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Abstract

This study evaluates the performance of two high-efficiency cyclones – the Stair-
mand HE and Swift HE designs – for application in an inertial separator for
condensable substances, a system aimed at recovering volatile organic compounds
from industrial exhaust gases. The cyclones were designed to operate at 8 m3/h,
manufactured via selective laser sintering using polyamide PA2200, and experi-
mentally tested in an aerosol test rig using DEHS to measure fractional collection
efficiency and pressure drop across flow rates of 3, 4.5, 6, 8, and 10 m3/h. Experi-
mental results were compared with predictions from the Iozia and Leith theoretical
model. The Stairmand HE cyclone showed strong agreement with the model at
4.5, 6, and 8 Sm3/h, with mean absolute errors ranging from 3.42% to 6.15% and
overlap coefficients of approximately 90%, whereas the Swift HE cyclone consis-
tently exhibited higher experimental efficiencies than predicted, particularly at
elevated flow rates, indicating limitations of the model for this geometry. Increas-
ing the flow rate improved collection efficiency and reduced cut diameter, but
also increased pressure drop. Overall, the Stairmand HE cyclone demonstrated
a closer match to theoretical predictions, making it a more reliable option for
applications requiring accurate performance forecasting, while future validation
should involve testing both cyclones directly in the real ISCS operating environment.

Keywords: Cyclone separator. High-efficiency cyclone. Collection efficiency.
Pressure drop. Aerosol. Particle separation. Inertial separator.
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Chapter 1

Introduction

Char, sometimes used as a synonym of natural pyrogenic organic matter (PyOM),
is a material produced by the incomplete combustion of organic matter, whether
from natural processes or human activities. This process is known as pyrolysis of
biomass (in most of the cases, wood). Pyrolysis is the thermal decomposition of a
solid fuel in an oxygen-free, inert atmosphere, producing a liquid or gaseous fuel
and a solid byproduct (char). Depending on its application, PyOM may be referred
to as activated carbon, biochar, charcoal, among other names [1, 2].

Activated carbon refers to any form of carbon capable of adsorption. In addition
to its adsorptive properties, activated carbon can also function as a catalyst and is
used as an electrode in microbial fuel cells. Today, the growing global demand for
activated carbon is driven by several markets, including drinking water treatment,
energy storage technologies, and environmental applications influenced by new
regulations. Biochar, on the other hand, is a carbon-rich material characterized by
its high carbon content, fine-grained structure, and porous nature. In agriculture,
it is used in various ways: to enhance soil fertility, improve nutrient absorption, and
increase water retention. It also benefits soil microbial communities by providing
habitats for microbial populations. Furthermore, in civil engineering, biochar has
been investigated as a substitute for cement due to its positive effects on the
compressive and tensile strength of concrete [1, 3].

When char is used as a fuel or as an industrial reducing agent, it is classified
as charcoal. Brazil is the global leader in charcoal production; between 2019 and
2022, production increased by 18.5%, reaching 24.2 million cubic meters in 2023.
Charcoal is primarily used in the steel industry, where it serves as a reducing agent,
offering higher purity than coal, along with low sulfur and ash content. In Brazil,
approximately 65% of charcoal production is carried out by small and medium-sized
producers. The production sites, known as charcoal kiln sites, are typically located
near the wood sources used for charcoal production. The activities carried out in a
charcoal plant are summarized in Table 1.1 [1, 4, 5, 6].
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Activity Description

Cutting
Tree cutting and stump removal
are done using chainsaws, tractors,
or manual tools like sickles and axes

Stacking and bundling

Branches are removed to help
arrange logs in the kiln, then the
wood is dried for 15 to 30 days
before being bundled

Transport
Firewood is transported to
the kilns using animals or tractors,
based on the plant’s scale

Loading

The kiln interior is cleaned of
leftover charcoal, the floor is lined
with dry leaves to retain heat,
and firewood is manually loaded
and arranged inside the kiln
to maximize space and efficiency

Closing and sealing

The kiln opening is sealed with
bricks and a paste made from local
rock (“tauá”) and water to ensure
airtight closure

Carbonization

The kiln is lit through an upper
opening and the carbonization process,
lasting around three days, is carefully
monitored by controlling airflow via
specific vents

Sealing

At the end of carbonization, the
kiln is sealed with tauá to block
air and prevent charcoal combustion,
followed by cooling of the kiln

Opening, unloading and transfer

Charcoal is removed from the kiln
with a pitchfork, placed into containers,
transported to a designated area, and left
to cool on the ground

Bagging and loading Charcoal is packed into bags and
loaded onto bulk transport trucks

Table 1.1: Activities developed in a charcoal kiln site [6]

The process that occurs inside the masonry oven is known as slow pyrolysis, also
referred to as carbonization in some sources. This technique involves a maximum
temperature range of 400 to 650 °C, with a minimum heating rate between 5 and
7 °C/min, a maximum heating rate between 20 and 100 °C/min, and a residence
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time ranging from 5 to 30 minutes up to several days. This combination allows
for a higher yield of high-quality char while minimizing the production of liquid
and gaseous byproducts [7]. According to Santos and Hatakeyama [8], the steps
involved in charcoal’s carbonization are:

1. Drying: occurs up to 110 °C, during which only moisture is released;

2. Torrefaction: takes place between 110 and 250 °C. At around 180 °C, the
release of bound water begins due to the decomposition of cellulose and
hemicellulose. There is little weight loss up to 250 °C. At this stage, char or
torrefied wood is formed;

3. Carbonization: occurs between 250 and 350 °C. As the decomposition of
cellulose and hemicellulose intensifies, significant weight loss occurs, forming
gas, oil, and water. Upon reaching 350 °C, the charcoal contains about 75%
fixed carbon, and carbonization is considered nearly complete;

4. Fixation: from 350 °C onward, there is a gradual reduction in the release of
volatile elements, mainly combustible gases, while carbon fixation continues.

Traditional charcoal plants typically consist of batches of 12 or 18 kilns (Figure
1.1), which are generally of three main types: hillside kilns, “hot-tail” kilns, and
surface kilns (Figure 1.2). Operations are carried out in cycles; for example, in a
charcoal plant with 18 kilns arranged in two rows, each row is managed by two
charcoal workers. While three kilns are being loaded, three are in the carbonization
phase, and three are cooling down, ensuring continuous operation [6].

(a) Firewood branches (b) Batch of kilns

Figure 1.1: Views of a charcoal production plant in Cabrália Paulista, Brazil
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Figure 1.2: Types of kilns used for charcoal production [6]

The future of charcoal production is closely tied to trends in the steel industry.
According to the World Steel Association, in 2023, the carbon dioxide (CO2)
emissions intensity of steel production was estimated at 1.92 t CO2/t of steel.
For comparison, according to the International Energy Agency (IEA), the CO2
emissions intensity of the cement industry in the same year was estimated at 0.6 t
CO2/t of cement (3.2 times lower). As a result, decarbonizing the steel industry
has become a major challenge. In response, “green steel” — steel produced using
low-CO2-emission methods — has emerged as a key trend [4, 9, 10, 11].

In this context, companies that adopt environmentally friendly practices can
position themselves as preferred suppliers to steelmakers committed to reducing
their carbon footprint. Several actions to promote sustainable charcoal production
have been undertaken, including research and development of cleaner technologies,
the promotion of forest management, and the enforcement of measures against
illegal deforestation. Furthermore, initiatives such as replacing traditional ovens
with more efficient production systems and recovering byproducts from the pyrolysis
process — such as the utilization of charcoal fines — also reflect an industrial shift
toward more sustainable practices [4].

