor, and discharged 
into a funnel. By measuring the mass fraction different sized sinter 
particles as a function of time discharged from the funnel, they 
concluded that particle size segregation occurred during charging and 
discharging at the surge hopper and parallel hoppers since larger sinter 
particles were discharged later. While these experiments demonstrate 
that size segregation occurs upstream of the hoppers, and during filling 
of the hoppers, surprisingly little has been done to model the flowing 
behavior for this portion of the charging process, especially when it 
comes to loading and unloading of the skip cars or conveyor belt. 

Most DEM blast furnace research has been done by modelling the 
system starting with the parallel hoppers. For example, Zhang et al. 
[34], Wu et al. [35] and Xu et al. [36] all studied size segregation during 
hopper charging using a fictitious filling method in their simulations. 
Since the material being fed to the hoppers was assumed to be non- 
segregated in these works, the results on size distribution in the hop
per may not be representative of the actual operation. Nonetheless, these 
works have all shown that small particles tend to remain close to the 
stream impact point while large particles tend to roll away during 
heaping. The authors all concluded that the size distribution in the 
hopper changes as a function of the filling position and angle. Size 
segregation during hopper discharge is dictated by the order in which 
segregated material groups flow out of the hopper. This depends on 

Fig. 2. Two basic gas flow distribution strategies used in industry (from left to right): (a) central gas flow operation, (b) wall-working operation; images adopted 
from [9]. 

Fig. 3. Mean particle size in the flow at the outlet of a hopper; image adopted 
from [37]. 
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primarily the hopper design, but it is generally seen that large particles 
are discharged later than small particles [35–38] (cf. Fig. 3). Since the 
burden is charged in rings to form a layer, size segregation during 
hopper filling and subsequent discharge can result in a non-homogenous 
size distribution in both circumferential and radial directions. It should 
be noted that actual blast furnace operation involves charging of an ore 
mixture, rather than one material component. As stated in Section 2.1, it 
is important for the ore layers to have an homogenous composition. The 
segregation behavior of ore mixtures during hopper filling and discharge 
has been studied by Xu et al. [39,40]. As the different types of ores are 
generally charged to the hopper in batches rather than a mixture, they 
investigated how the order of charging ores to the hopper affects the 
order of discharging and the final component distribution in the throat. 
They found that the trend of each component’s mass fraction from the 
periphery to the center of the throat followed the mass fraction trend 
during discharging. Their work shows that component segregation 
within the ore layer is a direct consequence of the ore mixture’s dis
charging behavior. 

The next part of the charging apparatus which has received much 
attention is the rotating chute. The chute is the most flexible part of the 
system, as it can be controlled with respect to tilting angle (the angle 
between the chute baseline and the vertical centerline of the furnace) 
and rotating speed, which in turn affects the material flow within the 
chute itself, as well as the distribution on the stock surface in the throat. 
Researchers have mainly focused on understanding two main aspects: 
(1) how the material segregates as it flows through the chute, and (2) 
how the bulk flow behavior on the chute affects segregation of the 
material in the furnace throat. With respect to point (1), several re
searchers [38,41–43] have reported the occurrence of size segregation 
during chute flow. This is evident from the fact that the stream at the 
chute outlet has small particles at the inner part of the trajectory and 
large particles at the outer part. This pattern has been seen in both 
stationary and rotating chutes at different tilting angles [42]. As the 
particles flow through the rotating chute, they are subject to a variety of 
forces including inter-particle forces, particle-chute force, gravitational 
force, Coriolis force and centrifugal force [38]. The reader is referred to 
the work of Teng et al. [44] for a more in-depth description if these 
forces. The interplay of these forces determines the bulk behavior of the 
flow in the chute, specifically how compact/dilute the flow is at the 
chute outlet. When it comes to point (2), researchers have researchers 
have studied the effect of chute design [45] and operation [46,47] on the 
stream width and thickness, and how these factors affect segregation 
during layer build-up. These aspects are discussed later, in Section 2.3.  

• During layer build-up 

Segregation during layer build-up can occur due to different phe
nomena occurring simultaneously. First of all, when the particles exiting 
the chute are charged onto the stock surface, segregation due to heaping 
occurs. Each layer is formed by charging multiple rings, which are 
essentially heaps of material along the throat circumference. Hence, it is 
important to understand how the heaping process occurs as the rings are 
charged in order to understand the burden distribution. Xu et al. [48] 
performed a simple investigation in which a binary mixture of two 
particle sizes was charged to a 1/15th size blast furnace throat through a 
rotating chute. They only charged a single ring of material and found 
that the larger particles concentrated near the furnace wall while the 
small particles were near the center. Mio et al. [37] simulated the 
charging behavior of polydisperse sinter through multiple rings in a full- 
scale furnace. They found that ultimately the average particle size was 
largest at the furnace center, while the smallest average size was found 
at around half of the radius (cf. Fig. 4). They later confirmed this radial 
size distribution through experiments [33]. According to the authors, 
small particles are relatively immobile after impacting the stock surface 
and therefore stay in the vicinity of the burden stream’s impact point, 
while large particles are able to roll towards the center during charging 

of the rings. Therefore, there are more large particles in the center of the 
furnace. Other researchers [38,49,50] provided a similar explanation 
after observing this accumulation trend in their DEM results. Yu & Saxén 
[51] also found this trend in their study of pellet charging, but they 
reported that the degree of segregation was much less compared to 
sinter due to the relatively narrow size distribution of pellet particles. 
The focus of these studies has been on size segregation when charging a 
single material to the furnace. Investigations of segregation during 
multi-component mixture charging are scarce. Xu et al. [48] extended 
their aforementioned size segregation study by varying the densities of 
the large and small particles individually and scrutinizing the effect on 
segregation. Their results showed that radial size segregation was 
reduced as the density of small particles increased, while the opposite 
was true when the density of large particles was increased. In reality, the 
ore mixture contains three materials (or four, if nut coke is present), 
each with their own size distributions. Hence, further investigation is 
required to understand the segregation behavior of blast furnace mix
tures during heaping. 

A second form of segregation occurs when ores are charged onto a 
layer of relatively light coke particles; this is referred to as the phe
nomenon of coke layer collapse (also referred to as coke-push or gouge 
formation). The ores “push” the coke particles aside, thereby deforming 
or shifting the coke layer which ultimately changes the coke-ore distri
bution, and therefore the permeability [52], in radial direction. An 
example of the coke collapse phenomenon is shown in Fig. 5. As the top 
surface of the burden is V-shaped, the coke particles roll down towards 
the center of the furnace. However, other surface shapes (e.g. “A” or “M” 
or “W”) are also possible, and the direction in which the coke is shifted 
depends on the location of impact with respect to the peak [53]. Zulli 
et al. [54] performed experiments using a full-scale furnace model to 
investigate the coke collapse degree when sinter was charged onto 
preexisting coke layers. They found that the radial ore-to-coke distri
bution was significantly affected by this phenomenon. Ho et al. [4] used 
spheres made of different materials to study gouge formation experi
mentally in a lab-scale charging setup. They found that the gouge size 
increases as with the density of the charged material. Mitra & Saxén 
[55,56] used DEM to simulate the coke push effect when charging pel
lets onto a coke layer using a 1/10th scale blast furnace model, showing 
that DEM was able to predict this phenomenon. Mio et al. [42] simulated 
sinter charging onto a coke layer using a full-scale model, showing that 
the coke layer thickness changes significantly in radial direction after 
coke collapse. Kou et al. [46] also used a full-scale model to investigate 
coke collapse after sinter charging. They found that the severity of coke 
collapse depends on the chute angle, rotational speed and the amount of 
sinter being charged. Zhou et al. [57] developed a more realistic 

Fig. 4. Relation between mean sinter particle size and radial distance; image 
adopted from [37]. 
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simulation where pellets, sinter and lump ore were mixed and charged 
on top of a coke layer in a full-scale furnace model. They investigated the 
effects of different charging practices such as reverse charging and 
central coke charging on coke collapse. These aspects are discussed later, 
in Section 2.3. 

Until this point we discussed how radial segregation occurs during 
layer build-up. Segregation in the vertical direction also occurs due to 
the sieving phenomenon: small ore particles become embedded in the 
upper part of the coke layer during charging, and proceed to travel to
wards the bottom of the coke layer. This phenomenon results in the 
formation of a mixed coke-ore layer (cf. Fig. 6), which is densely packed 
and has a lower permeability than the individual coke and ore layers 
[49]. Kajiwara et al. [58] performed full-scale experiments of charging 
ore onto a coke layer and observed both the coke push phenomenon and 
the mixed layer formation. Several researchers [59–62] have shown 
experimentally that, depending on the size ratio between particles of the 
individual layers, this “interface resistance” can have a significant effect 
on the pressure drop over a stagnant bed. Wei et al. [49] used DEM to 
simulate sinter and coke layer formation using a small-scale setup. They 

charged three alternating layers of sinter and coke, and studied the effect 
of segregation and mixed layer formation on the porosity distribution 
within the entire bed. They found that the porosity varied in both radial 
and axial directions: a higher porosity was found in the center of the 
furnace due to the higher average particle size in that region and a lower 
porosity was found in the bottom layers due to the presence of small 
particles and the compaction caused by the top layers. In general, the 
porosity of coke layers was highest while that of the mixed layers was 
the lowest. Li et al. [50] used a full-scale model to investigate both 
vertical and radial segregation when charging ore onto a layer of coke 
particles. For simplicity, they used a binary mixture of large and small 
particles for both materials and investigated the effect of the size ratio 
(defined as the ratio of small to large particle diameters) of the particles 
on segregation. Not surprisingly, the radial segregation worsened as the 
size ratio decreased. As this study was performed at full-scale, the flow 
conditions were representative of an actual blast furnace; however, the 
materials were not. Future studies should include more realistic size 
distributions to study the vertical segregation more accurately.  

• During burden descent 

As the packed bed descends, the coke and ore mixture layers tend 
spread out due to the gradual widening of the furnace [7]. Consequently, 
the voids between particles in each layer become larger and the ore 
particles are able to further infiltrate underlying coke layers. Hence, the 
mixed layers formed during charging become thicker, and individual 
coke and ore layers become thinner. This process has not been studied 
extensively in a setting representing actual blast furnace operation. 
Although inter-particle percolation has interested researchers for many 
years now, most of the work in this field involves analysis of the 
percolation behavior of only few particles in a simplified setup (e.g. a 
static, cylindrical packed bed) using idealized materials such as beads. 
These analyses have been done both experimentally [63,64] and 
numerically [65–69], primarily to gain fundamental understanding of 
the percolation phenomenon. 

When it comes to blast furnace materials, only Yu & Saxén [70] 
attempted to study percolation during burden descent experimentally. 
The authors developed an experimental setup (described in Section 
3.5.3) which allowed for visual inspection of pellet-coke mixed layer 
formation due to furnace widening. They also developed DEM coun
terpart to study the effect of different model parameters on the extent of 
percolation. The findings are discussed in Section 3.3. 

2.2.2. Degradation 
Degradation involves the generation of fines and broken particles 

during transportation and handling. Different types of degradation can 
occur, depending on the type and magnitude of forces causing degra
dation [71]. The furnace permeability is directly affected by the pro
portion of fines in the packed bed. This is true for all burden materials, 
but perhaps more important for the coke layer which is responsible for 
gas passage and liquid drainage in lower parts of the furnace. Hence, it is 
important to quantify degradation of burden materials at each handling 
stage. 

Researchers have performed experiments to investigate degradation 
of coke [72–75], lump ore [72,76–78], pellet [79,80] and sinter [72,75] 
using drop tests, impact tests, slow compression tests and tumbling tests. 
The purpose of these tests is to relate the forces responsible for degra
dation to the particle size and shape distributions resulting after 
degradation has occurred. Tavares et al. developed a model to predict 
the breakage behavior of these materials under different conditions. This 
model is currently implemented in EDEM and RockyDEM [81]. Despite 
the possibility to model breakage phenomena using DEM, we have not 
encountered any studies focusing on blast furnace burden breakage 
modelling in literature. Instead, we find that researchers have used DEM 
to determine different aspects associated with breakage. For example, 
Nouchi et al. [82] assessed where stresses exceed the compressive stress 

Fig. 5. Radial burden profiles before (top) and after (bottom) collapse, where 
yellow, black and green particles represent sinter base, coke and charged sinter, 
respectively; image adopted from [46]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 6. Illustration of coke-ore mixed layers; image adopted from [182].  
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of coke and therefore could result in abrasion. Zhang et al. [83] deter
mined optimal furnace wall angles based on the stress levels and 
therefore the expected degree of abrasion occurring for different furnace 
designs. In these studies, the particles in DEM were modelled as spheres 
and the breakage mechanism itself was not modelled. Natsui et al. [84] 
used DEM-CFD to determine the effect of coke degradation on the 
permeability of a coke packed bed. Rather than modelling the degra
dation process, they assessed how permeability changes after degrada
tion in separate simulations. They initially performed simulations using 
virgin coke particles. The true shape of the particles was included in 
their work by attaching multiple spheres together such that coke shapes 
obtained through 3D scanning were approximated, as shown in Fig. 7. 
Through tumbler experiments, they could identify the volume of coke 
fines generated after 50 drum revolutions. Next, they performed simu
lations of the degraded particle bed by adding a representative amount 
of fines to a bed of coke particles which had decreased in size, compared 
to the initial simulation. They analyzed and compared the fines and gas 
velocity distribution for both cases, as shown in Fig. 7. 

2.2.3. Flow deviation 
Fig. 8 illustrates the basic material handling equipment involved in 

blast furnace charging using BLT. Compared to the serial-type BLT, the 
parallel-type requires an additional connection chute (also referred to as 
the “funnel” or “Y-tube”) to direct the material discharged from the 
bunkers to the rotating chute. Fig. 9 shows that, unlike in a serial-type 
BLT, the flow discharged from the bunker is de-centered inside the 
funnel. This deviation of the material stream’s centroid from the 
centerline results in a variation of its collision point on the chute as it 
rotates [85–88] and this imbalance ultimately causes an uneven 
circumferential burden distribution in terms of the charged mass flow 
and the material falling point just above the stock surface. Xu et al. [89] 
used DEM to investigate the difference in burden distribution when 
using a serial and parallel-type BLT. They found an even mass distri
bution in circumferential direction when using a serial-type BLT. For the 
parallel-type BLT, the mass distribution plot resembled a cosine-like 
curve, thereby demonstrating the circumferential imbalance. Narita 
et al. [90] performed experiments using a 1/5 scaled model of a charging 
apparatus and confirmed the existence of the circumferential imbalance. 

