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Abstract

Since the COVID-19 pandemic has been a global crisis that has posed enormous and
diverse challenges to humanity, it has revealed the urgent need for further study into a
variety of properties of viruses, including virus particle size. The virus particle size ranges
from 0.1 µm to 0.3 µm. As a result, based on the size of the COVID-19 virus particle, this
thesis addresses the challenges encountered in focussing sub-300 nm nanoparticles using an
aerodynamic lens and introduces a procedure for developing aerodynamic lens systems that
can be used for measuring nanoparticle size. Perhaps this research will serve as a starting
point for finding a solution or assist in the discovery of a cure for the global epidemic. The
research undertaken for this thesis has also demonstrated how ANSYS Fluent (2021R1)
software can be used for simulating a computational fluid dynamic (CFD) for an effective
lens and nozzle configuration.

Employing ANSYS Fluent enabled the creation of a computational technique for de-
veloping and evaluating an aerodynamic lens and a divergent nozzle for focussing a flow
that transmits particles as small as 300 nm through a sharp-edged plate orifice. A two-
dimensional CFD for gas-solid flow based on the Lagrangian model for measuring the size
of nanoparticles is presented. This study also introduces an advanced aerodynamic lens
configuration with two sharp orifices rather than a conventional flat orifice. Because of
their low inertia and high diffusivity, the focussing performance of conventional aerody-
namic lenses degrades dramatically as particle diameters drop below 300 nm. For this
work, theoretical and computational analyses for concentrating nanoparticles smaller than
300 nm were conducted. Fluent software, which automates lens configuration, was uti-
lized for simulating the gas flow field and assessing the possibility of focussing sub-300
nm nanoparticles. The initial step was to devise a method for optimizing the lens dimen-
sions and operating conditions involved in nanoparticle focussing. It was discovered that
lighter carrier gases aid in the focussing of smaller nanoparticles and that multiple lenses
performing at suboptimal Stokes numbers can focus a diverse range of nanoparticle sizes.

Additional developments included expressions for the operating pressure and lens mea-
surements that decrease particle diffusion while maintaining subsonic flow. A new tech-
nique was also introduced in this study: the utilization of a novel model of pipe containing
inside grooves that incorporate the size of the diameter and thickness of the lenses used in
focussing the nanoparticles. The benefit of these grooves is that they enable the position
of the lenses inside the pipe to be changed in case the lens needs to be moved to the left or
right, if other lenses need to be added, or if only one lens is used for the same pipe employed
in the experiment. As well, a computational simulation methodology was established for
analyzing the performance of aerodynamic lens systems. Particle trajectory CFD was ap-
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plied as a means of enhancing the lens and nozzle configuration. A technique for measuring
the diameter of the nanoparticle (sub-300 nm) passing through an aerodynamic lens and
divergent nozzle was also devised: nanoparticles are injected into the inlet and then passed
through the aerodynamic lenses, and the nozzle throws them at 1 atm pressure.

A further outcome of this research was the development of a computational methodology
for determining the exact focus characteristics of aerodynamic lens systems based on the
use of the Lagrangian method for tracing particle trajectories. This work also entailed a
comprehensive summary of the advancements and challenges associated with measuring
the minimum nanoparticle size in an aerodynamic lens from the simulation perspective
compared to the available experimental, computational, and numerical perspectives. The
initial assumption was that the flow was continuous and subsonic, and the investigation
determined the smallest particle size that can be accurately focussed on an axis with
two lenses when consideration of diffusion is neglected. A systematic procedure was then
described for facilitating the determination of the smallest particles that can be focussed.
The final conclusion of this study is that the use of the Lagrangian method and improved
aerodynamic lens design for the focussing of sub-300 nm spherical particles using a carrier
gas (air) as the primary phase and carbon particles as the secondary phase is effective.