During the pyrolysis process, in addition to char, bio-oil and tars are also pro-
duced. Bio-oil is a liquid fuel that can be easily stored and efficiently transported,
enabling decentralized use in turbines, engines, or boilers. On the other hand, tars,
which are condensable volatile organic compounds (VOCs — primarily alkanes,
alkenes, aromatic hydrocarbons, and oxygenated compounds), are classified as haz-
ardous air pollutants (HAPs). HAPs are airborne compounds that pose significant
risks to human health and the environment, as they can cause cancer, birth defects,
and other serious health problems. Consequently, they represent a safety risk for
workers exposed to them, making their strict regulation essential [2, 12, 13, 14].
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There are several technologies available for treating waste gases with high
concentrations of VOCs, such as catalytic oxidation and electrostatic precipitation.
However, these methods are only feasible when the fumes contain particles, that
is, condensed vapors, and the separators used require extensive maintenance, as
the filters must be disassembled and transported to specialized cleaning facilities
for regeneration. Furthermore, the aforementioned cleaning technologies overlook
the potential to further exploit certain substances, such as bio-oil, as value-added
products for sale [14].

1.1 Motivation
The inertial separator for condensable substances (ISCS) serves a dual purpose: it
purifies exhaust fumes while simultaneously recovering pollutants. Separation is
achieved by promoting the condensation of gaseous contaminants, particularly those
with low vapor pressure. This innovative technology effectively reduces emissions
by removing, in many cases, toxic and carcinogenic substances from the airstream
before it is released into the atmosphere [14].

The applications of the ISCS are not limited to charcoal production. In fact,
it can be applied to any industrial process that emits VOCs. For example, in the
rubber industry, vulcanization—a chemical process used to enhance the elasticity
and strength of rubber—results in significant VOC emissions. Similarly, in the coffee
roasting process, where beans are heated to temperatures above 200 °C to develop
their characteristic flavor and aroma, over 1,000 volatile compounds are produced,
with around 30 primarily responsible for the aroma. These valuable compounds
are typically lost as byproducts, but with the ISCS, they can be recovered and
potentially commercialized [14].

Figure 1.3 shows a schematic of the ISCS. Hot fumes from the industrial process
are immediately mixed with a cold flow. This mixing brings the volatile contam-
inants to saturation, triggering their condensation. The cold flow is introduced
using a “nucleator”, which is designed to provide sufficient time and space for the
nucleation, growth, and coagulation of liquid contaminant particles. Downstream of
this localized condensation, an inertial separator removes the liquid particles from
the gas stream, resulting in cleaner exhaust. A portion of the cleaned gas is sent
to a refrigeration unit, where it is cooled to a temperature that promotes further
condensation of volatile substances, while the remaining gas is recirculated back to
the furnace to complete the loop. A first prototype was built using a high-efficiency
cyclone — an inertial separator (Figure 1.4) — designed to operate at a flow rate
of 10 m3/h with a collection efficiency of 50% for particles measuring 1.44 µm [14].
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Figure 1.3: Representation of main parts of the ISCS [14]

(a) Drawing (b) Manufactured

Figure 1.4: Previous cyclone
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The prototype’s performance was evaluated using dipropylene glycol — com-
monly employed in the medical field as an antifreeze — as the organic substance
subjected to boiling. A mixture of dry ice (solid CO2 at –80 °C), salt, and water
was used as the refrigerant fluid responsible for cooling the cold stream. Two
tests were conducted under distinct operating conditions, with emphasis on the
temperature of the refrigerant fluid. In the first test, a mixture containing 30% dry
ice was employed, resulting in a temperature of 0.5 °C. In the second test, the dry
ice content was increased to 70%, yielding a temperature of approximately –9.5 °C.
The collection efficiency and thermal power obtained in each test are presented in
Figure 1.5 [14].

Figure 1.5: Collection efficiency and thermal power during each test [14]

The results presented in Figure 1.5 indicate that achieving a modest improvement
in collection efficiency required nearly doubling the thermal power supplied to
the system. This finding highlights the need to understand both the behavior
of the contaminants generated and their saturation limits, in order to design a
refrigeration strategy that minimizes energy consumption [14]. On the other hand,
the results also suggest that the inertial separator may not be operating as intended,
reinforcing the need for a more detailed assessment of its performance and the
potential development of an improved design.

1.2 Scope
The objective of this study is to develop a new cyclone separator designed to meet
the operational requirements of the ISCS system (Figure 1.6). Achieving this goal
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demands a comprehensive understanding of the fluid-dynamic behavior, collection
efficiency, and energy consumption associated with different high-performance
cyclone geometries.

Figure 1.6: Cyclone separator for the ISCS

To this end, two high-efficiency cyclone designs were selected, constructed, and
subjected to controlled experimental testing. Their aerodynamic performance
was assessed through detailed measurements of fractional collection efficiency and
pressure drop over a range of operational conditions. These experimental results
were then compared with a specific theoretical model available in the literature,
enabling a critical evaluation of how accurately it captures the behavior of this
type of particle collector.

1.3 Organization
This document is organized into five chapters, each addressing a specific stage
of the study and collectively guiding the reader from the theoretical foundations

8
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to the final conclusions. Chapter 2 introduces the theoretical aspects relevant to
particle collection systems, with particular emphasis on cyclone separators. It
reviews the fundamental principles regarding working principle, sizing, collection
efficiency and pressure drop. Additionally, this chapter presents the mathematical
formulations and validation methods commonly used to assess the accuracy of
theoretical and semi-empirical models in predicting cyclone performance. These
discussions provide the necessary background for interpreting the experimental
results presented later in the work.

Chapter 3 describes in detail the methodological development of the project. It
outlines the complete design procedure adopted for the two high-efficiency cyclones,
including geometric dimensioning and fabrication procedure. The chapter also
presents the arrangement of the experimental setup, instrumentation, measurement
procedures, and the protocol used to evaluate fractional efficiency and pressure
drop.

Chapter 4 reports the results obtained from the experimental campaign. The data
are presented in a structured manner, accompanied by the corresponding theoretical
predictions for comparison. The chapter discusses key trends, discrepancies, and
performance indicators, providing a critical interpretation of the behavior of both
cyclone configurations.

Finally, Chapter 5 concludes the work by summarizing the main findings and
their implications for the design of a new cyclone for the ISCS system. The chapter
also highlights the limitations of the study and suggests opportunities for future
research and optimization efforts.

9



Chapter 2

Literature Review

This chapter presents the main topics related to particle collectors, with a particular
focus on cyclones. Moreover, some methods for model validation are depicted.

2.1 Particle Collectors
Particle collectors are devices responsible for the separation and collection of
particles from a gas stream. The operation of these instruments is usually based on
one or more combined particle separation mechanisms, which are generally classified
as gravity settlement, inertial deposition or inertial impaction, flow-line or direct
interception, diffusional deposition, electrostatic deposition, thermal precipitation
and agglomeration [15].

The most famous particle collectors are: gravity settling chambers, impingement
separators, cyclone separators, electrostatic precipitators (ESPs), fabric filters, and
wet scrubbers. The selection of this kind of device is not always an easy task due to
various impact factors, such as the concentration and particle size distribution, the
level of purification required, the gas and particle properties (for example, density,
viscosity, solubility, flammability, chemical and biological aggressiveness), ease of
cleaning and maintenance, and costs (manufacturing, operation, and maintenance)
[15, 16, 17].

