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Abstract

Static centrifugal classifiers, such as gas cyclones and hydrocyclones, are widely used

in mineral processing industries for particle separation and classification. However, while

gas cyclones are typically employed as separators for the complete removal of particles

from gas streams, hydrocyclones function as classifiers but often suffer from high bypass

in ball-mill classifier circuits. This thesis investigates the influence of conic curvature and

surface wall roughness on the performance of gas cyclones and hydrocyclones, with the

aim of enhancing classification efficiency and reducing bypass.

The study employs Computational Fluid Dynamics (CFD) simulations and laboratory-

scale experiments, utilizing 3D-printed prototypes with varying surface wall roughness. A

novel particle collection method using expandable chambers was developed to measure

particle size distributions. Initial CFD simulations in 31 mm gas cyclones reveal that

convex conic designs yield coarser cut sizes compared to standard and concave designs,

favoring classification operations. Response Surface Methodology (RSM) and Monte Carlo

simulations further confirm these findings, identifying convex designs as the most effective

for achieving coarser cut sizes.

Experimental validation supports these results, demonstrating that convex gas cyc-

lones achieve lower separation efficiency for fine particles while enhancing classification

performance with coarser cut sizes. The study extends these insights to hydrocyclones (75

mm), where convex designs reduce fines bypass, offering significant cost-saving potential

in ball-mill classifier circuits by reducing re-grinding costs.

Additionally in gas cyclones, the effects of surface wall roughness are examined, show-

ing that rough surfaces lower tangential velocities and reducing separation efficiency. For

hydrocyclones, increased flow rates with rough surfaces enhance solids recovery and con-

centration ratios, highlighting their potential for dewatering applications.

This thesis presents novel approaches to gas cyclone and hydrocyclone design, sup-

ported by rigorous CFD simulations and experimental validation. The findings pave the

way for more efficient classification and separation systems in mineral processing and the

development of industrial-scale designs.
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1.1 Research Context

This thesis explores the influence of curved conic design modifications and surface wall

roughness on the classification efficiency of gas cyclones and hydrocyclones. Through a

combination of computational fluid dynamics (CFD) simulations and experimental studies,

it addresses key gaps in understanding particle classification processes.

Gas cyclones and hydrocyclones are ubiquitous in mineral processing industries for

applications requiring particle removal or classification. Both devices depend on induced

centrifugal forces to segregate particles from the fluid medium based on size or density.

Traditionally, gas cyclones are designed for complete removal of solids from gas streams;

research exploring their potential for particle classification has been limited [1, 2, 21,

22]. The successful development of gas cyclones for classification applications could sig-

nificantly reduce reliance on water. Coupled with growing water scarcity due to climate

change and stricter regulations on water use and discharge, there is increasing pressure

to rethink water-intensive mineral processing practices [23]. Gas cyclones have smaller

cut sizes, as they are typically designed for fine separation. Hence, they cannot be directly

deployed in these circuits. To achieve the objective of classification, novel designs should

aim to achieve coarser cut sizes.

Hydrocyclones are extensively used in wet processing applications, such as mineral

ore beneficiation and ball mill classifier circuits. However, they typically suffer from higher

fine bypass in their underflow streams. Research in shifting classification operations from

water-based hydrocyclones to air-based gas cyclones may take years to demonstrate prac-

tical use, while efforts to improve hydrocyclone designs may see an immediate benefit and

industrial implementation.

An additional challenge common to both gas cyclones and hydrocyclones is the ef-

fect of surface wall roughness on their performance. Wall roughness, which is acquired

by operational wear over time, can alter the flow patterns and particle dynamics within

these devices. Understanding the impact of roughness on the performance is critical for

improving and sustaining the efficiency of these systems.

Computational modeling and experimental methods provide opportunities for enhan-

cing the performance of cyclonic devices. While numerous studies report improvements

in gas cyclone and hydrocyclone designs using Computational Fluid Dynamics (CFD), the

lack of experimental validation often limits their adoption in industry. This thesis bridges

this gap by combining CFD simulations with laboratory-scale experiments to investigate

and validate novel design modifications, including the role of surface wall roughness. The

findings advance the understanding of particle classification mechanisms and offer prac-

tical solutions for industrial applications.
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1.2 Motivation and Objectives

Numerous studies have investigated the influence of design variables such as inlet dimen-

sions, cyclone diameter, vortex finder dimensions, dust outlet diameter, and operational

parameters on the performance of gas cyclones [1, 24–30]. However, these studies con-

sistently report cut sizes below 3 µm; therefore, the cyclone functions as a separator rather

than a classifier. Although some attempts have been made to adapt cyclones for classific-

ation, they primarily rely on external modifications such as introducing blow-up airflow

or constricting the apex outlet [2, 22]. No prior research has explored inherent design

modifications tailored to transform gas cyclones into effective classifiers.

In contrast, several Computational Fluid Dynamics (CFD) studies on hydrocyclones

suggest that curved conic designs can significantly influence cut sizes [31–34]. Yet, similar

investigations on gas cyclones remain limited, with the notable exception of Pandey and

Brar [35], which focused on larger gas cyclones (210 mm diameter) with less pronounced

conic curvatures, which reported conic curvature has an insignificant effect on the cut

size. Interestingly, Ghodrat et al. [31] specifically noted that a higher degree of conic

curvature in hydrocyclones correlates with coarser cut sizes. This observation motivates

the exploration of pronounced conic curvature effects in smaller-diameter gas cyclones. A

31 mm diameter was selected as a basis, leveraging the availability of particle separation

data in the literature [11] to facilitate comparisons and validations.

Hydrocyclones, on the other hand, often face challenges such as high fines bypass in

the underflow, which leads to lower recovery of valuable minerals in the overflow stream

and increased grinding loads in ball mill-classifier circuits. This has led to a shift toward

incorporating screens in these circuits, as screens enhance mill capacity and reduce the

over-grinding of fines due to their lower bypass [36, 37]. However, the integration of

screens necessitates significant plant modifications and incurs high maintenance costs,

including frequent screen replacements. A more cost-effective solution is optimizing hy-

drocyclone designs to reduce bypass. Thus insights gained from the study of gas cyclones

regarding the effects of pronounced conic curvatures are transferred to hydrocyclones and

systematically explored through CFD simulations and in-house experiments.

Another critical aspect influencing cyclone and hydrocyclone performance is surface

wall roughness. For both, wall roughness alter the internal flow patterns and affect particle

separation behavior. Understanding the influence of surface wall roughness, both in isola-

tion and combined with novel conic designs, can provide insights to optimize the perform-

ance of these devices for classification and separation applications.

To address these knowledge and research gaps, the specific objectives of this thesis are

as follows:
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• Design and Evaluation of Gas Cyclones for Coarse Particle Classification. Utilize

CFD simulations coupled with Response Surface Methodology (RSM) to design and

evaluate parabolic conic gas cyclones targeting coarser cut sizes.

• Experimentally validate the performance of these novel designs to bridge the gap

between computational predictions and practical outcomes. Investigate the effects of

surface wall roughness on gas cyclone performance through controlled experiments

using 3D-printed prototypes.

• Application of Gas Cyclone Insights to Hydrocyclones. Transfer design insights from

convex gas cyclones to hydrocyclones and evaluate their impact on classification

behavior through CFD and experimental studies. Quantify the changes in cut size

and bypass for convex hydrocyclone designs compared to standard designs.

• Examine the influence of surface wall roughness on hydrocyclone performance, fo-

cusing on underflow solids recovery and concentration.

1.3 Thesis Structure

This thesis comprises seven chapters, including this Introduction and five main chapters,

and the Conclusions chapter. Five main chapters are adapted from five journal articles, of

which two are under review.

Chapter 2 provides a comprehensive review of classification equipment used for particle

separation based on size, with a focus on centrifugal air classification technologies. It

highlights gas cyclones, traditionally employed as separators rather than classifiers, and

discusses hydrocyclones, emphasizing challenges such as fines bypass and existing design

modifications aimed at mitigating these issues. This chapter is based partly on published

peer-reviewed journal articles [21, 38, 39] and an additional journal article currently un-

der review [40].

Chapter 3 examines the impact of conic curvature in 31 mm diameter gas cyclones

using Computational Fluid Dynamics (CFD) simulations. The study validates previously

published results at various flow rates [11] and employs Response Surface Methodology

(RSM) with a D-optimal design to investigate interaction effects between design variables.

The resulting RSM models are further subjected to Monte Carlo simulations to identify

trends and assess the potential for achieving coarser particle classification as a function

of conic curvature design. This chapter is a full reproduction of published peer-reviewed

journal article [38].

Chapter 4 presents the experimental validation of CFD findings, focusing on the impact

of surface wall roughness on gas cyclone performance. An innovative particle size meas-

urement technique for the dust outlet using expandable collection chambers is introduced,
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addressing challenges in previous measurement attempts, which are detailed in Appendix

B. Supporting CFD analyses comparing smooth and rough designs are provided to explain

trends observed in the experiments. The results indicate that convex gas cyclones yield

coarser cut sizes with a lower separation efficiency for fine particles (i.e., reduced fines

bypass) compared to standard designs. These findings motivate the application of sim-

ilar design principles to hydrocyclones, discussed in subsequent chapters, 5 and 6. This

chapter is a complete reproduction of a peer-reviewed journal article currently under re-

view [41].

Chapter 5 explores the application of convex conic design principles, derived from

gas cyclone studies, to hydrocyclones. CFD simulations comparing convex and standard

hydrocyclone designs are analyzed using flow profiles and discrete phase modeling (DPM)

simulations to evaluate performance differences. Experimental results, including water-

only and 5% solids slurry tests, are presented to validate the CFD findings, demonstrating

that the convex hydrocyclone design reduces fines bypass while achieving coarser cut

sizes. This chapter is a complete reproduction of a peer-reviewed journal article [40].

Chapter 6 examines the impact of surface wall roughness on hydrocyclone perform-

ance through CFD simulations. The findings from these simulations are validated using

experimental methods similar to those outlined in Chapter 5, ensuring consistency in the

approach. However, additional rough hydrocyclones design are 3D printed to consider

the effect of roughness in the experiments. This chapter is based partly on published

peer-reviewed journal article [39].

Chapter 7, Conclusions, summarizes the thesis, presents main findings, and concludes

by study limitations and future work.

1.4 Scientific Dissemination

1.4.1 Journal Publications

Four peer-reviewed journal articles have been published directly from this doctoral study

(A, B, C, and D). Further, one more additional peer-reviewed journal articles were under

review in Powder Technology journals (E). These articles are as follows:

(A) A. K. Pukkella, J. J. Cilliers and K. Hadler, ‘A comprehensive review and recent

advances in dry mineral classification,’ Minerals Engineering, vol. 201, p. 108 208,

2023

(B) A. K. Pukkella, J. Cilliers and K. Hadler, ‘Design of parabolic conic gas cyclones

for coarse particle classification: A cfd study with response surface methodology,’

Powder Technology, vol. 433, p. 119 217, 2024

(C) A. K. Pukkella, D. Vega-Garcia, K. Hadler and J. Cilliers, ‘Influence of conic shape
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on bypass and cut-size in hydrocyclones,’ Separation and Purification Technology,

vol. 361, p. 131 224, 2025

(D) A. K. Pukkella, D. Vega-Garcia, K. Hadler and J. Cilliers, ‘The influence of surface-

wall roughness on hydrocyclone performance,’ Separation and Purification Techno-

logy, vol. 360, p. 131 109, 2025

(E) A. K. Pukkella, J. Rasera, K. Hadler and J. Cilliers, ‘Impact of conic curvature and

wall roughness on gas cyclones: A computational and experimental study,’ Powder

Technology - Under Review,

The mapping of the content of this thesis to these publications is as follows:

1. Chapter 2 and Appendix A: Primarily from paper A, additional content from papers

B-E.

2. Chapter 3: reproduction of paper B.

3. Chapter 4: reproduction of paper C.

4. Chapter 5: reproduction of paper D.

5. Chapter 6: reproduction of paper E.

1.4.2 Conference presentations

Four oral presentations were given at national and international conferences and con-

gresses during this PhD.

1. World Congress on Particle Technology, Spanish Association for Chemist and Chem-

ical Engineers, Madrid, September 2022. Design of Novel Small Diameter Gas Cyclone

for Accurate Particle Classification.

2. 9th UK-China Powder Technology Forum, Particle Technology Early Career Forum

(PTECF), Greenwich, August 2023. Effect of Curved Conical Wall Shape on Particle

Classification in Gas Cyclones: Insights from CFD Analysis.

3. POWDER TECHNOLOGY CONCLAVE & EXHIBITION, Thapar Institute of Engin-

eering & Technology, India, MArch 2024. Design of parabolic conic gas cyclones for

coarse particle classification: A CFD study with Response Surface Methodology.

4. ESE Annual Conference, Imperial College London, London, September 2024. En-

hancing Closed Ball-Mill Classifier Circuits: A Comprehensive Study on Bypass Mit-

igation through Hydrocyclone Design Modifications, CFD Analysis, and Experimental

Validation.
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Introduction

Water is critical to the performance of most mineral processing circuits. Huge quantit-

ies of water are consumed daily in various unit operations like comminution (grinding),

flotation, slurry transportation, and all hydrometallurgical operations [42]. It has been

estimated that around 1 kiloliter of water is required to process a tonne of ore [43]. There

is a significantly increased demand for water for the basic needs of a growing population,

agriculture, and other industries. These needs, combined with growing water scarcity due

to climate change, and stricter regulatory standards for water abstraction and disposal

places the future of water-based mineral processing under scrutiny.

Dry mineral processing offers reduced mining water demand. It is considered to be

economically viable due to lower capital and operational costs with a smaller plant foot-

print [42]. For example, Franks et al. [44] have reported that a Dry Sand Fluidized Bed

(DSFB) in combination with heap leaching may have economic benefits with reduced

energy and water requirements in a copper ore processing flow sheet. Dry mineral pro-

cessing methods are classified broadly into size reduction (comminution) and separation.

Dry separation uses forces generated by gravity, centrifuges, magnetics, electricity, and so

forth to separate a collection of particles into groups of different sizes and compositions.

Classification is a specific operation that deals solely with particle separation into sized

fractions. Size classification is affected by particle physical properties such as size, shape,

and density. Particle size classification is broadly grouped into two classes; those that take

advantage of carrier fluid to create differences in particle trajectory, which is strongly de-

pendent upon the size and density of the particles because of fluid dynamic interaction

forces. In dry separation, this fluid is generally air. The second class of classifier is based

on the particle’s ability (or probability) to pass through an aperture, such as a screen. This

is not generally efficient for fine particles (<300 µm), and will not be reviewed in detail.

Size classification can be carried out wet or dry. In mineral processing, wet classi-

fication techniques are generally preferred over dry technologies [45]. However, with an

increasing focus on reducing water consumption in the minerals industry, dry technologies

are receiving more attention. Dry separation technologies present a range of challenges,

including low throughput rates, narrow cut size ranges, high operating costs, and the need

for dust mitigation. Furthermore, efficient dry classification requires low moisture content

to avoid blocking equipment. Although wet classification technologies address many of

the above challenges it also presents difficulties. There are significant costs associated

with accessing water and water handling, tailings dams and their management and the

elimination of harmful chemicals before disposal. Wet processing is often not possible in

very arid climates and sub-zero conditions.

Dry size-based particle classification has important applications in a variety of indus-
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tries, such as minerals and cement, agriculture, food processing, pharmaceuticals, and

resource recycling. The world consumption of cement is around 4.08 billion tonnes per

annum [46]. Comminution is a key operation in cement production; there are specific

targets for milling limestone (90% finer than 90 µm) and clinker nodules (100% finer

than 90 µm). It is estimated that 110 kWh of electrical energy is consumed to produce

a tonne of cement, of which 30% is used in raw material preparation and 40% in clinker

grinding [47]. Size classifiers are used in closed-milling circuits to remove fine particles.

This avoids their unnecessary over-grinding, increasing throughput capacity and energy

efficiency. Dry particle classification is a key operation also in powder preparation. The

demand for various mono-dispersed products, i.e. particles within a narrow size range, is

high due to their product utility value [48]. For example, in the microelectronic packaging

industries, Tin-Silver-Copper (SAC) alloys are widely used in the manufacturing of the

solders used in microelectronics. These solder powders have to meet strict particle char-

acteristics such as sphericity, average size, and narrow particle size distribution [49]. The

particle size range 25-40 µm is the industrial-grade standard for SAC305 alloy powders

[50]. The major application of air classification in the food industry is ”protein shifting” in

pea or wheat flours [51]. The endosperm cells (« 40 µm) in the grains are an ensemble

of hard starch granules and a protein matrix. By milling and size classification the pro-

tein content in the fine fraction (<17 µm) is enriched to 19% from a feed containing 8%

leaving the coarser fraction (25-35 µm) containing 7% protein [51].

Quantifying separation for classifiers

The following example is for a generic air classifier to illustrate the classification process.

As shown in Figure 2.1a, the general mechanism of an air classifier is: The feed material

(F) is dispersed in air and is separated into coarser (C) and finer streams (F). The prob-

ability of a particle reporting to either the coarse or fine stream depends on the net force

balance, which includes the drag and centrifugal forces. For small particles, the drag force

exerted by the air stream dominates and carries the particle to the fine fraction. Larger

particles are less influenced by the aerodynamic drag force, and the particle is removed

through the coarse fraction.

The effectiveness of the particle size classification can be evaluated quantitatively us-

ing the partition or Tromp curve. The separation factor (Si) for ith size fraction is defined

as the ratio of the mass of ith size fraction present in coarse fraction to the mass of feed of

that size fraction into the classifier. Particle size is plotted on log scaled x-axis and particle

recovery values (i.e., separation factor) are on the y-axis. A semi-log graph is chosen to

emphasize the fine particle classification behavior. A typical separation efficiency curve is

shown in Figure 2.1b. The operational performance of an air classifier can be determined

in terms of three major parameters: (1) the cut size (d50), (2) the bypass (Bp), and (3)
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(a) A schematic representing the operation of a general classifier

(b) A representative Separation Efficiency Curve

Figure 2.1: Flow sheet of a classifier with its performance evaluation curve
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the sharpness of separation.

Particles at the cut size (d50) have an equal probability to report to the coarse stream or

the fine stream. In an ideal scenario, particles larger than the cut size i.e., d ą d50 should

entirely report to the coarse stream (Si “ 1), and all particles below the cut size i.e., d ă

d50 particles should report to the fine stream (Si “ 0) [52]. This trend is indicated by the

green dotted line in Figure 2.1b. However, real classifier behavior differs from the ideal

classifier as some of the fine particles may get trapped in the aerodynamic wake formed

behind the coarse fraction (bypass), or by agglomeration. Less commonly, some coarse

particles may enter the fine product (short-circuiting). Typically, industrial separation

efficiency curves takes an ‘S’ shape curve as shown in Figure 2.1b. The value of particle

recovery remains constant at a particular level for lower particle sizes, which is referred to

as the bypass (Bp). This value corresponds to the fraction of the feed stream that bypasses

or escapes the classification process [53]. Often, bypass increases with an increase in

solids loading and throughput rates [54]. For convenience, the bypass can be corrected

mathematically to zero for smaller particle sizes by scaling the recovery using the following

equation [53, 55]:

Ci “
Si ´ Bp

1 ´ Bp
(2.1)

It is observed from Figure 2.1b, the corrected cut sizes (d50c) are coarser than the true

cut sizes (d50). As shown in Figure 2.1b, the area between the true separation efficiency

curve and the ideal curve is known as the ”error area”, which indicates the measure of the

degree of misplacement of particles to the wrong product streams [56].

Further, the sharpness of separation which indicates the quality of separation can be

determined using the sharpness index pβq, which is determined by the following relation

[52]:

β “
d25
d75

(2.2)

The parameters d25 and d75 correspond to respective particle diameters against the particle

recovery values of 25% and 75%. The sharpness of separation can also be expressed us-

ing other means, for example, the probable error of separation also known as the Ecart

probable (Ep) or by the imperfection index (I) respectively. The probable error of separa-

tion (Ep) is defined as half the distance between the particle diameters corresponding to

recovery values of 75% and 25%, which can be represented by the following equation:

Ep “
1

4 ˆ Slope of S curve
“

d75 ´ d25
2

(2.3)
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Where, the imperfection index is defined by the following relation,

I “
Ep

d50
“

d75 ´ d25
2 ˆ d50

(2.4)

Lower the values of I, the sharper the separation, indicating an efficient operation. Con-

versely, higher values of I indicate a broader particle size distribution, leading to lower

separation sharpness. For an ideal classifier, the sharpness index value is unity i.e., β =

1, whereas I =0. However, for all real classifiers, β is less than 1 and I is ą 0. When

separation efficiency curves are similar, i.e., partition curves parallel to each other, they

have the same sharpness and imperfection index values, but their Ep values differ due to

logarithmic abscissa. Therefore, analyzing the sharpness of separation for separation effi-

ciency curves using Ep is only meaningful when their d50’s are approximately in the same

range [57]. Ep is generally used in characterizing the separation efficiencies for Dense

Medium Separations (DMS). Perhaps a separation index based on the ”error area” is more

meaningful in quantifying the separation for systems having higher bypass values (Bp ě

25 %).

The dispersion of particles in the air is a major contributor to the sharpness of clas-

sification [58]. In an ideal classifier, each particle experiences flow field conditions that

are independent of other particles. To reduce agglomeration, particles are well dispersed

before entering classifiers using external mechanical means (e.g. rotors). Moisture often

plays a major role in forming agglomerates, and in dry processing, the relative humidity

is usually maintained at around 50 to 70% [59]. Very low humidity is often undesired as

particles become electrostatically charged, which hinders the separation and can cause a

risk of explosion [59, 60]. The particle size being treated also affects the dispersion; as the

particle size decreases, the attractive forces between the particles increase. This increase

in particle-particle attraction makes it difficult to disperse particles less than 1 µm in size.

Further, the random movement of fine particles due to brownian motion and turbulence

effects makes it more difficult to deviate the particles from the mean flow. High tangential

velocities are therefore required to act on the particles in order to overcome the fluidic

forces and to classify accurately [5].

2.1 Dry classifiers: Classification based on particle separation

The major contributing separation mechanisms for dry classification are 1) Centrifugal

Forces, 2) Gravitational forces, 3) Inertial forces, 4) Screens, 5) Fluidization, and 6) Sur-

face forces (friction). Table 2.1 lists the majority of dry classifiers which separate the

particles based on size, density, or the combination of both under the influence of the

above-listed mechanisms. The separation of particles is further enhanced by modifying

the surrounding environment or equipment design i.e., by providing inclination, vibration,
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fluidizing the medium, and by other miscellaneous mechanisms. The primary interest of

this review paper is to highlight the gaps and limitations in dry classifiers that separate the

particles purely based on size. Hence, the class of equipment under magnetic separators,

electrostatic classifiers, and air jigs/Tables are excluded from the discussion.

We introduce a novel schematic plot to illustrate and compare the range of application

of each class of dry classification equipment, by shading their ranges of particle cut size

d50 (µm) and throughput rates (kg{h), as shown in Figure 2.2. This data is collated

from the literature sources for the equipment given in Table 2.1. A log scale is used to

emphasize smaller cut sizes and capture the higher throughput values. We observe that

the equipment which uses centrifugal forces to separate particles spans the broadest range

for cut sizes i.e., up to ď 200 µm. Centrifugal classification technology not only achieves

smaller cut sizes but is also adaptable to scale for higher throughput rates. It is evident

that equipment based on inertial forces is overlaid by those based on centrifugal forces.

Excluding gravitational classifiers, there is a broad overlap of the classifiers between 20 to

300 µm; hence the selection of equipment requires consideration of further criteria such

as energy use, stable operation, ease of cut size control, product recoveries, and so forth

[61].
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Table 2.1: Grouping of dry classifiers based on size and density of particle

Centrifugal force Gravitational force Inertial force Surface Vibration Fluidization Other forces

Size

Cyclones,

Vortex air

classifiers,

Rotor/Rotating

wheel classifiers,

High-Efficiency

separators,

Circulating air

classifiers,

Turbo-air classifiers,

Counter Flow

vertical raise

classifiers,

Zig-Zag

classifiers

Franken/Buell

gravitational-inertial

classifier,

Vortex classifier,

Gravitational-

Centrifugal

classifier,

Throat classifier

Sieves
Vibration

sieves
Air Fluidizers Elbow classifier,

Packed-bed

classifier,

Electrostatic

classifier,

Tribo-cyclone

Inclined vibrational

sieves,

Inclined vibrational

plate (IVP)

Reflux classifier,

Inclined air fluidizers

Density

Cross Flow

classifiers with

horizontal air stream

Air Tables,

FGX separator,

Air Jiggs (Fluidization +

Hindered settling + Suction -

Consolidation tickling)
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Figure 2.2: Broad classification of dry classifiers based on their particle separation mech-
anism

The following sections will review each class of classifier, and compare the perform-

ance of various types of equipment within that class using a schematic of the form shown

in Figure 2.2.

2.2 Centrifugal Air Classifiers

Centrifugal air classifiers can be divided into Static and Dynamic classifiers. Figure 2.3

shows the general schematic diagram of both static and dynamic classifiers, depicting

their general principle of operation. Table 2.2 captures the information on performance

metrics; cut size, bypass, and sharpness of static and dynamic centrifugal classifiers. Static

centrifugal classifiers have design features similar to cyclone separators, as shown in Fig-

ure 2.3a. They induce centrifugal forces using a flowing air stream into a cylindro-conical

section of the classifier which classifies the particles. The cut size is fixed for the given

design of static classifiers and can only be altered by changing the flow magnitude and

direction of flow into the classifier. It is observed from Table 2 that static classifiers suffer

from high bypass (ą 60%) with low sharpness values.

In contrast, dynamic classifiers have a variable speed rotating cage which allows ad-

justment of the cut size [62]. Since their introduction in 1885, Altun and Benzer [63]

dynamic centrifugal air classifying equipment has evolved through three generations. In

the first generation classifiers, as shown in Figure 2.3b, an integrated centrifugal rotor is

placed inside the device to disperse the particles towards the wall of the separator. Fur-

ther, rising air exerts a drag force on the particles which carries the fine particles [63].

The major challenge with first-generation devices are the high bypass of fines, and which
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(a) Static classifier (b) First generation classifier

(c) Second generation classifier (d) Third generation classifier

Figure 2.3: Schematic diagrams of centrifugal static and dynamic classifiers.
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Table 2.2: Performance characteristics of Centrifugal-air classifiers Source: Fives FCB and
Yardi[65]

Static Classifier
First-Generation

(1890)

Second-Generation

(1960)

Third-Generation

(1980)

Cut size Diameter

(d50) microns
Not Applicable >20 15-20 10-15

Bypass >60 >50 15-35 5-15

Sharpness (d25/d75) 0.3-0.35 0.4-0.45 0.5-0.55 0.6-0.7

was addressed in the second-generation classifiers, where the centrifugal rotor is replaced

by an external air circuit. These are operated in tandem with cyclones in order to improve

the fines collection efficiency, reduce the bypass and increase the sharpness of separa-

tion [62]. Though this proved effective when compared with the first-generation equip-

ment, they required large space, particularly because of their auxiliary equipment. In

third-generation classifiers, a rotating cage is placed in the upper portion of the classifier

to disperse particles radially outward, whereas the air enters radially inwards, allowing

the particles to classify. Particles are subjected to two counteracting forces: centrifugal

force due to turbine rotation, and drag force because of the centripetal gas flow [64, 65].

Coarser particles have sufficient inertia to enter the rotating cage and get impacted by the

internal rods and settle to the bottom, thereby leaving behind the fines to be removed by

the gas stream.

2.2.1 Static Centrifugal Classifiers: Cyclone Separators

Gas cyclones are the major static equipment type that uses induced centrifugal forces for

particle classification. Cyclone separators have lower throughput rates because of their

inability to scale by size, as the separation efficiency is inversely proportional to the radius

of the cyclone. Table 2.3 reports a number of studies on cyclone design changes. It shows

that there has been extensive research on modifications to improve efficiency by reducing

pressure drop or adjusting the cut size. Most of these studies focus on the use of gas

cyclones as a particle separator (e.g. removing the dust; hence d50 ď 3 µm).

The early studies of Iinoya et al. [66] focused on achieving cut point values at the

sub-micron level by using the blow-down method (i.e., free collection of the particles

at underflow rather than into a closed collection chamber). Later Yoshida et al. [25]

explained the particle separation mechanism in blow-down operation using computational

fluid dynamics (CFD). Yoshida et al. [24] installed a movable guide plate at the inlet

to control the cut point diameter between 0.45-0.75 µm. Wang et al. [30] numerically

investigated the effect of the flow field inside gas cyclones on particle classification. The

turbulence inside the cyclone is captured using the Reynolds Stress Model (RSM) with
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reasonable accuracy, as the flow field and pressure profiles were in good agreement with

the reported experimental values. It was observed that particle injection location from

the inlet plane has a major influence on the separation efficiency. Interestingly, when the

particles were injected from the top of the inlet plane, a higher separation values was

obtained compared with particles released from the bottom of the inlet. Yoshida et al.

[27] studied the influence of secondary flow injection location and inlet guide plate on

classification performance. It was observed from the CFD simulations that the overall

tangential velocity profiles improved when the main flow inlet is located slightly lower

than the secondary flow inlet; resulting in a cut size of 0.5 µm. However, when both the

secondary flows and inlet guide plates are used it is observed that the cut point is reduced

from 0.97 µm to 0.5 µm [26, 27, 29]

As shown in Table 2.3, Yoshida [1] and his co-workers performed extensive research

on modifying the design of various parts of the cyclone (Vortex finder, Apex section, Con-

ical section, Inlet section, and a combination of these) to control the cut point diameter

in the sub-micron range. Most of the above-mentioned studies focused on improving the

tangential velocity components near the cylindrical wall, as it enhances the centrifugal

force acting on the particle, thereby improving the classification efficiency in terms of cut

size (d50) and sharpness.

Very few studies [1, 2, 22] have been carried out on gas cyclones which can classify

coarse particles, requiring d50 values of at least 30 µm. For a conventional cyclone separ-

ator, any attempts at increasing the cut size to coarser sizes require a decrease in swirling

flow in order to reduce the tangential velocity components of the flow. This lowers the

centrifugal forces acting on the particle to classify. Yoshida [1] modified the apex region

with a movable apex cone which enables the cut size to be varied between 2 to 38 µm.

Figure 2.4 depicts the shift in the separation efficiency curve due to the change in the pos-

ition of the apex cone and the effect of the blow-up flow into the dust collection chamber.

Installing an apex cone upstream of a dust box dampens the rotational and upward fluid

velocities, thereby reducing the re-entrainment of particles from the dust box [1]. Oshitari

et al. [2] changed the design of a conventional cyclone by installing a Controlled Surface

(CS) sloped wall surface in the apex section where particles passing through the inner

and outer collection boxes are classified. The design developed by Oshitari et al. [2] is

shown in Figure 2.5 which contains a channel that derives additional air (blow-up flow)

through the tangential inlet which creates a confluent flow with the swirling main flow of

the cyclone. Larger particles, for which centrifugal forces dominate, are collected in the

outer box, while fine particles are carried by the air drag and removed through the inner

box. Cut size strongly depends on the main flow and it is varied between 15-30 µm by

changing the main flow conditions. Blow-up flow has a negligible effect on the cut size

as it increases both drag and centrifugal forces acting on the particle to the same extent,
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however, the sharpness of the classification curve is improved significantly by increasing

the blow-up flow [2, 22]. The interesting observation is both of the studies focusing on

the coarser particle classification in cyclones attempted to modify the design at the apex

section. Any attempts made to alter the design of cyclones other than at the apex are

likely to hamper the classification efficiency, as they reduce the tangential flow velocity

component.

Figure 2.4: Separation efficiency curve depicting the trend of d50 vs apex cone clearance
area as a function of blow-up ratio - Bu = Blow up, S = Cone clearance (Image Source:
Yoshida [1])

Figure 2.5: Design of coarser particle cyclone classifier with improved collection boxes
(Image Source: Oshitari et al. [2])

As observed from Table 2.3, the design changes made on gas cyclones were able to

increase the maximum cut size to 30 µm, however, the challenge of low throughput rate

persists. By adding external rotors, it is possible to achieve higher throughput rates and

a wider cut size range; this is discussed in the following section on dynamic centrifugal

classifiers.
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Table 2.3: Few studies reported the design changes on gas cyclones

Article
Target
Part

Design
Modification

d50 Range
(µm)

Summary of Findings

Design changes on a cyclone to function as a Particle Separator (d50 ď 3 µm)

Yoshida et al. [24] Inlet Inlet guide plate 0.45–0.75 Controlled cut point by adjusting guide plate
location to alter inlet clearance

Yoshida et al. [26] Inlet Secondary injection
flow

0.7–1.25 Secondary flow injection was placed in proximity
of the upper plate. High tangential velocities are
reported in region close to secondary injection
flow.

Hiraiwa et al. [67] Inlet Compressed air
injection. Secondary
flow

1.1–1.75 Higher tangential and axial velocities are reported
in upper cylindrical part because of secondary
flow injection.

Huang et al. [68] Inlet 15 horizontal
laminarizer cylinders
inserted in the inlet

1.4–2.07 Laminarizer induces higher gas velocities near
outer part of inlet. Increased pressure drop and
higher particle separation efficiency were reported
as a greater number of particles was found in
outer part of entrance.

Misiulia et al. [69, 70]Inlet Inlet angle with a
helical-roof inlet

1.2–3.75 An increase in inlet angle increases cut size with a
reduction in cyclone efficiency and pressure drop
coefficient.

Yoshida et al. [28] Conic Double cone for Iinoya
cyclone

0.8–0.95 10% lower pressure drop than compared with
conventional designs.

Huang et al. [71] Conic Various splits on the
conical section

0.83–1.35 Fine particles are removed before they exit
through overflow through split. Overall separation
efficiency increased from 74.5 to 80.7%.

Wakizono et al. [72] Vortex
finder

Optimised the ring
structure on the vortex
finder

0.67–2 Modified design eliminates re-circulation zones
near vortex finder area. Thus, high particle
collection efficiencies and lower pressure drop
were reported.

Yoshida et al. [25] Apex Blow down – Performed CFD simulations to track the particle
behavior in a blow-down cyclone. Observed
reduction in cutpoint.

Design changes on a cyclone to function as a Particle Classifier (d50 1–30 µm)

Yoshida [1] Apex Apex cone shape +
Blow-down

2–38.07 A movable apex cone reduces re-entrainment of
particles from dust box.

Oshitari et al. [2, 22] Apex Particles are classified
between sloppy channel
of inner and outer
collection boxes using
blow-up air flow

18–29 It was demonstrated that cut size is a strong
function of main inlet flow through entrance
irrespective of blow-up flow rate. However with
the increase in blow-up flow sharpness of
separation increases.



2.2. Centrifugal Air Classifiers 21

Figure 2.6: Schematic of spiral air classifier developed by Rumpf and Leschonski [3]
(Image Source: Leschonsi and Legenhausen [4])

(a) A schematic representing the Deflecting
Wheel Classifier

(b) Cross-sectional view of industrial de-
flecting wheel classifier

Figure 2.7: Deflecting wheel classifier (Image Source: Leschonski [5, 6])

2.2.2 Dynamic Centrifugal Classifiers: Rotary classifiers

A centrifugal counter-flow classifier with a free vortex sink flow, called a Spiral Classifier,

was developed by Rumpf and Leschonski [3] and is shown in Figure 2.6. It consists of

a short circular cylindrical classification chamber and a circumferential spiral casing with

adjustable guide vanes. The air is introduced tangentially into the classification chamber,

creating a spiral motion as it travels towards the center and exits axially. This motion
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induces a free vortex sink flow. The feed particles enter at a defined radius into the

classification chamber. The coarser particles move to the periphery and fines travel along

with air.

For a given inlet flow rate of air, the tangential velocity decreases with solids loading

(due to momentum exchange between the particles and air), decreasing the efficiency [3].

To address this limitation, deflecting wheel classifiers were developed [4, 73]. In the first

generation classifier, as shown in Figure 2.7, a rotating wheel with radial blades induces a

tangential gas velocity, creating a forced vortex (solid-body rotation) superimposed on the

free vortex sink flow. In a free cylindrical vortex, the velocity is inversely proportional to

the distance from the axis of rotation i.e., ‘r’ (U91{r), whereas, in a forced vortex regime,

the fluid is forced to rotate at constant ‘ω’ (U “ rω). By combining these two observations

for rotational symmetrical flows it can be approximated that:

Uθr
m “ Uθ0r

m
0 “ Constant (2.5)

where, m = 1 for free vortex flow and m = -1 for forced vortex flow. Continuity yields the

radial velocity component of the fluid as:

Urr “ Ur0r0 “ Constant (2.6)

By applying the conservation of momentum on a particle at equilibrium between cent-

rifugal and drag forces, the cut size diameter is expressed by the following equation [4]:

d50 “

ˆ

18ηUrr

ρpU2
θ

̇1{2

(2.7)

Where d50, η, r, and ρp represent the cut size diameter, the viscosity of the gas medium,

the radial distance measured from the center, and the density of the particle. Ur and Uθ

represent the radial and tangential velocity components of the airflow. By substituting the

Equation 2.5 and 2.6 in the generalized cut-point equation which was derived earlier i.e.,

Equation 2.7, we obtain a relationship for cut size as a function of radial distance ‘r’ for

the cases of free vortex sink flow (m=1) and forced vortex flow (m=-1), respectively:
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(2.8)
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Figure 2.8: Schematic depicting the cut-point diameter as a function of radial distance
for free and forced vortex sink flows

Figure 2.8 depicts the particle classification effect produced in free and forced vortex

sink flows. This plot is reproduced for the conditions reported elsewhere [4]. The round

spots on the red and blue lines represent the corresponding cut size diameters of forced

and free vortex flows. According to equation 2.8, as observed from Figure 2.8, the cut

size in a free vortex classifier is directly proportional to the radius of the classifier because

velocity is inversely proportional to the radial distance. Theoretically, for the free-vortex

condition a particle reaches its respective equilibrium radial position and continues to

travel in a circular path in the classification chamber, thus producing the dispersion ef-

fect. Whereas, from equation 2.8 for a forced vortex flow the cut size reduces with an

increase in the radial distance; hence at a given radial location the particles finer than

their corresponding cut size travel towards the center and coarser particle moves toward

the outer wall under the influence of centrifugal forces; thus producing the classification

effect. Hence, forced vortex flow behavior is preferred over free vortex flow as it produces

a classification effect. In forced vortex classifiers the circumferential velocities available

in the classifier depend upon the rotor speed. The cut size is independent of the particle

loading unlike free vortex classifiers [74].
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Figure 2.9: Design of Impeller Wheel Classifier - MicroCut MC (Image Source: Galk et al.
[7])

Figure 2.10: Design of Ultrafine classifier (Image Source: Morimoto and Shakouchi [8])
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Figure 2.11: A typical tromp curve in an Ultrafine Classifier depicting sub-micron size
particle classification (Image Source: Morimoto and Shakouchi [8])

Galk et al. [7] have developed an impeller wheel classifier ‘Microcut MC’ that uses a

forced vortex to achieve high classification efficiencies. The operating principle is similar

to the deflecting wheel classifier except that the feed enters through a tangential inlet and

a provision is made for a secondary air inlet to improve the classification efficiency. The

design of the MicroCut MC classifier is shown in Figure 2.9. The high rotating speeds of

the rotor classifiers (100 m{s) produce the centrifugal acceleration, of the order 1500 g,

used to classify particles in the sub-micron range, with a throughput rate of up to 500

kg{h.

