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Abstract. This study presents a computational fluid dynamics (CFD) simulation of a modified
hydrocyclone featuring a redesigned volute (inlet) geometry aimed at enhancing separation
efficiency. The numerical investigation was conducted using the Reynolds-Averaged
Navier-Stokes (RANS) equations with the k-w GEKO turbulence model under steady-state
conditions. The modification primarily improved the tangential velocity distribution and reduced
pressure losses in the separation zone. Compared to the standard configuration, the modified
design achieved approximately 5 % higher particle separation efficiency and more uniform
pressure contours. The study also provides a detailed analysis of flow fields and vortex structures
to explain the mechanism behind performance enhancement. The findings demonstrate that the
proposed volute modification can substantially improve flow stability and solid-liquid separation,
offering a cost-effective design improvement for industrial hydrocyclones.

Keywords: CFD, GEKO turbulence models, hydrocyclone, RANS, Ansys fluent.

Nomenclature

p Fluid density, kg-m™

u Dynamic viscosity of fluid, Pa-s

Us Turbulent (eddy) viscosity, Pas

Ve Turbulent kinematic viscosity, m?-s~!

U, U; Velocity components in i-th and j-th directions, m's™!
k Turbulent kinetic energy, m?-s

W Specific dissipation rate, s~!

Py Turbulence production term, m?s~>

Sij Mean strain-rate tensor, s~!

Q5 Mean rotation-rate tensor s-!

Q Magnitude of rotation rate tensor, s!

Tjj Reynolds stress tensor, Pa

CD Cross-diffusion coefficient

Oy Model constant for k-equation

Oy Model constant for w-equation

a, B, p* Empirical GEKO model constants

A, A, GEKO tunable calibration parameters

Fi, F,, F3  Blending functions of GEKO model

Fylend Blending function distinguishing near-wall and free-shear regions
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CRealize  Eddy viscosity limiter coefficient
Ccorner Corner correction coefficient
8i; Kronecker delta

g Gravitational acceleration, m-s™

r Radial coordinate, m

D Hydrocyclone diameter, m

o) Particle volume fraction

my Particle mass, kg

FG Gravitational force on a particle, N
FD Drag force on a particle, N

Gy Pressure coefficient

1. Introduction

Hydrocyclones are widely used in various industries for the separation of solid-liquid mixtures
and suspensions containing particles of different densities. Their operation is based on the
centrifugal forces generated by the rotational flow inside the device, which facilitate efficient
separation of components with varying densities. The key advantages of hydrocyclones include
their simple design, compactness, absence of moving parts, and high operational reliability under
extreme conditions of pressure and temperature.

In industrial applications, hydrocyclones are employed across multiple sectors. In the mining
industry, they are used for mineral classification, desliming, and recovery of fine particles [1].

In the petrochemical sector, they serve to remove sand and solid impurities from drilling fluids
and oil streams [2]. In the chemical and pharmaceutical industries, they are used for separation of
catalysts and other particulate suspensions [3]. In the food industry, hydrocyclones enable
separation of pulp, starch, and fibers from juice, dairy, and wort-based products, while in
environmental and water treatment systems, they are applied for purification and recycling
processes [4].

Recent studies have increasingly focused on the numerical simulation of hydrocyclone
performance to understand the internal flow structure and improve separation efficiency. In works
by [5] performed comparative studies using different turbulence models and demonstrated the
strong dependence of separation efficiency on inlet velocity profiles. In [6] applied multiphase
RANS modeling and highlighted the importance of turbulent dispersion and particle size
distribution on the cut-size behavior. In works by [7] further developed the Generalized k-w
(GEKO) model for enhanced accuracy in rotating flows and demonstrated its applicability for
swirling flow simulations in jet-based configurations.