Using DEM, they looked at the forces acting on the particles upon 
entering the chute and claimed that the material is forced to travel along 
one side of the chute due to its curvature. When the centrifugal force acts 
in the same direction as the curvature force, then the material discharges 
at a higher position than when these forces oppose each other. Hence, 
the authors claimed that this difference in material stream discharge 
height causes an uneven falling point along the circumference. Using 
their DEM model, they investigated how the Y-tube design can be 
adjusted to mitigate the circumferential imbalance. Sun et al. [91] used 
DEM to analyze how the material flow on the chute changes with the 
collision point. They stated that when the collision point is located 
higher on the chute, then the flow of material on the chute is relatively 
sparse. When the striking point is lower, the particles falling down from 
the funnel tend to accumulate on top of material which already on the 
chute, making the flow denser. Hence, alternately sparse and dense 
granular flow exit the chute as it rotates, causing the uneven circum
ferential mass distribution in the throat. Chen et al. [92] used DEM to 
perform a thorough investigation of how the circumferential imbalance 
occurs. They claimed that the deflection of particle flow on the chute 
depends on the interplay between Coriolis force and curvature force, 
which in turn depends on the collision point on the chute (as summa
rized in Fig. 10). Next, they investigated how the mass flow rate and Y- 
tube design affect the circumferential imbalance. Xu et al. [39,93–95] 
investigated how design and operational factors can be adjusted to 
mitigate the circumferential imbalance. The results of all studies related 
to equipment and operation design are discussed in Section 2.3. 

2.3. Effect of design and operational parameters on burden distribution 

The design of equipment has a large influence on the burden flow 
behavior, and therefore the material distribution on the stock surface 
[35,95]. Hence, design modification should be considered when 
exploring the possibilities for enhancing gas-solid interactions in the 
furnace. However, it is generally more practical to consider how oper
ational conditions can be adjusted, rather than modifying existing 
equipment design. Operational conditions refer to parameters which can 
be changed for a given system design. In this section, we discuss how 
design and operational aspects for different parts of the system can be 

Fig. 7. Schematic of the coke deformation model (left) and simulation results for a packed bed of coke particles before and after degradation; images adopted 
from [84]. 
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modified to improve the resulting material distribution according to 
blast furnace DEM studies. 

2.3.1. Parallel hoppers 
As mentioned previously, the hoppers can be loaded using a 

conveyor or skip hoists. The loading method is expected to affect how 

the burden segregates as it is charged to a Paul-Wurth hopper. Zhang 
et al. [34] investigated the effects of the angle and position of a feeding 
chute on size segregation during loading of a binary coke mixture to a 
hopper. The filling procedure in simulations was as follows: pre-mixed 
particles were generated randomly in a conical feeder bin above the 
hopper and subsequently discharged through the feeding chute, which 
replaced the belt charging used in practice. Since the conical feeder bin 
produced a mass flow upon discharging, the degree of segregation in the 
hopper after charging was solely the result of segregation during the 
confined heap formation in the hopper. Parameter studies were per
formed by adjusting the angle and endpoint of the inclined surface, as 
shown in Fig. 11. It was seen that the degree of segregation became less 
as the filling position was closer to the center of the hopper, and as the 
filling angle was more vertical. Wu et al. [35] performed a similar 
analysis for the filling position (either left, center or right, as shown in 
Fig. 12), but they considered a ternary mixture of sinter particles and 
they used a virtual factory rather than a mass flow hopper to generate 
particles. Their results showed that small particles are generally located 
near the burden apex, indicating that small particles always tend to 
accumulate around the striking point during hopper filling. They also 
concluded that segregation was different for each filling position; but, 
contrary to the results of Zhang et al. [34], it could not clearly be seen 
that the degree of segregation was less in the case of a centered apex. Xu 
et al. [93] also studied hopper filling, but they simulated the filling 
process using a feeding belt which resembles the actual hopper filling 
process. As shown in Fig. 13, the material discharged from the feeding 
belt entered a switch chute, which directed the flow to the parallel 
hoppers. They found that when the centerline of the feeding belt did not 
coincide with the symmetry plane of two parallel hoppers, there was a 
difference in the velocity of the flow to and subsequent burden distri
bution in the left and right hopper. The burden apex positions were 
different in the two hoppers, as well as the volume distribution in radial 
and circumferential directions. The effect on segregation was not 
investigated. 

Segregation during hopper discharge is a result of the sequence of 
discharge of material. It has been claimed that the discharge sequence 
depends on hopper design, how the material is initially arranged in the 
hopper, and the discharging mass flow rate [40,96]. When it comes to 
design aspects, Wu et al. [35] scrutinized the effect of hopper outlet 
slope on size segregation. Keeping in mind that the parallel hoppers 

Fig. 8. Basic material handling equipment in (a) serial-type and (b) parallel-type BLT systems; image adopted from [38].  

Fig. 9. Particle flow trajectory in a parallel-type BLT; image adopted from [87].  
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should be designed such that the outlet is close to the furnace center, 
they considered three hoppers with varying slope outlets but each dis
charging close to the furnace center (cf. Fig. 14). They found that the 
material discharging sequence was completely different for each design. 
In fact, for the left outlet hopper the material at the left side was dis
charged first, while the opposite was true for the right outlet hopper. 
Moreover, the right outlet hopper had a long outlet pipe which enhanced 
size segregation. Another design aspect is the hopper outlet size, which 
was studied by Zhang et al. [34]. They described the existence of the so- 
called “engulfing phenomenon”, which involves the formation of a dip 
in the material during discharge. The dip engulfs large particles in its 
vicinity so that the discharge composition fluctuates. As the outlet size 
increases, the moving layers become larger and there is less time for the 
engulfing mechanism to take place; hence, there is less fluctuation and 
segregation decreases. When it comes to initial material arrangement, 

Xu et al. [39,40] scrutinized the discharging behavior of a pellet, sinter 
and lump ore mixture. In practice, these materials are charged to the 
hopper in batches rather than as a mixture. The authors investigated 
how the charging sequence of the materials to the hopper affects the 
discharging sequence. They found that particles charged first into the 
hopper were in fact not discharged first and that different initial ar
rangements of pellet, sinter and lump ore in the hopper resulted in 
different (radial and circumferential) burden distributions in the throat. 
Since each component has a different permeability, the authors pointed 
out the importance of studying how the initial distribution in the hopper 
affects the final distribution in the throat. 

2.3.2. Funnel (Y-tube) 
As discussed in Section 2.2.3, the deviation phenomenon occurring 

in the funnel of a parallel-type BLT charging system eventually leads to a 

Fig. 10. Factors affecting circumferential imbalance; image adopted from [92].  

(a) (b)
Fig. 11. Different tilting chute designs for charging the P-W hopper; images adopted from [34].  
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circumferential imbalance of the burden mass in the throat. The burden 
does not flow through the center of the funnel but rather concentrates 
either at the right or left side, depending on which hopper is being 
discharged. Narita et al. [90] studied whether the funnel outlet design 
can be adjusted to produce a more centered burden flow through the 
funnel outlet, with the aim of mitigating the circumferential imbalance. 
They considered two adjustments of the funnel outlet, as shown in 

Fig. 15a: a smaller outlet diameter compared to the original design, and 
a tapered outlet rather than a straight pipe. The authors found that 
particles easily de-center when the original funnel outlet design is used, 
and that the burden’s falling point trajectory depends on the chute 
tilting angle. Using a smaller funnel outlet was not effective in reducing 
the imbalance; instead, the burden accumulated inside the funnel. On 
the other hand, the tapered chute outlet created a “push-back” effect on 

Fig. 12. Different locations of the charging chute for the P-W hopper; images adopted from [35].  

Fig. 13. Layout of a BLT-charging system with parallel hoppers (left) and the angle between the centerline of the main feeding belt and the symmetry plane of two 
parallel hoppers; image adopted from [93]. 
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the de-centered burden stream and, as shown in Fig. 15b, resulted in a 
more even circumferential distribution at different chute titling angles. 
Chen et al. [92] also investigated the effect of funnel outlet diameter and 
found that increasing the outlet diameter had an adverse effect on the 
circumferential mass imbalance. Compared with the findings of Narita 
et al. [90], we conclude that there exists an optimal outlet diameter for 
which there is no accumulation of burden in the Y-tube while the 
circumferential mass imbalance is minimal. This can be a topic of 
investigation in future studies. 

2.3.3. Rotating chute  

• Tilting angle, length and rotational speed 

The chute’s tilting angle, rotational speed and length all affect the 
magnitude of centrifugal and Coriolis forces acting on the material as it 
flows through the chute. As the tilting angle and length increase, the 

particles’ residence time on the chute becomes longer and therefore, the 
particles experience centrifugal and Coriolis forces for longer times. 
Consequently, the material stream will tend to move along one side of 
the chute and, according to Hong et al. [47], this tendency increases 
with the chute angle and length. Fig. 16 illustrates how three perfor
mance indicators (stream width, thickness and main striking point or 
MSP) for characterizing the burden distribution during charging are 
defined. Kou et al. [45] and Hong et al. [47] studied the effect of, among 
other factors, the chute angle, speed and length on these performance 
indicators. Despite using the same system, particles, particle sizes, 
interaction parameters, mass flow rate, amount of material and defini
tions of performance indicators, Hong et al. reported that the stream 
width increases with the chute angle, while Kou et al. reported the 
opposite. Their results on the effect of chute angle on stream thickness 
were also not in agreement, while they both stated that the MSP in
creases with the tilting angle. Zhang et al. [38] stated that the stream 
width increases with the chute angle, thereby forming a heap with a 

Fig. 14. Different hopper designs used for analyzing the effect of hopper outlet slope on size segregation during hopper discharge, from left to right: left outlet, center 
outlet and right outlet; images adopted from [35]. 

(a) (b)
Fig. 15. Effect of funnel outlet shape on: (a) Burden de-centering in the funnel and (b) circumferential particle trajectory; images adopted from [90].  

R. Roeplal et al.                                                                                                                                                                                                                                 



Powder Technology 415 (2023) 118161

12

lower peak compared to a heap formed at small tilting angles. They state 
that large particles can easily roll off this relatively flat heap towards the 
center of the furnace. As the centrifugal and Coriolis forces increase with 
the rotational speed, the material also tends to collect at one side of the 
chute as the rotational speed increases. Also, the particles at the chute 
outlet have a higher tangential velocity as the speed increases. Kou et al. 
[46] found that a high tangential velocity of ores is favorable with 
respect to coke collapse, since the particles tend to move in tangential 
direction rather than in radial direction, and therefore the amount of 
radial coke collapse is reduced for higher rotational speeds.  

• Cross-section and surface profile 

The chute’s cross-section shape has a noticeable effect on the motion 
of particles in the chute and the burden distribution in the furnace 
throat. Kou et al. [45] considered semicircle, trapezoid, and rectangle 
shaped chutes and found that particles are more “spread out” at the 
outlet of a rectangular chute when compared to the other two shapes 
since there is more available space for particles to roll around on the flat 

rectangular surface. They also found that the MSP is larger for semi
circular chutes and successively smaller for trapezoidal and rectangular 
chutes, and the difference in MSP becomes larger for higher chute an
gles. Since their study involved a mixture of pellet, sinter and lump ore, 
they also investigated the effect of chute shape on size segregation in the 
furnace throat at different chute angles. The authors found that semi
circular chutes produce a more uniform radial size distribution at low 
and middle chute angles while the same is true for trapezoidal chutes at 
large angles. Xu et al. [94] performed a similar study for coke charging, 
focusing on both radial and circumferential distribution when using a 
semicircular and rectangular chute. They concluded that a rectangular 
chute outperforms a semi-circular chute in different respects when 
considering the circumferential distribution. First of all, a rectangular 
chute provides an almost perfectly circular falling point distribution, 
unlike the semicircular chute (cf. Fig. 17). Also, the charged volume 
distribution is more uniform. However, when it comes to segregation, 
the semicircular chute provided a slightly lower deviation of burden 
average diameter distribution. 

Not only the cross-section shape, but also the design of the chute 
surface area plays an important role in burden distribution. Holmes et al. 
[97] considered three designs currently in use by Tata Steel (cf. Fig. 18): 
(i) straight, smooth design (not shown in the figure), (ii) rock-box 
design, with several open compartments along the chute length, and 
(iii) hybrid design, which is a combination of the first two. They scru
tinized the performance of different chute designs in terms of mass 
distribution symmetry after charging coke and pellets. Fig. 19 shows an 
incomplete ring near the walls for all cases, which is the effect of an 
underdeveloped flow for a few seconds after starting the charging. Since 
material tends to accumulate in the rock-box compartments, the burden 
flows out at a later time for the rock-box chute; therefore, the tail of the 
outer ring is shorter for the rock-box chute when compared to the other 
chutes. Also, the rock-box chute appears to provide more scattering of 
the burden. These two aspects combined result in a better outer ring 
compared to the other chute designs. Looking at the distribution of the 
remaining rings, Fig. 19 also shows that the rock-box design produces a 
more uniform, symmetrical mass distribution for both coke and pellets 
when compared to the other designs. The authors stated that the 
instantaneous chute angle adjustment during ring charging generally 
results in a sudden unsteady burden delivery until the flow on the chute 
re-adjusts to the new angle. The authors found that the rock box design 
least suffers from this effect due to the its material accumulation ca
pacity. These results indicate that the burden matrix needs to be care
fully tuned based on the shape of the chute. Xu et al. [98] performed 
burden distribution measurements in a full-scale furnace to compare the 
performance of a smooth, semicircular chute to that of a plated, 

Fig. 16. Definition of stream width, thickness and main striking point above 
the burden surface; image adopted from [45]. 

