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Abstract. This paper outlines the conceptual and numerical design process of a comminution equipment centered on particle
breakdown through impact. The process is divided into four stages, starting with the generation of device concepts achieved by
developing a needs matrix for an optimal machine. Subsequently, in the second stage, various equipment shape proposals were
introduced and tested, with the selection of an optimal proposal determined through performance comparisons. For comparison
purposes, simulations utilizing the discrete element method (DEM) were conducted, considering analyses of accumulated power
from collisions and particle breakage. Once the optimized prototype was identified, a breakage simulation was conducted to
measure the device's reduction ratio. In the third stage, the machine elements of the device were calculated. Finally, in the fourth
stage, a series of simulations utilizing the finite element method (FEM) were carried out to perform structural and modal analyses
of the final design. The evaluated variables identified in the simulations played a crucial role in optimizing the design, ultimately
resulting in a device with a reduction ratio of 1:19.8 for limestone.

Keywords: Comminution, Mining, Machine Design, DEM, FEM.

1. Introduction

The grinding and crushing processes are identified as the largest consumers of energy in mining comminution operations.
Between 30 to 70% of the total energy consumption is attributed to comminution, with up to 50% specifically allocated to grinding
[1]. This inefficiency underscores the need for process improvement. By exploring new technologies in the search for real innovation
in comminution machines, there is potential to reduce energy consumption in comminution [2].

In the quest for innovative machinery, parametric analysis facilitates the systematic exploration of designs. Here, establishing
decision rules and identifying the most critical parameters become genuinely crucial for optimizing designs. In the current
literature, it is possible to find valuable tools employed in decision-making processes. For instance, in manufacturing processes, it
is possible to find the application of Rough Sets Theory as a data mining tool [3] or the application of discriminant analysis [4]. Such
applications simplify the identification of relationships between parameters and predict responses to various combinations of input
parameters. Other tools, such as real-time analysis, offer information for prompt decision-making and response generation. Real-
time monitoring applications are observable in reliable applications that streamline obtaining information [5]. Additionally, taking
advantage of emerging disruptive technologies, such as machine learning or the Internet of Things, real-time analysis is used to
facilitate the development of customized product design [6].

Computational mechanics methods play a fundamental role in developing innovative designs for grinding and crusher devices.
Currently, the application of new techniques has the potential to enhance the utility of computational simulations. Modern
advancements in geometry representation methods of microstructures can supply suitable input for computational fluid dynamics
(CFD) simulations [7]. Likewise, numerical analyses can be validated and enhanced through the use of digital image correlation (DIC)
techniques [8]. Recent studies provide insights into determining the appropriate speckle pattern for achieving accurate strain
measurements [9] and even establishing the suitable speckle size if DIC analysis is conducted at a microscale [10]. Additionally,
various methods exploring different numerical approaches are currently under development, such as the continuum-discontinuum
element method (CDEM) to investigate hydraulic fracture propagation [11]. These examples illustrate how computational mechanics
offers opportunities to overcome constraints and drive genuine innovation.

However, computational techniques must involve proper modeling of the comminution process, allowing fundamental
understanding of particle behavior inside the devices, as well as the breakage of particles in the process [12]. Especially, if it is
required to make predictions about the operation performance of these devices. Under this context, the discrete element method
(DEM) emerges as the tool best suited for studying the operational environment of crushing devices, while also providing a suitable
framework for model comparison.

Published online: June 23 2024 A‘rf‘



144 R.M.R. Panduro et al., Vol. 11, No. 1, 2025

) @ ® o)

Modeling of Is the ves | Machine )
Crevaron [ shapesand (ol B | prtotype 3 clements (=) T il S G
& dimensions S calculation SHnLations P yp

optimal?,

A

Fig. 2. Process flow diagram for design of novelty machine.

The discrete element method (DEM) is a numerical method based on the application of Newton’s second law and contact models
to solve forces acting on particles. Commonly used contact models are the Linear spring-dashpot model [13], Mindlin-Deresiewicz
model [14], and Walton and Braun’s model [15]. Computational simulations based on DEM provide a mechanistic approach to the
environment inside comminution devices, where the chaotic environment can be described as a deterministic process on a particle
scale [16]. Therefore, DEM is perfectly applicable to the study of crusher device performance. Since DEM was proposed by Cundall
and Strack [13], several authors have supported DEM as a reliable and powerful tool to understand and model particle systems, as
it is reviewed by Zhu et al. [17,16], Weerasekara et al. [18] and Tavares [19]. A great example of DEM application in search for novelty
comminution devices is presented by Nordell and Potapov [20], where under a novel comminution machine concept, the Conjugate
Anvil-Hammer Mill, DEM simulations enable performance comparisons against current equipment in the industry. DEM
applications address the study of granular and discontinuous materials by analyzing particle flow, packing, transport, and mixing.
DEM not only encountered applications in mining but also in other industries, such as pharmaceutical and food. Just to mention a
few examples in the vast literature, it is observed in applications like design of eccentric feed hoppers for tablet presses [21],
simulations of drying of wood chips in a baffled laboratory rotary dryer [22], optimization of a circularly vibrating screen [23], new
design of SAG mills end liners [24], investigation of mill rotor shape in centrifugal bead mill [25], and design and optimization of a
planetary gear [26].

