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ABSTRACT 
The optimisation of tribochargers using the discrete element method for the separating granular materials, essential for dry mineral beneficiation, is studied. Various tribocharger designs are compared; an optimum is identified. The suitability of the design for charging other materials is considered. We extend our analysis to simulate the conditions on the Moon, adapting the tribocharger design its unique environment. We highlight the versatility of our modelling approach and its potential for mineral processing on Earth and in space, particularly in the context of space resource utilisation. We provide insights into the adaptability and effectiveness of tribocharging technologies under diverse conditions.
INTRODUCTION 
Space Resource Utilisation (SRU) is integral to human exploration and habitation of space. A critical first step for SRU is the production of oxygen from lunar regolith, as it can sustain human life and fuel space vehicles. Lunar minerals, comprising about 40% oxygen by mass, offer a rich resource for this purpose (French et al. 1991). Utilising space materials for water, fuel, and building supplies could significantly reduce the launch mass and overall cost of space missions. 

Mineral beneficiation employs physical property differences like density, surface chemistry, or electromagnetic characteristics for separation (Wills & Finch, 2015; Rasera 2020). Dry processing techniques have been considered for several mineral processing applications at lab- and pilot-scale (Wills & Finch, 2015; Kelly and Spottiswood, 1989a, b, c; Manouchehri et al., 2000a, b; Trigwell et al., 2003; Dwari et al., 2009; Bittner et al., 2014; Bilici et al., 2011; Brands et al., 2001; Ballantyne & Holtham, 2010, 2014; Ireland 2010a, b, 2012; Ireland & Nicholson, 2011; Lawver 1973; Dwari et al., 2007). However, industrial-scale dry processing technologies for terrestrial applications have been limited to the use of high-tension roll separators for the separation of ilmenite and rutile from zircon in beach sands operations (Bittner et al., 2014; Dwari 2007; Wills & Finch, 2015; Lawver 1973). For the majority of mining applications, water-driven technologies, such as froth flotation and spiral concentrators, have been favoured (Wills & Finch, 2015). 

Tribocharging, the frictional imparting of electrostatic charge, is a millennia-old phenomenon (Lacks 2012), yet its underlying mechanisms remain elusive (Lacks & Levandovsky, 2007; Waitukaitis et al., 2014; Zhao et al., 2003). Factors influencing charge transfer and retention include humidity, temperature, impact velocity, and material composition (Trigwell et al., 2003; Xie et al., 2016; Cruise et al., 2022). 

While tribocharging in material conveyance is often seen as undesirable (Cezan et al., 2019; Mukherjee et al., 2021; Sayfidinov et al., 2018; Pingali et al., 2009), it is beneficial for recycling separation (Iuga et al., 2005, 2016; Silveira et al., 2018; Zelmat et al., 2013; Benhafssa et al., 2016; Rodrigues & Saron, 2022; Li et al., 2015; Bilici et al., 2011), printer toner application (Shinbrot et al., 2008; Noshiro et al., 1999; Anderson 1994, 1996; Takagi et al., 2003; Law et al., 1994), and dry mineral beneficiation (Kelly & Spottiswood, 1989a, b, c; Manouchehri et al., 2000a, b; Inculet et al, 1972; Ireland 2010a, b, 2012; Ireland & Nicholson, 2011; Trigwell et al., 2003; Rasera et al., 2020; Yu et al., 2024). 

For separation applications, it is necessary to optimise the design of the tribocharger to maximise the charge transferred to particles of each mineral type. The aim of this work is to extend of our previous investigations into the use of the discrete element method (DEM) as a means to optimise the design of a tribocharger. We begin by presenting our modelling approach and optimised design under terrestrial conditions using PTFE spheres. We consider the suitability of the optimised tribocharger design to different materials and size classes. Finally, having validated modelling approach and demonstrated the suitability of the optimised design, extend our modelling to identify an optimal tribocharger design for use on the Moon.
Modelling Methodology
Cundall and Strack's discrete element method is of particular interest for modelling triboelectrification (Cundall 1971; Cundall & Strack 1979; Rasera et al., 2022a; Laurentie et al., 2010, 2013; Kolehmainen et al., 2016, 2017a, b; Ali et al., 1998; Pei et al., 2015; Sippola et al., 2018; Konopka et al., 2017). The DEM lends itself to coupling with tribocharging models, as parameters necessary for evaluating charge transfer are extracted easily.