Table 2.1 shows the performance of some of these devices. Cyclones are simple
to manufacture and operate, can undergo high-temperature conditions and present
low cost; however, they present low collection efficiency values for small particles
and are sensitive to variable dust loading and flow rate. Wet scrubbers promote
gas absorption and particle removal simultaneously, but suffer from corrosion
and erosion. In addition, to avoid contamination of the effluent stream by liquid
entrainment, a wastewater treatment unit must be added, increasing the costs.
ESPs can obtain high value for collection efficiency, can collect very small particles,

10
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and, as the cyclones, can operate at high temperatures, even so they have a
relatively high investment cost and are sensitive to variable dust loadings, flow
rates or resistivity. Finally, fabric filters can achieve the highest collection efficiency
values and collect the smallest possible particles; nevertheless, they are expensive
devices and cannot operate at high temperatures or high relative humidity [15, 18].

Device Minimum particle size [µm] Collection efficiency [%]
Cyclone 5-25 50-90

Wet scrubber >0.5-10 <80
ESP <1 95-99

Fabric filter <1 >99

Table 2.1: Performance of some separation devices [15]

2.1.1 Mass Balance
Consider the “black-box model” for a generic particle collector shown in Figure 2.1.

Figure 2.1: Schematic of a generic particle collector [18]

Under the hypothesis of steady-state condition, the mass balance for the gas
stream imposes that the mass flow rate at the inlet of the particle collector (ṁE)
should be equal to the outlet (ṁS) (Equation 2.1) [18].

ṁE = ṁS (2.1)

11
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Furthermore, the gas mass flow rate is equal to the product of density (ρ) and
volumetric flow rate (Q) [18]. Thus:

ρEQE = ρSQS (2.2)

Assuming the hypothesis of ideal gas, the density is given by Equation 2.3 [18].

ρ = PM

RT
(2.3)

Where P and T are the pressure and temperature of the stream, respectively,
M is the molecular weight of the gas, and R is the universal gas constant (R =
8.3145 J · mol−1 · K−1). Thus, Equation 2.4 shows the relation between the inlet
and outlet volumetric flow rate [18].

QS = QE

(
TS

TE

)(
PE

PS

)
(2.4)

Assuming that both temperature and pressure variations in the particle collector
are negligible, the volumetric flow rate remains constant (Equation 2.5) [18].

QS = QE = Q (2.5)

With respect to particles, the mass balance imposes that the mass flow rate at
the inlet of the particle collector (WE) is equal to the sum of the mass flow rate at
the outlet (WS) and the mass flow rate collected (WC) (Equation 2.6) [18].

WE = WS + WC (2.6)

Moreover, the particle mass flow rate is equal to the product of the mass
concentration (C) and the volumetric flow rate [18].

2.1.2 Global and Fractional Collection Efficiencies
The collection efficiency measures the performance of a particle collector. In this
sense, two different efficiencies can be defined: global and fractional. The global
efficiency (η) is shown in Equation 2.7 [17, 18].

η = WC

WE

= WE − WS

WE

(2.7)

If both temperature and pressure do not change during the process (QE = QS),
Equation 2.8 can be used instead [17, 18].

η = CE − CS

CE

(2.8)

12
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However, most aerosols are polydisperse, that is, they are composed of particles
with different sizes that can range over two or more orders of magnitude. Further-
more, each particle collector has a different behavior for different particle sizes.
Thus, it is also important to define an efficiency that is a function of the diameter
of the particle (dp) - the fractional efficiency (ηi) (Equation 2.9) [17, 18, 19].

ηi = WE,i − WS,i

WE,i

(2.9)

Where WE,i and WS,i are the mass flow rate for a certain particle range i at the
inlet and at the outlet of the particle collector, respectively [17, 18].

2.2 Cyclone Separators
Cyclone separators are devices that use an inertial impaction mechanism, created
by a rotating gas flow, to separate particles from the gas. In addition to their
simple design, ease of operation, and low cost, they are very compact in most
applications and highly robust. However, they can suffer from erosive wear and
fouling — particularly when processing abrasive or “sticky” particles — and may
operate below expectations if not properly designed or operated [15, 20].

Cyclones are among the most widely used particle collectors for gas-solid separa-
tion. Modern applications include the oil and gas industry, power generation plants,
the iron and steel industry, cement plants, coal-fired boilers, and more. Since
their efficiency is very high for large particles (dp>10 µm), they are often used as
precollectors installed upstream of ESPs or fabric filters, which are more effective at
capturing smaller particles. Moreover, these devices can handle a wide range of gas
flow rates — from 50 to 50,000 m3/h. However, when the total flow rate exceeds
20,000 m3/h, it is common practice to divide the flow among multiple parallel
cyclones to avoid scaling issues with blowers and other equipment. Additionally,
smaller cyclones tend to be more efficient [20, 21].

There are three types of conventional cyclones: reverse-flow cyclones (with
tangential or axial inlets), straight-through-flow cyclones, and impeller collectors.
In practice, tangential-inlet reverse-flow cyclones are by far the most common
configuration. Axial-inlet reverse-flow cyclones, which are equipped with swirl
vanes and have a cylindrical body, are also known as swirl tubes [15, 20].

2.2.1 Operating Principle
Inertial impaction refers to the transfer of particles onto surfaces due to their
inertia and is the most extensively studied particle separation mechanism, both
theoretically and experimentally, in the literature. When a gas flows around
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an obstacle, two extreme behaviors can be observed: very small particles with
negligible inertia follow the gas streamlines closely, while large, heavy particles
tend to continue moving in a straight line — largely unaffected by changes in the
gas flow — and may impact the surface of the obstacle (Figure 2.2) [19].

Figure 2.2: Inertial impaction mechanism [15]

Inertial impaction is governed by a dimensionless parameter referred to as the
Stokes number (Stk). This parameter is defined as the ratio of the particle stopping
distance (ds) to a characteristic dimension of the obstacle, typically the vortex
finder diameter (De) in the case of a cyclone. The stopping distance represents the
length over which a particle decelerates to rest due to the drag force exerted by
the surrounding fluid. It can be expressed by means of Equation 2.10 [19, 20].

ds = U0τ (2.10)

Where U0 is the undisturbed gas velocity well away from the obstacle, and τ is
the particle relaxation time, which can be expressed by Equation 2.11 [19].

τ =
ρpd2

p

18µ
(2.11)

Where ρp is the particle density and µ is the dynamic (absolute) viscosity of
the gas. By substituting Equations 2.10 and 2.11 into the definition of the Stokes
number, the final expression for Stk is obtained (Equation 2.12) [19].

Stk = ds

De

=
ρpd2

pU0

18µDe

(2.12)

For large Stokes numbers (Stk >> 1), particles exhibit a strong tendency to
maintain their trajectory when the gas flow changes direction. Conversely, for very
small Stokes numbers (Stk << 1), particles closely adhere to the gas streamlines
[19].
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Inertial impaction is the physical mechanism behind the operation of a cyclone.
When the gas flow enters the device, it is directed along its curved shape, creating
a helical flow pattern inside the equipment. Although small particles will follow the
curved streamlines, large particles will continue to move in a straight line. These
larger particles eventually collide with the outer wall and fall as a result of gravity.
The particles then slide down the walls to the storage container. At the bottom of
the cyclone, the clean gas flow reverses, forming a smaller inner core that exits at
the top of the unit. A vortex finder tube, which extends downward in the cylinder,
helps guide the inner vortex out of the device. Figure 2.3 shows the operation of a
tangential-inlet reverse-flow cyclone [15, 19, 21].