To carry out a more realistic analysis inside crusher devices is necessary simultaneous simulation of flow particles and breakage,
as well as the use of non-spherical particle shapes [27]. Analysis with non-spherical particles allows capturing a wider range of
geometric characteristics of crushing devices and consequently determining if the analyzed geometries can crush particles more
efficiently, as shown in the case of ellipsoidal particles [28]. According to the approach taken to model the generation of the progeny
particles after collision events, different approaches to breakage modeling were presented and analyzed in the literature [29]. Where
models based on the particle replacement approach, such as the model proposed by Cleary [30] or the one presented by Tavares et
al. [31], allow a better application for crusher device simulations.

Taking advantage of the entire potential of DEM analysis, besides the current development of DEM simulations that are
increasingly realistic, this paper aims to present the methodology used in the search for a novel comminution device. The presented
methodology addresses the entire design process, from the solution concept generation to the concretization of the optimized final
prototype for a comminution device. The optimization of characterized parameters is achieved through the application of
computational methods FEM-DEM. As the DEM simulations are the principal tool in testing and choosing the proposal of the new
comminution device, commercial software Rocky DEM is used to perform the simulations.

The paper is structured as follows: Section 1 outlines the approach to discrete element method objectives and their potential
applications in the design of crushers. Section 2 examines in depth the steps that constitute the proposed methodology,
accompanied by its application in the development of an innovative device design. In Section 3 general results are discussed. Finally,
in Section 4 conclusions are given.

2. Materials and Methods

The final prototype layout of the new comminution equipment is depicted in Fig. 1. The process flowchart used to develop the
novelty comminution machine is depicted in Fig. 2. The methodology is divided into four stages:

e Stage 1, Concept generation.

e Stage 2, Shapes generation.

e Stage 3, Calculation and selection of the machine elements.

e Stage 4, Structural Analysis.

Journal of Applied and Computational Mechanics, Vol. 11, No. 1, (2025), 143-159 A\v,‘



Design Methodology of a Novel Comminution Machine 145

Table 1. Listed needs - Raw data.

Easy to change liner.

Removable lining.

Reliability.

Low risks of injuring the operator.
Low risks of damaging the equipment.
Low risks of bad operability.

Shut down in case of overload.

High capacity.

Low operative cost.

Low energy consumption.
Low components wear ratio.
Wear resistant lining.

High efficiency.

Efficient use of energy.

Easy maintenance.

2.1. Concept generation

The concept generation was structured based on the guidelines presented by Ulrich and Eppinger [32]. Four steps are established
to achieve the process. The first step is the identification of needs, the second step is the establishment of the specifications, the
third step is the generation of the concepts of solution, and finally, the fourth step is the choice of the best concept.
In the first step, the process consists of the identification of the principal customer necessities. Needs are collected, then are
hierarchized and ranked by importance. The collection of the needs follows criteria such as maintenance and practicality. The
identified needs that are tagged as raw data are shown in Table 1.
The second step, the establishment of specifications, is achieved by translating the ranked raw data into punctual requirements
for new comminution devices. The third step, the generation of the solution concepts, is addressed following three sub-steps. The
first sub-step is the clarification of the process. According to Ulrich and Eppinger [32] the black box, which represents the overall
function of the novel device, should be decomposed into sub-functions or sub-problems. The black box subfunctions are represented
by material, energy, and signal operating flows, as shown in Fig. 3.
The second sub-step is an external search for solutions. As the aim of the present paper is to design a new comminution
machine, the decompound process is key in the analysis of the sub-functions, especially in how to apply converted energy to the
mineral. Several concepts of solution that could solve the subproblems were proposed, such as decompound by compression,
decompound by ore-ore impact, decompound by ore-surface impact, decompound by ore-surface abrasion, decompound by ore-ore
abrasion, decompound by P wave [33], decompound by leaching and decompound by bioleaching. The third sub-step is the
systematic exploration of potential solutions. It is accomplished by the combination of concepts of solutions that have been
proposed to solve the subfunctions. As a result, several solutions for the comminution device are obtained from combinations,
principal solutions are listed below:
A. Mill with internal rotor: This conceptual solution uses an internal rotor placed into a mill rotating with an angular velocity,
higher than the critical required. the model aims to promote collisions between particles placed in the internal wall mill
with particles that are thrown by the internal rotor (Fig. 4(a)).

B. Impact crusher conducted by a sprinkler: This machine aims to instigate the ore-ore impact break mechanism through two
feeding inputs. One input lets one group of particles enter through the equipment periphery, while the second input lets the
other group of particles enter through an internal rotor which impulse them to impact the first group of particles (Fig. 4(b)).

C. Impact spoon: This equipment uses a rotor whose blades present a cavity where groups of particles are propelled against
input particles that fall by gravity (Fig. 4(c)).

D. Double rotor impactor: This proposal uses two rotors to make the particles impact each other producing breakage (Fig. 4(d)).
As a result, this equipment presents the particle breakage system based on decompound by ore-ore impact.

Finally, in the last step, the generated solutions were scored in a selection matrix, the concepts were weighted regarding
productivity, energy consumption, primary needs satisfaction, innovation, safeness, manufacture costs, technological complexity,
delivery term, availability, structure materials, ease of assembly, maintenance, operability, and environmental impact. As a result,
the concept of solution D “Double rotor impactor” is chosen.

2.2. Shapes generation

The generation of shapes and dimensions for the device is addressed in three stages, that follow the subfunctions of the concept
of solution pattern.