The simulation conducted revealed that lens performance is similar to that predicted
by the design guidelines, indicating that the aerodynamic lens and divergent nozzle can
focus particles as small as 300 nm. A nanoparticle lens system was computationally and
theoretically designed, developed, and evaluated. Focussing was observed for particles
ranging in size from 3 nm to 300 nm. The simulation results were compared with those
of further detailed trajectory simulations based on CFD calculations published by Middha
and Wexler and by Wang et al.. The model results were validated computationally based
on a comparison of the simulation output with the available experimental data from the
work of Tan et al. in order to verify the validity and efficiency of using the aerodynamic
lens for measuring the size of sub-300 nm nanoparticles.
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Chapter 1

Introduction

Focussing based on aerodynamics is a principle broadly utilized for gen-
erating nanoparticles in the form of narrow beams using what is termed
an aerodynamic lens, an approach that has been developed by a number
of investigators [87, 88]. During the last decade, aerodynamic lens sys-
tems have revolutionized the mechanical and chemical processing of aerosol
particles through the use of mass spectrometers [27]. Based on the fo-
cussing of nanoparticles taken from the air, a typical aerodynamic lens
application is used for providing input to an aerosol mass spectrometer
[34, 62, 78, 125, 124, 132, 134, 143, 56, 151], for nanostructured mate-
rial synthesis [157, 166, 110, 47, 22], and for microscale device fabrica-
tion [113, 31, 43, 29]. Since particle beams were first invented by Murphy
and Sears [103], the technology of concentrating beams of nanoparticles
in a wider size range using an aerodynamic lens has been found valuable
in several applications, including micropatterning and material synthesis
[126, 143], inlets in biomaterial structures [56], smooth metal thin films[151],
and nanoparticle mass spectrometers [41, 124].

A variety of advanced studies have reported lens systems designed to
work under conditions significantly different from those employed by many
of the original researchers [87, 88]. Liu et al. [87, 88] have demonstrated
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that aerodynamic focussing has a variety of applications, including enhanc-
ing transport efficiency, improving measurement resolution, and the precise
depositing of micropatterns on a substrate. Numerous researchers have also
developed high-pressure aerodynamic lens systems (2,500 Pa to 20,000 Pa)
for nanoparticle measurement studies [124, 126, 125]. While numerous nu-
merical, theoretical, and experimental investigations of aerodynamic lens
systems have been conducted by a number of researchers, and their sim-
ulations have been repeated by multiple additional investigators using a
compressible flow model [162, 163, 87, 88], detailed computational and ex-
perimental studies are still needed in order to describe the performance of
an aerodynamic lens system.

Previously, typical aerodynamic lens designs have been commonly used
for focussing large particles, but focussing small nanoparticles presents a
significant challenge (a nanoparticle is a small particle that ranges between
1 nm and 100 nm in size). Because of their low levels of inertia, small
nanoparticles follow the gas streamlines, and only a small fraction of them
can be focussed. Nanoparticle defocussing is caused by their high degree of
diffusivity, which causes beam widening and particle loss. The key aspect of
this study is the modification of the aerodynamic lens system fabricated by
Middha and Wexler (2003) [97] and by Wang et al. (2005) [152] and com-
pared with the experimental data from the work of Tan et al. (2015), (2007)
[141, 138], combined with the use of ANSYS Fluent software (2021R1) for
evaluating the focussing system of an aerodynamic lens. Because of the
wide applications for aerodynamic lenses, this thesis illustrates the develop-
ment of aerodynamic lenses-nozzles through the use of computational fluid
dynamics (CFD) software ANSYS Fluent for simulating a gas flow field and
evaluating the possibility of focussing sub-300 nm nanoparticles in order to
provide a reliable and quick lens evaluation and a useful design.

The first step is to define the computational relations applied for de-
signing aerodynamic lens-nozzle dimensions. A typical aerodynamic lens
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nozzle gradually focuses spherical particles ranging from 3 nm - 300 nm.
As well, most of the lens systems currently utilized are the same design as
the system described by a number of previous investigators [87, 88]. The
validation of the lens design is next reported based on a comparison of the
predictions with some of the detailed computational and empirical studies
described in the literature. The results of these comprehensive calculations
have been established and are included in the design orifice specified in this
thesis. In contrast, an aerodynamic lens system consisting of two orifices
inside a cylindrical pipe has been designed, which permits the simultaneous
focus of a variety of nanoparticle sizes [152].

Since the mechanisms involved in particle size measurement using aero-
dynamic lenses as orifices have been extensively studied in order to char-
acterize nanoparticle focussing, a goal of this research was to determine
whether a size measurement technique for nano-sized particles can be es-
tablished using a series of commercially available aerodynamic lenses.