Substantial effort has been put toward developing and evaluating means to model the charge transfer process (Rasera et al., 2022a. b; Yu et al., 2017; Xie et al., 2013; Hu et al., 2012; Laurentie et al, 2010, 2013; Kolehmainen, 2016, 2017a,b; Ali et al., 1998; Pei et al., 2015; Sippola et al., 2018; Konopka et al., 2017; Lacks, 2012; Duff & Lacks, 2008; Forward et al., 2009a). The tribocharging model employed in our studies uses the high-density limit of surface state theory to describe the charge transferred between two surfaces, following Schein et al. (1992), Matsusaka et al. (2000), Laurentie et al. (2010, 2013), and Kolehmainen et al (2016, 2017a, b). This model is given by the following equation:



Here,  is the charge transferred per unit area;  is the empirically-derived charging efficiency;  is the permittivity of free space;  is the separation distance between two particles at which point charge transfer ceases;  is the magnitude of the electron charge;  and  are the effective work functions;  is the electrostatic field at the point of contact; and,  is the unit normal vector pointing from particle i to j at the point of contact. While the use of this model has been demonstrated previously in the literature with good agreement to experimental data, this elaboration is dependent on effective work functions, a property that is not suitable for describing insulating materials (Rasera et al., 2022a, b; Schein et al., 1992). Furthermore, other studies assume the charging efficiency to simply be 1, however, we demonstrated that this term is a critical parameter for modelling the charge transfer process.

To address the first issue, the work function term is replaced by the charge transfer limitation parameter, Γ, which is effectively the electrostatic field required to drive  to 0. The equation above it thus rearranged in terms of the quantity of charge transferred, , as a function of the change in contact area during a collision, , as follows:



This form of the equation makes it well-suited for implementation in a DEM solver. The parameters  and  must be determined experimentally for both particle-particle and particle-wall interactions, and for each material pairing; a method for calculating these can be found in Rasera et al. (2022a, b). The algorithm for modelling triboelectric charging is as follows: 
Update the particle positions and velocities using the laws of motion. 
Identify contacting bodies (particles and/or walls). 
Determine the overlap and evaluate the change in contact area. 
Find the electrostatic field at the centroid of each particle. If the contact is between two particles, use linear interpolation to find the field at the point of contact. If the contact is between a particle and a wall, calculate the field at the point of contact directly. 
Evaluate the quantity of charge exchanged. 
Determine the electrostatic force acting on each particle. 
Use a Hertzian contact model to update the mechanical forces and moments. 
Rasera et al. (2022a) and Cruise et al. (2022) identify two crucial design criteria for effective tribocharging: first, the maximisation of particle-wall contacts is essential for predictable charge transfer since interactions between particles are inherently random; second, it's important to limit the number of particles in a given charging space, as a higher particle count suppresses both bulk saturation charge and charge transfer. For the purposes of design optimisation, we simplify the algorithm to track only the net particle-particle and particle-wall contact areas and use these as proxies for charge transfer (Rasera et al., 2022b). This simplification reduces greatly the computational cost by removing the calculation of the local electrostatic field at each point of contact at every timestep. With respect to the second criteria, we maintain a constant particle inlet velocity of 0.08 m/s. The residence time of each particle within the domain is then tracked and compared; lower residence times imply fewer particles within the domain at any given time.
Tribocharger Design optimisation
Baseline Design
Two basic designs were considered: angled slats within a tube (at both 30° and 45° with respect to the vertical), as well as a twisted baffle design employed with success by Trigwell et al. (2009, 2012) and Quinn et al. (2013). 
.
Different slat spacings were tested to ensure that particles would not build up within the tribocharger domain. This consideration was necessary to ensure that the proportion of particle-wall contacts would remain high relative to the particle-particle contacts, whilst also minimising the volume fraction of particles within the domain. Figure 1 presents a comparison of the 30° slat design with a spacing of 1.0 cm and 1.25 cm. This difference is explained by the still images from the simulations found in Figure 2: the narrower spacing reduced greatly the throughput and partially blocked the particle flow, resulting in 22-fold increase in particle-particle contact area.
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[bookmark: _Ref157078180]Figure 1. A comparison of the net particle-particle and particle-wall contact areas for the 30° slat design resulting from 1.0 and 1.25 cm slat spacings
The ratio of particle-particle to particle-wall contacts was made for the three preliminary designs; the simulation outputs are found in Figure 3. There were no statistically significant differences between the net particle-particle contact areas for each design. However, the twisted baffle generated significantly greater net particle-wall contact area than the slat designs. Further, it was the only design where the net particle-wall contact exceeded the net particle-particle contact area.