Figure 2.3: Reverse-flow cyclone with tangential inlet [15]
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2.2.2 Sizing
In addition to the diameter of the vortex finder, the geometry of a reverse-flow
cyclone with tangential inlet can be fully described by other seven dimensions:
diameter of the cylindrical body (D), height of inlet (a), width of inlet (b), total
height (H), height of the cylindrical body (h), particle outlet diameter (B), and
vortex finder (or gas exit) length (S). Figure 2.4 shows each of these dimensions in
the device [20, 21].

Figure 2.4: Relevant dimensions of a reverse-flow cyclone with tangential inlet
[22]

Normally, the relevant dimensions of a cyclone are given as a multiple of the
diameter of the cylindrical body (geometric ratio). This allows a comparison of the
geometric similarity of several cyclones without introducing absolute magnitudes.
To estimate these dimensions, first D is calculated using Equation 2.13, where R is
a recommended ratio, and then all other dimensions are obtained by multiplying
the calculated value by the corresponding geometric ratio. Furthermore, there are
at least six standard cyclones available in the literature, each with a fixed value for
each ratio (Table 2.2) [21, 22].

D =
√

Q

R
(2.13)
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Ratio Lapple
GP

Swift
GP

Stairmand
HE

Swift
HE

Stairmand
HT

Swift
HT Unit

R 6860 6680 5500 4940 16500 12500 m/h
a/D 0.500 0.500 0.500 0.440 0.750 0.800 -
b/D 0.250 0.250 0.200 0.210 0.375 0.350 -
H/D 4.000 3.750 4.000 3.900 4.000 3.700 -
h/D 2.000 1.750 1.500 1.400 1.500 1.700 -

De/D 0.500 0.500 0.500 0.400 0.750 0.750 -
B/D 0.250 0.400 0.375 0.400 0.375 0.400 -
S/D 0.625 0.600 0.500 0.500 0.875 0.850 -

Table 2.2: Recommended and geometric ratios for some standard cyclones [21, 22]

In Table 2.2, GP, HE and HT stand for general purpose, high efficiency, and
high throughput, respectively. For a given value of Q, general-purpose and high-
efficiency cyclones tend to have larger dimensions for the cylindrical body (both
diameter and height) and the total height than high-throughput cyclones, while
both gas inlet and outlet are approximately equal for all of them. Moreover, the
vortex finder length is always greater than or equal to the inlet height to prevent
the gas from short-circuiting the cyclone by bypassing directly from the inlet to
the outlet without creating a vortex; the width of inlet is less than or equal to
the difference between the radius of the cylindrical body and the radius of the
vortex finder to avoid excessive pressure drop; the total height is at least three
times greater than the diameter of the cylindrical body to maintain the vortex end
within the conical section of the cyclone; for high-efficiency cyclones, the values
of De/D, H/De and S/De are approximately in the range of 0.4-0.5, 8-10 and 1,
respectively, to ensure maximum efficiency; and the inclination angle of the conical
section must be between 7° and 8° to ensure fast dust sliding. Hence, the design of
this type of device involves a compromise between collection efficiency, pressure
drop, and size. Higher efficiencies typically result in greater pressure drops and
larger unit sizes [15, 22, 23].

2.2.3 Collection Efficiency
The collection efficiency is a measure of the performance of a cyclone. One of
the parameters that most impact the efficiency of this kind of device is the inlet
gas velocity. An increased inlet velocity implies an increased particle stopping
distance, and, consequently, a higher Stokes number. Thus, as velocity increases,
more particles will not follow the streamlines and will collide with the internal wall
of the cyclone, improving the efficiency of the equipment. Other parameters such
as particle size, diameter and length of the cyclone’s body, diameter of the vortex
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finder, gas inlet area, and number of gas revolutions also affect device performance
[15, 19].

Today, numerical simulation tools, such as computational fluid dynamics (CFD),
are often used to evaluate the performance of new cyclone configurations. De-
termining the motion of particles inside a cyclone is a difficult fluid mechanics
problem. First, the flow field is defined, that is, the pattern of streamlines for the
gas flow inside the device. Since cyclones have a complex geometry, this step can
only be done by using CFD. Once the flow field is defined, the actual trajectory
of the particles can be computed relative to that of the gas [19]. For example,
Yang et al. [24] investigated the separation performance of a cyclone separator after
reshaping its cylindrical body by installing triangular helical fins. A numerical
simulation using Ansys Fluent software was performed to optimize the structure
of the cyclone. The results showed that the tangential velocity increased with the
helical triangular fins and so the collection efficiency. Sylvia et al. [25] studied a
cyclone for fine particle separation (PM2.5) in palm oil mills. More specifically, a
cyclone with a filter on the vortex finder was designed, and its performance was
evaluated in terms of collection efficiency and pressure drop using CFD. As a result,
the PM2.5 removal efficiency reached 98% while the decrease in pressure was only
93 Pa higher than that of conventional devices.

Alternatively, several mathematical methods have been developed to predict
the fractional efficiency of a cyclone. The reason for many different results derives
from the different assumptions and simplifications taken with respect to the gas
flow pattern and the motion of the particles through the cyclone. Some of them
are: Lapple (1950), Barth (1956), Sproull (1970), Leith and Litch (1972), Dietz
(1981), Mothes and Löffler (1988), Iozia and Leith (1990) [20, 21, 22, 26]. However,
Leith and Mehta [22], based on a limited comparison between literature data and
theoretical calculations, concluded that the Leith and Litch method appears to be
more accurate than the methods of Lapple, Barth and Sproull. Furthermore, Dirgo
and Leith [27] measured the collection efficiency of a Stairmand HE cyclone and
judged that the Lapple, Leith-Litch, and Dietz models did not accurately predict
the experimental results obtained.

Unlike the others, the Iozia and Leith theory is based on a mathematical
and physical method known as regression analysis based on dimensional analysis
(RABDA). It distinguishes itself from other theoretical models since it does not
require an in-depth understanding of the mechanisms and processes involved in
gas-particle flow and separation. RABDA correlates the separation parameter with
the geometrical and operating condition parameters of a cyclone on the basis of the
results of the dimensional analysis. The model coefficients are determined using
multiple linear or non-linear regression techniques. This model, developed from
a static particle approach and based on the results of 26 experiments carried out
under ambient conditions, can describe the relationship between collection efficiency
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and particle size reasonably well. The model states that the fractional collection
efficiency of a cyclone can be described using a logistic function (Equation 2.14)
[21, 26, 28, 29].

ηi = 1

1 +
(

d50

di

)β (2.14)

Where di is the Stokes diameter of the particle whose collection efficiency is ηi,
d50 is the Stokes cut diameter, that is, the diameter of the particle with 50% of
collection efficiency, and β is an exponent that depends on d50 and the geometry of
the cyclone. The value of d50 can be estimated using Equation 2.15 [21, 28].

d50 =
√√√√ 9µQ

πρpZcv2
t,max

(2.15)

Where ρp is the density of the particle, Zc is the natural length of the cyclone,
and vt,max is the maximum tangential gas velocity. The natural length is a function
of the diameter of the central axis dc (Equation 2.16) [15, 21, 28].

dc = 0.47D

(
ab

D2

)−0.25 (
De

D

)1.4
(2.16)

Knowing the value of dc, it is possible to estimate the value of Zc using Equation
2.17 [21, 28].