Fig. 17. Burden falling points distribution at different tilting angles when using rectangular chute (left) and a semicircular chute (right); image adopted from [94].  
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rectangular chute at different chute angles (cf. Fig. 20). Their results 
showed that the rectangular chute produced a more uniform circum
ferential falling point distribution and smaller inner and outer falling 
point radii than the semicircular chute. These results are in line with 
DEM results from their earlier work [94].  

• Outlet damper 

Mio et al. [41] investigated the effect of using a damper on the 
segregation behavior of sinter particles as they are discharged from a 
stationary chute. Initially, it was observed that the burden at the chute 
was clearly segregated. Due to the percolation mechanism, small parti
cles were concentrated at the bottom (along the chute surface) while 
large particles were at the top. By adding a damper at the chute outlet 
(cf. Fig. 21), the burden stream was agitated which resulted in local 
mixing of the smaller and larger particles. and segregation was reduced 
since the damper caused particle mixing at the outlet. In their study, Kou 
et al. [45] also briefly discussed the possibility of using a damper. They 
mentioned that the damper should be designed based on the shape of the 
chute: for semicircular chutes, the damper should produce a more uni
form radial size distribution while it should produce a more aggregated 
stream for rectangular chutes. However, specific information on how 
these requirements should be translated to a damper design was not 
provided.  

• Starting angle 

The charging sequence generally starts at the outer ring so that 
burden is deposited near the walls (large tilting angle) first and at the 
center (small tilting angle) last. Zhou et al. [57] investigated the effect of 
reverse charging (i.e. starting at the center and ending at the walls) of 
ores on coke collapse. They found that the amount of coke collapse is 
nearly halved when ores are first charged in the center, since the 
displacement of coke particles is much less in the center and the material 
accumulation after charging the first rings prevents coke collapse to
wards the center when charging the outer rings. They also investigated 
the effect of central coke charging, i.e., increasing the amount of coke 
layer thickness in the center. Fig. 22 shows that the coke layer maintains 
its thickness almost perfectly when central coke charging is applied. 
According to the authors, the amount of coke collapse was almost 1/3 of 
the case without central coke charging since there is less available space 
for coke displacement towards the center. 

2.4. Discussion 

In this section we showed that there has been a significant amount of 
research focusing on blast furnace burden distribution and control using 
DEM models in recent years. Table 1 summarizes all DEM literature in 

which blast furnace materials have been modelled for studying different 
aspects of burden distribution. We have shown that the term “burden 
distribution” in the context of permeability refers to size, component 
and mass distribution, and that these are affected by segregation, 
degradation and the deviation phenomenon. 

Our review has shown that segregation occurring in the charging 
apparatus and the top layers in the throat have mostly been studied, 
while segregation during descent has been considered to a much lesser 
extent. Also, size segregation has been the main focus to date, and 
segregation of multi-component burden mixtures which differ in size, 
shape and density has not yet been considered. While there is an over
whelming amount of literature emphasizing the need to study the 
occurrence of segregation and its effect on furnace performance, there is 
a lack of research focusing on the effect of segregation on permeability. 
Besides segregation, the deviation phenomenon has also received ample 
attention. Degradation on the other hand has only been considered in 
limited detail, with the main focus being the determination of stress 
distributions to predict whether particle degradation is expected to 
occur during charging and descent. Although it is currently possible to 
model breakage phenomena using some DEM software packages, this 
has not yet been done in the blast furnace context. Based on the current 
state-of the-art, we believe that modelling breakage phenomena is not 
yet considered a priority due to computational limitations. 

The majority of work is focused on modelling the charging system, or 
parts thereof. This is understandable since there are little means for 
controlling the material distribution after the burden has been charged 
into the furnace. Although the charging system consists of numerous 
handling steps with raw materials being transported through a series of 
equipment from the stock-house up until the chute, the charging process 
is often simplified by considering the holding bins/hoppers as the 
starting point of material delivery, followed by a funnel and finally, the 
chute. Given the size of an industrial system, simulating the entire 
charging process starting at the stock-house would require huge 
amounts of computational power and this is expected to be investigated 
in the future. 

A number of models have been used for investigating how the burden 
distribution is enhanced by adjusting design and operational conditions. 
How the bed permeability can be improved is not addressed in detail and 
should be the subject of future work. At the beginning of this section, we 
stated that it is often more practical to investigate how operational 
conditions can be adjusted for process optimization, rather than equip
ment design. Remarkably, only very few studies have focused on this 
aspect. Also, the case studies are mostly simplified since either a small 
part of the furnace is modelled, or not all burden components are 
included. Future case studies should aim to use models involving all 
burden components, thereby representing more realistic furnace 
operation. 

Fig. 18. Chutes with different surface designs: rock-box (left) and hybrid design (right); image adopted from [97].  
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3. DEM modelling of blast furnace burden distribution and 
permeability 

3.1. A brief note on model development 

Developing a DEM model for large-scale granular flow applications is 
challenging from two perspectives: 

• The model must be feasible: In DEM, numerical integration is per
formed to calculate the interactions of all particles with their sur
roundings at each time step. Hence, the computational efficiency 
increases as the number of particles decreases and as the time step 
increases. Since the time step in turn depends on the smallest particle 
size and certain material properties, there is often a need to use 

simplified particle sizes and fictitious properties to speed up 
simulations.  

• The model must be reliable: As with any model, its input parameters 
must be selected such that the model’s outputs reflect the actual flow 
behavior. The model inputs can be divided into three main cate
gories: (i) morphological parameters, such as particle size and shape 
distributions; (ii) intrinsic material properties such as the density, 
Poisson’s ratio and Young’s modulus; (iii) interaction parameters 
such as restitution and friction coefficients, which generally depend 
on a combination of factors such as material type, particle shape and 
surface roughness. In theory, the parameters from the second and 
third category can be measured –albeit with great difficulty in some 
cases– and directly included as inputs for a DEM model. However, as 
the model becomes more idealized due to simplifications, the inputs 
are no longer reflective of actual measured properties and model 

Fig. 19. Total mass delivery when using different chute designs for coke (left) and pellets (right): (a) straight chute, (b) hybrid chute and (c) rock box; images 
adopted from [97]. 
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calibration is required. In this way, DEM model parameters are 
effectively parameters which must be carefully “tuned” such that the 
developed model reflects the true material behavior observed in 
experiments. 

The conflict between model feasibility and reliability requires trade- 
offs between computational efficiency and accuracy to be made. This is 
an ongoing challenge in DEM model development and there are several 
publications focusing on different aspects of this topic [99–103]. We 
propose the following step-wise model development procedure based on 
our own insights and general recommendations from DEM modelers in 

literature:  

1. Selection of a contact model: As many different force calculation 
models exist in DEM, the first step in model development is selecting 
a suitable model for the application and identifying the model inputs.  

2. Sensitivity analyses for model inputs: The model’s inputs can be 
determined through measurement and/or calibration. The calibra
tion process involves changing input values iteratively in simulations 
until one (or more) targeted experimental response(s) is (are) met 
[100]. To avoid an unnecessary lengthy calibration process of many 
parameters, it is often more realistic to measure certain parameter 

Fig. 20. Chutes with different cross-section profiles and surface design (left) and the corresponding burden falling point radius distributions; image adopted 
from [97]. 

Fig. 21. Snapshots of particle discharging behavior at a chute inclination angle of 45◦ for (a) no damper and (b) using a damper at the chute outlet; images adopted 
from [41]. 
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values, or obtain them from literature, and subsequently perform 
calibration for only the parameters which are most important for the 
process being modelled. Hence, before starting calibration, it is 
recommended to perform sensitivity analyses to identify which pa
rameters must be carefully calibrated.  

3. Determination of model inputs: During the calibration process, it is 
important to select experiments with calibration targets which are 
significantly affected by the parameters to be calibrated. Also, since 
it is known that multiple input parameters can affect a single cali
bration target, multiple targets are generally required to determine a 
unique solution for the parameters [101,102]. Finally, the flow 
conditions which are expected in the actual application should be 
reflected in the experiment. Finding the values of the inputs is 
traditionally performed in a trial-and-error fashion where input pa
rameters are changed independently in simulations and the virtual 
calibration target values are compared to experiments. This method 
is usually inefficient, especially as the number of inputs increases 
[103], and rarely results in an optimal set of parameter values. More 
recent DEM studies incorporate optimization methods to address this 
shortcoming [104–110].  

4. Verification and validation: After obtaining a solution to the 
parameter set, a verification step is required to ensure that the 
parameter values are remain valid for other experiments than the 
one(s) used for calibration. Once again, one must ensure that the 
selected test is sensitive to changes in the calibrated parameter 
values [100]. The final step involves using the calibrated model to 
simulate the actual (industrial) process, and comparing simulation 
data to operational data 

Fig. 22. Burden profiles after collapse for different amounts of central coke 
charging; image adopted from [57]. 

Table 1 
Summary of literature using DEM to model blast furnace material behavior.  

Ref. Materials System Focus 

Segregation 
Mio et al., 2008 

[41] S Hopper-chute 
Size segregation during 
chute flow 

Mio et al., 2009 
[42] S, C 

BLT charging 
systema + furnace 
top 

Size segregation during 
charging, coke collapse 

Mio et al., 2010 
[119] S, C 

BT charging 
system 

Size segregation during 
furnace charging 

Yu & Saxén, 
2010 [111] P Hopper 

Size segregation during 
hopper discharge 

Yu et al., 2011 
[120] P, C 

Furnace shaft 
(simplified) 

Size segregation during 
burden descent 

Mio et al., 2012 
[37] S, C 

Delivery system +
BLT charging 
systemb + furnace 
top 

Size segregation during 
furnace charging 

Yu et al., 2012 
[43] P, C   

Yu et al., 2013 
[51] P, C 

BLT charging 
systema + furnace 
top 

Material behavior during 
charging, burden profiles 

Wu et al., 2013 
[35] S P-W hopper 

Size segregation during 
hopper charging and 
discharging 

Yu et al., 2014 
[115] C P-W hopper 

Size segregation during 
hopper charging and 
discharging 

Zhang et al., 
2014 [38] O, C 

BLT charging 
systemb + furnace 
top Segregation in BLT system 

Liu et al., 2015 
[116] C 

BLT charging 
systema + furnace 
top 

Material behavior during 
furnace charging 

Mitra & Saxén, 
2015 [55] P, C 

BLT charging 
systemb + furnace 
top Coke-push effect 

Mitra & Saxén, 
2016 [56] P, C 

BLT charging 
systemb + furnace 
top 

Mixed-layer formation +
coke-push effect 

Schott et al., 
2016 [122] P, S, C Conical hopper 

Size segregation during heap 
formation 

Xu et al., 2017 
[36] C 

BLT charging 
systemb + furnace 
top 

Size segregation during 
furnace charging 

Kou et al., 2018 
[46] S, C 

BLT charging 
system + furnace 
top Coke-push 

Dianyu et al., 
2019 [182] S, O 

Blast furnace shaft 
(without charging 
system) 

Mixed layer formation and 
its effects on porosity 
distribution 

Govender et al., 
2019 [124] S, C 

BLT charging 
systema + furnace 
top 

Burden topography and 
percolation 

Mio et al., 2019 
[114] S Hopper-chute 

Particle charging 
trajectories after chute 
discharge 

Xu et al., 2019 
[94] C 

BLT charging 
systemb + furnace 
top 

Size segregation during 
charging 

Chibwe et al., 
2020 [125] P, S 

BLT charging 
system 

Mixing and segregation 
within BLT charging system 

Hong et al., 
2020 [47] P, S, L 

BLT charging 
system + furnace 
top 

Iron ore component 
segregation 

Mio et al., 2020 
[33] S, C 

BLT charging 
system + furnace 
top 

Size segregation during and 
after furnace charging 

Xu et al., 2020 
[95] C 

Delivery system +
BLT charging 
systemc + furnace 
top 

Size segregation during 
furnace charging 

Wei et al., 2021 
[49] S, C 

BLT charging 
system + furnace 
top 

Porosity distributions in 
furnace top during and after 
charging 

(continued on next page) 
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This section reviews the methods which have been applied in blast 
furnace literature and the presented framework will serve as a guide for 
our review. Table 2 summarizes some important aspects of these studies 
which will be discussed throughout this section. Note that since we will 
focus on modelling details, the studies from Table 1 in which the ma
terials were not clearly specified or distinguished from each other (for 
example where “ore” was used, rather than specifying the type of ore) 
are not included in Table 2 and are excluded from the discussion in this 
section. 

3.2. Contact models 

So far, the majority of blast furnace processes have been modelled 
using the non-linear Hertz-Mindlin no-slip model [127] and, to a lesser 
extent, the Kelvin-Voigt [128] model for normal and tangential inter
action forces between particles. A DEM model based on these formula
tions requires the following inputs:  

• Particle size distribution (PSD)  
• Particle shape distribution, when non-spherical particles are used  
• Particle density (ρp)  
• Young’s (or shear) modulus (E or G) for particle and equipment  
• Poisson’s ratio (ϑ) for particle(s) and equipment  
• Sliding friction coefficient between particles (μspp) and between 

particles and equipment (μspw)  
• Restitution coefficient between particles (εpp) and between particles 

and equipment (εpw)  
• Numerical time step Δt. For the Hertz-Mindlin model, the time step 

depends on the smallest particle’s radius (Rmin) and material prop
erties according to 

Δt = 0.1…0.2 πRmin

̅̅̅̅
ρp
G

√

(01631ϑ + 0.8766)
(1) 

Non-spherical particles are often modelled as spheres in DEM to 
reduce computational effort, as will be discussed further in Section 
3.3.1. In such cases, a rolling resistance model is generally applied to 
mimic the bulk friction of the non-spherical counterpart. The input pa
rameters for a rolling resistance model are the rolling friction coefficient 
between particles (μrpp) and between particles and equipment (μrpw). Blast 
furnace modelers have used different rolling resistance models based on 
two main methods. The first and most common method involves a single 
(uniform) rolling friction coefficient between all particles of a material 
component. Ai et al. [129] summarized four classes of rolling friction 
models which are commonly used in DEM studies based on this 
approach: constant resistive torque (Model A), viscous resistive torque 
(Model B), elastic–plastic spring dashpot torque (Model C) and contact- 
independent resistive torque (Model D). Rolling models A and C are 
most often used in DEM simulations [130], although rolling model C 
performs better than model A in static situations, where model discon
tinuities may occur [129]. Another approach, originally suggested by 
Mio et al. [41] for modelling sinter behavior, involves a distributed 
rolling friction coefficient. It was argued that since sinter particles have 
many different shapes, a unique friction coefficient should be deter
mined to account for each shape. 

