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Abstract

The utilization of hydrocyclones dates back more than a century. As the key channel for
multiphase flow, the inlet chamber exerts a notable influence on the separation efficiency
of hydrocyclones. Conventional feed bodies mainly adopt straight lines as guidelines.
During the transition of fluid from linear motion to circumferential motion, significant
kinetic energy loss and particle misalignment are exhibited, resulting in relatively low
classification accuracy of the hydrocyclone. Therefore, in this study, a hydrocyclone fea-
turing a complex curved inlet chamber structure was designed, and numerical analysis
was employed to examine the particle distribution and aggregation characteristics within
both the inlet chamber and the hydrocyclone. Supplemented with RSM/VOF/TFM sim-
ulations and quartz sand experimental validation, this study compares the separation
performance of the complex curved inlet with the conventional linear inlet. The results
indicate the following: when particle sizes are small, particles are dispersed throughout
the hydrocyclone and inlet chamber, exhibiting a disordered state, which leads to poor
classification performance. As particle size increases, particles gradually form layers along
the radial direction; larger particles tend to accumulate on the hydrocyclone wall. When
the particle concentration is maintained within a specific range, it promotes the migration
of fine particles toward the center, thereby reducing the likelihood of fine particles entering
the outer vortex and allowing for more precise classification of fine particles. As the particle
concentration increases, the cutting ability of the hydrocyclone progressively diminishes;
when the concentration exceeds 20%, the maximum underflow recovery rate for particles
smaller than 50 um is only 60%, resulting in significant coarse overflow and a notable
decrease in classification precision. Furthermore, as the inlet concentration increases, the
dispersion index for 0.5 um particles ranges from 0.6 to 1.6, for 4 um particles from 0.6 to
1.4, and for 60 pm particles from 0.6 to 1. The decreasing dispersion index indicates an
increasing classification force, which aids in the formation of a coarse particle layer on the
wall. The conclusions and data obtained provide a theoretical foundation and empirical
support for the design of innovative inlet chamber structures.
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1. Introduction

The utilization of hydrocyclones traces back more than a century [1]. Alongside the
ongoing advancement of cyclone classification technology, a diverse range of hydrocy-
clone configurations has been developed. Owing to their inherent advantages—including
a compact footprint, high classification efficiency, and lack of moving components—
hydrocyclones are extensively employed in industries such as coal separation, petroleum
purification, and wastewater treatment [2-5]. The core operating principle of hydrocyclones
lies in the conversion of pressure energy into kinetic energy: when the slurry is injected into
the cylindrical section of the hydrocyclone at high pressure, the fluid transitions from linear
motion to three-dimensional spiral flow. As the particles descend further, they ultimately
enter the primary separation zone (i.e., the conical section), where coarse particles are
discharged through the underflow and fine particles via the overflow, thereby completing
the particle classification process.

In prior research, the inlet was largely considered merely a channel for slurry con-
veyance, with limited attention devoted to its in-depth investigation [6-9]. However, with
the advancement of fluid dynamics theory, researchers have revealed that the inlet exerts a
crucial influence on particle distribution and flow field stability by integrating numerical
simulation and experimental approaches.