Zc =

H − S, dc ≤ B

H − S −
[

H−h
(D/B)−1

] [(
dc

B

)
− 1

]
, dc > B

(2.17)

Moreover, the maximum tangential gas velocity is a function of the cyclone
geometry (Equation 2.18) [21, 28].

vt,max = 6.1v

(
ab

D2

)0.61 (
De

D

)−0.74 (H

D

)−0.33
(2.18)

Where v is the gas velocity at the inlet of the cyclone (Equation 2.19) [21].

v=
Q

ab
(2.19)

A correlation for the exponent β was derived from 11 experiments performed
under ambient conditions (Equation 2.20) [21, 29].

ln β = 0.62 − 0.87 ln
(

d50

104

)
+ 5.21 ln

(
ab

D2

)
+ 1.05

[
ln
(

ab

D2

)]2

(2.20)
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In Equation 2.20, d50 is given in micrometers. Figure 2.5 shows the fractional
efficiency curves for the six standard cyclones in Table 2.2 for an aerosol with
ρp=900 kg/m3 operating at Q=10,000 m3/h and normal conditions (0 °C and 1
atm). High-throughput cyclones exhibit a sharper cut (i.e., a steeper slope in the
fractional efficiency curve) compared to general-purpose and high-efficiency cyclones.
However, high-efficiency cyclones typically have a lower cut diameter than high-
throughput ones, which enhances their ability to collect smaller particles (around
1 µm). As a result, high-efficiency cyclones are better suited for capturing fine
particles, whereas high-throughput cyclones are more effective for larger particles.
Additionally, cyclone efficiency is closely tied to particle size; when particle size
falls below the design specifications, the efficiency of the cyclone decreases [15, 29].

Figure 2.5: Fractional efficiency of standard cyclones for an aerosol with ρp=900
kg/m3 operating at Q=10,000 m3/h and normal conditions

2.2.4 Pressure Drop
The pressure drop in cyclones is a key operational concern, as higher values lead
to increased energy costs. While improving collection efficiency often results in
a greater pressure drop, a balance must be maintained between the two. Several
factors contribute to pressure loss: gas expansion upon entering the cyclone chamber,
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rotational kinetic energy losses, wall friction, and additional friction in the exit duct
due to swirling flow. Some pressure is recovered as the rotational energy converts
back into pressure energy [21, 22]. Using CFD and response surface methodology
(RSM), Oranje and Janssen [30] optimized pressure drop in a Stairmand HE
cyclone, identifying the vortex finder diameter as the most influential factor —
smaller diameters lead to higher tangential velocities and velocity gradients, thereby
increasing pressure drop. Equation 2.21 can be used to estimate the pressure drop
(∆p) in the cyclone [21, 22].

∆p = ρv2

2 ∆H (2.21)

Where ∆H is the pressure coefficient — a dimensionless parameter that depends
on cyclone geometry and remains constant for geometrically similar cyclones,
provided the Reynolds number (Re) is sufficiently high (i.e., in fully developed
turbulent flow). Several models for ∆H have been proposed — by Shepherd and
Lapple (1940), Alexander (1949), Stairmand (1949), First (1950), Barth (1956),
and Casal and Benet (1983) — most of which attribute pressure losses primarily
to the cyclone chamber [20, 21, 22]. Based on a statistical analysis of 98 cyclone
designs, Ramachandran et al. [31] developed a more accurate predictive model for
∆H (Equation 2.22).

∆H = 20
(

ab

D2
e

)[
S/D

(H/D)(h/D)(B/D)

] 1
3

(2.22)

Table 2.3 presents the pressure coefficient and pressure drop for the standard
cyclones listed in Table 2.2, operating under the same conditions as in Figure 2.5. A
clear trade-off between pressure drop and collection efficiency is observed. Among
the high-efficiency cyclones, the Swift HE cyclone outperforms the Stairmand HE
in efficiency but at the cost of an additional 300 Pa pressure drop. A similar trend
is seen in high-throughput designs: the Stairmand HT cyclone is more efficient than
the Swift HT, but the latter experiences nearly 600 Pa higher pressure drop. Overall,
the pressure drop values remain close to 1000 Pa, supporting the assumption that
pressure variation is relatively minor.

Parameter Lapple
GP

Swift
GP

Stairmand
HE

Swift
HE

Stairmand
HT

Swift
HT Unit

∆H 6.79 6.11 4.85 7.07 7.30 6.93 -
∆p 1019 871 731 1007 1253 689 Pa

Table 2.3: Values of ∆H and ∆p of standard cyclones operating at Q=10,000
m3/h and normal conditions
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2.3 Methods of Model Validation
To quantitatively assess the predictive capability of the theoretical model in repro-
ducing the experimental collection efficiency curves, three complementary metrics
were employed: the mean absolute error (MAE), the root mean square error
(RMSE), and the mean testing accuracy (MTA). Together, these criteria provide
a multidimensional evaluation of model performance, capturing both pointwise
deviations and the overall accuracy of the predicted efficiency profiles [32, 33].

Consider yobs,i as the observed value of a given cyclone parameter for particle
size range i, and yteo,i as the corresponding theoretical prediction. The MAE is
defined as the average magnitude of the absolute deviations between observed and
predicted values. It is mathematically defined in Equation 2.23 [32].

MAE = 1
n

n∑
i=1

|yobs,i − yteo,i| (2.23)

Where n is the number of particle ranges. MAE is a scale-dependent and
unit-preserving metric, making it intuitively interpretable in the same physical
units as the variable of interest. Because it evaluates errors in absolute terms, MAE
treats all deviations equally, without disproportionately penalizing large errors.
However, MAE does not distinguish between systematic and random errors and
does not emphasize extreme discrepancies [32].

On the other hand, the RMSE quantifies the square root of the mean of squared
deviations between observed and modeled values. In contrast to MAE, the squaring
of deviations means that RMSE penalizes larger errors more severely, making it
more sensitive to outliers or to model deficiencies that produce occasional large
deviations. It is mathematically defined in Equation 2.24 [32].

RMSE =
√√√√ 1

n

n∑
i=1

(yobs,i − yteo,i)2 (2.24)

While MAE and RMSE effectively characterize local, pointwise differences
between curves, they do not fully capture the global agreement between the shapes
of the theoretical and experimental efficiency profiles. To address this limitation,
Bregolin et al. [33] introduce the MTA as a normalized, area-based metric designed
to evaluate the predictive performance of models in the context of cyclone collection
efficiency. It is mathematically defined in Equation 2.25.

MTA = 1 − 1
n

n∑
i=1

|yobs,i − yteo,i|
|yobs,i|

(2.25)

As seen in this expression, the MTA corresponds to the complement of the mean
relative absolute error, resulting in a metric bounded between 0 and 1, where values
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closer to 1 indicate stronger predictive agreement. By relying on relative absolute
errors, the MTA appropriately weights size classes where even small absolute
deviations can represent substantial proportional differences in collection efficiency.
This makes the metric particularly suitable for cyclone efficiency modeling, where
the curve shape can vary substantially across the particle size spectrum [33].
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Chapter 3

Materials and Methods

In this chapter, both the method and the materials for designing, manufacturing,
and testing the cyclones are depicted.