2.2.1.Shape of the surrounding geometry of the rotors

This stage involves the structure that interacts with the rotors. The final geometry aims to receive, store, direct the minerals
toward proper contact with the rotors and finally, direct the products to the outlet. Figure 5 shows the three prototypes proposed
according to the feed pattern. The geometry shown in Fig. 5(a) aims for a transversal inlet that lets particles be positioned just
before the contact with the rotors. Geometry presented in Fig. 5(b) aims to impulse the particles toward a surface or other particles,
to achieve this, the particles are conducted toward a tangential position to the contact with the rotors. Finally, in Fig. 5(c) the aim is
that the particles fall toward contact with the rotors, thus a single entry in the upper middle zone that allows the feed to be
bifurcated is proposed. To carry out DEM simulations, an initial trial shape of the rotor is established.
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Fig. 3. Functional diagram of a novelty comminution machine from a functional decomposition. It shows the subfunctions obtained from the
refinement of the black box.
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Fig. 4. Comminution machines design proposals. (a) Mill with internal rotor. (b) Impact crusher conducted by a sprinkler. (c) Impact spoon. (d) Double

rotor impactor. Red arrows represent the mineral flow through the machines.
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Fig. 5. Prototypes of the machine based on feed pattern. (a) Transversal feed. (b) Lateral feed. (c) Top feed. Red arrows indicate inlets and outlets of
minerals. It is possible to observe how are distributed the inlets.

2.2.1.1. DEM Simulations

To decrease the computational cost of the DEM simulations, the so-called Energy Spectra tool was performed instead of a
complete breakage analysis. Energy spectra enables the collection of collision statistics per collision type, values for contacts inter
particles and particles with each internal component of the prototypes (rotors, inlet surfaces, internal plates, outlet surfaces, etc.)
are stored and then analyzed. The parameters used in the configuration are summarized in Table 2. For each prototype, three
different rotor speeds (700, 1200, and 1800 rpm) are tested.

Table 2. Parameters used in DEM simulations.

Contact model

Normal force Hysteretic Linear Spring
Tangential force Linear Spring Coulomb Limit
Mechanical properties
Density 2500 kg/m?
Ore Young modulus 1.00E+08 N/m?
Poisson’s ratio 0.3 -
Density 7850 kg/m?
Surfaces Young modulus 1.00E+11 N/m?
Poisson’s ratio 0.3 -
Rigid ball particle parameters
Diameter 0.02 m
Number of particles 1328 -
Feed 10 t/h
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The analysis of the results is based on the comparison of the cumulated specific power of the total number of particle collisions.
However, since the aim of the structure is to promote an efficient interaction between particles and rotors, the analysis is focused
on the power generated for the couple particle-rotor. The results of the total cumulated power of the couple are shown in Fig. 6.
There is a notable difference in the performance of the prototypes in support of the top feed. Additionally, the results show the
highest cumulated specific power at 1800 rpm, which is a representative speed. It is possible to infer that the top feed allows for

better contact between particles and the rotor compared to the other proposals, consequently, the prototype with the top feed is
selected.

2.2.2. Shape of the rotors

In this section, six prototypes of the impact rotors were proposed, as shown in Fig. 7. For the six shapes presented, the concept
and form of the rotor proposed in solution concept C (Fig. 4(c)) shown earlier has been taken as the baseline reference. The
generation of the six alternatives shown in Figure 7 is the result of an intensive investigation, innovation and evaluation with DEM
of alternatives geometries to the initially proposed, also some insights from the industry was considered. The following analysis
aims to identify which of the rotors have the best performance promoting breakage.
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Fig. 6. Energy spectra curves of surrounding structure prototypes.
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Fig. 7. Proposed rotor prototypes. (a) Rotor A. (b) Rotor B. (c) Rotor C. (d) Rotor D. (e) Rotor E. (f) Rotor F.
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Fig. 8. Energy spectra curves of rotor prototypes.
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Fig. 9. Final prototypes. (a) Prototype A: Structure A with two different pairs of rotors. (b) Prototype B: Structure B with four equal rotors. (c) Prototype
C: Structure B with two different pairs of rotors. (d) Prototype D: Structure A with four equal rotors.

2.2.2.1. DEM Simulations

To achieve rotor prototype performance comparisons, energy spectra of cumulated power in interactions between particles and
rotor are analyzed as well. The tests are carried out using the surrounding rotor’s shape selected previously. Simulations were
configured for each rotor prototype rotating at 1800 rpm. Additional parameters were input according to the information in Table 2.
Simulation results are presented in Fig. 8, where the cumulated power curve of prototype F has reached the highest values in
comparison to the others, therefore, prototype F is selected.

2.2.3. Shape of the final prototype

Once the structure and rotor shapes have been defined, final dimensions, such as the separation between rotor axes or the drop
height of the particles need to be settled. Figure 9 shows the four final prototypes proposed for the analysis. Two final structure
shapes are combined with two different arrangements of four rotors. The structure shapes present just slight modifications
concerning the shape selected in the previous section. The new structure shapes are tagged as Structure A and B. Figures 9(a) and
9(d) show Structure A in combination with two pairs of rotors of different sizes, in the same way, Figs. 9(b) and 9(c) use Structure B.
The aim of the process is that the pair of rotors placed on the top would generate the greatest number of broken particles. On the
other hand, the pair on the bottom should achieve the rupture of missed particles and complete the rupture of big-size fragments
resulting from the initial collisions to obtain a proper product particle size.