The inlet chamber, as a critical conduit for multiphase flow, significantly influences
the arrangement of particles within the hydrocyclone. Therefore, a well-designed inlet
chamber structure is conducive to enhancing the separation efficiency of the hydrocyclone.
With the ongoing evolution of industrialization, various types of inlet bodies have emerged.
Meanwhile, researchers have investigated the influence of different inlet structures on
hydrocyclone classification performance. Zhao et al. [10] found that adopting a double-
symmetric rectangular interface inlet enhances the tangential velocity, enabling particles
to acquire stronger centrifugal force and leading to a 3.21% improvement in the overall
separation efficiency of the hydrocyclone. Furthermore, as the number of incoming par-
ticles increases and the inlet size decreases, the separation efficiency is further enhanced.
Liu [11] developed a volute-type inlet configuration, mainly consisting of a spiral structure
constructed from straight segments and arcs. This structure exerts a pre-classification
function on particles: coarse particles are concentrated on the outer side, while fine parti-
cles gather on the inner side, thereby achieving higher classification efficiency. Zhao [12]
proposed a boss-guided inlet design, which facilitates the sorting of oil droplets with
different densities—oil droplets of varying densities are directed into distinct baffle zones,
simplifying the subsequent centrifugal separation process. The co-current oil-water flow in
a horizontal serpentine channel was experimentally investigated via high-speed imaging
techniques. Distinct flow patterns were induced by independently adjusting the superficial
velocities of the two fluids using a dual-drive syringe pump. The findings support the
establishment of a flow pattern map, which exhibits substantial discrepancies from the
equivalent map obtained for straight microchannels [13-15]. While numerous scholars
have developed innovative inlet chamber designs, the majority have adopted a single linear
profile as the guiding curve, which fails to fully meet the demands of particle motion. Ac-
cordingly, the present study introduces a complex curved inlet chamber structure consisting
of three successive profiles (linear, involute, and spiral). At the interface between the spiral
and involute segments, an arc transition is adopted, and semi-cylindrical protrusions and
guiding plates are integrated into the inlet chamber to expedite the formation of the particle
layer. The complex curved inlet chamber possesses multiple merits: (1) Multiphase flow is
evenly distributed in the linear segment; as particles pass the semi-cylindrical protrusion,
the pressure gradient between the upper and lower fluid layers propels more fine particles
toward the inner wall of the inlet chamber, thus elevating the proportion of fine particles
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entering the inner vortex flow. (2) Upon entering the involute segment, particles undergo
a transition from disordered dispersion to systematic sedimentation under the action of
classification forces, forming a stable particle layer and realizing effective pre-classification.
(3) Following pre-classification, particles entering the spiral section experience minimal
variation in curvature radii between adjacent segments and maintain tangency with the hy-
drocyclone column, which reduces particle-wall collisions and results in smoother particle
motion, thereby enhancing classification performance.

The methods for investigating particle aggregation and distribution characteristics
within a hydrocyclone can be broadly classified into experimental methods and numerical
analysis. Although experimental methods provide high measurement accuracy, they are
constrained by external disturbances and site limitations [16-20]. In particular, under
complex operating conditions, it is often impractical to deploy experimental equipment,
which restricts the broader applicability of these methods. Conversely, numerical analysis
utilizes appropriate physical models to predict the trajectories of particles within the hydro-
cyclone, and its results demonstrate a high degree of correlation with experimental data.
Furthermore, numerical analysis is not influenced by site conditions or external operating
environments, making it widely utilized in this field. The essence of numerical analysis lay
in adopting reasonable mathematical models to predict the variation characteristics of the
internal flow field and particle motion in hydrocyclones [21,22], thereby obtaining relevant
evaluation parameters. Turbulence models and multiphase flow models were commonly
used mathematical models for predicting the classification performance of hydrocyclones.
Among them, the RSM model within the turbulence model category fully accounted for tur-
bulent anisotropy [23-25], and exhibited high prediction accuracy for the high turbulence
field generated by the three-dimensional spiral motion inside hydrocyclones. Multiphase
flow models were mainly classified into the VOF and TFM models [26]. The VOF model
effectively predicted the variation characteristics of the internal flow field in hydrocyclones,
which was primarily applied to air-water two-phase simulation. Meanwhile, it accurately
captured the dynamic changes in the air core, facilitating the investigation of the dynamic
development characteristics of the air core. The TFM model was dedicated to water-particle
two-phase simulation [27], which effectively predicted the particle classification charac-
teristics inside hydrocyclones and was also applicable to the prediction of particles in
high-concentration slurries.

Drawing on hydrodynamic theory and particle dynamics theory, this study explored
the internal flow field and particle classification performance of a hydrocyclone equipped
with a composite curved feed body. To begin with, the RSM + VOF model was utilized
to characterize the flow field, yielding the flow field variation behaviors under different
operating parameters [28,29]. Secondly, the RSM + TFM model was applied to elucidate
the motion behaviors of the particle phase. Finally, laboratory experiments were carried
out to determine the primary and secondary influencing factors affecting the classification
performance of the composite curved feed body hydrocyclone, and the accuracy of the
numerical analysis was verified. The findings obtained offer a theoretical foundation and
data backing for the structural design of the novel feed body.