In [8], CFD modeling of hydrocyclone hydrodynamics was performed, demonstrating that
accurate reproduction of swirl intensity and boundary layer interaction significantly impacts the
prediction of energy losses and pressure drops. In [9], a comparative analysis of single and group
centrifugal cyclones was conducted, enabling an assessment of the influence of flow interaction
on separation efficiency. A subsequent study [10] examined the influence of slip on the formation
of flow separation zones in a channel, allowing for a more accurate understanding of the
development of turbulence in complex geometries. A study [11] focused on the numerical analysis
of multiphase flows in a channel, demonstrating the potential of the CFD approach for describing
phase interactions. In [12], a new two-fluid turbulence model for axisymmetric jets was proposed,
providing a more accurate description of the dynamics of vortex structures. Finally, in [13],
mathematical modeling of turbulent flow in a centrifugal separator was performed, demonstrating
the effectiveness of using improved turbulence models for rotational flows.

From this review, it is evident that despite significant progress in CFD-based hydrocyclone
analysis, limited attention has been paid to optimizing the volute (inlet) geometry, which plays a
critical role in forming the rotational flow and determining separation performance. Standard
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hydrocyclone designs often generate non-uniform tangential velocity distributions and unstable
vortex cores, leading to increased turbulence dissipation and reduced efficiency.

As summarized in Table 1, previous studies have primarily focused on improving turbulence
models and predicting flow behavior in standard hydrocyclones. However, limited work has been
done on analyzing the impact of modified inlet (volute) geometries on flow stability and separation
efficiency using the GEKO k-w turbulence model. The present study addresses this gap by
performing a comprehensive 3D CFD analysis with a modified inlet design and by comparing its
hydrodynamic and separation characteristics to the standard configuration.

Table 1. Summary of relevant studies on CFD modeling of hydrocyclones

No.| Reference Method / model Main findings Limitations / remarks
Vakamalla and RANS with SST E\{aluate(_i turbulence modeling effects | Limited to staqdard
1 | Mangadoddy K- model on industrial hydrocyclones; SST model| geometry; no inlet
(2017) captured swirl better than k-& modification
5 Azimian and CFD + erosion Predicted hydroabrasion effects; Did not consider
Bart (2016) model identified regions of high wall wear | multiphase interaction
Delgadillo and RANS + Compared k-g, RSM, and SST models; Computationall
3 Rajamani turbulence RSM provided highest accuracy for putati y
. o expensive
(2005) comparison swirling flows
Brennan et al. Multlphase. model Modeled part.lcle class1ﬂcatlon§ Simplified boundary
4 + cut-size validated cut-size correlations with "
(2007) . . conditions
prediction experiments
Durango- CFD of Showed flow field strongly depends on | Did not modify inlet
> | Cogolloetal hydrocyclone inlet velocity distribution eome
(2020) efficiency v Y “ & try
Demonstrated adaptive GEKO No application to
. GEKO k-w . . .
6 | Lietal. (2022) parameters improve prediction of heat multiphase
turbulence model .
transfer and swirling flow hydrocyclones
Madaliev et al. Two-fluid Modeled multiphase ﬂow in Group .mteractlor_l only;
7 hydrocyclone groups; validated with no single modified
(2024) turbulence model > .
experimental data geometry analysis

In this context, the present study focuses on the numerical simulation of a modified
hydrocyclone with an improved volute geometry using the GEKO k-w turbulence model
implemented in ANSYS Fluent. The GEKO model offers enhanced adaptability compared to
classical SST and k-¢ formulations, allowing more accurate representation of complex swirling
flow fields typical of hydrocyclones. The main goal is to analyze the hydrodynamics, pressure and
velocity distributions, and particle trajectories in both standard and modified designs, providing a
comprehensive comparison of their performance under identical flow conditions.

The results of this study contribute to the development of more energy-efficient,
high-performance hydrocyclones suitable for industrial applications involving intense turbulence,
such as in mineral processing, water treatment, and fluid recirculation systems.

Previous related studies on hydrocyclone flow modeling reveal the following research gaps:

Most works applied k-& or SST k-w turbulence models, which are limited in capturing
anisotropic swirling flows. The impact of volute (inlet) geometry on pressure losses and vortex
stability has been insufficiently explored. Few studies performed quantitative validation using grid
independence or convergence criteria. The coupling between flow hydrodynamics and particle
trajectory prediction remains inadequately addressed. The GEKO k-w model, despite its
flexibility, has not been applied to modified hydrocyclone designs.