A subsequent study was performed to determine how the segmented design of Trigwell et al. (2009, 2012} and Quinn et al. (2013) would perform against a continuous baffle. The two 90° segments were compared to a single 180° design. The net particle-particle and particle-wall contact areas output by the simulations are found in Figure 4. The segmented design produced greater overall particle-particle and particle-wall contact areas, however the relative ratio between them was low (PW/PP = 1.03). In comparison, the continuous design generated lower overall net contact areas for both modes, but the contact ratio was significantly higher (PW/PP = 2.55). This indicates that a continuous design is preferable to a segmented one.
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a. 1.0 cm slat spacing
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b. 1.25 cm slat spacing


[bookmark: _Ref157078210]Figure 2. A comparison of the difference in flow behaviour between the 1.0 cm and 1.25 cm slat spacings. The small increase in slat spacing prevented the formation of blockages.
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[bookmark: _Ref157078223]Figure 3. A comparison of the performance of the three preliminary designs found that the net particle-wall contact area accumulated by the twisted baffle design were statistically significant; error bars indicate 95% confidence intervals
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[bookmark: _Ref157078258]Figure 4. A comparison of a baffle comprising two 90° segments against a continuous 180° baffle (95% confidence intervals indicated)
Identification of an Optimal Design
As presented previously (Rasera et al., 2022b), we demonstrate our optimisation approach by focusing on the internal structure of the tribocharger. Specifically, we consider the effect of the charging baffle's pitch, defined as the height of one complete helical turn (360°), on the contact dynamics. For the preliminary validation of the optimisation approach, the baffle's height was kept constant at 4.5 cm. The pitch angle, determining the helical tightness, varied across designs. Five distinct pitches were assessed (Figure 5), all under a consistent particle inlet velocity of 0.08 m/s. The purpose of this was to demonstrate the validity of the optimisation method, not to find a universally optimal design. It is important to note that choice of particle and charger materials, particle size, charger geometries, and inlet flow rates may produce different optima.
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[bookmark: _Ref157080574]Figure 5. CAD renderings of baffles designs with varying pitch (inset) evaluated in this study. The pitch angles are 180°, 270°, 360°, 450°, and 540°, respectively
Each baffle design underwent testing using the DEM model with 150 PTFE particles, averaging 3.18 mm in radius. The analysis tracked the net particle-particle and particle-wall contact areas and recorded the residence times within the charger.

[image: A graph of different colored columns

Description automatically generated with medium confidence]
[bookmark: _Ref157080594]Figure 6. Summary of the net particle-particle and particle-wall contact area accumulated per second for each charger design; error bars indicate 95% confidence intervals (Rasera et al., 2022b)
The results, shown in Figure 6, reveal that while there are significant differences in particle-particle contacts among the designs, the particle-wall contacts are less distinct. The 9 cm design notably exhibited a minimum in particle-wall contacts, and the 4.5 cm pitch design showed marginally higher efficiency compared to the 6 cm pitch. However, the differences between the 6 cm, 3.6 cm, and 3 cm pitches, as well as between the 4.5 cm, 3.6 cm, and 3 cm designs, were not significant. This suggests a balance point at the 6 cm design for particle-wall area. Moreover, the 4.5 cm design had a lower particle-wall to particle-particle contact area ratio and a 32% increase in average particle residence time compared to the 6 cm design.

In summary, the 6 cm pitch design emerged as the most balanced, maximising particle-wall contact area and the ratio of particle-wall to particle-particle contacts, while also enhancing throughput compared to the 4.5 cm design. Consequently, the 6 cm pitch design was selected as optimal for this study, and all further simulations and experimental investigations proceeded with this configuration.
Design Transferability
The models employed here utilise large, ideal spheres, a methodological approach that, while effective, presents limitations in its applicability to real-world scenarios. In our previous studies (Rasera et al., 2022b, 2023), we established the robustness of our charging model for diverse sample sizes and compositions and have demonstrated the efficacy of optimised designs in laboratory settings for separating granular materials. This section aims to support these previous findings by extends our analysis to compare the performance of a charger design, initially optimised for PTFE, with other single-material species and their mixtures. Although the charger may not represent the optimal design for all species, identifying consistent performance trends across different materials can validate the broader applicability of an optimised design. Moreover, a comprehensive understanding of the interaction dynamics within the tribocharger for varied particle types is instrumental in evaluating the design's versatility and efficiency in a range of processing environments.