2. Mathematical Model
2.1. Model Description

ANSYS Fluent 2021 R2 was employed for the numerical simulations in this study.
Considering the complexity of the flow field in the hydrocyclone, the whole numerical
simulation process can be divided into two steps [30]. The two-step simulation (clear
water flow first, then solid-liquid flow) was designed per hydrocyclone flow characteristics.
For 3-20% solid concentrations, solid disturbance to liquid flow was weak (interphase
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coupling coefficient < 0.1). Tight coupling tripled computation with <3% accuracy gain,
while validation against Hsieh’s and Delgadillo’s data (error < 8%) confirmed reliability,
consistent with Vakamalla et al. [31]. Firstly, The RSM + VOF model was adopted to obtain
the characteristics of the water-air two-phase flow field, with no solid particles involved.
Meanwhile, the VOF model effectively captured the dynamic variation characteristics of the
air core inside the hydrocyclone, which facilitated the investigation of the air core [32,33].

Next, after the flow field stabilized, particles with different particle sizes were intro-
duced into the Fluent. The TFM model was adopted to obtain the water-particle two-phase
characteristics under different concentrations, and the RSM model was still employed for
turbulence prediction.

2.2. Geometric Model

This paper designs a hydrocyclone with a complex curved inlet structure, as shown in
Figure 1a; the structural parameters and analysis lines are shown in Figure 1b, while top-
view parameters are shown in Figure 1c. The inlet consists of three types of curves: a straight
line, an involute curve, and a vortex curve. The vortex curve and the involute curve are
connected by an arc. Furthermore, a semi-cylindrical boss and a baffle are mounted inside
the inlet to expedite the formation of the particle layer. The complex curved inlet offers
three key advantages: (1) The multiphase flow is evenly distributed in the straight segment.
As particles traverse the semi-cylindrical boss, owing to the pressure difference between
the upper and lower fluid layers, more fine particles migrate toward the inner wall of the
inlet, enhancing the proportion of fine particles entering the inner vortex flow. (2) Particles
entering the involute segment undergo a transition from a randomly dispersed state to
regular sedimentation under the action of classification forces, forming a stable particle layer
and realizing effective pre-classification of the particles. (3) Following pre-classification,
the particles enter the vortex segment. Due to the minimal variation in curvature radius
near the vortex curve and its tangential connection with the cylindrical section of the
hydrocyclone, the collision between particles and the hydrocyclone wall is mitigated,
leading to smoother particle motion and, in turn, improved classification performance.
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Figure 1. Three-dimensional geometric model of the designed hydrocyclone with complex curved inlet.

2.3. Boundary Condition Setup and Mesh Division

With the exception of the inlet configuration, all other structural components are
consistent with those of the classic Hsieh hydrocyclone, and the specific structural pa-
rameters are presented in Figure 1. To examine the influence of the inlet configuration
on the hydrocyclone’s classification performance, a meshing process is essential. Hexa-
hedral meshes, renowned for their high computational accuracy and rapid convergence,
are extensively employed in such numerical studies; thus, they were adopted herein to
discretize the hydrocyclone geometry (Figure 2). Given that the overflow pipe’s geometry
exerts a notable effect on the hydrocyclone’s classification efficiency, mesh refinement was
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implemented along the overflow pipe wall to capture subtle flow behaviors. To identify
the optimal mesh element count, a grid independence analysis was performed (Figure 3).
When the number of mesh elements reached 2.6 x 10°, the pressure drop remained stable
with additional increases in mesh density, demonstrating that further mesh refinement
beyond this threshold would not enhance numerical precision.

Figure 2. Physical Diagram of the Hydrocyclone and Mesh Discretization.

60

10
13.6
551 12.8
8 ol 86 316 3.16 34
5 —
=6 =
g g cp/
S S 40 9—
- I
> 5 :
EN 5 g3st §
g —»—2.0x10° & :
%D —v-2.3x10° 30k :
= " :
2k —o—2.6x10°
——2.9x10% 25 ‘
—— 3.3x10° v ; ; 3 ;
\ X ) 20 ' ! ! ' '

a 2 1 a
o 30 20 0 0 " 2 0 20 180 200 230 260 290 330

3
Radial position(mm) Mesh number(x10°)

Figure 3. Mesh Independence Verification.

2.4. Model Validation

To validate the accuracy of the flow field data derived from the VOF + RSM model
and the particle phase data from the RSM + Mixture model, the classical experimental
data reported by Hsieh and Delgadillo were compared with the simulation results. In
1988, Hsieh [34] carried out experimental measurements on the internal flow field of a
hydrocyclone with a diameter of 75 mm using specialized experimental apparatus, yielding
a series of flow field data that are commonly adopted by scholars for validating their
physical models. Delgadillo [35] investigated the classification efficiency of solid-phase
particles at a concentration of 10.47%, generating numerous classic experimental findings.
In the present study, a hydrocyclone model with structural parameters consistent with those
in Hsieh’s experiment was first established, and numerical simulations were performed
for both the internal flow field and solid-phase particles. The experimental data can
be referenced from literature. The comparison results indicate that it is feasible to use
numerical analysis methods to investigate the classification performance of hydrocyclones.