During the study, all calculations are carried out at the same flow rate — 350 m3/h, which
provides an objective basis for comparing the efficiency of various hydrocyclone designs. During
the modeling process, the main attention is paid to the analysis of the distribution of velocities,
pressure, and trajectories of solid particles, since these characteristics have the greatest impact on
the operating indicators of the device. Thus, the results of this work contribute to the development
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of more efficient and energy-saving equipment capable of operating in complex hydrodynamic
conditions.

In hydrocyclones, the separation efficiency is largely governed by the formation and stability
of the swirling flow field inside the conical body. However, in conventional designs, the tangential
velocity distribution near the inlet region is often non-uniform, leading to unstable vortex cores,
higher turbulence dissipation, and reduced separation performance. To address this physical
limitation, the present study proposes a modified volute (inlet) geometry that promotes a more
uniform swirl intensity and smoother pressure gradient development. This modification aims to
enhance the centrifugal force distribution, thereby improving particle separation efficiency and
reducing pressure losses compared to the standard hydrocyclone configuration.

A review of previous research shows that significant progress has been achieved in
understanding hydrocyclone hydrodynamics using CFD-based RANS approaches. The merits of
earlier works include detailed modeling of turbulence, velocity fields, and separation behavior in
conventional designs, often employing k-&, RSM, and SST k-w turbulence closures. However,
the demerits lie in their limited attention to geometric optimization and the inability of standard
models to accurately capture highly anisotropic swirling flows. Few studies have explored the
influence of modified inlet (volute-type) geometries on the internal flow field and overall
separation efficiency.

The novelty of the present research lies in combining an optimized volute-type inlet with the
GEKO k-w turbulence model, which introduces tunable calibration parameters for better
adaptation to strong swirling and recirculating flows. This integrated approach enables a more
realistic prediction of pressure and velocity distributions, offering deeper insight into how
geometric modifications enhance the hydrodynamic performance of hydrocyclones.

2. Mathematical and physical formulation of the problem

In this study, a full three-dimensional (3D) computational model of the hydrocyclone was
used. Although the general geometry of a hydrocyclone appears axisymmetric, the internal flow
is strongly three-dimensional due to the tangential inlet, the formation of double vortex cores, and
the presence of secondary recirculation zones near the wall and vortex finder. These asymmetric
flow patterns cannot be accurately represented using a 2D axisymmetric approach. Therefore, the
3D model was selected to fully capture the spatial variation of tangential, axial, and radial velocity
components, as well as the detailed structure of the turbulent swirl flow. The model includes the
volute-type tangential inlet, vortex finder, cylindrical and conical sections, and the underflow
orifice, ensuring realistic representation of the flow field. Similar 3D modeling approaches have
been successfully applied in previous numerical studies of hydrocyclones, showing that full
three-dimensional simulations provide more accurate predictions of pressure distribution and
particle separation efficiency.

Fig. 1 shows two types of hydrocyclones, with their dimensions.

The modified volute section provides a smoother tangential flow entry and a more uniform
velocity distribution inside the cyclone body. This geometric change improves the formation of a
stable vortex core, reduces local turbulence, and enhances solid-liquid separation efficiency
compared to the standard design.

Fig. 2 shows schematic representations of hydrocyclones: (a) and (b) correspond to the
standard design, while (c) and (d) represent the modified volute configuration, including their
respective computational grids used for numerical modeling.
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Fig. 1. Two types of hydrocyclones with their main dimensions

Fig. 2. Schematic representation and computational grids of the a), b) standard
and c), d) modified hydrocyclone models used in the numerical simulation

The modified inlet geometry Fig. 2(c-d) generates a more stable swirling flow and lower
turbulence intensity near the inlet region. Mesh refinement was applied in high-gradient zones to
accurately capture velocity and pressure variations critical for evaluating flow performance.