Morimoto and Shakouchi [8] have performed experimental flow field studies on a

novel pneumatic ultrafine powder classifier. The static device develops a swirling flow

from inclined guide vanes (louvers) in an inverted circular-conical classification chamber,

as shown in Figure 2.10. The strength of the swirling flows intensifies upwards as the

swirling radius decreases, creating the high centrifugal force required to classify ultrafine

particles. The feed particles, inlet air, and dispersion air are introduced from the top and

enter the classification zone. The centrifugal forces in the upper region of the cone force

the coarser particles radially outwards and collect them through the slit at the bottom.

Fine material is removed through the central descending flow exit. The major proportion

of the air, up to 90%, enters through the louvers, and suction removes the air from the

classifier through bag filters. This is typical for second-generation air classifiers which

operate on negative pressure. The device classifies powders with cut sizes of ď 3 µm with

throughput rates up to 20 kg{h. A typical Tromp curve for this ultrafine classifier is shown

in Figure 2.11 with cut size and sharpness index pd25{d75q values of 1.98 µm and 0.95

respectively.
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Figure 2.12: Effect of rotor speed and air flow rate on the tromp curve for an O-SEPA
High-Efficiency Separator (Image Source: William and Craig[75])

Nied [74] developed a novel CFS-HD classifier that operates on the combination of

free and forced vortex flows which produces the cut sizes of ď 2 µm having throughput

rates of 100-400 kg{h. Static vanes surrounding the rotor cage help in generating the free

vortex flow which is used to efficiently disperse the particles. The dispersed particles are

effectively classified by the forced vortex created by the rotor cage.

The following section details classifiers that enhance their performance with an ex-

ternal rotating mechanism; either to disperse the solid particles or to induce the required

flow. These third generation classifiers include Circulating Air classifiers, O-SEPA High-

Efficiency Separator, Rotor air classifier, Circulating air classifiers, Turbo-air classifiers,

and Ultrafine classifiers.

As discussed earlier, the general form of a cut-point diameter of the centrifugal air

classifier is given by Equation 2.7, where the radial and tangential velocity components

of the fluid Ur and Uθ are dependent upon the mode of centrifugal forces generated. For

a given volumetric flow rate (Q) of a turbo/rotor-air classifier, the radial and tangential

velocities can be calculated as:

Ur “
Q

120πRh
(2.9)

Uθ “
2πRn

60
(2.10)

Where R, h, and n are the radius, height, and rotations per minute of the rotor cage placed

inside the classifier. Therefore, by substituting Equation 2.9 and 2.10 in Equation 2.7, a

relationship of cut-point diameter as a function of design and operating parameters of the

rotor is obtained:

d50 “

ˆ

135Qη

π3R2n2hρp

̇1{2

(2.11)



2.2. Centrifugal Air Classifiers 27

The vortical flow separator, commercially known as the O-SEPA High-Efficiency Separ-

ator, was introduced to the cement industry in 1984 to provide narrow size distributions.

The classification mechanism balances the centrifugal and air tangential velocities. The

feed material is distributed through the rotating dispersion plate at the top. Cut sizes and

particle size distributions are controlled by a variable speed rotor (dispersion plate) and

air flow rates [75]. As shown in Figure 2.12, cut size can be varied from 6 to 60 µm by

changing the operating flow conditions, and has a production capacity of 90 t/h.

Figure 2.13: Typical turbo-air classifiers a) Vertical b) Horizontal arrangement of rotor
cage (Image Source: Sun et al. [9])

As shown in Figure 2.13, Turbo-air classifiers are either vertical or horizontal depend-

ing on the direction of the rotor cage. Turbo-air classification operates by dispersion fol-

lowed by separation. Feed particles are either pre-dispersed before entering the classifier

or dispersed inside the classifier. In turbo-air classifiers; feed particles are distributed

onto the rotating spreading plate, dispersing them into the cross-flow air stream. Coarser

particles are deflected by the rotating cage towards the wall and are collected through the

coarse particle chamber. Fine particles are removed through the central exit pipe.

The cut-point in High-Efficiency Separators can be controlled using three methods:

• By varying the inlet air flow rate; higher flowrates produce coarser cut-points d50

• By adjusting the speed of the rotor cage, the higher the speed of the rotor, the finer

the cut-point, and

• By adjusting the angle of the vanes; radially aligned vanes produce a coarser product

while tangential vanes yield a finer product.

The effects of operating and structural parameters such as rotor speed, rotor blade angle,

inlet air velocity, and material feed rate have been studied using Laser Doppler Veloci-

metry (LDV), Particle Image Velocimetry (PIV), and computational fluid dynamic (CFD)

simulations [76–78].
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Karunakumari et al. [79] have studied the rotating air classifier which is a complex

design consisting of rotating fan blades and stationary guide vanes. They performed CFD

analysis to understand the internal flow field and the effect of geometric features. They

observed that the type of stationary guide vanes (radial or angular) has a significant influ-

ence on the secondary re-circulation pattern inside the classifier which in turn affects the

classification efficiency. The secondary flows intensify with an increase in the speed of the

fan thus increasing the cut size. Interestingly, the higher centrifugal forces adversely affect

the collection efficiency for higher particle sizes as the particles tend to escape through the

fines outlet. In contrast; for a constant rotational speed with an increase in particle loading

the classification efficiency improves because of the loss of momentum to solid particles

(momentum exchanged between the fluid and solid), reducing the strength of secondary

flows.

Though the rotor wheel and vane classifiers offer the advantages of variable cut point

diameter and increased throughput rates, particle-rotating wall collisions lead to signific-

ant particle attrition and breakage of a fragile material. Ito et al. [80] have studied particle

attrition in centrifugal air classifiers with rotor blades. They observed powder particles are

broken in the classifier, producing two size fractions: a coarser range and fines from sub-

micron to a few microns in size. The amount of breakage increases with an increase in

rotor speed, inlet air flowrate, and a reduced solids mass flowrate.

Figure 2.14: BLMT Classifier with a BLMT filter installed below the vortex finder (Image
Source: Worthen [10])
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Worthen [10] developed the Boundary Layer Momentum Transfer (BLMT) classifier,

which is a combination of the BLMT filter and a cyclone separator with a modified inlet,

as shown in Figure 2.14. The BLMT filter is a set of closely spaced, co-axially stacked

rotating cylinders that transfer angular momentum to the fluid in the boundary layer

between them, creating a forced vortex region. This causes the coarse particles to move

radially outward against the main inward flow due to the centrifugal forces. Finer particles

are carried by the radially entering air through the disks and axially exit out at the top.

Worthen [10] found experimentally that installing a BLMT filter into a cyclone separator

increases the sharpness of the classifier for a broader range of cut sizes (4-30 µm) than a

conventional cyclone. Further, the BLMT classifier is more effective at classifying fragile

particles as rotating vane collisions are eliminated.

Centrifugal air classifiers are widely used in various industries for particle size and

granularity control, with the added benefit of adjustable cut sizes and high classifica-

tion efficiency [81]. Internal protective liners allow the economic treatment of abrasive

powders, such as silica, fly ash, and ceramics. However, these systems can suffer from

clogging and maintenance issues when surface moisture is high [82] and are not suitable

for processing materials that are particularly sticky or oily. They are unsuitable for fra-

gile or friable materials and can generate fines due to particle-rotor interactions at high

throughputs. They exhibit high energy consumption from the particle dispersion devices.

Despite these challenges, centrifugal air classifiers are used for a wide range of applic-

ations, such as classifying coal particles from fly ash, grinding circuits, recycling plants,

protein shifting, and chemical processing of polymers, pigments, and toner, among others

[81].

Figure 2.15: Dry classifiers based on their centrifugal force mechanism

To summarise, the throughput rate (kg/h) and particle cut sizes (d50) of centrifugal
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air classifiers are collated and the maximum and minimum values of these parameters

are presented in Figure 2.15. The static centrifugal classifier- ie., cyclone appears at the

bottom of the chart. In general, cyclone separators have a cut size less than ă 3µm, but

we have also considered design modification studies on cyclones that facilitate its func-

tionality as a classifier having coarser cut sizes. The Boundary layer Momentum Classifier

(BLMT) appeared close to the cyclone. BLMT is in principle a cyclone with a rotating

element (i.e., stacked rotating cylinders with annular gap to flow) located at the vortex

finder for achieving coarser cut sizes. Further, dynamic air classifiers such as Turbo Air

classifier (TAC), Circulating Air Classifier (CAC), Rotating Wheel Classifier (RWC), and

Rotor Air Classifier (RAC) have different classification principles that enable the cut size

range to be extended to 5 ď d50 ď 300 µm, with throughput ranging from few ten’s to

several thousand tph. High-Efficiency Separator (HES) and Rotor air classifiers (RAC),

third-generation air classifiers, can be found at the top of the chart. Owing to their ro-

bust design and high operational rotor speeds they possess the ability to scale for larger

throughput rates.

More details related to gravity and inertial air classifiers can be found at the Appendix

A.

2.3 Gas Cyclones

Cyclones are used ubiquitously in industry for the removal of particles from the carrier

gas stream. Including applications such as in internal combustion engines for cleaning the

oil mist from the blow-by-gases [83], vacuum cleaners [84], viral and bacterial detection

and removal kits [85, 86], and personal cyclone samplers to evaluate airborne particulate

matter and its adverse health effects [87].

There have been numerous studies on the influence of design and operational para-

meters on the performance efficiency of gas cyclones. Elsayed and Lacor [88] studied nu-

merically the effect of inlet dimensions (inlet height and width) on the pressure drop and

cut-off diameter. It is reported that inlet width has a greater influence on cut-off diameter

than inlet height. Zhao et al. [89] reported that a double spiral inlet configuration pro-

duces a more symmetrical flow field than the conventional tangential inlet design; which

improves separation efficiency. Studies reported the effect of vortex finder design changes

on pressure drop and particle separation performance [90, 91]. Misiulia et al. [69, 70]

studied the influence of the inlet angle of a helical-roof cyclone. An increase in inlet angle

increases the cut size (1.2-3.75 µm) reducing the cyclone efficiency and lowering pres-

sure drop losses. Raoufi et al. [90] numerically evaluated various vortex finder designs

(converging, diverging, stepped cylinder) and reported that the angle of converging and

diverging vortex finders determine the separation. Wang et al. [30] studied numerically
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the effect of vortex finder length of the flow field inside the cyclone. By examining the

axial and tangential flow profiles at various locations they found that vortex finder length

has an insignificant effect on the flow field.

Xiang et al. [11] experimentally studied the effect of the cone dimensions, specifically

the bottom apex diameter on the cyclone performance characteristics. They found flow

rate has a strong influence on the particle cut-off diameter. Safikhani et al. [92] numer-

ically studied the ratio of cylinder length to conic section length. It was observed that a

longer conic section design has greater separation efficiency. Recently, Pandey and Brar

[35] conducted a numerical investigation on the impact of conic curvature on a 205 mm

diameter gas cyclone. Their study explored convex, concave, and other hybrid curved

designs. The results indicate that the conic curvature has a negligible effect on particle

separation characteristics, but it does have an impact on the pressure drop.

All these design changes produce cut sizes <3 µm, with the objective of the cyclone

to function as a particle separator. There are very few studies that focus on design modi-

fication of the gas cyclone for use as a particle classifier. Yoshida [1] studied the effect of

apex cone angle and the clearance between the cone and collection on the particle separ-

ation characteristics. Blow-up flow is introduced near the dust box chamber to strengthen

the classification effect. It was observed that an adjustable apex cone reduces the re-

entrainment of particles from the dust box. The cut size reported was in the range of

2-38.07 µm. Oshitari et al. [2, 22] observed that secondary particle classification is in-

duced by blow-up flow introduced. They demonstrated that cut size is a strong function

of the main flow through the inlet irrespective of the blow-up flow rate. However with the

increase in blow-up flow the sharpness of the separation increases. The cut size of classi-

fication is increased up to 18-29 µm depending upon the flow conditions. Caliskan et al.

[93] designed a cyclone with internal collector rings. It is demonstrated that particles can

be classified into 4 size classes [93]. Interestingly, these are the only research studies on

gas cyclones that function as a classifier rather than as a separator.

CFD simulations can predict the flow field and separation characteristics accurately

and can be used to build multi-objective optimization. Natural vortex length is one of

the key parameters that influence the separation efficiency and surface erosion inside the

cyclone [94]. Qian and Zhang obtained the relation between the natural vortex length and

the cyclone design and process parameters. The Response Surface Methodology (RSM)

was used to optimize the cyclone design by performing CFD simulations at the design

points [94]. Safikhani [95] performed multi-objective optimization on Karagoz cyclones

to improve collection efficiency and reduce pressure drop. Elsayed and Lacor [96] lowered

the pressure drop, using the RSM model to capture the interaction effects between design

parameters. The optimized design lowered the pressure drop by 25% compared to the

Stairmand design. In cyclones, significant pressure is lost (up to 50% of total pressure



2.4. Hydrocyclones 32

drop) in the swirling flow that exits through the vortex finder [97]. To recover the energy

lost design modifications such as deswirlers and slotted vortex finders are used [98–100].

Misiulia et al. [97] optimized the design of a deswirler, using CFD simulations with a

combination of genetic algorithms-based optimization techniques. It was reported that

the overall pressure drop was reduced by 43% compared to the standard design [97]. Guo

et al. [101] optimized the design of a slotted vortex finder cyclone, using CFD simulations

to find the effect of the number of slots, slot length, span, and inclination angle of the

slots. Singh et al. [102] used surrogate-based model optimization methods rather than

conventional genetic algorithms. They optimized seven design parameters to reduce the

pressure drop.

2.4 Hydrocyclones

Hydrocyclones have established themselves as integral components in a wide range of in-

dustrial processes, facilitating efficient particle separation and classification. These devices

find applications in ore processing, chemical engineering, and mineral beneficiation due to

their simple design and capability to separate solid particles from liquid suspensions [103,

104]. Hydrocyclones are employed in mill-classifier circuits in mineral industries where,

the coarse fraction (i.e., underflow) is sent back for further milling. Nonetheless, within a

conventional hydrocyclone, the intricacies of the internal flow field invariably result in a

compromised classification process, whereby fine particles become entrained in the under-

flow. These fine particles, evading proper separation and finding themselves misallocated

to the underflow, are known as ‘bypass’. Importantly, the presence of these bypassed fine

particles enhances the yield of particles in the underflow, while reducing water recovery.

This aspect holds particular significance for dewatering operations. Roldanvillasana et al.

assert that the bypass effect should be regarded as a prevalent occurrence rather than an

incidental anomaly [105].

Bypass reduction in hydrocyclones in mill-classifier closed circuits can improve sep-

aration efficiency, reduce power consumption due to overgrinding, and improve product

quality by restricting the flow of fine particles to the underflow stream. Research has

shown that bypass reduction can lead to significant improvements in mill circuit perform-

ance and should be considered an important operational parameter in such circuits [106].

As noted by Napier-Munn et al., reducing the bypass can increase the circuit capacity and

improve the grinding performance in a closed circuit.

From past research, it is understood that the bypass is influenced by the change in

either operating conditions or by the design modifications. Cilliers et al. have studied the

effect of temperature on the classification and dewatering characteristics of 10 mm hydro-

cyclones. They reported that the bypass increased with the temperature of the suspension
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(studied range: 10-60˝C) [107]. Frachon and Cilliers [108] observed that bypass in-

creases with an increase in pressure and stays relatively constant at higher feed flowrates.

Banerjee et al. also observed that bypass increases with feed pressure and decreases with

solids loading [109].

The separation of particles in the hydrocyclone primarily begins in the conical section

and many researchers have investigated various design modifications. For a conventional

straight-cone hydrocyclone, Fu et al. has investigated the effects of cone angle, and was

observed that separation efficiency was influenced more strongly for a fixed cylindrical

diameter than for a fixed total hydrocyclone length [110]. Yang et al. reported that taper-

ing the cylindrical body can effectively reduce the fine particle’s misplacement to the un-

derflow [111]. Jiang et al. increased the cone angle to 180°, creating a flat-bottomed,

cylindrical hydrocyclone. It was observed that the flat-bottomed structure had lower axial

velocities and increased particle residence times, thereby reducing the bypass behavior

[112]. Jiang et al. reported that the effect of the ‘W’-shaped apex structure reduced the

bypass by increasing the axial velocity of the inner vortex while reducing the outer vor-

tex [113]. According to Hou et al. [114], enlarging the upper diameter of the spigot in

a cylindrical hydrocyclone has been found to reduce the misplacement of fines into the

underflow. This is attributed to the enhanced circulating flow within the spigot region

when using larger upper-diameter spigots compared to their smaller counterparts [114].

Vysyaraju et al. reported that concentric rings along the conic surface aid in disengaging

the fines that are locked between the coarse particles, thereby reducing the bypass of fines

to underflow [14].

It has been reported that multi-cone hydrocyclones may offer adaptability in terms

of cut size and bypass [115–117]. It is reported that the angle of individual cones signi-

ficantly impacts the particle separation characteristics [118]. This observation has led to

exploring the curved conic designs which offer a smother internal flow; minimizing the

turbulent environment in the flow domain. Chu et al. [119] investigated experimentally

different structural modifications of the conical part on the cyclone performance. It is re-

ported that both the parabola (convex) and hyperbola (concave) designs lead to sharper

separation with coarser cut sizes compared to conventional designs. Concave hydrocyc-

lones have a relatively lower internal volume, enhancing consequently the centrifugal flow

field. Motin and Bénard [32] and Vega-Garcia et al. [33] reported promising separation

performance for these concave curved cones through numerical simulations and experi-

mental investigations, respectively.

Ghodrat et al. studied numerically the effect of cone shape (concave to convex) on

particle classification at various loadings on a 75 mm hydrocyclone. It has been observed

that both the curved conical designs (convex and concave) yield coarser cut sizes with rel-

atively lower bypass compared to the standard design. Furthermore, as the solids loading



2.5. Effect of roughness in gas cyclone and hydrocyclones 34

increases, the cut sizes also increase. When the loading increases from 4.14% to 30% for a

given feed rate, the cut size increases from 35 µm to 87 µm for the convex design, while it

ranges from 23 µm to 68 µm for the concave design and 19 µm to 57 µm for the standard

design. Additionally, a novel hydrocyclone design with an elongated and slightly convex

(n=1.4) cone has been suggested. This design exhibits enhanced sharpness, leading to re-

duced particle bypass into the underflow [31]. It is reported that a larger diameter convex

design hydrocyclone (1000 mm) yields superior classification performance with a better

sharpness index yielding lower cut sizes for all the densities studied than compared to the

standard [13]. However, this observation contradicts the previously reported results of

Ghodrat et al. [31], where coarser cut sizes are observed for convex designs on a smaller

hydrocyclone.

Li et al. studied numerically a novel hydrocyclone with bisymmetric involute inlets and

a parabolic cone, comparing it with standard single tangential, involute, and bisymmetric

tangential inlet designs. The novel design showed superior separation performance, bene-

fiting from the doubled feed input [120]. Jiang et al. conducted experiments comparing

particle misplacement in overflow and underflow using a new compound curve conical

design hydrocyclone versus a standard straight cone design in a 50 mm diameter cyclone.

They have explored the effects of apex diameter, solids loadings (<20%), and feed pres-

sure. Results showed that apex diameter significantly impacted cut size and solids bypass.

Increasing apex diameter from 6 mm to 10 mm decreased cut size from 40 µm to 18 µm

and raised bypass from 8% to 22%. Feed pressure and loading had minor effects on cut

size and bypass [34].

2.5 Effect of roughness in gas cyclone and hydrocyclones

2.5.1 Roughness studies in gas cyclones

Wall roughness, an inevitable feature of industrial cyclones due to operational wear, has

long been a subject of investigation for its influence on gas cyclone performance. Initial at-

tempts to incorporate surface roughness into empirical models considered factors such as

friction factor and solids loading, aiming to assess its impact on tangential velocities, pres-

sure drop, and collection efficiency [121, 122]. It has been demonstrated by CFD analysis

that variations in surface-wall roughness impact significantly tangential velocity, vortex

length, and pressure drop in gas cyclones, ultimately affecting separation efficiency [123–

125]. Moreover, Zhou et al. highlighted the critical value of wall roughness, where devi-

ations above or below this threshold adversely influence total separation efficiency. Zhou

et al. [127] experimentally and numerically studied the effect of surface wall roughness

in swirling gas-particle flows. It is observed that the mean and fluctuating components of

tangential velocities are dampened due to wall roughness.
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Recent studies have increasingly focused on the impact of surface wall roughness in

specific gas cyclone components, such as the vortex finder and cone walls [128–130].

Zhou et al. [128] demonstrated that increased roughness on the outer surface of the vor-

tex finder leads to a rise in the average diameter of deposited particles. Interestingly, the

effect of cone wall roughness on cut-off diameter varies with the number of inlet config-

urations, while roughness increases the cut size diameter in single-inlet cyclones, reverse

trends are observed in two- and three-inlet designs [129]. Further analyses have extended

this work by examining non-uniform roughness, where cyclone walls are divided into sec-

tions with varying roughness levels. These studies reveal that although rough-walled gas

cyclones generally exhibit increased cut size compared to smooth designs, specific rough-

ness distributions can enhance classification sharpness compared to the smooth cyclone

[130].

2.5.2 Roughness studies in hydrocyclones

In prior research on hydrocyclones, the focus has predominantly been on understanding

the impacts of design geometry and operational parameters on key performance metrics

such as cut size, recovery, separation efficiency, pressure, and capacity. However, these

studies typically operate under the assumption of smooth wall surfaces, overlooking the

changing internal wall surface roughness due to wear during operation. Despite its sig-

nificant influence on the hydrocyclone’s flow field, wall roughness effects have not been

studied comprehensively.

Fontein et al. first documented the influence of wall roughness on the reduction in

tangential velocities and pressure drop. In his study involving 30 mm diameter hydro-

cyclones, compared the smooth cyclone with an artificially roughened cyclone (roughness

height parameter (ks) = 110-150 microns). It was observed that, for a constant pressure

drop the flow rate increased from 13.2 lpm to 18.8 lpm with an increase in underflow

solids recovery from 10.4% to 24.3% [131]. Bradley reported that no differences were

observed between ‘machined’ and ‘highly polished’ hydrocyclones. This finding suggests

that wall roughness must surpass a certain threshold to have a significant effect on cyclone

performance [104]. Zhao et al. studied the effect of surface wall roughness in hydrocyc-

lones under equal flow rate and equal inlet pressure conditions. Their CFD model was

validated experimentally on a hydrocyclone with a 150 mm diameter and a roughness

height of 117 microns. It is reported that equal pressure conditions can provide super-

ior separation results with higher capacity than equal flow rate conditions. However, the

roughness adversely affects the separation and flow field in both cases [132]. Hou et al.

studied the effect of wall roughness on a flat-bottom 200 mm cylindrical hydrocyclone

using CFD simulations. It was observed that as the wall structure changes from smooth to

rough-wall, with a roughness height of 100 microns, the fines bypass increases from 9 to
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12%, making the cut size coarser, from 77 to 88 microns [114].

Though surface roughness in hydrocyclones has not been explored extensively, it has

been well-researched in gas cyclones. The insights gained from studying surface roughness

effects in gas cyclones are particularly valuable, as they can be applied to hydrocyclones

due to the similarities in their flow patterns and particle separation mechanisms.

2.6 Research Gaps

A consolidated chart of throughput rate (kg{h) vs particle cut size ie., d50 pµmq was pre-

pared by including all the above-discussed types of dry classifiers available in the liter-

ature; as shown in Figure 2.16. This chart helps in selecting the equipment that can be

deployed for the process requirements in dry mineral processing circuits for classification.

In Figure 2.16 each classifier is identified with an abbreviated code for clarity and their

full names are given in the legend.

Figure 2.16: Compounded chart depicting all the dry classifiers discussed above

Selection from overlapping technologies: It is observed from Figure 2.16 there are many

competing equipment of both across and within different class of classifiers that can be

deployed for a given task. Hence selection of the right equipment to be deployed requires

taking various process and operational parameters into consideration.

From Figure 2.16 it is understood that the majority of the classifiers fall under cent-

rifugal classification technology. Figure 2.17 shows all the centrifugal classifiers and also

highlights the three technology gaps which are further discussed below.
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Figure 2.17: A research contour plot highlighting the gaps in centrifugal air classifiers

• Gap 1: Higher throughput devices that can adapt and operate over a broad range of

cut size with high sharpness.

• Gap 2: Fine particle high throughput classification devices which can efficiently clas-

sify sizes ď 10 µm. As the particle becomes finer (ie., ď 10 µm) it is challenging to

efficiently disperse the particles in the gas medium, hence an efficient solids disper-

sion mechanism that can handle larger throughput has to design.

• Gap 3: Particle classifier to separate sub-micron size particles which can scale the

classification process for varied throughput rates

• Some potential research directions are outlined below.

– Design modifications to handle the higher throughput rates.

– Design changes which result in lower pressure drop and efficient performance.

– Design modifications for coarser particles and tight size classification.

2.7 Summary and Thesis Objectives

In this review chapter, we have discussed the various dry classification equipment and

their modes of operation and the research progress to date. A new graphical illustration

of throughput rate vs cut size identifies three major gaps in the centrifugal classifiers.

Due to its simple construction and operation, there is an opportunity for research on gas

cyclones to extend the particle separation characteristics from separator to classifier.

The literature highlights that conic curvature in hydrocyclones significantly affects

particle classification, with coarser cut sizes for both convex and concave shapes. Conic

curvature also influences particle misplacement, particularly bypass, but most studies rely
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on CFD simulations without experimental validation. In gas cyclones studies related to

conic curvature are very few and limited to CFD analysis. Furthermore, while surface-wall

roughness is common across these classifiers; it remains an under-researched topic in the

existing literature.

This research addresses gaps by combining CFD analysis with experimental validation

using 3D-printed gas cyclone and hydrocyclone designs.

To achieve these goals, the objectives of this thesis are as follows:

• Perform CFD analysis on gas cyclones to understand the effect of conic curvature on

the particle classification, and explore its interaction effects with other parameters

using response surface methodology.

• Experimentally validate the trends observed in the gas cyclone and further investig-

ate the combined effects of surface-wall roughness and conic design.

• Extend the findings to hydrocyclones; Study the effect of conic curvature on the clas-

sification performance in hydrocyclones through CFD simulations and experiments.

• Understand the effect of surface-wall roughness and its interplay on conic design in

hydrocyclones using both CFD simulations and experiments.
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Chapter Introduction

This chapter investigates the influence of conic curvature, ranging from parabolic concave

to convex designs, on the performance of gas cyclones. Computational Fluid Dynamics

(CFD) and Response Surface Methodology (RSM) are employed to optimize key perform-

ance parameters such as particle cut size and sharpness of separation.

The chapter begins with a brief review of the reason for choosing to investigating

curved cyclone designs. This is followed by Section 3.2 which introduces the CFD model-

ing methodology, which details the selection of turbulence models, particle motion mod-

eling approaches, and boundary condition specifications. To ensure simulation reliability,

grid independency studies and model validation are presented in Section 3.2.4. Further,

the Response Surface Methodology (RSM) is introduced as a statistical approach to eval-

uate the interaction between design variables and performance metrics.

Section 3.4 presents results and discussion, where the performance of the proposed

parabolic cyclone designs is rigorously evaluated. Key findings from CFD simulations are

presented, including analyses of axial and tangential velocity profiles, static pressure dis-

tributions, and particle separation characteristics. Additionally, RSM results are inter-

preted using Analysis of Variance (ANOVA) and Monte Carlo simulations to provide deeper

insights into design trends in yielding sharper and coarser cut sizes.

This chapter serves as a foundation for understanding the interaction between conic

curvature, fluid dynamics, and separation performance. It offers a detailed framework for

combining CFD simulations and statistical methods to design and optimize gas cyclones

for enhanced efficiency. The findings presented here contribute significantly to the broader

objectives of this thesis, paving the way for further exploration in subsequent chapters.

The content of this chapter has been published in: A. K. Pukkella, J. Cilliers and K.

Hadler, ‘Design of parabolic conic gas cyclones for coarse particle classification: A cfd

study with response surface methodology,’ Powder Technology, vol. 433, p. 119 217, 2024.

Minor modifications have been made to the original text to improve clarity and readability

in this thesis.

3.1 Background

The literature on hydrocyclone studies, as reviewed in Chapter 2, extensively explored the

impact of conic curvature on particle classification (Ghodrat et al. [31], Motin and Bénard

[32], Vega-Garcia et al. [33] and Jiang et al. [133]). Ghodrat et al. [31] specifically

noted that a higher degree of conic curvature leads to a coarser cut size for both convex

and concave shapes. However, in the context of gas cyclones, despite Pandey and Brar

[35] numerical investigation, there is a notable absence of further studies on the effect of
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conic curvature in the literature. In this chapter, we aim to bridge this gap by exploring

whether similar findings can be observed in the smaller scale of gas cyclones. Our focus

is on a 31 mm diameter gas cyclone with pronounced conic curvatures, diverging from

Pandey and Brar [35] investigation, which centered on larger gas cyclones (210 mm)

with less pronounced curved conic sections. To assess the effect of conic curvature on

particle classification in small-scale (31 mm) gas cyclones, we utilize experimental data

reported by Xiang et al. [11] to validate our CFD model predictions. Subsequently, we

analyze predictions based on parabolic concave and convex conic curvatures, comparing

them to the standard design. Additionally, we construct an RSM model using a D-Optimal

design to unravel the interaction effects between parameters. Exploring the design space

through Monte Carlo simulations based on the RSM models provides further insights. It is

noteworthy that literature indicates an increase in cut size with the diameter of the cyclone

[134]. Therefore, the potential impact of the conic curvature observed in smaller gas

cyclones is expected to have positive implications for large-scale industrial applications.

3.2 CFD Modelling Methodology

3.2.1 Modelling of airflow and selection of turbulence model

The swirling flow inside the cyclone is resolved using a CFD model. It is well known

that turbulence models such as Reynolds Stress Model and Large Eddy Simulation (LES)

models accurately capture the Rankine vortex flow and pressure drop inside the cyclone

separator [135–137]. Though, the conventional Eddy Viscosity Models (EVM) such as

k´ϵ, RNG k´ϵ, k´ω are computationally less expensive when compared to the Reynolds

Stress Model, but are not suitable for systems having strong swirling flows and streamlined

curvature. The conventional EVM models predicted an unrealistic distribution of axial

and tangential velocities inside the cyclone flow domain [138, 139]. The limitations of

the EVM-based models can be attributed to their inherent assumptions, notably their lack

of response to rotation and streamline curvature effects, as well as their assumption of

isotropic eddy viscosity [139].

Spalart and Shur [140] adapted the k´ω model to account for rotation and streamline

curvature. Dhakal et al. [139] and Alahmadi and Nowakowski [141] evaluated this modi-

fied k ´ ω Shear Stress Transport model with Curvature Correction (SSTCC) for modeling

cyclone separators. They reported that predictions from the k ´ ω SSTCC model closely

agreed with predictions from the Reynolds Stress Model at a lower computational cost. In

recent studies, researchers have successfully captured the swirling flow inside the cyclone

using this turbulence model [142, 143]. Therefore, considering the robustness, accuracy,

and computational cost we use the k ´ ω SSTCC turbulence model for all the simula-

tions performed. We assumed that the particle concentration is dilute, hence gas-particle
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interaction is captured using one-way coupling through discrete particle modeling.

For incompressible fluid flow, the equation of continuity and momentum is expressed

as follows:
Bui
Bxi

“ 0 (3.1)
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where ui is ith-component of velocity, ρ is fluid density, µ is molecular viscosity, and p

is pressure of the fluid. σij is the stress tensor due to molecular viscosity and δij is the

Kronecker delta. Needless to say, i, j, k represent the cartesian coordinate indices, when

used as subscripts the corresponding component of the vector.
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where µt is subgrid-scale turbulent viscosity and Sij is the rate of strain tensor for resolved

scales defined as:
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The turbulent kinetic energy (k) and specific dissipation rate (ω) are given by the

following equations:
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where σk and σω are the turbulent Prandtl numbers for k and ω, respectively. The turbu-

lent viscosity is given by µt, Further details of the modeling equations are provided in the

appendix.

3.2.2 Modelling of particle motion

Lagrangian Particle Tracking (LPT) is used to predict the behavior of particles in a dilute

system. The motion is determined by drag, gravitational, buoyancy, centrifugal, and other

forces. The method is represented mathematically as follows:

dup⃗
dt

“ FDpu⃗ ´ u⃗pq `
g⃗pρp ´ ρq

ρp
` Fx (3.9)
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where u⃗p represents the velocity of a particle, u⃗ the velocity of the fluid phase, ρp the

particle density, and dp the particle diameter. The term Fx encompasses any additional

forces that may play a role in determining the particle motion. This could include the

added mass force resulting from the relative acceleration of the particulate phase, pressure

gradient force, Brownian motion, thermophoretic force, Saffman’s lift force, and others.

Song et al. [144] have investigated particle motion including these forces in gas cyclones,

it was determined that the pressure gradient force and the added mass force were at least

three orders of magnitude smaller than the dominant drag force. Similarly, the Saffman

lift force was at least 15 orders of magnitude smaller. Hence, we neglect these forces

in our study. Further, as the entire computational domain is at a constant temperature,

thermophoretic forces are negligible under these conditions. The drag force is given by:

FD “
18µ

d2pρp
CD

Rep
24

(3.10)

In the above equation, CD is the drag coefficient and Rep is the particle Reynolds

number, defined as:

Rep “
ρdp | u⃗p ´ u⃗ |

µ
(3.11)

The drag coefficient CD for smooth spherical particles is a function of particle Reynolds

number Rep, given by with the following equation [145]:

CD “ a1 `
a2
Rep

`
a3
Re2p

(3.12)

Here, a1, a2, and a3 represent constants applicable across various ranges of particle Reyn-

olds numbers. In turbulent flow conditions, the motion of particles is significantly im-

pacted by fluctuating instantaneous velocities. The dispersal of particles, due to turbulence

in the fluid phase, is tracked using a stochastic method known as the ‘Discrete Random

Walk’ (DRW). Individual particle paths are obtained by integrating the trajectory equation

using the instantaneous fluid velocity, u` u1ptq. The DRW model specifically assumes that

the fluctuating fluid velocities follow a Gaussian distribution. A characteristic fluctuating

velocity can be represented by the following equation:

u
1

i “ ξ
a

2k{3 (3.13)

where u
1

i is the normally distributed random number and k is the turbulent kinetic energy.

The DRW model in ANSYS FLUENT 2021 R1 was used in the current study.
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3.2.3 Geometry and Boundary conditions

This study investigates the impact of conic section curvature on the classification perform-

ance in a gas cyclone. As a reference geometry, the 31 mm diameter gas cyclone design

reported by Xiang et al. [11] is used. Figure 3.1a depicts the standard design of the cyclone

geometry, which highlights all seven design parameters required for its construction, and

Table3.1 lists the dimensions of each variable. The design equations required to construct

the conic section geometries for the cyclone are given below. Figure 1b shows the conic

profile shapes of the standard, parabolic convex, and parabolic concave shapes. It can be

observed from Figure 3.1b that the profile shapes of the concave and convex structures are

inverted mirror images of each other. Further, the final designs constructed for the CFD

analysis, i.e., the standard design and the parabolic convex and concave shape structural

designs as shown respectively in Figure 3.1. The lines L1, L2, and L3 highlighted in Figure

3.1a are created at heights of Y = 23 mm, 46 mm, and 60 mm when measured from the

bottom of the cyclone to perform post-processing activities.

Design equations of conic curvatures:

Parabolic Convex Design : px ´ hq2 “ 4P py ´ kq, where P>0; ph, kq “

ˆ

Du

2
, 0

̇

Parabolic Concave Design : px ´ hq2 “ 4P py ´ kq, where P<0; ph, kq “

ˆ

Dc

2
, ch

̇

Standard Design: Straight line passing through
ˆ

Du

2
, 0

̇

, and
ˆ

Dc

2
, ch

̇

.

(3.14)

Where Du, Dc, and ch are the bin diameter, cyclone diameter, and conic cylinder height.

Table 3.1: Geometric design parameters of the standard 31 mm diameter cyclone.

Design Variable (mm) a b S Do Du h ch

Standard Design ([11]) 5 12.5 15.5 15.5 11.6 31 46

The first objective is to validate the experimental particle separation reported by Xi-

ang et al. for the standard design. Conducted CFD simulations for inlet air flow rates of

30, 40, 50, and 60 lpm. Despite the use of ‘flow rate’ in the text for consistency with

experimental reports, it is important to clarify that the simulations were based on inlet

velocity conditions. The inlet of the cyclone was modeled as a velocity inlet with uniform

normal velocities of 8, 10.66, 13.33, and 16 m/s for their respective flow rates. The gas

outlet was modeled as an outflow boundary condition, and all remaining surfaces as walls

with no-slip boundary conditions. The density and dynamic viscosity of air was assumed

to be 1.225 kg{m3 and 1.8*10´5kg{pmsq, respectively. To evaluate the particle separa-

tion characteristics, Discrete Phase Modeling (DPM) predictions were compared to the

experimental grade efficiency curves. The particles were assumed to be spherical, mono-
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(a) Standard cyclone geometry (b) Conic profiles including parabolic con-
vex and concave shapes

Figure 3.1: Geometrical design of cyclones under study
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disperse, and have diameters ranging from 0.5-10 µm, with specific sizes reflecting the

experimental particle sizes reported by Xiang et al. [11]. These sizes include 0.5, 0.8,

1.05, 1.53, 2, 2.5, 3.1, 4.18, 5.28, 6.18, and 8.09 microns, respectively. They were in a di-

lute regime with concentration ( volume of particles
volume of gas flow through) ă10´6 and their density was set to

1055 kg{m3 to mimic the density of the polystyrene latex beads (PSL) used in the experi-

ments. An escape boundary condition was applied to the gas outlet, and a trap boundary

condition was used to model the dust outlet. The collisions between the wall and particles

were assumed to be perfectly elastic, with a coefficient of restitution of 1. Particle-particle

collisions were neglected resulting from dilute particle concentrations. The separation ef-

ficiency was defined as the ratio of the number of particles trapped in the dust outlet to

the number of particles released from the inlet.