1.1 Research Problem and Contributions

1.1.1 Problem Statement

The concept of using an aerodynamic lens for nanoparticle detection has
received significant attention and extensive investigation from a number of
research groups over the past two decades, due mainly to the several ad-
vantages aerodynamic lens techniques can offer, such as low cost and ease
of fabrication [125, 124]. Because these techniques are based on the iner-
tial and diffusional properties of the particles [134, 143], they also provide
greater sensitivity and the ability to detect small particles.

The problem is that using fewer than two lenses for detecting small
nanoparticles (ranging in size from 1 nm to 100 nm) and focussing them in
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order to measure their sizes is difficult. A challenge therefore arises when
the measurement of nanoparticle sizes with the use of one or two lenses is
attempted. However, the research presented in this thesis has addressed this
challenge through the development of an enhanced aerodynamic lens design
that represents an improvement over one consisting of a conventional flat
orifice. ANSYS Fluent was used for simulating a CFD that would produce
an efficient lens and nozzle design. This thesis presents a two-dimensional
CFD for a gas-solid flow based on the use of the Lagrangian model for
measuring nanoparticle size. This model is a pipe containing inside grooves
that match the diameter and thickness of the lenses used for focussing the
nanoparticles. The benefit of these grooves is that they enable the position
of the lenses inside the pipe to be changed in case the lens needs to be
moved to the left or right, if other lenses need to be added, or if only one
lens needs to be used for the same pipe employed in the experiment. This
design also permits lenses to be used in the inlet and outlet. Depending on
the length of the pipe and the number of grooves inside it, it can therefore
be used as either a long or a short pipe.

Benefits for future research include the ability to use one or two lenses to
detect and focus small nanoparticles in order to measure their sizes. This ad-
vantage is important because of its possible role in addressing the concerns
that have been raised about the potentially harmful effects of nanoparti-
cles on the environment and human health. Nanoparticles can have ad-
verse health consequences because of their effect as particles or as carriers
of toxic elements. Nanoparticle exposure could lead to numerous harmful
health conditions, such as aortic and other heart diseases, stroke, chronic
bronchitis, respiratory tract infections, and asthma.

4



1.1.2 Research Objectives

This research was targeted at an examination of aerodynamic lenses for
nanoparticle focussing and their simulation. To this end, the primary ob-
jectives of this work included the following:

1. Develop a model of an axisymmetric orifice as a useful tool for effi-
ciently focussing nanoparticles with a size smaller than 300 nm.

2. Design a nozzle that can provide stability to the fluid inside the pipe so
that the fluid velocity is close to the sonic speed and the nanoparticles
can be detected after they pass through the lenses in order to focus the
particles.

3. Design grooves within the pipe to hold the orifices and the installed
inlet and outlet lenses.

4. Acquire a basic understanding of the factors that affect the fluid (air)
containing the nanoparticles (carbon), whose diameters range from 3
nm - 300 nm and which pass through two lenses and one divergent
nozzle.

5. Propose a method for measuring the size of nanoparticles in the air
using an orifice that focusses on small nanoparticles.

6. Measure nanoparticle sizes and characteristics.

7. Validate the aerodynamic lens design through the computational method
and compare it with other available experimental data.

The goal of the research presented in this doctoral dissertation thesis
was to implement a method for modelling an aerodynamic lens by passing
nanoparticles across the orifices. Different techniques available for modelling
and designing an aerodynamic lens were examined, and the most promising
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approach was used as a basis for implementation. The aim was to produce
a technique that would meet the following requirements:

1. It would work as a model within existing CFD solvers.

2. For the purposes of this research, it would enable the modelling of an
aerodynamic lens based on the use of two orifices and one divergent
nozzle.

3. It would be effective with a multiphase model through the application
of the Lagrangian method.

The new approach was implemented using a method chosen to work
with a commercial CFD solver: ANSYS Fluent. The method presented in
this thesis is limited to two-dimensional modelling. The simulation results
were compared with the findings from other simulations (with the findings
from the work of Middha and Wexler [97] and Wang et al. [151]), including
the experimental data from the work of Tan et al. [141, 138].