2.2.3.1. DEM simulations

Several DEM simulations were carried out including the breakage option using the so-called Tavares Model [34]. Limestone is a
representative material chosen to model the final prototypes. Tavares breakage input parameters were collected from Andre et al.
[34], and presented in Table 3. Table 4 presents other required parameters.

In the first simulation stage, particle movement and values of size reduction, presented in Fig. 10, are analyzed. It can be noted
that, in general, the particle sizes range from 20 mm to about 6 or 7 mm. So, at first instance, there is not a notable difference
between the prototype's performance. However, Structure A promotes less accumulation of particles close to the walls, therefore,
less pressure is applied over the structure. Simulations show that the particles are broken in the first collision, so the difference in
the structure shapes does not disturb breakage behavior. Results for more exhaustive simulations carried out in the second stage
are shown in Fig. 11. In this stage, the analysis is focused on the particle size of products. Comparisons show a slightly superior
performance of the final prototype A, composed of Structure A with the arrangement of different rotor sizes. Finally, based on
previous results, the prototype A is chosen as the final model of the device.

Finally, the last simulation of the selected final prototype was performed to establish the reduction ratio. The simulation is
presented in Fig. 12, analysis shows that the prototype reduced the particle size from 20 mm to about 1.00862 mm, which means a
ratio of 1:20. Results can be considered satisfactory, taking into account that machines such as jaw crushers, can reach ratios of 1:7
[35].

Table 3. Parameters of the Tavares breakage model.

Parameter Sub-parameter Numeric value
Static friction coefficient 0.3
. . . Dynamic friction coefficient 0.3
Limestone - Structure interaction . .
Tangential modulus ratio 1
Restitution coefficient 0.3
Static friction coefficient 0.6
. . . . Dynamic friction coefficient 0.6
Limestone - Limestone interaction . .
Tangential modulus ratio 1
Restitution coefficient 0.5
Vertical ratio 1
. Horizontal ratio 1
Particle shape data (polyhedral) Number of corners 50
Super-quadratic grade 2
o’ 0.642
.../ e, 4
e 1[)/kg]
e, 7 [/kg]
Particle breakage parameters (Tavares model) d, 0.1 [m]
¢ 0.8
¥ 5.4
A 53.3
b' 0.033
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Table 4. Parameters used in DEM breakage simulations.

Contact model

Normal force Hysteretic Linear Spring
Tangential force Linear Spring Coulomb Limit
Mechanic parameters
Density 2710 kg/m?
Limestone Young modulus 5.00E+08 N/m?
Poisson’s ratio 0.3 -
Density 7850 kg/m?
Surfaces Young modulus 1.00E+11 N/m?
Poisson’s ratio 0.3 -
Polyhedric particle parameters
Equivalent diameter 0.06 m
Number of particles 4 -
Feed 10 t/h
Breakage parameters
Model Tavares breakage
. . . Model Gaudin-Schumann -
Particle size distribution . .
Minimum size 0.001 m

FParticle Size Farticle Size

(mm) (mm)
16.5703 16.7894
13.1406 13.5788

9.71096

6.28128

L

Particle Size

Paricle Size fmm)
(mm)
B
16.5563
166117
13.1126
13.2234

9.66892

9.83507

6.22522

6.44676

© (@

Fig. 10. Particle breakdown results of final prototypes. (a) Prototype A. (b) Prototype B. (c) Prototype C. (d) Prototype D. The flow of particles and

broken fragments within the prototypes are shown. The crucial role of the plates in guiding the products can be noted.
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Fig. 11. Product particle size for final prototypes. Prototype A in red curve color, which combines Structure A with different pairs of rotors, reaches
the minimal values of the average product particle curve at the end of the simulation.
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Fig. 12. Particle size reduction in a final prototype selected.

2.3. Calculation and selection of the machine elements

2.3.1. Power calculation

In order to calculate the required power rating, it becomes necessary to identify the loads and total momentum applied to the
rotors. Once these variables are known, the following equation is applied:

P = wMyf, (1)

where P stands for power consumption, w is the angular velocity, M is the resultant momentum at the rotors, and f; is the factor of
safety corresponding to the operational conditions. The resultant moment M is obtained from the DEM analysis by extracting the
reactant moment calculated in the rotor shaft. Also, a standard safety factor fs of 2 is considered in order to cover mechanism
inaccuracies. The corresponding moment values M for the superior and inferior rotors are 5.4407 N.mm and 2.4185 N.mm, resulting
in power consumptions of about 2.05 kW and 0.92 kW, respectively. Therefore, motors of 2.2 kW (3 hp) and 1.5 kW (2 hp) are selected.

2.3.2. Drive system calculation

The chosen transmission system for this machine relies on belt drives due to the high angular velocities in the rotors. The
calculation follows the procedure outlined by Mott [36]. Figure 13 illustrates the configuration of the belt drive, with Figs. 13(a) and
13(b) depicting the superior and inferior rotors, respectively.

The required design power is determined by multiplying the power rating of the motors by the required service factor. The
service factor Sf, based on the driven load and considering the AC motor normal torque, operation for a maximum of 15 hours per
day, and moderate shock loading, as specified by Mott [36], is found to be 1.3. Consequently, the design power for both types of
rotors is calculated as 2.9 kW and 1.95 kW, respectively.

