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Abstract: The coke and ore are stacked alternately in layers inside the blast furnace. The
capability of the charging system to distribute them in the desired manner and with
optimum strata thickness is crucial for the efficiency and high-performance operation of
the blast furnace itself. The objective of this work is the optimization of the charging
equipment of a specific blast furnace. This blast furnace consists of a hopper, a single bell
and a deflector inserted in the hopper under the conveyor belt. The focus is the search for a
deflector geometry capable of distributing the material as evenly as possible in the hopper
in order to ensure the effective disposal of the material released in the blast furnace. This
search was performed by coupling the discrete element method with a multi-strategy and
self-adapting optimization algorithm. The numerical results were qualitatively validated
with a laboratory-scale model. Low cost and the simplicity of operation and maintenance
are the strengths of the proposed charging system. Moreover, the methodological approach
can be extended to other applications and contexts, such as chemical, pharmaceutical and
food processing industries. This is especially true when complex material release conditions
necessitate achieving bulk material distribution requirements in containers, silos, hoppers
or similar components.

Keywords: shape optimization; discrete element method; blast furnace; charging system;
bulk material distribution

1. Introduction
Smooth and uniform downward movement of the burden materials and free upward

flow of the furnace gases are necessary for the efficient and high-performance operation
of a blast furnace (BF). This behavior is strongly influenced by the characteristics of the
burden materials, the charging system and adequate automation of the furnace operation to
eliminate human errors. The mechanism of burden movement and distribution in BF have
been analyzed in several studies, which present simple models, such as the theoretical and
experimental investigation of trajectory and profile models [1–3], and increasingly complex
models using computational fluid dynamics (CFD) simulations [4–6] or even coupled with
the discrete element method (DEM) [7,8]. Roeplal et al., in their recent review [9], synthesize
research that uses DEM to model phenomena affecting blast furnace burden permeability,
influenced by factors such as particle size, shape, and distribution. Several articles analyze
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and/or individually or jointly optimize the aspects that influence BF efficiency, such as
the burden composition [10,11], charging system operation [12–15], proper burden surface
distribution [16,17] and automation of the furnace operation [18–20].

This study exclusively focuses on the charging system. The radial and circumferential
distribution of the burden (coke and iron ore) in the furnace, stacked alternately in layers,
plays an important role as it directly affects the reduction process. Therefore, the charging
system should be capable of controlling where the materials are deposited with optimum
layer thickness. The simplest charging system of BFs consists of a hopper and a single bell.
Old concept plants use a double-bell system to control the entry of raw material into the BF.
Bell-less systems, such as the Paul Wurth or Gimbal systems, are more common in recent
plants and are able to provide the desired charge distribution within the blast furnace.
A complete description of these charging systems can be found in Strassburger [21] and
McNeil [22], to name a few. Of course, the bell-less system is the most widely analyzed,
and recent works can be found in the literature [23–27].

At the facility (Acciaieria Arvedi Trieste, founded as Ferriera di Servola, BF#3) for
which the performance of the charging equipment is investigated, the system—following
an old design—consists of a single bell which closes the bottom of the hopper during
the hopper filling phase and, once the necessary amount of material is reached, moves
downward, allowing the burden to slip inside the BF. For a system of this type, it is essential
that the burden inside the hopper is distributed with as much radial symmetry as possible,
so that when the bell moves downward, the material is distributed evenly inside the
BF. Originally, to increase control over the burden distribution, the hopper was rotating;
however, due to gas leakage issues, it was replaced with a fixed one, which inserts a two-
skewed deflector under the conveyor belt in an attempt to obtain a suitable distribution of
material inside the hopper.

The functioning of this system was examined by Degrassi et al. [28]. The DEM
simulations of the hopper charging highlighted the inability of the deflector to distribute
the materials with radial symmetry to ensure that the BF runs properly. In particular,
the simulations confirmed the formation of two piles inside the hopper and highlighted
that the large and small particles are clearly separated during the charging phase, so that
one pile consists mainly of small particles and the other of large particles. The particle
segregation phenomenon is well known and present even when other charging systems
are used [29–31]. However, in this specific case, the shape of the deflector emphasizes this
behavior, hence the necessity to replace the device with a more effective one, optimizing
the deflector shape.

The focus of this work is on the search for a deflector geometry capable of distributing
the material as uniformly as possible in the hopper to ensure a more efficient functioning
of the BF. This is achieved by coupling DEM simulations with a multi-strategy and self-
adapting optimization algorithm. In the search for the optimum shape, overall dimensions
are limited, as the new device will have to replace the current deflector without requiring
any modification to the charging system.

The optimization of granular material conveying and charging systems is not new.
Some research reported in the literature is entirely based on experimental observations,

such as [32–35]. These works focus on hopper discharge optimization. Statistical models
(full factorial design) or mathematical models (response surface method, interpolating
curves) are employed on experimental data to assess the relationships between input
parameters (characteristic dimensions of hopper geometry, operational conditions, material
properties) and output variables (feed rate, flow uniformity, discharge rate). A common
goal in these studies is to optimize the efficiency and consistency of material discharge. This
includes minimizing blockages, achieving uniform flow, and maximizing discharge rates.
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Although the material types vary (pellets, pulverized coal, general granular particles), all
studies contribute to a better understanding of the behavior of the granular material within
hopper systems.