Table 2 shows that the distributed rolling friction (DRF) approach 
has only been utilized within the research group of Mio et al. and almost 
all remaining studies used rolling model A. The choice of rolling model 
used is obscure, which is interesting given the fact that Ai et al. [129] 
pointed out the difference in performance of the models. Moreover, the 
fact that model C is only encountered in the studies of Wei et al. [49] and 
Holzinger & Schatzl [118] while it is superior to model A is remarkable. 
A possible explanation for this overwhelming use of model A is its 

Table 1 (continued ) 

Ref. Materials System Focus 

Zhang et al., 
2021 [34] C P-W hopper 

Size segregation during 
hopper charging and 
discharging 

Zhou et al., 
2021 [57] P, S, L, C 

BLT charging 
systema + furnace 
top Coke-push 

Li et al., 2022 
[50] S, C 

BLT charging 
systema + furnace 
top 

Radial size segregation and 
mixed-layer formation  

Degradation 

Ueda et al., 
2010 [160] O, C Blast furnace shaft 

Burden distribution and 
material stresses during 
burden descent  

Burden distribution 

Park et al., 2011 
[184] O, C 

BLT charging 
systemb + furnace 
top Burden distribution 

Narita et al., 
2017 [90] O, C 

BLT charging 
system Circumferential imbalance 

Holmes et al., 
2018 
[97,123] P, S, C 

BLT charging 
systema + furnace 
top Circumferential imbalance 

Kou et al., 2019 
[45] P, S, L 

BLT charging 
system + furnace 
top 

Burden distribution in the 
throat 

Sun et al., 2019 
[91] O 

BLT charging 
systemb + furnace 
top 

Particle velocities during 
chute flow, circumferential 
imbalance 

Xu et al., 2019 
[39] P, S, L 

BLT charging 
system + furnace 
top 

Uniformity of burden 
distribution 

Chakrabarty 
et al., 2021 
[117] C 

Chute + furnace 
top Burden distribution 

Degrassi et al., 
2021 [126] P, S / C Belt + hopper 

Burden distribution in 
hopper 

Zhou et al., 
2021 [113] P 

BLT charging 
systema + furnace 
top Burden distribution 

Chen et al., 
2022 [17] P, S 

BLT charging 
systemb + furnace 
top 

Mass flows and velocities in 
charging system, 
circumferential burden 
uniformity in throat 

Di et al., 2022 
[185] O, C 

BLT charging 
systema + furnace 
top 

Burden surface shape and 
burden distribution in the 
throat 

Holzinger & 
Schatzl, 2022 
[118] C 

BLT charging 
systemb + furnace 
top Circumferential imbalance  

Model calibration 
Liu et al., 2015 

[116] C   
Schott et al., 

2016 [122] P, S, C   
Wei et al., 2020 

[167] P, S, C   
Bester et al., 

2021 [175] C   
Degrassi et al., 

2021 [126] P, S, C   
Tripathi et al., 

2021 [112] P, S   
Chakrabarty 

et al., 2022 
[145] P, S   

Chen et al., 
2022 [92] P, S   

Legend: Materials: P = pellet; S = sinter; L = lump ore; O = ores, used when it is 
unclear which type of ore; C = coke; n.s. = not specified. System: BLT = bell-less 
type; BT = bell-type. 

a Single/serial-type hopper system. 

b Parallel-type hopper system. 
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widespread implementation in different software packages at the time of 
execution. For example in EDEM, model C was made available only 
recently (version 2021.2) as a standard rolling model. However, we 
cannot investigate this further as the majority of the studies listed in 
Table 2 do not state which software package was used. 

3.3. Sensitivity analyses for model input parameters 

Sensitivity analyses provide an indication of which input parameters 
have the biggest impact on the simulation results. These analyses are 
useful for several reasons. As mentioned previously, one reason is for 
determining which set of input parameters must be carefully calibrated 
for a specific application. Also, as blast furnace studies are being 

Table 2 
Details of modelling methods applied in previous studies. Legend: Model: specifies the contact model (CM) and rolling model (RM) used; Shape: indicates whether the 
material component was modelled using “spherical” or “non-spherical” particles, respectively, and the number of non-spherical shapes used to represent a material 
component is given in parentheses; Size: The first number in the size column denotes how many different sizes were used to model the material component, while the 
second (parenthesized) number indicates the factor with which particles were enlarged in simulations, when compared to experiments; Computational domain: 
specifies the scale of the simulated system relative to the true system and the type of computational domain, where Type I = full 3D model, Type II = slot model, Type 
III = sector model.  

Ref. Software Model Pellet Sinter Lump ore Coke Comp. 
domain  

CM / RM Shape 
(no.) 

Sizes 
(UF) 

Shape 
(no.) 

Sizes 
(UF) 

Shape 
(no.) 

Sizes 
(UF) 

Shape 
(no.) 

Sizes 
(UF) 

Scale Type 

Yu & Saxén [111] EDEM HMns / A SP 3+ – – – – – – n.s. I 
Yu & Saxén [43] n.s. HMns / A SP 3 – – – – – – 1:10 I 
Tripathi et al. [112] EDEM HMns / A SP PSD – – – – – – N/A N?A 
Zhou et al. [113] EDEM HMns / A SP 1 – – – – – – 1;* I 
Mio et al. [41] n.s. Voigt / 

DRF 
– – SP 3 – – – – 1:3 I 

Wu et al. [35] n.s. HMns / A – – SP 3 (n.s.) – – – – 1:10 – 
Mio et al. [114] n.s. Voigt / 

DRF 
– – SP 8 – – – – 1:3 I 

Tripathi et al. [112] EDEM HMns / A – – SP PSD – – – – N/A N/A 
Yu et al. [115] EDEM HMns / A – – – – – – NSP (1) 3 n.s. III 
Xu et al. [36] n.s. n.s. – – – – – – SP PSD 

(1.5) 
1:1 I 

Xu et al. [94] n.s. n.s. – – – – – – SP PSD 
(1.5) 

1:1 I 

Liu et al. [116] n.s. HMns / A – – – – – – SP 3 n.s. I 
Narita et al. [90] n.s. Voigt / n. 

s. 
– – – – – – SP 3 n.s. I 

Xu et al. [95] n.s. n.s. – – – – – – SP PSD 1:1 I 
Chakrabarty et al. 

[117] 
EDEM HMns / A – – – – – – NSP (5) PSD 1:1 I 

Zhang et al. [34] n.s. HMns / A – – – – – – SP 2 n.s. II 
Holzinger & Schatzl 

[118] 
LIGGGHTS HMns / C – – – – – – SP 15 n.s. I 

Mio et al. [42] n.s. Voigt / 
DRF 

– – SP 5 – – SP 4 n.s. I 

Mio et al. [119] n.s. Voigt / 
DRF 

– – SP 5 (3.0) – – – – 1:1 I 

Yu et al. [70,120] EDEM HMns / A SP 1 (0.25) – – – – SP 3 (0.25) 1:10 I 
Mio et al. [37] n.s. Voigt / 

DRF 
– – SP 5 – – SP 3 1:3 I 

Yu & Saxén [70] EDEM HMns / A SP 3 – – – – NSP (6) 3 n.s. N/A 
Yu & Saxén [51] EDEM HMns / A SP 2 – – – – NSP (1) 6 1:10 III 
Mitra & Saxén [55] EDEM HMns / A SP 1 – – – – NSP (5) 3 1:10 III 
Yang et al. [121] n.s. HMns / A SP 1 – – – – SP 1 1:32 II/III 
Mitra & Saxén [56] EDEM HMns / A SP 1 – – – – NSP (5) 3 1:10 III 
Schott et al. [122] EDEM HMns / n. 

s. 
SP m NSP (1) m – – NSP (1) m n.s I 

Narita et al. [74] EDEM Voigt / n. 
s. 

– – – – – – SP 3 n.s. I 

Holmes et al. [97,123] n.s. n.s. SP PSD SP PSD – – SP PSD 1:1 I 
Kou et al. [46] in-house 

code 
HMns / A – – SP 3 (2.0) – – SP 3 (2.0) 1:1 I 

Govender et al. [124] LIGGGHTS Voigt / n. 
s. 

– – NSP 1 (0.05) NSP 1 (0.05) – – 1:20 I 

Kou et al. [45] n.s. HMns / A SP 1 (2.0) SP 1 (2.0) SP 1 (2.0) – – 1:1 I 
Xu et al. [39] n.s. HMns / A SP PSD SP PSD SP PSD – – 1:1 I 
Chibwe et al. [125] LIGGGHTS HMns / A SP 1 (2.5) SP 2 (2.5) – – – – 1:5.8 I 
Hong et al. [47] n.s. HMns / A SP 1 (2.0) SP 1 (2.0) SP 1 (2.0) – – 1:1 I 
Mio, 2020 [33] n.s. Voigt / 

DRF 
– – SP 8 – – SP 5 1:3 I 

Degrassi et al. [126] RockyDEM HMns / A SP PSD SP PSD – – – – 1:1 I 
Wei et al. [49] LIGGGHTS HMns / C – – SP 3 – – SP 3 1:10 I/II 
Zhou et al. [57] n.s. HMns / A SP 1 (2.0) SP 1 (2.0) SP 1 (2.0) SP 3 (2.0) 1:1 I 
Chen et al. [92] EDEM HMns / A SP 3 (2.0) NSP (3) 4 (2.0) – – – – 1:1 I 
Li et al., [50] n.s. HMns / A – – SP 1 – – SP 1 1:1 I  
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performed all around the world with raw materials which may differ in 
material properties, sensitivity analyses elucidate whether region- 
dependent custom modelling is required. Finally, it is useful to know 
whether adjusting certain inputs to speed up simulations still provides 
accurate results. In order to get insight into these aspects, we review the 
results of different studies focusing on such analyses in this section. 

3.3.1. Effect of morphology 
The morphological features of a granular material can be simplified 

in DEM simulations for computational efficiency. For example, model
ling particles as spheres in combination with rolling resistance [99,130] 
results in faster simulations when compared to non-spherical particle 
approximations [131] such as ellipsoids, superquadrics, polyhedrons 
and clumps (also referred to as clusters, composite spheres or multi- 
spheres). The simulated flow behavior of irregularly shaped particles 
can be replicated to some degree by applying rolling resistance to the 
spherical particles. However, the packing behavior of a non-spherical 
assembly is different from a non-spherical assembly where inter
locking of particles generally allows a higher maximum packing density 
to be achieved [131,132]. Hence, the particle shapes which are used to 
model burden distribution must be carefully considered. The true par
ticle size distribution can also be simplified in simulations. Small par
ticles are generally avoided since they prolong simulation in two ways: 
first, according to Eq. (1), the numerical time step becomes smaller as 
the particle size decreases and second, the number of particles required 
to model the flow increases as the particle size decreases. To increase 
computational efficiency, the general approach is to adjust particle-to- 
geometry size ratio such that particles are enlarged; this results in 

both a larger time step and a reduced number of particles. This can be 
done by either upscaling the particle size [133–135] or downscaling the 
geometry dimensions, or by applying a hybrid scaling approach in which 
both particle size and geometry dimensions are scaled using individual 
scaling factors [136,137]. When scaling the particle size, a distinction is 
made between coarse-graining and scalping [138]. The first method 
involves replacing a parcel of unscaled particles by a larger, coarse- 
grained particle, thereby reducing the number of particles required to 
simulate the process. In the second method, fines are neglected by 
“cutting off” the PSD at a certain particle size, which in essence comes 
down to coarse-graining only the fine particles below the cut-off size 
[138]. Another scaling technique often used is exact scaling, which in
volves using the same scaling factor for particles and geometry 
[139–141].  

• Particle shape distribution 

The literature review has shown that pellets are generally modelled 
as spherical particles due to their nearly spherical shape in reality. Sinter 
and coke have been modelled as both spherical and non-spherical par
ticles (cf. Table 3) primarily using particle clumps, and using polyhedra 
in the study of Govender et al. [124]. Unlike pellets, coke and sinter 
particles do not closely resemble spheres and the spherical approxima
tion method must be justified when used, since the particle shape affects 
important granular phenomena such as segregation and packing char
acteristics which determine the permeability. Some references state that 
the spherical approximation method provides suitable results when the 
goal is to model flowing behavior rather than packing behavior. Akashi 

Table 3 
Shape approximation methods used for modelling sinter and coke particles using DEM according to blast furnace literature. Images adopted from the corresponding 
citations.  

Material Non-spherical shape approximation method Ref. Illustration 

Sinter Clumped spheres Schott et al. [133] 

Chakrabarty et al. [145] 

Chen et al. [17] 

Polyhedra Govender et al. [124] 

Coke 

Clumped spheres 

Yu & Saxén [43] 

Mitra & Saxén [55,56] 

Yu & Saxén [51] 

Schott et al. [122] 

Chakrabarty et al. [117] 

Bester et al. [175] 

Polyhedra Govender et al. [124] 
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et al. [142] investigated the effect of particle shape on the flow and 
packing behavior of coal particles by using either spheres or clumped 
spheres in simulations and comparing the results to experiments. The 
spherical particles had a higher rolling friction coefficient than the 
clumped spheres; however, it is not clear how the values were deter
mined. They observed that the effect of particle shape on flowing 
behavior (in terms of mean particle velocity and mean flowing angle) 
was insignificant, while the bulk density distributions in simulations 
using spherical particles did not correspond to experiments. Hence, they 
concluded that the particle shape plays an important role when 
modelling the packing structure. Mio et al. [114], in their study of sinter 
discharge from a chute, mentioned explicitly that they considered the 
spherical approximation method to be suitable because trajectories were 
being studied, rather than packing characteristics. When it comes to 
studies focusing on segregation, only Yu & Saxén [115] analyzed the 
effect of particle shape. They considered four different shapes (sphere, 
triangle, cylinder and hexahedron) for modelling size segregation during 
charging and discharging of a Paul-Wurth hopper in order to identify 
which shape showed the best agreement with experimental results. They 
found that the particle shape is insignificant during the charging pro
cess, while the spherical shape provided the best results during the 
discharging process. Therefore, they concluded that spherical particles 
are suitable for modelling size segregation of coke during hopper 
charging and discharging. Mitra & Saxén [55] studied the difference 
between using spherical and non-spherical coke particles when model
ling the coke collapse phenomenon. It was shown that non-spherical 
particles performed better when considering the heap formation dur
ing coke charging. However, some aspects of the formed layers agreed 
equally well or even better to experimental results when using spherical 
particles. 