In terms of belt parameters, a 3V belt cross-section is recommended due to the speed of the selected input rotors, which
corresponds to 1800 rpm. The machine is designed to utilize sheaves with equal pitch diameters, resulting in nominal speed ratios
of 1. With the recommended belt speed of 20 m/s, the calculation of the sheave diameters yields approximately 215 mm. Verification

Journal of Applied and Computational Mechanics, Vol. 11, No. 1, (2025), 143-159 AVA
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is conducted with a trial diameter of 200 mm being selected. Accordingly, a pitch diameter of 200 mm is selected for the sheaves.
Furthermore, the rated power per belt is determined to be 7.45 kW for both the superior and inferior arrangements.

According to Mott procedures [36], the center distances CD and belt length values for the superior rotor result in 748 mm and
2159 mm, respectively, and for the inferior rotor result in 634 mm and 1905 mm, respectively.

Finally, in order to obtain corrected power ratings, the wrap correction factor Cs and the belt length correction factor Ci. were
selected. Those values were estimated taking into account information described in Chapter 7 of Mott [36]. For belt lengths of 2159
mm and 1905 mm, and an angle of contact of 180°, the selected values are Cy equal to 1 for both superior and inferior rotors, Cv
equal to 1.06 for superior rotor and C. equal to 1.04 for inferior rotor. The corrected rated power for each rotor is calculated by
multiplying Cs by C. by the value of power per belt previously calculated. Therefore, the corrected rated power for the superior and
inferior rotors are 7.9 kW and 7.75 kW, respectively. Dividing the design power over the corrected power rating per belt, the minimum
number of belts results in 0.37 and 0.25, which means that in both cases, at least 1 belt is required for each rotor.

2.3.3. Shaft calculation

In the previous procedure, all motor-shaft rotors resulted in the same sheave size. However, as each pair of rotors presents
different loads and torques, two shaft models are calculated following the same calculation process detailed below. The shaft
calculation process starts by extracting the loads and torques at the center of both different rotors shafts obtained from the DEM
analysis. According to Mott [36], tensions at sheaves must fulfill the following equation:

T2 —
T, =5 (2)
where T2 is the tight side tension and Ti is the slack side tension.
Figure 14 depicts the general schematic of the forces applied to each shaft. Both shafts have the same geometry and
arrangement of components; however, the forces have different magnitudes. It should be noted that the values of the loads are
obtained from DEM analysis. In the figure, R: and R: represent the reactions of the bearings on the shaft. Each rotor is coupled to
each shaft by two keyways, and the corresponding loads are represented by the forces Frowor1 and Frowr2. The weight of each rotor is
represented by two loads applied at the contact points with the keyways, represented by Wiotor1 and Wiotor2. Last but not least, the
weight of the pulley Wpuiey and the load due to the tension F, are considered. The loads on the shaft are analyzed, and force diagrams
for shear forces and bending moments accompany the calculation. The torsional moment at each point of each shaft is also
calculated.

CD

2.2 kW motor— .\
at 1800 rpm LN

(@ (®)

Fig. 13. Belt drive configuration for the superior, (a) and inferior (b) rotors.

+W

-2 rotor2
rotorty ™+ W rotors ' F oyt WPU/Iev
R R : )

*L 87 mm 198 mm 87 mm J—-‘)S mm —=

‘ 87 mm 198 mm 87 mm 98 mm —=

RI: F rotorlz F rotor2z RZ: F 21

()
Fig. 14. Loads applied on the shaft (a) loads applied in the plane yx, (b) loads applied in the plane zx.
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After the identification of the loads and moments acting at the shafts, the next step is to calculate the shaft diameters. It starts
by obtaining a pre-calculated diameter [38] which is then verified to fulfill some criteria:

16T
d,, =3 FS 3
! TTpuL ®

where T is the torsional moment at the evaluated zone, 7, is the pulsating shear stress of the material shaft, and FS is the
recommended uncertainty factor, whose value depends on whether it is subjected to torsional and bending moments or only
torsional moments.

The calculations focus on the most critical zone of the shaft, where the highest bending moments are applied. According Fig.
14, this zone corresponds to the position where the force R. is applied, with the correspond bending moment values of 19315.078
N.mm and 12545.746 N.mm for the superior and inferior shaft, respectively. Additionally, the maximum torsional moments for the
superior and inferior shafts at that position are 11867.832 N.mm and 14918.088 N.mm, respectively. Considering an uncertainty
factor FS of 15, recommended factor for rough calculation of torsional stress [38], additionally considering fatigue strength under
pulsatingload 7., equals to 170 MPa for St37-2 steel [40]. The precalculated diameter for the superior and inferior shaft is 17.471
mm and 18.856 mm, respectively. However, a diameter of 30 mm is used for both shafts, taking into account the keyways dimensions.

To ascertain the adequacy of the precalculated diameter, the fatigue criteria are applied. The following safety factor FSp: must
be at least 1.5 [38], the following equations are used:

o
FSpu = @
o, = (0" +3(aer")’ ©)
OaL
Oy =—"""— 6
° 1737 (©)
. 5
7T CCC v
. B,
! t CSCthCtemp Tt (8)
By =1+m(a; —1) )
B =1+mn (0, - 1) (10)
32M
_ f 11
i rd? ( )
16M
T = ﬂ_dSt (12)

where o, is the alternating normal stress, o, is the equivalent stress, «, is the effort ratio according to C. Bach, Cs is the
coefficient for surface finish, C: is the coefficient for diameter, C. is the coefficient for reliability, Cwmp is the coefficient for
temperature, §; is the concentration factor of bending effective stresses, f, is the concentration factor of torsional effective
stresses, m is the notch sensitivity factor according to Thum, «; is the shape factors of notched round bar under bending stress,
a, is the shape factors of notched round bar under torsional stress, 7, is the pulsating shear stress of the material shaft, Myis
the bending moment at the evaluated zone, M: is the torsional moment at the evaluated zone and d is the shaft diameter.