3.1 Cyclone Design
As a first step, two high-efficiency cyclones (Stairmand and Swift) that work at
8 m3/h, which is a better estimate of the actual flow rate that passes through
the ISCS, were designed according to the values given in Table 2.2. The relevant
dimensions achieved for both cyclones are shown in Table 3.1.

Dimension Stairmand
HE

Swift
HE Unit

D 38 40 mm
a 19 18 mm
b 8 8 mm
H 153 157 mm
h 57 56 mm

De 19 16 mm
B 14 16 mm
S 19 20 mm

Table 3.1: Relevant dimensions calculated for the designed cyclones

In addition, three other dimensions were defined: the length of the inlet (li),
the length of the gas outlet (le), and the length of the particle outlet (lh). Figure
3.1 shows where each dimension is located in the cyclone, and Table 3.2 shows the
values adopted for each. Furthermore, a thickness of 2 mm was considered for this
application [34, 35].
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Figure 3.1: Additional dimensions of a reverse-flow cyclone with tangential inlet
[34]

Dimension Stairmand
HE

Swift
HE Unit

li 38 40 mm
le 38 40 mm
lh 15 16 mm

Table 3.2: Additional dimensions calculated for the designed cyclones

Finally, a transition between a circular section and the rectangular inlet section
of the cyclone was projected to allow a connection between the device and the pipes
of the experimental arrangement. In addition, a cylindrical base was added at the
bottom to give better support to the cyclone. Both were drawn using SolidWorks
software and manufactured using selective laser sintering (SLS) technology (Figures
3.2 and 3.3). This method uses laser irradiation to sinter thin layers of powdered
material, typically polymers. Because it enables precise layering and the creation
of three-dimensional objects without the use of molds or binding agents, SLS offers
significant production flexibility, allowing the manufacturing of highly complex
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components. The material chosen for this application was polyamide PA2200, a
refined version of polyamide 12 (PA12, commonly referred to as Nylon 12). The
advantageous properties of the material — namely its ability to be processed into
fine powders and its strong layer adhesion during printing — play a key role in its
success in this field [36].

(a) On SolidWorks (b) Manufactured

Figure 3.2: Stairmand HE cyclone designed

(a) On SolidWorks (b) Manufactured

Figure 3.3: Swift HE cyclone designed
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3.2 Experimental Arrangement
Both cyclones were tested using a test rig available in the Aerosol Technology
Research Lab (Figure 3.4). During the experiments, the fractional collection
efficiency and pressure drop were evaluated for both devices.

Figure 3.4: Schematic of test rig used for the experiments

The test rig features upstream and downstream blowers (Figure 3.5), with
the rotational speeds of both fans electronically controlled via inverters. This
configuration enables precise regulation of the airflow rate and duct overpressure
by adjusting the fan speeds. Figure 3.6 shows the control panel, where one can
set both volumetric flow rate and overpressure inside the system and verify the
pressure drop in the cyclone [37].

(a) Upstream blower (b) Downstream blower

Figure 3.5: Upstream and downstream blowers
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Figure 3.6: Control panel of the test rig

Air at ambient temperature and pressure enters the test rig via an upstream
blower, passes through a high-efficiency particulate air (HEPA) filter to prevent
particle contamination from the ambient air, and is then mixed with the test
aerosol. The aerosol used in this application is di-ethyl-hexyl-sebacate (DEHS),
a commonly used oil in laboratory experiments due to its low vapor pressure.
Relevant properties of DEHS are summarized in Table 3.3. To generate the aerosol,
compressed air feeds a Laskin nozzle submerged below the free surface of liquid
DEHS contained in a reservoir, causing it to vaporize (Figure 3.7) [37, 38].

CAS number 122-62-3
Formula C26H50O4

Density [kg/m3] 912
Vapour pressure (at 293 K) [Pa] <1

Table 3.3: DEHS information and properties [39]
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Figure 3.7: DEHS aerosol generator

The aerosol travels through the pipe and reaches the cyclone. An adaptation
was implemented to allow the flow to exit the test rig via flexible tubing, enter
the cyclone through its tangential inlet, exit it, and reenter the test rig through
additional flexible tubing. At both the exit and reentry points, cones are used
to direct the airflow and connect the test rig to the tubing, while a cylindrical
component ensures proper sealing of the equipment (Figure 3.8). In addition,
an aerosol sampling system is installed between the upstream and downstream
sections of the cyclone. It consists of two sampling probes located in the upstream
and downstream ducts, connected via polytetrafluoroethylene (PTFE) tubing to
a three-way valve. This valve allows switching the sampling sequence between
upstream sampling, downstream sampling, and clean air sampling. A schematic of
this system is shown in Figure 3.9 [37].

29



Materials and Methods

(a) On SolidWorks (b) Manufactured

Figure 3.8: Adaptation for the test rig

Figure 3.9: Aerosol sampling system schematic [37]

In Figure 3.9, the components are [37]:

1. Cyclone and adaptation;

2. HEPA filter used to filter intake air from the ambient;
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3. Upstream sampling line valve;

4. Clean air valve;

5. Downstream sampling line valve;

6. Computer for automatic commuting and data processing;

7. Optical particle counter;

8. Auxiliary pump for suction of sampling flow.

The optical particle counter used in this application was the TSI OPS 3330,
which measures particles’ optical diameters in the range from 0.3 to 10 µm (Figure
3.10). It is based on the optical properties of aerosols, correlating the light intensity
scattered by the particle with its size [37].

Figure 3.10: TSI OPS 3330

Finally, in the downstream pipe, in addition to the blower, there is a second
HEPA filter that filters aerosol particles during tests and prevents them from exiting
the test rig. Immediately after the filter, there are three manually operated valves
used to regulate the airflow within the system (Figure 3.11) [37].
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Figure 3.11: Three-valve scheme

3.3 Experimental Procedure

For the collection efficiency measurement, the procedure is divided into time
intervals of 45 seconds each. During each interval, the optical particle counter
measures the particle distribution in only one of the channels: clean air, upstream,
or downstream. The first step is the zero-particle test. In this step, DEHS is not
injected into the test rig, and the optical particle counter continuously monitors
the particles in each channel until the number of particles detected in each channel
during an interval is lower than 10 [37].

After the first step, DEHS is injected into the test rig. Once its generation
stabilizes, a correlation ratio test is performed over 24 time intervals. This test
evaluates the performance of the setup without the cyclone (Figure 3.12). The
results from this test are later used to correct the collection efficiency measurements
with the cyclone in place (Figure 3.13). This test should be conducted after any
change in the flow rate [37].
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Figure 3.12: Setup without the cyclone

Figure 3.13: Example of results from a correlation ratio test
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Finally, the collection efficiency measurement is performed. It consists of six
cycles, each comprising four time intervals: one upstream, one downstream, and
two purge intervals preceding each sampling phase to clean the ducts from the
previous cycle. Additionally, two extra intervals are included at the end of the
test, totaling 26 intervals. The partial results are calculated and monitored in real
time—along with their associated uncertainties, which should ideally remain below
5% for each particle size range—using the software shown in Figure 3.14 [37].

Figure 3.14: Software for collection efficiency evaluation

For the pressure drop, two different measurements were performed: one with
the cyclone installed, and another with the setup without the cyclone (these
measurements were carried out alongside the collection efficiency tests). The
pressure drop across the cyclone is then calculated by subtracting the first value
from the second.

