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to develop a metrologically traceable methodology for assessing and controlling surface integrity with due 
regard to the interchangeability and tribological performance of the pin–bushing pair. 

An integrated approach is proposed: the set of indicators is identified (surface roughness, out-of-
roundness, microhardness, compressive residual stresses, friction coefficient, and wear rate), and a complete 
traceability chain to SI standards is established. Four technological routes are compared: P0 – vibratory 
expanding; P1 – finishing machining; P2 – machining with a standard cutting fluid (coolant–lubricant); P3 – 
machining with a special cutting fluid containing a biocidal additive. Using DOE plans, factor–parameter models 
are built and corresponding process windows are determined. 

A multicriteria Surface Integrity Index (SII) is proposed, based on desirability functions and a weighted 
geometric mean, with explicit allowance for measurement uncertainty; recommended decision thresholds are 
provided. The results confirm the metrological soundness of comparing the routes, support the justified 
establishment of acceptance criteria, and enable tuning of restoration processes to ensure interchangeability, 
reduce wear, and increase the predicted service life of the assembly. 
Restoration, surface roughness, wear, surface integrity, residual stresses, microhardness 
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Physico-mathematical Model of Dense Random Packing of Oilseed Seeds 

This study proposes a numerical model of dense random packing of mustard seeds within a cylindrical 
volume. The aim of the research is to simulate the process of spherical particle sedimentation under gravity using 
the Discrete Element Method (DEM). The model accounts for interparticle interactions, including contact forces, 
friction, rolling resistance, and restitution, which ensures a realistic representation of the physical behavior of 
granular media. To describe contact forces between seeds, a nonlinear Hertz–Mindlin model is applied, allowing 
for accurate consideration of the elastic properties of particle materials and their interactions under load. The 
simulation is conducted under conditions that resemble real industrial processes of pouring and compacting 
granular food materials. 

The numerical experiment models the gradual filling of mustard seeds into a confined vertical container. 
Upon completion of sedimentation and system stabilization, the packing density and main geometric parameters 
of the formed structure are recorded. The results show that the maximum average packing density reaches values 
in the range of 0.63–0.64, which aligns well with classical theoretical estimates for random dense sphere 
packing. 

The obtained results are practically significant for applications in the agro-industrial and food 
processing sectors, particularly in the design of hoppers, storage tanks, and processing units for granular 
agricultural products. The developed model can serve as a basis for further research into compaction, mixing, 
and classification processes in granular systems.  

Additionally, the simulation outcomes may be integrated into multiscale models involving continuum 
mechanics to develop more accurate digital twins of agricultural technologies. Furthermore, the presented 
modeling methodology enables the evaluation of the influence of container geometry, material properties, and 
external loading on the microstructure and packing density of granular media, making it promising for advanced 
engineering applications. 
bulk materials, seeds, oilseed crops, mustard, random packing, physico-mechanical properties, modeling, 
discrete element method, compression, elasticity, Hertz–Mindlin model 
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