In addition to the aforementioned works, optimizations of granular material convey-
ing and charging systems based on numerical simulations are reported in the literature.
Liu et al. [36] employ DEM simulations to analyze particle mixing within an overcoat-
ing drum used in high-temperature reactor (HTR) fuel fabrication. The study aimed to
optimize the drum dimensions and operational parameters. By simulating the behavior
of particles for several configurations, the researchers sought to achieve uniform mixing
and improve the efficiency of the overcoating process, which is crucial for the quality of
the HTR fuel. In Vaicis et al. [37], several geometrical configurations of the dust control
hopper system are modeled and analyzed. The study focused on understanding and
mitigating dust emissions during material handling. By employing the CFD and DEM
software packages, the researchers aimed to optimize the hopper design for effective dust
suppression. In [38], DEM modeling is employed to analyze and optimize material flow
within a system of rotary coolers and an intake pipeline. Here, the objective is to analyze
and optimize material flow throughout the entire system, not just a single component. By
simulating several configurations, the researchers sought to enhance material transport
and minimize blockages within the complex system. The study of Kang-Min et al. [39]
explores the impact of deflector plates on controlling particle size segregation. The research
utilized DEM simulations and experiments to analyze how deflector plates, strategically
placed within a flow system, influence the distribution of particles with different sizes.
The study focused on understanding how the position of the deflector plates affects the
particle flow and segregation patterns. By systematically varying these parameters, the
researchers aimed to identify optimal configurations that minimize segregation, which
is partly what we will accomplish in our work, but addressed with a different approach.
Moreover, in [39], the objective was to achieve a more uniform particle mixture, improving
the consistency of the final product. In our work, the objective is to distribute the material
with radial symmetry as uniformly as possible in the hopper. Nonetheless, the findings
in [39] provide valuable insights for designing systems that require precise control over the
particle size distribution.

In all the works cited so far, optimization essentially consists of the analysis of the
simulated design of experiments. Very few examples can be found in the literature where
an optimization algorithm is coupled directly with DEM simulations. Balevičius et al. [40]
investigate the multi-objective optimization of viscoelastic frictional granular material
discharge from a wedge-shaped hopper with a fixed outlet. Using DEM simulations, the
study optimizes the discharge time and flow rate by varying the discharged mass and
the characteristic dimensions of the hopper geometry. Though it is not explicitly stated
in the article, it is likely that the optimization method itself is some form of evolutionary
algorithm, such as a genetic algorithm, or other methods that can handle multiple objectives,
resulting in a Pareto set. Finally, in [41,42], the optimization of the shape is reported in
the context of granular material transport and charging systems, which also falls within
the scope of this reasearch. In [41], the researchers used a numerical simulation combined
with an optimization algorithm to find the bucket shape that resulted in the best possible
material transport. Discontinuous deformation analysis, a member of the DEM family,
was applied as the numerical method to simulate the behavior of granular materials. The
gradual deformation optimization algorithm is used to maximize transport distance of
the granular material and to minimize the remaining material within the bucket after
discharge. The design variable is the shape of the bucket, described by Bezier curves.
Both the velocity of the bucket and the properties of the grains are taken into account
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in the optimization process, too. Huang et al. [42] explored the shape optimization of
conical hoppers to maximize the mass discharge rate. Through DEM simulations and
optimization techniques, the study investigated how variations in the hopper geometry
impact material flow. The study aimed to determine the optimal cone shape to achieve the
highest discharge rate possible. The cubic spline function was employed to parameterize
the hopper shape, and optimization was performed using a combined genetic algorithm
and gradient descent method.

Given the evidently scarce bibliography on the argument, the shape optimization of
the specific charging equipment for BFs proposed here is an original contribution to this
area of research. It is worth noting that the problem under investigation presents significant
challenges, having achieved the objective with a device whose strengths are low cost and
simplicity of operation and maintenance. These features are particularly important, because
the operating conditions of the deflector are very severe due to the extremely aggressive
gases present at the BF mouth and the action of the abrasive coal dusts impacting on the
surface of the element. For this reason, despite being made of cast iron, it is subject to
relatively rapid deterioration. However, this is not a major issue, as its installation is such as
to ensure that it can be replaced promptly during the periodic monthly furnace shutdowns.

A possible objection to the solution presented here is its uncompetitiveness with the
efficiency gain that could be achieved by replacing the charging system with a modern
one, but the investment for this option, compared to replacing only the deflector, is not
comparable either. The proposed solution is many orders of magnitude cheaper. No cost-
benefit analysis is provided here to support this assertion and this is a limitation of the
current study requiring further investigation.

The deflectors, resulting from the optimization process, have shown interesting behav-
iors in the numerical simulations. It was not possible to test them directly in the facility,
which was in operation at the time this research activity began, but was recently dismantled.
Therefore, in order to qualitatively validate the numerical simulations, experimental tests
were carried out on a laboratory-scale model.

The paper is organized as follows: in Section 2, a description of the charging system
is given; in Section 3, the optimization strategy of deflector shape is presented; and in
Section 4, the results are shown. Section 5 discusses a comparison of the optimal devices.
Section 6 focuses on experimental validation, and finally, conclusions are given in Section 7.

2. Description of the Charging System
The charging system, at the top of the BF under consideration, consists of the conveyor

belt, the hopper, the deflector and the bell, which can move, vertically actuating the rod.
Figure 1 shows a sketch of conveyor belt-hopper-bell system for the original rotating
scheme. The deflector is installed on a hatch of the hopper, as shown in Figure 2, so that it
can be easily removed. The conveyor belt has a tilt angle of 4◦ and it runs at speed 1.79 m/s.
It transports the carbon coke to the top inlet of the hopper, where it is released into the
hopper, abandoning the belt. Falling, the coke particles impact on the deflector and they
are distributed on the bottom of the hopper, consisting of the bell. A part of the particles
impact on the deflector and then on the bell, the rod and the walls. When the required
amount of coke is loaded, the bell descends downwards, allowing the burden to slide into
the BF, forming a layer of material. At this point, the bell moves up, until it closes the
bottom of the hopper, and the whole operation is repeated similarly for the iron ores charge.
The process continues in this way, alternating carbon coke and iron ores charges.
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Figure 1. Sketch of conveyor belt-hopper-bell system for the original rotating scheme.

Figure 2. Photograph of the currently installed fixed hopper, where the two-skewed deflector is
highlighted in red. It can be seen an external hatch on the hopper. For maintenance purposes, the
deflector, attached to the hatch, can be easily removed.