To ensure robustness, a pressure-based coupled solver (PBCS) algorithm was used

for pressure-velocity coupling, and the Quadratic Upstream Interpolation for Convective

Kinetics (QUICK) scheme was selected for discretizing the momentum terms. The Pres-

sure Staggered Option (PRESTO) pressure interpolation scheme was used to accurately

capture the sharp pressure gradients in the high swirling flows. A second-order upwind

discretization was used for both the turbulent kinetic energy and the specific dissipation

rate. A time step of 10´4 s was used in all transient simulations. The convergence criteria

for all scaled residuals were set at 10´5.

3.2.4 Grid Independency and Model Validation

Meshing and Grid Independency

In this study, an unstructured hexahedral grid was generated using the blocking technique

in ANSYS ICEM CFD. The mesh was refined near the walls for accurate capture of wall

effects (Figure 3.2). While higher mesh density (number of cells) improves accuracy,

it also increases computational cost. A grid independence test was conducted using four

meshes (M1, M2, M3 and M4) with varying cell counts listed in Table 3.2. CFD simulations

were performed with an inlet flow rate of 60 lpm, and the overall pressure drop was

measured and recorded in Table 3.2. The radial profiles of axial and tangential velocities

were also measured on the central plane at a height of Z = 46 mm from the bottom and

are shown in Figure 3.2. Based on the observations reported in Figure 3.3 and Table 3.2,

it was concluded that mesh M2 was optimal for capturing the swirling flows inside the

cyclone with reasonable accuracy and producing grid-independent results. Thus, mesh

M2 was selected for all further simulations and similar mesh densities were used for other

design configurations.
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Figure 3.2: Hexahedral mesh for the standard design gas cyclone. a) Top view b) Isomet-
ric View
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Figure 3.3: Variation of measured quantities on a centre-line (Height Z = 46 cm -
measured from the bottom). a) Tangential Velocity b) Axial Velocity

Table 3.2: Grid independence analysis for an inlet flow rate of 60 lpm: Pressure drop as
a function of grid refinement, compared to the experimentally reported value of 595 Pa.

Mesh Name Number of Cells Pressure Drop (Pa)

M1 966746 593

M2 703288 591

M3 502418 571

M4 308945 552
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Figure 3.4: Comparison of the experimental LDA measurements of tangential and axial
velocities Hoekstra (2000), with the CFD predictions of Reynolds stress model (RSM)
model and SST kωpccq model. (The radial distance is scaled by the cyclone radius and the
axial and tangential velocity are scaled by the inlet velocity.)

Model Validation

To validate the results obtained from the k ´ ω (SSTCC) turbulence model, we compared

them with experimental measurements by Hoekstra [146]. These measurements were

obtained using Laser Doppler Anemometry (LDA) on a stairmand gas cyclone design. We

compared our predictions with those from the well-established Reynolds Stress Model and

the experimental measurements. Figure 3.4 shows the comparison of the radial profiles of

axial and tangential velocity measured at the location of z=94.5 cm from the bottom of the

cyclone (with Do{Dc = 0.5) as obtained from the LDA measurements and the predictions

from the Reynolds Stress Model and k ´ ω (SSTCC) models. The predictions from both

models are in good agreement with the experimental results and follow similar trends.

Hence, considering the accuracy, robustness, and computational cost, we use the k ´ ω

(SSTCC) turbulence model for all the simulations in this study.

3.3 Response Surface Methodology: Theory

3.3.1 Design of Experiments:

Experiments are designed to understand the influence of controlled variables (X) on the

quantity of interest (Y). A systematic Design of Experiments (DOE) provides a robust

framework to realize the response and interaction effects through a multivariate paramet-

ric study [147]. DOE provides the optimized factors (Xi) to be selected from the design

space based on statistical criteria. All the responses (Yi) are tabulated for the DOE exper-

iment factors (Xi).
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Various classical DOE methods are available to construct the sampling design space

such as the Full/Fractional factorial method, Box-Behnken designs (BBD), Central Com-

posite Design (CCD), Orthogonal arrays, etc, [101]. These methods are widely used in the

industry for well-posed problems [148]. However, in special scenarios like; a limited num-

ber of experiments can only be performed due to practical constraints, too many factors

or levels, and the presence of categorical factors (discrete variables) makes the classical

designs fail to apply. To circumvent these challenges, Atkinson and Donev [149] have

developed optimal design methods (classed by letter) based on several statistical criteria.

The optimal designs build a minimum and optimal set of experiments to be performed

to fit a model by minimizing the variance of the β estimators in an information matrix

(XXT ) using an iterative search algorithm. Here, X is the design matrix with p rows; each

row indicates the experimental run performed in the design and q columns represent the

model coefficients (i.e., β estimators) for that experimental run in the model fit. Optimal

designs are flexible and can be augmented by adding design points to further improve the

fit. The D-Optimal design was used in the current study as it is widely used for industrial

problems [150, 151]. D-optimal design minimizes the overall variance of the estimated

regression coefficients by maximizing the determinant of the information matrix (XXT ).

3.3.2 Variables and Responses

A total of 8 quantitative independent variables (numeric) including the seven geometric

variables identified in Figure 3.1, as well as inlet velocity, and an additional one qualitat-

ive variable (i.e., categorical variable), the type of cyclone design were chosen to perform

the optimization study. The lower and upper limits of each variable are listed in Table 3.3.

It has to be noted that these factors are scaled with cyclone diameter (Dc). The response

variables (Y) of interest are cut size (D50) and the sharpness of separation. To determine

the cut size diameters, we read the values directly from the separation efficiency curves.

Specifically, the cut size corresponds to the particle diameter at which the separation ef-

ficiency value equals 50%. Similarly, the metric sharpness, which indicates the quality of

separation is determined by the ratio of D25 to D75. Where the parameters D25 and D75

correspond to respective particle diameters against the particle separation values of 25%

and 75% [152].

The D-Optimal design can consider both Quantitative (Numerical) and Qualitative

(Categorical) variables in the design. Overall, we have performed 27 CFD simulations for

each category to build the model, i.e. Standard-27, Concave-27, and Convex-27 simula-

tions. The list containing the factors for all 81 design points generated by the D-optimal

design in the DesignExpert tool is listed in Table 3.4. Further, we performed CFD simula-

tions and particle tracking studies to quantify the response variables (cut size and sharp-

ness). The final data containing the factors and responses are subjected to an RSM Model
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Table 3.3: The high and low-level settings of the factors along with categoric and response
variables defined in the DOE study

Quantitative Variables: 8 Numeric

Independent Variables (X) Low High

Underflow Diameter (Du/Dc = A) 0.2 0.6

Gas Outlet Diameter (Do/Dc = B) 0.25 0.75

Inlet Height (a/Dc = C) 0.2 0.7

Inlet width (b/Dc = D) 0.1 0.3

Vortex finder height (S/Dc = E) 0.3 1

Cylinder height (h/Dc = F) 0.5 1.5

Cone height (ch/Dc = G) 0.5 2.5

Inlet velocity (V-ms2 = H) 4 16

Qualitative Variables: 1 Categoric

Design
Standard

Concave

Convex

Response Variables (Y): 2

Cut-point Diameter (D50 microns) (Y1)

Sharpness (Y2)

to fit models for cut size and sharpness of classification.

Table 3.4: List of simulations performed for the input design space and their correspond-
ing output response variables.

Run
Factors Response 1

Cutsize

(µm)

Response 2

Sharpness
A: Du B: Do C: a D: b E: S F: h G: ch H: V J: Design

1 0.2 0.25 0.2 0.3 1 0.5 2.5 4 Concave 4.8 0.8019

2 0.2 0.75 0.2 0.2 0.3 0.5 2.5 16 Concave 3.8 0.7771

3 0.6 0.75 0.7 0.3 1 1.5 1.5 4 Convex 8 0.4231

4 0.2 0.75 0.7 0.3 0.3 1 2.5 4 Convex 12.5 0.2500

5 0.3 0.375 0.575 0.15 0.475 0.75 1 13 Concave 1.93 0.7072

6 0.2 0.25 0.7 0.1 0.3 1.5 2.5 4 Convex 5.8 0.7536

7 0.2 0.75 0.45 0.1 0.3 0.5 0.5 4 Concave 8.5 0.6075

8 0.6 0.25 0.2 0.1 0.3 1.5 0.5 4 Standard 8.1 0.5044

9 0.2 0.25 0.7 0.1 0.3 1.5 2.5 4 Standard 5.65 0.7813

10 0.6 0.25 0.7 0.3 0.3 1.5 2.5 4 Convex 5.1 0.7826

11 0.2 0.5 0.7 0.1 0.3 1.5 2.5 16 Convex 2.3 0.7170
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Run
Factors Response 1

Cutsize

(µm)

Response 2

Sharpness
A: Du B: Do C: a D: b E: S F: h G: ch H: V J: Design

12 0.3 0.375 0.575 0.25 0.825 1.25 1 13 Concave 1.87 0.6828

13 0.3 0.625 0.325 0.25 0.825 1.25 2 10 Standard 4.4 0.7755

14 0.5 0.375 0.325 0.25 0.475 0.75 2 13 Standard 2.75 0.7188

15 0.6 0.75 0.2 0.1 0.65 1.5 0.5 16 Convex 0.6238

16 0.6 0.75 0.45 0.1 1 1.5 2.5 4 Concave 9.5 0.6967

17 0.5 0.375 0.575 0.15 0.825 1.25 1.5 7 Convex 1.7 0.7568

18 0.4 0.625 0.325 0.25 0.825 1.25 2 7 Standard 4.9 0.8077

19 0.6 0.25 0.7 0.2 1 0.5 2.5 4 Concave 5.05 0.8036

20 0.6 0.5 0.7 0.1 1 1.5 0.5 4 Convex 6.75 0.7097

21 0.2 0.25 0.7 0.1 1 1.5 1.5 4 Convex 6.15 0.7103

22 0.2 0.75 0.2 0.1 0.3 1.5 0.5 4 Concave 12 0.5167

23 0.3 0.625 0.325 0.15 0.475 0.75 2 7 Concave 4.6 0.7379

24 0.3 0.625 0.325 0.25 0.475 1.25 1 13 Concave 2.05 0.7390

25 0.3 0.625 0.575 0.25 0.825 1 1 13 Standard 3.3 0.5926

26 0.4 0.75 0.2 0.1 1 1.5 2.5 16 Standard 5.3 0.7627

27 0.5 0.375 0.325 0.25 0.65 0.75 1 13 Concave 2 0.7623

28 0.6 0.75 0.2 0.1 0.3 1.5 1.5 16 Concave 4.5 0.6174

29 0.2 0.75 0.45 0.1 1 1.5 2.5 4 Convex 9.2 0.5280

30 0.5 0.375 0.325 0.25 0.825 1.25 1 7 Concave 4.7 0.8465

31 0.6 0.25 0.7 0.3 1 1 0.5 4 Standard 3.75 0.5385

32 0.2 0.5 0.7 0.1 0.3 1.5 2.5 16 Convex 2.6 0.8182

33 0.2 0.75 0.2 0.3 0.65 0.5 0.5 16 Concave 3.75 0.4870

34 0.6 0.75 0.7 0.1 0.3 1.5 0.5 10 Standard 4 0.3929

35 0.6 0.75 0.7 0.3 0.3 1.5 0.5 16 Concave 5.5 0.2426

36 0.5 0.625 0.325 0.25 0.825 1.25 1.5 13 Convex 2.2 0.6981

37 0.6 0.25 0.7 0.3 0.65 0.5 2.5 4 Concave 4.75 0.8000

38 0.6 0.75 0.2 0.1 1 0.5 0.5 4 Standard 12 0.5987

39 0.2 0.75 0.2 0.3 0.3 1.5 1.5 4 Concave 10.5 0.3684

40 0.2 0.75 0.7 0.3 0.65 1.5 0.5 4 Convex 8.32 0.4601

41 0.2 0.25 0.2 0.3 0.3 1.5 0.5 4 Convex 5.25 0.7966
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Run
Factors Response 1

Cutsize

(µm)

Response 2

Sharpness
A: Du B: Do C: a D: b E: S F: h G: ch H: V J: Design

42 0.6 0.75 0.45 0.1 0.3 0.5 2.5 16 Standard 2.8 0.8254

43 0.5 0.375 0.45 0.15 0.475 0.75 2 7 Convex 5 0.7328

44 0.3 0.625 0.575 0.15 0.825 1 1 13 Convex 2.15 0.7500

45 0.2 0.25 0.2 0.1 1 0.5 2.5 10 Convex 15 0.6667

46 0.2 0.75 0.7 0.1 1 0.5 2.5 10 Convex 4.8 0.8654

47 0.6 0.25 0.7 0.3 1 1.5 2.5 16 Concave 1.73 0.7895

48 0.2 0.75 0.2 0.1 0.3 1.5 0.5 4 Standard 11.5 0.3428

49 0.4 0.375 0.325 0.25 0.475 0.75 2 13 Standard 2.7 0.8276

50 0.2 0.25 0.7 0.3 0.3 0.5 0.5 4 Standard 3.5 0.4381

51 0.6 0.25 0.2 0.1 0.3 1.5 0.5 4 Standard 7.25 0.3364

52 0.5 0.625 0.575 0.15 0.475 0.75 1.5 13 Standard 1.85 0.7727

53 0.2 0.75 0.2 0.3 0.3 0.5 0.5 10 Concave 9 0.3378

54 0.5 0.375 0.325 0.25 0.475 0.75 1 13 Convex 1.65 0.7222

55 0.3 0.375 0.575 0.2 0.825 0.75 2 13 Convex 2.6 0.8036

56 0.6 0.75 0.2 0.1 1 0.5 0.5 4 Standard 11 0.3750

57 0.6 0.5 0.2 0.3 1 0.5 2.5 4 Convex 8 0.6915

58 0.4 0.75 0.2 0.3 0.3 0.5 0.5 4 Standard 10 0.4580

59 0.3 0.375 0.575 0.15 0.475 1.25 1 10 Convex 2 0.7556

60 0.5 0.5 0.575 0.15 0.825 0.75 2 7 Concave 3.8 0.7791

61 0.5 0.375 0.325 0.15 0.475 0.75 1.5 13 Standard 1.7 0.6500

62 0.2 0.25 0.2 0.1 1 1.5 0.5 16 Standard 2.25 0.8320

63 0.5 0.5 0.325 0.15 0.475 0.75 2 13 Concave 1.75 0.6829

64 0.6 0.75 0.7 0.3 1 0.5 1.5 16 Standard 3.5 0.2563

65 0.6 0.75 0.7 0.3 0.3 1.5 0.5 16 Concave 5.4 0.3840

66 0.2 0.75 0.7 0.1 1 0.5 2.5 10 Convex 5 0.7500

67 0.6 0.5 0.2 0.3 1 0.5 2.5 4 Convex 8 0.6913

68 0.3 0.625 0.325 0.25 0.825 0.75 2 13 Standard 2.72 0.7372

69 0.4 0.5 0.45 0.2 0.475 1 1.5 10 Convex 3.5 0.7500

70 0.5 0.625 0.325 0.25 0.825 1.25 1 7 Concave 4.85 0.7963

71 0.2 0.25 0.2 0.1 0.65 0.5 0.5 4 Standard 5.65 0.7308
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Run
Factors Response 1

Cutsize

(µm)

Response 2

Sharpness
A: Du B: Do C: a D: b E: S F: h G: ch H: V J: Design

72 0.6 0.25 0.7 0.3 1 1 0.5 4 Concave 0.5909

73 0.3 0.625 0.575 0.25 0.825 0.75 1 7 Convex 4 0.6373

74 0.6 0.75 0.7 0.3 0.3 0.5 2.5 4 Standard 9 0.2778

75 0.5 0.625 0.575 0.15 0.825 1 2 13 Convex 2.15 0.7292

76 0.4 0.5 0.45 0.2 0.65 1 1 10 Standard 2.75 0.8000

77 0.3 0.375 0.575 0.2 0.825 0.75 1 13 Standard 2.68 0.7516

78 0.2 0.75 0.7 0.1 0.65 1.5 0.5 4 Concave 8.1 0.7135

79 0.3 0.5 0.575 0.25 0.825 0.75 1 13 Standard 2.8 0.6973

80 0.3 0.5 0.575 0.15 0.825 1.25 2 7 Concave 4.1 0.5893

81 0.4 0.25 0.2 0.3 1 0.5 0.5 16 Concave 1.52 0.7143

3.3.3 Response Surface Methodology Model

An RSM Model is built by fitting a second-order polynomial function between the inde-

pendent variables Xi and dependent responses (Yi) as follows:

Y “ β0 `

n
ÿ

i“1

βiXi `

n
ÿ

i“1

βiiX
2
i `

ÿ

i

βijXiXj ` e (3.15)

where β0, βi, βii, and βij are the regression coefficient terms of the model for the constant

term, linear effects, quadratic effects, and the interaction effects between the factors.

While e accounts for both measurement error and lack of fit response error. The fitness

functions for response variables are obtained based on mathematical statistics and least

squares error methods.

3.4 Results and Discussion

3.4.1 CFD Analysis: Standard design model validation

Initially, the flow parameters, including pressure distribution, axial and tangential velocity

radial profiles, were analyzed to understand the flow behavior inside the gas cyclone.

Subsequently, the particle separation characteristics of a standard design cyclone were

validated at different flow rates reported in the literature by Xiang et al. [11].

In addition to the gravitational force, axial velocities are responsible for conveying

particles into the collection bin, while tangential velocities directly impart centrifugal
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Figure 3.5: CFD analysis of standard design: Radial profiles of scaled axial, tangential
velocities, and static pressure measured at three locations (L1, L2, and L3) as a function
of inlet flowrate.
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Figure 3.6: CFD validation of experimental particle classification studies for flowrates of
30, 40, 50, and 60 lpm, respectively in the standard design [Experimental data source:
Xiang et al. [11]].

forces that are necessary for separating the particles from the gas medium [153]. Figure

3.5 displays the radial profiles of time-averaged axial and tangential velocity at three axial

positions (L1, L2, and L3, Figure 3.1) for all the flow rates under study. The tangential

and axial velocities are scaled with the inlet velocities.

The axial velocity profiles in Figure 3.5 resemble the standard inverted ‘W’ shape. The

dip in the profile occurs near the central axis of the cyclone body. The swirling motion

inside the cyclone generates a strong radial pressure gradient with a low-pressure region

near the core and high pressure towards the outer wall. Due to frictional losses, the exit

gas swirl intensity attenuates in the vortex finder, leading to the formation of an adverse

pressure gradient axially in the inner core. This gradient drives less swirling fluid from

the exit to the core. Although the swirl attenuation occurs in the vortex finder, the reverse

flow is dominant across the cyclone near the central core [154]. This explains the presence

of a dip at the center of the axial velocity profiles in Figure 3.5. Further, the dip at the

center increases with increasing flow rate at all axial locations. The extent of the dip in

axial velocity profiles is more significant in the cylindrical body at L3, closer to the vortex

finder than in the conic section location (L1). Negative axial velocities towards the walls

help slide particles into the collection bin.

The simulated tangential velocities exhibit a standard Rankine vortex nature, with

the inner core having solid-body-like rotation and outer free vortex flow. The tangential

velocity profiles in the inner core remain unchanged with the flow rate and preserve their

shape at different sections. However, there is a sharp drop in velocity near the wall.

These trends have been reported elsewhere in the literature [88, 155]. It is also observed



3.4. Results and Discussion 57

that maximum tangential velocities appear at the boundary between the inner and outer

vortex zones and increase with an increase in flow rate. The tangential velocity profiles

indicate that the inner core occupies a larger portion in the conic section (L1) than in the

cylindrical body (L2 and L3).

Similarly, the static pressure radial profiles are scaled with the kinetic energy per

volume of flow to represent a form similar to the Euler number (Eu), which corresponds

to energy losses in the flow. It is observed from the Figure 3.5 static pressure profiles

at locations L1, L2, and L3 that the pressure gradient is more predominant in the radial

direction than in the axial direction for all the flowrates under study. The pressure dis-

tribution profiles in the cylindrical section are almost constant as there is an insignificant

variation in pressure distribution profiles between L3 and L2 locations. The lowest val-

ues of pressure are reported in the center-core region and increase its values towards the

wall of the cyclone, this behavior is more pronounced as the flowrate increases. Further,

the overall pressure drop between the simulated and experimentally reported values is

discussed below.

Figure 3.6a compares the simulated separation efficiency of a standard 31mm dia-

meter cyclone with the experimentally reported values by Xiang et al. [11]. The simula-

tion predictions are in close agreement with the experimental values, and it is observed

that as the flow rate increases, the separation efficiency curve shifts to the left, indicating

smaller cut sizes due to increased centrifugal forces acting on the particles. Additionally,

Figure 3.6b compares the trends of overall pressure drop and cut size as a function of the

inlet air flow rate, with the experimental values. The overall pressure drop is observed

to increase with an increase in flow rate. For a flowrate of 30 lpm the pressure drop is

observed to be 109.3 Pa and it increases to 590.1 Pa for a flow rate of 60 lpm. Whereas the

cut size increases from 1.25 µm to 2.25 µm as the flow rate decreases from 60 lpm to 30

lpm. As observed from Figure 3.6b both the cut size and pressure drop are in agreement

with experimental observations. In the later part of the work, we will provide a detailed

discussion on the comparison of cut sizes and pressure drop between the standard design

and parabolic designs.

In conclusion, the CFD model developed captures the flow field and particle separation

characteristics accurately and can be used to study convex and concave conic cyclones.

3.4.2 CFD analysis of parabolic designs

The flow field inside the parabolic designs are compared to the standard design. The

time-averaged contour plots and radial profiles of axial velocity, tangential velocity, and

pressure distribution inside the flow domain are compared at three axial locations L1, L2,

and L3 for a flowrate of 60 liters per minute. Further, particle separation characteristics
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are compared, based on separation efficiency curves and particle tracks.

3.4.2.1 Axial Velocity
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Figure 3.7: Axial velocity profiles as a function of conic design for a flowrate of 60 lpm:
a) Contour Plots b) Radial profiles predicted at three axial locations L1, L2, and L3

The contour plots in Figure 3.7(a) show that the distribution of axial velocities is

broader for curved conic design cyclones than for the standard design. Additionally, high

axial velocities are seen near the inner wall of the vortex finder, while negative axial ve-

locities (i.e., backward flow) occur in the core region of the vortex finder. This pattern

is most pronounced in concave designs, followed by convex and standard designs. Nev-

ertheless, the radial profiles of velocities in Figure 3.7(b) highlight that the strength of

backward flow in convex-design cyclones deteriorates rapidly moving towards the dust

outlet in the axial direction.

Figure 3.7(b) reveals that all three cyclones have similar inverted ‘W’ shaped axial

velocity profiles. The concave design follows the trend of the standard design axial velocity

more closely than the convex design. The concave design also exhibits slightly higher

maximum axial velocities. At all three locations, the central dip in the axial velocity of

the convex design is less pronounced compared to the other two designs. This is due to

the lower pressure distribution inside the convex design cyclone, as shown in Figure 3.9.

As illustrated in Figure 3.7(b), the magnitude of maximum axial velocities is higher in

the cylindrical section (at location L3) than in the conic sections. The symmetry in the

profiles at location L3 is disrupted on the right side due to the presence of an inlet. It is
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important to note that the radial distance for the measurement location at L1 is greatest

for the concave design cyclone, followed by standard and convex design cyclones. This

difference in radial distance explains the disparities in the abscissa values in the radial

profiles shown in Figure 3.7(b) L1.

3.4.2.2 Tangential Velocity

The contour plots in Figure 3.8(a) demonstrate that the intensity of tangential velocity is

greater in the standard design than in the convex and concave designs, with particularly

low intensity in the convex design. The distribution of lower tangential velocities can

also be seen in the vortex finder region in the concave and convex conic design cyclones

compared to the standard cyclone. It is observed that the tangential flow field inside the

convex and concave designs resembles the Rankine vortex structure similar to the standard

design. The radial profiles show that the maximum value peaks at the boundary between

the inner quasi-vortex flow zone and the outer quasi-free vortex flow zone. The concave

design closely follows the profile of the standard design, while the tangential velocity

profiles of the convex design are lower compared to the standard design. This could be

due to the higher internal volume of the convex design, which decreases the available flow

velocities for a given flow rate. As shown in Figure 3.8(b) - L3, there is a slight flattening

of the tangential velocity profile in the outer vortex zone for the convex design beneath

the vortex finder. It is noteworthy that the radial location of maximum axial velocity is

closer to the central axis than the radial location of maximum tangential velocity.

3.4.2.3 Static Pressure

The contour plots of the static pressure distribution on a center plane for all three designs

are presented in Figure 3.9(a). It is observed that, except for the central core region,

the pressure distribution profiles are similar. The magnitude of pressure increases with

an increase in radial distance from the wall, resulting in a negative pressure core in the

central core region. This negative pressure drives the backward flow from the gas outlet.

The concave and convex designs have lower pressure distribution inside the vortex finder

region, which contributes to the higher backflow, compared to the standard design. As

seen in Figure 3.9(b), the standard design has higher pressure values near the walls than

the other designs. Conversely, the convex design has the least pressure formation.

The pressure drop is calculated by determining the difference in total pressure between

the inlet and gas outlet for each case. As observed from Table 3.5, there is a close agree-

ment between the estimated values for the standard design and the experimentally repor-

ted values Xiang et al. For low flow rates (ď 50 lpm), the differences in overall pressure

drop among the conic designs are negligible. However, for higher flow rates, the concave

and convex designs have a lower pressure drop compared to the standard design. There-
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Figure 3.8: Tangential velocity profiles inside the cyclones as a function of conic design for
a flowrate of 60 lpm: a) Contour Plots b) Radial profiles predicted at three axial locations
L1, L2, and L3
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fore, lower flow rates result in coarser cut sizes (discussed in detail in the next section),

and lower pressure drops if particle classification, rather than separation, is the goal.

3.4.2.4 Particle Separation Characteristics
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Figure 3.10: Effect of conic curvature shape on the particle separation characteristics
as a function of inlet air flowrate. a) 30 lpm, b) 40 lpm, c) 50 lpm, and d) 60 lpm.
[Experimental data source: Xiang et al. [11]]

Figure 3.10 illustrates the impact of conic curvature on particle separation character-

istics as a function of the inlet air flow rate. It is consistently observed that, at any given

flow rate, the concave and convex conic cyclones produce coarser cut sizes compared to

the standard conic design. Additionally, the concave conic shape produces even coarser

cut sizes with a sharper classification profile. As the flow rate increases, all the separation

efficiency curves shift to the left, decreasing the particle cut size (D50). As observed from

Table 3.5 there is good agreement between the predicted cut sizes and the experimentally

reported values for the standard design cyclone at all flow rates under study. As the flow

rate increases, the cut size decreases for all conic designs. For example, as the flow rate
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Table 3.5: Performance comparison of standard, concave, and convex design gas cyclones
for key parameters

Cut Size (microns) Sharpness Pressure Drop (Pa)

Flowrate

(lpm)

Standard

Exp.
Standard Convex Concave

Standard

Exp.
Standard Convex Concave

Standard

Exp.
Standard Convex Concave

30 2.36 2.65 3.38 4.91 0.63 0.72 0.77 0.85 104 109.3 93.7 115.9

40 1.92 2.05 2.35 3.45 0.66 0.53 0.72 0.82 196 213.7 189.2 230.4

50 1.57 1.63 2.08 2.76 0.61 0.45 0.72 0.83 327 350 325.7 357.3

60 1.15 1.13 1.8 2.31 0.57 0.39 0.73 0.77 595 591.1 492.3 540.6

increases from 30 to 60 lpm, the average cut size decreases from 2.65 µm to 1.13 µm

for the standard design cyclone. At a flow rate of 30 lpm, the concave design cyclone

produces a particle cut size of approximately 5 µm, while the standard design cyclone

produces 2.65 µm. The particle separation characteristics of the convex design are in-

termediate between the standard and concave designs. Although lower flow rates result

in coarser cut sizes, after an optimal value, the effective centrifugal force acting on the

particle decreases, which decreases the sharpness of classification, which is not desirable.

Similarly, it is observed from Table 3.5 that standard design shows a slight decrease

in sharpness with an increase in flow rates (ě 40 lpm) in experimentally reported values,

which is more pronounced in CFD estimates. On the other hand, the concave and convex

conic designs exhibit better sharpness values at all flow rates studied. The CFD results

indicate that the concave and convex designs enhance the axial velocities near the inner

wall of the vortex finder and intensify the negative axial velocities (backward flow) in

the core region. This pattern plays a crucial role in improving the sharpness of particle

classification efficiency by acting as a secondary classification zone. The negative axial

velocities in the vortex finder’s core prevent particles from easily escaping through the

gas outlet, increasing their classification by entering the main flow stream. As a result,

the classification sharpness is improved, with the concave designs exhibiting the most

pronounced improvement, followed by the convex designs, compared to the standard

design cyclones. Hence, higher sharpness values are expected for concave-design cyclones.

Further, we present single particle tracks for the case of 30 liters per minute flowrate

to understand the particle behavior inside the cyclone. Particles with diameters of 2.36,

3.38, and 4.91 µm are introduced into the center of the inlet at a flow rate of 30 liters

per minute. These particle diameters represent the respective cut size diameters for the

standard, convex, and concave designs. Figure 3.11 displays the single particle tracking of

these injections, which allows for better visualization of the cut size diameter and cyclone

design.

The particle of the cut size has an equal probability to either report to a dust outlet or

gas outlet. In the standard design cyclone, as shown in Figure 3.11-1a, the particle with

a diameter equal to the cut size diameter (ie., 2.36 µm) travels up to the conical section
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Figure 3.11: Single particle tracking of particles representing their respective cut size
diameters for the flowrate of 30 lpm, in 1) Standard (a - 2.36 µm), 2) Convex (b - 3.38
µm), and 3) Concave (c - 4.91 µm) design cyclones
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and is carried away by the upward vortex flow to the gas outlet. Whereas, particles of

3.38, and 4.91 µm report to the dust outlet as seen from Figure 3.11-1b and 1c. However,

for the convex design, as seen in Figure 3.11-2a, the particle with a diameter less than the

cut size diameter exits through the gas outlet. Meanwhile, the particle with a diameter

equal to the cut size diameter, as shown in Figure 3.11-2b, travels to the bottom and is

caught by the upward vortex, reversing its direction and ending up at the dust outlet.

Coarser particles, as depicted in Figure 3.11-2c, are collected through the dust outlet. The

concave design cyclone shows similar trends in particle tracking. Figures 3.11-3a and 3b

show that particles with diameters less than the cut size diameter escape through the gas

outlet, while the particle with a diameter equal to the cut size diameter, as shown in Figure

3.11-3c, has an uncertain path before finally exiting through the dust outlet. It is worth

noting that the particle tracks in the concave and convex designs have longer residence

times and particles tend to reach the bottom of the cyclone more frequently compared to

the standard design.

Figure 3.12: Contours of turbulent kinetic energy (k-m
2

s2
) for the flow rate of 60 lpm: a)

Standard design b) Concave design c) Convex design

In turbulent flow conditions, particles move preferentially from regions of high turbu-

lence intensity to those of low intensity, a process known as “Turbophoresis” [156, 157].

This leads to faster particle dispersion in areas of high turbulence intensity compared to

low-intensity regions. The regions of high intensity of turbulent kinetic energy act as a

resistance for the particles to pass through; resulting in particle classification [158, 159].

Figure 3.12 displays the contour plots of turbulent kinetic energy for all three design con-

figurations at an inlet flow rate of 60 lpm. It can be observed from Figure 3.12 that tur-

bulent kinetic energy distribution is predominant in the conic section of the gas cyclones.
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Figure 3.12 shows that the standard design has a lower turbulent intensity distribution

when compared with the convex and concave designs. Hence, particles that reach the

conic wall in the standard design are more likely to slide along the wall and collect at the

bottom bin, while in the convex and concave designs, intense turbulence leads to a particle

filtering mechanism. Only larger particles have a high likelihood of overcoming the turbu-

lence barrier along the conic wall. Thus more particles get caught by the secondary vortex

and exit through the vortex finder, resulting in coarser cut sizes.

The conic curvature of a cyclone significantly affects the coarser particle classification.

Because of higher turbulence intensity near the conic section in curved conic designs,

ie., concave and convex designs, particles move toward the center of the cyclone where

the velocity of the fluid decreases. This leads to a longer residence time as reflected in

the particle tracks (Figure 3.11). Based on the above analysis we can conclude that the

decrease in the tangential velocity field, higher negative axial velocities near the vortex

finder core, and increase in turbulence intensity near the vicinity of conic section for

concave and convex designs cyclones help in achieving the coarser and sharper cut sizes

than compared to those achieved by the standard gas cyclones.

3.4.3 Response Surface Methodology: Results

3.4.3.1 Analysis of Variance

Analysis of variance (ANOVA) is used to evaluate the significance of coefficients of estimat-

ors in the quadratic polynomial fit. It is an ensemble of statistical procedures to analyze the

RSM fitted model representing the experimental data [96]. The error analysis followed by

the F-test (p-values; p<0.05 indicates 95% confidence) to evaluate the significant effects

of interactions is discussed here. The accuracy of RSM model is evaluated using R2, ad-

justed R2 (R2
adj), predicted R2 (R2

pred), and Adeq Precision terms. The detailed definitions

and mathematical expressions for the indices mentioned above are defined as follows: R2

is a measure of the amount of variation around the mean explained by the model.

R2 “ 1 ´
RSS

TSS
“ 1 ´

řn
i“1pyi ´ y1̂q2

řn
i“1pyi ´ yīq2

(3.16)

Where RSS is the residual sum of squares and TSS is the total sum of squares for the

response. R2
adj is the measure of the amount of variation around the mean explained by

the model, adjusted for the number of terms in the model.

Adjusted R2 pR2
adjq “ 1 ´

RSS{pn ´ p ´ 1q

TSS{pn ´ 1q
“ 1 ´

p1 ´ R2qpn ´ 1q

n ´ p ´ 1
(3.17)
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Table 3.6: Fit statistics comparing the quadratic and modified models for cut size and
sharpness

Parameter Std. Dev. R2 Adjusted R2 Predicted R2 Adeq. Precision

Quadratic Modified Quadratic Modified Quadratic Modified Quadratic Modified Quadratic Modified

cut size 0.585 0.486 0.992 0.989 0.965 0.975 0.3438 0.9231 25.97 37.93

Sharpness 0.09 0.062 0.902 0.907 0.6991 0.855 -0.721 0.7485 8.43 17.28

R2
pred is a measure of the amount of variation in new data explained by the model.

Predicted R2 pR2
predq “ 1 ´

PRESS

TSS
(3.18)

Where PRESS is the predicted residual error sum of squares, it accounts for one point

deletion squared residual error. Adequate Precision (Adeq Precision) measures the signal-

to-noise ratio. A ratio greater than 4 is desired to differentiate between the signal and

noise.

Adeq. Precision “
maxpŶ q ´ minpŶ q

b

pσ2̂

n

(3.19)

The model fit in terms of adjusted R2 values is improved by selecting the variables

that are truly contributing to the accuracy. We use the Bayesian information criterion

(BIC) with the backward selection of variables in the model [160]. In a system having ‘p’

parameters, we remove the variable with the largest p-value as it is statistically insignific-

ant and the resultant ‘p-1’ variable model is fit. This process is repeated until the threshold

between the R2 and Adjusted R2 is reached.

Table 3.6 contains the list of fit statistics for both the quadratic model and the modified

models for cut size and sharpness respectively. Though the R2 and adjusted R2 values

for the quadratic model of cut size indicate a good fit, the predicted R2 values are low.

This indicates over-fitting parameters in the model. These excess model parameters are

removed using the BIC criterion with the backward selection of parameters containing

high p-values. The modified model fit statistics are improved significantly as shown in

Table 3.6. The model for cut size and sharpness have a Predicted R² of 0.9231, and

0.7485. These are in reasonable agreement with the Adjusted R² of 0.9759, and 0.8553;

as the difference is less than 0.2. Adeq Precision measures the signal-to-noise ratio. A

ratio greater than 4 is desirable. The ratios of 37.93 and 17.28 indicate an adequate

signal. All the above fit-statistics parameters indicate a good agreement between the final

RSM model predictions and simulation results for cut size and sharpness. Table 3.7 lists

the p-values of the reduced quadratic model (i.e., modified model) and helps to identify

the significant parameters (p<0.05) that influence the response variables. Further, Table

3.8 depicts the model equations developed for cut size and sharpness as a function of

the design of cyclones for the modified model. Additionally, it is crucial to acknowledge
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Table 3.7: p-values of reduced quadratic model (Modified model)

Cut size Sharpness

Source p-value Source p-value

Model <0.0001 Model <0.0001

A-Du 0.6934 A-Du 0.5081

B-D0 <0.0001 B-D0 <0.0001

C-a <0.0001 C-a 0.1762

D-b 0.0306 D-b 0.0005

E-S 0.0057 E-S 0.0425

F-h 0.0059 F-h 0.6787

G-ch 0.0022 G-ch <0.0001

H-V <0.0001 H-V 0.0136

J-Design 0.0125 J-Design 0.8761

AB <0.0001 AJ <0.0001

AC <0.0001 BD 0.0015

AF <0.0001 BF <0.0001

AH <0.0001 CD 0.0036

BD 0.0002 CF 0.0235

BE <0.0001 CH 0.0326

BF 0.0533 CJ 0.0335

BG 0.0012 DE 0.0422

BH <0.0001 DF <0.0001

BJ <0.0001 DG 0.0131

CD <0.0001 EH <0.0001

CE <0.0001 HJ 0.0023

CF 0.0238 A² <0.0001

CJ <0.0001 E² 0.0002

DE <0.0001 F² 0.0004

DJ <0.0001 G² 0.0008

EF <0.0001

FG <0.0001

FH <0.0001

FJ 0.0010

GH 0.0037

GJ <0.0001

HJ <0.0001

A² 0.0002

C² 0.0016

F² 0.0002

G² 0.0034

H² 0.0236
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Table 3.8: Model equations for cut size and sharpness as a function of design.