The computational domain was discretized using a polyhedral mesh generated in the ANSYS
Fluent Meshing environment following the watertight geometry workflow. Local sizing was
applied to critical regions such as the inlet, vortex finder, and underflow orifice to accurately
capture steep gradients in velocity and pressure. The target mesh size was 5 mm with a growth
rate of 1.2, and the boundary layer was resolved using three inflation layers with a transition ratio
of 0.272 and a smooth-transition offset method. The resulting grid consisted of approximately
2.43 million cells, 1.62 million faces, and 3411 edges, as summarized in Fig. 2(c-d). A refinement
strategy was implemented by applying a body of influence (Bol) around the inlet and cone regions
to ensure accurate prediction of tangential velocity and swirl intensity. Polyhedral elements were
chosen to minimize numerical diffusion and improve convergence stability in regions of high
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curvature and rotation. A grid independence study was performed using three mesh densities
(1.2x106, 2.4x10°, and 3.6x10° cells). The variation in pressure drop and separation efficiency
between the two finest grids was below 1.8 %, indicating that the medium-density grid (= 2.43x10°
cells) provides sufficient accuracy with reasonable computational cost. Therefore, this mesh was
adopted for all subsequent CFD simulations.

To study the hydrodynamics of the flow in a modernized hydrocyclone with an improved spiral
region, a system of equations was used to describe the behavior of a gas-liquid mixture containing
solid particles. In the present study, the solid-liquid mixture is assumed to be dilute, meaning that
the particle concentration is sufficiently low so as not to significantly affect the bulk properties of
the carrier fluid. According to article [6], multiphase modeling of hydrocyclones demonstrated
that, at low solid concentrations, particle-particle interactions can be neglected without substantial
loss of accuracy in predicting the cut size. Similarly in article, [7] confirmed the suitability of the
GEKO k-w model for accurately simulating turbulent and swirling flows under moderate particle
loading, validating its capability to handle complex flow patterns. In addition in article [9]
numerically analyzed centrifugal cyclone systems and also employed the dilute-phase assumption
(¢ < 0.01), showing that neglecting two-way coupling between the liquid and solid phases
remains valid for this concentration range. Under these conditions, the continuous liquid phase
governs the overall flow field, while the solid particles are treated as a dispersed phase influenced
primarily by centrifugal, drag, and gravitational forces. Within the rotational motion of the
hydrocyclone, these forces determine particle trajectories and the efficiency of separation.

The computational domain boundaries are shown in Fig. 2. Appropriate boundary conditions
were applied to reproduce the real operating conditions of the hydrocyclone. At the inlet, a velocity
inlet condition was specified, with a uniform velocity corresponding to a volumetric flow rate of
350 m>/h, and a turbulence intensity of 5 % with a turbulence viscosity ratio of 10. The outlet at
the overflow was defined as a pressure outlet with a gauge pressure of 0 Pa, allowing free
discharge of the liquid core flow. The underflow orifice was modeled as a pressure outlet with the
same pressure condition to enable symmetric flow separation between overflow and underflow.

All solid surfaces of the hydrocyclone body were treated as no-slip walls, with standard wall
functions applied for near-wall turbulence modeling. The vortex finder and underflow spigot were
included in the domain geometry, ensuring realistic pressure and velocity distributions near the
outlet zones. The axis of symmetry was defined along the cyclone’s central axis to ensure flow
symmetry and computational stability.

These boundary conditions are consistent with experimental and numerical studies of
hydrocyclones [6], and have been shown to accurately reproduce the characteristic Rankine-type
vortex and air core formation typical of high-Reynolds-number swirling flows.

Their interaction determines the trajectories of particle motion and the efficiency of the
separation process. For numerical modeling of this problem, the Reynolds-averaged
Navier-Stokes system of equations (RANS approach) is used. The k-w GEKO model was chosen
as a turbulence model, which allows for a wide range of turbulent regimes and is adapted to local
flow conditions, which is especially important for vortex and highly turbulent flows in a
hydrocyclone. Thus, to adequately describe the movement and transport of solid particles in
modified cyclonic devices, it is sufficient to take into account the effect of centrifugal force,
environmental resistance and gravity within the framework of the selected turbulent model:

dp a(Ui)_O

at  ox; 0
apU)  9(pU:0;) _ ap . 0 aU;  ay;

