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Abstract

Cyclone separators are pivotal components in industrial gas-solid separation processes, widely utilized due
to their robust construction, lack of moving parts, and relatively low maintenance costs. However, the inherent
limitation of conventional cyclone separators lies in their reduced collection efficiency for fine particles,
particularly those smaller than five micrometers. Traditional design methodologies have relied heavily on
empirical models and trial-and-error experimental approaches, which often fail to capture the complex,
highly swirling turbulent flow dynamics internal to the separator. This paper presents a comprehensive
investigation into the application of genetic algorithms combined with computational fluid dynamics to
systematically optimize the geometric parameters of a cyclone separator specifically targeted at enhancing fine-
particle separation. By parameterizing key structural dimensions, including the vortex finder diameter, cylinder
height, cone length, and inlet dimensions, a vast design space is explored. A multi-objective fitness function is
established to balance the maximization of fine-particle collection efficiency against the minimization of
aerodynamic pressure drop, which dictates operational energy consumption. The study employs advanced
turbulence modeling to evaluate the fitness of each computationally generated geometry across successive
generations. The findings demonstrate that the biologically inspired evolutionary optimization process
converges on a non-intuitive geometric configuration that significantly suppresses secondary flow patterns and
short-circuiting phenomena. This research provides a robust, scalable framework for the automated design of
highly efficient centrifugal separation equipment, contributing to both industrial process optimization and
environmental particulate emission control.

Keywords: Cyclone Separator, Genetic Algorithm, Computational Fluid Dynamics, Fine Particles, Geometric
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1. Introduction

1.1 Background of Cyclone Separators

Cyclone separators have served as the foundational technology for particulate matter control and gas-solid
separation across a multitude of industries for over a century. From chemical processing and pharmaceutical
manufacturing to power generation and agricultural material handling, these devices play an indispensable role
in maintaining product purity and mitigating environmental pollution. The fundamental principle of a cyclone
separator relies on the induction of a strong centrifugal force field. When a particle-laden gas stream enters the
tangential inlet of the cyclone, it is forced into a highly rotational downward spiral, commonly referred to as
the outer vortex. Because the particulate matter has a significantly higher density than the carrier gas, the
centrifugal forces drive the particles outward toward the internal walls of the cyclone body. Upon contacting
the wall, the particles lose their kinetic energy due to boundary layer friction and descend into the conical
section, eventually exiting through the dust outlet at the bottom. The carrier gas, having been stripped of the
bulk of its particulate burden, undergoes a flow reversal near the base of the cone and ascends through the
central axis as the inner vortex, ultimately exiting the system through the top cylindrical tube known as the
vortex finder. The enduring popularity of cyclone separators stems from their inherent simplicity. They require
no moving parts, can be constructed from a wide variety of refractory or corrosion-resistant materials, and are
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capable of operating under extreme thermodynamic conditions, including high temperatures and elevated
pressures, which would rapidly degrade alternative filtration technologies such as fabric filters or electrostatic
precipitators. Furthermore, the capital and operational costs associated with cyclone separators are remarkably
low compared to other separation technologies, making them highly attractive for large-scale industrial
applications. For a broader comparison, related research addresses piezocone tests compared with atterberg
limits [1].