Cut size Standard Convex Concave Sharpness Standard Convex Concave

Intercept 9.197 25.556 20.724 Intercept -0.329 -0.377 -0.271

Du -37.176 -37.176 -37.176 Du 4.680 5.114 5.321

D0 9.235 8.481 1.921 D0 0.576 0.576 0.576

a -39.349 -48.999 -37.298 a 0.903 0.757 0.554

b -20.016 -40.977 -19.175 b -1.048 -1.048 -1.048

S 9.347 9.347 9.347 S 1.567 1.567 1.567

h 14.456 11.418 12.223 h -0.974 -0.974 -0.974

ch -3.862 -4.288 -5.672 ch -0.404 -0.404 -0.404

V 0.086 -0.234 -0.320 V 0.046 0.042 0.030

Du * D0 22.273 22.273 22.273 D0 * b -1.656 -1.656 -1.656

Du * a -21.535 -21.535 -21.535 D0 * h -0.585 -0.585 -0.585

Du * h 7.355 7.355 7.355 a * b -1.780 -1.780 -1.780

Du * V -0.684 -0.684 -0.684 a * h -0.265 -0.265 -0.265

D0 * b 22.143 22.143 22.143 a * V -0.019 -0.019 -0.019

D0 * S -11.909 -11.909 -11.909 b * S 0.682 0.682 0.682

D0 * h 1.865 1.865 1.865 b * h 1.423 1.423 1.423

D0 * ch -1.979 -1.979 -1.979 b * ch 0.377 0.377 0.377

D0 * V -0.579 -0.579 -0.579 S * V -0.041 -0.041 -0.041

a * b 68.840 68.840 68.840 Du² -6.473 -6.473 -6.473

a * S 11.128 11.128 11.128 S² -0.966 -0.966 -0.966

a * h 3.587 3.587 3.587 h² 0.588 0.588 0.588

b * S -28.137 -28.137 -28.137 ch² 0.125 0.125 0.125

S * h -4.835 -4.835 -4.835

h * ch 1.859 1.859 1.859

h * V -0.337 -0.337 -0.337

ch * V 0.084 0.084 0.084

Du² 42.119 42.119 42.119

a² 22.066 22.066 22.066

h² -7.185 -7.185 -7.185

ch² 1.148 1.148 1.148

V² 0.025 0.025 0.025
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the inherent challenges in predicting sharpness in the particle classification process, as

highlighted by the complexities observed in hydrocyclone models [161].

3.4.3.2 Analysis of Responses

A few of the significant pair interaction effects as a function of cyclone design are shown

in Figure 3.13 in the form of 2D contour plots. It depicts the interaction effects of dust

outlet and gas outlet diameters (A-B) and vortex finder length and gas outlet diameter

(E-B) on the response variables cut to size and sharpness of classification. In Figure 3.13a,

it is observed that higher Do and Du yield coarser cut sizes. However, the same combin-

ation produces lower sharpness values which are shown in Figure 3.13b. Further, lower

values of this combination (Do-Du) yield smaller and sharper cut sizes as observed in

figures 3.13a and 3.13b. This observation is more predominant in standard design than

compared with concave and convex conic-shaped cyclone designs. From Figure 3.13b, it

is observed that sharper cut sizes are achieved for lower gas outlet diameters around the

central values of dust outlet diameters. From Figure 3.13c, it is observed that coarser cut

sizes are achieved for a combination of higher gas outlet diameter and smaller lengths

of vortex finder. As seen from Figures 3.13c and 3.13d the effect of vortex finder length

is relatively low when compared with the gas outlet diameter on cut size, whereas, this

trend is in contrast to the sharpness of classification. From Figure 3.13d, it is observed

that an optimum length of vortex finder is desired for sharper classification. It is under-

stood from the above discussion there exists interacting and contrasting effects between

the variables. Hence a full optimization study has to be performed to obtain the optimal

designs that produce coarser cut sizes.

Monte Carlo simulations are carried out using the RSM models developed in order

to probabilistically determine the influence of variables on the cut size and sharpness of

classification. The possible outcomes in response variables were analyzed for the randomly

generated input variables within the feasible input design space which is discussed in the

following section.

3.4.3.3 Monte Carlo Simulations

Monte Carlo simulations calculate the probability of a particular outcome at the randomly

created ensemble of samples within the design space [162]. We use the fitted equations

of response variables (ie., models for cut size and sharpness) for each design derived from

the RSM study. Numerous predictions based on the randomly created ensemble of factors

within the design space are generated. This process yields confidence in establishing the

design in terms of its classification capability [163]. A continuous uniform distribution

is assumed for all the factors under study with the same lower and upper limits as given

in Table 3.4. Monte Carlo simulations were performed for 25,000 runs in Oracle Crystal
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Figure 3.13: Contour plots from response surface methodology a) Cut size - Du vs Do, b)
Sharpness - Du vs Do, c) Cut size - S vs Do b) Sharpness - S vs Do
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Table 3.9: Summary statistics for Monte-Carlo simulations for the response variable

Cut size - (6-12 µmq Sharpness - (0.7-0.9)

Standard Concave Convex Standard Concave Convex

Mean 3.9 4.1 4.9 0.71 0.71 0.73

Standard Deviation 2.16 2.7 3.2 0.14 0.13 0.13

Certainty (%) 16.6 20.8 30 47.7 47.3 51.6

Figure 3.14: The design space of cut size and sharpness of classification generated by
Monte Carlo simulations as a function of cyclone design

Ball version 11 software. To determine the satisfactory number of runs, we employed a

procedure based on confidence intervals. Initially, 20,000 simulations were conducted

and subsequently increased to 25,000. Comparing the widths of the 95% confidence

intervals for cut size and sharpness between the two simulations showed no significant

difference. Thus, the precision achieved with 20,000 simulations is deemed sufficient.

However, we used the data from 25,000 simulations for added accuracy. Table ?? presents

the summary of statistics for the Monte Carlo simulations of the response variables. It is

observed that the overall mean for the cut size of the Convex design cyclone is higher than

those of the Standard and Concave designs. Although the mean cut sizes of Standard and

Concave designs are close, there is a reasonable degree of standard deviation between

them. Similarly, based on the metric of certainty (%) of cut size between 6-12 µm, it

is understood that the Convex design has the highest certainty with 30% compared to

20.8% and 16.6% for the Concave and Standard designs, respectively. Therefore, it can

be concluded that the Concave design and the Convex design cyclone can be deployed

for coarse particle classification. It is also observed that the effect of cyclone design has

an insignificant contribution to the sharpness of classification. The overall mean and

standard deviation of predictions from Monte Carlo simulations are around 0.71 and 0.13

regardless of cyclone design type. As shown in Figure 3.14 the design space is evaluated

by plotting the sharpness and cut size responses generated by Monte Carlo simulations

as a function of cyclone design type to understand their classification performance. It

is observed that in standard design the sharpness of classification falls sharply after cut
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(a) Cut Size (b) Sharpness

Figure 3.15: Trends of response variables in terms of certainty bands (From Monte Carlo
simulations).

size values cross 7 µm. However, in the Concave design, this trend slightly shifts towards

the right and this behavior is even more pronounced for the Convex cyclone design. It is

observed that Convex design cyclones can yield cut sizes up to 15 µm with the sharpness

of classification as high as 0.7.

Figure 3.15 captures the trends of response variables as a function of cyclone design

type in terms of percentage certainty bands. It is observed that there is a minimum im-

provement in cut size when the design is varied from Standard to Concave. However,

for Convex design, the 90% certainty band of cut size has increased to 9 µm without

compromising in terms of sharpness of classification as shown in Figure 3.15b.

3.5 Summary

The CFD analysis of the parabolic designs showed that the conic curvature has a significant

impact on the particle classification inside the gas cyclone. It has been found that the k-ω

- (SSTCC) model is equally as accurate as the well-established Reynolds Stress Model in

capturing the flow field inside gas cyclones, and has a lower computational cost.

The CFD model successfully predicts the particle separation characteristics for the

standard design against the experimentally reported values of a 31 mm diameter gas cyc-

lone. For a standard design, as the flow rates increase from 30 to 60 liters per minute,

the cut size decreases from 2.65 to 1.13 µm, whereas the pressure drop increases from

109 to 590 Pa which is in good agreement with the experiments. It has been observed

that both convex and concave conic design cyclones offer coarser cut sizes at all flow rates

studied. At a flow rate of 30 liters per minute, the cut size increases to 4.91 µm for a

parabolic concave design, compared to 3.38 µm and 2.65 µm for the parabolic convex

and standard design cyclones, respectively. It is argued that turbophoerosis plays a cru-

cial role in achieving coarser cut sizes in curved conic designs compared to the standard

design. The total pressure drop in both the concave and convex designs has been found

to be in the same range as the standard design, to some extent on the lower side, for



3.5. Summary 73

all flow rates studied. The average sharpness of classification is higher for concave conic

design cyclones followed by convex and standard designs. The increased negative axial

velocities in the center region of the vortex finder strengthen the secondary classification

zone for curved conic designs, compared to the standard design cyclone. Based on Monte

Carlo simulations using the certainty metric (%) of cut size ranging from 6-12 µm, it is

evident that the Convex design exhibits the highest certainty at 30%, while the Concave

and Standard designs, have values of 20.8% and 16.6%, respectively.

Overall, the CFD analysis with RSM study provides valuable insights into the flow field

and particle separation characteristics of the parabolic designs, suggesting their potential

for coarser classification. While our study focuses on a 31 mm gas cyclone, we aim to con-

duct scalability studies through experiments and simulations. Further development and

optimization of these designs for specific applications are to be evaluated. It is interesting

to observe the trends of Monte Carlo simulations, as the predictions indicate that convex

conic design has greater capability in achieving a coarser and sharper classification. This

leaves scope for design optimization in future studies.



Chapter 4

Impact of Conic Curvature and Wall

Roughness on Gas Cyclones: A

Computational and Experimental

Study

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Experimental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.2.1 Novel method to capture the overflow particles . . . . . . . . . . . . 77

4.3 CFD Modelling Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.1 Turbulence Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.2 Geometry and Boundary conditions . . . . . . . . . . . . . . . . . . . 80

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.1 Experimental Analysis: Effect of Conic Curvature . . . . . . . . . . . 81

4.4.2 CFD Analysis: Understanding the influence of roughness . . . . . . . 83

4.4.2.1 Axial Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4.2.2 Tangential Velocity . . . . . . . . . . . . . . . . . . . . . . . 85

4.4.2.3 Static Pressure . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.4.3 Cyclone Performance Analysis . . . . . . . . . . . . . . . . . . . . . . 87

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

74



4.1. Background 75

Chapter Introduction

The chapter begins with a discussion of the background, providing a framework and con-

text for the study (Section 4.1). The experimental methodology is then detailed in Section

4.2, including the novel approach developed to capture particles leaving dust outlet to

determine particle size distributions (Section 4.2.1). This is followed by the CFD model-

ing methodology in Section 4.3, which includes descriptions of the turbulence modeling

approach along with description of sand grain models to capture the effect of wall rough-

ness (Section 4.3.1) and the geometry to mimic the in-house experimental domain and

boundary conditions used in the simulations (Section 4.3.2).

The results and discussion are presented in Section 4.4. Experimental analysis focuses

on the effect of conic curvature on cyclone performance (Section 4.4.1). CFD analysis

investigates the impact of surface roughness on flow fields, and pressure differential val-

ues comparing with experiments (Section 4.4.2). The combined experimental and CFD

insights are synthesized in the cyclone particle separation performance analysis (Section

4.4.3), providing a deeper understanding of the interactions between design parameters

and cyclone behavior.

The chapter concludes with a summary of the key findings (Section 4.5). The content

of this chapter are currently under peer review in the Powder Technology journal. Minor

modifications have been made to the original text to improve clarity and readability within

the context of this thesis.

4.1 Background

The literature review in Chapter 2 highlights the critical role of conic design and wall

roughness in cyclone performance, primarily explored through CFD simulations, with lim-

ited experimental investigations. Also in the previous chapter 3, it was concluded that a

convex cyclone design has a higher probability of achieving coarser cut sizes compared

to the standard design gas cyclones. Additionally, insights from the Response Surface

Methodology (RSM) model revealed that lower flowrates favor coarser cut sizes. Build-

ing on these findings, this chapter aims to validate experimentally the trends identified

earlier. Further investigations are conducted to examine the role of surface-wall roughness

and roughness-conic interplay on the classification behavior of cyclones. To elucidate the

underlying physics of the observed experimental trends, CFD simulations are employed

to mimic the in-house experimental domain, allowing a comparative analysis between

smooth and rough cyclone designs.
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Figure 4.1: (a) 3D printed complete assembly of gas cyclone, (b) Smooth conics and (c)
Rough conics

4.2 Experimental Methodology

We employed rapid prototyping to 3D print the cyclones. The cyclones were fabricated

using high-resolution stereolithography (SLA) technology with a FormLabs Form 3 printer

to achieve a smooth surface finish and a Stratasys 3D printer was used to achieve a coarser

surface finish, with a layer height of 300 microns. The final gas cyclone assembly, including

the collection bin, is shown in Figure 4.1a. Figures 4.1b and 4.1c display the conical

sections of the standard and convex designs, featuring both smooth and rough surface

finishes.

Figure 4.2a illustrates the laboratory setup for evaluating the performance of the gas

cyclones. Figure 4.2b provides a schematic diagram of the experimental setup. Dry com-

pressed air is first passed through an air filter to remove any condensables, and its flow

rate is measured using a digital gas flowmeter (SMC-PFM series) with a range of 2–100

lpm. In the experiments, Eskal-500 plus particles made of calcium carbonate are used,

with D10, D50, and D90 values of 1.75 µ m, 5.10 µ m and 10.10 µ m, respectively.

The air then passes through a pressure-regulating valve connected to a filter before en-

tering the aerosol generator - PALAS Rotating Brush Generator (PALAS RBG 1000), which

is pre-loaded with particles to create an aerosol. The device is designed to aerosolize the

non-cohesive powders, by delivering compacted powder from a reservoir onto a rotating

brush, where a high-velocity air stream disperses the particles and ejects them through

a dust-exit nozzle. The aerosol exits the generator and enters the gas cyclone. A digital

manometer is used to measure the pressure differential across the cyclone taps. Separated

particles slide down the cone and are collected in the bin, while the exit gas is routed

through a rotameter and further drawn into a vacuum pump. Care was also taken to

ensure that all line losses were either minimized by adopting tubes and their associate
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connections of equal diameter and properly sealed to arrest any gas leaks through the

system.

Figure 4.2: (a) Laboratory experimental rig, and (b) Schematic of experimental setup

4.2.1 Novel method to capture the overflow particles

To construct the partition curve, it is necessary to determine the particle size distribution

(PSD) of both the samples in the collection bin and the dust outlet. While the collection

bin samples are easily collected, obtaining a sufficient dust outlet sample poses a signific-

ant challenge. Since only a small fraction of the feed exits through the overflow, much of

the material tends to settle in the piping, making it difficult to collect enough sample for

PSD analysis. During method development, several potential solutions were considered,

including sudden expansion chambers, filters, and other collection mechanisms; however,
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many of these approaches proved impractical or ineffective in capturing and recovering

sufficient particles for analysis. To overcome this issue, we devised a novel method in-

volving the use of an expandable collection chamber made of latex rubber, which success-

fully captured the dust outlet particles for PSD analysis.

It was found that the expandable collector imposed no significant changes to the pres-

sure drop across the cyclone. The Mach number for the operating conditions was well

below 0.3, indicating that the gas could be treated as incompressible. As a result, the

chamber expanded without generating back pressure, which was continuously monitored

using a digital manometer. Once the collector had been filled to approximately 80% of

its capacity, the system was shut down. The air inside the collector was then released

slowly in a controlled manner, preventing the particles from being discharged abruptly.

The particles trapped inside the balloon were then washed out using ethanol, and the

resulting sample was analyzed to determine the particle size distribution (PSD). Both the

samples from dust outlet and solids collected in the bin were analyzed using a Malvern

Mastersizer 3000. The solid particles adhering to the cone walls are weighed, thoroughly

washed with ethanol, and then combined with the solids in the bin for PSD measurement.

To ensure accuracy, the solids concentration measurements and PSD analyses were per-

formed in triplicate. A standard deviation error of less than 10% was observed and is

indicated by the error bars in the figures presented in the following section.

4.3 CFD Modelling Methodology

4.3.1 Turbulence Modelling

The swirling flow inside the cyclone is resolved using CFD. While Reynolds Stress Model

(RSM) and Large Eddy Simulation (LES) accurately capture Rankine vortex flow and

pressure drop, they are computationally intensive. Conventional Eddy Viscosity Models

(EVM), like k ´ ϵ, are less suitable for strong swirling flows due to limitations in handling

rotation and streamline curvature [138, 139].

In this study, we apply the k ´ω Shear Stress Transport model with Curvature Correc-

tion (SSTCC), shown to align closely with RSM results while reducing computational cost

[139, 141]. When comparing experimental pressure differential values with simulations

using various turbulence models, we found that the k ´ ω SSTCC model predicted val-

ues closer to the experimental observations, whereas the RSM tended to overestimate the

pressure differential. Based on this, we opted for the k´ω SSTCC model for all simulations

in the study.

The governing equations consist of the continuity and momentum equations for in-
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compressible flow:

Bui
Bxi

“ 0,
Bpρuiq

Bt
`

Bpρuiujq

Bxj
“ ´

Bp

Bxi
`

Bσij
Bxj

´
Bτ sgsij

Bxj
,

where ui is the velocity, ρ is fluid density, p is pressure, and σij and τ sgsij are stress

tensors due to viscosity and turbulence, respectively.

The k ´ ω SSTCC turbulence model employs transport equations for turbulent kinetic

energy (k) and specific dissipation rate (ω):

Bpρkq

Bt
`

Bpρkuiq

Bxi
“

B

Bxj

ˆˆ

µ `
µt

σk

̇

Bk

Bxj

̇

` Gk̃ ´ Yk ` Sk,

Bpρωq

Bt
`

Bpρωuiq

Bxi
“

B

Bxj

ˆˆ

µ `
µt

σω

̇

Bω

Bxj

̇

` Gω̃ ´ Yω ` Sω.

In the above equations, the first terms on the right-hand side represent the diffusion

of k and ω due to both molecular and turbulent viscosity. The terms, Gk̃ and Gω̃, account

for the generation of k and ω due to turbulence, while Yk and Yω, represent the respective

rates at which k and ω dissipate within the flow. For further details on these equations

and model parameters, please refer to our previous work [38].

Surface-wall roughness increases flow resistance and alters the velocity profile, ne-

cessitating a modification of the law of the wall with a constant roughness adjustment,

∆B.

U` “
u

u˚
“

ˆ

1

κ

̇

ln

ˆ

yu˚

v

̇

` B ´ ∆B

In the above equation, friction velocity pu˚q is defined as
´

τw
ρ

¯0.5
, with τw representing

wall shear stress and ρ fluid density. The von Karman constant κ is 0.41, and B equals 5.56

for smooth walls. The roughness effect can be accurately captured using the sandgrain

model which is introduced long ago by Nikuradse [164]. In this model, it is assumed that

the wall is covered by a packed layer of mono-dispersed sand grain spheres, resembling

sandpaper. The diameter of spheres corresponds to the equivalent height of roughness

elements. The roughness function ∆B depends on roughness shape pCsq and size pksq,

expressed through the dimensionless surface roughness k`
s “ ksu˚

v . Nikuradse [164]

observed that the roughness function increases with an increase in roughness height. He

further noted that for uniform sand-grain roughness, the roughness function increases

sharply when the roughness height transitions from the transitionally rough regime to the

fully rough regime. Aditionally, the roughness function no longer exists below (k`
s ) 2.25.
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This trend is mathematically represented in the below equation.
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(4.1)

Assuming uniform sand grains, the roughness constant is 0.5. For hydrodynamically

smooth pipes pk`
s ă 2.25q, roughness has minimal impact. Its influence becomes signific-

ant in transitional p2.25 ă k`
s ă 90q and hydrodynamically rough regimes pk`

s ą 90q.

Similar approaches to model the effect of surface-wall roughness in gas cyclones and

hydrocyclone using sand-grain models have been adopted by various researchers in the

literature [114, 124–126, 128–130, 132].

4.3.2 Geometry and Boundary conditions

Figure 4.3: Geometrical design of cyclone under study. a) Side-view: Cyclone with di-
mensions b) Top view, c) Profiles to conic curvature (Standard and Convex)

Figure 4.3 depicts the flow domain of the entire cyclone assembly of the 3D-printed

structure. The inlet pipe, which has an internal diameter of 13.6 mm, was chosen to

match the internal diameter of the tubing and connectors, thereby eliminating any possible

dead zones or recirculation areas. Additionally, the circular channel is extruded into a

rectangular tangential inlet channel with dimensions of 12.5 mm in length and 5 mm in

breadth, leading to a progression distance of 15 mm. Further, the cyclone apex region is

extended into a dip leg which connects to the cylindrical dust collection bin. Figure 4.3c,
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Table 4.1: Comparative analysis of performance metrics as a function of flowrate for
smooth cyclones

Flowrate-(lpm)
Velocity-[m/s] Pressure (Pa) Cut-Size (microns) Bypass (%) Sharpness Imperfection Index

Case Standard Convex Standard Convex Standard Convex Standard Convex Standard Convex

18 [2.087] 43 41 3.48 3.93 53 43 1.99 2.08 0.35 0.38

24 [2.788] 85 79 3.61 4.20 69 59 2.22 2.53 0.42 0.49

30 [3.480] 137 132 2.8 3.44 74 73 2.02 2.3 0.38 0.44

compares the conic curvature of the standard and parabolic convex shapes, the design

equation can be found elsewhere in the literature [38].

The objective of the CFD study is to compare the effect of conic curvature and rough-

ness effect for the experimental conditions. The experiments are conducted for the inlet

flowrates of 18 lpm, 24 lpm and 30 lpm. For these conditions, the inlet velocities corres-

pond to 2.087, 2.788, and 3.480 m{s, respectively. Despite the use of ‘flow rate’ in the

text for consistency with experimental reports, it is important to clarify that the simula-

tions were based on inlet velocity conditions. The inlet of the cyclone was modeled as a

velocity inlet with uniform normal velocities. The gas outlet was modeled as an outflow

boundary condition, and all remaining surfaces as walls with no-slip boundary conditions.

However, for rough-surface simulations, the roughness height is assumed as 300 microns

having a roughness constant value of 0.5. The density and dynamic viscosity of air was

assumed to be 1.225 kg{m3 and 1.8*10´5kg{pmsq, respectively.

To ensure robustness, a pressure-based coupled solver (PBCS) algorithm was used

for pressure-velocity coupling, and the Quadratic Upstream Interpolation for Convective

Kinetics (QUICK) scheme was selected for discretizing the momentum terms. The Pres-

sure Staggered Option (PRESTO) pressure interpolation scheme was used to accurately

capture the sharp pressure gradients in the high swirling flows. A second-order upwind

discretization was used for both the turbulent kinetic energy and the specific dissipation

rate. A time step of 10´4 s was used in all transient simulations. The convergence criteria

for all scaled residuals were set at 10´5.

4.4 Results and Discussion

4.4.1 Experimental Analysis: Effect of Conic Curvature

As shown in Figure 4.4, the underflow solids recovery was analyzed as a function of cyc-

lone design and flowrate. It was observed that with an increase in flowrate, the overall

solids recovery improved for both cyclone designs. However, the convex design consist-

ently exhibited lower underflow recoveries compared to the standard design across all

flowrates studied. For the standard design, underflow recovery increased from 85% at 18
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Figure 4.4: Solids recovery as a function of flowrate and conic design.

lpm to 94% at 30 lpm. In contrast, the convex design showed a recovery of 78% at 18 lpm,

rising to 88% at 30 lpm. It is interesting to observe that the variance in solids recovery is

higher for the convex design cyclone compared to the standard design cyclone. This could

be attributed to the fact that overall solids recovery accounts for both the solids collected

in the bin and those adhering to the cone walls. Since the convex design cyclone has a

larger internal surface area than the standard design, it likely leads to greater variability

in the amount of solids retained on the walls, resulting in higher variance in recovery.

The particle separation efficiency data, as a function of design and flowrate, are

presented in Figure 4.5. It was observed that particle separation efficiency increased

significantly with both particle size and flowrate for both cyclone designs. A fish-hook

trend was consistently observed for smaller particles (i.e., less than 2 microns) across

all flowrates for both designs. However, this fish-hook trend appeared to diminish (or

flatten out) with increasing flowrate for both cyclones. Furthermore, bypass (i.e., the min-

imum separation efficiency) increased with rising flowrate, indicating that overall particle

collection efficiency improved with increasing flowrate. Interestingly, the convex design

cyclone exhibited a lower bypass compared to the standard design at all flowrates under

study. Additionally, the separation efficiency curve of the convex design cyclone was shif-

ted lower and to the right relative to the standard design, suggesting that a portion of the

particles in the convex design, instead of being collected, escaped through the dust outlet,

contributing to a classification effect.

Since the observed bypass values exceeded 0.5 for most cases under study, we con-

structed corrected separation efficiency curves by normalizing the true separation values
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with the bypass (i.e., the minimum separation efficiency). From these curves, we extrac-

ted the values of D25, D50, and D75, which represent the particle sizes corresponding to

separation efficiencies of 0.25, 0.5, and 0.75, respectively. These values were used to

calculate key metrics that quantify the quality of separation. The D50 represents the cor-

rected cut-size, while sharpness is defined as the ratio of D75 to D25. The imperfection

index was calculated using the formula D75´D25
2¨D50

.

Table 4.1 presents the pressure differential values and key metrics used to evaluate the

quality of separation achieved in the cyclones as a function of design and flowrate. The

corrected cut-size for the convex design cyclone was initially 3.48 microns at a flowrate

of 18 lpm, increasing slightly to 4.2 microns at 24 lpm before decreasing to 3.44 microns

at 30 lpm. A similar pattern was observed in the standard design cyclone, where the cut-

size increased from 3.48 microns at 18 lpm to 3.61 microns at 24 lpm, then dropped to

2.8 microns at 30 lpm. A higher sharpness index indicates a more precise classification,

with an ideal value of 1. It was observed that flowrate had no significant effect on sharp-

ness; however, the convex design consistently exhibited lower sharpness compared to the

standard design across all flowrates. Similarly, a lower imperfection index is preferred for

better classification quality. The standard design cyclone demonstrated a relatively lower

imperfection index than the convex design cyclone at all flowrates studied.

Figure 4.5: Comparison of Separation Efficiency curves for Standard (S) and Convex (C)
Gas cyclone Designs across different Flowrates.

4.4.2 CFD Analysis: Understanding the influence of roughness

In this section, we present CFD results comparing key flow properties, including axial,

and tangential velocities along with pressure distribution profiles in standard and convex

design cyclones as a function of wall roughness. We observed that, when scaled with the

inlet velocity, the flow velocities (tangential and axial) exhibit similar trends. Therefore,

for the sake of brevity and clarity, we exclusively present results for the flow rate of 30 lpm.

Table 4.1 reports particle separation performance metrics for both the cyclone designs as

a function of inlet flowrate.
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4.4.2.1 Axial Velocity

Figure 4.6: Effect of roughness and conic design on axial velocity profiles at the center
XZ plane (Y=0) for a flowrate 30 lpm a) Contour plots b) radial profiles at three axial
locations (L1, L2, and L3)

Figure 4.6 presents the axial velocity distribution (scaled with inlet velocity) contours

and their radial profiles at selected locations, comparing the standard and convex designs

as a function of wall roughness. The axial velocity distribution is characterized by a down-

ward spiral motion near the wall (negative velocities) and an upward vortex flow near the

center (positive velocities). Figure 4.6b illustrates how the axial velocity initially decreases

due to the downward vortex flow, then gradually increases toward the cyclone core. Both

smooth and rough cyclones irrespective of their conic design type, as shown in Figure

4.6b, exhibit similar inverted ‘W’-shaped axial velocity profiles in the cylindrical section of

the cyclone (L2 and L3). However, in the vicinity near the dip leg region (L1), the profile

assumes an inverted ‘U’ shape due to the constriction of the collection bin, causing the gas

flow to reverse and move upwards.

It can be observed from Figure 4.6b at L2 and L3 that there is no significant differ-

ence in axial velocity profiles between the standard and convex cyclone designs, as well

as between their rough-surfaced counterparts, across most of the flow domain. However,

in the core region, the rough convex cyclones display slightly higher axial velocity values

compared to the standard design at both L2 and L3. In the apex region, as seen in Figure

4.6b at L1, the downward velocities near the wall are more pronounced for the standard

design, in both smooth and rough configurations. These higher negative velocities are
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beneficial as they contribute to increased collection efficiency. However, for classification

purposes, the axial velocity patterns in the convex design are more favorable. The lower

axial velocities in the convex design provide particles with more opportunities to particip-

ate in the classification process, increasing the likelihood that they will be entrained in the

upward vortex and exit through the dust outlet.

4.4.2.2 Tangential Velocity

Figure 4.7: Effect of roughness and conic design on scaled tangential velocity profiles at
the center XZ plane (Y=0) for a flowrate 30 lpm a) Contour plots b) radial profiles at
three axial locations (L1, L2, and L3)

Tangential velocity is a key parameter that directly influences particle separation effi-

ciency by determining the centrifugal forces acting on particles inside the cyclone. Figure

4.7a compares the tangential velocity profiles of standard and convex cyclone designs as a

function of wall roughness. Among all configurations, the standard cyclone with a smooth

surface consistently exhibits higher tangential velocities, particularly in the cylindrical

and conical sections, resulting in stronger centrifugal forces acting on the particles. This

higher tangential velocity leads to smaller cut sizes in the standard cyclone. In contrast,

the smooth convex design shows relatively lower tangential velocities compared to the

smooth standard design, generating weaker centrifugal forces and, consequently, larger

cut sizes. The maximum tangential velocity in the smooth standard cyclone is approxim-

ately 3.5 times the inlet velocity, whereas in the smooth convex design, it is about 3 times

the inlet velocity.

When wall roughness is introduced, some fluid momentum is lost due to friction,



4.4. Results and Discussion 86

resulting in reduced tangential velocities in both designs. Among all configurations, the

rough convex cyclone shows the lowest tangential velocity profile in the flow domain. Fig-

ure 4.7b displays the radial profiles of tangential velocities at different locations (L1, L2,

and L3). The tangential velocities across all configurations resemble Rankine vortex pro-

files, with the maximum values occurring at the boundary between the inner quasi-vortex

flow zone and the outer quasi-free vortex flow zone. For the smooth surface configura-

tions, as seen in Figure 4.7b at L2 and L3, the tangential velocities within the flow domain

of the convex cyclone are lower compared to the standard design cyclone. However, near

the apex region (Figure 4.7b at L1), the tangential velocity profiles for both designs are

comparable. For the rough-surface configurations, the trends follow those observed in the

smooth-surface configurations throughout the cylindrical section and much of the conical

section. However, near the apex region (Figure 4.7b at L1), the rough convex cyclone

exhibits higher tangential velocities compared to the rough standard cyclone.

4.4.2.3 Static Pressure

Figure 4.8: Effect of roughness and conic design on Pressure distribution profiles at the
center XZ plane (Y=0) for a flowrate 30 lpm

Figure 4.8 illustrates the contour plots of static pressure distribution within the cyclone

designs under investigation. It is observed that the static pressure reaches its minimum

value in the vortex core region, and increases towards the periphery, where it reaches the

maximum. The pressure gradient is most pronounced in the radial direction, while the

gradient in the axial direction is less significant. For smooth-surface standard and convex

design cyclones, a negative pressure zone is present in the forced vortex region (central
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region) due to the intense swirling motion. In contrast, for rough-surface cyclones, the

reduction in pressure within the vortex core is less intense compared to their smooth-

surface counterparts.

The natural vortex length is defined as the axial distance between the entrance of

the outlet tube (vortex finder) and the point where the outer vortex flow weakens and

changes its direction. The outer vortex ends where the static pressure reaches its minimum

value. As seen from Figure 4.8, for the smooth-surface standard design cyclone, forms an

eccentric vortex core, the main vortex terminates near the middle of the dip leg region,

where the static pressure is at its lowest. In contrast, for the convex design cyclone, the

vortex penetrates deeper into the dust hopper, ending at the bottom wall with the center

of the vortex coinciding with the geometric center of the design. The longer vortex length

in the convex design facilitates a symmetry of the flow domain in the cyclone. Although

the convex cyclone exhibits lower centrifugal forces due to lower tangential velocities, the

extended separation zone allows for better classification of finer particles, ensuring that

more fine particles exit through the dust bin thereby reducing fines bypass. For the rough-

surface configurations, it is observed that the natural vortex length is reduced, which

corroborates previous observations [126]. Furthermore, in the rough-surface simulations,

the reduction in natural vortex length is more pronounced in the convex design cyclone

compared to the rough-surface standard design cyclone.

4.4.3 Cyclone Performance Analysis

Cyclone performance is characterized by pressure drop and collection efficiency. In Figure

4.9, we compare the experimental static pressure differential values measured between

taps with CFD model predictions, using the k ´ ω SSTCC and RSM turbulent models

on the smooth designs of standard and convex gas cyclones, as a function of flow rate.

Across all conditions studied, the k ´ ω SSTCC model predictions are consistently closer

to the experimental values than those of the RSM model, which tends to overestimate the

pressure differential. Therefore, the choice of the k ´ ω SSTCC turbulence model over

RSM is validated in this study. We observe that as the flow rate increases, the measured

pressure differential values rise for both cyclone designs. Additionally, at all flow rates

studied, the convex design shows lower pressure differential values than the standard

design, a trend also captured in the CFD predictions. For the rough-design configurations,

the measured pressure differential values are lower than those of the smooth designs.

These rough configurations follow similar trends as the smooth designs, with pressure

differential increasing with flow rate and the convex design consistently yielding lower

values than the standard cyclone design. These values are summarized in Table 4.2.

Figure 4.10 presents the experimental separation efficiency curves for standard and

convex gas cyclone designs with rough wall configurations at flow rates of 18 and 30 lpm,
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Figure 4.9: Comparion of experimental pressure differential between the taps with the
computational measured values as a function of flowrate and turbulence modelling tech-
nique. (a) Standard Design (b) Convex Design

Table 4.2: Comparative analysis of performance metrics as a function of rough cyclone
designs

Flowrate

(lpm)

Pressure (Pa) -

Experiment

Pressure (Pa) -

CFD Model

(k-ωSSTCCq

Solids Recovery

(%)
Bypass

Cut-size

(microns)

Standard Convex Standard Convex Standard Convex Standard Convex Standard Convex

18 40 38 46 42 82.20 75.90 0.505 0.444 3.52 4.48

30 126 122 131 127 90.68 88.04 0.696 0.631 3.31 3.51

Figure 4.10: Comparison of separation efficiency curves for rough gas cyclone designs
across varying flow rates, with results for smooth designs overlaid for reference.
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with trends for the corresponding smooth designs included to facilitate comparison and

interpretation of results. As observed in Figure 4.10a at 18 lpm, no significant change

in bypass is observed between rough and smooth conic configurations. However, at 30

lpm (Figure 4.10b), rough configurations of both standard and convex designs show a

reduction in bypass compared to their smooth counterparts. This effect can be explained

by the CFD analysis discussed earlier. Although the percentage reduction in downward

axial velocities due to surface-wall roughness near the dip-leg region is similar for both

low and high flow rates, this reduction at high flow rates has a greater impact on particle

trajectories. Specifically, at higher flow rates, particles are more likely to escape through

the secondary vortex through the dust outlet rather than being separated through the dip

leg into the collection bin. This results in a decrease in particle removal efficiency, allowing

particles more opportunities to participate in classification.

Additionally, the separation efficiency curves for rough configurations tend to lie be-

low those of the smoother counterparts. The CFD analysis shows that surface-wall rough-

ness reduces tangential velocities within the flow domain (both cylindrical and conical

sections), leading to lower centrifugal forces acting on particles. Consequently, particle

separation efficiencies appear lower in rough configurations compared to smooth config-

urations corroborating the findings of previous studies reported by Foroozesh et al. [125].

Further, the trends of convex design gas cyclones yield lower bypass and coarser cut-sizes

still hold for rougher configurations as observed for smooth designs. Interestingly, surface

roughness reduces the collection efficiency of smooth gas cyclones. However, our findings

indicate that, if the goal is to optimize the design of gas cyclone as a classifier, surface

roughness could be considered a significant design variable in future research.

4.5 Summary

This chapter demonstrates the impact of conic curvature and surface-wall roughness on

gas cyclone performance through a combination of CFD simulations and experimental

investigations.

The comparative analysis of standard and convex cyclone designs, along with the ef-

fect of surface-wall roughness, has yielded valuable insights for classification applications.

Experimental results show that smooth convex designs consistently achieve lower solids

recovery to the collection bin and reduced bypass across all flow rates, favoring coarser

particle separation. For instance, at a flow rate of 18 lpm, the standard cyclone design

exhibited a solids recovery of 86.4% with a cut-size of 3.48 µm, increasing to 93.4% re-

covery and a cut-size of 2.8 µm at 30 lpm. Whereas, the convex cyclone reported solids

recoveries of 79% and 89% with cut-sizes of 3.93 µm and 3.44 µm for the same respective

flow rates. Further, the presence of surface-wall roughness reduces tangential velocities
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in both designs, leading to lower collection efficiencies and coarser cut-sizes. This effect

was more pronounced in convex designs, where roughness contributed to a shift toward

coarser particle classification.

CFD simulations aid in explaining the behavior of experimental observations, partic-

ularly in the effects of roughness on axial and tangential velocities as well as pressure

difference measurements. Despite reducing the overall collection efficiency, roughness

introduced a variable that could be leveraged in future cyclone designs for targeted classi-

fication applications. Specifically, lower tangential velocities and increased upward axial

velocities near the dip leg in rough-surface convex cyclones suggest that roughness-conic

interaction may enhance the classification effect.
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Chapter Introduction

The preceding chapter (4) found that convex gas cyclones experimentally exhibit coarser

cut sizes with lower fines bypass compared to the standard design cyclones across all

flowrates. Building on these insights, this chapter shifts its focus to hydrocyclones, invest-

igating the impact of conic shape on bypass and cut size performance.

The chapter begins by emphasizing the need for innovative hydrocyclone designs to

minimize bypass while achieving coarser cut sizes (Section 5.1). The subsequent sections

detail the combined CFD modeling and experimental methodology (Section 5.2). Key

aspects include accurately capturing turbulence (Section 5.2.1), modeling air-core forma-

tion using Volume of Fluid (VOF) theory (Section 5.2.2), and simulating discrete particle

motion to analyze particle behavior within the flow domain (Section 5.2.3). The Section

5.2.4 encompasses simulation details, including geometry, boundary conditions, meshing,

and grid independency. Section 5.2.5 presents the validation of the CFD model against

experimental results reported in the literature. The experimental setup and methods, in-

cluding water-only and particle separation tests, are described in Section 5.2.6.

Section 5.3 discusses the results, comparing the standard and convex hydrocyclone

designs using both CFD and experimental analyses. Sections 5.3.1 and 5.3.2 examine

the flow field and particle separation characteristics, highlighting how conic shape in-

fluences classification efficiency. Experimental analyses validate the CFD findings, with

water-only tests (Section 5.3.3) and particle separation tests conducted with 5% solids

(Section 5.3.4). Additionally, an industrial case study (Section 5.3.4.1) highlights the

practical application of the findings.