Table 5. Values of fatigue criteria parameters.

Superior Shaft Inferior Shaft

T 200 [MPa] 200 [MPa]
T 170 [MPa] 170 [MPa]

o, 21.109 [N.mm] 15.041 [N.mm]
a, 0.679 0.679

C, 0.941 0.941

C, 0.862 0.862

C. 0.814 0.814
Coanp 1 1

B; 1.84 1.84

B, 1.44 1.44

n, 0.4 0.4

a; 3.1 3.1

a, 2.1 21

M, 19315.078 [N.mm]  12545.746 [N.mm]
M, 11867.832 [N.omm]  14918.088 [N.mm]
r 0.6 [mm] 0.6 [mm)]

d 30 [mm)] 30 [mm]
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Table 5 summarizes the values and results of equations (4) to (12). The coefficients Cs, Ct, Cc, and Crmp are obtained from Shigley’s
chapter 6 [37]. The values of the coefficients n, o and o, are obtained from Steinhilper & Roper, chapter 3 [39]. Equations (5) and (6)
are settled according to Kohler, section of Development of the calculation procedure for shafts and axles [38]. Finally, values of o,
and T7,, obtained from [40]. As a result, taking into account the geometric dimensions of the shaft, the diameter d and the notch
radius r, the safety factor FSs: for the upper and lower shafts is 9.475 and 13.297, respectively.

2.4. Structural analysis
2.4.1.FEM analysis

Once favorable safety factor values for both the lower and upper shafts have been achieved, the next step is to examine the
potential occurrence of resonance effects. This involves comparing the operational rotating speed with the rotating speed
corresponding to the natural frequency. Utilizing rotodynamic FEM analysis, the first four modes of both shafts with their rotors
and pulleys are obtained, depicted in Figs. 15 and 16. According to Koéhler [38] and Steinhilper & Roper [40], the ratio of operational
rotating speed to the rotating speed corresponding to the natural frequency should be less than 0.8 or greater than 1.15 to ensure
sufficient distance from the resonance zone. Based on the DEM analysis, the operational rotating speed of the shaft is determined
to be 1800 rpm or 188.496 rad/s. Additionally, the lowest natural frequency values for both the upper and lower shafts are found to
be 295.55 Hz or 1857 rad/s, and 299.4 Hz or 1881.19 rad/s, respectively. Consequently, the rotating speed ratios for both shafts are
approximately 0.1, indicating operation under sub-critical conditions.

Type: Total Deformation
Frequency: 295.55 Hz
Sweeping Phase: 0. °

Type: Total Deformation
Frequency: 310.69 Hz
Sweeping Phase: 0. °

Unit: mm Unit: mm
Custom
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8.6102 1 gasm
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5.1661 4.2436
3444 21218
1.722 0 Min
0 Min
0.00 200.00 (mm) Z.i‘ "
100.00
(@) (b)

Type: Total Deformation
Frequency: 318,75 Hz
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Unit: mm
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Type: Total Deformation
Frequency: 510.53 Hz
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14.105 Max
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4.7016
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000 200,00 (rrr) Z‘i‘ .
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Fig. 15. Modal analysis of the superior rotor. (a) First mode. (b) Second mode. (c) Third mode. (d) Fourth mode.
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Type: Total Deformation
Frequency: 311.93 Hz
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Fig. 16. Modal analysis of the inferior rotor. (a) First mode. (b) Second mode. (c) Third mode. (d) Fourth mode.
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Type: Total Deformation Type: Total Deformation
Frequency: 322,84 Hz Frequency: 340.38 Hz
Sweeping Phase: 0. ° Sweeping Phase: 0.°
Unit: mm Unit: mm
15.186 Max 11.487 Max
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Fig. 16. Continued.

Type: Equivalent (von-Mises) Stress

Unit: MPa Type: Equivalent (von-Mises) Stress

Unit: MPa
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Fig. 17. Von-Mises equivalent stress in a Double rotor impactor machine. (a) Final prototype results. (b) Reinforced model with simplified geometry.