1.1.3 Novelty of the Work Presented Here

The work presented in this thesis was targeted at filling gaps in both the
understanding of flows through aerodynamic lenses and the ability to pro-
vide a computationally efficient and accurate model that can be used for
measuring the size and axial velocity of nanoparticles. The result was an
extension of the predictive abilities of ANSYS Fluent modelling to provide
enhanced capabilities beyond what was previously achievable, on a scale
massive enough to enable the creation of an aerodynamic lens system with
sufficient resolution to be employed for design optimization.

The novelty of the results presented here is apparent in two distinct ar-
eas, which are briefly introduced and identified below. With respect to
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the first benefit, the study of aerodynamic lens geometry has not yet been
thoroughly researched, either computationally or experimentally. A better
understanding of the impact of these geometries can now be applied for
designing and developing a new generation of efficient aerodynamic lens
system enhancements. The second area is related to the current lack of a
complete modelling methodology capable of reducing the number of aero-
dynamic lenses required for focussing small nanoparticles under variable
flow conditions and at the same time immediately incorporating detailed
results into an aerodynamic lens system. The use of ANSYS Fluent for
simulating the model means that the development and introduction of this
model provides a new analysis tool that expands the ability of predictive
performance modelling. The new tool requires no a priori manufacturing
and testing data, thus shortening the development cycle and significantly
reducing prototyping costs by avoiding the costly manufacture of fabrication
tooling.

The enhanced understanding of aerodynamic lens characteristics acquired
through the completion of the work described here offers new insights into
lens development within these geometries, the experimental validation of
computationally observed phenomena, and a method for incorporating these
data into a more complete aerodynamic lens system upon completion of the
current work. This study was conducted not only to fulfil the requirements
necessary for designing and developing aerodynamic lens systems but also to
demonstrate the ability of ANSYS CFD codes with respect to the accurate
and consistent prediction of aerodynamic lens performance for a wide range
of particle-focussed aerodynamic lens systems that make use of a variety of
technologies for detecting and measuring particle size.
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1.1.4 Research Approach

Although a variety of studies have been related to the focussing of nanopar-
ticles with an aerodynamic lens, researchers remain uncertain about the
effect of orifice size on the focussing of nanoparticles, a deficit that mani-
fests as an obstacle to the capture of small nanoparticles by a conventional
aerodynamic lens. Identification of nanoparticle properties (physical and
chemical properties as well as their unique size, shape, and structure) will
help provide an understanding of the approach involving the focussing of
nanoparticles with an aerodynamic lens, leading to the design of a lens that
can avoid shock formation in an orifice, an effect that degrades the focussing
performance of that orifice. Assumptions that underlie such an approach
to nanoparticle focussing with an aerodynamic lens include consideration
of neutral particles and the absence of shock formation in the orifice. For
the development of an aerodynamic lens model, which was the goal of this
research, these assumptions required either verification or disproving. The
aerodynamic lens model under study in this research was modified to take
into account consideration of these parameters, including avoidance of shock
formation.

An additional factor is that previous studies of nanoparticle focussing
with an aerodynamic lens model also failed to include consideration of the
effects of particle parameters such as shape, charge state, material, aggre-
gation, and gas characteristics such as temperature, density, velocity, and
pressure. The reality is that these features affect the diameter and simula-
tion data, thus making their consideration essential for the development of
an application appropriate for all scenarios.
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1.2 Dissertation Outline

The first element in this research was the design of a systematic technique for
improving lens specifications and operating conditions in order to address
the issues related to the low levels of inertia and high degree of diffusivity
associated with nanoparticles so that an aerodynamic lens-nozzle system
for focussing nanoparticles could be built. An aerodynamic lens system
was then devised for focussing particles smaller than 300 nm. Extensive
computational simulations and experimental evaluation (using available ex-
perimental data [141, 138]) were applied for investigating the performance
of the aerodynamic lens-nozzle system. The final step was to parameterize
the modelling process and introduce it into the aerodynamic lens-nozzle de-
sign tool so that the convenience and performance of the lens design could
be tested and the effects of the tests and computational simulations be
established. Figure 1.1 depicts the overall structure of this thesis.