Prior to applying mathematical models for numerical analysis, it is imperative to
verify their accuracy and reliability. The RSM/VOF model was employed to simulate the
internal flow field characteristics of the hydrocyclone, and the simulation results were
compared with Hsieh’s [34] experimental data obtained via laser Doppler velocimetry
(LDV), as presented in Figure 4. The simulated and experimental data showed excellent
consistency, with minor discrepancies observed at the maximum tangential velocity—
these are mainly ascribed to operational deviations during the experiment. Overall, the
RSM/VOF model proved capable of effectively predicting the internal flow field behaviors
of the hydrocyclone.
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Figure 4. Validation of the numerical simulation for the flow field.

The RSM/Mixture model was employed to predict the hydrocyclone’s classification per-
formance for the particle phase, with results compared against Delgadillo’s [35] experimental
data at a solid concentration of 10.47%. As presented in Figure 5, simulated and experimental
data exhibited consistent variation trends, though recovery errors were observed for parti-
cles smaller than 5 um. Specifically, experimental recovery of particles <5 um was zero, as
no such fine particles were present in the experimental material. Furthermore, given the
strong hydrophilicity and poor classifiability of fine particles, their discharge rate was nearly
equivalent to the liquid split ratio—a phenomenon also observed in Delgadillo’s experiment.
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Figure 5. Comparison between experimental and simulated data for the particles.

3. Results and Discussion
3.1. The Effect of Particle Size on Particle Aggregation Characteristics

To illustrate the aggregation and distribution characteristics of particles within the
hydrocyclone, five particle sizes—0.5 pm, 4 um, 15 pm, 25 pm, and 60 pm—were selected
for investigation.

Figure 6 illustrates the distribution of particles of varying sizes within the ZX plane.
For relatively small particle sizes (0.5 pm and 4 um), fine particles are almost uniformly
dispersed throughout the hydrocyclone region due to their high affinity for water, which
complicates their separation. Medium-sized particles (15 pm) begin to accumulate along
the hydrocyclone wall, forming a particle layer in the radial direction, where classification
forces become more pronounced. In the case of larger particles (60 um), they aggregate
along the hydrocyclone wall, resulting in the formation of a coarse particle layer. The
particle size distribution reveals a layered structure, with larger particles situated near
the wall and progressively smaller particles toward the center. Figure 7 presents the
distribution of different particles in the XY plane. Fine particles (4 um) commence the
formation of a particle layer within the inlet body, demonstrating the guiding effect and
effective classification capability of the complex curved inlet structure for fine particles.
Coarse particles (30 um and 60 um) tend to accumulate along the outer wall of the inlet body,
where the volume fraction is lowest at the center, thereby forming a dense coarse particle
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layer that facilitates classification. The complex curved inlet hydrocyclone demonstrates
high classification accuracy for fine particles, primarily due to the significant pressure
gradient force acting on them, which reduces their outflow ratio through the apex and
enhances their discharge rate through the vortex finder.
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Figure 6. Distribution characteristics of particles with different particle sizes in ZX plane.
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Figure 7. Distribution characteristics of particles with different article sizes in XY plane.

Figure 8 depicts the axial variation of particles across different size fractions along
the diametral line. For ultrafine particles (0.5 pm), the volume fraction first rises and
then declines along the axial direction from the wall toward the center. This distribution
characteristic is comparable to the combined vortex configuration within the flow field,
demonstrating that ultrafine particles exist in both the free vortex and forced vortex regions,
where turbulent diffusion forces exert a dominant effect. For fine particles (4 pm), the
volume fraction first increases and subsequently declines as the axial position changes. At
Z = 60 mm, a maximum in particle volume fraction is detected, a phenomenon linked to
the circulation and confluence effects inside the hydrocyclone. For sub-coarse particles
(25 pm) and coarse particles (60 um), the particle volume fraction displays distinct regional
features, with a volume fraction of zero at the center. This observation is mainly attributed
to the air core’s lack of involvement in the particle classification process. As the axial
position increases, the maximum particle volume fraction gradually shifts toward the wall,
which is a consequence of classification forces. This effect becomes more pronounced with
increasing distance from the apex.
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Figure 8. Variation in axial position with different particle sizes on the diameter line. (a) 0.5 um;
(b) 4 um; (c) 25 um; (d) 60 um.