1.2 The Challenge of Fine-Particle Separation

Despite their numerous operational and economic advantages, conventional cyclone separators face a
significant and well-documented performance limitation when tasked with capturing fine particles, typically
defined as those with an aerodynamic diameter of less than five micrometers. As industrial processes become
more advanced and environmental regulations governing particulate emissions grow increasingly stringent, the
inability of standard cyclones to efficiently separate these microscopic particulates has emerged as a critical
engineering challenge. The underlying physics dictating this limitation are inherently tied to the competing
forces acting upon a particle within the fluid flow. The centrifugal force, which drives the particle toward the
collection wall, is proportional to the volume or mass of the particle. Conversely, the aerodynamic drag force,
which tends to carry the particle along with the fluid streamlines, is proportional to the surface area of the
particle. For macroscopic particles, the mass-dependent centrifugal force easily overcomes the drag force,
resulting in highly efficient separation. However, as the particle diameter decreases into the micrometer and
sub-micrometer range, the ratio of surface area to volume increases exponentially. Consequently, the
aerodynamic drag force becomes the dominant force, effectively tethering the fine particles to the gas flow and
carrying them out through the vortex finder, leading to a drastic reduction in overall collection efficiency.
Moreover, the internal flow field of a cyclone is characterized by extreme turbulence, secondary flows, and
localized pressure gradients. Phenomena such as short-circuiting, where a portion of the incoming gas bypasses
the primary separation vortices and travels directly down the outside of the vortex finder into the exit stream,
heavily contribute to the loss of fine particles. Additionally, turbulent dispersion and radial mixing within the
strongly swirling flow can re-entrain particles that have already migrated toward the wall, further degrading
the separation performance. For a broader comparison, related research addresses cooperative atomically
dispersed Fe-N4 and sn- nx moieties for durable and MoreActive oxygen electroreductionin fuel cells [2].

1.3 Objectives and Scope

Addressing the fine-particle separation challenge requires a departure from traditional, empirical design
methodologies. Standard geometries, such as the widely adopted Stairmand high-efficiency cyclone, were
developed decades ago based on limited experimental data and simplified theoretical models that assumed
uniform flow patterns and idealized particle trajectories. These historical designs, while functional for general-
purpose applications, are sub-optimal for specialized tasks requiring maximum fine-particle retention. The
primary objective of this academic research is to establish and validate a highly sophisticated, automated
optimization framework that leverages the principles of biological evolution to design next-generation cyclone
geometries. By coupling genetic algorithms with advanced computational fluid dynamics, this study aims to
systematically explore an expansive, multidimensional design space to identify geometric configurations that
inherently maximize fine-particle separation efficiency while simultaneously minimizing the associated
pressure drop. The scope of this work encompasses the complete parameterization of the cyclone structure, the
formulation of a representative multi-objective fitness function, the execution of high-fidelity flow simulations
to capture complex turbulent phenomena, and the comprehensive analysis of the resulting optimized flow
fields. Through this integrated approach, the research seeks to uncover non-intuitive geometric relationships
that suppress detrimental secondary flows, extend the particle residence time, and significantly enhance the
capture of sub-five-micrometer particulates without incurring an unacceptable penalty in operational energy
consumption. Wang and colleagues examine pilot-scale investigation on a spraying pretreatment process
integrated with an axial flow cyclone to separate fine particles with low energy consumption [3].
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2. Literature Review and Theoretical Background

2.1 Evolution of Cyclone Geometry Design

The historical progression of cyclone separator design has been heavily reliant on semi-empirical modeling
and extensive experimental trials. Early researchers sought to establish universal geometric ratios that would
yield acceptable performance across a broad range of operating conditions. The most prominent example of
this empirical approach is the Stairmand high-efficiency cyclone design, which dictates specific proportions
for the cylinder diameter, inlet dimensions, vortex finder length, and cone geometry relative to the overall
diameter of the device. For decades, engineers have utilized these standard proportions as the baseline for sizing
industrial cyclones, scaling the overall dimensions up or down based on the required volumetric flow rate.
Various mathematical models, most notably the Lapple model, the Barth model, and the Leith-Licht model,
were subsequently developed to predict the cut size and overall efficiency of these standard designs. These
early theoretical models relied on highly simplified assumptions regarding the internal fluid dynamics. They
conceptualized the flow as a perfect Rankine vortex, consisting of a forced inner vortex and a free outer vortex,
while completely ignoring the effects of three-dimensional turbulence, secondary flows, and boundary layer
interactions. While these models provided useful approximations for preliminary design purposes, their
inability to accurately resolve the complex fluid mechanics severely limited their utility in optimizing cyclones
for fine-particle separation. The failure to account for phenomena such as the eccentricity of the vortex core,
the presence of localized turbulent eddies, and the short-circuiting flow beneath the cyclone roof meant that
empirical designs frequently fell short of modern industrial requirements, prompting a necessary shift toward
advanced computational methodologies. Related work has addressed domain-Specific large language model
for maintenance Decision-Making on wind farms by Labeled-Data-Supervised Fine-Tuning [4].