ot T ax, T o POt ag U TR Gx T aw)|

The SST GEKO (Generalized k-w) turbulence model developed by Ansys is an improved
version of the classical SST (Shear Stress Transport) model with extended calibration capabilities.
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Its main advantage lies in the increased accuracy and flexibility when modeling complex turbulent
flows, especially those involving strong rotation, flow separation, or large velocity gradients. Such
characteristics make it highly suitable for analyzing complex systems like hydrocyclones and
centrifuges, where detailed turbulence representation is crucial. According to article [7], the
GEKO model demonstrates enhanced adaptability for a wide range of turbulent regimes and
provides more accurate prediction of anisotropic swirling flows and heat transfer characteristics.
Similarly, in article [8] successfully applied CFD modeling to investigate the hydrodynamics of
hydrocyclones, confirming that proper turbulence modeling is essential for capturing energy
losses and pressure gradients in rotational flows. In addition [9] conducted numerical analyses of
centrifugal cyclone systems and validated the capability of the GEKO-based approach to
reproduce realistic tangential velocity distributions and pressure profiles in strongly swirling
flows. These findings collectively justify the choice of the GEKO k- turbulence model in the
present study, as it offers superior performance for capturing the complex hydrodynamics of the
modified hydrocyclone configuration.

The model is based on the transport equations for turbulent kinetic energy (k) and specific
dissipation rate (w), expressed as:

(d(pk) o(pUjk) d e\ Ok
=p, — — —=l—
at + ax] k Cﬂpkw + ax] <H + O'k) 0x] ’

d(pw) 9(pUw) w a e\ 0w
= F; — Py — C,F. 2 F;CD + — ( —)— .

2

where, Py is the turbulence production term, oy, a,,, @, B, B* are empirical model constants
calibrated for enhanced generality.

The transport equations for turbulent kinetic energy and specific dissipation rate, given in
Eq. (2), follow the GEKO k-w model formulation described by [7], where additional calibration

parameters enhance adaptability to different turbulent regimes.
k

max(w,S/Crealize)”

Turbulent eddy viscosity is calculated by: u, = pv, = p

s ®)
j
) = —puj = p2S; - gpkaij' 4)
0, w 0% 0X;
L2t (Sikj — QiSkj)s (6)

Tij = TiEjV — CcornEr
max (O.Sw, JO5(5% + 92))

s = 1(%U, U o _1(9U:_0U 5—/255 Q= (20,0 7
UT2\ox  0x;) U T 2\ax  ax )0 T T NTURw T Ut M

In Egs. (3-7), the following parameters and coefficients are used: Tij — turbulent (eddy) stress
tensor, Ccoryer = 1.2 —model correction coefficient for corner flows, CD — cross-diffusion term
coefficient. The GEKO model introduces additional calibration functions (F;, F,, F3;) and
adjustable coefficients (4;, A,) that provide flexibility for different flow regimes, including
swirling and separated flows. The blending function F;,,4 automatically distinguishes between
near-wall and free-shear regions in the computational domain: Fye,,q = 1 for near-wall flows and
Fpiena = 0 for free-shear regions. In near-wall zones (Fp;enq = 1), the coefficients Cggp and Cyy,
are activated to improve boundary-layer prediction, whereas in free-shear regions (Fy;eng = 0),
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the coefficients Cpx and Cjpr control mixing and jet spreading. The specific functional forms of
Fyieng and the free coefficients (Fy, F,, F3) are proprietary and not yet publicly available in the
open literature. The model constants were adopted as follows: * = 0.09, g, = 2.0, g, = 2.0,
a = 0.52, and the blending function F; = 1 in the near-wall region.

Particle tracking. When modeling the operation of a hydrocyclone, it is necessary to take into
account a number of key equations. One of them describes the kinematics of particle motion, and
the other describes their interaction with the surrounding liquid medium. As noted in [14], the
particles in the flow inside the hydrocyclone are mainly affected by the following forces: the
resistance force of the medium, pressure (pressure gradient), and the lifting force, known as the
Saffman force. The Saffman lift force was included in the particle motion model to account for
the lateral force acting on small particles moving in shear flows. This force becomes significant
when the particle Reynolds number (Re, = prd,, |u —u, | /1) is below approximately 100 and the
local shear rate is high, as typically observed in the near-wall regions of hydrocyclones. Under
these conditions, the lift force can influence particle trajectories and separation behavior. In this
study, the mean particle diameters ranged from 20 um to 80 um, corresponding to Re, values
between 5 and 60, which falls within the valid range for applying the Saffman formulation [15].
For larger or highly turbulent particles (Re,, > 100), the contribution of lift is generally negligible
compared to drag and centrifugal forces; hence, its effect was limited to the low-inertia particle
population. The inclusion of this term improves accuracy in predicting fine particle separation
without significantly increasing computational cost.