3.2. The Effect of Concentration on Particle Aggregation Characteristics

Investigation on the Effect of Particle Concentration on Particle Motion Characteris-
tics: Particle concentration significantly influences the forces acting on particles and their
motion behavior within the hydrocyclone. At low particle concentrations, inter-particle
interactions are negligible, and the forces within the flow field dominate, resulting in
particle trajectories that align with fluid motion. Conversely, at high particle concentrations,
particle—particle interactions become predominant, surpassing the influence of flow field
forces, which leads to hindered settling as the primary motion mechanism. Thus, to exam-
ine the influence of inlet concentration on particle movement characteristics, five particle
concentration levels (3%, 6%, 9%, 15%, and 20%) and five particle size fractions (0.5 pum,
4 pm, 15 um, 30 pm, and 60 pm) were chosen for systematic analysis. This study seeks to
elucidate the microscopic mechanisms through which particle concentration modulates
particle aggregation behaviors and to clarify the distribution characteristics of different
particle sizes inside the hydrocyclone under varying concentration conditions. Figure 9
illustrates the distribution patterns of ultrafine particles (0.5 um) at varying particle con-
centrations. At low concentrations (<6%), ultrafine particles are dispersed throughout the
hydrocyclone region due to their strong affinity for water, where the pressure gradient
force and fluid drag are insufficient to counteract the centrifugal force. As concentration
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increases, ultrafine particles gradually migrate toward the center of the hydrocyclone,
indicating that intensified inter-particle interactions enhance the classification forces acting
on fine particles, thereby driving ultrafine particles toward the core region.
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Figure 9. Distribution characteristics of 4 um particles at different concentrations.

Figure 10 illustrates the distribution patterns of fine particles (4 pm) at varying particle
concentrations. As the concentration increases, fine particles gradually migrate toward
the center. When the concentration exceeds 9%, the region of particle aggregation shifts
upward, with this phenomenon becoming particularly pronounced at a concentration
of 20%. In the XY plane, when the concentration ranges from 6% to 9%, fine particles
are dispersed throughout the tangential inlet. This dispersion occurs due to the balance
between classification forces and turbulent diffusion forces, where lower concentrations
impede fine particle classification. As the particle concentration further increases, fine
particles migrate toward the inner wall of the tangential inlet. Therefore, an appropriate
inlet concentration is more conducive to fine particle classification.
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Figure 10. Distribution characteristics of 4 um particles at different concentrations.

Figure 11 illustrates the distribution patterns of sub-coarse particles (15 um) at varying
particle concentrations. Particle concentration significantly influences the distribution of
sub-coarse particles. When the concentration is below 9%, nearly all sub-coarse particles
accumulate along the hydrocyclone wall. However, when the inlet concentration exceeds
9%, inter-particle interactions cause a portion of sub-coarse particles to migrate toward the
center, resulting in the entrainment of coarse particles in the overflow, which adversely
affects the purity of fine particles. When the concentration is below a certain critical value,
classification forces dominate the separation process. Conversely, when the concentration
exceeds this critical value, inter-particle forces become the primary influencing factor.
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Figure 11. Distribution characteristics of 15 um particles at different concentrations.

Figures 12 and 13 illustrate the distribution patterns of coarse particles (30 pm and
60 um) at varying particle concentrations. It is evident that as the concentration increases,
the distribution of coarse particles remains largely unchanged, with nearly all particles
accumulating along the hydrocyclone wall. This phenomenon primarily arises from the
significantly greater centrifugal force acting on coarse particles in comparison to inter-
particle interactions. Consequently, particle concentration exerts a negligible effect on the
distribution characteristics of coarse particles.



Processes 2025, 13, 3540 12 of 23

I Y ‘
\ ) / g /4
\

3% 6% 9% 15% 20%

0.02976
0.02678
0.02381
0.02083
0.01785
0.01488
0.01190
0.00893
0.00595
0.00298
0.00000

0.07681

0.06922
0.06164
0.05405
0.04646
0.03888
0.03129
0.02371
0.01612

0.00853
0.00095

3% 6% 9%

T~ T~

15% 20%

Figure 12. Distribution characteristics of 30 um particles at different concentrations.
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Figure 13. Distribution characteristics of 60 um particles at different concentrations.