Both measurements were performed at different volumetric flow rates. For both
collection efficiency and pressure drop, five flow rates were tested — 3, 4.5, 6, 8 ,
and 10 m3/h. By varying the flow rate, the inlet velocity changes, which in turn
affects the cyclone’s performance. However, the cyclone is designed to operate
within a specific range of inlet velocities. The lower limit of this range is known
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as the saltation velocity (vs) and corresponds to the minimum value that ensures
the separation between aerosol particles and gas stream. This velocity is given by
Equation 3.1 [23].

vs = 0.3048 · 2.055
(

W

0.3048

) [ (b/D)0.4

(1 − b/D) 1
3

] (
D

0.3048

)0.067 ( v

0.3048

) 2
3

(3.1)

Where D is given in m, and W and v are given in m/s. The parameter W is
calculated using Equation 3.2 [23].

W =
[

4µg(ρp − ρ)
3ρ2

] 1
3

(3.2)

Where g is the acceleration of gravity (g = 9.81 m/s2). As for the upper
limit, the American Fuel & Petrochemical Manufacturers (AFPM) recommend that
cyclones should not operate at velocities exceeding 70 ft/s (approximately 21.3
m/s). According to the AFPM, such high velocities can cause wear on the internal
walls of the device, ultimately compromising its performance [40].

In the tests performed, a velocity below the saltation limit was used for the 3
m3/h case to verify whether the cyclone’s collection efficiency was indeed negligible.
The upper velocity limit, however, was not reached during any of the tests.

3.4 Empirical Validation of Theoretical Models
The experimental results obtained were further compared with those reported in
the literature. Specifically, for collection efficiency, the Iozia and Leith model —
described in Chapter 2 — was used as the theoretical reference for comparison.
In addition, quantitative performance indicators were computed to assess the
agreement between the experimental and theoretical efficiency curves: MAE,
RMSE, and MTA, as also defined in Chapter 2. For pressure drop, the comparison
was carried out using Equations 2.21 and 2.22.

To enable these comparisons, temperature and pressure data were collected
during the experiments to estimate the air’s density and viscosity, which are used
in these models. Air density was calculated using the ideal gas law (Equation 2.3),
while viscosity was estimated using Sutherland’s equation (Equation 3.3) [41].

µ = µ0

(
T

T0

) 3
2
(

T0 + SS

T + SS

)
(3.3)

Where µ0, T0 and SS are empirical values adjusted for each fluid. For air, their
values are given in Table 3.4 [41].
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Parameter Value Unit
µ0 1.716 ·10−5 Pa.s
T0 273.1 K
SS 111 K

Table 3.4: Reference values for air in Sutherland equation [41]

The collection efficiency results were reported using the aerodynamic diameter
of the particles. To achieve this, a transformation was applied to convert the
measured optical diameter into the equivalent aerodynamic diameter. According
to ISO/TS 19713-1, the conversion from optical diameter (Dop) to aerodynamic
diameter (Dae) can be performed using Equation 3.4 [42].

Dae =
(

CC(Dop) · ρ

CC(Dae) · ρ0 · χ

) 1
2

· Dop (3.4)

Where CC is the slip correction factor (a function of the particle diameter), ρ0
is the unit density (1 g/cm3 or 1000 kg/m3), and χ is the shape factor of the test
particle. This equation can be further simplified if the bulk material density is
between 0.5 and 3 g/cm3 and the particles are aerodynamically larger than 0.5 µm,
as shown in Equation 3.5 [42].

Dae =
(

ρ

ρ0 · χ

) 1
2

· Dop (3.5)

For this application, since DEHS is a liquid aerosol, χ = 1. Moreover, Equation
3.5 was applied to all measured particle sizes, including those below 0.5 µm.
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Results

In this chapter, the experimental results are presented, specifically those from the
correlation ratio test, as well as from the collection efficiency and pressure drop
measurements.

4.1 Correlation Ratio Test Results
The results of the correlation ratio tests can be seen on Figure 4.1.

Figure 4.1: Correlation ratio test results for different values of Q
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Ideally, the correlation ratio should be 1, as no particle collector is placed on the
test rig. In practice, it typically ranges from 0.9 (slightly more particles detected
before the adaptation) to 1.1 (slightly more particles detected after the adaptation).
However, the results show that for particle sizes larger than approximately 2 µm, the
correlation ratio decreases significantly, eventually approaching zero. This behavior
is consistent with expectations: since the airflow exits and reenters the test rig
through cones and flexible tubes that introduce curvature inside the adaptation, it
is reasonable to anticipate that larger particles, due to their greater inertia, would
not follow the curved path and would instead be captured by the adaptation.

4.2 Cyclone Performance Comparison
As a first step, the performance of both cyclones was compared. Figure 4.2 shows
the fractional collection efficiencies obtained experimentally for both cyclones
operating at 8 m3/h, which is the design value for it.

Figure 4.2: Stairmand HE and Swift HE cyclones experimental and theoretical
efficiencies for Q =8 m3/h

The comparison between the Stairmand HE and Swift HE fractional efficiency
curves shows that both cyclones exhibit very similar performance across the entire
particle-size range. This close agreement was expected from theoretical considera-
tions, as both geometries are designed to achieve high efficiency in the fine-particle
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regime. Nonetheless, the Swift HE demonstrates a marginally superior efficiency,
particularly in the intermediate aerodynamic diameter range, where its curve
rises more steeply and reaches near-complete collection slightly earlier than the
Stairmand HE.

However, this modest gain in efficiency must be weighed against the substan-
tially higher pressure drop associated with the Swift configuration relative to the
Stairmand cyclone. Since pressure drop directly influences operating cost and en-
ergy consumption, the increased performance of the Swift HE does not necessarily
translate into a more favorable design. Given its lower pressure drop and only
slightly lower fractional efficiency, the Stairmand HE cyclone represents a better
balanced and operationally suitable option for practical applications.

4.3 Model Validation
As a second step, both theoretical and experimental collection efficiencies were
compared for each cyclone operating at all flow rates measured (Figures 4.3 and
4.4).

Figure 4.3: Stairmand HE cyclone experimental and theoretical efficiencies for
different values of Q
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Figure 4.4: Swift HE cyclone experimental and theoretical efficiencies for different
values of Q

For both cyclone geometries, the theoretical fractional efficiency curves reproduce
the experimental behaviour well at moderate and high flow rates. In the Stairmand
HE, predicted and observed efficiencies are closely matched at 4.5 and 6 Sm3/h
except for the three smallest size bins, where negative experimental efficiencies
appear; these anomalies are consistent with amplified measurement uncertainty at
low aerosol concentrations and, when error bars are considered, are not statistically
significant. At the higher flow rates of 8 and 10 Sm3/h, agreement improves further
for the Stairmand: experimental and theoretical curves coincide across almost the
entire size range, with only minor deviations in the smallest bins that remain within
uncertainty bounds.

For the Swift HE, the experiments systematically show higher efficiencies than the
model at intermediate flows (4.5–6 Sm3/h), indicating a positive bias in measured
performance relative to the semi-empirical prediction; nevertheless, at 8 and 10
Sm3/h the experimental and theoretical curves also display close correspondence,
with the experimental curves reaching high efficiencies at smaller aerodynamic
diameters.

The main divergence for both cyclone geometries occurs at 3 Sm3/h, where
the model overestimates collection efficiency—particularly for the Stairmand HE.
This behavior is consistent with operation below the saltation velocity, a regime in
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which particle–wall separation becomes unstable and theoretical predictions lose
accuracy.