In this model, the primary forces acting on solid particles — centrifugal, drag, and gravity —
were taken into account, as they dominate the motion of small spherical particles in hydrocyclone
flows. According to in article [15], centrifugal and drag forces are the primary factors determining
particle trajectories within hydrocyclones, while the influence of secondary effects such as
buoyancy or pressure gradient imbalance remains minimal for small particle sizes. Furthermore,
article [16] demonstrated in their numerical study of three-phase (liquid-gas-solid) flows in
hydrocyclones that neglecting the Basset force and Magnus lift forces does not lead to noticeable
errors in the prediction of particle motion when the particle diameter is less than 100 um and the
particle Reynolds number (Rey,) is less than 50. Therefore, in this work, these secondary forces
were omitted in accordance with established practice in CFD modeling of dilute multiphase
hydrocyclone systems, since this simplification does not significantly affect the accuracy of the
predicted particle trajectories. Taking these considerations into account, the particle motion can
be expressed by Eq. (8).

Eq. (8) represents the balance of forces acting on a particle within the rotating flow field and
follows the classical formulation described by article [15], where centrifugal, drag, and
gravitational forces govern the particle motion inside a hydrocyclone:

du p vp

(4 f
F-(l—a>g+FD(u—up)+7+Fs, (8)
where Fj (u - up) — resistance per unit mass of the particle. This force is balanced by the action

of the centrifugal force. Since the particles are considered smooth and have the shape of small
spheres, the expression for Fj, can be represented as follows:

184 CpR
Fo =" 2% ©)
Ppap

where the Reynolds number is:
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_ Prdplupy —ul

R, .

(10)

In this study, the continuous liquid phase was solved under steady-state (stationary) conditions
using the RANS equations with the GEKO k-w turbulence model. This approach was adopted
because, under the operating flow rate of 350 m’h, the hydrodynamic field inside the
hydrocyclone reaches a statistically stable pattern characterized by a quasi-steady vortex structure.
Solving the steady flow field significantly reduces computational cost while preserving the
accuracy of mean velocity and pressure distributions. Once the steady flow solution was obtained,
the particle motion was computed in a transient (unsteady) manner using a Lagrangian discrete
phase model (DPM). This transient tracking allowed capturing the time-dependent trajectories and
residence times of particles as they moved through the swirling flow. The combined steady —
transient approach is widely used in hydrocyclone simulations [6], as it provides a good balance
between physical realism and computational efficiency.

The particle trajectories were computed using a Lagrangian particle tracking approach
implemented in ANSYS Fluent. The equations of motion were solved by integrating the particle
velocity and position in time using a second-order implicit Runge-Kutta scheme, which ensures
numerical stability for high-gradient flows in the hydrocyclone. The time step was set to 1x10* s
after a sensitivity analysis confirming that smaller steps did not significantly affect the results.
Step-size control was automatically adjusted based on the local Courant number to maintain stable
integration across regions of strong velocity gradients. The coupling between the continuous
(liquid) and discrete (solid) phases was treated using a one-way coupling assumption, meaning
that the fluid flow field influences the particle motion, but the particle loading is sufficiently low
(¢ < 1%) to neglect the feedback of particles on the fluid phase. This assumption is widely used
for dilute particle-laden flows in hydrocyclones [6]. Each particle trajectory was computed until
it either exited through the underflow or overflow boundary, at which point the particle’s residence
time and terminal velocity were recorded for efficiency analysis. This procedure allows a
statistically converged prediction of particle capture efficiency while maintaining computational
accuracy.