2.2 Application of Computational Fluid Dynamics

The advent of high-performance computing and the rapid maturation of computational fluid dynamics have
fundamentally transformed the analysis and design of cyclone separators. Computational fluid dynamics allows
researchers to numerically solve the fundamental equations of fluid motion, specifically the Navier-Stokes
equations, across a discretized spatial domain representing the interior volume of the cyclone. This approach
provides unprecedented visibility into the highly complex, three-dimensional, turbulent flow structures that
govern particle separation. Fast hierarchical particle algorithms offer a computational comparison for
aggregating distant interactions, although collision and agglomeration physics require their own treatment [5].
However, simulating the internal flow of a cyclone is notoriously difficult due to the presence of strong
streamline curvature, high swirl numbers, and anisotropic turbulence. Early attempts utilizing standard
turbulence models, such as the widely used k-epsilon model, proved to be highly inaccurate for cyclone
analysis. The standard k-epsilon model assumes isotropic turbulence, meaning the turbulent fluctuations are
equal in all directions, an assumption that fails completely in the highly swirling environment of a cyclone,
leading to severe under-predictions of the tangential velocity and over-predictions of turbulent viscosity. To
capture the true physics of the cyclone flow field, more sophisticated approaches such as the Reynolds Stress
Model must be employed. The Reynolds Stress Model solves individual transport equations for each
component of the Reynolds stress tensor, explicitly accounting for the effects of streamline curvature and
rotation on the turbulence structure. While computationally expensive, this model has become the industry
standard for simulating swirling flows, providing accurate predictions of the pressure drop, velocity profiles,
and secondary flow patterns. Recent advancements have also seen the application of Large Eddy Simulation,
which resolves the large-scale turbulent eddies directly while modeling only the smallest scales. Although
Large Eddy Simulation offers even greater fidelity, its immense computational cost currently limits its use in
large-scale, iterative optimization processes where thousands of geometric variations must be evaluated. Jia
and colleagues examine wind power prediction with secondary decomposition and multi-algorithm fusion for
complex nonlinear time series [6].
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2.3 Overview of Genetic Algorithms in Engineering Optimization

Genetic algorithms represent a powerful class of stochastic, population-based optimization techniques
inspired by the biological principles of natural selection and genetics. Originally developed in the field of
artificial intelligence, these algorithms have gained widespread acceptance in complex engineering design
problems characterized by non-linear, multi-modal, and discontinuous objective functions. The fundamental
premise of a genetic algorithm is the evolution of a population of candidate solutions toward an optimal state
over successive generations. In the context of engineering geometry, each candidate solution, or individual, is
represented by a set of parameters, often referred to as a chromosome. The optimization process begins with
the initialization of a diverse, randomly generated population of these chromosomes, ensuring a broad
exploration of the available design space. Each individual in the population is then evaluated using a fitness
function, which is a mathematical representation of the design objectives. In cyclone optimization, the fitness
function typically incorporates both the predicted collection efficiency and the required pressure drop. Once
the fitness of the entire population has been assessed, the algorithm applies operators analogous to biological
processes to create the next generation. The selection operator identifies the highest-performing individuals to
serve as parents, favoring those with superior fitness scores. The crossover operator then combines the genetic
information of two parents to produce offspring, effectively merging the beneficial traits of different designs.
Finally, the mutation operator introduces random, small-scale changes to the offspring's parameters,
maintaining genetic diversity within the population and preventing the algorithm from prematurely converging
on a local, sub-optimal maximum. By iteratively applying these operators, the genetic algorithm effectively
navigates the complex fitness landscape, progressively refining the geometries until a global optimum is
achieved. This stochastic, global search capability makes the genetic algorithm exceptionally well-suited for
cyclone optimization, where the relationship between multiple geometric parameters and the resulting
aerodynamic performance is highly non-linear and poorly understood through traditional analytical methods.
Related work has addressed optimization of structural parameters of a novel cyclone using genetic algorithm

[7].