It must be noted that the same rolling friction coefficient was applied 
to both spherical and non-spherical particles in the aforementioned 
studies. Hence, the models were not calibrated for each individual shape 
and the comparisons were therefore not objective. Wei et al. [143] 
studied the effect of particle shape (sphere, cone and cylinder) on the 
porosity distribution of a heap formed by hopper discharge after cali
brating the model for each shape. Although these shapes did not 
resemble blast furnace material shapes, their study pointed out that 
particle shape plays an important role in the porosity distribution. They 
later studied packing behavior of pellet [144] and coke [49] in terms of 
porosity distribution, which is closely linked to permeability. They used 
spherical particles to model pellet and coke and in both cases and 
concluded that the porosity distribution obtained from simulations 
generally matched experimental results. It must be noted, however, that 
the match in the case of pellets was much better than in the case of coke. 
Interestingly, the authors attributed differences in results to “systematic 
errors” and “non-idealities in the experiment” and did not investigate 
whether non-spherical particles in the simulation would provide better 
results. 

Clumps are formed by merging multiple overlapping spheres. The 
degree of overlap between mutual overlapping spheres and the size of 
each sphere can be chosen freely so that any arbitrary shape can be 
generated. While the computational cost increases as more and smaller 
spheres are used to form a clump, the shape approximation often be
comes more accurate. Since actual coke and sinter particles are shape 
polydisperse [115], the main challenge is to select a representative 
shape and subsequently approximate the (clumped) shape using a 
minimum number of spheres which have the largest possible size. 
Although this an important task for both model accuracy and compu
tational efficiency, the cited studies do not elaborate on the methods 
which were used to select the representative shapes, and how the clumps 
were optimized in terms of sphere count and size. It is generally stated 
that a number of common shapes within a material sample were selected 
and each shape was generated with equal probability in simulations. 
Another question which remains is: how many different clump shapes 
are assumed to be sufficient for representing the material? Yu & Saxén 

used six highly irregular shapes to model coke in [43], while they 
assumed only one of those shapes in [51], as shown in Table 3. Chak
rabarty et al. [145] assumed a single shape to model sinter particles, 
which have high shape dispersity. While it is not clear how this specific 
shape was selected, they reported a good agreement between simulated 
and experimental repose angle and bulk density, and concluded that this 
simple shape was suitable for modelling the bulk behavior of sinter. 

The use of other shape approximation methods for blast furnace 
materials has also been considered. Govender et al. [124] investigated 
the effect of coke and ore particle shape on chute discharge, charged 
burden topography and charged layer percolation using either poly
hedra, which are angular in shape, or spheres in combination with 
rolling resistance. The size of spheres was equivalent volume of the 
polyhedra and rolling friction coefficients were determined by matching 
angle of repose of spherical and polyhedral burden discharged from a 
chute. The remaining input parameters were identical for both shapes. 
They concluded that there were significant differences in velocity and 
mass flow profiles between spheres and polyhedra, which is in contrast 
to the results of Akashi et al. [142]. Inter-layer percolation and packing 
density were also significantly affected by the particle shape. Hence, the 
authors concluded that modelling the burden as spherical particles in 
combination with rolling friction is not sufficient to account for particle 
shape effects when considering particle velocities, packing topography 
and permeability. Xia et al. [146] studied the effect of using spheres 
versus different super-ellipsoids to model the flowing and packing 
behavior of crushed material which, according to the authors, has shape 
characteristics similar to blast furnace materials. They used a pseudo-2D 
setup consisting of a hopper and a discharge bin to represent the furnace 
charging system in a simplified way. They scrutinized the performance 
of super-ellipsoid models by comparing the discharged material’s 
macro-scale behavior in simulations to experiments and concluded that 
while spherical and super-ellipsoid particles were both able to predict 
the packing height, other aspects such as packing profiles, dynamic 
repose angle, and flow rate could not be predicted by spheres. Since the 
microscale performance of each model (for example in terms of the 
packing porosity) was not evaluated by comparison to experiments, it is 
not clear whether super-ellipsoids are also useful for predicting the 
packing behavior of materials with large size and shape dispersity.  

• Particle size distribution 

Similar to the particle shape, the use of a simplified PSD in simula
tions requires justification. Table 2 shows that only few researchers have 
modelled burden materials according to their true PSD. The majority of 
models has been developed using at most three particle sizes. We notice 
that the experimental counterparts of these studies are performed using 
more or less the same simplified PSD (this is achieved through sieving) 
and we conclude that these models are therefore not representative of 
actual burden behavior. The number of studies focusing on how the 
actual PSD can be simplified in simulations, through verification using 
the actual PSD in experiments, is scarce. Yu & Saxén [43] studied 
segregation of pellet and coke particles from a fixed chute, where both 
materials were modelled as a tridisperse mixture of fine, intermediate 
and coarse particles in simulations. The three particle sizes corre
sponded to the mean diameter of the size ranges used in the experiments. 
Unlike pellets, the coke particles were modelled as a combination of six 
different clumped spheres. To scrutinize the effect of particle size on the 
flow behavior in simulations, a test case was performed where the pel
lets were given the same parameters as the coke particles, except for the 
size. By comparing the results of this simulation to the original simu
lation of coke, it was concluded that pellets with the same parameters as 
coke behave in a similar way as coke with respect to the rotational and 
translational velocities in the chute. Schott et al. [122] investigated 
whether modelling the true PSD of individual components is required to 
model the tendency to segregate of a mixture of iron ore pellets, sinter 
and coke during hopper discharge and subsequent heap formation. It 
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was found that representing each of the materials by its mean particle 
size (d50) reduces the number of particles and simulation time drastically 
without compromising the simulation results of the used material 
models. 

Table 2 also shows that scaling has been applied frequently in blast 
furnace simulations. In general, either the particles or the geometry is 
scaled, or a hybrid scaling approach is applied. Regardless of the applied 
method, the choice of scaling factor(s) in these studies is not discussed 
and it is rarely verified whether the scaled model is indeed able to mimic 
the phenomena of an industrial furnace. This is an important point 
which must be considered since the principle of similarity states that 
“the behavior of two systems will be similar if the ratio of their linear 
dimensions, forces, velocities, reactions, etc., is the same” [147]. When 
it comes to studying aspects of the burden distribution on lab-scale, 
kinematic (motion) and dynamic (force) similarity with regard to the 
full-scale system should be considered. Otherwise, burden energy and 
momentum upon striking the stock surface in the furnace are lower in a 
downscaled system. In their 1/10-scale pilot setup, Mitra & Saxén [148] 
observed a the coke collapse phenomenon only slightly when charging 
pellets on top of coke layers. Large-scale simulations representing an 
actual blast furnace were also performed and the authors reported that 
the coke-push effect was much more pronounced, resulting in a signif
icant redistribution of the burden. Using the same setup, they later 
investigated the formation of coke-ore mixed layers [56]. Since the 
materials and system were significantly downscaled in this study, the 
authors hypothesized that the mixed layer effect will be less pronounced 
in an actual, large-scale blast furnace. Narita et al. [149] experimentally 
investigated ore-coke mixed layer formation using a 1/10-scale charging 
setup and compared the findings to a full-scale setup. They observed that 
the mixed layer formation is less pronounced in the full-scale setup. 
Using the momentum balance, they showed that the coke to pellet (ore) 

mass ratio 
(

mc
mp

)
should be used as a scaling factor to obtain similar de

grees of mixed layer formation. To verify this, they used smaller sized 

coke particles to reduce the value of 
(

mc
mp

)
and found that the volume of 

the mixed layer was comparable to the full-scale system. The studies 
listed in Table 2 generally aim to study the burden distribution during 
charging. Future DEM studies may focus on the descending behavior and 
analysis of the gas flow, which truly reflects the permeability. The 
scaling factor which should be considered for such studies is the Froude 
number, as reported in many blast furnace related publications 
[150–155]. 

3.3.2. Effect of material parameters  

• Density 

The density of an object is defined as the mass per unit volume of the 
material. Different types of density can be determined based on the 
volume which is considered in the calculation [156]. For a highly porous 
material, the true volume (i.e., the volume of the particle which excludes 
the volume of internal pores, either open or closed) occupied by a solid 
particle can be significantly lower than the total (encapsulated) volume 
of the particle. In DEM simulations, particles are modelled as non- 
porous; hence, the encapsulated density should generally be specified 
rather than the true (skeletal) density. For non-porous materials, these 
density values are equal. In Section 3.5 we show how both of these 
values can be measured, and that the skeletal density can be significantly 
higher than the encapsulated density for porous materials. It is therefore 
reasonable to question how significant a discrepancy in density value 
affects the simulation of different phenomena. 

According to Katterfeld et al. [102], the particle density has a 
negligible effect on the bulk material’s flowing behavior while it is 
strongly related to packing characteristics such as the bulk density and 
porosity. This was clearly demonstrated in the work of Tripathi et al. 

[112]. The authors used the method of interstitial fluid for measuring 
pellet and sinter particle density, resulting in a wide range of possible 
values (cf. Table 4) which could be used as inputs to their material 
model. In order to assess the effect of this range, they simulated dynamic 
angle of repose and bulk density tests using the extremes and compared 
the results to experimental results. They found that the repose angle was 
not significantly affected by changes between the extremes while the 
bulk density required an appropriate value within the range to be 
selected. 

Ho et al. [4] experimentally studied the effect of particle density on 

Table 4 
Direct measurement methods for determining model input parameters from 
references related to blast furnace literature.  

Parameter 
(unit) 

Method 
(standard, if 
specified) 

Pellet Sinter Coke 

ρp (kg/m3) Gas pycnometer 3948 [166], 
3990 [167] 

− −

Envelope density 
analyzer 

3552 [112] 3311 [112] −

Water 
displacement 
method 

3126–3771 
[112] 

3041–3477 
[112] 

1021 [175] 

Drainage method 3674 [17] 3199 [17] −

E (GPa) Shimadzu 
autograph 
universal tester i. 
c.w. Eq. (2) 

0.033 [169] − −

Dynamic elastic 
modulus tester 
(ASTM 
E1876–01) 

126 [167] − −

G (GPa) Dynamic elastic 
modulus tester 
(ASTM 
E1876–01) 

50.9 [167] − −

Impact load cell 0.016 [166] − −

ϑ (− ) Dynamic elastic 
modulus tester 
(ASTM 
E1876–01) 

0.24 [167] − −

εpp (− ) Drop test with 
glued particle 
surface 

0.42 [167] 0.35 [167] 0.39 [167] 

εpw (− ) Drop test with 
wall surface 

0.62 (steel) 
[167] 

0.4 (steel) 
[167] 

0.42 (steel) 
[167] 

μspp 
(− ) Pin-on-disk 

rotational 
tribometer 

0.49 [166] − −

Tilted table with 
two glued 
particle surfaces 

0.65 [167] 0.76 [167] 0.87 [167] 

Poured repose 
angle test i.c.w. 
Eq. (7) 

0.49 [112] 0.55 [112] −

μspw 
(− ) Tilted table with 

one glued particle 
surface 

0.36 (steel) 
[167] 

0.52 (steel) 
[167] 

−

Pin-on-disk 
rotational 
tribometer 

0.5 (steel) 
[166], 
0.71 (rubber) 
[166] 

− −

Inclined surface 
test 

0.19 (glass) 
[112], 0.38 
(acrylic) 
[112] 

0.17 (glass) 
[112], 0.38 
(acrylic) 
[112] 

0.852 
(rubber) 
[175], 0.24 
(ceramic) 
[175] 

μrpp 
(− ) Particle velocity 

measurement i.c. 
w. energy 
balance equation 

0.24 [167] 0.38 [167] 0.46 [167] 

2D Image 
analysis i.c.w. Eq. 
(8) 

0.07 [112] 0.20 [112] −
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the coke push effect by using a simplified charging setup and balls of 
different densities, where low-density and high-density balls repre
sented coke and ore, respectively. They concluded that the coke push 
effect becomes more pronounced as the density of the heavy material 
increases. More specifically, the gouge size increases as the density in
creases. The effect of particle density on spontaneous percolation of 
small particles into a packed bed of larger particles was investigated by 
Zhu et al. [153]. As they expected, there was no considerable effect of 
the percolating particles’ density on their movement through the bed 
since a tightly packed bed was used in the analysis. The authors hy
pothesized that there might be a noticeable effect if the packing particles 
could move after impact with the percolating particles. Yu & Saxén [70] 
studied the layer expansion process during burden descent. A pellet 
layer was placed on top of a coke layer, and the percolation of pellets 
into the coke layer was analyzed for different densities of pellets (ρp = ∈

{1000,2284,3000} kg/m3) and coke (ρc = ∈ {500,1050,1500} kg/m3). 
The value of pellet density had no clear effect on the percolation 
behavior. On the other hand, the coke density of 1050 kg/m3 provided 
the highest degree of percolation. The authors hypothesized that 
percolation in the case of lowest coke density was obstructed because 
the heavy pellet particles were able to move the coke particles such that 
the voids of the coke bed were sealed.  