3. Calculation results and their discussion

The developed mathematical and numerical model provides a comprehensive representation
of the hydrodynamic and particle motion characteristics inside the hydrocyclone. By resolving the
three-dimensional velocity, pressure, and turbulence fields, the model captures the key flow
features — such as vortex core formation, tangential velocity gradients, and axial recirculation
zones — that govern particle separation performance. The validated steady-state flow field obtained
from the GEKO k-w RANS formulation serves as the foundation for the subsequent transient
particle tracking simulations. This integrated modeling framework enables detailed analysis of
how modifications in the inlet geometry influence flow stability, pressure drop, and separation
efficiency, which are discussed in the following section.

Fig. 3 shows the isolines of the velocity distribution in the longitudinal section of the central
zone of the hydrocyclone.

Fig. 3 clearly illustrates the differences in the flow velocity distribution between the standard
and the modified hydrocyclone configurations. In the standard design (left), the velocity field
shows a strong non-uniformity near the inlet and the upper cylindrical section, where zones of
high velocity (above 8.5 m/s) are concentrated asymmetrically. This leads to an unstable vortex
core and higher turbulence intensity. In contrast, the modified volute (snail) section (right)
produces a smoother and more uniform velocity profile along the central axis, with a gradual
decrease in velocity from the wall toward the axis. The improved distribution indicates enhanced
swirl uniformity and reduced local turbulence dissipation, which contributes to a more stable
vortex structure and higher separation efficiency of the hydrocyclone. These observations confirm
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that the redesigned inlet geometry effectively improves the hydrodynamic stability and energy
efficiency of the device, in agreement with previously reported CFD findings [16].

a) Standard design b) With modified snail section
Fig. 3. Velocity field isolines

Fig. 4 shows the region of maximum flow velocities, the so-called velocity core, which forms
inside the hydrocyclone. This zone is important for the phase separation process, since it is where
the action of centrifugal forces, which determine the behavior of particles, their trajectories, and
the degree of separation, is most active.

2.253e+00
2.246e+00

0.000e+00
[ms™-1]

0.000e+00
[m s*-1]

a) Standard design b) With modified snail section
Fig. 4. Velocity core region

Fig. 4 compares the three-dimensional velocity core regions in the standard and modified
hydrocyclone configurations. In the standard design (left), the vortex core appears elongated and
unstable, extending irregularly toward the underflow region. The flow shows significant
asymmetry, with zones of high velocity (above 6.7 m/s) concentrated near the wall, indicating
increased turbulence and energy loss. In contrast, the modified volute (snail) section (right)
produces a more compact and symmetric vortex core with a well-defined central axis. The velocity
distribution is smoother, and the high-velocity region is confined to the upper cylindrical part,
suggesting improved flow organization and reduced secondary recirculation. These results
indicate that the redesigned inlet geometry enhances the formation and stability of the vortex core,
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minimizes energy dissipation, and contributes to improved particle separation efficiency within
the hydrocyclone.

Fig. 5 shows a section of the central part of the hydrocyclone at a depth of z = 400 mm from
the cover of the device, where the distributions of tangential, longitudinal velocity, as well as the
kinetic energy of turbulence are compared. This section allows us to evaluate the contribution of
various flow components, such as the main and turbulent kinetic energy, and their influence on
the overall dynamics of the flow in the hydrocyclone.
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Fig. 5. Comparison of the distribution of a) tangential, b) longitudinal velocity
and c) kinetic energy of turbulence

Fig. 5 presents the velocity and turbulence characteristics in the central section of the
hydrocyclone at a depth of z = 400 mm. The graphs compare the results for the standard design
(curve 1) and the modified volute (snail) section (curve 2). In the tangential velocity distribution
(Fig. 5(a)), the modified design shows a smoother velocity gradient near the wall and a more
symmetric profile around the central axis. The reduction in local peaks indicates improved swirl
uniformity and lower turbulence anisotropy compared to the standard configuration. The
longitudinal velocity profile (Fig. 5(b)) demonstrates that the modified hydrocyclone achieves
more stable axial flow with reduced recirculation zones, which helps maintain a steady vortex core
and minimizes backflow near the centerline. In the turbulent kinetic energy distribution (Fig. 5(c)),
the modified configuration exhibits slightly higher energy near the wall region but lower
fluctuations in the core, suggesting a better balance between turbulence production and
dissipation.