3. Methodology for Geometric Optimization

3.1 Parameterization of the Cyclone Geometry

The foundation of the optimization framework relies on the comprehensive parameterization of the cyclone
separator's geometry. To enable the genetic algorithm to systematically alter the physical shape of the device,
the continuous structure must be broken down into a discrete set of independently variable dimensions. The
baseline geometry for this study is derived from the established Stairmand high-efficiency design, providing a
well-documented starting point for comparative analysis. The overall cylindrical body diameter is selected as
the primary reference dimension, and all other parameters are initially expressed as ratios of this core
measurement. Seven critical geometric variables are selected for parameterization due to their dominant
influence on the internal flow dynamics and particle separation mechanics. These variables include the inlet
width, the inlet height, the vortex finder diameter, the vortex finder insertion depth, the total cylinder height,
the total cone length, and the dust outlet diameter. The literature also considers pSMA-triggered phase
separation of peptide-drug conjugates enables zinc-dependent tumor inhibition [8].

Each of these parameters plays a specific role in governing the performance. For instance, the inlet
dimensions dictate the initial tangential velocity of the incoming gas stream, which directly establishes the
intensity of the centrifugal force field. The vortex finder diameter and insertion depth are critical in defining
the boundary between the outer descending vortex and the inner ascending vortex, heavily influencing both the
occurrence of short-circuiting and the overall pressure drop. The cylinder and cone lengths determine the
overall residence time of the particles within the separation zone, while the cone geometry specifically
influences the deceleration of the tangential velocity near the bottom of the device. To ensure manufacturability
and physical viability, strict upper and lower bounds are established for each variable, defining the boundaries
of the multidimensional search space explored by the genetic algorithm. Another relevant line of investigation
concerns influences of particle size distribution on the cone tip resistance and sleeve friction of sand in
calibration chamber tests [9].
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Table 1: Baseline Geometric Parameters of the Cyclone Separator

Component Description Dimension Symbol Baseline Value (mm) Ratio to Body Diameter
Cylinder Body Diameter D 200.0 1.00

Gas Inlet Height a 100.0 0.50

Gas Inlet Width b 40.0 0.20

Vortex Finder Diameter De 100.0 0.50

Vortex Finder Length S 100.0 0.50

Total Cylinder Length H 300.0 1.50

Total Cone Length Lc 500.0 2.50

Dust Outlet Diameter B 75.0 0.375

INLET =
cas H

7l

Lcon

Figure 1: Comprehensive Schematic of Parameterized Cyclone Geometry

3.2 Computational Fluid Dynamics Setup

The evaluation of each unique geometry generated by the genetic algorithm requires a robust, automated
computational fluid dynamics pipeline. The process begins with the automated generation of a high-quality
computational mesh for the specified geometry. Given the strong curvature and extreme velocity gradients
characteristic of cyclone flows, an entirely hexahedral mesh structure is utilized to minimize numerical
diffusion and ensure high accuracy in resolving the boundary layers. The grid density is heavily refined in
critical regions, particularly near the internal walls, around the lower lip of the vortex finder, and along the
central axis where the inner vortex accelerates.

The fluid flow is simulated using an Eulerian approach to solve the time-averaged Navier-Stokes equations
for the continuous gas phase. The Reynolds Stress turbulence model is strictly employed to capture the highly
anisotropic nature of the swirling flow, accurately resolving the individual turbulent stress components that
dictate the momentum transfer within the cyclone. The gas is treated as an incompressible Newtonian fluid,
which is a valid assumption given that the operational Mach numbers within standard industrial cyclones
remain well below the compressibility threshold. The pressure-velocity coupling is handled by the SIMPLEC
algorithm, and second-order upwind spatial discretization schemes are enforced for all momentum and
turbulence quantities to maintain numerical stability and precision. Wang and colleagues examine multi-object
optimization study on the performance of gas cyclones based on heterogeneous condensation and turbulent
agglomeration [10].