To microscopically delineate the radial variation of particles under varying concentra-
tion conditions, the particle distribution along the diametral line at different axial locations
was examined. Figure 14 illustrates the concentration-dependent variation of 0.5 um par-
ticles. Close to the apex (Z = 30 mm), the volume fraction of ultrafine particles first rises
and subsequently declines as the concentration increases. At a concentration of 20%, the
volume fraction of ultrafine particles attains its minimum value, which suggests that a
specific particle concentration level promotes the migration of fine particles toward the
central region, thus yielding a finer and purer product. With the elevation of axial position,
the volume fraction of ultrafine particles increases as the concentration rises. The volume
fraction is minimized at the hydrocyclone wall, increases gradually toward the center along
the radial direction, and then drops sharply to zero at a specific location adjacent to the
center. In the radial interval of —5 mm to 5 mm, the volume fraction of fine particles
remains at zero, since the air core is not involved in the particle classification process.
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Figure 14. Variation of 0.5 um particles along the diameter line at different concentrations. (a) Z = 30 mm;
(b) Z = 80 mm; (c) Z = 120 mm (d) Z = 180 mm.

The distribution of 4 um fine particles is presented in Figure 15, where their aggrega-
tion characteristics are markedly more pronounced than those of 0.5 um ultrafine particles.
In the axial range of Z = 120 mm-180 mm, the volume fraction rises as the particle con-
centration increases, with the peak volume fraction localized at the central region. This
observation reveals that fine particles are primarily enriched in the inner vortex, which
suggests that a specific range of particle concentration promotes the migration of fine
particles toward the center. Conversely, in the axial interval of Z = 30 mm-80 mm, the
volume fraction first rises and then declines with increasing particle concentration, while
the position of the peak volume fraction undergoes a shift. This finding suggests that
inter-particle interactions significantly influence the distribution of fine particles.
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Figure 15. Variation of 4 um particles along the diameter line at different concentrations. (a) Z = 30 mm;
(b) Z =80 mm; (¢) Z =120 mm; (d) Z = 180 mm.
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Figures 16 and 17 illustrate the radial distribution characteristics of sub-coarse and
coarse particles. Near the apex, the volume fraction decreases as particle concentration
increases, while it increases with concentration further from the apex. The volume fraction
exhibits a progressive reduction from the hydrocyclone wall to the central region, reaching
its peak value at the wall and declining to zero in the central area. This distribution
characteristic aligns well with the particle volume fraction contour plots. Coarse particles

are subjected to stronger classification forces, with centrifugal forces acting as the dominant
driver, leading to the aggregation of the majority of coarse particles adjacent to the wall. A

suitable particle concentration promotes the migration of coarse particles toward the wall.
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Figure 16. Variation of 30 um particles along the diameter line at different concentrations. (a) Z = 30 mm;

(b) Z = 80 mm; (c) Z = 120 mm; (d) Z = 180 mm.
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Figure 17. Variation of 60 um particles along the diameter line at different concentrations. (a) Z = 30 mm;
(b) Z =80 mm; (c) Z = 120 mm; (d) Z = 180 mm.

3.3. The Effect of Concentration on Separation Efficiency

Figure 18 presents the influence of particle concentration on the efficiency curve of
the hydrocyclone equipped with a complex curved inlet. The efficiency curve is divided
into three distinct regions: ultrafine particles (<5 pum), sub-coarse particles (5-30 pm), and
coarse particles (>30 um). With the increase in particle concentration, the recovery rate of
fine particles at the apex gradually decreases. The efficiency curve shifts progressively to
the right as particle concentration rises, indicating a reduction in the hydrocyclone’s cut
size. When the concentration exceeds 20%, the maximum recovery rate of particles smaller
than 50 pum at the apex is approximately 60%, suggesting that the overflow of fine particles
becomes pronounced and the classification accuracy of the hydrocyclone is significantly
reduced. The primary reason for this phenomenon is that elevated particle concentration
amplifies the interaction forces among particles, while the mutual squeezing and friction
during particle motion increase the viscosity of the slurry. This results in the accumulation
of coarse particles at the apex, preventing their timely discharge and leading to blockage.
Consequently, a greater number of coarse particles must alter their trajectory and exit
through the overflow, exacerbating the overflow run-of-the-fines issue and impairing the
classification performance of the hydrocyclone. The variation in the steepness index with
inlet concentration is depicted in Figure 19. As inlet concentration rises, the steepness index
gradually decreases, resulting in a decline in the grading accuracy of the hydrocyclone.
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Figure 18. Effect of particle concentration on efficiency curve.
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Based on the above analysis, a proper inlet concentration can not only effectively
improve the cutting ability of the hydrocyclone but also enhance the classification accuracy,
leading to the production of high-quality products. Therefore, it is essential to choose
the appropriate particle concentration based on the actual working conditions to ensure
efficient operation during the classification process.