Concurrently, the structural analysis of the machine is conducted using the finite element method (FEM) and mechanical loads
derived from the DEM analysis. A mesh convergence study was conducted, focusing on the equivalent Von Mises stress. Based on
an initial simulation, a quadratic adaptive mesh refinement was applied, increasing the configuration from 634,580 nodes and
193,524 elements to 1,309,382 nodes and 668,891 elements. This resulted in a final value of 31.072 MPa, representing a 5.2% variation
from the initially obtained equivalent stress. Figure 17(a) shows the critical point where the maximum equivalent stress occurs,
notably at the top of the structure. For comparison purposes, a subsequent analysis of this section was performed after adding
reinforcements to the critical section. Similarly, a convergence analysis was carried out, refining the mesh from an initial
configuration of 242,817 nodes and 102,532 elements to 2,051,197 nodes and 1,306,725 elements. The final quality of the tetrahedral
mesh corresponds to a torsion metric value of 0.35. The final equivalent stress for the modified geometry is 10.008 MPa (Fig. 17(b)).
However, for the safety factor calculation, the equivalent stress obtained in the original structure simulation is used. Considering
the yield stress of 250 MPa for 2 mm thick ASTM A36 steel plates, a safety factor of approximately 8.05 has been determined for the
structure. Since this safety factor for this machine in the mining industry is high, it appears that the slight variation demonstrated
in stress calculations due to mesh refinement is not detrimental. Additionally, structural stability is assessed through modal
analysis, with results depicted in Fig. 18. The analysis indicates that the lowest frequency value among the first four modes is 102.75
Hz. Given a motor speed of 1800 rpm and a frequency value of 29,990 Hz, the established working conditions do not reach the
minimum natural frequency, ensuring structural stability.

Furthermore, the structural design features lower trapezoidal profiles on the sides, enhancing minimizing the potential for
resonance in the rolling movement of the structure, particularly evident in the first vibration mode. Resonance in the second and
fourth vibration modes is also mitigated by the support of the lateral profiles. To further mitigate resonance in the second vibration
mode, adjustments have been made to the front and rear profiles, and the plate thickness has been increased. Following the
evaluation of proposed structure dimensions, component arrangement around the mining equipment is developed. As illustrated
in Fig. 19, a small deposit is incorporated at the lower position of the structure to collect crushed particles. Additionally, electric
motors are positioned in side spaces of the equipment to transmit power to the two axes via belts and pulleys.
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Fig. 18. Modal analysis of a Double rotor impactor final prototype. (a) First mode. (b) Second mode. (c) Third mode. (d) Fourth mode.

3. Discussion

Following the staged process outlined in Section 2, the final prototype is depicted in Fig.19. Additionally, Fig. 20 displays the
constructed model. Besides its inherent function, the machine can be adapted to function as an experimental setup for breakage
testing. In this setup, particles of arbitrary sizes can be dropped onto the machine from above to be impacted by one of the rotors.
The resulting particle size and the energy generated by the rotor impact can then be measured and correlated to support the
development of new breakage approaches. As a logical outcome of the simulation process, the presented design method offers the
advantage of assessing and prioritizing various comminution design concepts, optimizing them to their fullest extent, and
postponing the manufacturing of prototypes for effectiveness testing until the final stages. This approach effectively reduces costs
associated with the design process.

Once more, as indicated in the literature, DEM simulations have demonstrated their potential as the primary tool for developing
prototypes of comminution devices and establishing operational parameters. DEM enables designers to directly leverage their
creativity. Thus, developing a robust breakage model is key to eventually eliminate the need for real experimentation. Progress in
this area will achieve more closely mirror real-world conditions. The outcomes of this effort will result in substantial benefits for
design processes, efficiency, and cost savings.

The contribution of this work lies in the presentation of the methodology, which combines techniques and procedures that
could achieve innovative design. The elaboration of the design concept and the analysis of particle treatment processes rely on a
set of tools, including analytical hierarchical criteria and the decomposition of complex problems described by Ulrich and Eppinger
[32], to organize the best design solution concepts. Additionally, the use of DEM to achieve comparisons, serving as the main tool,
based on particle energy spectra to evaluate the efficiency of each solution concept in particle treatment with low computational
cost. Furthermore, the complementary application of the Tavares breakage model analyzes particle fragmentation for all variations
of the prototypes. The integration and organization of these processes contribute to a comminution machine design method capable
of creating, ranking, evaluating, and calculating new comminution machine concepts.

To address the reduction of computational costs, within the DEM approach, the application of energy spectra analysis has been
considered. In the case of structural analysis, due to limited computational resources and the level of detail in the assembly, a
convergence analysis was not carried out. Consequently, an interesting alternative for evaluation based on vibrational and
resistance criteria through FEM simulations is the application of analysis based on Differential Quadrature Methods (DQM). As
shown in various studies [41-45], the DQM technique is used to investigate vibration and bending behavior.
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Fig. 20. Double rotor impactor constructed model. (a) Isometric view. (b) Rotor view.

It is necessary to specify that the methodology focuses on obtaining optimized designs for specific functions according to the
guidelines of the generated solution concept. The optimal behavior of the prototype lies in its specificity for the intended use. For
the equipment presented in the paper, the shapes and dimensions were optimized specifically to generate crushing according to a
process involving impact breakage. In this sense, minerals whose breakage or degradation is more efficient under abrasion
processes would find limitations specifically in this final prototype. For example, if a piece of equipment with a broader range of
applications is desired, the potential design of that equipment can be addressed by the present methodology in the concept
generation stage. It would start by establishing a solution concept that encompasses these characteristics; consequently, the shapes
and dimensions of a device that allows adaptation to the characteristics through geometry change would be designed. For instance,
a device that allows adjusting the gap between the rotors, changing the shape of the rotors, and even making modifications to the
internal geometry.
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This research can be understood as the first phase of a comprehensive design process, as it is focused on determining optimal
shapes and designing mechanical components of the device. Consequently, the research presents limitations in terms of test
scenarios, i.e., the number of prototypes analyzed. There are also limitations regarding the lack of analysis of complementary
systems, such as control systems for real-time performance analysis and safety. Additionally, the research has not addressed the
analysis and implementation of methodologies for equipment maintenance. However, all these features could be integrated into
future work.