In Degrassi et al. [28], a DEM solver (Rocky DEM) is used to simulate the hopper
charging of coke coal and the hopper charging of iron ores with this system. All the
assumptions made to simplify the process to be simulated—mainly in order to reduce
the computational time—and the parameter calibration details can be found in the cited
work. The particle distributions obtained by the simulated charges have clearly no radial
symmetry. The materials are distributed unevenly in both quantity and particle size. The
deflector and the rod obstruct the passage of particles, creating vacuum zones where the
material has difficulty in settling. Moreover, the deflector shape emphasizes the segregation
caused by the conveyor belt, effectively separating large and small particles into two
different piles, hence the need to optimize this device.

3. Deflector Device Optimization
The requirements that the optimized device for particles deflection must satisfy are

as follows:

• It must be easily removable, possibly by attaching it to the hatch where the current
one is installed;
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• It must equalize the distribution of material along the circumference, avoiding the
formation of pronounced voids or piles as much as possible;

• The distributions of coke coal and iron ores must be as similar as possible in order to
create uniform layers inside the furnace.

A further requirement would be the resistance to the abrasive action of the involved
materials, both for the collisions and chemical composition, but this has not been investi-
gated at this stage.

modeFRONTIER is the platform used for the design optimization.
Three different devices were designed and optimized, using different parameterization

of the geometry, by learning from the results of previous optimizations.
Table 1 reports the statistics used to evaluate the performance of the designs and the

definitions of these statistics can be found in Appendix A. These quantities refer to 12 radial
sectors into which the hopper was virtually split, as shown in Figure 3. It was verified that
the results of the optimization processes were not affected by the chosen number of sectors.

Table 1. List of the quantities used to evaluate the performance of the designs.

Symbol Description

σPc% variance of coke percentage weight
σP f % variance of iron percentage weight
σdi f f variance of the difference between iron and coke percentage weight

Pc%,min minimum value of coke percentage weight
Pc%,max maximum value of coke percentage weight
Pf %,min minimum value of iron percentage weight
Pf %,max maximum value of iron percentage weight

σNc% variance of coke percentage number of particles
σN f % variance of iron percentage number of particles

Nc%,min minimum value of coke percentage number of particles
Nc%,max maximum value of coke percentage number of particles
N f %,min minimum value of iron percentage number of particles
N f %,max maximum value of iron percentage number of particles

(a) (b)

Figure 3. The radial sectors into which the hopper is ideally divided: (a) axonometric view; (b) top
view with the numbering of the radial sectors into which the hopper is virtually split.

3.1. Workflow

Figure 4 shows the optimization workflow, where the relevant nodes are highlighted
by task: set A consists of the input variables, set B the operative nodes, set C the out-
put variables, set D the objectives, and set E the constraints. A detailed description is
given below. All not highlighted nodes in Figure 4 are auxiliary variables, which are not
worth describing.
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Figure 4. Optimization workflow: set A collects the input variables, set B the operative nodes, set C
the outputs, set D the objectives, and set E the constraints.

3.1.1. Input Variables

The input variables (set A in Figure 4) are those which define the device geometry in
the optimization loop. The deflector geometry is generated with a loft function defined
between planar parallel shapes, as shown in Figure 5.

Figure 5. Sketch of the parametrization: the generation of the solid, extruding the planar paral-
lel shapes.

The planar shapes are defined on four vertical sections for the first and second designed
devices and on three sections for the third designed device. The distance of each section
from the center of the hopper is a geometric variable.

The shape of each section is uniquely described by the coordinates of the control
points. For the first device with planar surfaces, the control points are the vertices of a
polygon inscribed into a rectangle with dimensions 1200 mm × 600 mm (see Figure A1).
These dimensions correspond to those of the hatch through which the deflector is to be
inserted into the interior of the hopper. The second and third devices have a curved top
surface. The shape of each section is built by two splines in the upper part, as shown in
Figures A2 and A3.

By varying the coordinates of the control points and the position of the sections, the
geometry is varied.
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In the optimization, some of the geometric variables were assumed to be constant,
based on preliminary sensitivity analysis and the results of previous optimizations. Some of
the input parameters have to satisfy geometrical constraints. The specifics of the geometry
parameters will be given in Appendix B for each of the three performed optimizations.

3.1.2. Operative Nodes

Set B in Figure 4 consists of the operative nodes. With reference to this scheme, the
process runs from left to right, starting with optimization algorithm pilOpt which generates
the designs, Onshape for the creation of geometry, Rocky DEM for the simulation of coke
and iron ores charges, and finally, the calculation of outputs from the results of simulations.

The optimization pilOPT algorithm is a proprietary algorithm implemented directly
in the modeFRONTIER platform [43], designed to be multi-strategy and self-adapting and
smartly combining local and global search functions. It balances real and response surface
method (RSM)-based optimization. In this way, it reduces the number of real experiments
necessary to reach the optimum.

Onshape [44] is a free online 3D CAD (computer-aided design) software. Given the
input variables values generated by pilOpt, it produces the .stl file containing the geometry
of the hopper and the deflector.

Rocky DEM is a CAE (computer-aided engineering) software based on the discrete
element method [45–47], which is used to simulate the charges. Details about the simulation
algorithm, together with the equations for calculating particle translation, rotation and
forces can be found in [48]. The nodes which feed the run of DEM simulations are provided
with a script with the following definitions:

• The material parameters;
• The position and dimensional parameters of hopper and conveyor belt;
• The flow rate and the simulated time length;
• The algorithm to compute the weight and particle number values within each vir-

tual sector.

In the simulations, some assumptions are made about the particle geometries assumed
spherical, size distributions (both coarse-graining and cut off were used) and micro proper-
ties of the materials. Some values for these material parameters were obtained from the
literature, while others were calibrated (see Degrassi et al. [28] for details).

The weight and particle number values obtained for coke and iron ores within each
virtual sector are processed in the calculator node so as to compute the outputs, which are
listed in Table 1.

3.1.3. Output Variables

The outputs of the DEM simulations, both for coke and iron ores, are the mass of
material and the number of particles present within the radial sectors, into which the
cylindrical control volume containing the hopper was ideally divided. The obtained values
are then normalized by converting them into percentage values. From the normalized
values, the quantities listed in Table 1 are computed (set C in Figure 4).