Once the continuous gas flow field reaches a fully converged steady state, a discrete phase model using the
Eulerian-Lagrangian approach is activated to simulate the behavior of the particulate matter. The fine particles
are injected at the cyclone inlet with an initial velocity matching the local gas flow. The trajectories of a
statistically significant number of individual particles are tracked through the fluid domain by integrating the
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force balance equation for each particle. This force balance strictly accounts for the dominant aerodynamic
drag force, the centrifugal force, and gravitational effects. Stochastic tracking mechanisms, such as the discrete
random walk model, are incorporated to simulate the chaotic dispersion of particles caused by the turbulent
eddies in the gas phase, providing a highly realistic prediction of the ultimate collection efficiency for the fine-
particle fractions. Zhang and colleagues examine al-Driven framework for State-Dependent constitutive
modeling of soils integrating particle swarm optimization and machine learning [11].

Table 2: Variables and Constraints for Genetic Optimization

Optimization Variable Lower Bound Ratio Upper Bound Ratio Incremental Step
(min/D) (max/D)

Inlet Height (a/D) 0.35 0.65 0.01

Inlet Width (b/D) 0.15 0.30 0.01

Vortex Finder Diameter 0.30 0.60 0.01

(De/D)

Vortex Finder Length 0.30 0.80 0.01

(S/D)

Cylinder Length (H/D) 1.00 2.00 0.05

Cone Length (Lc/D) 2.00 3.50 0.05

3.3 Implementation of the Genetic Algorithm

The genetic algorithm acts as the supervisory controller for the entire optimization framework, orchestrating
the generation of geometries, the execution of the computational simulations, and the subsequent evolutionary
selection. The process is initialized by generating a random population of fifty distinct chromosomal
representations, each corresponding to a unique cyclone geometry within the defined bounding constraints.
This population size is carefully chosen to ensure adequate exploration of the design space while maintaining
computational feasibility. Related work has addressed genetic algorithms and risk-aware protein modeling
[12].

The evaluation of these geometries is driven by a carefully formulated multi-objective fitness function. In
industrial applications, the optimal cyclone design must maximize the collection efficiency of fine particles
while simultaneously minimizing the aerodynamic pressure drop, which directly correlates to the electrical
power consumption of the system's induced draft fans. Because these two objectives are fundamentally opposed
—modifications that increase centrifugal force typically result in a higher pressure penalty—the fitness
function must balance them using weighted coefficients. The specific formulation rewards geometries that
achieve high separation for particles in the one to five micrometer range, while applying an escalating penalty
for configurations that exceed a predefined maximum allowable pressure drop threshold.

Following the evaluation of the initial population, the algorithm utilizes a tournament selection mechanism
to identify the most promising parent designs. In tournament selection, small subsets of the population are
chosen at random, and the individual with the highest fitness score within each subset is selected for
reproduction. This method maintains strong selective pressure while preserving a degree of genetic diversity.
The selected parents then undergo simulated binary crossover, a sophisticated operator that exchanges specific
numerical parameters between the paired chromosomes to generate two novel offspring designs. To prevent
the evolutionary process from stagnating in local optima, a polynomial mutation operator is applied to the
offspring. This operator introduces small, random perturbations to individual geometric parameters with a low
probability, effectively exploring adjacent regions of the design space. The resulting offspring geometries are
subsequently passed to the computational fluid dynamics pipeline for meshing and evaluation, and the cycle
repeats over fifty continuous generations, allowing the population to steadily converge upon the optimal
geometric configuration.

4. Experimental and Computational Setup

4.1 Baseline Model Definition

To provide a rigorous scientific basis for evaluating the success of the genetic optimization process, a
comprehensive baseline model is established. The baseline geometry is constructed precisely according to the
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standard Stairmand high-efficiency proportions, scaled to a nominal body diameter of two hundred millimeters.
This specific scale is selected as it represents a common pilot-scale industrial dimension, minimizing wall
boundary effects while remaining computationally manageable. The operational parameters for the baseline
case are defined to reflect typical industrial exhaust conditions. The particulate matter utilized in the simulation
is defined with a material density of two thousand seven hundred kilograms per cubic meter, representative of
common mineral dusts or combustion fly ash. A Rosin-Rammler particle size distribution is applied at the inlet
boundary, specifically heavily weighted toward the fine fraction, with a mean diameter of three micrometers
and a spread parameter indicating a significant presence of sub-micrometer particulates. The carrier gas is
modeled as standard atmospheric air at a temperature of three hundred Kelvin. Related work has addressed
stoichiometry preservation and generalization of Bilger mixture fraction for non-premixed combustion with
differential molecular diffusion [13].