The thesis is divided into nine chapters. Chapter 1 introduces and out-
lines the research problem and explains the motivation, problem statement,
research objectives, novelty of the work, and research approach. These
considerations served as the foundation for the thorough literature review
presented in Chapter 2, which also includes background information about
the sources and properties of nanoparticles and aerodynamic lenses. His-
torical and current applications of the design and numerical simulation of
aerodynamic lens systems are also presented. Chapter 3 discusses several
aspects of the general theoretical background underlying multiphase flow
simulation and describes two numerical methods for detecting solid par-
ticles: Eulerian and Lagrangian. The theory that articulates nanoparticle
motion in aerodynamic lenses and a divergent nozzle is presented in Chapter
4. As a preliminary to an explanation of the measurement of the flowrate
and pressure decrease across orifices, a theory of the fluid flow through aero-
dynamic lenses and then through a divergent nozzle is first detailed. With
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respect to focussing nanoparticles, a systematic procedure for optimizing
operating conditions and lens measurements is then defined.

CFD simulations are set out in Chapter 5, which also covers the mod-
elling and effects of laminar flow; the general principles of multiphase flow
simulation using the Lagrangian method; and techniques related to a theo-
retical method, computational research, and data analysis. The computa-
tional simulation technique used for accurately characterizing the focussing
performance of aerodynamic lens-nozzle systems is described in detail in this
chapter. The flow field is obtained by solving Navier-Stokes equations, and
the particle trajectories are determined by solving Lagrangian equations.
As a result, the Lagrangian method was chosen for the simulation since
it is only utilised on rare occasions when the purpose is to predict particle
trajectories. Based on the procedure itemized in Chapter 4, this simulation
method was then used for evaluating the performance of an aerodynamic
lens system designed to focus sub-300 nm nanoparticles. The effects of the
carrier gas, particle density, and lens design on focussing efficiency were
investigated. The design of grooves within the pipe to hold the orifices,
and the installed inlet and outlet lenses is explained in Chapter 6. This
method parameterizes the knowledge about aerodynamic lenses that has
been gained from the simulations and experiments, thus allowing the quick
and convenient design of lens systems.

The experimental setup used for studying nanoparticle focussing is de-
scribed in Chapter 7, which also explains the experimental validation of
the model through a comparison of the simulation results with the experi-
mental data in order to verify the validity and efficiency of the aerodynamic
lens used for measuring the size of sub-300 nm nanoparticles. The research
presented in this thesis is summarized in Chapter 8, which also lists recom-
mendations for future research. It should be noted that Chapters 3 to 7 of
this thesis contain material that has previously been published or submitted
for publication in peer-reviewed journals. With some editing modifications,
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all of these Chapters have been treated as standalone papers. References
for the original papers are provided under List of Publications at the end of
Chapter 8 (Chapter 9). The final elements of the thesis are the references
and appendices (Appendix A and Appendix B).
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Figure 1.1: Overall structure of this thesis
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Chapter 2

Literature Review

2.1 Introduction

ANSYS Fluent software (2021R1) is a useful computational simulation tool
for studying the interactions of aerodynamic lenses with nanoparticles, thus
providing opportunities for improving design concepts related to the detec-
tion and measurement of particle size. Advancements in aerodynamic lens
design have enhanced the effectiveness of computational tools with respect
to evaluating new nanoparticle detection or measurement concepts. In this
regard, this chapter begins with an explanation of the sources and proper-
ties of nanoparticles and ends with a summary of the problem definition.
An introduction to the basic concepts related to these areas is also included,
along with outlines of prior related studies.

2.1.1 Nanoparticle Sources

Air pollution can include an excess of chemicals, complex mixtures of gases,
liquids, particulate matter, or biological materials in harmful amounts.
Other substances that are considered major air pollutants are (SO2), (O3), (CO),
(NOx), and (VOCs). However, the most common type of air pollutants are

13



nanoparticles, a term that refers to a complex mixture of small airborne
particles generated from a variety of sources [45], such as transportation,
industry, urban activities, agricultural burning, dust particulates, volcanic
emissions, combustion, cooking, heating, polymers [101], cleaning, laser
printers [149], photocopiers, agriculture [17], welding, sea spray [17], and
land use. Advances in nanotechnology [95] have led to the generation of
other examples of nanoparticle sources: drug delivery [61], injections, in-
halable medicines, and tracers.