To further investigate the influence of particle concentration on the classification force
and turbulent diffusion force, the dispersion index—defined as the ratio of the turbulent
diffusion force to the classification force—was analyzed. A value below 1 indicates that
the classification force outweighs the turbulent diffusion force, implying that the particles
are readily classifiable and possess robust settling characteristics. Conversely, when the
turbulent diffusion force exceeds the classification force, the particles are difficult to classify
and exhibit weak settling behavior. Thus, the dispersion index of particles with different
diameters within the hydrocyclone can be employed to quantify the intensity of their
settling performance. The influence of inlet concentration on the dispersion index is
presented in Figure 20. It can be seen that with the increase in inlet concentration, the
dispersion index decreases gradually, signifying that the classification force becomes more
prominent. The dispersion index of ultrafine particles (0.5 um) ranges between 0.6 and 1.6,
and it decreases progressively from the center to the wall. The closer the particles are to
the hydrocyclone center, the stronger the turbulent diffusion force; conversely, the closer
they are to the wall, the stronger the classification force. This phenomenon explains the
difficulties in classifying ultrafine particles within the hydrocyclone.
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4. Experimental Test

To validate the accuracy of numerical simulation results and investigate how vortex
finder wall thickness affects hydrocyclone separation performance, a laboratory experimen-
tal rig was constructed and tested. As shown in Figure 21, the rig included a supply system
(slurry pump and feed tank), a measurement system (flowmeter and pressure gauge), a
control system (valve), a classification system (hydrocyclone), and a recirculation system
(return piping). Initially, quartz sand and water were mixed at a predefined mass ratio
in the feed tank with continuous stirring to ensure uniform feed solid concentration. The
slurry was then pumped to the hydrocyclone inlet at a constant flow rate via the slurry
pump, with flow rate and pressure monitored continuously by the flowmeter and pres-
sure gauge, respectively. Upon blockage, the valve was activated to relieve pressure and
protect equipment. Overflow and underflow (spigot) streams were directly returned to
the feed tank to maintain cyclic operation. High-purity fine-grained quartz sand (density
2650 kg/m?) served as the test material, with its particle size distribution given in Table 1.
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Figure 21. Laboratory rig.
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Table 1. Material particle size composition.

Size/um Interval/% Positive Cumulative Content/%
0~6 7.57 7.57
6~24 26.85 34.42
24~52 441 78.52
52~76 17.62 96.14
>76 3.86 100

Figure 22 shows the effect of feed solids concentration on cumulative particle distribu-
tion in both overflow outlet and spigot streams. With increasing feed solids concentration,
particle size distributions in both streams coarsened, and the overflow outlet size curve
exhibited irregular shifts due to altered turbulent diffusion and classification forces within
the flow field. At low concentration (8%), the overflow outlet curve remained smooth,
whereas concentrations above 12% induced pronounced fluctuations, indicating significant
particle—particle interference. In contrast, the spigot size curve shifted downward in a regu-
lar manner as concentration increased, reducing both fine and coarse particle contents in
the underflow; however, coarser particles were entrained into the overflow outlet, causing
product coarsening.
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Figure 22. Effect of feed concentration on particle size.

Figure 23 shows the effect of feed solids concentration on the partition curve. As feed
solids concentration increased, the partition curve shifted to the right and d50 increased,
indicating a gradual reduction in cut size and weakening of separation efficiency. The un-
derflow recovery of —10 pum particles decreased from 9.52% to 3.16%, while the recovery of
—80 pm particles decreased from 96.18% to 85.13%, demonstrating an increased coarse par-
ticle content in the overflow outlet and a decline in hydrocyclone classification performance.
The slope at d50 also decreased, indicating a reduction in separation sharpness.
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Figure 23. Effect of inlet concentration on classification efficiency.