A common trend observed for both cyclones is the systematic leftward shift of
the fractional collection efficiency curves as flow rate increases. This reflects the
expected reduction in cut-off diameter and improved capture of fine particles at
higher inlet velocities, in agreement with established cyclone separation theory.

To gain deeper insight into the discrepancies between the theoretical model and
the experimental results, Figures 4.5 and 4.6 depict the average uncertainty, MAE,
and RMSE values for each cyclone at the respective flow rates.

Figure 4.5: Stairmand HE cyclone error parameters

Figure 4.6: Swift HE cyclone error parameters

The analysis of the error parameters allows assessing the adequacy of the
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theoretical model in relation to the experimental data obtained for the two cyclones
studied. For the Stairmand HE cyclone, both MAE and RMSE increase considerably
with the flow rate, particularly at 8 and 10 Sm3/h, where RMSE values exceed
20% and 25%, respectively. At lower flow rates (3–6 Sm3/h), the errors remain
below 10% and close to the average experimental uncertainty, indicating that the
theoretical model provides a consistent representation of the observed behavior.
The sharp increase in error at higher flow rates suggests that, although the general
curve shape is captured, local deviations become more pronounced as flow intensity
and turbulence rise..

In the case of the Swift HE cyclone, the same general pattern is observed. Both
MAE and RMSE gradually rise with the flow rate, reaching approximately 12% and
28% at 10 Sm3/h, respectively. At lower flow rates, the errors are comparable to
the experimental uncertainty, confirming good agreement between theoretical and
experimental data. However, at higher flow conditions, the model underestimates
collection efficiency, leading to larger global deviations. These results indicate that,
for both cyclones, the theoretical approach performs better at low and intermediate
flow rates, while its predictive accuracy decreases as the operating flow increases.

The MTA analysis, shown in Figures 4.7 and 4.8, complements these findings
by providing a quantitative measure of the similarity between the experimental
and theoretical efficiency curves. For the Stairmand HE cyclone, the value reaches
around 90% at 4.5 and 6 Sm3/h, confirming strong overall consistency between
curves in this range. At 3 Sm3/h, it drops to about 72%, reflecting the model’s
overestimation of collection efficiency at low gas velocities. Interestingly, the
coefficient rises again to approximately 94% at 8 and 10 Sm3/h, suggesting a closer
match in overall curve shape. However, this apparent improvement contrasts with
the higher MAE and RMSE values observed under the same conditions, indicating
that the MTA may overstate the agreement by not capturing localized discrepancies
in the efficiency profile. For the Swift HE cyclone, the MTA remains high and
relatively uniform across the tested flow rates, ranging from 84 to 87% at lower and
intermediate conditions. At 8 and 10 Sm3/h, it increases to around 94%, suggesting
an improved fit between the theoretical and experimental curves. Nevertheless, this
rise also conflicts with the corresponding increase in MAE and RMSE, revealing
that while the global curve shape remains similar, point-by-point deviations become
more significant at higher flow rates.
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Figure 4.7: Stairmand HE cyclone MTA values

Figure 4.8: Swift HE cyclone MTA values
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Overall, the combined interpretation of the error metrics and MTAs shows
that both cyclones exhibit good predictive consistency at lower flow rates, with
deviations close to the experimental uncertainty. At higher flow rates, despite
the apparently strong overlap between theoretical and experimental curves, the
growing error metrics indicate that the model’s local predictive accuracy decreases.
This emphasizes the importance of evaluating both global and local indicators to
obtain a comprehensive understanding of model reliability under different operating
conditions.

Moreover, both theoretical and experimental pressure drops were compared
for each cyclone at all flow rates measured (Figures 4.9 and 4.10). The pressure
drop curves obtained experimentally exhibit consistently higher values than those
predicted by the theoretical model. This divergence becomes more pronounced at
higher flow rates, where the experimental ∆p increases at a faster rate than the
theoretical trend. Such behavior suggests that additional losses—such as frictional
effects, turbulence intensification, or minor geometric deviations—become increas-
ingly relevant as the volumetric flow rate rises, leading to a steeper experimental
curve. Furthermore, both sets of curves display a characteristic parabolic-like
growth, which is consistent with the quadratic dependence of pressure drop on
velocity (and therefore on flow rate) in cyclone separators. This parabolic behavior
reflects the fundamental fluid-dynamic relationship in which inertia-dominated flow
regimes cause ∆p to rise disproportionately with increasing Q. The theoretical
predictions capture this trend, but the experimental results amplify it due to the
additional dissipative mechanisms present in real operating conditions.

Figure 4.9: Theoretical and experimental pressure drops of a Stairmand HE
cyclone for different values of Q
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Figure 4.10: Theoretical and experimental pressure drops of a Swift HE cyclone
for different values of Q

Overall, the comparison indicates that while the theoretical model successfully
reproduces the qualitative (parabolic) behavior of the pressure-drop response, it
systematically underestimates the magnitude of losses encountered experimentally,
especially in the upper range of flow rates.
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Chapter 5

Conclusion

The present work aimed to evaluate the performance of two high-efficiency cyclones
— Stairmand HE and Swift HE — specifically designed to meet the operational
requirements of the ISCS system. Through detailed geometric design, fabrication
via selective laser sintering (SLS), and a comprehensive experimental campaign, it
was possible to characterize the aerodynamic behavior of both devices and assess
the predictive capability of the Iozia and Leith model under the tested conditions.

The results showed that, at low and intermediate flow rates, both cyclones ex-
hibited fractional collection efficiency curves consistent with theoretical predictions,
with deviations falling within the expected range of experimental uncertainties.
As anticipated from the literature, the Swift HE consistently outperformed the
Stairmand HE in terms of efficiency, though at the cost of a higher pressure
drop. At higher flow rates, however, the apparent overlap between theoretical
and experimental curves did not necessarily imply improved local accuracy, as
reflected by increases in MAE and RMSE. This behavior highlights the importance
of jointly considering global and pointwise performance indicators when evaluating
the reliability of predictive models.

Regarding pressure drop, both cyclones showed experimental values systemati-
cally higher than those forecasted by theory, especially at elevated flow rates. The
growing discrepancy suggests that dissipative mechanisms not captured by classical
models — such as intensified turbulence, additional friction in the experimental
adaptation, or small geometric inaccuracies — become increasingly relevant as the
flow strengthens. Nevertheless, the characteristic parabolic trend observed in all
cases confirms the dominance of inertial effects in the overall pressure-loss behavior.

Overall, the findings demonstrate that both cyclones are viable candidates to
replace the separator currently used in the ISCS, offering improved predictability
and potential for optimization. The Swift HE provides superior collection efficiency,
while the Stairmand HE imposes a lower pressure penalty, forming a trade-off that
may guide future design choices depending on system priorities.
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The main limitation of this work lies in the fact that all tests were performed with
DEHS aerosol in a controlled laboratory environment, which does not fully replicate
the physical and chemical characteristics of the condensable vapors present in the
real ISCS process. For future work, it is recommended that the performance of the
cyclones be evaluated directly in the real ISCS operating environment, enabling
validation under representative thermodynamic, chemical, and flow conditions, and
providing a more definitive assessment of their applicability to the system.

In summary, this study provides a solid technical foundation for developing a
new inertial separator for the ISCS and enhances the understanding of the interplay
between experimental behavior and theoretical predictions in high-efficiency cyclone
separators.
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