For the device optimizations, in order to reduce the computational time of each
design, only the first 10 s of charging were simulated (corresponding to about 30 min of
computational time for each charging simulation). It was observed that even with the
partial charge of the material, the obtained distribution is significant for understanding the
deflector efficiency. Only on the final optimal geometries, the outputs were recomputed by
simulating the full charge of the materials.
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3.1.4. Objectives

The are two objectives of the optimization (set D in Figure 4):

• minimizing σPc%;
• minimizing σdi f f .

Informally, variance measures how far a set of numbers are spread out from their aver-
age value. Thus, the minimization of σPc% and σdi f f means a reduction in the fluctuations in
the coke percentage weight and the difference between the iron and coke percentage weight,
respectively, among the sectors into which the hopper was ideally divided. Due to the
chosen multi-objective formulation, it is possible to enclose the requests for homogeneity
of the distribution in the hopper and the similarity of the distribution of the two charges,
independently of the burden material. In fact, if σPc% were low but σdi f f were high, the
situation would be that of a uniform coke charge, but the same could not be said of iron
ores. With minimum values for both, it is possible to obtain the ideal situation of uniformity
of charges with similar distributions varying the material.

3.1.5. Constraints

Set E in Figure 4 consists of constraint nodes. The constraints of optimization take into
account the two-skewed deflector performance. Henceforth, this will be referred to as the
current deflector. In Table 2 the values obtained by simulating the first 10 s of coke and iron
ores charges with the current device are reported. The constraints impose that the values of
the new geometries are better than the current one. In particular, the constraints on σNc%

and σN f % should ensure less segregation between particles by size.

Table 2. Outputs of simulations of the first 10 s of coke and iron ores charges with current device.

Variable Value [%]

σPc% 31
σP f % 43
σNc% 54
σN f % 59
σdi f f 2.36

In order to avoid excessive material deposits on the deflector, two additional con-
straints were imposed. Both the weight of the coke and the weight of the iron ores within
the control volume must not be 50 kg less than expected, i.e., the weight of all the material
that has passed through the hopper inlet.

Finally, in order to limit the presence of peaks of minimum and maximum values of
weight in the distribution, the minimum and maximum percentage values by weight for
coke are constrained to be within the µ ± 2σ range, i.e., in the confidence interval twice
the variance.

3.2. DEM Solver Calibration

An essential component in achieving significant outcomes from optimization is the
precise modeling of the intricate granular flow within the blast furnace hopper. Prior to
conducting optimization, it is essential to calibrate the DEM solver. DEM simulations
rely on various parameters that define the behavior of granular materials, including the
following:

• The particle–particle static friction coefficient, which determines the resistance to
sliding between particles;
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• The particle–wall static friction coefficient, which defines the friction between particles
and the hopper walls;

• The particle–particle restitution coefficient, which represent the amount of energy
retained after collisions between particles;

• The rolling resistance coefficient, which quantifies the magnitude of the moment that
opposes the rolling motion of particles.

These parameters can significantly influence the simulation results, and inaccurate
values can lead to marked discrepancies between the simulated and real-world behavior. In
this sutdy, an optimization algorithm was employed for the calibration of such parameters.
This algorithm systematically adjusted the parameters until the simulation results closely
matched experimental data for the angle of repose test. This activity is documented in [28],
and the values of the calibrated DEM parameters are summarized in Table 3. For further
details, please refer to the cited article.

Table 3. Calibrated DEM parameters.

Parameter Coke Iron

particle-particle static friction 0.50 0.40
particle-wall static friction 0.80 0.40
particle-particle restitution 0.24 0.30

rolling resistance 0.48 0.22

In [28], after the calibration process, the authors validated the simulation by comparing
the results with independent experimental data. The values of parameters, given by the
calibration process, were used for the charge simulation of coke and iron in the hopper with
the original deflector. The distributions of the materials were obtained and subsequently
compared with empirical photographic data of the distribution. This comparison served as
an indicator of the accuracy of the simulation. This step was necessary to ensure that the
calibrated model accurately predicts the material behavior under different conditions.

4. Results
4.1. First Optimization

In the first optimization, an optimal device with planar surfaces was searched.
Figure 6a shows the scatter chart of the objectives values of the designs really computed
in the optimization process. The term real design means it has been simulated and not
virtually predicted using RSM. The simulated designs are 349, of which 73 are feasible, that
is they meet the constraints. Figure 6b shows only the feasible designs, with Pareto designs
(the set of best designs) highlighted in black.

(a)

Figure 6. Cont.
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(b)

Figure 6. First optimization: (a) real designs on objectives scatter chart; (b) feasible designs on
objectives scatter chart with black highlighted Pareto designs, where the color from blue to red
indicates the increase in the objective value.

The objective values of Pareto designs are given in Table 4.

Table 4. First optimization: objective values for Pareto designs.

Design ID σPc% σdi f f

209 21.91 0.19
281 6.88 0.29
319 6.06 0.48

For the designs on the Pareto front, the complete coke and iron ores charges were
simulated. Design 319 showed the best performance. In Table A1 the geometric parameters
of the deflector design 319 are given. The distributions of coke and iron ores particles
obtained by the complete simulations are shown in Figure 7.

Figure 7. First optimization: view of the particle distributions obtained by the simulation of coke
charge (left) and iron charge (right) with the design 319 as deflector. The color of the particle
represents its height.

Device design 319 improved the homogeneity of both the distribution, reducing the
segregation effect. The forming of two higher peaks is still evident, but now they reach
equal heights. In particular, the peaks moved toward the area below the deflector. Below the
deflector, they merge, eliminating the previously existing depression zone. The formation
of two lower peaks can be glimpsed in the area furthest from the deflector, but with
different heights. It is evident the difficulty of filling the area beyond the rod with material.
The similarity of the coke and iron ores distribution was clearly improved thanks to the
optimization.
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A sensitivity analysis was performed using the smoothing spline ANOVA (SS-
ANOVA) in order to understand the influence of the geometric parameters of the deflector
on the final particle distributions. The main effect bar charts made it possible to compare
the relative importance of the parameters on the objectives and constraints. In Figure 8,
only the effect bars for the objectives are reported so as not to overburden the paper. The
first ten factors are shown in order of importance.