• Young’s modulus 

According to Eq. (1), the numerical time step for a simulation based 
on the Hertz-Mindlin contact model depends on the shear modulus, and 
therefore by definition, on the Young’s modulus. By lowering the value 
of G (or E), the computational load can be reduced significantly. How
ever, since a lower value of E corresponds to a softer material, it is 
important to asses to what extent a reduction in E can still provide ac
curate results [157]. Yu & Saxén [51] lowered the shear modulus of 
pellets from 109 to 107 Pa in their simulations of furnace charging and 
compared their results to a validated model (Okunu et al. [158]) for 
predicting mass fraction distribution of a pellet stream. They reported 
that both values of the shear modulus were in good agreement with the 
results of Okunu’s model. Furthermore, the lowered value of G resulted 
in only a slight decrease of the total average force on small pellets, while 
the pellet (average, minimum, maximum and angular) velocities during 
charging as well as the charged radial burden distribution were practi
cally unaffected. Based on this result, several other researchers 
[45,46,57,159] adopted the lowered value of 107 Pa in their work, 
applying this value to sinter and lump ore as well. When it comes to 
segregation, Zhu et al. [67] studied the effect of Young’s modulus on the 
percolation of a single particle in a packed bed. They found no signifi
cant effect on the percolation behavior when lowering the Young’s 
modulus of the percolating particle. Ueda et al. [160] studied how the 
descending behavior of coke and ore was affected by reducing the 
Young’s moduli for both materials from 5 • 109 to 2•108 Pa. They 
concluded that the layer shapes did not change, while the stress distri
butions were clearly affected by the hardness reduction. 

3.3.3. Effect of interaction parameters 
Yu & Saxén [111] studied size segregation of pseudo-tridisperse 

pellets during discharge of a top bunker (conical) hopper, where 
pseudo-tridisperse indicates that there were three main size classes of 
particles with a narrow size distribution. The inter-particle and particle- 
wall sliding and rolling friction coefficients were varied as μs, μr = ∈

{0.05,0.5,0.9}. It was concluded that the particle-wall friction co
efficients affect the degree of segregation while the inter-particle friction 
coefficients do not. 

In their sensitivity study for the percolation of pellets into a coke 
layer during layer expansion, Yu and Saxén [70] also scrutinized the 
effect of pellet-pellet (p-p) and pellet-coke (p-c) interaction parameters. 
It was clear that low values of the static friction coefficient (μsp− p = 0.1 
and μsp− c = 0.1) promoted percolation which was expected since a low 

friction value means low contact resistance between particles. Less 
percolation occurred at higher static friction values, and there was no 
noticeable effect when μsp− p and μsp− c were increased from 0.5 to 0.9. 
When it comes to the rolling friction coefficient, high values of μrc− c 

resulted in stronger percolation. This can be explained by the fact that 
coke particles’ angular motion increases with rolling friction coefficient, 
therefore opening up the voids between the particles and allowing pel
lets to percolate. The values of μrp− p and μrp− c did not seem to have a 
noticeable effect on percolation, except that it was improved at very low 
values (μrp− p= 0.05 and μrp− c = 0.04). For the restitution coefficient is was 
found that εc− c had no effect on the pellet percolation, while lower 
values of εp− c and higher values of εp− p resulted in less percolation. 

Liu et al. [116] modelled the trajectory of material after being dis
charged from a rotating chute, and its distribution in the furnace throat. 
It was concluded that inter-particle friction coefficients significantly 
affected the behavior of material which were in contact with the chute, 
while the effect on particles which were not in contact with the chute 
was negligible. When looking at the burden trajectories after being 
discharged from the chute, the effect of friction coefficients was negli
gible. However, they had a significant impact on the burden profile in 
the throat. 

3.3.4. Effect of computational domain 
The computational load of a full 3D (Type I) model is often reduced 

in simulations by using slot (Type II) or sector (Type III) models, as 
shown in Fig. 23. Since the walls (front/rear and side walls shown in 
Fig. 23b and c, respectively) may have a significant effect on the ma
terial behavior when using these simplified models, they are treated as 
either frictionless or periodic boundaries in simulations. The smallest 
slot thickness and the smallest sector angle for a given particle-to-vessel 
diameter ratio must be carefully determined to preserve the flow 
behavior of the actual system. 

From Table 2 it can be seen that simplified computational domains 
have not been used extensively. Yang et al. [161] showed that sector 
models may be better suited to simulate material behavior in cylindrical 
systems such as conical hoppers. In a later study [121], they compared 
the use of slot and sector models for simulating the overall solid particle 
motion in a furnace shaft. The slot model produced different bed char
acteristics such as zone sizes and layer shapes, while the sector model 
produced results consistent with the full 3D model. The sector angle was 
also scrutinized and it was found that there were no significant differ
ences in flow behavior between angles of 30◦, 45◦, 60◦ and 90◦. The 
authors recommended the use of sector models in combination with 
circumferential boundary conditions for CFD-DEM studies of the gas- 
solid flow in a blast furnace. Zhang et al. [34] studied size segregation 
during discharge of a Paul-Wurth hopper using a slot model in combi
nation with periodic boundaries at the front and rear walls. However, it 
is unclear how the slot thickness was determined. Wei et al. [49] 
developed a DEM model to study the evolution of axial and radial 
porosity distributions as the bed descends during and after charging. 
Using a rotating chute, alternating coke and sinter layers were formed in 
the furnace shaft. The simulation geometry represented the top of an 
experimental blast furnace, including charging hopper and chute which 
were fully three-dimensional, while a slot model with periodic bound
aries was used for the furnace shaft. The particles which fell outside of 
the slot model during charging were simply removed from the simula
tion. The width of the slot model was 0.1 m, but the authors provided no 
explanation for the choice of this value. 

3.4. Determination of model inputs 

In this section, we review the measurement and/or calibration 
methods used to determine model inputs in blast furnace literature listed 
in Table 2. 
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3.4.1. Direct measurement of inputs 
The direct measurement approach has been applied for primarily 

iron ore pellet and to a far lesser extent for sinter and coke. Table 4 lists 
the test setups used for measuring different input parameters according 
to blast furnace literature.  

• Morphology 

The particle size and shape distributions are the first to be measured, 
as calibration is performed for material with a certain morphology. Size 
distributions are generally measured through sieving, either manually or 
using a vibration table. The former was reported to be more practical for 
iron ore pellets due to the relatively large particle size [162]. Although it 
is often reported that “pellets are approximately spherical” while “sinter 
and coke have highly irregular shapes”, we have not encountered any 
blast furnace related publications in which the burden shape distribu
tions are reported. Researchers generally select one or few irregular 
shapes to represent sinter and coke without stating how the number and 
type of shape was selected. For future work, a variety of shape de
scriptors based on 2D and 3D image analysis [163] can be used for 

particle shape characterization. Angelidakis et al. recently developed 
SHAPE [164] (cf. Fig. 24), a Matlab-based tool which performs 
morphological characterization of 3D particles obtained from imaging 
data. They also developed the CLUMP tool [165] for generating clumped 
particles from the data based on three different algorithms. The user 
specifies certain requirements of the clump, for example the number of 
spheres it may be comprised of. Generated clumps can subsequently be 
imported into different software packages.  

• Density 

In Section 3.3.2 we discussed how the magnitude of particle density 
depends on which volume was considered in its calculation. Fig. 25 il
lustrates the difference between skeletal volume and encapsulated vol
ume which can be measured using a gas pycnometer and encapsulated 
density analyzer, respectively. A gas pycnometer uses an inert gas to fill 
a chamber of known volume containing a particle sample. Since the gas 
is able to penetrate open surface pores, the amount of gas supplied to the 
chamber, and therefore the true particle volume, can be approximated 
very closely. This method was used by Barrios et al. [166] and Wei et al. 

Fig. 23. Blast furnace computational domains used in simulations (from left to right): (a) full 3D (Type I) model, (b) slot (Type II) model, and (c) sector (Type III). 
The hatched surfaces indicate the periodic boundaries. 

Fig. 24. The main modules of the CLUMP tool, illustrating how clumped sphere approximations of imaging data are created based on different algorithms. SHAPE 
can be used as a complementary tool to characterize particle morphology. Image adopted from [165]. 
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[167]. An envelope density analyzer uses a granular material with high 
flowablity to achieve a close packing around a particle specimen by 
compaction using a piston. The packing particles are small enough to 
adhere closely to the specimen surface; however, they do not enter the 
open pores. The piston’s displacement during compaction allows the 
encapsulated volume of the specimen to be approximated. Tripathi et al. 
[112] used the GeoPyc 1365TM [168] to determine the envelope den
sity. While encapsulated density meters are relatively fast and easy to 
use, the main drawback is that such devices are generally limited in the 
particle size which can be used in the measurement due to the chamber 
size. Also, particles with very complex shapes (e.g. particles with deep 
concaves such as sinter) might not be suited for this device, as the 
packing particles may not be able to penetrate surface pores which are 
small compared to the packing particle size. An alternative is the fluid 
displacement method, as used by Tripathi et al. [112]. They filled a 
cylindrical container with particles and carefully added water to the 
brim. By assuming that no water entered the particles’ pores, the volume 
occupied by the particles was determined as the container volume minus 
the volume of water which was required to fill the container. The en
velope density was then determined as the ratio of material mass and 
volume in the container. To make the estimation more accurate, they 
excluded the volume of water which entered the pores from the calcu
lation. This was done by measuring the mass of the wet particles and 
subtracting that value from the mass of the dry particles, which gave the 
mass (and volume) of water in the pores. This procedure resulted in a 
wide range of possible values for the envelope density. Chen et al. [92] 
used a similar method, but took measures to prevent water from entering 
the pores. They sealed the pores by immersing the particles in paraffin 
before bringing the particles in contact with water. This method is 
referred to as the “drainage method” and, according to Table 4, the 
measured density values of pellet and sinter were within the wide range 
of possible values produced by Tripathi et al. [112].  

• Young’s modulus, shear modulus and Poisson’s ratio 

Li et al. [169] used a Shimadzu Autograph universal tester to 
determine the Young’s modulus of pellet. Their setup included a piston 
to apply a vertical (normal) force on a particle until breakage occurs. 
The force (Fn) and particle indentation (δn) were directly obtained from 
the user interface, and the authors subsequently estimated the Young’s 
modulus from the Hertz contact law which reads 

Fn = −
4
3

E*
̅̅̅̅̅
R*

√
(δn)

3
2 (2) 

This was done for pellets varying in size, and average value of all 
measurements was used. Wei et al. [167] used a dynamic elastic 
modulus tester to measure Young’s modulus, Shear modulus and Pois
son’s ratio of pellet. Rather than accommodating particles directly, this 
setup requires a rectangular “plate” sample with a minimum size of 3 ×
4 × 40 mm. The authors argued that the values of E, G and ϑ are inde
pendent of the material size and shape, and prepared rectangular sam
ples to satisfy the setup requirements. The authors noticed a significant 

difference between their value of the Young’s modulus (1.26 × 1011 Pa) 
and the value reported by Li et al. [169] (3.3 × 107 Pa) and other values 
from literature. They mentioned that differences could be attributed to 
the sample preparation process, which may have enhanced the material 
strength.  

• Restitution coefficient 

The restitution coefficient is generally determined through a drop 
test. In some cases, the dropping height (hd) and rebound height (hr) are 
measured using high-speed cameras, as described in [170], and subse
quently used to calculated the restitution coefficient as 

ε =

̅̅̅̅̅
hr

hd

√

(3) 

Since this calculation applies to central impact, it is less suitable for 
irregularly shaped particles. The following equation based on the ratio 
of rebounding and incoming velocities (vr and vi, respectively) has 
shown to be more appropriate [170]. 

ε =
vr

vi
(4) 

A detailed description on how the particle velocity is determined 
from image analysis is provided by [167]. Barrios et al. [166] used this 
approach for measuring the pellet-wall restitution coefficient using steel 
and rubber surfaces. For the pellet-pellet restitution coefficient, they 
followed the same method using a packed iron ore surface. Wei et al. 
[167] followed the same method, but instead glued particles to a plate 
for determining the particle-particle restitution coefficient. In order to 
reduce the effect of particle shape, they glued the particles such that a 
“flat” part faced upwards.  

• Sliding friction coefficient 

The most common setup used for determining the sliding friction 
coefficient involves a surface which is gradually titled until the particle 
starts to slide [117,167]. The surface angle (θs) on the onset of sliding is 
then measured, and the friction coefficient is determined as 

μs = tan(θs) (5) 

The inclination angle must be increased gradually in order to identify 
the moment of sliding onset, and the operator should subsequently stop 
the surface inclination immediately. Another challenge is ensuring that 
particle rotation is excluded from the measurement. Wei et al. [167] did 
this by using a “particle plate” –which was constructed by gluing mul
tiple particles together– instead of a single particle. 

Barrios et al. [166] used a pin-on-disc tribometer to measure the 
particle-wall sliding friction coefficient. Their setup consisted of a 
rotating disc, covered with the different materials, which is brought in 
contact with a particle specimen. To determine the particle-particle 
friction coefficient, the disk surface was covered with ground particle 
pieces. The setup measures the tangential force (Ft) for different normal 

(a) (b)
Fig. 25. Particle volume estimation (from left to right, images adopted from [183]): (a) using a gas pycnometer, (b) using an envelope density analyzer.  
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forces (Fn), so that the sliding friction coefficient can be calculated as 

μspw
=

Ft

Fn (6)    

• Rolling friction coefficient 

We highlight the work of Tripathi et al. [112], as they determined 
pellet and sinter model inputs using primarily the direct measurement 
approach. The authors first measured pellet and sinter particle density 
using the fluid displacement method. Next, they estimated the particle- 
particle sliding friction coefficient from the angle of repose (θr) of both 
materials using 

μspp
= tan(θr) (7) 

For the particle-particle rolling friction coefficient, they followed the 
2D image analysis method of Wensrich et al. [130,171] which relates 
rolling friction to particle shape by 

μrpp
=

< e >

D
(8)  

where <e> is the average eccentricity and D is the projected diameter 
for a given particle image. The remaining material properties (E or G, ϑ 
and ε) were obtained from literature. Assuming μrpw = μrpp and using their 
estimated value of μspp, they validated their approach by assigning these 
values to spherical particles in simulations of dynamic and poured 
repose angle tests, and comparing the results to experiments. Despite the 
fact that they used a 2D imaging technique, they reported a good match 
in both cases and concluded that their method allowed them to 
completely avoid a lengthy calibration process. Their work proved that 
the rolling friction coefficient is not purely a tuning parameter since it 
can be determined directly through measurable shape parameters, 
which is in contrast to previous belief [104]. 