An investigation was conducted to compare trends in particle-wall and particle-particle contact areas across different material types. Figure 7 compares ratios of net particle-wall to net particle-particle contact areas for 1.59 mm, 3.18 mm, and 3.97 mm PTFE, PA66 and PVC particles passed through a simulated tribocharger. The data from this figure suggests a consistent trend in the relative proportions of contact areas regardless of particle type. This indicates that while a tribocharger design may not be optimised for all materials, the trends in relative proportions of particle-particle and particle-wall contact are consistent. Such a trend implies that optimising a design for one material should enhance the charging performance for other materials as well.
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[bookmark: _Ref157160247]Figure 7. A comparison of the net particle-wall (PW) to net particle-particle (PP) contact areas for PA66, PTFE, and PVC particles; error bars indicate 95% confidence intervals
Subsequently, two mixed species, mixed size tests were conducted. In both cases, equal numbers of 1.59 mm and 3.97 mm particles were used. One sample was comprised of large PTFE and small PA66 particles, and the other of small PTFE and large PA66 particles. Each mixture was passed through a simulated tribocharger. Figure 8 presents the ratio of net particle-particle and particle-wall contact areas for each material at each size. Here, the particle-wall contact area was higher than the net particle-particle contact area for both particle types. The resulting ratios for each material and size are similar and consistent: larger particles have higher ratios of particle-wall to particle-particle contacts, and PTFE has a greater contact ratio to PA66.
[image: A graph of a number of different colored bars

Description automatically generated with medium confidence]
[bookmark: _Ref157161821]Figure 8. A comparison of the particle-wall and particle-particle contact areas experienced by a binary mixture of PTFE and PA66
The findings from this analysis support the robustness and flexibility of our tribocharger optimisation approach, revealing consistent patterns in contact area ratios across a range of materials and particle sizes. Such consistency is crucial, particularly as it suggests the method’s capacity for designing effective particle charging is not limited to a specific material type. This is particularly valuable in contexts where regular or easy access to the target environment is constrained, such as the lunar surface.
Lunar case study
As we have demonstrated the efficacy of the optimised tribocharger design in terrestrial settings, it is essential to consider the applicability of the optimisation method for lunar environments. The unique conditions of the Moon, including its lower gravity and lack of atmosphere, present distinct challenges and opportunities for mineral beneficiation. In this section, we extend the our approach to explore the feasibility and adaptations required for the tribocharger in lunar applications.

Using the approach described above, the baseline design and DEM process parameters were modified to consider a tribocharger on the lunar surface. The lunar gravity, 1/6th that of Earth’s, was used. Several modifications were made to the initial design to accommodate the lower gravity. First, the baffle length was increased, and the flow velocity reduced to accommodate bouncing and provide more opportunities for particle-wall interactions. The inlet was placed further away from the top of the baffle to prevent erroneous and problematic interactions between bouncing particles and newly generated particles. A comparison of the designs employed are found in Figure 9.
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[bookmark: _Ref157079059]Figure 9. CAD renderings of baffle designs with varying pitch (inset) evaluates; the pitch angles are 180°, 270°, 360°, 450°, 540°, 630°, and 720°, respectively
The simulation outputs using these parameters are found in Figure 10, with error bars indicating 95% confidence intervals. Note that both the particle-wall and particle-particle contact areas are appreciably lower than for the terrestrial case. The 450° design offers optimal particle-wall contacts as there are not statistically significant differences with the 540°, 630°, and 720° designs. Furthermore, the particle-particle contact area is significantly lower for the 450° design compared to all the other designs considered.
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[bookmark: _Ref157079075]Figure 10. Summary of the net particle-particle and particle-wall contact area accumulated per second for each charger design
The proportion of particles that experienced particle-particle interactions were compared for each design (Figure 11). This comparison was made to ensure that the low particle-particle area accumulation rate of the 450° design was not due to a large proportion of particles not interacting with other particles. Furthermore, Figure 12 presents the accumulation of particle-particle and particle-wall contact area, excluding any of the particles with zero net particle-particle contact area. These analyses both suggest that the 450° design is optimal, and not an artefact of the flow characteristics.
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[bookmark: _Ref157079094]Figure 11. Proportion of the total particles in each sample that experienced particle-particle interactions whilst passing through the tribocharger
This study highlights the adaptability and flexibility of our optimisation methodology to extraterrestrial environments. By modifying the baseline design to account for lunar conditions, we've demonstrated that the principles guiding our optimisation approach remain effective, even under the Moon's environmental constraints.
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[bookmark: _Ref157079114]Figure 12. Summary of the net particle-particle and particle-wall contact area accumulated per second for each charger design, excluding any particles that did not experience any particle-particle interactions; error bars indicate 95% confidence intervals
Conclusion
In this study, we explore the design optimisation of tribochargers for granular material separation, demonstrating their effectiveness across both terrestrial and lunar environments. The research has established the adaptability of our design optimisation approach to different materials, sizes, and extraterrestrial conditions, notably on the Moon. This work not only advances our understanding of triboelectric charging but also opens avenues for its application in space resource utilisation and sets a foundation for future developments in extraterrestrial mining technologies.
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