Section 5.4 concludes the chapter with a summary of the key findings. These res-

ults enhance the understanding of the complex interplay between hydrocyclone geometry,

fluid dynamics, and particle separation performance, offering valuable guidance for op-

timizing hydrocyclone design in industrial applications.

The content of this chapter is published in Separation and Purification Journal: A. K.

Pukkella, D. Vega-Garcia, K. Hadler and J. Cilliers, ‘Influence of conic shape on bypass and

cut-size in hydrocyclones,’ Separation and Purification Technology, vol. 361, p. 131 224,

2025. Minor modifications have been made to the original text to improve the clarity and

readability of the thesis.

5.1 Background

Figure 5.1 depicts the typical Mill-Classifiers circuit. The process begins with crushed ore

being introduced into a ball mill for grinding. The ground slurry is directed to either

hydrocyclone or Derrick screens for classification by the slurry pump, and the overflow
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Figure 5.1: Ballmill classifier circuit with recycle, the classifier can be either Derrick
screens or Hydrocyclone

concentrate containing fine particles proceeds to the flotation process to form the concen-

trate. Whereas the coarser particles are recycled to the mill.

Although hydrocyclones are widely used in these circuits, they often suffer from high

bypass, which reduces their particle separation efficiency. Several plant case studies have

reported analyses comparing the performance of hydrocyclones and Derrick screens [36,

37]. The findings indicate that screens enhance mill capacity and reduce over-grinding,

primarily due to their lower bypass rates. However, incorporating screens into circuits

designed for hydrocyclones entails significant costs related to plant modifications. A more

cost-effective solution is to optimize the design of hydrocyclones to reduce bypass while

achieving coarser cut sizes. This approach would enhance circuit performance without

requiring extensive plant changes, as the system is already configured for hydrocyclones.

The literature further suggests that conic curvature significantly influences particle

misplacement, particularly the bypass phenomenon. While previous studies have primar-

ily focused on understanding this behavior through CFD simulations, there remains a gap

in research that combines CFD with experimental validation, especially in the context of

feed flowrate and classification performance. This study bridges that gap by not only in-

vestigating the influence of inlet velocity on bypass and cut size parameters through CFD

but also validating the findings with lab-scale experiments using 3D-printed hydrocyclone

designs.
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5.2 CFD Modelling Methodology and Experimental Methods

5.2.1 Capturing the Turbulence

The momentum equation for an incompressible fluid is

B

Bt
pρuiq `

B

Bxj
pρuiujq “ ´

Bp

Bxi
` µ

B2ui
Bx2j

` ρgi (5.1)

Expressing the instantaneous velocity puiq into sum of averaged velocity pūiq and fluc-

tuating velocity pu1
iq and time averaging the momentum equation gives

B

Bt
pρūiq `

B
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¯

(5.2)

The term ρu1
iu

1
j is known as the Reynolds stress and requires a closure model to solve

the equation. A common method is to approximately model the Reynolds stress to the

mean velocity gradients using the Boussinesq hypothesis by using the turbulent viscosity

µt as an isotropic scalar quantity. This methodology is employed in traditional k ´ ϵ and

k ´ ω turbulence models.

However, the anisotropic nature of the Reynolds stresses is an important factor to

consider in cyclone flows, highly swirling flows in combustors, rotating flow passages,

and the stress-induced secondary flows. In these scenarios, the Reynolds Stress Model

(RSM) is used to close the Reynolds-averaged Navier Stokes equations by solving transport

equations for Reynolds stresses along with dissipation rate (ϵ). This means that seven

additional transport equations must be solved in 3D.

The exact transport equations for the transport of the Reynolds stresses may be written

as follows:
B

Bt

´

ρu1
iu

1
j

¯

looooomooooon

Local Time Derivative

`
B

Bxk

´

ρuku1
iu

1
j

¯

loooooooomoooooooon

Cij”Convection

“ ´
B

Bxk

”

ρu1
iu

1
ju

1
k ` p

`

δkju1
i ` δiku1

j

˘

ı

looooooooooooooooooooooomooooooooooooooooooooooon

DT,ij”Turbulent Diffusion

`
B

Bxk

„

µ
B

Bxk

´

u1
iu

1
j

¯

ȷ

loooooooooooomoooooooooooon

DL,ij”Molecular Diffusion

´ρ

ˆ

u1
iu

1
k

Buj

Bxk
` u1

ju
1
k

Bui

Bxk

̇

looooooooooooooooomooooooooooooooooon

Pij”Stress Production

´ρβ
´

giu1
jθ ` gju1

iθ
¯

loooooooooooomoooooooooooon

Gij”Buoyancy Production

` p

ˆ

Bu1
i

Bxj
`

Bu1
j

Bxi

̇

looooooooomooooooooon

ϕij”Pressure Strain

´ 2µ
Bu1

i

Bxk

Bu1
j

Bxk
looooomooooon

ϵij”Dissipation

´ 2ρΩk

´

u1
ju

1
mϵikm ` u1

iu
1
mϵjkm

¯

looooooooooooooooooomooooooooooooooooooon

Fij”Production by System Rotation

(5.3)

Of the various terms in these equations, Cij , DL,ij , Pij and Fij do not require any
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approximate models, however, the terms DT,ij , Gij , ϕij , and ϵij requires assumptions to

model.

Closure of the RSM Model The quadratic pressure strain model proposed by Speziale

et al. [165] is considered for the current modeling due to its superior performance for

rotating shear flows.

ϕij “ ´ pC1ρε ` C1pq bij ` C2ρε

ˆ

bikbkj ´
1

3
bmnbmnδij

̇

`

´

C3 ´ C3

a

bijbij

¯

ρkSij

` C4ρk

ˆ

bikSjk ` bjkSik ´
2

3
bmnSmnδij

̇

` C5ρk pbikΩjk ` bjkΩikq

DT,ij “
B

Bxk

˜

µt

σk

Buiu1
j

Bxk

¸

, ϵij “
2

3
δijρε

ˆ

1 `
2k

a2

̇

(5.4)

The effects of buoyancy on turbulence Gij in the current model are neglected as the

fluid under consideration is at a constant temperature.

The term ‘bij ’ is the Reynolds stress anisotropy tensor; ‘Ωij ’ is the mean vorticity tensor;

‘Sij ’ is the mean strain rate; ‘µt’ is the turbulent viscosity, given by equation µt “ Cµρ
k2

ϵ ;

‘k’ is the turbulent kinetic energy; and, ‘a’ is the speed of sound. Lien and Leschziner [166]

derived the value of σk = 0.82 by applying gradient-diffusion model. Constants used in

the quadratic pressure strain are C1 “ 3.4, C˚
1 “ 1.8, C2 “ 4.2, C3 “ 0.8, C˚

3 “ 1.3, C4 “

1.25, C5 “ 0.4, and Cµ “ 0.09.

5.2.2 Air-Core Formation: Volume of Fluid (VOF) Theory

The formation of the air core is modeled using the transient Volume of Fluid (VOF)

method, which assumes the non-interpenetration of two phases, i.e., air and water [159].

A single set of momentum equations is solved throughout the computational domain and

is shared among the phases. This approach is based on the concept of the volume fraction

of a fluid. An additional variable, the volume fraction of a phase, is introduced in the

model. For each control volume, the volume fractions of all phases sum to unity. At any

given location (cell), the model computes aggregate properties (such as ρ and µ) shared

by the phases, representing volume-averaged values. Thus, the variables and properties in

any given cell can indicate either one of the phases exclusively or a mixture of the phases

based on their volume fraction values. In other words, if the volume fraction of the qth

fluid in the cell is represented as αq, three possible conditions can be defined as follows:
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αq “ 0 : The cell is devoid of the fluid. αq “ 1 : The cell is completely occupied by the

fluid. 0 ă αq ă 1 : The cell contains the interface between the qth fluid and one or more

other fluids.

The interface(s) between the phases can be tracked by the solution of a continuity

equation for the volume fraction of one (or more) of the phases. For the qth phase, this

equation is represented as:

1

ρq

`Bpαqρqq

Bt
` ∇ ¨

`

αqρqvq⃗
˘

“ S `

n
ÿ

p“1

pmpq9 ´ mqp9 q
˘

(5.5)

Where mpq is the mass transfer from phase q to phase p and mqp is the mass transfer from

phase p to phase q and S, represents the source term. The primary-phase volume fraction

will be solved based on the following condition rather than the volume fraction equation:

n
ÿ

q“1

αq “ 1 (5.6)

A single momentum equation is solved across the entire domain, and the resulting

velocity field is shared among the phases. The dependence of this momentum equation

on the volume fraction of all phases is manifested through the properties of ρ and µ.

5.2.3 Discrete Phase Particle Motion

The motion of discrete particles in this study is predicted using Lagrangian particle track-

ing (LPT), which evaluates forces acting on individual particles. This approach is typically

applied in systems with dispersed phase volume fractions of less than 10% (dilute phase

assumption) [167]. For this study, the dilute phase assumption is applied throughout the

computational domain. The trajectory of particles in the Eulerian continuous phase is

modeled by:

dup
dt

“ FDpu ´ upq ` g
ρp ´ ρ

ρp
` Fx (5.7)

where up is particle velocity, u is fluid velocity, ρp is particle density, and dp is particle

diameter. The forces acting on the particle include drag, buoyancy, and other additional

forces Fx. The drag force FD is defined as:

FD “
18µ

d2pρp

CD

Rep
(5.8)

where CD is the drag coefficient, and Rep is the particle Reynolds number:
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Rep “
ρdp|up ´ u|

µ
(5.9)

In this study, the Schiller-Naumann drag model for liquid-solid particle systems is used to

calculate the drag coefficient CD, which is given as:

CD “

$

’

&

’

%

24
`

1 ` 0.15Rep
0.687

˘

{Rep Rep ď 1000

0.44 Rep ě 1000
(5.10)

Turbulent dispersion is modeled using a stochastic approach with the Discrete Random

Walk (DRW) model, which incorporates instantaneous fluid velocity fluctuations for indi-

vidual particle trajectories.

u1
i “ ξ

a

2k{3

Here, ξ is a normally distributed random number, and k is the turbulent kinetic energy.

5.2.4 Simulation Details

5.2.4.1 Geometry and Boundary conditions

In this study, our primary objective is to investigate the effect of conic curvature on the hy-

drocyclone performance with a diameter of 75 mm. The geometric details and dimensions

are provided in Figure 5.2a. The hydrocyclone features a square tangential inlet with a

side length of 20 mm. The overflow and underflow diameters are 25 mm and 12.5 mm,

respectively. Both the cylinder barrel length and the vortex finder length are equal to the

diameter, 75 mm. The cone extends at an angle of 16.4o at the apex (i.e., underflow). The

curvature of the conical section is designed to be parabolic-convex shape, represented by

the parameter n=2. Considering the orientation of axis, the design equations to construct

the curved conic surface is given by px ´ hq2 “ py ´ kq, where (h, k) = (Du
2 , 0) represents

the curved conic starting point and (x,y) denotes the spatial co-ordinates, here Du is the

underflow diameter.

Water is considered the primary phase, with air as the secondary phase in the simula-

tions. For modeling purposes, we define the density and viscosity of water as 1000 kg{m3

and 1 kg{pmsq, respectively. Specifically, we aim to assess the impact of inlet flow rates

of 1000, 1250, and 1500 mL{s, to match the lab-scale experiments. For these conditions,

the inlet velocities correspond to 2.5, 3.125, and 3.75 m{s, respectively.

Both overflow and underflow outlets are configured as pressure outlets open to the

atmosphere, maintaining zero gauge pressure with a backflow volume fraction of air set

to 1. This boundary condition facilitates the return of air into the hydrocyclone to form
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Figure 5.2: Geometrical design of hydrocyclones under study. a) The standard design b)
The novel convex bottom design
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an air-core, as they are open to the atmosphere in experiments. The remaining walls

are treated as no-slip boundaries with scalable wall functions. Initially, the hydrocyclone

is entirely filled with air at atmospheric pressure. Subsequently, water enters through

the tangential inlet, swiftly swirling and occupying the wall region, generating a zone of

negative pressure at the center of the hydrocyclone. This lowered pressure induces the

inflow of air from the surroundings, resulting in the formation of the air-core.

Since the particle separation experiments were conducted at a solids concentration

of approximately 5% by mass, we employed a Discrete Phase Model (DPM) to capture

particle behavior from a Lagrangian perspective. To analyze particle separation charac-

teristics, we applied transient Lagrangian Particle Tracking (LPT) with an assumption of

spherical particles having a density of 2650 kg{m3. Particle sizes ranging from 5 to 150

µm are considered within the LPT framework. These particle injections are individually

created based on their size and released from the inlet, with 1000 particles in each in-

jection. The underflow is modelled as a trap for particles and the overflow is modelled

with escape boundary conditions for particles. Particle tracking is performed with a fluid

time-step of 10´5 s.

For solving the governing mass and momentum transport equations, the pressure-

based solver in ANSYS FLUENT is employed. The Coupled Scheme algorithm is utilized

for pressure-velocity coupling, and pressure interpolation is conducted using the PREssure

STaggering Option (PRESTO scheme). The momentum equations are discretized using

the higher-order Quadratic Upstream Interpolation for Convective Kinematics (QUICK)

scheme. The volume fraction is discretized using the modified High-Resolution Interface

Capturing (HRIC) method, and first-order upwind discretization is selected for the tur-

bulence equations and Reynolds stress. In our simulations, the convergence criterion is

defined based on residual errors, set at 10´5 for all continuity and velocity and turbu-

lence parameters. Each simulation is run for a minimum of 5-6 times their correspond-

ing residence time, equivalent to 10 seconds of physical time. Following convergence, a

time-averaging procedure is implemented over several thousand iterations, approximately

equivalent to their residence times of « 2 seconds of physical time.

5.2.4.2 Meshing and Grid Independency

Figure 5.3 depicts the unstructured hexahedral mesh created in ANSYS ICEM CFD using

the blocking technique. In the current work, the viscosity-affected inner region is modeled

using a scalable wall function, which is effective for meshes with y` values as low as 1.

This approach overcomes the limitations of standard wall functions by ensuring that the

solver’s y˚(used internally by Fluent) remains above 11.225, the intersection point of the

linear and logarithmic law profiles. The scalable wall function algorithm selects the higher

value between 11.225 and y˚, maintaining boundary layer accuracy across different mesh
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Figure 5.3: Unstructured hexahedral mesh for both standard and convex hydrocyclone
designs.

Table 5.1: Details of grid convergence study calculations using GCI method

Mesh Name Number of Cells fi ri,i`1 ei,i`1 ϵi,i`1 GCI % R α

Exact Solution 70796.17

Pressure drop

[Pa]

M1 681656 70894 1.09057 -355.6 0.00501 0.17319

0.16461 1.00508M2 525534 71250 1.10454 -2171 0.03047 0.79616

M3 289989 73421

Exact Solution 0.07757

Turbulent

Dissipation Rate

[ m2{s3{m3s

M1 681656 0.07954 1.0905 -0.0062 0.07885 3.10085 0.19753 1.07889

M2 525534 0.08581 1.1045 -0.0342 0.3991 12.0097

M3 389989 0.12007
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densities.

Higher mesh density enhances accuracy but increases computational cost. To ensure

grid independence, we tested three meshes: M1 (fine), M2 (medium), and M3 (coarse)

details are given in Table 5.1, for an inlet flowrate of 1500 mL{s. We measured the overall

pressure drop and turbulent dissipation rate per hydrocyclone volume (Table 5.1), along

with radial profiles of tangential velocities at Z = 217 mm, scaled to the inlet velocity of

3.75 m{s (Figure 5.4b). Based on the data in Table 5.1 and Figure 5.4, mesh M2 was found

to capture the swirling flows inside the hydrocyclone with sufficient accuracy, achieving

grid-independent results.

Figure 5.4: Variation of measured quantities on a center-line for an inlet flowrate of 200
kg{s (Height Z = 140 cm, measured from the bottom). a) Pressure drop b) Tangential
Velocity scaled with the inlet velocity.

To further confirm mesh independence, we conducted a Grid Convergence Index (GCI)

study following the method outlined by Roache [168]. The GCI measures the deviation

of the computed value from the asymptotic solution, using three grids: M1, M2, and M3,

with N1, N2, and N3 cells, respectively. The relative error ε12 and ε23, grid refinement ra-

tio pr12, r23q, and the convergence order p were calculated iteratively to determine the GCI

values. Table 5.1 shows that the GCI decreased with grid refinement, indicating reduced

dependence on cell size. The pressure drop and turbulent dissipation rate α values ap-

proached unity, indicating solutions within the asymptotic range. Figure 5.4, qualitatively

supports these results, confirming grid independence. Mesh M2 was therefore selected for

all simulations.

5.2.5 Model Validation

The CFD model was validated through two test cases. In the first case of water only

experiment, we compare the flow profiles of axial velocity, tangential velocity, and total

pressure drop with the experimentally reported values by Hsieh [12]. In the second case,

we assess the particle separation characteristics of a dilute suspension of limestone with
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Figure 5.5: Comparison of the experimental LDA measurements of tangential and axial
velocities reported by Hsieh [12] and Ghodrat et al. [13], with the CFD predictions of RSM
- VOF model.

Figure 5.6: Validation of separation efficiency curve for the classification of limestone
at feed solids concentration 4.88% (by volume) reported by Hsieh [12], with the CFD
predictions by Vysyaraju et al. [14] model (LES - VOF) and the current simulation (RSM -
VOF).
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Table 5.2: Quantitative comparison of flow parameters between the experiments and
predicted results

Pressure Drop (Pa) Water Split (%)

Hsieh [12](Experiments) 46.7 4.9

Current Method (RSM-VOF) 42.35 5.22

Ghodrat et al. [13] (RSM-VOF) 43.3 4.48

a solids loading of 4.88% (by weight), as reported by Hsieh [12]. Since the experiments

were conducted for different objectives, the chosen inlet velocities for CFD simulations are

2.28 m/s and 2.5 m/s, respectively, to match the experimental conditions. The pressure

at both the outlets (vortex finder and spigot) is set to 1 atm. We use the RSM model

to capture turbulence and the VOF method to resolve the multiphase flow phenomenon.

Given that the solids concentration is less than 10% (by volume), we employ LPT to study

the particle separation characteristics.

Figure 5.5 compares the predicted flow profiles with experimentally reported values

of tangential and axial velocities along horizontal lines spanning 0˝ to 180˝ and 90˝ to

270˝ at a location 60 mm from the cylinder wall. As shown in Figure 5.5, our current sim-

ulation method yields tangential and axial velocity predictions that closely align with both

the experimental results of Hsieh [12] and the findings from previous modeling studies

[13]. Figure 5.6 shows the separation efficiency curve calculated by the LPT model for the

classification of limestone. For comparison, we also include LPT results obtained using the

VOF-LES method as reported by Vysyaraju et al.[14]. As shown in Figure 5.6, the particle

separation efficiency results from both the VOF-RSM and VOF-LES models are comparable

with the experimental results.

Further comparisons are provided in Table 5.2, which summarizes key parameters.

The model successfully reproduces the inlet pressure drop and underflow water split, with

predictions closely matching experimental values, and a maximum prediction error of less

than 10%. Therefore, we have extended the developed model to analyze and compare the

performance of smooth and rough hydrocyclone in the following sections.

5.2.6 Experimental setup and Methods

We utilized rapid prototyping to 3D print the hydrocyclones. The hydrocyclone was fabric-

ated using high-resolution Stereolithography (SLA) technology with a FormLabs (Form-3)

printer, achieving a fine surface resolution of less than 25 µm, as shown in Figure 5.7a.

The 3D-printed hydrocyclone was installed within a casing and sealed with rubber gas-

kets, as illustrated in Figure 5.7b. Figure 5.7c shows the flow domain, where the fluid

enters the hydrocyclone inlet under pressure.

Figure 5.8b provides a schematic of the experimental setup, which includes a variable-
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Figure 5.7: (a) 3D printed hydrocyclones, (b) Casing, and (c) Schematic of flow domain.

Figure 5.8: (a) Laboratory experimental rig, (b) Schematic of experimental setup, and
(c) Feed particle size distribution.
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speed centrifugal pump, a conical mixing tank designed to prevent particle settling, digital

flowmeters, and bypass valves for regulating flow into the hydrocyclone. For feed sample

preparation, silica pebbles having a density of 2650 kg{m3 were ground in a ball mill to

achieve a particle size distribution with a P50 of 100 µm, a P90 of 220 µm, and a maximum

particle size under 450 µm. The particle size distribution of the feed is shown in Figure

5.8c. All experiments were conducted under identical operating conditions, with a solids

concentration of 50 g/L in water at 15°C. The stirrer was activated before introducing

solids into the sump tank to ensure uniform mixing and prevent particle aggregation. Once

the suspension was well-mixed, the pump was activated, and the valves were adjusted to

maintain the desired flow rates of 1000 mL{s (V1), 1250 mL{s (V2), and 1500 mL{s

(V3). After reaching the target flow rate, the system was run for 10 minutes to achieve a

steady state.

Timed samples were collected from both the underflow and overflow streams to de-

termine flow rates. These samples, along with those from the feed, were dried in a furnace

to measure solids concentration. Wet samples were analyzed for particle size distribution

(PSD) using a Malvern Mastersizer 3000. To ensure accuracy, flow rate determinations,

solids concentration measurements, and PSD analyses were performed in triplicate for

selected experiments, with a standard deviation error of less than 5% observed.

The experimental conditions in this study were deliberately chosen to provide con-

trolled and stable flow conditions. Operating at a solids concentration of approximately 5

wt% and fixed underflow diameter ensures that the effects of solids loading and geometry

(ie., underflow diameter) on bypass and classification performance can be isolated. Previ-

ous studies (e.g., Ghodrat et al. [169]) have shown that bypass is primarily influenced by

the underflow diameter and is less sensitive to solids loading in the range of 4.1% to 30%,

supporting the validity of the dilute concentrations. While industrial applications typically

involve higher solids concentrations and larger hydrocyclone diameters, the findings of

this study are expected to remain relevant, although with an expectation of higher cut

sizes.

5.3 Results and Discussion

5.3.1 CFD Analysis: Understanding the flow-field

In this section, we present CFD results comparing key flow properties, including axial,

tangential, and radial velocity, pressure distribution profiles, and air-core formation, in

standard and convex design hydrocyclones. We observed that, when scaled with the inlet

velocity, the flow velocities (tangential and axial) exhibit similar trends. Therefore, for the

sake of brevity and clarity, we exclusively present results for the flow rate of 1500 mL{s.

Table 5.3 reports the flow and particle separation performance metrics for both the hydro-
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Table 5.3: CFD model comparative analysis of performance metrics as a function of hy-
drocyclone design

Inlet flowrate-(mL/s)
Velocity-[m/s] Underflow recovery (%) Pressure (Pa) cut size (microns) Bypass (%) Sharpness Imperfection Index

Case Standard Convex Standard Convex Standard Convex Standard Convex Standard Convex Standard Convex

1000 [1] 9.26 6.06 30569 27329 24.64 28.25 27.5 21.0 0.36 0.45 0.55 0.40

1250 [1.25] 8.53 5.33 48356 43768 23.53 27.05 30.21 23.4 0.42 0.48 0.50 0.35

1500 [1.5] 7.62 4.65 71811 65064 22.66 26.24 31.31 26.2 0.44 0.49 0.47 0.34

cyclone as a function of inlet flowrate. It is evident from these values that underflow water

recoveries decrease with an increase in flow rate for both designs, corroborating previous

observations made by Vakamalla et al. [170]. However, the convex design hydrocyclone

consistently yields lower underflow water recoveries across the range of flow rates tested.

5.3.1.1 Axial Velocity

Figure 5.9: Effect of conic design on axial velocity profiles inside hydrocyclones at 1500
mL/s flowrate: a) Contour plots b) radial profiles at three axial locations (L1, L2, and L3)

Figure 5.9 shows the axial velocity distribution contours and their radial profiles at

the selected locations comparing the standard and convex designs. Axial velocity distribu-

tion is characterized by downward spiral motion near the wall (negative velocities) and

upward vortex flow near the air-core (positive velocities). In Figure 5.9a, the red dotted

line indicates the Locus of Zero Vertical Velocity (LZVV), which separates the upward and

downward flow regions. Figure 5.9b demonstrates how the liquid axial velocity is zero at

the wall, initially declines due to the downward vortex flow, and then gradually increases

towards the air-core water interface. Further, these profiles in the air domain either con-
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tinue with a positive slope or negative depending upon the proximity to underflow and

overflow, respectively. In the air-core region, it is observed that positive axial velocities

are observed for both standard and convex designs in the vicinity close to the underflow,

indicating that air is being entered from the underflow. Similarly, air also enters into the

hydrocyclone from the overflow yielding downward axial velocity profiles. Because of the

collision of upward air-flow from underflow and downward air-flow from overflow, the

liquid is squeezed to vortex finder walls and quickly exits along the wall through the over-

flow. This behavior is identified by the regions of higher axial velocities near the internal

walls of the vortex finder.

In the vicinity of the apex region, as illustrated from Figure 5.9b L1, it is observed

that the downward velocities near the wall for standard design are more pronounced than

compared to the convex design hydrocyclone which may negatively affect the classifica-

tion process by yielding higher bypass in standard design. From Figure 5.9b L2 and L3, it

is observed that the standard design has comparable axial velocity profiles to the convex

design in the cylinder and conic sections. The positive and relatively low axial velocit-

ies observed near the apex in the convex design suggest that particles would experience

greater residence time before exiting the system compared to the standard design. This

extended residence time allows the finer particles that are typically bypassed through in

standard design to participate more in classification.

5.3.1.2 Tangential Velocity

The tangential velocity is one of the key parameters that determine the particle separation

efficiency as it directly impacts the centrifugal force inside the hydrocyclone. Figure 5.10a

depicts the contour plots of tangential velocity profiles comparing the standard and convex

design hydrocyclones. The standard design shows consistently higher tangential velocities,

particularly in the cylindrical and conical sections, which results in stronger centrifugal

forces acting on the particles. This higher tangential velocity contributes to the smaller

cut sizes observed in the standard hydrocyclone. By contrast, the convex design exhibits

lower tangential velocities, leading to weaker centrifugal forces and consequently larger

cut sizes.

5.3.1.3 Radial Velocity

Figure 5.10b displays the radial velocity contour plots comparing standard and convex

hydrocyclones. It is observed that near the center core, the radial velocity is positive

(outward) on one side and negative on the other. These radial velocities at the center

of the hydrocyclone help transport particles from the center to the walls [171]. In the

standard design, higher radial velocities are observed near the center, where particles

are transported outward more aggressively. This contributes to quicker separation but



5.3. Results and Discussion 108

Figure 5.10: Effect of hydrocyclone design on the flow quantities for a flowrate of 1500
mL/s: a) Tangential velocity, b) Radial velocity, c) Pressure distribution, and d) Water
volume fraction.
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also a higher chance of bypassing finer particles through the underflow. In the convex

design, lower radial velocities are seen throughout the hydrocyclone. This, coupled with

the lower downward axial velocities, suggests that particles, particularly finer ones, have

more time to remain in the liquid domain and participate in the classification process,

reducing bypass.

5.3.1.4 Static Pressure

Static pressure represents a crucial parameter for assessing energy loss and flow behavior

within the hydrocyclone. Figure 5.10c illustrates the contour plots of static pressure dis-

tribution within the hydrocyclone designs under examination. It is noteworthy that, for

both designs, static pressure radially increases from the center towards the wall, result-

ing in a low-pressure area at the core’s center. This low-pressure zone is responsible for

drawing external air into the domain, forming an air-core. The contour plot demonstrates

that axial variations in the pressure distribution profile are minimal in both designs when

compared to radial variations. The overall pressure drop across the hydrocyclone is cal-

culated by determining the difference in static pressure between the inlet and overflow

and underflow. The overall pressure drop measured for both designs at all the flow rates

under study is reported in table 5.3. It is observed that as the inlet velocities increase the

overall pressure drop increases. It is interesting to observe that the overall pressure drop

measured for the convex design at all the flow rates is lower than the standard design.

5.3.1.5 Air-Core formation

Figure 5.10d depicts the stable and complete air-core formation of both standard and

convex-design hydrocyclones. It is observed that the convex design air-core thickness is

slightly reduced near the cylinder-conical section intersection in comparison to the stand-

ard one. Thus, the convex hydrocyclone offers a slightly higher available separation space

(i.e., liquid domain) when compared to the standard design.

5.3.2 CFD Analysis: Particle separation characteristics

Particles of various sizes (5, 10, 22, 35, 60, 105, and 150 µm) were injected through the

inlet. Depending on their size, these particles would either report to the underflow or the

overflow. Separation efficiency equivalent to partition number is defined as the ratio of

the number of particles that are collected at the underflow to the number of particles that

are released through the inlet. The separation efficiency curve is constructed by plotting

the separation efficiencies as a function of particle size. The primary descriptor is the cut

size (D50); particles larger than the cut size have a greater probability of reporting to the

underflow. Another measure, the sharpness index is defined as the ratio of D25 (the size



5.3. Results and Discussion 110

at which 25% of particles go to the underflow) to D75 (the size at which 75% of particles

go to the underflow) a value of 1 indicates a perfect separation. The imperfection index,

denoted as I “ D75´D25
2D50

is another commonly used metric, where smaller values of ‘I’

suggest better separation. Usually, the value of ‘I’ ranges from 0.2 to 0.6, and effective

classification is achieved when the average value falls between 0.2 and 0.3 [14].

Figure 5.11: Comparison of CFD predictions for particle separation characteristics in
standard and convex hydrocyclone designs as a function of inlet flowrate.

Figure 5.11 compiles particle separation efficiencies for both standard and convex

design hydrocyclones across various inlet velocities. For a given flow rate, we notice that

as particle size increases, the likelihood of particles ending up in the underflow also in-

creases, thus increasing separation efficiency values. In Figure 5.11, it’s evident that the

separation efficiency of the convex hydrocyclone is consistently lower than that of the

standard design, indicating coarser cut sizes. This trend persists across all examined flow

rates. As the inlet flow rate increases, the separation efficiency curves shift leftward,

signifying smaller cut sizes. This phenomenon is observed in both standard and convex-

design hydrocyclones. The separation efficiency values corresponding to smaller particle

sizes quantitatively represent the fines bypass fraction. This bypass fraction strongly cor-

relates with the underflow split. Notably, the fines bypass fraction of the convex design

is consistently lower than that of the standard design. Additionally, we have corrected

the separation efficiency curves with the corresponding bypass fractions. These curves

allowed us to extract the parameters of D25, D50 and D75 from Figure 5.11, enabling the

calculation of the cut size (corrected), sharpness and imperfection index and tabulated in

the Table 5.3. These indices help us quantify the quality of classification [21].

It is observed from Table 5.3 that as the flowrate increases, the bypass increases for

both designs. Notably, at any given flow rate under study, the convex design hydrocyclone

consistently produces a lower fraction of fines bypassed to the underflow, along with a

coarser cut size, in comparison to the standard design. It is observed that the sharpness of

separation increases with an increase in flowrate for both the designs, however, the convex

design exhibited a higher sharpness of classification than compared to the standard design

for all the flowrates studied. Similarly, the imperfection index for the convex design is low

compared to the standard design at all the flow rates studied; the lowest value reported
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is for the highest flow rate. Based on the observations reported in Table 5.3 it can be

safely assumed that the convex design hydrocyclone offers a superior quality of separation

compared to the standard design hydrocyclone.

Figure 5.12: Effect of conic design on turbulent intensity profiles inside hydrocyclones at
1500 mL/s flowrate

To gain valuable insights into the coarser cut size behavior of convex design hydro-

cyclone, we examined the distribution of turbulent intensity profiles. Turbulence Intensity

(TI “

?
u12

U
) is defined as the ratio of root mean square velocity of fluctuations due to tur-

bulence to mean velocity. In hydrocyclones, turbulent fluctuations result from extensive

mixing at the inlet region, flow reversal near the spigot zone, and the presence of large

velocity gradients within the domain as reported by Vakamalla and Mangadoddy [172].

Previous studies have discussed the role of turbulence on particle preferential migration

due to turbophoerosis [158, 159]. Figure 5.12 illustrates the contour plots of turbulent

intensities for both designs at the maximum inlet flow rate under the current study.

As depicted in Figure 5.12, the convex design exhibits higher turbulent intensities in-

side the entire liquid domain compared to the standard design. Because of the increased
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Figure 5.13: (a) Underflow spray profiles as a function of design and flowrate (b) Effect
of flowrate on underflow water recoveries as a function hydrocyclone design

turbulent intensities in most of the liquid domain, enhances the chance of particles parti-

cipating in classification, causing finer particles to be entrained by the upward-rising flow.

This increased turbulent intensity combined with the increased tangential velocities and

pressure near the spigot region increases the chances of finer particles getting dislodged

between the coarser particles. Consequently, finer particles have a greater probability of

being entrained by the secondary upward flow, resulting in a reduction in bypass.

5.3.3 Experimental Analysis: Water-only

This section investigates the impact of conic curvature design on the performance of hy-

drocyclones using both water-only and 5% solids experiments. The underflow water split

(Rf ), defined as the ratio of water recovered in the underflow to the total water in the

feed, serves as a key metric for evaluating hydrocyclone performance. In practice, the

separation of solids and liquids in a hydrocyclone is often imperfect. Some solids may exit

through the overflow, while a portion of the feed water may report to the underflow. To

quantify the separation efficiency, solids recovery (Rs) is employed.

Previous studies have investigated underflow spray profiles as performance indicators

for hydrocyclones [173–175]. Figure 5.13a illustrates the underflow exiting the hydrocyc-

lone, which is open to the atmosphere and forms a spray-type discharge. The discharge

angles vary depending on process and design variables. It is observed that as the flow

rate increases from 1000 mL{s to 1500 mL{s, the underflow spray discharge increases

for both designs. However, the convex-design hydrocyclone consistently exhibits lower

discharge angles compared to the standard design at corresponding flow rates. Van De-

venter et al. [176] developed and experimentally validated a theoretical model to predict
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the relationship between spray profiles, underflow behavior, and velocity components. It

is reported that lower flow rates result in lower spray angles, which are associated with re-

duced tangential and axial velocities [176]. In our CFD analysis presented in the previous

section, the convex-design hydrocyclone consistently demonstrated lower tangential velo-

cities and reduced downward axial velocities at the underflow. These observations align

with the findings of Van Deventer et al., corroborating that the lower velocity profiles in

the convex hydrocyclone contribute to the observed reduction in discharge spray angles

compared to the standard hydrocyclone.

Figure 5.13b illustrates the trends in underflow water recovery (Rf ) as a function of

flow rate and hydrocyclone design. The results show that for both designs, underflow wa-

ter recovery decreases slightly with increasing flow rate, reflecting similar trends observed

in the CFD simulations. Additionally, across all flow rates studied, the convex design hy-

drocyclone consistently exhibits lower underflow water recoveries compared to the stand-

ard design. Although the experimental and CFD studies share identical hydrocyclone

design configurations, notable differences exist in their predictions. These discrepancies

are likely due to variations in the flow domain geometries. In the experimental setup, the

hydrocyclones are housed within a casing, with the fluid entering the hydrocyclone after

swirling through the annular gap between the hydrocyclone body and the casing. This

geometric difference may account for the observed variations in performance between the

experimental and CFD results.

5.3.4 Experimental Analysis: Particle Separation

Table 5.4: Experimental observations of underflow recoveries for different flow conditions
as a function of hydrocyclone design. Water-only data is explicitly labeled; all other data
corresponds to 5% solids experiments.

Flow Split (Rv)

- Water Only
Flow Split (Rv) Water Splits (Rw) Solids Splits (Rs)

Flowrate (mL/s) Standard Convex Standard Convex Standard Convex Standard Convex

1000 28.1 24.1 31.8 23.6 54.0 56.0 46.0 44.0

1250 26.5 21.8 29.2 22.9 49.9 51.0 50.1 49.0

1500 25.5 21.6 27.9 24.4 46.0 50.0 54.0 50.0

Table 5.4 summarizes the experimental observations of underflow splits, including

flow splits for both water-only and 5% solids experiments, as well as water splits and solids

recovery for the 5% solids experiments, comparing the standard and convex hydrocyclone

designs. Figure 5.14 illustrates the effect of flow rate on underflow solids recovery for each

hydrocyclone design. The results show that solids recovery increases with flow rate for

both designs, aligning with the trends reported by Cilliers and Harrison [177]. However,

solids recovery is consistently lower in convex hydrocyclones compared to the standard
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Figure 5.14: Underflow solids recovery as a function of flowrate and design.

Table 5.5: Key metrics of particle separation characteristics from experiments

Bypass (%) Cut size (D50) - µm Sharpness (m)

Flowrate (mL/s) Standard Convex Standard Convex Standard Convex

1000 24.6 18.6 77.95 94.14 1.43 1.36

1250 32.0 23.4 60.22 73.52 1.18 1.50

1500 35.4 28.0 41.64 62.44 1.02 1.19
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design. For instance, at a flow rate of 1000 mL{s, solids recovery for the standard design

is 46.0%, whereas it is 44.0% for the convex hydrocyclone. This trend persists across all

tested conditions, with the standard hydrocyclone achieving a solids recovery of 54% at a

flow rate of 1500 mL{s, compared to 50% for the convex design.

Figure 5.15: Comparison of Separation Efficiency curves for Standard (S) and Convex
(C) Hydrocyclone Designs across different Flowrates.

For the 5% solids experiments, particle size assays were measured using the particle

size analyzer for the samples collected from the overflow and underflow streams. Figure

5.15 illustrates the separation efficiency as a function of particle size for both hydrocyclone

designs at three different flow rates. Separation efficiency values are calculated based on

the solids recovery and particle size assays. In the plot, the standard design is color-coded

in blue, while the convex design is represented in orange. Experimental partition curves

are shown as discrete points, and the fitted curves are modeled using sigmoidal functional

forms, such as the Rosin-Rammler distribution [108]:

Cpdq “ 1 ´ exp

ˆ

´0.693

ˆ

d

D50

̇ṁ

(5.11)

Here, C(d) is the corrected partition number, d is the particle size, D50 is the classification

cut size, and m denotes the sharpness of the classification. The experimental partition

(a) Bypass (b) Bypass versus cut size

Figure 5.16: Understanding the effect of flowrate as a function of hydrocyclone design on
bypass and cut size (D50).
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curve P(d) is derived by using the following relationship:

P pdq “ Bp ` Cpdqp1 ´ Bpq (5.12)

Where Bp is the fines bypass, and the parameters D50, and m are determined by min-

imizing an inverse particle size-weighted least square error. This method ensures a close

match between the fitted curves and the experimental data, as depicted in Figure 5.15. It

is observed that experimental separation efficiencies for both standard and convex design

hydrocyclones increase with particle size. It is observed that the separation efficiency

curves moves to the left with increasing flow rate, thereby decreasing the cut size. This

shift is attributed to the intensified centrifugal activity within the hydrocyclone, which

enhances particle separation. It is observed that the convex design has a lower bypass

than compared to the standard design hydrocyclone at all the flowrates under study. Fur-

ther, lower separation efficiency values are reported for smaller sizes for convex design

hydrocyclones compared to the standard design hydrocyclone. However, for the particle

sizes greater than 100 µm the convex design hydrocyclones exhibits higher separation

efficiency values, indicating the sharper classification of coarser-cutsizes.