3.4.2. Particle-level calibration 
Some researchers employed an indirect measurement approach, in 

which they combined particle measurements with simulations to 
determine model inputs. The tests and measured values are summarized 
in Table 5. Barrios et al. [166] determined the particle-particle rolling 
friction coefficient using an inclined surface test. In their model, they 
used directly measured values of the other parameters while varying the 
value ofμrpp. By comparing the simulated angle at which the particles 
start to roll with experiments, the value of μrpp could be established. Next, 
they verified whether these single-particle measured values could be 
used as inputs to a DEM model for mimicking the bulk behavior through 
comparison of simulations with experiments. 37 Since pellets are not 
perfectly spherical, they attempted to represent the actual particle shape 
as much as possible in their simulations by using clumped spheres. For 

comparison, they also performed simulations using perfectly spherical 
particles. They concluded that, if pellets are modelled using clumps 
representing their actual shape, simulations of bulk flow provide real
istic results. If pellets are modelled as spheres, the simulated results 
deviate from experimental results and a reasonable match is only found 
when the sliding friction coefficient is tuned. Their work demonstrates 
that even in the case of nearly-spherical particles, the bulk calibration 
approach should be applied rather than using parameters from direct 
measurement when the shape is idealized in simulations. 

The research group of Mio et al. uses a distribution rolling friction 
model in combination with spherical particles to account for the actual 
shape of sinter in simulations, as mentioned earlier. In [41], they briefly 
described the approach for indirectly measuring the distributed rolling 
friction coefficient using an inclined surface. 

3.4.3. Bulk calibration 
Bulk calibration involves experimentally measuring performance 

indices of the bulk material which are affected by model parameters, and 
subsequently determining the parameters’ values such that the DEM 
model reproduces the experimental material behavior in terms of the 
performance indices. Table 6 summarizes the tests, calibration targets 
and values of calibrated parameters found when performing bulk cali
bration for individual materials and for mixtures in blast furnace 
literature.  

• Interaction parameters for individual materials 

From Table 6 it is clear that the calibration process is generally 
focused on determining inter-particle sliding and rolling friction co
efficients. The repose angle is generally used as a calibration target since 
it is known to be affected by friction coefficients [143,172–174]. In some 
studies, the rolling friction coefficient is omitted when complex shapes 
are used to model irregular particles (e.g., the work of Schott et al. 
[122], Govender et al. [124] and Bester et al. [175]), so that the cali
bration procedure is directed towards only the sliding friction coeffi
cient. Others included the rolling friction coefficient since they modelled 
particles as spheres (e.g., Liu et al. [116], Li et al. [169] and Chibwe et al. 
[176]), or even though non-spherical particles were used (e.g., Yu & 
Saxén [43], Chakrabarty et al. [145] and Chen et al. [92]). 

We observe that several authors [116,169,176] have used the repose 
angle as the sole calibration target, despite calibrating for both rolling 
and sliding friction coefficients. Not surprisingly, they report multiple 
possible solution pairs for the friction coefficients. The general approach 
is to subsequently select a single solution pair somewhat arbitrarily. Li 
et al. [177] are the sole authors who acknowledged that an additional 
calibration target is required to obtain a unique solution to the cali
bration problem. They used the angle of repose of a pile formed through 
hopper discharging and the hopper discharge time as calibration targets. 
The set of friction coefficients which simultaneously satisfied both tar
gets was then selected. 

Table 6 summarizes the tests, calibration targets and values of cali
brated parameters of the aforementioned studies. While the particle 
shapes used in the works of Chakrabarty and Schott were very similar, it 
can be seen that their calibration results for sliding friction are signifi
cantly different, especially for sinter (0.3 and 0.7 according to Schott 
and Chakrabarty, respectively). A similar observation holds for (spher
ical) pellets calibrated through ledge tests. Liu et al. and Chibwe et al. 
obtained sliding friction coefficient values of 0.7 and 0.4, respectively. 
The first possible explanation for these differences lies in the fact that 
materials used by different researchers are most likely not of the same 
origin, and the bulk behaviors can therefore differ, resulting in different 
calibration results. Even if materials are the same, differences in the 
material size distribution which is included in the model and/or ex
periments may also affect the calibration result. Another possibility is 
that researchers use different DEM software packages which may have 
slightly different implementations of the same contact model. These 

Table 5 
Particle-level calibration for determining model input parameters from refer
ences related to blast furnace literature.  

Parameter 
(unit) 

Method 
(standard, if 
specified) 

Pellet Sinter Coke 

εpw (− ) Drop test 0.39a / 0.42b 

(steel) [166], 
0.29a / 0.32b 

(rubber) [166] 

− 0.6b 

(rubber) 
[175] 

μrpp 
(− ) Inclined 

surface test 
0.02b / 0.21a 

[166] 
variable (cf. 
Fig. 9) [41] 

−

μrpw 
(− ) Inclined 

surface test 
0.01b / 0.25a 

(steel) [166], 
0.01b / 0.29a 

(rubber) [166] 

variable (cf. 
Fig. 9) [41] 

−

a Determined through simulation with spheres. 
b Determined through simulation with overlapping spheres. 
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points demonstrate that adopting model parameters from literature 
should be exercised with caution.  

• Interaction parameters for mixtures 

According to Table 2, there are several studies in which interactions 
between different burden materials have been modelled. However, most 
of these works either mention that the interaction parameters between 
different material components were obtained from literature, or they 
completely omit the methods used for determining these parameters 
[92,177]. Only few researchers have explicitly reported their methods. 
Degrassi et al. [126], after calibrating the material models of pellet and 
sinter separately, assumed the average values of the individual sliding 
friction, rolling friction and restitution coefficients as the pellet-sinter 
interaction parameters. Their simple approach was only validated 
qualitatively by performing large-scale hopper filling simulations and 
visually comparing the material distributions inside the hopper to actual 
distributions using photographs. Chakrabarty et al. [145] took a similar 
approach to determine pellet-sinter interaction parameters. Using 
average values, they performed angle of repose experiments using 
pellet-sinter mixtures of different compositions. The authors reported a 
good match between simulations and experiments for all compositions 
and concluded that their method for mixture characterization was 
simple, yet effective. Schott et al. [122] took a different approach to 
mixture calibration. Instead of assuming the average friction coefficient 
value for the interaction between mixture components, the authors used 
a fixed mixture composition (20:10:1 for pellets, sinter and coke on mass 
basis) and determined the friction coefficient for which the repose angle 

matched between simulations and experiments. In this way, they 
determined a sliding friction coefficient of 0.1 between all mixture 
components. It is not clear how the restitution coefficient between 
different components was determined and, as mentioned previously, 
rolling friction was not considered since the particle shape was assumed 
to be approximated correctly. The obtained pellet-sinter sliding friction 
coefficient is clearly very different from the value obtained by Chakra
barty et al. This might be explained by the fact that Schott et al. [122] 
calibrated a mixture consisting of not only pellet and sinter, but also 
coke. 

An important aspect of material model calibration is to include the 
flow conditions which are expected in the actual application in the 
calibration test. Considering the sheer size of industrial blast furnaces, 
the magnitude of flow velocity upon burden surface impact is expected 
to be in the order of 10 m/s [47]. Hence, models developed for predi
cating phenomena affecting the burden distribution should be calibrated 
against high-velocity experimental data. Surprisingly, this aspect has not 
been taken into account, nor is it even mentioned, in the current blast 
furnace literature. Another aspect which seems to be ignored completely 
is taking the stochastic nature of granular material behavior in both 
virtual and physical experiments into account during calibration, as 
investigated by Fransen et al. [178]. 

3.5. Validation 

In the previous subsections we demonstrated that blast furnace 
modelers have employed different methods to simplify the model 
development process, first by reducing computational costs and 

Table 6 
Bulk calibration methods for determining model particle-particle (pp) and particle-wall (pw) parameters found in blast furnace literature.  

Ref. ρp (kg/m3) μspp 
(− ) μrpp 

(− ) εpp (− ) μspw 
(− ) μrpw 

(− ) εpw (− ) Target / Test 

Pellet 
Soda et al. [187] − 0.70 − − − − − AoR / Rotating drum test 
Liu et al. [116] − 0.70 0.05 − − − − AoR / Ledge test 
Schott et al. [133] − 0.45 − − − − − AoR / Piling test 
Li et al. [169] − 0.50 0.30 − − − − AoR / Draw down test 
Chibwe et al. [125] − 0.40 0.20 − − − − AoR / Ledge test 
Wei et al. [188] − 0.55 0.20 − − − − AoR / Lifting funnel test 
Chen et al. [17] − 0.40 0.10 − − − − AoR / Piling test  

Sinter 
Liu et al. [149]a − 0.70 0.10 − − − − AoR / Ledge test 
Schott et al. [133]b − 0.30 − − − − − AoR / Piling test 
Wei et al. [186]a − 0.50 0.30 − − − − AoR / Lifting funnel test 
Chen et al. [17]b − 0.60 0.20 − − − − AoR / Piling test 
Coke 
Liu et al. [149]a − 0.70 0.10 − − − − AoR / Ledge test 
Schott et al. [133]b − 0.20 − − − − − AoR / Piling test 
Chibwe et al. [179]a − 0.80 0.50 − − − − AoR / Ledge test 
Chakrabarty et al. [161]b 985 0.55 0.10 0.60 0.90 (steel) 0.20 (steel) 0.40 (steel) (1) Bulk density / Container test 

(2) AoR / Ledge test 
(3) Sliding angle / Inclination test 

Bester et al. [166]b − 0.20 − − − − −

Wei et al. [186]a − 0.45 0.30 − − − − AoR / Lifting funnel test  

Pellet-sinter 
Schott et al. [133] N/A 0.10 N/A n.s. N/A N/A N/A AoR / Piling test 
Degrassi et al. [169] N/A 0.40 0.40 0.30 N/A N/A N/A −

Chakrabarty et al. [131] N/A 0.60 0.07 0.55 N/A N/A N/A −

Pellet-coke 
Schott et al. [133] N/A 0.10 N/A n.s. N/A N/A N/A AoR / Piling test  

Sinter-coke 
Schott et al. [133] N/A 0.10 N/A n.s. N/A N/A N/A AoR / Piling test 

Note: This distinction is not made for pellets as they are always modelled as spheres in current literature. 
a Determined through simulation with spheres. 
b Determined through simulation with overlapping spheres. 
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subsequently by minimizing calibration efforts. While these methods 
allow the development of large-scale DEM models to become more 
feasible, the modeler must avoid oversimplification by carefully 
assessing whether the model is able to capture phenomena of interest. 
Hence, validation is the final step in the model development process 
which investigates whether the modelling methods are acceptable for a 
specific model objective. This requires careful selection of key perfor
mance indicators (KPI’s) for comparing numerical and experimental 
results. Table 7 provides a summary of the methods which have been 
applied to validate the models discussed in this review. While some 
models have not been validated against experimental results, the ma
jority of the studies report that the developed models are acceptable 
according to the authors. Such findings are generally expected, as the 
opposite result would not have been reported scientifically. However, 
we notice that the KPI for judging model validity is typically related to 
burden flowing behavior rather than burden distribution characteristics, 
even when the objective is to analyze the burden distribution. The 
experimental methods used for validation are discussed in more detail in 
this section. 

The burden distribution is studied in simulations using a variety of 
KPI’s, including burden trajectories after being discharged from the 
chute, degree of segregation, radial coke-to-ore ratio and height of 
charged layers. While obtaining the data for determining these in
dicators is relatively easy in simulations, it is often quite difficult to 
physically reproduce tests and extract particle data in a non-destructive 
manner. In this section, we discuss the reported experimental counter
parts for these tests. 

3.5.1. Particle trajectories 
Mio et al. [114] used a relatively large experimental apparatus (1:3 

scale model of an actual blast furnace charging system, as shown in 
Fig. 26a) to observe the behavior and measure the trajectory of sinter 
which was being discharged from a chute rotating at 13.4 rpm. The 
particles’ trajectories at the chute outlet were captured using high-speed 
video recording while the flow inside the chute was recorded using 
pressure-sensitive sheets. 

Zhang et al. [38] used a laser grid method to measure the stream of 
burden materials as they were charged into an actual furnace with an 
inner volume of 3200 m3. A laser grid was projected as a frame of 
reference and a video camera was installed in a direction perpendicular 
to the plane of the laser grid (cf. Fig. 26b). As the material ejected from 
the rotating chute cut into the laser grid, an image of the burden tra
jectory was captured by the video camera and transmitted to a com
puter. An image processing system was used to extract the burden 
trajectory data at different chute angles. 

3.5.2. Burden profiles 
Mitra & Saxén [148] designed a test setup to gain insight into the 

arising layers of a charging program (cf. Fig. 27). The setup was a 1:10 
scale model of an industrial bell-less charging system. To mimic the 
shape of the burden surface in an actual furnace, a conical surface was 
placed into the throat and a layer of coke particles was glued on the 
cone. This represented a coke layer with an inclination similar to the 
angle of repose of coke. After charging a layer of material, the throat was 
lowered in order to maintain a constant burden level. A mechanical 
device was used to determine the layer thickness. By computing the 
difference between measurements before and after charging, the layer 
thickness could be approximated. This setup was used to study the 
charging behavior of pellets on top of a coke layer [55] through both 
simulations and experiments. When charging pellets on top of the coke 
layers, the coke collapse effect was observed slightly using the pilot- 
scale setup. The disadvantage of their measuring technique was that 
only the layer profile could be mapped, but it could not distinguish 
where the particles of each layer ended up. Therefore, effects such as 
coke collapse, which were clearly seen in simulations, were not seen in 
the experimental layer plots. 

Table 7 
Details of validation methods applied in blast furnace literature.  