(a)

(b)

Figure 8. First optimization: effect bar of objective responses (a) σPc% and (b) σdi f f .

The results of the sensitivity analysis show that the ordinates of the control points 1,
2 and 4 in section 3 and the ordinate of the control point 1 in section 4 mainly influence
burden distribution. Sections 3 and 4 are those closer to the central rod.

Care must be taken with the parameters S2y2, S2x3 and S2x4 on the section 2 to avoid
excessive material deposits on the deflector.

4.2. Second Optimization

Given the results of the first optimization, a different device concept with curved
top surface was considered for the second optimization. Figure 9a shows the objectives
scatter chart. The simulated designs are 200, of which 176 are feasible, that is they meet
the constraints. Figure 9b shows only the feasible designs, with Pareto designs highlighted
in black.
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(a)

(b)

Figure 9. Second optimization: (a) real designs on objectives scatter chart; (b) feasible designs on
objectives scatter chart with black highlighted Pareto designs, where the color from blue to red
indicates the increase in the objective value.

The objective values for Pareto designs are given in Table 5.

Table 5. Second optimization: objective values for Pareto designs.

Design ID σPc% σdi f f

154 6.21 0.60
157 6.73 0.27
160 11.28 0.22
189 6.58 0.43
191 6.42 0.55
196 5.79 0.63

For the designs on the Pareto front, the complete coke and iron ores charges were
simulated, except for design 160, because σPc% is evidently too high (11.28%). Design 196
proved to be the highest-performing, because it has the lowest σPc% and acceptable σdi f f . In
Table A3, the geometric parameters of the deflector design 196 are given. The distribution
of coke and iron ores particles obtained by the complete simulations are shown in Figure 10.
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Figure 10. Second optimization: view of the particle distributions obtained by the simulation of
coke charge (left) and iron charge (right) with design 196 as the deflector. The color of the particle
represents its height.

Device design 196 made it possible to obtain distributions similar to those with the
deflector resulting from the previous optimization, but with an evident symmetry of the
distributions with respect to a vertical plane. Nevertheless, a third optimization, with a
different parametrization of the geometry, was performed to improve the effectiveness of
the solution. In this case too, a sensitivity analysis was performed using the SS-ANOVA.
Figure 11 shows the effect bars on the objectives of the first ten factors in order of importance.

(a)

(b)

Figure 11. Second optimization: effect bar of objective responses (a) σPc% and (b) σdi f f .
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The results of the sensitivity analysis show that the abscissa of the control points 5 in
section 1, the position of the control point 6 and the ordinate of control point 5 in section 4,
and the position of sections 2 and 3 mainly influence burden distribution.

Care must be taken with the parameter S2x5 to avoid excessive material deposits on
the deflector.

4.3. Third Optimization

The optimization algorithm pilOpt has explored the design space of solutions with
500 simulated designs, of which 185 are feasible—that is, they meet the constraints.
Figure 12a shows the objectives scatter chart of the third optimization. Figure 12b shows
only the feasible designs, with Pareto designs highlighted in black.

(a)

(b)

Figure 12. Third optimization: (a) real designs on objectives scatter chart; (b) feasible designs on
objectives scatter chart with black highlighted Pareto designs, where the color from blue to red
indicates the increase in the objective value.

The objective values for Pareto designs are given in Table 6.
For the designs on the Pareto front, the complete coke and iron ores charges were

simulated. Design 365 proved to be the highest-performing, demonstrating much better
behavior than both the current situation and the designs of previous optimizations. In
Table A4 the geometric parameters of the deflector design 365 are given. The distribution
of coke and iron ore particles obtained by the complete simulations are shown in Figure 13.
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Table 6. Third optimization: objective values for Pareto designs.

Design ID σPc% σdi f f

191 4.47 0.47
195 4.16 0.51
199 4.35 0.49
207 5.66 0.21
311 5.26 0.36
363 4.60 0.46
365 3.92 0.54
418 28.05 0.17

Figure 13. Third optimization: view of the particle distributions obtained by the simulation of
coke charge (left) and iron charge (right) with the design 365 as deflector. The color of the particle
represents its height.

To better understand the influence of variables on the behavior of the deflector, the re-
sults of the sensitivity analysis, performed on the entire optimization design of experiments
(DOE), are shown in Figure 14.

(a)

Figure 14. Cont.
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(b)

Figure 14. Third optimization: effect bar of objective responses (a) σPc% and (b) σdi f f .

The results of the sensitivity analysis have shown that the abscissa of the control point
0 and the ordinate of control point 6 in section 2, the ordinates of the control point 0 and 6
in section 3, and the position of section 3 mainly influence burden distribution.

Care must be taken with the parameters S3x6, S4x6 and zS3 to avoid excessive material
deposits on the deflector.

5. Comparison of the Current Deflector and the Optimal Devices
Four devices are compared: the current deflector, and the best designs obtained from

the three optimizations. Figure 15 shows the different geometries of the devices.

(a) (b)

(c) (d)

Figure 15. Shapes of the current deflector and the optimized geometries: (a) current design, (b) first
design, (c) second design, (d) and third design.
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Table 7 reports the results for the quantities used to evaluate the performance of the
designs, as listed in Table 1. These values are obtained by the complete simulations of
the charges.

Table 7. Values of the quantities used to evaluate the performance of the best designs from the three
optimizations, obtained by the complete simulations of the charges.

Outputs Current
Design First Design Second

Design Third Design

σPc% 10.33 6.36 5.17 1.76
σP f % 6.74 6.04 7.27 1.19
σdi f f 0.53 0.07 0.05 0.16

Pc%,min 3.74 4.46 4.78 5.73
Pc%,max 14.02 11.33 11.68 10.10
σNc% 47.38 28.51 32.60 27.29
σN f % 24.40 9.66 13.91 10.56

The relevant values are definitely σPc% and σdi f f , for which the improvement is evident
in all optimized designs compared to the current design. Observing the values of σNc% and
σN f %, it can be deduced that the segregation effect was greatly reduced with the optimized
designs.