4.2 Boundary Conditions and Grid Independence

The accuracy and reliability of the computational fluid dynamics results hinge entirely on the proper
specification of boundary conditions and the verification of grid independence. The inlet boundary is defined
as a velocity inlet, with a uniform profile corresponding to an average inlet velocity of fifteen meters per
second. This velocity is standard for industrial cyclones, balancing the need for sufficient centrifugal force
generation against excessive erosion and pressure loss. The gas exit boundary at the top of the vortex finder is
designated as a pressure outlet, discharging to standard atmospheric conditions. The internal surfaces of the
cyclone body are modeled as no-slip, stationary walls. For the discrete phase particulate modeling, the
collection walls are assigned a "trap" boundary condition, meaning any particle that intersects the wall is
considered successfully separated from the gas stream. The vortex finder exit is set to "escape," logging any
particles that leave the domain as uncollected. The dust outlet at the base of the cone is also set to "escape" to
record successfully collected mass.

Table 3: Computational Fluid Dynamics Boundary Conditions and Solver Settings

Parameter Setting / Value Model Formulation

Inlet Velocity 15.0 m/s Uniform Profile

Gas Density 1.225 kg/m? Incompressible Ideal Gas
Turbulence Model Reynolds Stress Model Linear Pressure-Strain

Particle Density 2700 kg/m? Spherical Drag Law

Wall Boundaries No-Slip Standard Wall Functions
Particle-Wall Interaction Trap Perfect Restitution Assumption

A rigorous grid independence study is executed prior to the commencement of the genetic algorithm
optimization loop. This procedure ensures that the numerical solutions generated by the simulations are
independent of the underlying mesh resolution, preventing artificial discretization errors from influencing the
evolutionary selection process. Three distinct hexahedral mesh densities are evaluated on the baseline
geometry: a coarse mesh comprising three hundred thousand elements, a medium mesh of six hundred thousand
elements, and a fine mesh exceeding one million elements. The tangential velocity profile across the cylindrical
section and the total calculated pressure drop are selected as the primary comparison metrics. The analysis
reveals that the variations in pressure drop and peak tangential velocity between the medium and fine meshes
are less than two percent. Consequently, the meshing parameters corresponding to the medium density,
appropriately scaled for geometric variations, are adopted for all automated simulations within the optimization
loop, striking an optimal balance between high numerical fidelity and acceptable computational turnaround
time. Related work has addressed thermo-mechanical shear fracturing simulation of granite using quasi-state-
based peridynamics integrated with molecular dynamics [14].

5. Results and Comprehensive Analysis

5.1 Evolution of Geometric Parameters

The genetic algorithm optimization process demonstrated robust and consistent convergence over the fifty
evaluated generations. The initial populations, characterized by randomly distributed geometric parameters,
exhibited a massive variance in performance. Many early geometries produced unacceptably high pressure
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drops due to severely restricted vortex finders or generated chaotic internal flow fields that resulted in virtually
zero separation efficiency for the targeted fine particles. However, driven by the selective pressure of the multi-
objective fitness function, the subsequent generations rapidly evolved toward more hydrodynamically
favorable configurations. By the thirtieth generation, the algorithm had largely mapped the dominant ridges of
the fitness landscape, and the variance between individual solutions narrowed significantly. The final twenty
generations primarily served to fine-tune the interactions between the interdependent geometric ratios. For a
broader comparison, related research addresses diverse feature generation for zero-shot chinese character
recognition [15].

The globally optimized geometry generated by the algorithm revealed several distinct departures from the
traditional Stairmand empirical proportions. Most notably, the algorithm significantly increased the total length
of the cyclone, pushing both the cylinder length and cone length parameters near their upper constraints. This
elongation strategy maximizes the residence time of the particulate matter within the centrifugal force field,
providing the microscopic fine particles with the necessary duration to migrate across the boundary streamlines
to the collection wall. Furthermore, the optimization process reduced the relative diameter of the vortex finder
while simultaneously increasing its insertion depth compared to the baseline. This structural adjustment
effectively constrains the inner ascending vortex, reducing the probability of fine particles being prematurely
entrained into the exiting gas stream. For a broader comparison, related research addresses review of clay
chamber tests using miniature cone and piezocone penetrometers [16].