Table 5.5 presents key experimental particle separation characteristics, comparing the

performance of standard and convex hydrocyclone designs as a function of flow rate. The

fines bypass (Bp), often referred to as the partition number for fine particles, asymptotes

at a particular value, as discussed by Frachon and Cilliers [108]. Figure 5.16a illustrates

the trends in fines bypass for both hydrocyclone designs across different flow rates. It

is evident that fines bypass increases with increasing flow rate for both designs. For the

standard design, Bp values rise from 24.6% at 1000 mL{s, to 32.1% at 1250 mL{s, and

35.4% at 1500 mL{s. In contrast, the convex design consistently exhibits lower Bp values,

with 18.6% at 1000 mL{s, 23.4% at 1250 mL{s, and 28.0% at 1500 mL{s. The lower

fines bypass observed in the convex design suggests that this design is more efficient at

directing fine particles to the overflow, compared to the standard design, across all flow

rates. This difference in performance may be attributed to variations in the internal flow

dynamics between the two designs, which could affect the separation of finer particles.

Figure 5.16b shows the relationship between fines bypass and cut size for both designs

as a function of flow rate. The convex design demonstrates a clear trend of producing

coarser cut sizes with lower fines bypass compared to the standard design at any given

flow rate. For example, at a flow rate of 1000 mL{s (V1), the cut size for the convex

design is approximately 94 µm, compared to 78 µm for the standard design. As flow rate

increases, the cut size decreases while fines bypass increases for both designs, with their

trendlines following a similar slope. At the highest flow rate tested (1500 mL{s, V3), the

convex design produces a significantly coarser cut size of 62 µm, compared to 41.64 µm
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for the standard design.

This finding indicates a trade-off between fines bypass and cut size, as the convex

design is better suited for yielding coarser cut sizes while achieving lower fines bypass.

Moreover, the consistent trends across all flow rates suggest a stable performance of both

hydrocyclone designs, with the convex design offering a distinct advantage in applications

requiring lower fines bypass. While reducing the underflow outlet diameter is a recognized

strategy to minimize bypass, it also affects solids yield and cut sizes. In this study, the

underflow outlet size was intentionally kept constant to focus on the impact of conic

curvature, specifically the convex design. We acknowledge that further investigations are

required to evaluate the performance of convex hydrocyclone designs, including higher

solids concentrations and variable underflow outlet sizes.

5.3.4.1 Industrial case study

The ball-mill-classifier circuit in this case study incorporates two 650 mm diameter hydro-

cyclones—one with a standard design and the other with a convex design. Due to client

confidentiality, specific design details are not disclosed. The slurry used in the circuit con-

sists of clay material with a density of 3013 kg/m³ and a solids concentration of up to

55% (by weight). The slurry is directed through the hydrocyclones under controlled inlet

pressure conditions, with pressures varying between 80 kPa and 100 kPa, to achieve the

desired flow rates. A bypass arrangement, regulated by a control valve on the pipeline,

is employed to maintain the necessary pressure drop across the hydrocyclones. Samples

of both the overflow and underflow products are collected simultaneously and measured

for flow rates over a specific period. These samples are then filtered, dried, sieved, and

weighed to determine the mass distribution. The particle size distribution of representat-

ive dried samples is analyzed by determining the weight fractions for individual sieve size

classes. Additionally, the partition number, which indicates the separation efficiency for

each size class, is calculated.

Figure 5.17 illustrates the relationship between bypass and cut size for both hydrocyc-

lone designs across the tested operational conditions. The discrete data points represent

experimental results, overlaid on a dataset (in a transparent colors) generated from Monte

Carlo simulations, with 50,000 data points for each hydrocyclone design. The Monte Carlo

simulations allow for continuous exploration of the design space across a range of process

and operational conditions, within the limits of the experimental data. This enables a

more comprehensive understanding of system behavior and performance across various

conditions, helping to identify optimal operating points for both hydrocyclone designs.

The models used in the Monte Carlo simulations were built using industrial experimental

data, which can be found in the Appendix C.
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The industrial data confirms the earlier findings: the standard design hydrocyclone

results in a higher bypass with finer cut sizes, while the convex design hydrocyclone

achieves lower bypass with coarser cut sizes. This performance advantage makes the con-

vex design hydrocyclone a more suitable alternative to Derrick screens in ball-mill classifier

circuits. Recently, a novel convex-bottom hydrocyclone design, supported by our analysis,

has been successfully installed by Metso. In their press release, Metso stated, “Imperial

College has also provided support in bringing this concept to light and in confirming the

validity of this new technology as a third party.”[178]

Figure 5.17: Industrial scale hydrocyclone data: Influence of hydrocyclone design and
inlet flowrate on bypass and cut size relationship

5.4 Summary

This study elucidates the impact of conic curvature on hydrocyclone performance through

a combination of CFD simulations and experimental investigations, revealing several crit-

ical insights.

In the CFD analysis, the convex hydrocyclone demonstrated distinct flow character-

istics compared to the standard design. Notably, the convex design consistently exhibited

lower underflow recoveries across the range of flow rates studied. The flow patterns in

the convex hydrocyclone showed more pronounced axial velocities near the apex region

and reduced radial velocities at the center. These flow characteristics create a favorable

environment for particle classification by allowing particles more opportunities to remain

in the classification zone and thus participate in separation more effectively, thereby redu-

cing the fines bypass to underflow.

Experimental results confirm the trends observed in CFD simulations, consistently

showing that convex hydrocyclones achieve significantly lower underflow recoveries. As

the flow rate increases, underflow water recoveries decrease for both designs. Addition-
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ally, for any given flow rate, the convex design results in lower underflow solids recovery

and bypass, along with coarser cut sizes, compared to the standard design across all tested

flow rates. For example, at a flow rate of 1000 mL{s, the fines bypass for the standard

hydrocyclone is 24.6%, whereas it is reduced to 18.6% for the convex design. Similarly,

the cut size for the standard design is 78 µm, compared to 94 µm for the convex design.

As the flow rate increases from 1000 mL{s to 1500 mL{s, both designs show increased

fines bypass and reduced cut sizes. However, the convex design achieves a fines bypass of

28% with a cut size of 62 µm, compared to 35% bypass and a cut size of 41 µm for the

standard design.

These findings highlight the potential advantages of the convex conic-curvature design

in achieving lower fines bypass and coarser cut sizes, making it a favorable option for

particle classification in hydrocyclones, particularly in ball-mill classifier circuits.
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Chapter Introduction

In the preceding chapter, the impact of convex curvature on hydrocyclone performance

was studied, with a focus on conic shape and its effects on bypass and cut size. However,

hydrocyclones tend to develop surface roughness over time due to hydroabrasion caused

by particle-wall interactions, which can be detrimental to their performance. This chapter

investigates the role of surface-wall roughness and conic curvature on hydrocyclone per-

formance using CFD simulations and laboratory experiments.

This chapter begins by presenting the background of investigating the effect of surface

wall roughness by leveraging 3D printing to create the effect of roughness in the flow

domain (Section 6.1). The subsequent Section 6.2 outlines the CFD modeling method-

ology and experimental methods used to investigate the roughness effect. Section 6.2.2

discusses the simulation set-up, including geometry, boundary conditions, and meshing

techniques to capture the effect of wall roughness. Section 6.2.4 outlines the prototyping

of geometries to account for roughness using 3D printing, as well as the experimental

setup and methodology for both water-only and particle separation tests.

In Section 6.3, the CFD results and analysis are presented, analyzing the effect of

surface-wall roughness on hydrocyclone flow dynamics and the trends of particle separa-

tion efficiency. Further, experimental results, including water-only flow splits and particle

separation tests, are discussed to validate the CFD findings in Sections 6.4.1 and 6.4.2.

The chapter concludes in Section 6.5 with a summary of the key findings, which

contribute to a deeper understanding of the complex interactions between surface-wall

roughness, fluid dynamics, and particle separation performance in hydrocyclones. The

part of this chapter focusing on roughness in standard hydrocyclones has been published

in: A. K. Pukkella, D. Vega-Garcia, K. Hadler and J. Cilliers, ‘The influence of surface-wall

roughness on hydrocyclone performance,’ Separation and Purification Technology, vol. 360,

p. 131 109, 2025. Modifications have been made to the original text, and additional dis-

cussions on roughness in convex hydrocyclone have been included in this chapter.

6.1 Background

In recent years, rapid prototyping, especially through 3D printing, has significantly ad-

vanced lab-scale experiments in fluid dynamics and separation processes [33, 159, 179].

However, there are often substantial differences in the surface roughness of 3D printed

parts, depending on the printing method (FDM, SLS, SLA, etc.), equipment manufacturer,

and material. This introduces a source of error into CFD studies aimed at validating cer-

tain experimental conditions, as they often assume smooth walls and neglect the impact of

wall surface roughness parameters [159, 180, 181]. Recently, Mitchell et al. [182] demon-
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strated the prototype device of conic centrifuge system by utilizing 3D printing to create

an artificial surface roughness to evaluate the quality of separation to benefitiate min-

eral samples for lunar applications. In this study, we investigate the effect of surface-wall

roughness on the bypass of hydrocyclones as a function of flow rate. To accomplish this,

we leverage the inherent and controllable roughness introduced by 3D printing to produce

hydrocyclones with known roughness profiles. These hydrocyclones enable the study of

the impact of roughness on overall performance, specifically in determining whether cer-

tain designs function more effectively for classification or separation at different flow rates.

This aspect of hydrocyclone behavior has not been previously explored. This study also

highlights the importance of considering surface-wall roughness during CFD studies.

6.2 CFD Modelling Methodology and Experimental Methods

6.2.1 CFD Modelling theory

6.2.1.1 Capturing the Turbulence

The momentum equation for an incompressible fluid is:

B

Bt
pρuiq `

B

Bxj
pρuiujq “ ´

Bp

Bxi
` µ

B2ui
Bx2j

` ρg

By separating the velocity into mean and fluctuating components, and applying time-

averaging, we obtain the Reynolds-averaged Navier-Stokes (RANS) equations, introducing

the Reynolds stress term, ρu1
iu

1
j . This term requires modeling through turbulence closures

like the Boussinesq hypothesis (for k-ϵ and k-ω models) or the Reynolds Stress Model

(RSM), which accounts for anisotropy in flows with swirl or rotation by solving transport

equations for the Reynolds stresses.

The simplified transport equation for Reynolds stresses in RSM can be written as:

B

Bt

´

ρu1
iu

1
j

¯

`
B

Bxk

´

ρuku
1
iu

1
j

¯

“ Dij ` Pij ´ Gij ´ ϵij ` ϕij

The parameters, - Dij represents diffusion of Reynolds stress (turbulent and molecu-

lar), - Pij is the production of Reynolds stress, - Gij is the Buoyancy production, - ϵij is the

dissipation, - ϕij is the pressure-strain correlation. The quadratic pressure strain model is

used to model ϕij , providing accuracy in rotating and shear flows.

The interaction between turbulent flow and surface roughness in hydrocyclones intro-

duces additional flow resistance. This resistance, often described through modified wall

functions, affects velocity profiles and, consequently, particle separation efficiency. Hence

the law of wall is modified with constant ∆B to take account of roughness.
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The sand-grain roughness model, introduced by Nikuradse [164], has been widely ad-

opted for modeling surface roughness in hydrocyclones [114, 132]. In this model, the wall

is assumed to be covered by a layer of mono-dispersed sand-grain spheres that represent

roughness elements, resembling sandpaper. The height of these spheres corresponds to

the equivalent roughness height pksq, and the roughness effect is captured through a di-

mensionless roughness parameter k`
s “ ksu

˚{v. The modified law of wall due to surface

roughness is given by the following equation.

u

u˚
“

ˆ

1

κ

̇

ln

ˆ

yu˚

v

̇

` B ´ ∆B (6.1)

where friction velocity is defined as u˚ “ pτw{ρq
0.5, where τw is the wall shear stress,

and ρ is the fluid density. Where κ “ 0.41 is the von Karman constant, and B is a constant

for smooth wall (i.e., 5.56).

The roughness function, ∆B, depends on roughness shape (i.e., degree of homogen-

eity) pCsq and roughness size pksq. Based on the experimental observations of Nikuradse

[164], the roughness function (∆B) is expressed in a piecewise function of ks`, capturing

the transition from hydrodynamically smooth to hydrodynamically rough regimes:

∆B “

$

’

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

’

%

0, k`
s ď 2.25

1
κ ln

´

k`
s ´2.25
87.75 ` Csk

`
s

¯

˚ sin r0.4258 pln k`
s ´ 0.811qs , 2.25 ă k`

s ă 90

1
κ ln p1 ` Csk

`
s q , k`

s ą 90

(6.2)

The value of the roughness constant Cs is considered as 0.5 assuming uniform distribu-

tion of sand grains. From the above equation it is understood that for a hydrodynamically

smooth pipe (i.e., ks` <2.25) the roughness has an insignificant contribution. Whereas,

its influence increases for transitional (i.e., 2.25 ă k`
s ă 90) and hydrodynamically rough

regimes (i.e., k`
s ą 90).

6.2.1.2 Modelling air-core formation: Volume of Fluid (VOF) Theory

The VOF method is employed to simulate air-core formation, using a single set of mo-

mentum equations shared by the phases (air and water). Phase interaction is tracked

using volume fractions, with αq denoting the fraction of the qth phase in each cell. The

VOF approach tracks the interface between phases by solving a continuity equation for the

volume fraction:

1

ρq

˜

Bpαqρqq

Bt
` ∇ ¨ pαqρqvq⃗q “ S `

n
ÿ

p“1

pmpq9 ´ mqp9 q

¸
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The parameter αq represents the phase’s volume fraction, and mass transfer terms

between phases are considered. The momentum equation is solved over the entire do-

main, with volume fraction-dependent properties (ρ, µ).

6.2.1.3 Modelling of discrete phase particle motion

The trajectories of individual particles in the discrete phase are determined using Lag-

rangian particle tracking (LPT). The momentum balance equation for a particle subject to

external forces can be formulated as follows:

dup
dt

“ FDpu⃗ ´ up⃗q `
gpρp ´ ρq

ρp

˘

` Fa⃗ (6.3)

In this equation, the left-hand side represents the inertial forces per unit mass (ms´2),

where up⃗ denotes the particle velocity. The first term on the right-hand side accounts for

the drag force which is computed using a Reynolds number-dependent drag coefficient

correlation. Here, FD represents the inverse of relaxation time (s´1). The second term

characterizes buoyancy due to gravity, with ρ and ρp representing the fluid density and

particle density, respectively. The term Fa⃗ encompasses any additional forces per unit

mass that may be significant, including added mass forces arising from the relative accel-

eration of the particulate phase, viscous drag forces from the fluid, and other forces such

as Brownian motion, thermophoretic forces, and shear-induced lift (Saffman’s lift) forces,

among others.

In turbulent flow conditions, particle motion is substantially influenced by the fluctu-

ating instantaneous velocities. The dispersion of particles due to turbulence in the fluid

phase is tracked using a stochastic approach known as the Random Walk method. This

method assumes that each particle encounters a sequence of eddies with random sizes,

strengths, and directions as it traverses the flow domain. The DRW (Discrete Random

Walk) model postulates that fluctuating velocities follow a Gaussian probability distribu-

tion, with the characteristic fluctuating velocity defined as:

u1
i “ ξ

a

2k{3 (6.4)

Where ξ is the normally distributed random number, k signifies the turbulent kinetic

energy, and the value of u1
i remains constant during each time step.
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6.2.2 Simulation Set-up

6.2.2.1 Geometry and Boundary conditions

In this study, our primary objective is to investigate how flow rate affects smooth and

rough-walled hydrocyclones with a diameter of 75 mm. The geometric details and di-

mensions are provided in Figure 6.1a. The hydrocyclone features a square tangential inlet

with a side length of 20 mm. The overflow and underflow diameters are 25 mm and 12.5

mm, respectively. Both the cylinder barrel length and the vortex finder length are equal to

the diameter, 75 mm. The cone extends at an angle of 16.4o at the apex (i.e., underflow).

Water is considered the primary phase, with air as the secondary phase in the sim-

ulations. For modeling purposes, we define the density and viscosity of water as 1000

kg{m3 and 1 ˚ 10´3 kg{pmsq, respectively. Specifically, we aim to assess the impact of inlet

flow rates of 1000, 1250, and 1500 mL{s, to match the lab-scale experiments. For these

conditions, the inlet velocities correspond to 2.5, 3.125, and 3.75 m/s, respectively.

Both overflow and underflow outlets are configured as pressure outlets open to the

atmosphere, maintaining zero gauge pressure with a backflow volume fraction of air set

to 1. This boundary condition facilitates the return of air into the hydrocyclone to form

an air-core, as they are open to the atmosphere in experiments. The remaining walls

are treated as no-slip boundaries with scalable wall functions. The rough-walled hydro-

cyclone is modelled using the sand-grain roughness model with roughness heights (ks)

varied between 1 to 700 microns at a fixed roughness constant Cs (0.5). Initially, the hy-

drocyclone is entirely filled with air at atmospheric pressure. Subsequently, water enters

through the tangential inlet, swiftly swirling and occupying the wall region, generating a

zone of negative pressure at the center of the hydrocyclone. This lowered pressure induces

the inflow of air from the surroundings, resulting in the formation of the air-core.

Since the particle separation characteristic experiments were conducted with a solids

concentration of « 5% (by mass), we used a discrete phase model to capture the behavior

of particles from a Lagrangian perspective. To examine particle separation characteristics,

we employ transient Lagrangian Particle Tracking (LPT) with particles having a density

of 2650 kg{m3. Particle sizes ranging from 5 to 150 microns are considered within the

LPT framework. These particle injections are individually created based on their size and

released from the inlet, with 1000 particles in each injection. The underflow is modelled

as a trap for particles and the overflow is modelled with escape boundary conditions for

particles. Particle tracking is performed with a fluid time-step of 10´5 s.

For solving the governing mass and momentum transport equations, the pressure-

based solver in ANSYS FLUENT is employed. The Coupled scheme algorithm is utilized

for pressure-velocity coupling, and pressure interpolation is conducted using the PREssure

STaggering Option (PRESTO scheme). The momentum equations are discretized using
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Figure 6.1: (a) Geometrical design of hydrocyclones with dimensions. (b) Unstructured
hexahedral mesh
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the higher-order Quadratic Upstream Interpolation for Convective Kinematics (QUICK)

scheme. The volume fraction is discretized using the modified High-Resolution Interface

Capturing (HRIC) method, and first-order upwind discretization is selected for the tur-

bulence equations and Reynolds stress. In our simulations, the convergence criterion is

defined based on residual errors, set at 10´5 for all continuity and velocity and turbu-

lence parameters. Each simulation is run for a minimum of 5-6 times their correspond-

ing residence time, equivalent to 10 seconds of physical time. Following convergence, a

time-averaging procedure is implemented over several thousand iterations, approximately

equivalent to their residence times of « 2 seconds of physical time.

6.2.3 Meshing and grid independecy

Figure 6.1b depicts the unstructured hexahedral mesh created in ANSYS ICEM CFD us-

ing the blocking technique. In the current work, the viscosity-affected inner region is

modeled using a scalable wall function, which is effective even for meshes with y` val-

ues as low as 1. This approach overcomes the limitations of standard wall functions by

ensuring that the solver’s y˚ (used internally by Fluent) always remains above 11.225.

The threshold value of 11.225 is derived from the classical boundary layer theory, where

the linear velocity profile in the viscous sublayer transitions to the logarithmic profile in

the log-law region. The scalable wall function algorithm selects the higher value between

11.225 and y˚, maintaining boundary layer accuracy across different mesh densities. Due

to surface roughness, the velocity profiles shift downward, resulting in lower y` values.

In the transitional roughness regime, the roughness elements are slightly thicker than the

viscous sublayer and begin to disturb it. In fully rough flows, the viscous sublayer is des-

troyed, and viscous effects become negligible. Commercial CFD software, Ansys Fluent

addresses this issue by virtually shifting the wall by a distance equal to half the height of

the roughness elements (ks) [183]. This adjustment modifies the original y` values as

follows: y`
c “ y` ` ks

2 . This virtual wall-shifting approach effectively mitigates issues re-

lated to mesh resolution near the wall, thereby facilitating the use of fine meshes without

imposing additional constraints to capture the effects of surface-wall roughness.

It is worth noting that while a higher mesh density (i.e., an increased number of cells)

enhances accuracy, it also escalates computational costs. To ascertain the grid independ-

ency, we conducted a comprehensive test utilizing three distinct meshes, designated as M1,

M2, and M3. The corresponding cell counts are detailed in Table6.1. Our CFD simulations

were carried out with an inlet flow rate of 1500 mL{s. The overall pressure drop and

turbulent dissipation rate per hydrocyclone volume were measured and recorded in Table

6.1. Additionally, we measured radial profiles of tangential velocities on the central plane,

at a height of Z = 217 mm measured from the bottom and scaled with the corresponding

inlet velocity (ie., 3.75 m{s) as shown in Figure 6.2b. Based on the observations reported
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Table 6.1: Details of grid convergence study calculations using GCI method

Mesh Cell count fi ri,i`1 ei,i`1 ϵi,i`1 GCI % R α

Exact Solution 70796.17

Pressure drop

[pa]

M1 681656 70894 1.09057 -355.6 0.00501 0.17319

0.16461 1.00508M2 525534 71250 1.10454 -2171 0.03047 0.79616

M3 289989 73421

Exact Solution 0.07757

Turbulent

Dissipation Rate

[ m2{s3{m3s

M1 681656 0.07954 1.0905 -0.0062 0.07885 3.10085 0.19753 1.07889

M2 525534 0.08581 1.1045 -0.0342 0.3991 12.0097

M3 389989 0.12007

in Figure 6.2 and Table 6.1, it was concluded that mesh M2 was optimal for capturing

the swirling flows inside the hydrocyclone with reasonable accuracy and producing grid-

independent results. Because of the large difference in the number of cells between the

coarse and fine mesh predictions we further conducted a Grid Convergence Index (GCI)

study suggested by Roache which is a quantitative measure of grid convergence [168].

Figure 6.2: Grid independence study: (a) Variation of scaled tangential velocity on a
center-line for an inlet flowrate of 1500 mL{s (Height (Z) = 217 mm, measured from the
bottom). (b) The measured quantities i.e., pressure drop, and turbulent dissipation rate
as a function of the number of cells.

GCI is a measure of how far the computed value is away from the asymptotic value

using Richardson extrapolation. For the grid refinement study, three meshes have been

used with N1, N2, and N3 cells for the fine (M1), medium (M2), and coarse (M3) three-

dimensional meshes, respectively. The difference in the measured variable f between the

grids is computed as ei,i`1;

e12 “ f2 ´ f1, e23 “ f3 ´ f2

εi,i`1 is a relative error measure of the measured variable 1f 1 between the grid solu-

tions,

ε12 “
f2 ´ f1

f1
, ε23 “

f3 ´ f2
f2
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f1, f2, and f3 are the numerical solutions obtained for fine, medium, and coarse grids

with a number of control volume cells N1, N2, and N3 in their respective grids. The grid

refinement ratio pri,i`1q is obtained as follows:

r12 “

ˆ

N1

N2

̇
1
3

, r23 “

ˆ

N2

N3

̇
1
3

The grid refinement ratio (r) is further influenced by parameter p which accounts for

grid stretching, quality of grid, order of discretization, turbulence modeling, and other

factors is obtained by solving by an iterative technique with relaxation factor as described

by Roache [168].

p “ ωρ ` p1 ´ ωq

lnp
pr

p
12´1qe23

pr
p
23´1qe12

q

ln pr12q

where, ω “ 0.5 and ρ is the previous iteration of p. The author suggest to use ρ “

ln
´

e23
e12

¯

{ ln pr12q as a first guess. The iteration will stop if
ˇ

ˇ

ˇ

p´ρ
p

ˇ

ˇ

ˇ
ă 1E ´ 5. Now one can

calculate Grid Convergence Index (GCI) using the below equations,

GCI12 “
1.25 |ε12|

prp12 ´ 1q
,GCI23 “

1.25 |ε23|

prp23 ´ 1q

GCI12 should be smaller than GCI23 To check if the solution is in the asymptotic range,

α « 1

α “
rp12GCI12
GCI23

The Richardson extrapolation can be used to obtain the value of f when the grid spacing

h vanishes ph Ñ 0q.

fexact “ f1 ` pf1 ´ f2q { prp12 ´ 1q

Table 6.1 displays grid convergence calculations using the GCI method across three

grid levels. These results fall within the asymptotic range, with measured variables (Pres-

sure drop and Turbulent dissipation rate) α nearing unity. The ratio R is less than one,

signifying monotonic convergence [184]. Notably, there is a reduction in GCI values with

successive grid refinements (GCI12 ă GCI23) for both variables (Pressure drop and Tur-

bulent dissipation rate). This reduction indicates reduced dependency on cell size, achiev-

ing a grid-independent solution. Further grid refinement is unlikely to yield significant

changes. The extrapolated value slightly undershoots the finest grid solution for the two

variables, confirming effective convergence from the coarser grid to the finer grid. Figure

6.2 provides qualitative evidence supporting results being in the asymptotic range, indic-

ating mesh independence. Consequently, mesh M2 containing around 5.2 lakh cells has

been selected for all subsequent simulations to accurately capture the physics.
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6.2.4 Experimental setup and Methods

Figure 6.3: (a) Microscopic images of 3-D printed hydrocyclones with three levels of
roughness, (b) Hydrocyclone and casing, (c) Schematic of flow domain

We utilize rapid prototyping to 3D print the flow domain with a varied surface tex-

ture configuration to simulate the effect of roughness. Figure 6.3a shows the microscopic

images of 3D-printed hydrocyclones with varied surface roughness. The smooth-walled

hydrocyclone is 3D-printed using a high-resolution Stereolithography (SLA) liquid resin-

based FormLabs (Form-3) 3D printer, achieving a fine surface resolution of less than 25

microns. In contrast, the medium and rough hydrocyclones are 3D-printed using the Fused

Deposition Modeling (FDM) method with an Ultimaker S5 3D printer, using SLA material

with surface resolutions of 150 and 300 microns, respectively. The 3D-printed hydrocyc-

lone is installed in a casing and is sealed with rubber gaskets to prevent leakage (Figure

6.3b). Figure 6.3c depicts the flow domain of the experimental hydrocyclone, where the

flow circulates around the annular gap between the casing and the hydrocyclone’s exterior

wall before entering the cyclone due to pressure.

The silica powder sample was prepared by grinding silica pebbles in a ball mill to

achieve a P50 of 100 microns, a P90 of 220 microns, and an upper size less than 450 mi-

crons. The particle size distribution of the feed is shown in Figure 6.4a. Figure 6.4b is a

schematic of the experimental setup, which includes a variable-speed centrifugal pump, a

conical mixing tank to prevent particle settling, digital flowmeters, and bypass valves to

control the flow into the hydrocyclone. All experiments were conducted under consistent

operating conditions, with a solids concentration of 50 g/L in water at 15°C. Each slurry

batch was prepared by mixing 5 kilograms of silica with 100 liters of water, resulting in an

approximate solids concentration of 4.85% by mass. Additionally, the dilute solid concen-

trations enable us to achieve uniform mixing and stable flow characteristics in analyzing
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Figure 6.4: (a) Silica feed PSD (b) Schematic of the experimental setup to test the hydro-
cyclone
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hydrocyclones.

Before introducing solids into the sump tank, the stirrer was activated to prevent

particle aggregation. Once the suspension was uniformly mixed, the pump was activated,

and the valves were adjusted until the flow rate through the hydrocyclone reached the

desired values of 1000 mL{s (V1), 1250 mL{s (V2), and 1500 mL{s (V3). Upon reaching

the desired flow rate, the system was allowed to operate for 10 minutes to reach a steady

state.

To determine the flow rates, timed samples were simultaneously collected from both

the underflow and overflow streams. Samples from the feed, underflow, and overflow

were then collected and dried in a furnace to calculate the solids concentration. Addi-

tionally, the wet samples were directly analyzed for particle size distribution (PSD) using

a Malvern Mastersizer 3000. Flow rate measurements, solids concentration determina-

tions, and particle size distribution (PSD) analyses were repeated three times for selec-

ted experiments to ensure accuracy. For water-only experiments, triplicate measurements

were conducted at all flow rates for the rough configurations under study, with standard

deviation errors consistently below 5%. For experiments with 5% solids concentration,

measurements focused only on the smooth and rough configurations across different flow

rates.

6.3 CFD Results and Analysis

6.3.1 Effect of surface-wall roughness

Initially, we predicted the underflow recovery for a smooth-walled base CFD simulation

as 10%. We then systematically explored the effect of surface roughness (ks) at values

of 1, 10, 50, 100, 200, 300, 500, and 700 microns, while maintaining a roughness con-

stant (Cs) of 0.5. Figure 6.5 illustrates a semi-log plot, revealing two distinct regimes:

minimal influence of roughness on underflow recovery for ks <30 microns, and a linear

variation in underflow recovery as roughness increases logarithmically. This observation

may explain why Bradley did not observe any difference between ‘machined’ and ‘highly

polished’ hydrocyclones [104]. The roughness in the machined hydrocyclone was likely

below the threshold value.

The threshold effect in underflow recovery as a function of roughness height can be

attributed to the interplay between turbulence and frictional resistance in the hydrocyc-

lone. Below a certain level of surface roughness, the turbulence introduced by the rough-

ness elements is minimal and may be dampened by fluid viscous forces, allowing efficient

particle separation to continue largely unaffected. However, beyond this threshold value,

the increased surface roughness adds significant frictional resistance which affects both
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Figure 6.5: Effect of surface wall roughness on the underflow water recovery for a
flowrate of 1000 mL/s and roughness constant of 0.5

the velocity distribution and particle separation mechanisms within the hydrocyclone. Un-

derstanding how surface roughness affects flow behavior can guide decisions on material

selection and the maintenance of hydrocyclone components. This knowledge allows for

more informed choices regarding operational conditions and part replacements, and to

achieve sustained performance in various industrial applications.

6.3.2 Flow-field Analysis

In this section, we present CFD results comparing key flow properties, including axial,

tangential, and radial velocities, pressure distribution profiles, and air-core formation, in

standard and rough-design (ks= 500 microns and Cs = 0.5) hydrocyclones at the three

flow rates described previously. We observed that, when scaled with the inlet velocity, the

flow quantities exhibit similar trends. Therefore, for brevity and clarity, we exclusively

present results for the highest flow rate condition.

Table 6.2 presents the flow and particle separation performance metrics for both hy-

drocyclone designs as a function of inlet flow rate. For the smooth-design hydrocyclone,

the underflow water recoveries decrease with an increase in flow rate, confirming previous

observations [170]. Notably, surface-wall roughness significantly increases the underflow

recoveries compared to smooth designs, though the recoveries slightly decrease with an

increase in flow rate.
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Table 6.2: Comparative analysis of CFD model performance metrics as a function of hy-
drocyclone surface-wall roughness and flowrate.

Inlet flowrate-(mL/s)
Velocity-[m/s] Underflow recovery Pressure drop (Pa) Bypass

Case Smooth Rough Smooth Rough Smooth Rough

1000 [2.5] 9.26 25.14 30569 14040 27.5 29.5

1250 [3.125] 8.53 23.23 48356 22188 30.21 54.5

1500 [3.75] 7.62 22.17 71250 32166 31.31 58.2

6.3.2.1 Axial Velocity

Figure 6.6: Effect of surface-wall roughness on axial velocity profiles inside hydrocyclones
at 1500 mL/s flowrate: a) Contour plots at center XZ plane (Y=0) b) radial profiles at
three axial locations (L1, L2, and L3)

Figure 6.6 shows the axial velocity distribution contours and their radial profiles at

the selected locations comparing the smooth and rough designs.

The axial velocity distribution is characterized by negative velocities adjacent to the

wall, inducing a downward spiral motion towards the underflow region, and an upward-
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moving vortex flow near the air-core region with positive axial velocities. As shown in

Figure 6.6a, the red dotted line, which is known as the Locus of Zero Vertical Velocity

(LZVV), divides the upward and downward flow in liquid domain. Figure 6.6b demon-

strates the radial profiles measured at lines L1, L2, and L3 as indicated on the contour

plot. The axial velocity profiles follows the trend of zero axial velocity at the wall and

negative values in the proximity to the wall and gradually increase towards the air-core

water interface.

In the air-core region, it is observed that positive axial velocities are more pronounced

for smooth design extending from the underflow to cylindrical section. Whereas for the

rough design, it is only to the vicinity close to the underflow. These observations indicate

that the air is being sucked from the underflow forming a thick and stable core for the

smooth design, whereas for the rough design, it is thin and wavy. These observations are

also confirmed by the contour plot of water volume fractions as shown in Figure 6.7c.

It is observed that the rough design exhibits lower liquid upward axial velocities in the

vortex finder compared to the smooth design. This is indicated by the light red annular

passage in the vortex finder of the rough hydrocyclone, in contrast to the bright red color

observed in the contour plot of the smooth design. This trend is more clearly depicted

by the radial profiles at location L1, near the tip of the vortex finder. Compared to the

smooth design, the presence of lower axial velocities near the overflow in the rough design

supports the observation of higher underflow recoveries, as reported in table 6.2.

In the vicinity of the apex region (i.e., underflow), as illustrated in Figure 6.6b at L3, it

is observed that the downward velocities near the wall are more pronounced in the rough

design compared to the smooth design hydrocyclone. This increased downward velocity

may negatively affect the classification process by yielding higher bypass. This is also

depicted by the intense blue region near the apex of the rough hydrocyclones compared

to the smooth design, as shown in Figure 6.6a. In the region close to the wall, it is

observed that the rough design exhibits higher negative axial velocities compared to the

smooth design. These higher negative velocities, combined with the lower upward axial

velocities in the rest of the flow domain, as observed in 6.6b at L1 and L2, cause particles

to be conveyed downward and exit through the underflow, potentially leading to higher

bypass.

6.3.2.2 Tangential Velocity

The tangential velocity is one of the key parameters that determine the particle separation

efficiency as it directly impacts the centrifugal force inside the hydrocyclone. Figure 6.7a

depicts the contour plots of tangential velocity profiles comparing the smooth and rough

design hydrocyclones. It is observed that tangential velocities of both smooth and rough
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hydrocyclones follow a similar trend reported elsewhere in the literature [132]. It is

observed from Figure 6.7a, the roughness significantly reduces the tangential flow field

when compared to the smooth design. Surface roughness increases frictional resistance,

which dampens tangential velocity, reducing the centrifugal forces necessary for effective

particle classification. Thereby reducing the centrifugal forces acting on the particles to

classify and thereby providing the chances for the particles to escape through the overflow.

Figure 6.7: Effect of surface-wall roughness on flow quantities at the center XZ plane
(Y=0) for a flow rate of 1500 mL/s: (a) Tangential velocity, (b) Radial velocity, (c) Pres-
sure distribution, and (d) Water volume fraction.

6.3.2.3 Radial Velocity

Figure 6.7b shows time-averaged radial velocity contour plots comparing smooth and

rough hydrocyclones. The data indicate that the magnitude of radial velocity is smal-
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ler compared to axial and tangential velocities. Near the center core, the radial velocity

is positive (outward) on one side and negative on the other, creating a flow dipole. This

distribution also causes a swirl in the surrounding fluid. The figure reveals that radial ve-

locities are more pronounced in the rough design compared to the smooth design. In the

rough hydrocyclone, this increased instability in the flow domain surrounding the air-core

region results in a thinner and wavier air-core, as depicted in Figure 6.7d. Additionally,

these high radial velocities at the center of the hydrocyclone help transport particles from

the center to the walls [171]. The higher downward axial velocities make the flow field

inside the rough hydrocyclone more conducive to particle separation rather than classific-

ation.

6.3.2.4 Pressure

Pressure distribution is a crucial parameter for assessing hydrocyclone flow behavior as it

is responsible for converting potential energy to kinetic energy, which imparts centrifugal

force on the particles, leading to separation. As shown in Figure 6.7c, the contour plot

of pressure distribution within the hydrocyclones reveals that pressure increases radially

from the hydrocyclone’s center towards the wall, creating a low-pressure area at the core’s

center. However, this trend is more pronounced for smooth-surfaced hydrocyclone than

compared to rough-surfaced hydrocyclone. This low-pressure region draws external air

into the hydrocyclone, forming an air-core.

A key observation is that the pressure distribution in the rough hydrocyclone is sig-

nificantly lower compared to the smooth design, in agreement with previous findings

reported [14, 132]. This difference in pressure distribution is directly linked to the overall

pressure drop across the hydrocyclone, which is calculated by determining the difference

in pressure between the inlet, overflow, and underflow. As shown in Table 6.2, the over-

all pressure drop increases with increasing flow rates, for both the hydrocyclone designs.

However, it is observed that the pressure drop of rough hydrocyclones is consistently lower

compared to those for smooth hydrocyclones across all flow rates studied. At a flowrate

of 1000 mL{s, the smooth hydrocyclone exhibits a pressure drop of 30,569 Pa, which

increases to 71,250 Pa at 1500 mL{s. In comparison, the rough hydrocyclone shows a

pressure drop of 14,040 Pa at 1000 mL{s and 32,166 Pa at 1500 mL{s, indicating signi-

ficantly lower values than the smooth design.

The interaction between the liquid and the hydrocyclone’s internal surfaces plays a

crucial role in determining the pressure drop. As the liquid moves from the outer to the

inner part of the vortex in the hydrocyclone, it is accelerated due to the conservation of

angular momentum, resulting in a decrease in its static pressure. In smooth-walled hydro-

cyclones, the liquid encounters minimal friction, allowing for an intense swirling motion

as it spirals toward the center, thereby exerting higher centrifugal forces on the particles.
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This intense swirl converts a significant amount of static pressure into dynamic pressure,

resulting in a substantial pressure drop when this energy is dissipated at the vortex finder

and underflow. However, when the hydrocyclone walls are rough, the increased friction

dampens the swirling motion, reducing the liquid velocity and, consequently, the amount

of static pressure converted into dynamic pressure [185]. This results in a lower pressure

drop but also diminishes the centrifugal forces that are acting on the particles. This effect

is counter-intuitive when compared to general pipe flow, where increased wall roughness

typically leads to higher frictional losses and a higher pressure drop. In hydrocyclones,

however, the situation is different because the primary source of pressure drop is not just

frictional loss but also the conversion of static pressure into dynamic pressure. Thus, the

energy “saved” may come at the cost of compromised separation efficiency of hydrocyc-

lone. Therefore, the stability and scalability of rough-walled hydrocyclones cannot be

directly compared to those of smooth-walled designs to fully leverage their advantages.