Comparing the optimized designs, the third deflector is ultimately the best. It is able to
make the radial distribution of the charges sufficiently uniform. The difference between the
distribution of coke and iron ores is slightly worse than the first and the second deflector,
but it remains much better than that of the current device.

These considerations are confirmed in Figures 16 and 17, where the top view of the
coke and iron ores distributions are shown for the four different deflectors.

Figure 16. Top view of the particle distribution obtained by the simulation of coke charge with the
current design, the first design, the second design, and the third design as the deflector. The color of
the particle represents its height.
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Figure 17. Top view of the particle distribution obtained by the simulation of iron ores charge with
the current design, the first design, the second design, and the third design as the deflector. The color
of the particle represents its height.

From Table 7, there is also an improvement in the Pc%,min parameter, which corre-
sponds to the amount of coke in the emptiest zone. This zone is situated at the shadow
cone caused by the bell rod (sectors 9 and 10 in Figure 3b). The third design manages to fill
this zone more, even if it evidently fails to allow the particles to move around the obstacle.

6. Experimental Validation
As already mentioned, it was not possible to test the optimized deflectors directly in

the facility, which no longer exists. Moreover, the experimental observation of material
distribution within the real hopper would have been practically impossible due to the
harsh environmental conditions.

Therefore, in order to validate the numerical simulations, experimental tests were
carried out on a laboratory-scale model. Only geometric similarity was ensured in the
tested model, whereas kinematic and dynamic similarity could not be achieved. Thus, only
a qualitative assessment of the validity of numerical simulations and optimization results
could be performed. Because of the weak similarity of the laboratory model, it was not
reasonable to make a quantitatively more accurate evaluation.

A 3:16 scale model was tested. This choice was forced by the 600 mm diameter of the
plexiglass tube found on the market, where the real maximum internal diameter of the
hopper was 3200 mm. The conical parts, i.e., the bottom and bell of the hopper, were made
of PVC foil. The inner rod is a PVC tube. For the conveyor belt, a 200 mm width elastic
band was used.

The tested deflectors, i.e., the current design and the second design, were printed by
means of the 3D printer Ultimaker 3 Extended in PLA with extruder AA 0.4. This ensured
that they had the same Young’s modulus of the material in the rebound of particles for a
comparative test.
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The burden material, used in the laboratory, was plastic pellets, usually used for ABS
injection molding, with an almost cylindrical shape and measuring 5 mm in diameter and
2 mm in height on average. The repose angle of the material (20◦ ÷ 25◦) is close to those of
the materials charged in the real plant hopper. Obviously, the fact that the value for the
plastic pellets is lower allows for a more homogeneous distribution within the scale model,
and this must be taken into account in the final considerations.

Figure 18 shows the experimental apparatus.

Figure 18. Laboratory-scale model of the system composed of the BF hopper, the conveyor belt, and
the deflector used for experimental validation.

All tests were conducted using the same volume of material, repeating three experi-
mental runs for each of the two deflectors. The volume height of the material, once charged
in the scale model, was retrieved by identifying the top surface of the material. The surface
was measured using the LiDAR scanner of an iPhone 12Pro in order to create 3D objects
that can then be manipulated and superimposed for comparison.

Figure 19 and Figure 20 show the surfaces obtained in the three different runs for the
current deflector and the second deflector, respectively.

Figure 19. Surfaces obtained in the three different runs for the current deflector.

Figure 20. Surfaces obtained in the three different runs for the second deflector.

It can be noted that the material surface is quite repeatable in the various experiments
and the much higher uniformity is obtained with the second deflector, as expected from



Information 2025, 16, 337 21 of 30

numerical simulations. For the current deflector, the difference between the maximum and
minimum heights in the distribution of the material is within 13 and 15 cm. For the second
deflector, the difference between the maximum and minimum heights in the distribution of
the material is within 5 and 6 cm.

In Figure 21, one of the three surfaces obtained with the current deflector and the
second deflector are superimposed, making one of the two surfaces partially transparent
for readability of the figure.

Figure 21. Surfaces obtained with the current deflector (red) and the second deflector (blue).

Although qualitative, the positive effect of the second deflector in making the material
charge uniform is evident.

If the laboratory test results on the scale model were compared with the numerical
results, the material distributions would obviously be different. The reason has already
been mentioned: clearly, the numerical model and the laboratory-scale model are not in
complete similarity. Therefore, it is not possible to perform a quantitative validation of
numerical model using the experimental results. It is interesting to note that the laboratory-
tested optimized geometry is nonetheless able to guarantee a better distribution of material
within the hopper than the current one, even under different operating conditions and with
different materials than those for which it was optimized.

7. Conclusions
The distribution of the material in the hopper, and thereby the correct deposition of

the layers in the BF, is fundamental for good performance of the iron-making process.
For the examined facility, the charging system of the hopper is not able to guarantee

the desirable material distribution, and the poor performance is due to the presence of a
two-sided deflector, which only splits the material flow into two smaller flows, causing the
creation of two piles and two voids at the bottom of the hopper.

To improve the uniformity of material distribution at the bottom of the hopper, the
shape of the deflector was optimized. Three interesting geometries were identified for the
deflector, with three different optimizations corresponding to three different parameteriza-
tions of the geometry. These geometries have in common a belly shape that is very different
from the original shape of the deflector and able to alleviate the problem of segregation.
In fact, the distribution of both coke and iron ore in the hopper obtained with the new
deflectors has a lower standard deviation for both weight and number of particles in the
circumferential direction, indicating a reduction in the segregation effect. The first two
optimum geometries are vaguely similar, although the first has planar surfaces and the second
has curved surfaces. The performance is similar, too. The third optimum deflector, which
has the best performance, was obtained by learning from the results of previous optimiza-
tions while using a different parameterization that was simplified in the radial direction.
It constitutes a refinement of previous solutions, improving the cross-sectional shape. This
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complex shape succeeds in achieving close to the desired material distribution. This comes as a
reminder of how much the parameterization affects the optimization result. Consequently, its
formulation must represent a compromise between the need for simplification, motivated by
computational tractability, and the imperative of sufficient complexity to ensure an adequate
exploration for the optimal solution. The results obtained show that the shape optimization
leads to non-intuitive geometries, highlighting the importance of computational tools.