FIE FTE EETEETS R———-
I—H{}
FHE
—_— Maximum Fitness
——— Average Fitness

Fitness Score

o 10 20 30 40 50
Generation

Figure 2: Evolutionary Optimization Convergence Trajectory

5.2 Impact on Collection Efficiency and Pressure Drop

A direct comparison between the performance metrics of the baseline Stairmand geometry and the final
genetically optimized geometry underscores the profound efficacy of the algorithmic approach. The primary
objective of the optimization—the enhancement of fine-particle separation—was unequivocally achieved.
For particles with an aerodynamic diameter of three micrometers, the optimized geometry demonstrated a
remarkable separation efficiency of eighty-nine percent, a substantial improvement over the baseline model's
sixty-two percent efficiency for the same particle fraction. This enhancement is critical for compliance with
modern stringent industrial emission standards targeting inhalable particulate matter. Furthermore, the overall
cut size of the cyclone, defined as the particle diameter that is collected with exactly fifty percent efficiency,
was driven down from approximately two point five micrometers in the baseline design to a highly impressive
one point two micrometers in the optimized configuration.

Table 4: Performance Comparison Between Baseline and Optimized Geometries

Performance Metric Baseline Geometry Optimized Geometry Percentage Change
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Overall Mass Efficiency 88.5 96.2 +8.7%
(%)

Fine Particle Efficiency 62.4 % 89.1 % +42.8 %
(3 pm)

Cut Size (d50) 2.5 pm 1.2 ym -52.0%
Total Pressure Drop (Pa) 1250 1410 +12.8%
Maximum Tangential 22.5 m/s 26.8 m/s +19.1 %
Velocity

Core Turbulence 18.5% 14.2 % -232%
Intensity

Critically, this dramatic enhancement in fine-particle collection was achieved without incurring a prohibitive
penalty in operational energy requirements. The multi-objective nature of the fitness function successfully
constrained the pressure drop evolution. While the optimized design does exhibit a slightly higher total
aerodynamic pressure drop of one thousand four hundred and ten Pascals compared to the baseline's one
thousand two hundred and fifty Pascals, this twelve percent increase is easily justifiable in industrial contexts
given the forty-two percent relative improvement in three-micrometer particle capture. The genetic algorithm
effectively identified a geometric equilibrium where the increased rotational intensity required for fine
separation was generated through optimized inlet aspect ratios rather than blunt, energy-intensive flow
restrictions. For a broader comparison, related research addresses energy-Efficient beamforming for STAR-
RIS-Aided ISAC with hardware impairments: A generative Al-Enabled DRL method [17].

5.3 Flow Field Characteristics of the Optimized Design

Detailed analysis of the computational fluid dynamics flow fields provides a mechanistic explanation for
the superior performance of the genetically optimized cyclone. Examining the velocity distributions reveals a
significant intensification and stabilization of the Rankine vortex structure. In the optimized design, the peak
tangential velocity occurs much closer to the central axis and maintains a higher magnitude deeper into the
conical section compared to the baseline model. This sustained, high-intensity centrifugal field is the primary
driver for the improved separation of the sub-five-micrometer particulates, as it effectively overcomes the
dominant aecrodynamic drag forces acting on their high surface-area-to-mass ratios. For a broader comparison,
related research addresses plant-based emulsion gels assembled from potato protein, -glucan and olive oil:
structure, functionality, and application as low-fat butter replacers [18].