Ref. KPI Method Conclusion by 
authors 

Yu, 2010 
[148] 

Mass fraction of 
fine, intermediate 
and coarse 
particles during 
discharging 

Comparison with 
experiments using 
“stop-start” 
sampling method 
[171] 

The model was able 
to qualitatively 
reproduce discharge 
trends. The extent of 
segregation was 
slightly under- 
predicted, which 
may be due to non- 
optimal parameter 
settings, idealization 
of the shape and 
differences in initial 
filling between 
simulations and 
experiments 

Yu, 2012 [41] (1) Mass fraction 
of fine, 
intermediate and 
coarse particles in 
sampling box 
after being 
discharged from 
chute; (2) Mean 
particle velocities 

Comparison with 
experiments using 
(1) sampling box 
rig; (2) high-speed 
video recording 

The model predicted 
the overall behavior 
well 

Mio, 2008 
[39] 

(1) Mass fraction 
of fine, 
intermediate and 
coarse particles in 
sampling box 
after being 
discharged from 
chute; (2) 
Distribution of 
discharging 
velocity 

Comparison with 
exp. Measurements 
using (1) sampling 
box rig; (2) high- 
speed video 
recording 

The simulated 
distributions of 
collected particle 
agree with those of 
experimental very 
well 

Mio, 2012 
[37] 

N/A N/A N/A 

Wu, 2013 
[35] 

Radial particle 
size distribution 
in hopper 

Comparison to 
experimental results 
of Aminaga et al. 
[188] 

The simulation 
results agreed well 
with the results of 
Aminaga et al. [188] 

Mio, 2019 
[127] 

(1) Particles’ 
velocities; (2) 
Particles’ 
trajectories 

Comparison with 
experiments using 
(1) high speed video 
camera; (2) pressure 
sensitive sheet and a 
high speed video 
camera 

The simulated and 
experimental 
velocities and 
trajectories matched 
very well 

Yu, 2014 
[128] 

Mass fraction of 
fine, intermediate 
and coarse 
particles during 
discharging 

Comparison to 
experimental results 
of Standish et al. 
[172] using 
continuous or “stop- 
start” method 

N/A 

Liu, 2015 
[149] 

(1) Particle 
trajectories; (2) 
Layer height 
along radius 

Comparison with 
experiments using: 
(1) horizontal bars 
layered with carbon 
paper; (2) unclear 

(1) Generally 
speaking, the 
simulated results 
match the 
experiments, with 
minor differences 
which can be 
ignored because of 
the different 
treatments in 
determining the 
stream line; (2) 
Simulated burden 
profile agrees well 
with the 
experimental results 

Xu, 2017 [36] N/A N/A N/A 
Xu, 2019 [91] N/A N/A N/A 
Xu, 2020 [93] 

(continued on next page) 
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3.5.3. Segregation 
Segregation has been quantified experimentally using different 

methods, depending on the type of equipment. For hoppers, the “start- 
stop” sampling method, originally described by Standish & Kilic [179], 
has been applied to analyze size segregation during hopper discharge on 
lab-scale [111,115] and industrial scale [58]. The hopper is equipped 
with a sliding plate at the outlet, which is kept closed during the 
charging process. The sliding plate is removed at various time intervals 
during discharging, allowing material to be collected intermittently 
until the hopper is fully discharged. The samples obtained at different 
discharged mass ratios are measured by a balance below the exit of the 
hopper. The contents of each sample are then screened and weighed to 
determine the mass fraction of each particle size as a function of the total 
discharged mass. Size segregation during hopper filling has also been 
investigated experimentally. This is more challenging, as the spatial 
distribution of particles within the hopper must be determined. Standish 
[180] proceeded to fill the charged hopper with water and subsequently 
freeze the contents. Then, volume elements from different positions 
were melted off and dried to analyze the size distribution within the 
sample. 

Size segregation during chute flow occurs due to the kinetic sieving 
mechanism. The sampling box method, as shown in Fig. 21, is very 
popular for observing this effect [41,43]. As the name suggests, a sam
pling box with different compartments is placed at the chute outlet, 
allowing particles to be collected based on their horizontal position. The 
mass fraction of different sized particles in the compartments is deter
mined, providing an indication of the degree of size segregation. 

Segregation during burden descent has been mimicked by Yu and 
Saxén [70] using a specially designed expansion device (cf. Fig. 28). A 
layer of pellet particles was added on top of a coke layer and the device 
was slowly expanded, allowing the percolation of pellet into coke layers 
to be visualized. Although this method did not allow the degree of 
percolation to be quantified, the bed height at different expansion rates 
could be measured and compared to simulations, thereby providing an 
indication of the model accuracy. 

3.5.4. Porosity distributions 
The porosity, by definition, is the volume fraction of void space per 

unit volume of granular material. As this is a property of the internal 
structure, it is very difficult to quantify experimentally. Wei et al. 
[143,144] studied porosity distributions of a heap formed during hopper 
discharge on lab-scale. Measuring beakers were placed under the hopper 
prior to discharging and the filled beakers were carefully removed after 
a stable heap was formed, as shown in Fig. 29. The heap bottom porosity 
distribution was then determined by adding water from a measuring cup 
to each particle-filled beaker until the beaker was full. The amount of 
water required to fill the beaker was read from the measuring cup and 
this amount was assumed to represent the void volume in the beaker. 
The same method was used in a more advanced experiment in which a 
single coke layer was charged to a lab-scale furnace using a rotating 
chute [49]. The setup contained twelve identical small boxes (with a size 
of 50 mm × 100 mm × 40 mm) nested in a large box which was fixed to 
the bottom of the throat. The small boxes were dimensioned such that 
their size was more than 6 times the size of the largest particle and more 

Table 7 (continued ) 

Ref. KPI Method Conclusion by 
authors 

Falling point 
distribution 

Comparison with 
experiments using 
circumferential 
poles 

Outer collision 
region in 
simulations agrees 
well with 
experiments 

Chakrabarty, 
2021 [161] 

Angle and height 
of belt- 
discharged coke 

Comparison with 
experiments 

Simulation and 
experimental results 
match well 

Zhang, 2021 
[34] 

N/A N/A N/A 

Mio, 2009 
[40] 

N/A N/A N/A 

Mio, 2010 
[176] 

N/A N/A N/A 

Yu, 2011 
[67,177] 

Bed height along 
the width for 
different 
expansions 

Comparison with 
experiments 

The simulated and 
experimental 
burden heights are 
in good agreement 
and slight 
differences can be 
ascribed to 
idealization of shape 
and PSD of coke 

Yu, 2012 [41] Bed height along 
the width for 
different 
expansions 

Comparison with 
experiments 

The simulated and 
experimental 
burden heights are 
in good agreement 
and slight 
differences can be 
ascribed to 
idealization of shape 
and PSD of coke 

Yu, 2013 [48] (1) Mass fraction 
distribution in 
particle 
trajectories, (2) 
Layer height 
along radius 

(1) Comparison 
with validated 
mathematical 
model of Okuno 
et al.; (2) 
Comparison with 
experiments 

The model was able 
to reproduce the 
overall burden 
behavior; 
discrepancies may 
be due to non- 
optimal parameter 
settings and 
idealization of PSD 

Schott, 2016 
[133] 

N/A N/A N/A 

Narita, 2017 
[87] 

Particle mass 
distribution 

Comparison with 
experiments using 
sampling boxes 

Circumferential 
imbalance was 
confirmed by 
experiments 

Holmes, 2018 
[95] 

N/A N/A N/A 

Kou, 2018 
[43] 

N/A N/A N/A 

Govender, 
2019 [125] 

N/A N/A N/A 

Kou, 2019 
[42] 

N/A N/A N/A 

Xu, 2019 [92] N/A N/A N/A 
Chibwe, 2020 

[179] 
N/A N/A N/A 

Hong, 2020 
[44] 

N/A N/A N/A 

Mio, 2020 
[33] 

(1) Mass fraction 
of each size range 
during funnel 
discharge (2) 
Burden profile 
(shape); (3) O/C- 
ratio 

Comparison with 
experiments using 
(1) n.s.; (2) n.s.; (3) 
digging up burden 
at different radial 
distances and 
determining the size 
distribution 

A good agreement 
between simulated 
and experimental 
results was obtained 

Wei, 2021 
[46] 

Porosity 
distribution 

Comparison with 
experiments using 
the beaker method 

The DEM results 
show general 
agreement with 
experimental 
findings, but there 
are some differences 
which may arise  

Table 7 (continued ) 

Ref. KPI Method Conclusion by 
authors 

from systematic 
errors and non- 
idealities in the 
experiments 

Zhou, 2021 
[54] 

N/A N/A N/A 

Zhou, 2021 
[182] 

N/A N/A N/A  
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than 16 times the size of the smallest particle. This allowed the number 
of particles in each box to be over a hundred; hence it was assumed that 
the walls did not have an effect on porosity. In general, the authors 
found general qualitative agreement between simulated and experi
mental porosity distributions. The simulated porosity profiles were more 
symmetrical and fairly uniform when compared to the experimental 
profiles and the authors hypothesized that these differences were caused 
by systematic errors and non-idealities in the experiments. 

3.6. Discussion 

At the beginning of this section, we stated that developing a DEM 
model often requires simplifications of the actual system and materials 
to be made, and that the degree of simplification is driven by the model 
objective. The literature review has shown that the choice of particle 
morphology for blast furnace modelling is not straightforward. The 
studies using clumped spheres and polyhedra draw conflicting conclu
sions on whether spheres can be used in simulations to model how the 
burden components flow during charging, and where they subsequently 
end up in the furnace throat. There is clearly a need to systematically 
investigate whether different shape approximation methods provide 
comparable results for modelling the flowing behavior and which 
method is most suitable by comparison to experiments. This also holds 
for the permeability of the packed bed, as there is currently a lack of 

(a) (b)
Fig. 26. (a) Example of velocity analysis by PIV \cite{Mio2019} (b) laser grid method to capture particle trajectories [38].  

Fig. 27. Burden profile measurement setup of [148].  

Fig. 28. Experimental device used to emulate percolation segregation during burden descent; image adopted from [70].  
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studies focusing on structural aspects of the bed and how they are 
affected by modelling choices. Wei et al. [49] made progress in this 
regard by analyzing the permeability distribution in the throat using 
simulations and experiments. However, their results do not elucidate the 
effect of particle shape. By extension, the choice of particle size distri
bution used in simulation also requires further investigation. 

Referring to our recommended model development procedure, we 
conclude that the current blast furnace literature lacks systematic model 
development procedures. Our review has shown that researchers often 
adopt values from previous research, often without consideration of the 
application and morphology which was used in the original work. Re
searchers are advised to adopt this strategy with caution, as the outcome 
of a calibration process may depend on modelling choices such as the 
morphology used to represent the material and even the software 
package used to develop the model [181]. Of the few studies involving 
calibration, we observe that friction coefficients are often determined 
through comparison with repose angle experiments and the combination 
of sliding and rolling friction coefficients is selected arbitrarily. Until 
now, Degrassi et al. [126] are the sole blast furnace modelers who 
adopted a structured calibration approach using an optimization algo
rithm. It must be noted that this method requires significantly more 
simulation runs, since sufficient data must be supplied to the optimi
zation tool. Hence, the question which comes up is whether such an 
approach is required, or whether it is sufficient to select model inputs 
with a relatively high degree of freedom. Despite this seemingly un
structured approach, the authors of these studies generally report a good 
match between simulations and experiments (cf. Table 5). This can 
probably be attributed to the fact that small variations in the input pa
rameters do not significantly affect burden trajectories, which are often 
used as the KPI to judge whether there is a good agreement between 
simulations and experiments. The sensitivity review showed that burden 
profiles are affected by friction coefficients, even though the trajectories 
are not. Hence, we conclude that KPI’s should be carefully selected. 

4. Conclusions and future perspectives 

The objectives of this work were to review the state-of-the art in DEM 
modelling of blast furnace burden distribution during charging and 
descent and subsequently assess how the bed permeability can be 
enhanced according to these models. Our main findings are:  

• Segregation, degradation during the deviation phenomenon the 
charging process are all expected to affect the burden distribution 
and resulting bed permeability. We found that the majority of blast 
furnace related literature focusses on these phenomena, and how 
they affect the burden distribution. However, the models are 
generally not reflective of actual blast furnace operations since ma
terials and their mixtures are highly simplified. Also, many models 
are created using downscaled geometries which cannot reproduce 
the actual flowing behavior in a real blast furnace due to the lower 
mass flow rates and velocities. Full-scale geometries have become 
the standard in most recent studies, which indicates that computa
tional power is increasing and DEM software packages are being 
made compatible with high-end solvers.  

• While segregation and the deviation phenomenon have been studied 
frequently, investigations on how these phenomena are linked to 
permeability are currently missing. Future studies should focus more 
on this aspect, for example by developing DEM-CFD coupled models 
which can provide a detailed analysis of the gas flow for a certain 
burden distribution.  

• The choice of particle morphology for blast furnace modelling is not 
straightforward. The studies using clumped spheres and polyhedra 
draw conflicting conclusions on whether spheres can be used in 
simulations to model how the burden components flow during 
charging, and where they subsequently end up in the furnace throat. 
There is clearly a need to systematically investigate whether 
different shape approximation methods provide comparable results 
for modelling the flowing behavior and which method is most suit
able by comparison to experiments. This also holds for the perme
ability of the packed bed, as there is currently a lack of studies 
focusing on structural aspects of the bed and how they are affected by 
modelling choices. By extension, the choice of particle size distri
bution used in simulation also requires further investigation.  

• The majority of models encountered uses parameters based on 
literature, rather than systematic calibration. While both direct 
measurement and bulk calibration of properties related to individual 
burden components have been reported to a limited extent, no 
literature on the systematic determination of interaction parameters 
between different burden components was found, neither through 
direct measurement nor through bulk calibration. Furthermore, the 
angle of repose is currently used as bulk calibration target to char
acterize the material flowing behavior. It is currently not clear 
whether the segregation and packing behavior are modelled 
correctly after calibration using this target. Hence, further investi
gation on the selection of calibration targets for capturing localized 
material behavior is required.  

• Researchers generally report a good match between simulations and 
experiments based on KPI’s relating to burden trajectories and 
burden distribution. In the future, appropriate KPI’s for quantifying 
permeability in simulations, and how they can be measured experi
mentally, need to be determined.  

• Encountered models have been used to investigate how system 
design and operational conditions can be adjusted to control the 
burden distribution more effectively. However, the case studies are 
mostly simplified since either a small part of the furnace is modelled, 
or not all burden components are included. Future case studies 
should be aimed at optimizing the permeability using models 
involving all burden components, thereby representing more real
istic furnace operation. 

This review has shown that significant efforts have been made to 
model the burden distribution; however, these models generally do not 
investigate the permeability. Hence, understanding of how the perme
ability can be optimized still requires a significant amount of effort to
wards model development. 

Fig. 29. Experimental device used to measure the porosity distribution in the 
throat (dimensions in mm; image adopted from [49]. 
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