Fig. 6 shows a section of the central part of the hydrocyclone at a depth of z = 800 mm from
the cover of the device, where the distributions of tangential, longitudinal velocity, as well as the
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kinetic energy of turbulence are compared. This section allows a more detailed analysis of the
changes in the flow characteristics at a greater depth of the device and their impact on the
separation efficiency and flow dynamics in the hydrocyclone.
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Fig. 6. Comparison of the distribution of a) tangential, b) longitudinal velocity
and c) kinetic energy of turbulence

Fig. 6 comparison of distributions of: a) tangential velocity, b) longitudinal velocity and
¢) turbulent kinetic energy for the standard (1) and modified (2) hydrocyclones. The graphs show
that the modified hydrocyclone flow exhibits changes in the distribution of velocities and turbulent
energy, indicating possible improvements in flow dynamics and separation efficiency. Fig. 6.
Comparison of distributions of: a) tangential velocity, b) longitudinal velocity and c) turbulent
kinetic energy at a depth of z = 800 mm from the cover for the standard (1) and modified (2)
hydrocyclones.

The results demonstrate a change in the flow pattern at greater depths, where the modified
volute design affects the velocity distribution and the level of turbulent kinetic energy, which
potentially contributes to an increase in the efficiency of phase separation. To evaluate the
performance of the hydrocyclone, Fig. 7 presents the values of the percentage capture of particles
with densities p = 2500, 3500 and 4500 kg/m?. The graph illustrates what proportion of particles
of different sizes can be effectively separated depending on the flow parameters and the device
configuration. These results allow conclusions to be drawn about the degree of separation
efficiency and serve as a basis for optimizing the performance of the hydrocyclone.

Fig. 7 illustrates the particle capture efficiency curves for the standard and modified
hydrocyclone designs at three particle densities. For particles with p = 2500 kg/m?, the modified
hydrocyclone (curve 2) shows a noticeable increase in capture efficiency across the full size range,
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particularly for medium-sized particles (D = 20-35 um), where the efficiency rises from
approximately 57 % to 64 %. At p = 3500 kg/m?, both designs achieve higher overall efficiency,
but the modified configuration demonstrates a more rapid transition to full particle capture
(100 %) at smaller particle diameters, indicating improved separation sharpness. For
p = 4500 kg/m’, the difference between the two designs becomes smaller since the higher particle
density enhances centrifugal separation in both cases; however, the modified design still maintains
slightly higher efficiency and smoother performance trends. Overall, the modified spiral (snail)
section achieves an average 5 % increase in particle capture efficiency compared to the standard
design at the same flow rate. This improvement confirms that the optimized inlet geometry
promotes a more uniform tangential velocity distribution, enhancing the separation process and
reducing particle losses through the overflow.

100 100 100 100 100 100 100
100
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D (mkm) D (mkm)
a) p = 2500 kg/m? b) p = 3500 kg/m?

100 100 100 100 100
100

0 10 20 30 40 50 60 70
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c) p = 4500 kg/m?
Fig. 7. Percentage of particle capture

4. Conclusions

The conducted studies revealed significant differences in the flow characteristics between the
standard and modified (with a volute) hydrocyclones. Particularly noticeable are the differences
in the distribution of tangential and longitudinal velocities, as well as turbulent kinetic energy,
where the modified design demonstrates higher efficiency. The modified hydrocyclone exhibits
more stable velocity profiles in the central part of the flow and increased values of turbulent kinetic
energy, which contributes to a more efficient phase separation process. The results obtained at
different depths (z = 400 mm and z = 800 mm) made it possible to analyze the flow development
along the axis and evaluate the effect of design changes on the hydrodynamic state inside the
device. In general, the proposed modification with a volute contributes to an increase in the
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efficiency of the hydrocyclone and can be recommended for further implementation in industrial
technologies. Future works will focus on extending the current CFD model to include two-way
coupling between the liquid and solid phases to better represent dense suspensions and particle —
particle interactions. Additionally, the model will be expanded to study different inlet geometries
and cone angles to identify optimal configurations that minimize pressure drop while maximizing
separation efficiency. Future research will also involve experimental validation of the simulated
velocity and pressure fields to confirm the numerical findings and ensure the reliability of the
proposed design for industrial-scale applications.
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