The optimized deflectors have shown much better performance than the two-sided deflector
in the numerical simulations. This improved behavior was confirmed by some experimental
tests, albeit in a qualitative manner. Unfortunately, it was not possible to test these deflectors
directly in the facility in order to verify the actual benefits for the iron-making process.

The decision to concentrate solely on optimizing the shape of the deflector, rather than
enhancing the entire charging system or replacing it with a more modern and efficient
alternative, was intended to identify a cost-effective solution that ensures ease of operation
and maintenance. However, the actual cost-effectiveness of the solution should be verified
and future research should explore this aspect. A limitation of this study lies in the absence
of a comprehensive cost analysis covering device construction, installation and maintenance.
Maintenance may constitute a significant expenditure, as the deflector is anticipated to
experience a rapid rate of material degradation, despite being constructed from cast iron.
This is because of the severe environmental conditions, particularly the presence of highly
corrosive gases from the BF and the abrasive impact of particulate matter on its surface.
The rate of degradation may also serve as a focal point for future research, which could be
instrumental in determining maintenance costs.

Beyond the results obtained for the specific context, this research activity remains
of great interest and the methodological approach could be extended to other similar
applications, e.g., in the field of food, chemical and pharmaceutical production.
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Appendix A. Relevant Statistics Definition
Let be n = 12 the number of radial sectors into which the hopper was virtually split, as

shown in Figure 3, for the statistics calculation. Indicating with P the weight, N the number
of particles and m = c, f the material (c is coke and f is iron), the percentage weight Pm%,s
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in sector s is computed summing the weights of all particles in sector s divided by the sum
of the weights of all particles fallen into the hopper. The percentage number of particles
Nm%,s in sector s is computed dividing the number of all particles in sector s by the number
of all particles fallen into the hopper.

The mean value of the percentage weight and the mean value of the percentage
number of particles are:

Pm%,mean =
∑n

s=1 Pm%,s

n
(A1)

and

Nm%,mean =
∑n

s=1 Nm%,s

n
, (A2)

respectively.
Given the definitions in Equations (A1) and (A2), the variance, the minimum and the

maximum of the percentage weight are:

σPm% =

√
∑n

s=1(Pm%,s − Pm%,mean)
2

n − 1
, (A3)

Pm%,min = min({Pm%,s}s=1,...,n), (A4)

Pm%,min = max({Pm%,s}s=1,...,n), (A5)

respectively, and the variance, the minimum and the maximum of the percentage number
of particles are:

σNm% =

√
∑n

s=1(Nm%,s − Nm%,mean)
2

n − 1
, (A6)

Nm%,min = min({Nm%,s}s=1,...,n), (A7)

Nm%,max = max({Nm%,s}s=1,...,n) , (A8)

respectively.
Lastly, the difference between iron and coke percentage weight in sector s is defined as:

di f f s =
∣∣∣Pc%,s − Pf %,s

∣∣∣ (A9)

and its mean value:

di f f s,mean =
∑n

s=1 di f f s
n

. (A10)

So, the variance of the difference between iron and coke percentage is:

σdi f f =

√√√√∑n
s=1

(
di f f s − di f f s,mean

)2

n − 1
. (A11)

Appendix B. Geometry Parameterization
Appendix B.1. First Optimization

The geometry is parameterized by the distance of four sections from the center of the
hopper and by the coordinates of four control points on each section.

Before the optimization phase, a sensitivity analysis on a DOE of 90 designs, generated
with the Uniform Latin Hypercube algorithm, was carried out to establish the variability
ranges of the parameters or their constant value.

The range for the variable parameters are reported in Table A1.
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In the nomenclature of parameters, the sections are numbered increasingly, starting
from the wall towards the center of the hopper, so S1 refers to the outermost section and S4
to the innermost section. z is the distance of the section from the hopper center, x and y are
the coordinates of the control points in each section, numbered as shown in Figure A1 (for
section 4 as an example).

Table A1. First optimization: variation ranges of the variables and values of variables for the
optimum design.

Parameter Minimum [mm] Maximum [mm] Design 319 [mm]

zS2 930 1430 1277
zS3 850 970 970
zS4 430 630 570

S1x1 25 100 113
S1x2 30 400 262
S1y1 30 590 91
S2x1 25 300 82
S2x2 30 1165 491
S2x3 35 1170 621
S2x4 900 1175 984
S2y1 30 320 283
S2y2 5 565 175
S2y3 5 565 175
S2y4 30 590 283
S3x1 25 300 259
S3x2 30 1165 637
S3x3 35 1170 956
S3x4 900 1175 1093
S3y1 30 590 590
S3y2 5 565 5
S3y3 5 565 5
S3y4 30 590 590
S4x1 25 300 137
S4x2 30 1165 632
S4x3 35 1170 859
S4x4 900 1175 903
S4y1 30 590 91
S4y2 5 565 183
S4y3 5 565 10
S4y4 30 590 36

Figure A1. Sketch of the parametrization: control points for the first device with planar surfaces.
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The first section is positioned on the same plane as the one where the device currently
in use is attached to the hopper, so its distance from the hopper center is constant. The
other three are parallel to the first one, with an adjustable distance between them.

On section 1 only 3 variables are defined, because the ordinate of point 2 is set to
constant value 595 mm and control points 3 and 4 are set symmetrical, in respect to the
vertical radial plane passing through the center of the hatch shape, to points 2 and 1 on the
same section, respectively.

On sections 2, 3 and 4:

• the values y2 and y3 were set as a function of y1 and y4, respectively, so that it is
always y1 ≤ y2 and y4 ≤ y3 avoiding the formation of hollows on the device surface,
where material would be deposited;

• it was imposed that x1 ≤ x2 ≤ x3 ≤ x4.