Based on this, it is possible to expand the methodology to obtain a more comprehensive and sophisticated final prototype. This
research can be enhanced by analyzing more prototypes, based on different comminution generation criteria, such as abrasion, and
even by conducting analyses of bio-inspired prototypes. In the future, it would also be possible to implement control systems for
vibration analysis, wear, among other necessary implementations to ensure long-term reliability. Additionally, the methodology
could integrate more features to address the objectives and principles of a circular economy.

Finally, based on all of the above, this work has sought to promote the attention of the Peruvian industry in the search for
efficient alternatives for a responsible mining process. The authors consider that the approach presented is an interesting step
towards this objective.

4. Conclusion

The design of a new comminution equipment was conducted utilizing the presented design methodology, which revolves
around proposing and testing various equipment prototypes to obtain a final prototype optimized according to the selected solution
concept. As a result, shapes and dimensions correspond to a specific design for the crushing function via an impact rotor. The
methodology divided into four stages, begins by establishing a conceptual solution, which involves identifying needs, translating
these needs into specifications, delineating the process by establishing subfunctions, and ultimately selecting solutions for these
subfunctions. Subsequently, to enhance the equipment's efficiency, propose shapes that are evaluated based on predefined
characteristics of the concepts. A series of computational simulations employing DEM analysis provide a suitable framework to
assess the potential of these shapes. To finally, carry out a structural safety analysis applying FEM simulations.

The methodology has allowed the analysis of the component shapes and internal geometry necessary for optimal equipment.
The aim was to have a geometry focused on promoting efficient contact between particles and the rotor blades, as well as to achieve
an optimized flow of particles inside the equipment. Through the use of the methodology, it was noted that the top feed facilitated
more efficient collisions of particles toward the rotors, maximizing exploitable collisions. Additionally, rotor designs with larger flat
areas and some inclination in the blades were found to promote better particle impacts. Furthermore, optimal arrangements of
internal components were identified to prevent obstructions and ensure efficient flow among rotors. With this configuration,
limestone particles were reduced from 20 mm to 1.00862 mm in equivalent diameter, resulting in a reduction ratio of 1:19.8.
Consequently, a final optimized equipment design based on particle breakdown per impact was obtained. The ability to determine
which parameters exert the greatest influence on the optimal performance of the equipment and to assess relevant changes in
order to achieve an optimal design accounting as one of the main benefits of the methodology.

The present methodology can be understood as the initial phase of a comprehensive design process, as it focuses on optimizing
geometries and calculations of mechanical elements for crushing devices. Consequently, the methodology does not include the
implementation of systems for real-time evaluation and control of equipment performance. Future work would allow expanding
the methodology to address these limitations by proposing systems for vibration analysis and control, wear, structural damage,
among others. Additionally, it's feasible to expand the research scope to explore a broader range of prototypes for the crushing
device, taking into account various scenarios and crushing criteria, such as abrasion. In this regard, in subsequent research we will
present the design of a bioinspired crushing device.
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Nomenclature

a* Tavares model parameter that represents the variance of the log-normal distribution Wior ~ Weight of rotor [N]
of fracture energies
emax  Tavares model parameter that represents the specific impact energy above which all Wpuy  Weight of pulley [N]
particles would break in a single impact [J/kg]
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[29 Tavares model parameter that represents the median particle specific fracture energy F, Load due to the tension [N]
[/kg]
emn  Tavares model parameter that represents the minimum specific energy for breakage dpre Pre-calculated shaft diameter [mm]
[/kg]
e. Tavares model parameter that should be fitted to experimental data T Torsional moment [N.mm]
do Tavares model parameter that should be fitted to experimental data e Pulsating shear stress of the material
shaft [MPa]
d Shaft diameter [mm)] FS Safe factor of the shaft
¢ Tavares model parameter that should be fitted to experimental data FSw  Factor of safety according to the C. Bach
fatigue criteria
Y Tavares model parameter that represents the damage accumulation ofaL Alternating normal stress of the
material shaft
A, Tavares model parameters oy Equivalent stress [MPa]
v
P Power consumption [kW] o Effort ratio according to C. Bach
w Angular velocity [rad/s] Cs Coefficient for surface finish
M Resultant momentum at the rotors [N.mm)] C Coefficient for diameter
fs Factor of safety corresponding to the operational conditions Ce Coefficient for reliability
CD  Separation between the driving and driven shafts [mm] Cemp ~ Coefficient for temperature
Co  Angle of wrap correction factor Mr Bending moment at the evaluated zone
[N.mm]
C Belt length correction factor M: Torsional moment at the evaluated zone
[N.mm)]
Ta Belt slack side tension [N] Br Concentration factor of bending
effective stresses
T, Belt tight side tension [N] pe Concentration factor of torsional
effective stresses
r Notch radius [mm)] Mk Notch sensitivity factor according to
Thum
Ry, Reactions of the bearings on the shaft [N] as Shape factors of notched round bar
R, under bending stress
Fotr ~ Load of rotor over the shaft [N] a: Shape factors of notched round bar

under torsional stress

Abbreviations
DEM  Discrete Element Method DIC Digital Image Correlation
FEM Finite Element Method CDEM Continuum-Discontinuum Element Method
CFD Computational Fluid Dynamics DQM Differential Quadrature Methods
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