Moreover, the optimized geometry exhibits a profound suppression of detrimental secondary flow patterns.
In the baseline Stairmand design, computational tracking clearly illustrates a strong short-circuiting flow—a
phenomenon where a portion of the incoming particle-laden gas travels straight across the cyclone roof and
immediately down the exterior wall of the vortex finder, exiting the system without ever entering the main
separation vortices. The genetic algorithm mitigated this flaw by optimizing the aspect ratio of the tangential
inlet and precisely tuning the insertion depth of the vortex finder. The resulting flow field in the optimized
geometry shows a smooth, coherent transition of the inlet gas into the outer descending vortex, virtually
eliminating the short-circuiting pathway. Additionally, the turbulence intensity in the core region between the
inner and outer vortices is substantially reduced in the optimized design. This reduction in chaotic turbulent
dispersion prevents the re-entrainment of fine particles that have successfully migrated toward the outer
collection zones, further consolidating the massive gains in overall separation efficiency.

6. Discussion and Conclusion

6.1 Synthesis of Findings

This comprehensive research establishes the extraordinary potential of integrating biologically inspired
genetic algorithms with advanced computational fluid dynamics to revolutionize the design of industrial
cyclone separators. The traditional reliance on empirical, generalized geometric models is fundamentally
inadequate for addressing the complex, highly non-linear fluid dynamics required for the efficient separation
of sub-five-micrometer fine particles. By fully parameterizing the cyclone geometry and subjecting it to
rigorous evolutionary optimization guided by a multi-objective fitness function, this study successfully broke
away from conventional design constraints. The resulting optimized geometry, characterized by its extended
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residence zone and precisely tuned internal flow boundaries, demonstrated a profound capability to alter the
internal aerodynamics, significantly amplifying the effective centrifugal separation forces while simultaneously
suppressing deleterious secondary flow structures such as short-circuiting and turbulent re-entrainment. The
quantitative results validate this approach, showing a massive relative improvement in the collection efficiency
of fine particulate matter, paired with an easily manageable, modest increase in overall system pressure drop.
Related work has addressed contact dynamics characteristics of a deepwater drilling Riser-Drillstring coupled
system [19].

6.2 Practical Implications

The practical implications of these findings for heavy industry, manufacturing, and environmental
engineering are substantial. As regulatory agencies globally continue to lower the permissible atmospheric
emission limits for microscopic particulate matter, industries are frequently forced to adopt highly expensive,
high-maintenance secondary filtration systems, such as advanced fabric baghouses or massive electrostatic
precipitators. The algorithmic optimization framework detailed in this study offers a highly viable alternative
path. By deploying genetically optimized high-efficiency cyclones as the primary separation stage, industries
can capture a vastly larger fraction of the fine dust burden using robust, low-maintenance equipment. This
strategy heavily reduces the particulate loading on any subsequent secondary filters, exponentially extending
their operational lifespan, reducing required maintenance intervals, and massively lowering overall plant
operating costs. Furthermore, this automated, software-driven design methodology is highly scalable and can
be rapidly customized. Engineers can easily adjust the specific constraints and fitness function weightings
within the genetic algorithm to automatically generate bespoke cyclone geometries perfectly tailored for unique
process parameters, unusual fluid properties, or specific spatial limitations within existing industrial facilities.
The literature also considers optimization investigation on operating parameters of a scrubbing tower using a
genetic algorithm [20].

6.3 Final Concluding Remarks

In conclusion, the genetic optimization of cyclone geometry represents a significant leap forward in
separation technology engineering. Budget allocation for selecting simulated designs [21] offers a comparison
for distributing evaluation effort across cyclone candidates rather than assigning an identical simulation budget
to every geometry. This study definitively proves that the complex, three-dimensional turbulent flow field
within a cyclone can be systematically manipulated and optimized through the automated, iterative adjustment
of macroscopic structural boundaries. The synergy between evolutionary algorithms and computational fluid
dynamics provides a powerful, unbiased tool that frequently discovers highly efficient, non-intuitive solutions
that human engineers relying on traditional methodologies would likely never conceptualize. Future research
should focus on expanding this optimization framework to encompass the effects of very high particle mass
loadings, dynamic fluid temperatures, and non-spherical particle morphologies. Ultimately, the transition from
empirical estimation to algorithmic optimization ensures that simple, robust technologies like the cyclone
separator will continue to meet the increasingly demanding efficiency and environmental standards of modern
industrial applications. Xie and colleagues examine opposed jet burner and tsuji burner for representative
laminar flamelet with differential molecular diffusion for non-premixed combustion modeling [22].
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