Since the end of 2019, the COVID-19 epidemic has been a worldwide cri-
sis, posing enormous and diverse challenges to humanity. The epidemic has
negatively impacted on public health systems and harmed socio-economic
development globally. Henry [53] demonstrated the sources of atmospheric
particles and their effects on public health. The COVID-19 pandemic is a
harsh reminder that viral dynamics are frequently a narrative of numbers,
whether in a single human host or a wave of infection across continents
[71]. Furthermore, the COVID-19 pandemic has exposed the urgent need
for more studies into a variety of characteristics of viruses, including virus
particle size. COVID-19 viruses, which are carried by air, are a signifi-
cant family of human and veterinary pathogens that may cause enteric and
respiratory illnesses. Respiratory failure, gastroenteritis, nephritis, hepati-
tis, encephalitis, and progressive demyelinating illness are all symptoms of
COVID-19 virus infection [105].

The most attractive characteristic of nanoparticles is their small size,
which also determines their behaviour [54]. However, their small size also
makes for extensive interaction with biological systems [72, 109, 119, 72, 38].
Concerns have been raised regarding the possible adverse impact of nanopar-
ticles on the environment and human health due to the effects of the par-
ticles themselves or to their role as carriers of toxic elements [149, 38, 108,
144]. While large nanoparticles are less toxic than small ones because of
their larger size and smaller total collective surface area [107, 109, 119],

14



structured nanoparticles that are smaller than cells can penetrate those
cells, and since nanoparticles are not separated from the upper respiratory
tract, they are inhaled into deeper areas of the body [18, 94, 107, 145].
Some researchers have shown that the airborne COVID-19 virus exhibited
a bimodal distribution in Fangcang Medical Staff Area, with ”sub-micron
aerosols” (0.25 µm - 0.5 µm aerodynamic diameter) likely from protective
apparels and ”super-micron aerosols” (>2.5 µm aerodynamic diameter) [90].
Because of what the world is currently suffering from the COVID-19 pan-
demic, so that, since 2021, variants of the virus have emerged or become
dominant in many countries, with the Delta, Alpha and Beta variants be-
ing the most virulent. As of 5 September 2021, more than 220 million cases
and 4.56 million deaths have been confirmed, making it one of the deadliest
pandemics in history (www.cbc.ca). Virus particle size ranged from 0.1 µm

to 0.3 µm. Images of COVID-19 particles taken with a cryo-EM revealed
enveloped and spherical shapes, as shown in Figure 2.1:

As a result, based on the size of the COVID-19 virus particle, this re-
search will investigate particle sizes ranging from 1 nm to 300 nm. Perhaps
this research will serve as a starting point for finding a solution or assist in
the discovery of a cure for the global epidemic.

The consequences of all of these factors are that nanoparticle exposure
can result in numerous adverse health effects, such as aortic heart disease
and other heart disorders, stroke, chronic bronchitis, respiratory infections,
and asthma [84, 96, 45]. Nanoparticles that have been charged have a
five to six times higher accumulation in the lungs and cause more negative
health effects [100]. The hope is that minimizing nanoparticle exposure in
enclosed buildings (houses, offices, or nanotechnology labs) and personal ex-
posure at an occupational level might provide adequate protection against
nanoparticle exposure [45]. As a result, nanoparticles have very high solid
deposits (more than 90 %) in the alveoli, for example, and are also dis-
tributed through blood flow [18, 94, 107, 145].
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Figure 2.1: Cryo-EM of corona viruses in vitreous ice [105]

Nanoparticles have also become relevant in technological innovations that
rely on their small size. Almost all online particle sizing and chemical analy-
sis methods make use of particle beams. Ever since they were first produced
by Murphy and Sears [103], particle beams have been used in a variety of
particle research fields. A number of researchers have employed particle
beams for aerosol particle analysis. In their work, Hall and Beeman [49]
used particle beams to study secondary electron emission from polystyrene
latex sphere beams. Allen and Gould [7] used particle beams for the spec-
trometric analysis of individual aerosol particles, and Seapan et al. applied
them as a means of measuring the fundamental properties of aerosol parti-
cles. Sinha and Friedlander [130] employed particle beams to measure the
mass distribution of chemical species in a polydisperse aerosol. Dhaneke
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and Flachsbart [24] developed techniques for producing specific beams for
measurement purposes: aerosol beam focussing (ABF) and aerosol beam
spectrometry (ABS). These techniques can be used for determining the
distribution and chemical composition of various sizes of aerosol particle
intervals. In their work, Estes et al. [39] explored the characteristics of a
capillary-generated particle beam.