On sections 2 and 3 y1 and y4 values were bound to be equal, in order to reduce the
number of variables and limit the optimization computational time.

Appendix B.2. Second Optimization

The geometry is parameterized by the distance of four sections from the center of
the hopper and by the coordinates of six control points on each section. Compared to the
previous parameterization, two control points, 5 and 6, were added to uniquely define
the splines. For the generation of the new geometry, some parameters were set constant
and equal to the value that the corresponding parameter assumes in the optimal design
(Table A2). The parameter zS4 was set at 5505 mm instead of 5705 mm for reasons related
to the generation of the CAD model. For the same reason, parameter S1y5 is set at 595 mm.

Table A2. Second optimization: parameters with constant value.

Parameter Constant Value [mm]

zS4 550
S1x1 113
S1x2 262
S1y1 91
S1y2 595
S1y5 595
S2x1 82
S2x2 491
S2x3 621
S2x4 984
S2y1 283
S2y2 175
S2y3 175
S2y4 283
S3x1 259
S3x2 637
S3x3 956
S3x4 1093
S3y1 590
S3y2 5
S3y3 5
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Table A2. Cont.

Parameter Constant Value [mm]

S3y4 590
S4x1 137
S4x2 632
S4x3 859
S4x4 903
S4y1 91
S4y2 183
S4y3 175
S4y4 36

The range for the variable parameters are reported in Table A3.
In the nomenclature of parameters, the sections are numbered increasingly, starting

from the wall towards the center of the hopper, so S1 refers to the outermost section and S4
to the innermost section. z is the distance of the section from the hopper center, x and y are
the coordinates of the control points in each section, numbered as shown in Figure A2 (for
section 2 as an example).

The zS2 and zS3 parameters were made variable in a range of previous optimal design
values because, with the curved surface, the radial position of maximum and minimum
deflector height points do not coincide with the position of the sections.

It was imposed that x1 ≤ x5 ≤ x2, x3 ≤ x6 ≤ x4, y1 ≤ y5 ≤ y2 and y3 ≤ y6 ≤ y4.
On section 1, control point 6 is set symmetrical, in respect to the vertical radial plane

passing through the center of the hatch shape, to point 5 on the same section.

Table A3. Second optimization: variation ranges of the variables and values of variables for the
optimum design.

Parameter Minimum [mm] Maximum [mm] Design 196 [mm]

zS2 1225 1300 1300
zS3 920 990 990

S1x5 114 262 262
S2x5 83 491 471
S2x6 621 984 875
S2y5 283 457 387
S2y6 283 457 457
S3x5 310 580 553
S3x6 1000 1035 1000
S3y5 591 595 591
S3y6 591 595 592
S4x5 137 632 211
S4x6 860 902 885
S4y5 92 273 110
S4y6 36 45 41
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Figure A2. Sketch of the parametrization: control points for the second device with curved surfaces.

Appendix B.3. Third Optimization

The geometry is parameterized by the distance of three sections from the center of the
hopper and by the coordinates of seven control points on each section. This is because, from
the results of previous optimizations, it was seen that the first section was almost irrelevant.

The range for the variable parameters are reported in Table A4.
In the nomenclature of parameters, the sections are numbered increasingly, starting

from the wall towards the center of the hopper, so S2 refers to the outermost section and S4
to the innermost section. z is the distance of the section from the hopper center, x and y are
the coordinates of the control points in each section, numbered as shown in Figure A3 (for
section 4 as an example).

Each section therefore has 7 points with two coordinates each, but the ordinate of
point 2 is not independent because point 2 is bound to be on the same line as points 3 and 4.

Compared to the previous parameterizations, for section 2 it has been decided to allow
a greater variability of the lateral control points, allowing the section to reach up to 400 mm
in width.

It was also decided to allow a higher height for sections 3 and 4, so that the particles
collide with the device at a higher altitude than the previous devices.

Table A4. Third optimization: variation ranges of the variables and values of variables for the
optimum design.

Parameter Minimum [mm] Maximum [mm] Design 365 [mm]

zS3 900 1400 1350
zS4 400 700 430

S2x0 25 400 372
S2x1 0 S2x3/2.00 28
S2x2 0 S2x3/2.00 95
S2x3 0 S2x6 306
S2x4 0 S2x6 − S2x3 − S2x0 54
S2x5 0 S2x6 − S2x3 − S2x0 59
S2x6 800 1175 959
S2y0 30 300 228
S2y1 0 (S2y3 − S2y0)/2.00 60
S2y3 max(S2y0, S2y6) 595 514
S2y4 S2y3/1.05 S2y3/0.95 531
S2y5 0 (S2y3 − S2y6)/2.00 33
S2y6 30 300 39
S3x0 25 400 175
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Table A4. Cont.

Parameter Minimum [mm] Maximum [mm] Design 365 [mm]

S3x1 0 S3x3/2.00 9
S3x2 0 S3x3/2.00 31
S3x3 S3x0 S3x6 184
S3x4 0 S3x6 − S3x3 − S3x0 205
S3x5 0 S3x6 − S3x3 − S3x0 163
S3x6 800 1175 884
S3y0 30 600 532
S3y1 0 (S3y3 − S3y0)/2.00 69
S3y3 max(S3y0, S3y6) 700 684
S3y4 S3y3/1.05 S3y3/0.95 709
S3y5 0 (S3y3 − S3y6)/2.00 22
S3y6 30 600 589
S4x0 25 400 334
S4x1 0 S4x3/2.00 63
S4x2 0 S4x3/2.00 105
S4x3 S4x0 S4x6 234
S4x4 0 S4x6 − S4x3 − S4x0 110
S4x5 0 S4x6 − S4x3 − S4x0 110
S4x6 800 1175 866
S4y0 30 400 171
S4y1 0 (S4y3 − S4y0)/2.00 40
S4y3 max(S4y0, S4y6) 700 405
S4y4 S4y3/1.05 S4y3/0.95 408
S4y5 0 (S4y3 − S4y6)/2.00 10
S4y6 30 400 311

Figure A3. Sketch of the parametrization: control points for the third device with curved surfaces.
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