This behavior contrasts with findings in axial flow cyclones, as reported by Jun et al.

[186]. In axial flow cyclones, wall roughness leads to a higher pressure drop because

these systems rely on a primarily axial flow and lack the dominant swirling flows. In such

designs, rough walls increase friction along the axial path in the exhaust pipe, directly

raising pressure losses, similar to general pipe flow behavior.

6.3.3 CFD particle separation characteristics

Particles of various sizes (5, 10, 22, 35, 60, 105, and 150 microns) were injected through

the inlet. Depending on their size, these particles would either report to the underflow or

the overflow. Separation efficiency equivalent to partition number is defined as the ratio of

the number of particles that are collected at the underflow to the number of particles that

are released through the inlet. The separation efficiency curve is constructed by plotting

the separation efficiencies as a function of particle size. The primary descriptor is the cut

size (D50); particles larger than the cut size have a greater probability of reporting to the

underflow.

Figure 6.8: Comparison of CFD predicted separation efficiency curves for smooth and
rough designs as a function of flowrate. (a) 1000 mL/s, (b) 1250 mL/s, (c) 1500 mL/s
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Figure 6.8 presents particle separation efficiencies for smooth and rough-design hy-

drocyclones across various inlet velocities. For a given flow rate, as particle size increases,

the likelihood of particles ending up in the underflow also increases, leading to higher sep-

aration efficiency values. In Figure 6.8-a, at a low flow rate (i.e., V1), the rough-surface

hydrocyclones exhibit higher fines bypass and lower separation efficiency compared to

the smooth design. These trends, producing coarser cut sizes, are consistent with previous

findings reported by Zhao et al. [132]. However, with increasing velocities (i.e., for flow

rates corresponding to V2 and V3), the bypass in rough hydrocyclones becomes more pro-

nounced compared to smooth hydrocyclones. Furthermore, it is observed that with higher

flow rates (i.e., from V2 to V3), the separation efficiency values for all particle sizes, in-

cluding fine sizes, are higher in rough hydrocyclones than in smooth hydrocyclones. This

trend intensifies with increasing flow rates. As indicated by the previous CFD analysis,

particles carried by higher radial velocities at the center are pushed to the walls and swept

along by the increased downward axial velocities in rough hydrocyclones compared to

smooth hydrocyclones, resulting in higher underflow solids recoveries.

At higher flow rates, smooth-walled hydrocyclones maintain enhanced particle sep-

aration due to intensified centrifugal effects, which decrease underflow water recovery,

cut sizes and slightly increasing bypass fractions. However, as the flowrate increases in

rough-walled designs, frictional losses from the wall roughness dampen fluid momentum,

leading to a higher bypass of fine particles and a less effective classification. This indic-

ates that rough-walled hydrocyclones are limited in applications requiring precise particle

classification at high flow rates, whereas smooth-walled hydrocyclones are better suited

to maintain classification efficiency across a broader range of flow rates.

6.4 Experimental results

We investigate the influence of surface-wall roughness on the performance of hydrocyc-

lones using both water-only and 5% solids experiments.

6.4.1 Water-only flow splits

Underflow water split (Rf ), defined as the ratio of underflow to feed water recovery, is

a useful metric for evaluating hydrocyclone performance. The separation of solids and

liquids in a hydrocyclone is often inefficient. As a result, some solids exit through the

overflow instead of the underflow, and a portion of the water in the feed ends up in the

underflow. Key metrics such as solids recovery (Rs) and the concentration ratio (C)—the

ratio of the concentration in the underflow to that in the feed—are used to quantify the

separation efficiency. The concentration ratio is determined by the ratio of solids recovery

(Rs) to the volumetric recovery of the suspension (Rv) or the flow ratio.
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Figure 6.9: Underflow discharge spray profiles for flowrate of 1500 mL/s as function of
surface-wall roughness: (a) Smooth, (b) Medium, (c) Rough.

The underflow exiting the hydrocyclone is open to the atmosphere, forming a spray-

type discharge with varied angles depending on process and design variables such as flow

rate and wall roughness. Considerable research has focused on studying the exit spray

profiles of hydrocyclones to use as a performance indicator [173–175]. Earlier studies

reported that for a given design, an increase in the underflow spray angle results in an

increase in underflow solids recovery (Rs) and a decrease in underflow water and slurry

recoveries (Rf and Rv) [174]. Figure 6.9 illustrates the underflow discharge profiles and

corresponding spray angles for hydrocyclones as a function of surface-wall roughness for

an inlet flowrate of 1500 mL{s (i.e., V3). The spray angles are measured and displayed in

red, highlighting the effect of wall roughness on the discharge flow pattern. It observed

that from Figures 6.9, smooth-walled hydrocyclone has a pronounced spray angle (94°),

which decreases with increasing wall roughness. For the case of medium and rough hy-

drocyclone designs, the exit spray angles measured were 70 and 40° respectively. The

drop in spray angle can be interpreted from the loss of fluid momentum.

In the experimental analysis, the impact of surface roughness on underflow recovery

was investigated at three discrete levels: smooth, medium rough, and rough. The rough-

ness levels explored in the experiments are approximated to be 25, 150, and 300 microns.

Figure 6.10 compares the trends of CFD and experimental observations of underflow wa-

ter recovery (Rf ) as a function of flowrate and surface-wall roughness in three levels. It is

observed that at a given hydrocyclone roughness, the underflow recoveries exhibit a slight

decrease as the flowrate increases. This trend is consistent across the experimental res-

ults and aligns with the predictions obtained from the CFD simulations. However, a more

significant observation is the pronounced influence of surface roughness on underflow

recovery. As shown in the combined plot, the experimental results confirm the strong de-
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Figure 6.10: Effect of surface roughness on experimental water recoveries as a function
of flow rate, with CFD predictions overlaid for trend comparison.

pendency of underflow recovery on roughness, mirroring the trends identified in the CFD

simulations. Although the experimental and CFD studies share identical hydrocyclone

design configurations, notable differences in predictions are observed. These differences

can be primarily attributed to variations in the flow domain geometries. In the experi-

mental setup, the hydrocyclones are enclosed within a casing, causing the fluid to enter

the hydrocyclone inlet after swirling through the annular gap between the hydrocyclone

and its casing.

6.4.2 Experimental particle separation analysis

Table 6.3 presents experimental observations of underflow slurry splits, water splits, solids

recovery, bypass, and concentration ratios for smooth and rough-surfaced configurations

of standard hydrocyclones and rough-surfaced convex hydrocyclone.
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Table 6.3: Key performance metrics from slurry experimental results comparing rough and smooth-surface hydrocyclones across various flowrates

Flow Split (Rv) Water Splits (Rw) Solids Splits (Rs) Bypass Concentration (C)

Flowrate (mL/s) Standard-S Standard-R Convex-R Standard-S Standard-R Convex-R Standard-S Standard-R Convex-R Standard-S Standard-R Convex-R Standard-S Standard-R Convex-R

1000 31.8 42.4 32.3 54.0 42 35.6 46.0 58.0 64.4 24.6 41.7 37.8 1.44 1.37 1.99

1250 29.2 39.3 28.3 49.9 30.7 24.1 50.1 69.3 75.9 32.0 57.7 41.6 1.71 1.76 2.68

1500 27.9 36.9 26.9 46.0 18.8 16.0 54.0 81.2 84.0 35.4 70.0 61.7 1.93 2.20 3.12
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Figure 6.11 illustrates the effect of flow rate on solids recovery and concentration ratio

as a function of wall roughness and the interaction of coupled roughness-conic design. It is

observed that both metrics increase with flow rates, corroborating the trends reported by

Cilliers and Harrison [177]. Notably, from Figure 6.11a, it is observed that solids recovery

is significantly higher in hydrocyclones with rough walls compared to those with a stand-

ard smooth surface hydrocyclone. For example, at a flow rate of 1000 mL{s, the recovery

of solids for the standard rough surface is 58.0% and for the convex rough surface hydro-

cyclone is 64.4%, compared to 46.0% for the standard smooth surface hydrocyclone. This

trend of convex-rough surface hydrocyclones yielding higher solid recovery than that of

standard-rough and smooth surface hydrocyclones is consistent across all flow rates tested

under study. Interestingly, although the standard rough-surfaced hydrocyclone achieves

higher solids recovery at lower flow rates, its concentration ratio is slightly lower than

that of the smooth-surfaced standard hydrocyclone. However, with increasing flow rate,

the concentration ratio for the standard rough-surfaced hydrocyclone surpasses that of

the standard smooth-surfaced hydrocyclone. It is to be noted that the convex-rough hy-

drocyclone reports significantly higher concentration ratio’s compared to its counterparts;

indicating the coupled conic-roughness interaction has significant influence.

Figure 6.11: Effect of flowrate and wall roughness on the solids recovery and concentra-
tion ratio

While increased wall roughness appears to mimic the effect of reduced fluid velocity

by lowering underflow water recoveries and spray angles as discussed earlier, this alone

does not fully explain the observed increase in solids recovery. Typically, a decrease in

velocity would also lead to lower underflow solids recovery as observed by Dubey et al.

[174]. However, the higher solids recovery with increased roughness suggests that other
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mechanisms are at play, such as enhanced particle settling due to increased downward

axial velocities and turbulence as observed in CFD simulations within the rough-walled

hydrocyclone. These findings highlight the complex interplay between fluid dynamics and

particle separation, indicating that wall roughness can effectively enhance solids recovery

beyond what would be expected from velocity changes alone.

Figure 6.12: Comparison of Separation Efficiency curves for Standard smooth, rough, and
Convex rough designs as a function of flowrate. (a) 1000 mL/s, (b) 1250 mL/s, (c) 1500
mL/s

For the 5% solids experiments, size assays were measured using the particle size ana-

lyzer for the samples collected from the overflow and underflow streams. Figure 6.12 il-

lustrates the separation efficiency curves as a function of particle size for standard smooth,

rough wall surface, and convex rough hydrocyclones at three different flow rates. Parti-

tion numbers are calculated on the solids recovery and particle size assays. In the plot, the

smooth surface design is color-coded in blue, while the rough surface design is represented

in red. Experimental partition curves are shown as discrete points, and the fitted curves

are modeled using sigmoidal functional forms, such as the Rosin-Rammler distribution

[108]:

Cpdq “ 1 ´ exp

ˆ

´0.693

ˆ

d

D50

̇ṁ

(6.5)

Figure 6.13: Effect of flowrate on surface roughness and the interplay between roughness
and conic design in relation to bypass and water recovery.
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Further, the experimental partition curve P(d) is derived by using the following rela-

tionship:

P pdq “ Bp ` Cpdqp1 ´ Bpq (6.6)

Here, C(d) is the corrected partition number, d is the particle size, D50c is the corrected

classification cut size, and m denotes the sharpness of the classification. The paramet-

ers Bp, D50c, and m in the above equations are determined by minimizing an inverse

particle size-weighted least square error. This method ensures a close match between the

fitted curves and the experimental separation efficiency results, as illustrated in Figure

6.12. It is observed that experimental separation efficiencies for all the designs increase

with particle size. For the standard smooth design, the raw cut size decreases with in-

creasing flow rate. This decrease is attributed to the intensified centrifugal activity within

the hydrocyclone, which enhances particle separation. In contrast, in rough designs, the

partition curves start high due to high underflow solid recoveries, indicating a significant

bypass of fine particles. A notable observation is that the particle separation performance

in rough-design hydrocyclones is more sensitive to increases in flow rate compared to the

smoother design. These experimental trends are in line with CFD predictions of standard

hydrocyclone discussed earlier.

The metric of fines bypass (Bp), is commonly considered the partition number for the

fine sizes which asymptotes at a particular value, as discussed by Frachon and Cilliers

[108]. This metric has been extracted from Figure 6.12 a, b, and c and presented in Fig-

ure 6.13a for clarity. The bar plot clearly shows that fines bypass increases with increasing

flow rate for all hydrocyclone designs. For the standard-smooth hydrocyclone, the Bp val-

ues are 24.6% at 1000 mL{s, 32.1% at 1250 mL{s, and 35.4% at 1500 mL{s flowrates.

In contrast, for standard-rough design exhibits higher Bp values of 41.7% at 1000 mL{s,

57.7% at 1250 mL{s, and 70.0% at 1500 mL{s flowrates. Similarly, convex-rough hydro-

cyclones report Bp values of 37.8% at 1000 mL{s, 41.6% at 1250 mL{s, and 61.7% at

1500 mL{s flowrates, respectively. Thus, the convex-rough exhibits have a lower bypass

than compared to the standard-rough design at all flowrates.

Figure 6.13b, depicts the relation between the bypass and underflow water recovery

comparing hydrocyclones as a function of flowrate. Many authors in the literature as-

sumed that bypass is equal to either underflow water or slurry recovery [103, 187, 188].

It is observed that bypass as a function of underflow water recovery exhibits an inverse re-

lationship with increasing flow rate (inlet velocity). This finding aligns with observations

by Cilliers et al., who noted a similar inverse relationship between bypass and water re-

covery with increasing fluid temperature. Previous studies also corroborate these trends,

indicating that water recovery decreases while bypass increases with rising inlet pressure

[108]. In the current work, it is observed that the slope of the bypass as a function of wa-
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ter recovery remains constant for both smooth and rough standard hydrocyclone designs

when the flow rate is increased. Whereas, for the convex-rough hydrocyclone slope is

higher at higher flowrates. However, the change in bypass and its corresponding water

recovery with increasing flow rate is more pronounced for rough designs compared to

smooth design.

Comparing standard smooth, rough, and convex-rough hydrocyclone designs reveals

distinct flow field characteristics that significantly affect particle separation efficiency. In

standard smooth hydrocyclones, higher tangential velocities generate strong centrifugal

forces, enabling efficient particle classification. This design features a stable, thicker air

core extending from the underflow to the cylindrical section, which supports lower bypass

fractions and finer cut sizes while maintaining efficiency across varying flow rates. In

contrast, the standard-rough hydrocyclone exhibits reduced tangential velocity, resulting

in weaker centrifugal forces but increased radial and axial velocities. These changes direct

particles toward the underflow, particularly at higher flow rates, producing coarser cut

sizes and greater solids recovery. However, this comes with a thinner, more irregular air

core and a higher bypass fraction.

Although CFD analysis for the convex-rough hydrocyclone is not included here, in-

sights can be drawn from the convex-smooth CFD simulations presented in Chapter 5,

which suggest that the convex design facilitates a flow field conducive to reduced bypass

fractions; this observation is also reflected in the rough designs. Experimental obser-

vations of the convex-rough hydrocyclone reveal higher underflow solids recovery with

a greater solids concentration ratio and lower water recovery compared to the standard-

rough hydrocyclone. This highlights the significant role of the coupled interaction between

conic design and surface roughness in enhancing performance for solid removal applica-

tions.

One notable difference in the effect of roughness between hydrocyclones and gas cyc-

lones (Refer Chapter 4)is that roughness significantly increases downward axial velocities

in hydrocyclones compared to their smoother counterparts, whereas the increase in gas

cyclones is more modest. This difference leads to contrasting impacts on their behavior:

in hydrocyclones, roughness shifts the performance from classification toward separation,

while in gas cyclones, it shifts from separation toward classification.

In industrial applications such as mining, wastewater treatment, and mineral pro-

cessing, hydrocyclones are extensively used for particle separation due to their efficiency

and compact design. Surface roughness on the interior walls of hydrocyclones can have

a significant impact on operational efficiency. For precise particle classification, smooth

wall surfaces tend to enhance efficiency by reducing bypass fractions, whereas rough wall

surfaces may be advantageous in high-solids recovery applications, such as de-watering.
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In wastewater treatment, the ability of rough hydrocyclones to separate particles more

effectively can improve water quality and reduce the need for secondary filtration steps.

Over time, abrasive operations can increase wall roughness through wear, impacting sep-

aration efficiency and energy consumption. This study provides insights into how wall

roughness influences performance, supporting informed decisions on timely part replace-

ments to maintain optimal efficiency.

6.5 Conclusions

This study elucidates the impact of surface-wall roughness on hydrocyclone performance

through both CFD simulations and experimental investigations. Our findings reveal sev-

eral critical insights.

The rough-surface hydrocyclones exhibit distinct flow characteristics compared to

smooth designs. Specifically, the rough surfaces result in more pronounced negative axial

velocities near the wall and higher radial velocities at the center, responsible for scav-

enging more particles through the underflow. Due to the instability in the flow domain,

rough-surface hydrocyclones form a thinner and unstable air core.

Experimental and CFD results consistently show that rough-surface hydrocyclones

achieve significantly higher underflow recoveries. It is observed that as the flow rate

increases, the underflow water recoveries decrease for both smooth and rough surfaces.

Furthermore, for a given flow rate, the rough surfaces offer lower underflow water recov-

ery compared to the smoother designs. For instance, at a flow rate of 1000 mL{s, the

underflow solids recovery for the standard-rough design is 58%, compared to 46% for

the standard-smooth design, while it is 64.4% for the convex-rough hydrocyclone. Similar

trends are observed across different flow rates, underscoring the effectiveness of individual

surface roughness and roughnes-conic design interplay in enhancing solids recovery.

Moreover, the increase in flow rate results in a more significant increase in the under-

flow solids concentration ratio for both standard and convex rough-surface hydrocyclones

compared to standard smooth-surface hydrocyclones. However, it is pronounced for the

convex-rough hydrocyclone. These findings suggest that rough surfaces facilitate better

particle separation at higher flowrates.

The study highlights the potential of surface-wall roughness and the interplay of wall

roughness and conic design in optimizing hydrocyclone performance. For applications

requiring high solids recovery and efficient de-watering, rough-design hydrocyclones offer

significant advantages. Conversely, smooth-design hydrocyclones may be preferable for

applications focused on precise particle classification due to lower bypass fractions.
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7.1 Thesis Summary

This thesis investigated the impact of curved conic design modifications and surface wall

roughness on the classification performance of gas cyclones and hydrocyclones by utiliz-

ing computational fluid dynamics (CFD) simulations and lab-scale experimental valida-

tion. The findings closed significant gaps in the understanding of particle classification

mechanisms, providing practical insights for optimizing industrial classifiers.

In Chapter 2, a summary of dry classification equipment used for particle size-based

classification was presented, with a primary focus on centrifugal, gravity, and inertial

forces that drive particle segregation. A thorough review was presented on static and

dynamic centrifugal air classifiers because of their adaptability to a wide range of cut sizes

and high throughput rates. Importantly, studies on gas cyclones indicate that they were

conventionally employed as gas-solid separators with cut sizes (d50) below 3 µm, rather

than as particle classifiers. Although some studies aim to use cyclones as classifiers, they

achieve this through modifications such as introducing blow-up airflow or constricting the

apex outlet to resist gas flow near the apex. However, no prior research has explored

inherent design modifications to adapt cyclones specifically for classification purposes.

Several CFD studies on hydrocyclones from the literature reveal that hydrocyclone

having a convex conic design have the potential to significantly influence the cut sizes.

However, similar investigations on the gas cyclone are very limited. Moreover, as these

classifiers are subjected to operational wear and tear, the interaction between convex-conic

designs and surface-wall roughness remains unexamined. The overall aim of this thesis

was to address these gaps by studying the effects of conic curvature and surface wall

roughness on gas cyclones and hydrocyclones using CFD simulations and experimental

validation.

To achieve these aims, the objectives of this thesis were:

1. Design of parabolic conic gas cyclones for coarse particle classification using CFD

simulations coupled with Response Surface Methodology (RSM);

2. Experimentally evaluate the impact of conic curvature and wall roughness on gas

cyclones;

3. Transfer insights on the influence of conic shape from gas cyclones to hydrocyclones

through CFD simulations and experimental validation;

4. Investigate the effects of surface wall roughness and conic design on hydrocyclones

through CFD simulations and experiments.

In Chapter 3, the impact of curved conical wall shapes, particularly parabolic concave

and convex designs, on particle classification in a 31 mm diameter gas cyclone was ana-

lyzed using CFD simulations. The model predictions for standard straight conic designs
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were validated against experimental data from the literature across various inlet flow

rates. The curved conic cyclones demonstrated sharper and coarser cut sizes compared to

standard-design gas cyclone. RSM was employed to explore interaction effects between

design parameters. Further, Monte Carlo simulations were performed on the RSM models

to explore the design space. The two most important findings from Chapter 3 in the con-

text of achieving coarser cut-sizes; the convex design has higher potential in achieving the

coarser cut-sizes than compared to the concave and standard conic cyclones. Addition-

ally, maintaining lower flowrates aids in suppressing the centrifugal forces acting on the

particles; thereby coarser cut sizes.

The main objective of Chapter 4 was to validate experimentally the CFD findings from

Chapter 3 and investigate the effects of surface wall roughness on gas cyclone perform-

ance. A CFD model was developed to replicate the experimental conditions and explain

the underlying physics by comparing smooth and rough cyclones. Gas cyclones were 3D

printed with different surface textures to simulate the effect of surface wall roughness.

Developed a novel technique for dust particle collection using expandable chambers. This

helps to measure the particle size distribution of the particles at the dust outlet section.

Experimental results confirm that convex designs yield consistently coarser cut sizes with

lower bypass and solids recovery across all studied flow rates resulting in a classification

effect. CFD simulations reveal that surface wall roughness reduces tangential velocities in

both designs; this results in lower collection efficiencies and coarser cut sizes as observed

in experiments. This effect was more pronounced in convex designs, where roughness

contributed to a shift toward coarser particle classification. The key findings of Chapter 4,

was convex design flow domain facilitates lower bypass and coarser cut-sizes in gas cyc-

lones. This motivates us to translate these findings to hydrocyclones, which could benefit

the ball-mill classifier circuits.

In Chapter 5, the influence of convex conic shape on classification behavior on 75 mm

hydrocyclones was investigated through a combination of CFD simulations and laborat-

ory experiments. Experimental studies were conducted under water-only and 5% solids

conditions, reveal that convex-conic hydrocyclones consistently achieve coarser cut sizes

and lower bypass rates compared to standard hydrocyclones across the flow rates stud-

ied. CFD results revealed that convex designs exhibit distinct flow characteristics, such as

higher upward axial velocities near the apex with lower tangential and radial velocities

creating a favorable environment for particle classification; thereby reducing fines bypass

with coarser cut size. These findings prove that convex-conic hydrocyclones offer superior

performance, making them a cost-effective alternative to Derrick screens. Subsequently,

this analysis has supported the successful development of an industrial-scale convex hy-

drocyclone, by Metso.

In Chapter 6, the effects of surface wall roughness and conic curvature on hydrocyc-
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lone separation performance were examined. Using a similar methodology as in Chapter

5, sand-grain models simulate artificial roughness, and 3D printing introduces varying de-

grees of surface textures. CFD analyses identify a threshold roughness level above which

underflow water recovery significantly increases. Velocity and pressure distributions ex-

hibit distinct trends between smooth and rough hydrocyclones. Experimental results align

with CFD predictions, demonstrating that rough-surfaced hydrocyclones achieve higher

underflow solids recovery and concentration at increased flow rates compared to smooth

designs.

7.2 Conclusions

Figure 7.1: Summary of key findings from the thesis

The key findings and conclusions of this thesis are summarised as follows:

1. The literature review on dry particle separation technologies brings together the re-

search that classifies the particles based on size, carried out by different active forces,

such as gravity, inertial, centrifugal, and air fludizers. Feed throughput rate versus

cut size data were compiled for all the equipment reviewed and a new graphical

illustration of throughput rate vs cut size was used to identify the major gaps in dry

classification technology and to recommend research directions. It is identified that

gas cyclones are predominantly used as the particle separator operating with small

cut sizes. Whereas hydrocyclones that operate on a similar operating principle are

typically used as classifiers in mineral processing circuits. This observation intrigued

me to re-engineer the gas cyclone to function as a classifier rather than a separator.

Thereby addressing the pressing need for water usage.

2. CFD simulations show that curved parabolic comics have greater potential in achiev-

ing coarser cut sizes compared to standard straight conic gas cyclones. Further, the

Response Surface Methodology models built using D-optimal design are used to ex-

plore the design space with the help of Monte Carlo simulations. It is observed that
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due to lower tangential velocity within the flow domain Convex design has a higher

potential to yield coarser cut-sizes compared to the concave and standard design

cyclones.

3. Experimentally validated the trends of convex design gas cyclone yields coarser cut

sizes across the flowrates studied compared to the standard cyclone. Developed

a novel experimental technique using expandable collection chambers to measure

particle size distributions. Another interesting observation is that convex designs

yield lower bypass for fine sizes compared to the standard design cyclones. Further,

the surface wall roughness aids classification with reduced solids recovery to collec-

tion; this is due to reduced tangential velocities and with marginal increase in axial

velocities that carry more particles into the dust outlet.

4. The insights gained from gas cyclones were applied to hydrocyclones, utilizing both

experimental and CFD modeling approaches. Convex hydrocyclone consistently

yields lower bypass with coarser cut-sizes for all the flowrates understudy than com-

pared to the standard hydrocyclone.

5. Using CFD simulations, a threshold roughness is identified above which the under-

flow recoveries start increasing. These trends are further validated with experi-

ments. Roughness consistently increases the underflow solids recoveries with higher

solids concentrations compared to the smoother counterparts and this trend is more

pronounced at higher flowrates; thus showing potential for dewatering technolo-

gies. A physics-based CFD model explanation was provided on the role of surface

wall roughness on the decrease in pressure drop which is counter-intuitive.

7.3 Study Limitations & Future Work

The results presented in this work supported and validated the methodologies outlined

previously. However, several limitations have been identified in this thesis, as have poten-

tial avenues for future studies to address them.

1. In all the CFD models and experimental investigations with gas cyclones, it was as-

sumed that dilute concentrations of particles were maintained. This simplifies the

modelling approach to the one-way coupling by removing the effects of particle-

particle, frictional forces between the particles and wall surfaces, and particle-wall

interactions. However, for industrial applications higher throughput rates are de-

sired, hence future studies should be performed at higher loading conditions to

evaluate the particle separation performance.

2. In the study related to gas cyclones, all the simulations and experimental studies

are conducted for a fixed cyclone diameter, however Brar et al. [189] has com-



7.3. Study Limitations & Future Work 153

putationally reported that cut-sizes increases with an increase in diameter. Thus,

future scalability studies investigating convex design cyclones will have great scope

in achieving classification objectives in gas cyclones.

3. As the modelling and experimental studies have been only focussed on for a fixed de-

gree of curvature, however the future optimization studies including conic curvature,

apex, and dust outlet diameters have greater role in optimizing the cyclone to

achieve coarser cut-sizes.

4. Typically, the bypass is controlled in industries by reducing the underflow diameter;

which in turn reduce the bypass and increases the cut-size for standard design hy-

drocyclone. Hence further investigations are required to evaluate the performance

of convex hydrocyclone designs, for variable underflow outlet sizes.

5. Optimization studies to find the relationship between the degree of curvature, solids

loading and underflow diameters will be of great benefit.

6. As discussed in Chapter 6, surface wall roughness after a threshold value increases

the underflow recoveries with high bypass. However, the dependence of process

variables such as the fluid density and viscosity of the fluid medium can play a key

role in influencing the threshold limit. Thus, future studies to understand the factors

that influence the threshold limit can provide valuable insights.

7. Further, as the internal walls acquire roughness due to hydro abrasion and wear and

tear, time-dependent models on surface wall roughness impact on the hydrocyclone

play a key role in helping industry practitioners make informed decisions on part

replacements to achieve sustained performance.
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Appendix A

Literature Review

A.1 Gravitational and Inertial Air Classifiers

A.1.1 Gravitational Classifiers

In a gravitational classifier, the particle equilibrium position depends on the force balance

between the gravitational force (Fm) due to the mass of the particle and the drag force

(FD). The settling velocity of a particle at equilibrium corresponds to the velocity of the

ascending air. All the finer particles with lower settling velocities rise upwards and exit

through an outlet vent. Coarser particles with higher settling velocities settle down into

the classifier. The gravitational force acting on a spherical particle is given by the following

equation.

Fm “ mpg (A.1)

Where ‘g’ is the acceleration due to gravity and mp is the mass of the particle which can be

calculated as the product of the density and volume of the particle. The above equation

can be written as follows:

Fm “ ρp
π

6
D3

pg (A.2)

The general form of drag force is given by the expression:

FD “ CD

πD2
p

4

ρgV
2
s

2
(A.3)

Where CD is the drag co-efficient which is strongly correlated with the Reynolds number

(Re) flow regime, ρg is the density of the gas and Vs is the settling velocity. The equation

of motion of the particle inside the gravitational classifier is given by equation A.4.

The content within this appendix have been published in Rasera2020 (see Appendix D)
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Figure A.1: Horizontal Cross-flow classifier: Particle tracks as a function of particle size
(Image Source: Wang et al. [15])

mp
dVp

dt
“ Fm ´ FD (A.4)

By substituting the expressions for mass and drag force in the above equation to get the

final form as:

mp
dVp

dt
“

π

6
d3pρpg ´ CD

πD2
p

4

ρgV
2
s

2
(A.5)

The settling velocity (Vs) at equilibrium for any diameter of the particle is obtained by

solving equation A.5

Vs “ 1.15

d

ρpDp

ρgCD
(A.6)

Cross-flow air classifiers, also known as winnowing machines, achieve a separation

of particles from the difference in trajectories of coarse and fine particles. It has the

advantage of rapidly producing multiple product-size fractions from a mixed feed. Wang et

al. [15] performed extensive experiments and CFD analysis to optimize the geometry and

process conditions. The sharpness and cut-size are influenced by the particle loading and

turbulence inside the classification chamber [15, 190]. It was observed that inlet velocity

has more influence on fine particles than coarser particles. At higher velocities fewer fine

particles report to coarser streams, however, coarser particles are carried into fines stream

[190]. By reducing the turbulence the fine particles are effectively carried by the drag,

hence sharper classification [15]. In this study, a large vortex was observed downstream

of the feed nozzle which caused the fine particles to report to coarser products. This

can be minimized by maintaining a negative pressure in a small region below the nozzle.

Further, the performance can be improved by modifying the hopper structure, ensuring

uniform inlet particle velocities [15]. Li et al. [191] have performed both experiments and

CFD simulations to optimize the design of the gravitational classifier by placing dispersion
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structures inside the classification chamber. It was found that the separation efficiency

decreases with an increase in the feed rate which agrees with the previous observation

made by Wang et al. [15] and Lai et al. [190]. Li et al. [191] observed that particle

packing is predominant as particle loading increases. Particle packing causes an increase

in pseudo-gravitational forces experienced by the fine particles. The particles then resist

the drag force and report to the coarse stream, resulting in increase of bypass and decrease

in sharpness of separation.

Manufactured sand, the by-product of rock crushing, has been proposed as an altern-

ative to fine aggregate in concrete because of a shortage of natural sand. Manufactured

sand has particles of sizes ranging from 6 mm to as fine as ď 75 µm. The fine dust must be

removed for it to be used as a natural sand replacement. Traditionally, manufactured sand

is water washed, which requires subsequent de-watering and disposal, causes contamina-

tion, and has a significant cost. Petit et al. [192] simulated cross-flow air classification for

dust removal from manufactured sands using CFD-DEM. A cross-flow air classifier with a

5 m/s inlet velocity produced the required product stream quality. Higher inlet velocit-

ies increased re-circulation zones detrimental to classification but re-engineering such a

classifier to operate at low flowrates may improve its performance.

Gravitational classifiers are in general used to classify the powders larger than 200

µm [190]. However, Lai et al. [190] performed controlled experiments in a closed loop

wind tunnel to improve their performance for fine particles. This is achieved by damping

the particle-wall interaction with lower turbulence inside the chamber. Experiments were

performed with Lead-Tin (Pb-Sn) alloy powder (ă 200 µm). They achieved finer cut-sizes

of 15 µm with particle flow rates up to 140 kg/h. It was reported that by having several

passes through the classifiers, the fine particle bypass can be reduced significantly. Though

this study has shown the promise of using gravitational classification for fine particles,

the challenge of throughput rates remains unaddressed. As particle flowrate increases,

the particle-particle interactions increase which results in lower sharpness and separation

efficiency [190]. In recent studies, CFD simulations were performed to understand the

flow structure and particle trajectories inside the gravitational air classifiers; which were

helpful in optimizing the design for improved classification [193, 194]. Banjac et al. [193]

optimized the flow conditions of Zig-Zag air classifiers to maximize the protein enrichment

in sunflower meals. Zhou and Shen [194] studied the effect of feed particles inlet velocity

on the inclined gravitational classifier in achieving multi-product classification.

As seen in Figure 2.2 the cut size (d50) range obtained by gravitational classifiers

is within the limits of aperture based method i.e., traditional sieving. Sieving is a low-

cost operation compared to gravitational classification. Hence, gravitational classifiers

are sparsely employed in industries for particle size-based operations and are usually em-

ployed for density-based classification operations.
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Gravitational classifiers have several advantages and disadvantages [195]. They are

simple devices with low capital and operating costs. Although they have a large foot-

print, they can be designed and adapted to suit the particular operational and material

requirements and can be used in multi-stage operations. However, they present signific-

ant challenges, particularly for classifying finely dispersed particles. High air velocities are

required to treat particles with high terminal velocities, which increase turbulence and

decrease performance [196]. Segregation in the feed hopper affects separation efficiency

[197, 198]. Despite these drawbacks, gravitational classifiers find wide applications and

are used for the recycling of solid waste materials including compostable materials, build-

ing materials, and electronic scrap. They are also used for the separation of vegetables,

grains, husks, shells, stones, spices, herbs, fibers, and finished textiles. Zig-zag classifi-

ers are used in car recycling to produce “shredder light fraction,” which is a mixture of

chopped light polymeric materials [198].

A.1.2 Inertial Air Classifiers

In gravitational classifiers, particles of certain sizes are removed through intermediate

cuts. These particles are removed along with the conveying gas through the exhaust duct.

The force acting on the particles is proportional to the amount of conveying gas available.

Hence, the total force acting on particles in the gravitational classifier gradually diminishes

with intermediate product removals. This causes a braking effect on the particles and

hampers the separation performance [199]. To circumvent this challenge inertial classifiers

was developed with the objective of maintaining the constant net resultant forces acting

on the particles. This is achieved by gradually varying inertial forces in proportion to

the reduced force because of the intermediate exhaust streams [199]. In gravitational

classifiers, the fine particles are carried by the drag force which is a linear function of

particle diameter. However, in inertial classifiers, the fine particles are acted on by the

gravitational or inertial forces which are a function of the mass of the particle and hence

proportional to the cube of the particle diameter [200]. Classification effects produced by

inertial forces are greater than the effect produced by gravitational force which results in

sharper separation with smaller cut-sizes.

When a particle-laden flow encounters a sharp change in direction in an inertial-air

classifier, the fine particles are carried by the gas, while coarse particles continue on their

original path due to their inertia. Inertial classifiers are divided into gravitational-inertial

and centrifugal-inertial classifiers. In centrifugal-inertial classifiers, the inertial forces act-

ing on the particles are further intensified because of the curved design of the classific-

ation chamber. A simple schematic depicting the operation of Gravitational-Inertial and

Centrifugal-Inertial classifiers are shown in Figure A.2. Gravitational-inertial classifiers

contain adjustable vanes and the annular gap between them varies according to their angle
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(a) Gravitational Inertial Classifier (b) Centrifugal Inertial Classifier

Figure A.2: Inertial Air-Classifiers. Image Source: Johansson and Evertsson [16, 17]

of orientation. As shown in Figure A.2, the air containing the particles enters through the

inlet, after reaching the separation chamber the air takes a sharp turn and passes through

the vanes carrying the fines along it. The unseparated fines which are blocked in between

the coarser particles are further classified as they intersect with secondary airflow in their

descent.

In many countries depleting resources of natural sand creates a huge demand for

manufactured sand in concrete and asphalt industries [201]. The objective of air classi-

fication in the manufactured sand process is to produce three product fractions from a

crushed rock feed (Size <2 mm): a coarse product (0.5–2 mm), an intermediate fraction

(63 µm–0.5 mm) and fines (<63 µm), where the size fraction <63 µm is undesirable

in the concrete industry [202]. Inertial air classifiers i.e., Gravitational-Inertial classifiers

are used to separate the particles around 150 µm as the first stage, with a capacity of up

to 200 tph. In the second stage, the Centrifugal-Inertial air classifier is used to separate

particles smaller than 100 µm [203]. Johansson and Evertsson [16] developed a CFD

model to understand the influence of the geometry of a gravitational-inertial classifier

on the flow field and classification efficiency. It was observed that turbulence and particle

crowding can influence the flow path resulting in bypass. Secondary air inlet angle and re-

circulation chamber design configurations may improve classification efficiency. Further,

Johansson and Evertsson [17] extended their CFD analysis to centrifugal-inertial classifier

design and found that secondary air moves particles from the intermediate stream to the

separation chamber. Though the strength of re-circulation flow is low, it is sufficient to

carry the fine particles along the flow stream [15, 17, 159]. Similar to cyclone separators,

in centrifugal-inertial classifier Sun et al. [9] found that extending the fine particle exit
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Figure A.3: A schematic of Throat Classifier (Image Source: Petit and Irassar [18])

pipe (i.e., vortex finder) into the classification chamber reduces secondary re-circulation

zones and increases classification efficiency [9, 204]

Petit and Irassar [18] developed a novel Throat classifier that is employed to prepare

manufactured sands. As shown in Figure A.3 the classifiers consist of two parallel cham-

bers separated by an inclined plane and vertical deflector plate. The airflow at the throat

of the classifier i.e., the narrow gap between the inclined plane and deflector plate brings

the classification effect which is a combination of gravity and drag forces. The feed is dis-

charged from the top section of the primary chamber, where it impacts the inclined plane.

The coarser particles bounce off the plate and fall into primary product discharge. The

fines and intermediates are carried by the airflow at the throat region into the second-

ary chamber, producing the classification effect. Some of the particles in the secondary

chamber settle to the bottom and are removed as a secondary product, whereas the fines

follow the air exit at the top. It is reported that the primary product cut-sizes vary between

50-400 µm, whereas the secondary product cut-size is in the range of 30-100 µm. This

novel throat classifier operates at lower velocities and pressure losses when compared

with Gravitational-inertial and Centrifugal-inertial classifiers developed by Johansson and

Evertsson [16].