The separation performance for 20 um particles was further quantified via grade
efficiency and recovery rate, as summarized in Table 2. With increasing feed solids con-
centration, the separation cut size shifted from 56.3 um to 66.5 pm; overflow recovery
decreased by 14.68% (from 60.23% to 51.39%); underflow recovery decreased by 43.13%
(from 9.18% to 5.22%); grade efficiency decreased by 35.24% (from 65.83% to 43.28%); and
recovery rate increased by 9.17% (from 83.61% to 91.28%). These results demonstrate that
over-concentration severely degrades grade efficiency and product quality. A balance
between underflow yield and cut size suggests that an optimal feed concentration must be
maintained to achieve accurate classification.

Table 2. Effect of different inlet concentrations on separation performance.

Feed Concentration  Size  —20 um of Overflow  —20 um of Underflow  Quality Efficiency Quantity Efficiency
1% /pm 1% 1% 1% 1%
8 56.3 60.23 9.18 65.83 83.61
12 58.2 57.19 8.16 61.26 84.99
16 61.3 55.36 7.13 56.81 87.92
20 64.5 53.89 6.09 53.93 89.32
25 66.5 51.39 522 43.28 91.28
To validate the superiority of the complex curve inlet structure, its performance was
compared with conventional inlet mechanisms (linear type) using test data. Evaluation
metrics included —20 pm underflow recovery rate, pressure drop, quality efficiency, and
quantity efficiency. Test results are presented in Table 3.
Table 3. Comparison of experimental results.
Type Underﬂ;)gv u(rfnolrol/tent of Pressure Drop/Kpa  Quality Efficiency/%  Quantity Efficiency/%
- o
Base 16.31% 46.51 60.31 82.63
Complex inlet 9.62 45.32 65.22 83.89

Table 3 demonstrates that, in comparison with the conventional inlet body, the com-
posite curve inlet body decreases the underflow recovery rate of 20 um particles by
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6.69 percentage points. The fine particle content in the underflow is notably diminished,
thereby enhancing the purity of coarse particles in the underflow. Relative to conventional
hydrocyclones, the pressure drop is lowered by 1.19 kPa. Under equivalent operating
conditions, the hydrocyclone equipped with the composite curve inlet body cuts down on
energy consumption and contributes to operating cost savings. Compared with the con-
ventional inlet body, the quality efficiency and quantity efficiency of the composite curve
inlet body hydrocyclone are increased by 4.91 and 1.26 percentage points, respectively. This
finding indicates that the composite curve inlet body structure not only boosts classification
efficiency but also achieves higher classification accuracy.

5. Conclusions

With the increase in particle size, the centrifugal force gradually increased, and the
difference in centrifugal force among particles of different sizes promoted the formation of
particle stratification within the inlet structure. In contrast, the elevation of particle con-
centration significantly weakened the centrifugal force, which stemmed from the increase
in viscous forces and shear stresses between particles. This finding provided a core basis
for the force field regulation of the composite curved inlet structure and facilitated the
optimization of industrial classification process parameters.

A specific range of particle concentrations could promote the migration of fine parti-
cles toward the center, reduce their probability of entering the outer vortex, and thereby
favor the precise classification of fine particles. However, the increase in concentration
gradually weakened the classification sharpness of the hydrocyclone. When the concentra-
tion exceeded 20%, the maximum underflow recovery rate of —50 um particles was only
60%, accompanied by severe overflow of coarse particles. This quantitative law provided
a clear standard for the control of industrial feed concentration, which was limited to the
quartz sand system under conventional operating conditions.

As particle size increased, the dispersion index gradually decreased while the clas-
sification force significantly increased, which was conducive to the formation of a coarse
particle layer on the wall. This mechanism revealed the intrinsic correlation between par-
ticle classification performance and dispersion characteristics, offering critical theoretical
support for the structural design of high-efficiency hydrocyclones.

Combined with numerical simulation and cyclic experimental verification, laboratory
tests confirmed that the increase in feed concentration led to an increase in cut size and a de-
crease in classification efficiency, along with improvements in recovery rate and underflow
yield. This result provided direct data support for the commissioning and performance
optimization of industrial hydrocyclones, and further research on the optimization of inlet
geometric parameters could be carried out in subsequent studies.
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