The elbow jet classifier is a static sub-micron cross-flow inertial air classifier, producing

multiple cut sizes of particles based on the Coanda effect. The typical design of the elbow-

jet classifier is illustrated in Figure A.4. A Coanda jet is created by ejecting a high-pressure

gas containing the particles over a curved surface (Known as a Coanda block). Because

of the pressure differences, the gas-solid jet stream deflects and adheres to the curved

surface. The trajectories of the particles inside the classifier depend upon the drag force

and inertia acting on them. Owing to their low inertia, the finer particles get carried away

by the deflected low-pressure gas stream along the curved surface. The coarse particles
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Figure A.4: Elbow jet classifier: Particle tracks as a function of particle size (Image Source:
Liang et al. [19])

will separate from the mainstream because of their higher inertia. The magnitude of

deviation from the mainstream depends upon the particle diameter allowing for multiple

classifications [19, 205]. Liang [206] performed experiments using Talc powder (Density

- 2860 kg{m3) with a feed rate of 3.5 kg{h having solids loading of 10 mass percent (in

the air) in an elbow classifier under the pressure of 0.4 MPa (abs). They also construct

a 2D-CFD model to capture the cross-flow field inside the chamber using a standard k-ϵ

turbulence model. The trajectories of particles of various diameters were tracked through

Lagrangian Particle Tracking (LPT). The CFD model predicted cut sizes (d50) of the coarse,

medium, and fine fractions were in agreement with the experimental values of 1.9, 7.0

and 13.5 µm respectively.

Inertial air classifiers were first developed to prepare manufactured sands. How-

ever, gravitational-inertial and centrifugal classifiers require high air velocities and, hence

ceramic protection against erosion from particle-wall impacts [203] and produce signi-

ficant pressure losses. In contrast, throat classifiers have fewer particle-wall impacts and

hence lower operating and maintenance costs. Primary throat classifier chamber cut sizes

are comparable to gravitational-inertial air classifiers, while secondary chamber cut sizes

are similar to centrifugal classifiers [18]. Inertial air classifiers tend to have a larger

industrial footprint due to their open aerodynamic cycle, and an external filter system

is required to prevent fines from entering fans or creating dust, further increasing the

overall installed size. Elbow-jet classifiers can produce multiple product fractions, and

the robust design and scalability make it a popular choice for commercial applications

[207], however, high-pressure gas flow increases both CAPEX and OPEX. Elbow classifiers

have been used at extreme temperatures, such as for fine polymeric particles under cryo-

genic conditions [19], and hydroxyapatite at calcination temperatures of around 1200˝C

[208]. To summarize, it is observed from Figure A.7a that gravitational classifiers op-

erate with coarser cut-sizes i.e., 100 ě d50 with higher throughput values ranging from
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50-10,000 kg/h. Zig-Zag Classifiers (ZZC) offer the highest adaptability to scale for clas-

sifying particles having coarser cut-sizes i.e., 100 ď d50 ď 1000 µm. Counter-flow ver-

tical raise air classifier (CFVAC) separates particles within a narrow range of cut-sizes ie.,

100 ď d50 ď 200 µm. Cross-flow horizontal air stream classifier (CFH1 & CFH2) can vary

the cut sizes from 200 µm to 900 µm by increasing the incoming air flow rate.

Figure A.7b captures the operational characteristics of dry classifiers based on inertial

forces. As observed from Figure A.7b the Elbow-Jet classifier shows remarkable perform-

ance in terms of adaptability for higher throughput rates while yielding the cut-sizes ď 10

. Because of the compounding effect of inertial forces, the average cut-point diameter in a

Gravitational-Inertial classifier (GIC) is brought down while processing at similar through-

put rates, whereas Centrifugal-Inertial Classifiers (CIC) are able to effectively classify with

cut-sizes ranging from 20 to 100 µm, respectively. The novel throat classifier has a similar

range of cut-sizes as compared to Gravitational, Centrifugal-Inertial classifiers. As ob-

served from Figure A.7b throat classifiers have lower throughput rates in their pilot plant

studies when compared with GIC and CIC equipment. But it is to be noted that throat

classifiers operate under lower air velocities and pressure losses when compared with the

GIC and CIC [18].

A.2 Fluidizers

Fluidization is widely used in chemical (fluidized catalytic cracking) and mineral pro-

cessing industries (drying, calcining, and sulphide roasting), etc. Fluidization generates

intense mixing between solid particles which is exploited to enhance heat transfer to

achieve uniform temperatures across the bed. Depending upon the process and operating

conditions fluidized beds exhibit distinctly different behaviors of segregation and mixing.

Segregation is an unwanted phenomenon as it results in poor mixing of particles which

promotes undesired properties like uneven temperature distribution in the bed, catalyst

agglomeration, etc. However, segregation has applications in particle classification, clean-

ing of agglomerated ash from gas fluidizers [209].

The fluidized bed air classifier is a gravitational counter-current flow classifier. The

material on the supporting grid is scavenged by the raising current of air thus creating a

fluidized bed. Hence a fluidized bed classifier is able to segregate particles based on dis-

similar drag forces. The particle position inside the separation chamber is determined by

the force balance between drag and gravity acting on the particles. The drag force domin-

ates for fines thus they get carried away by the exiting airflow. Whereas, the gravitational

force dominates drag for coarser particles which makes them fall down and move from the

discharge outlet. The presence of collision surfaces inside the fluidiziers further enhances

the sharpness of classification [210]. Baffles in the fluidized beds enhance the particle
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segregation by suppressing the circulation, and particle axial mixing, and breaking the

bubbles in the fluidized bed [209, 211–213].

Rowe and Nienow and their co-workers made early contributions to fluidized-bed

segregation studies [214, 215]. They were the first to use the terms Jetsam and Flotsam

which are widely used in binary fluidized beds [209]. The solids fraction which floats

towards the top of the bed is called Flotsam and the fraction which sinks to the bottom

of the fluidized bed is termed Jetsam. Gibilaro and Rowe [215] defined a correlation for

the extent of segregation of particles in binary mixtures using Mixing Index pMq, which is

dependent upon factors such as density, size, and superficial gas velocity (u0) as given by

equation A.7. The mixing Index is determined by the jetsam fraction in the top bed xj,t to

the jetsam fraction when completely mixed xj,0. It is observed from the correlation that

the density difference between the particles has more influence on segregation than the

size difference.

M “
xj,t
xj,0

“ fpu0q

ˆ

ρj
ρf

̇2.5ˆ dj
df

̇0.2

(A.7)

Hoffmann and Romp[216] studied the effect of fluidization velocities on wide and con-

tinuous size distributions of sand particles.[216] The mode of incoming inlet air flowrate

has a strong influence on segregation efficiency. It was observed that by changing the

inlet air from continuous to pulsating (Pulsating frequency 1-10 Hz) there is significant

improvement in segregation efficiency. Studies reveal that the pulsation helps in mitigat-

ing the channel/slug flows in the bed thereby reducing the gas bypassing and also helps in

improving the gas-particle contact inside the fluidized bed.[217–219] Figure A.5 depicts

the before and after segregation of particles in a cylindrical fluidized bed for a pulsed air

inlet with a frequency of 1 Hz. It was observed that segregation efficiency had increased

because the pulsating flowrates reduces static channelling structures in the bed.[219]

Figure A.5: Saidi et al. depicted the segregation of particles based on the size (Blue - 920
µm, white - 330 µm ) from the mixed feed Saidi et al. [219]
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Figure A.6: Continuous Fluidized bed particle classifier Yoshihiro et al. [20]

Yoshihiro et al. [20] designed a continuous fluidized bed classifier as shown in Fig-

ure A.6. The total air required to classify the material through fluidization is divided

and blown through the first gas chamber (Primary air) and second gas chamber (Sec-

ondary air). The primary air flow rate is greater than the secondary air flow rate, so

the coarse particles are fluidized in the first gas chamber. The lower gas velocities in the

secondary chamber prevent the coarse particles from being fluidized and mixed with the

fine particles. The fine particles are removed through the side outlet whereas the coarse

particles exit through the bottom outlet [20]. Recently Jayarathna et al. explored the

applicability of fluidized bed classification for high-temperature, fully integrated calcium

looping (FICaL) in a CO2 capture plant by conducting cold-flow experiments on Zirconia

(Sorbent) – 69 µm and Steel (Heat Transfer-HT solids) -290 µm [220–222]. A novel multi-

stage cross-flow fluidized bed attained recoveries of 90% and 99% for lighter (Sorbent)

and heavier (HT-Particles) components [220]. By improving the design of the classifier

shape with the help of CFD simulations, the recoveries were further improved to 97% and

98% for lighter and heavier particles, respectively [222].

Nguyentranlam and Galvin [223] developed a reflux classifier; by stacking inclined

channels above conventional fluidized bed. The particle segregation happens near the

upward-facing inclined channels. The heavier particles slide along the inclined surface and

then fall into the fluidization zone, which provides a chance for particles to re-participate

in the classification process [223]. Water-based fluidized reflux classifier has been suc-

cessfully deployed in industries for various applications [224]. Further, Callen et al. [225]
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(a) Gravitational-Air classifiers (b) Inertial-Air Classifiers

Figure A.7: Charts depicting the operational characteristics for Gravitational and Inertial
air classifiers

explored the possibility of using a reflux classifier for gas-solid particle classification based

on size. It was reported that the cut-size is increased with an increase in superficial gas

velocity and decreases with an increase in the number of inclined parallel channels [225].

Rapid mixing in fluidized beds offers effective heat and mass transfer, allowing rapid

heating and cooling [226]. Further, the absence of moving parts results in low main-

tenance costs. Fluidisation can be used for pre-concentration of mineral sands [227],

classification [228], or combined with drying [229]. Operating drawbacks include slug

formation, and attrition and erosion cause particle fragmentation or abrasion [230], of-

ten limiting fluidization to hard materials. Contamination of products with traces of bed

particles may require downstream treatment, increasing costs [226].

Galperin and Shapiro [231] demonstrated that in air-fluidizers the cut size can be

varied in a wide range (52 µm – 420 µm) by varying the air flow rate (1 - 6.7 m3{min).

The efficiency in terms of effective classification is increased by 15-20% compared with

conventional gravitational separators. Further, the efficiency is not compromised with the

increase in loading which indicates the robustness of fluidization as a particle classification

technique [231].
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Figure B.1: Free fall of particles into the flowing stream of air results in accumulation of
particles on the cyclone walls.

Figure B.2: A particle dispersion chamber is incorporated before the cyclone inlet to
generate an aerosol for dispersing solids in air. However, particles tend to adhere to the
chamber walls and accumulate in the dead zones.
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Figure B.3: A compact aerosolization chamber eliminates the problem of particle agglom-
eration along the walls. However, the pressure inside the system could not be maintained
due to hair-line leaks.
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Figure B.4: Figure depicting the novel method to capture the particles exiting through
the dust outlet using expandable chamber.



Appendix C

Supplemental Data for Chapter 5:
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C.1 Empirical Models from Industrial Data:

In this section the discuss the developmental emprical model to predict the separation

metric of 650 mm hydrocyclone. All the experiments were performed by Anglo American

on standard and novel convex-bottom hydrocyclone designs. Using the experimental data,

predictive models were developed to evaluate both standard and novel hydrocyclones

using input design variables; dimensions, and operating conditions of a hydrocyclone to

predict the parameters such as bypass, cut size, sharpness of classification, flowrate, and

recovery ratios. While empirical models in literature (Plitt [232] and Nageswararao et al.

[233]) were initially tested, the results were unsatisfactory for some quantities, leading to

develop a own non-linear regression models for sharpness and feed flowrates. The final

models were then subjected to Monte Carlo simulations within the design space to explore

possible outcomes.

188
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Figure C.1: Parameters used to predict hydrocyclone performance and the mod-
els/methodology used for their prediction.

C.1.1 Plitt Model: For prediction of Bypass through underflow recovery.

d50c “
50.5D0.46

c D0.6
i D1.21

o expr6.3ϕs

D0.71
u h0.38Q0.45 pρs ´ ρlq

0.5
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3.28 pDu{Doq

331 h0.54
`

D2
u ` D2

o

˘0.36
ρ0.24p expr0.54ϕs

P 0.24D1.11
c

Rv “
S

1 ` S

m “ 1.94 exp r´1.58Rvs

„

D2
ch

Q

ȷ0.15

P “
1.88Q1.78 expr0.55ϕs

D0.37
c D0.94

f h0.28 pD2
u ` D2

oq
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(C.1)

Plitt mentions that due to the interdependency of the recovery of solids and the flow split,

the calculation of R has to be done iteratively. However, it has been shown that this is not

required and that this calculation can be done directly. By calculating the total volumetric

recovery from equation 3.33, and the solids recovery due to classification from,

Rc “

n
ÿ

i

cifi

the water recovery, Rf , can be calculated from

Rf “
Rv ´ ϕRc

1 ´ ϕRc

Note that in the above Equations, the units are: Dc, Di, Do, Du, hp cmq;Qpl{ mq;P pkPaq; ηppcPq;

CVp%q; d50cpµmq; ρs, ρ1
`

g{cm3
˘

.



C.2. Experimental Conditions 190

(a) Bypass versus water recovery (Rf) (b) Prediction of water recovery by Plitt model

Figure C.2: Bypass model: Bypass is predicted indirectly using water recovery (Rf) using
Plitt model

C.1.2 Nageswara Rao Model: For Cut size determination
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(C.2)

Note that in above Equation, the units are:

Dc, Di, D0, Du, Lcpmq; θ (degrees); Q
`

m3{h
˘

;P pkPaq; g
`

m{s2
˘

; ηpcPq;RV, Rf , CV (frac-

tion); ds0c pµmq; ρp
`

t{m3
˘

C.1.3 Feed Flowrate model: Non-linear regression model

Qs “ 37.03

ˆ

D2
c

DoDu

̇´0.193

pEu ˚ Frq0.575
ˆ

µs

µw

̇0.611

(C.3)
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Figure C.3: Cut size as a function of hydrocyclone design is modelled using Nageswara
Rao model

Figure C.4: Feed solids flowrate is modeled using our own Non-linear regression model
as a function of hydrocyclone design is modelled using Nageswara Rao model
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Table C.1: Statistics of non-linear regression model for feed solids flowrate

Regression Statistics

Multiple R 0.96069

R Square 0.922925

Adjusted R Square 0.90751

Standard Error 0.053321

Observations 19

Coefficients Standard Error P-value

Intercept 3.611824 0.267627 8.55E-10

ln(Dc2/(DoDu) -0.19332 0.071003 0.015725

ln(gamma) 0.575153 0.091711 1.5E-05

ln(viscosity) 0.611235 0.046386 1.19E-09

C.2 Experimental Conditions

C.3 Hydrocyclones Predictive models for Monte Carlo simula-

tions
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Table C.2: Design and operating conditions for the plant trails

Test No.
Apex/VF

Ratio
VF diameter

(Do-mm)
Apex diameter

(Du-mm)
Pressure

Mass
Loading (%)

Design

1 0.81 260 210 110 65 Standard
2 0.75 280 210 110 45 Standard
3 0.63 240 150 80 65 Standard
4 0.58 260 150 80 45 Standard
5 0.54 280 150 95 45 Standard
6 0.88 240 210 95 65 Standard
7 0.79 240 190 95 55 Standard
8 0.63 240 150 110 55 Convex
9 0.68 280 190 80 65 Convex

10 0.79 240 190 110 45 Convex
11 0.75 280 210 80 55 Convex
12 0.79 240 190 95 55 Convex
13 0.75 280 210 110 45 Convex
14 0.79 240 190 95 55 Convex
15 0.88 240 210 80 45 Convex
16 0.54 280 150 110 65 Convex
17 0.63 240 150 110 55 Convex
18 0.75 280 210 80 55 Convex
19 0.75 280 210 110 45 Convex
201 0.63 240 150 110 55 Standard
202 0.63 240 150 80 65 Standard
203 0.79 240 190 95 65 Standard
206 0.54 280 150 80 65 Standard
207 0.63 240 150 110 40 Convex
208 0.68 280 190 80 40 Convex
209 0.68 280 190 80 45 Convex
210 0.68 280 190 95 45 Convex
211 0.68 280 190 80 55 Convex
212 0.63 240 150 95 55 Convex
213 0.63 240 150 80 55 Convex
214 0.88 240 210 130 65 Convex
215 0.63 240 150 110 65 Convex
216 0.54 280 150 80 65 Convex
217 0.68 280 190 95 65 Convex
218 0.68 280 190 110 65 Convex
219 0.63 240 150 110 40 Standard
220 0.68 280 190 80 40 Standard
221 0.68 280 190 80 45 Standard
223 0.68 280 190 80 55 Standard
224 0.63 240 150 95 55 Standard
225 0.63 240 150 80 55 Standard
226 0.63 240 150 80 65 Convex
227 0.79 240 190 95 65 Convex
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Table C.3: Monte Carlo model input variables and output predictions

Hydrocyclone Predictive Models

Inputs: Predict:

Hydrocyclone type Cut size

Hydrocyclone dimensions Sharpness

Operating Pressure Fines Bypass

Feed solids concentration Flowrate (solids & liquid)

Feed size distribution
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A R T I C L E I N F O
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A B S T R A C T

Dry particle classification is an important step in dry particle processing. A thorough literature review is
conducted on the available dry particle classification technologies. A detailed discussion is presented on
each class of equipment based on the active forces (including centrifugal, gravity, and inertial) that cause
particle segregation. Special attention is given to centrifugal classifiers because of their adaptability to a wide
range of cut sizes and high throughputs. Interestingly, literature studies on gas cyclones show that they are
conventionally used as gas-solid separators with cut sizes 𝑑50 less than 3 μm rather than as a particle classifier.
Further, throughput rate and cut size (𝑑50) data were collated for all the equipment reviewed. A new graphical
illustration of throughput rate vs cut size is used to identify the major gaps in dry classification technology
and to recommend research directions.

1. Introduction

Water is critical to the performance of most mineral processing cir-
cuits. Huge quantities of water are consumed daily in various unit oper-
ations like comminution (grinding), flotation, slurry transportation, and
all hydrometallurgical operations (Napier-Munn and Morrison, 2003).
It has been estimated that around 1 kiloliter of water is required to
process a tonne of ore (Brown, 2002). There is a significantly increased
demand for water for the basic needs of a growing population, agricul-
ture, and other industries. These needs, combined with growing water
scarcity due to climate change, and stricter regulatory standards for
water abstraction and disposal places the future of water-based mineral
processing under scrutiny.

Dry mineral processing offers reduced mining water demand. It
is considered to be economically viable due to lower capital and
operational costs with a smaller plant footprint (Napier-Munn and
Morrison, 2003). Franks et al. (2015) have reported that Dry Sand
Fluidized Bed (DSFB) only in combination with heap leaching may have
economic benefits with reduced energy and water requirements in a
copper ore processing flow sheet. Dry mineral processing methods are
classified broadly into size reduction (comminution) and separation.
Dry separation uses forces generated by gravity, centrifuges, magnet-
ics, electricity, and so forth to separate a collection of particles into
groups of different sizes and compositions. Classification is a specific
operation that deals solely with particle separation into sized fractions.
Size classification is affected by particle physical properties such as

∗ Corresponding author at: Imperial College London, Department Earth Sciences and Engineering, Exhibition Road, London, SW7 2AZ, United Kingdom.
E-mail address: a.pukkella20@imperial.ac.uk (A.K. Pukkella).

size, shape, and density. Particle size classification is broadly grouped
into two classes; those that take advantage of carrier fluid to create
differences in particle trajectory, which is strongly dependent upon the
size and density of the particles because of fluid dynamic interaction
forces. In dry separation, this fluid is generally air. The second class
of classifier is based on the particle’s ability (or probability) to pass
through an aperture, such as a screen. This is not generally efficient
for fine particles, and will not be reviewed in detail.

Size classification can be carried out wet or dry. In mineral pro-
cessing, wet classification techniques are generally preferred over dry
technologies (Wills and Napier-Munn, 2005). However, with an increas-
ing focus on reducing water consumption in the minerals industry, dry
technologies are receiving more attention. Dry separation technologies
present a range of challenges, including low throughput rates, narrow
cut size ranges, high operating costs, and the need for dust mitigation.
Furthermore, efficient dry classification requires low powder mois-
ture content to avoid blocking equipment. Although wet classification
technologies address many of the above challenges it also presents
difficulties. There are significant costs associated with accessing water
and water handling, tailings dams and their management and the
elimination of harmful chemicals before their disposal. Wet processing
is often not possible in very arid climates and sub-zero conditions.

Dry size-based particle classification has important applications
in a variety of industries, such as minerals and cement, agriculture,
food processing, pharmaceuticals, and resource recycling. The world

https://doi.org/10.1016/j.mineng.2023.108208
Received 29 January 2023; Received in revised form 15 June 2023; Accepted 19 June 2023

197



Powder Technology 433 (2024) 119217

Available online 28 November 2023
0032-5910/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Contents lists available at ScienceDirect

Powder Technology

journal homepage: www.journals.elsevier.com/powder-technology

Design of parabolic conic gas cyclones for coarse particle classification: A
CFD study with Response Surface Methodology
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H I G H L I G H T S

• Effect of conic curvature on particle
classification is studied using CFD simu-
lations.

• CFD model validates predictions for stan-
dard design with reported experimental
results.

• Coarser cut-sizes are observed for curved
conic designs (Parabolic convex and con-
cave).

• Particle tracks, flow profiles, and TKE
contours provide a plausible explana-
tion.

• D-optimal design and Response surface
methods analyze variable interaction ef-
fects.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Cyclone classifier
Parabolic conic
CFD
Particle tracking
Monte Carlo simulations

A B S T R A C T

Gas cyclones have traditionally been used as particle separators to remove dust from gas streams, with the
goal of achieving a dust-free gas flow at the exit pipe and recovering particles to the dust outlet. Typically,
the particle size for removal to the dust outlet is less than 1 μm. However, gas cyclones can also be targeted
for particle classification rather than particle removal. In this study, the effect of the shape of the curved
conical wall, specifically the parabolic concave and convex conic designs, on particle classification in a 31 mm
diameter gas cyclone was evaluated using Computational Fluid Dynamics (CFD). The CFD model predictions
for standard small-scale gas cyclones were validated using experimental data available in the literature for
various inlet flow rates. The curvature of the conical wall varied from convex to concave, resulting in the
observation of sharper and coarser cut sizes for the parabolic conic designs. The cut size increases to 4.91 μm
for the concave design at a flow rate of 30 liters per minute, compared to 3.38 μm and 2.65 μm for the convex
and standard design cyclones, respectively. The axial, tangential, pressure, and turbulent kinetic energy profiles
were used to provide an explanation for the observed results. The interaction effects between the parameters
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A B S T R A C T
This study investigates experimentally the influence of conic curvature and surface-wall roughness
on the separation performance of gas cyclones. Computational Fluid Dynamics (CFD) modeling was
employed to explain the underlying physics. Gas cyclones (31 mm diameter) were 3D printed with
different surface textures. A novel dust particle collection technique was developed to measure the
particle size distribution of the sample from the dust outlet. Experimental analysis comparing standard
and convex design cyclones revealed that increased flow rates improved overall solids recovery for
both designs. However, the convex design consistently exhibited lower solids recoveries with coarser
cut sizes resulting in a classification effect. Particle separation efficiency was shown to increase with
flow rate and particle size, with a characteristic fish-hook trend observed for particles under 2 microns
that diminished at higher flow rates.

CFD simulations revealed that axial and tangential velocities, as well as static pressure profiles,
were influenced by surface-wall roughness, resulting in lower tangential velocities and shorter natural
vortex lengths for rough designs. Rough wall surfaces were associated with decreased collection
efficiency for both cyclone designs. These findings highlight the significance of cyclone geometry
and surface conditions on separation performance and suggest that roughness could be leveraged as a
design variable for optimizing classification efficiency.

1. Introduction
Gas cyclones are widely used in industrial processes for1

separating particles from gas streams due to their simple2

design, low maintenance, and ability to handle large volumes3

of gas under harsh conditions. Traditionally, the primary4

objective of gas cyclones is the complete removal of solid5

particles from the gas stream (separation), which is critical6

in applications such as pollution control, material recovery,7

and gas purification [1, 2]. The separation efficiency of a8

cyclone is influenced by several design factors, including the9

cyclone’s geometry and the operating conditions [3, 4]. Con-10

ventional cyclone designs feature a cylindro-conical section11

where centrifugal forces drive particle separation, with the12

goal of minimizing the cut-size, thereby removing as many13

fine particles as possible [5].14

Extensive research has been conducted on the influence15

of design and operational parameters on the performance16

efficiency of gas cyclones. Investigations into inlet dimen-17

sions, including height and width, have underscored the18

significance of design choices in influencing pressure drop19

and cut-off diameter, highlighting the need for optimization20

in cyclone design [6]. The use of innovative inlet config-21

urations, such as double spiral and angular helical roof,22

have been shown to improve flow symmetry, suggesting that23

alternative geometries can enhance separation efficiency [7–24

9]. Vortex finder design modifications, including changes in25

angle and shape (converging and diverging), have also been26
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explored, indicating that careful consideration of these ele- 27

ments can impact particle separation performance [10, 11]. 28

The ratio of cylinder length to conic section length has been 29

noted as a critical factor, with implications for separation ef- 30

ficiency [12]. More recently, investigations into conic curva- 31

ture have highlighted its role in influencing design outcomes, 32

emphasizing the need for a nuanced understanding of how 33

geometric variations can affect overall cyclone performance 34

[13, 14]. These studies collectively illustrate the importance 35

of design implications in optimizing cyclone functionality. 36

While most studies focus on gas cyclones as particle 37

separators achieving smaller cut sizes, some research has 38

explored their classification capabilities. Yoshida [15] exam- 39

ined how apex cone angle and clearance can enhance classi- 40

fication efficiency through blow-up flow, achieving cut sizes 41

between 2 and 38.07 µm. Oshitari et al. [16, 17] found that 42

blow-up flow improves classification sharpness, resulting in 43

cut sizes of 18 to 29 µm. Additionally, Caliskan et al. [18] 44

demonstrated a cyclone design with internal collector rings 45

capable of classifying particles into four size classes. These 46

studies suggest a growing interest in the potential of gas 47

cyclones to function as classifiers. 48

However, the need for coarser cut-sizes in gas cyclones is 49

becoming increasingly important not only due to industrial 50

applications [19–22] but also due to the challenges asso- 51

ciated with water usage in separation processes. Hydrocy- 52

clones, which are widely used in wet classification, depend 53

on water for particle separation. However, in regions with 54

arid or cold climates, dry classification presents a viable 55
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A B S T R A C T
Hydrocyclones in ball-mill classifier circuits have traditionally faced the challenge of fines bypass,
driving the exploration of alternatives such as Derrick screens. However, our study demonstrates that
optimizing hydrocyclone design, specifically with convex-conic geometry, can achieve lower bypass
with coarser cut sizes. Through a combination of Computational Fluid Dynamics (CFD) simulations
and lab-scale experiments, we consistently observed that convex-conic hydrocyclones deliver coarser
cut sizes and lower bypass rates compared to standard hydrocyclones across a range of flow rates.

CFD results revealed that convex designs exhibit distinct flow characteristics, such as higher axial
velocities near the apex and lower radial velocities at the center, and lower tangential velocities
creating a favorable environment for particle classification and reducing fines bypass with coarser
cut size. Experimental findings confirmed these trends, with the convex design achieving lower
underflow recoveries and reduced bypass at all tested flow rates. For instance, at a flow rate of 1000
𝑚𝐿∕𝑠, the convex hydrocyclone reduced fines bypass to 18.6%, compared to 24.6% for the standard
design, while producing a coarser cut size of 94 µm versus 78 µm. These findings prove that convex-
conic hydrocyclones offer superior performance, making them a cost-effective alternative to Derrick
screens.

1. Introduction
Hydrocyclones have established themselves as integral1

components in a wide range of industrial processes, facilitat-2

ing efficient particle separation and classification. These de-3

vices find applications in ore processing, chemical engineer-4

ing, and mineral beneficiation due to their simple design and5

capability to separate solid particles from liquid suspensions6

[1, 2]. Hydrocyclones are employed in mill-classifier circuits7

in mineral industries; where, the coarse fraction (i.e., under-8

flow) is sent back for further milling. Nonetheless, within9

a conventional hydrocyclone, the intricacies of the internal10

flow field invariably result in a compromised classification11

process, whereby fine particles become entrained in the un-12

derflow. These fine particles, evading proper separation and13

finding themselves misallocated to the underflow, are known14

as ‘bypass’. Importantly, the presence of these bypassed fine15

particles enhances the yield of particles in the underflow,16

while reducing water recovery. This aspect holds particular17

significance for dewatering operations. Roldanvillasana et al.18

assert that the bypass effect should be regarded as a prevalent19

occurrence rather than an incidental anomaly [3].20

Bypass reduction in hydrocyclones in mill-classifier21

closed circuits can improve separation efficiency, reduce22

power consumption, and improve product quality by re-23

stricting the flow of fine particles to the underflow stream.24

Research has shown that bypass reduction can lead to25

significant improvements in mill circuit performance and26

should be considered an important operational parameter in27
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such circuits [4]. As noted by Napier-Munn et al., reducing 28

the bypass can increase the circuit capacity and improve the 29

grinding performance in a closed circuit. 30

From past research, it is understood that the bypass is 31

influenced by the change in either operating conditions or 32

by the design modifications. Cilliers et al. have studied the 33

effect of temperature on the classification and dewatering 34

characteristics of 10 mm hydrocyclones. They reported that 35

the bypass increased with the temperature of the suspension 36

(studied range: 10-60◦C) [5]. Frachon and Cilliers [6] ob- 37

served that bypass increases with an increase in pressure and 38

stays relatively constant at higher feed flowrates. Banerjee 39

et al. also observed that bypass increases with feed pressure 40

and decreases with solids loading [7]. 41

The separation of particles in the hydrocyclone primarily 42

begins in the conical section. For a conventional straight- 43

cone hydrocyclone, Fu et al. has investigated the effects 44

of cone angle, and was observed that separation efficiency 45

was influenced more strongly for a fixed cylindrical diam- 46

eter than for a fixed total hydrocyclone length [8]. Yang 47

et al. have reported that tapering the cylindrical body can 48

effectively reduce the fine particle’s misplacement to the 49

underflow [9]. Jiang et al. increased the cone angle to 180°, 50

creating a flat-bottomed, cylindrical hydrocyclone. It was 51

observed that the flat-bottomed structure had lower axial 52

velocities and increased particle residence times, thereby 53

reducing the bypass behavior [10]. Jiang et al. have reported 54

that the effect of the ‘W’-shaped apex structure reduced the 55

bypass by increasing the axial velocity of the inner vortex 56

while reducing the outer vortex [11]. According to Hou 57

et al. [12], enlarging the upper diameter of the spigot in 58

a cylindrical hydrocyclone has been found to reduce the 59
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A B S T R A C T
The impact of hydrocyclone design and operation on particle separation has been extensively studied.
However, scant attention has been paid to wall surface roughness, despite its relevance to industrial
scenarios. This study investigates the influence of surface-wall roughness on hydrocyclone perfor-
mance through Computational Fluid Dynamics (CFD) modelling and experimental analysis. Flow
properties and particle separation characteristics between smooth and rough-surfaced hydrocyclones
at various flow rates were investigated. CFD analysis reveals a threshold surface-wall roughness above
which underflow water recovery significantly increases. Additionally, the axial, tangential, and radial
velocities, as well as pressure distribution profiles, exhibit distinct trends for smooth and progressively
rough hydrocyclones.

Experimental studies were conducted on 75 mm diameter hydrocyclones, 3D-printed with three
different degrees of surface roughness for water-only and 5% solids conditions. The experimental
observations support the trends predicted by CFD. Rough-surfaced hydrocyclones demonstrate
significantly higher underflow solids recoveries, with values increasing up to 58%, compared to
46% for smooth-surfaced hydrocyclones at a flow rate of 1000 𝑚𝐿∕𝑠. At the highest flow rate of
1500 𝑚𝐿∕𝑠, rough-surface hydrocyclones show a 27% higher underflow solids recovery than smooth
designs. Additionally, rough-surfaced hydrocyclones achieved higher underflow solids concentration
at increased flowrates compared to smooth hydrocyclones, with concentration ratios ranging from
1.36% to 2.2% compared to 1.44% to 1.93% for smooth surfaces.

These findings underscore the complex interplay between flow dynamics and particle separation
in hydrocyclones, highlighting the potential of surface-wall roughness to enhance separation perfor-
mance. These findings are important in maintaining and improving hydrocyclone performance in
industrial applications requiring dewatering applications and high solids recovery.

1. Introduction
Hydrocyclones play a crucial role in various industrial1

processes, offering efficient particle separation and classifi-2

cation in applications such as ore processing, waste-water3

and effluent treatment, catalyst recovery operations, and4

mineral beneficiation [1, 2]. In prior research on hydrocy-5

clones, the focus has predominantly been on understanding6

the impacts of design geometry and operational parameters7

on key performance metrics such as cut size, recovery,8

separation efficiency, pressure, and capacity. However, these9

studies typically operate under the assumption of smooth10

wall surfaces, overlooking the practical reality of wall rough-11

ness as changing internal wall surface roughness due to wear12

during operation. Despite its significant influence on the13

hydrocyclone’s flow field, wall roughness effects have not14

been studied comprehensively.15

Fontein et al. first documented the influence of wall16

roughness on the reduction in tangential velocities and pres-17

sure drop. In his study involving 30 mm diameter hydro-18

cyclones, he compared the smooth cyclone with an artifi-19

cially roughened cyclone (roughness height parameter (ks)20
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= 110-150 microns). It was observed that, for a constant 21

pressure drop the flow rate increased from 13.2 lpm to 18.8 22

lpm with an increase in underflow solids recovery from 23

10.4% to 24.3% [3]. Bradley reported that no differences 24

were observed between ‘machined’ and ‘highly polished’ 25

hydrocyclones. This finding suggests that wall roughness 26

must surpass a certain threshold to have a significant effect 27

on cyclone performance [2]. Zhao et al. studied the effect of 28

surface wall roughness in hydrocyclones under equal flow 29

rate and equal inlet pressure conditions. Their CFD model 30

was validated experimentally on a hydrocyclone with a 150 31

mm diameter and a roughness height of 117 microns. It is 32

reported that equal pressure conditions can provide supe- 33

rior separation results with higher capacity than equal flow 34

rate conditions. However, the roughness adversely affects 35

the separation and flow field in both cases [4]. Hou et al. 36

studied the effect of wall roughness on a flat-bottom 200 37

mm cylindrical hydrocyclone using CFD simulations. It was 38

observed that as the wall structure changes from smooth to 39

rough-wall, with a roughness height of 100 microns, the fines 40

bypass increases from 9 to 12%, making the cut size coarser, 41

from 77 to 88 microns [5]. 42

Though surface roughness in hydrocyclones has not been 43

explored extensively, it has been well-researched in gas 44

cyclones. Initial attempts to incorporate surface roughness 45

Pukkella et al.: Preprint submitted to Elsevier Page 1 of 18

201


	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Research Context
	Motivation and Objectives
	Thesis Structure
	Scientific Dissemination
	Journal Publications
	Conference presentations


	Literature Review
	Dry classifiers: Classification based on particle separation
	Centrifugal Air Classifiers
	Static Centrifugal Classifiers: Cyclone Separators
	Dynamic Centrifugal Classifiers: Rotary classifiers

	 Gas Cyclones
	Hydrocyclones
	Effect of roughness in gas cyclone and hydrocyclones
	Roughness studies in gas cyclones
	Roughness studies in hydrocyclones

	Research Gaps
	Summary and Thesis Objectives

	Design of Parabolic Conic Gas Cyclones for Coarse Particle Classification: A CFD Study with Response Surface Methodology
	Background
	CFD Modelling Methodology
	Modelling of airflow and selection of turbulence model
	Modelling of particle motion
	Geometry and Boundary conditions
	Grid Independency and Model Validation

	Response Surface Methodology: Theory
	Design of Experiments:
	Variables and Responses
	Response Surface Methodology Model

	Results and Discussion
	CFD Analysis: Standard design model validation
	CFD analysis of parabolic designs
	Axial Velocity
	Tangential Velocity
	Static Pressure
	Particle Separation Characteristics

	Response Surface Methodology: Results
	Analysis of Variance
	Analysis of Responses
	Monte Carlo Simulations


	Summary

	Impact of Conic Curvature and Wall Roughness on Gas Cyclones: A Computational and Experimental Study
	Background
	Experimental Methodology
	Novel method to capture the overflow particles 

	CFD Modelling Methodology
	Turbulence Modelling
	Geometry and Boundary conditions

	Results and Discussion
	Experimental Analysis: Effect of Conic Curvature
	CFD Analysis: Understanding the influence of roughness
	Axial Velocity
	Tangential Velocity
	Static Pressure

	Cyclone Performance Analysis

	Summary

	Influence of Conic Shape on Bypass and cut size in Hydrocyclones
	Background
	CFD Modelling Methodology and Experimental Methods
	Capturing the Turbulence
	Air-Core Formation: Volume of Fluid (VOF) Theory
	Discrete Phase Particle Motion
	Simulation Details
	Geometry and Boundary conditions
	Meshing and Grid Independency

	Model Validation
	Experimental setup and Methods

	Results and Discussion
	CFD Analysis: Understanding the flow-field
	Axial Velocity
	Tangential Velocity
	Radial Velocity
	Static Pressure
	Air-Core formation

	CFD Analysis: Particle separation characteristics
	Experimental Analysis: Water-only
	Experimental Analysis: Particle Separation
	Industrial case study


	Summary

	The Influence of Surface-Wall Roughness on Hydrocyclone Performance
	Background
	CFD Modelling Methodology and Experimental Methods
	CFD Modelling theory
	Capturing the Turbulence
	Modelling air-core formation: Volume of Fluid (VOF) Theory
	Modelling of discrete phase particle motion

	Simulation Set-up
	Geometry and Boundary conditions

	Meshing and grid independecy
	Experimental setup and Methods

	CFD Results and Analysis
	Effect of surface-wall roughness
	Flow-field Analysis
	Axial Velocity
	Tangential Velocity
	Radial Velocity
	Pressure

	CFD particle separation characteristics

	Experimental results
	Water-only flow splits
	Experimental particle separation analysis

	Conclusions

	Conclusions and Future Work
	Thesis Summary
	Conclusions
	Study Limitations & Future Work

	Bibliography
	Appendices
	Appendix Literature Review
	Gravitational and Inertial Air Classifiers
	Gravitational Classifiers
	Inertial Air Classifiers

	Fluidizers

	Appendix Supplemental Data for Chapter 4: ``Impact of Conic Curvature and Wall Roughness on Gas Cyclones: A Computational and Experimental Study'' 
	

	Appendix Supplemental Data for Chapter 5: ``Influence of Conic Shape on Bypass and Cut-Size in Hydrocyclones'' 
	Empirical Models from Industrial Data:
	Plitt Model: For prediction of Bypass through underflow recovery.
	Nageswara Rao Model: For Cut size determination
	Feed Flowrate model: Non-linear regression model

	Experimental Conditions
	Hydrocyclones Predictive models for Monte Carlo simulations

	Appendix Publications