In these methods, the particle beam is generated by expanding a gas-
particle suspension through a single orifice or through multiple orifices. Is-
rael and Friedlander applied this type of method to produce a particle beam
with particle sizes ranging from 126 nm to 365 nm [58]. Liu et al. employed
both theoretical and experimental techniques to study particle beams gen-
erated by an aerodynamic lens-nozzle expansion [87, 88]. The calculations
of these researchers provided valuable knowledge about the variables that
influence both beam performance and particle terminal velocity (number of
lenses, lens-nozzle geometry). However, the work of Liu et al. was limited to
particles near the axis and to small particles (dp < 250 nm) [87, 88]. In their
calculations, the flow fields in the aerodynamic lenses were assumed to be
incompressible or isentropic, while the supersonic free-jet expansion through
the nozzle was calculated using a quasi-one-dimensional approximation and
an analytical expression like the one used in the method developed by Dah-
neke and Cheng [25, 20]. Liu et al. centralized particles to an area close to
the axis by causing the gas-particle suspension to pass through a series of
orifices (referred to as an aerodynamic lens system) before expanding the
gas into a vacuum through a final nozzle [87, 88].

Particle beams with lower divergence angles are extremely useful in a
wide range of applications. Particle beams with controllable measurements
and divergences are used in almost all online particle sizing and chemical
analysis techniques. The particle beam is produced in these techniques by
expanding a gas-particle suspension via single or multiple orifice systems.
With respect to the maximum beam divergence appropriate for existing
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particle measurement devices, single nozzle systems are inadequate. Typ-
ically, particle size is determined by calculating particle time-of-flight over
a given distance using light scattering. This calculation is used to compute
the particle terminal velocity, which is then applied in order to determine
the dimensions of the particle. Tafreshi et al. [135] designed a new aero-
dynamic nozzle configuration for producing low-divergence cluster beams.
To achieve their aerodynamic focussing effects, they fixed a simple aerody-
namic lens in the pipe, and studied the resulting collimation and cluster
mass selections.

An aerodynamic lens system has been shown to perform the same func-
tion as a sheath flow without slowing the particle-sampling process or com-
plicating gas handling. Interest in aerodynamic lenses has grown in recent
years because collimated particle beams have made it possible to measure
the size and composition of particle samples online [64]. Mallina et al. dis-
covered that only particles within a narrow size range (referred to as the
maximum collimation diameter) are effectively collimated, and even such
maximally collimated particles have a divergence angle in the order of 0.008
rad [93]. These measurements are critical for identifying the source of at-
mospheric particles as well as their impact on human health [53].

2.1.2 Nanoparticle Focussing

A specific research objective was to create an aerodynamic lens system
(ALS) designed for focussing a nanoparticle size to the smallest possible di-
ameter while keeping the computational and experimental setup straightfor-
ward and easily adaptable to different samples. Designing lenses with these
capabilities ensures that a greater number of particles can pass through
them, resulting in more particles that can be focussed as they cross through
the lenses. Roth et al. [120] created a three-lens system for focussing 500
nm particles in this way, as illustrated in Figure 2.2 [120].
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Figure 2.2: Three-lens-system for focussing 500 nm particles [120]

Mallina et al. [93] demonstrated that the narrow-beam diameter pro-
duced by a nozzle is normally limited to a very small range of particle
diameters. Zhang et al. [162] developed a five-lens system with a nozzle
inlet for focussing 500 nm particles and showed that the measured trajec-
tories of 500 nm particles like the ones depicted in Figure 2.3 provide a
fundamental explanation of the factors that control the formation of a beam
containing particles with diameters ranging from 5 nm to 10,000 nm [162].

Figure 2.3: Schematic of an aerodynamic lens system and nozzle inlet showing the calcu-
lated trajectories of 500 nm particles [162]

Liu et al. [87, 88] conducted the first detailed computational and ex-
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perimental analyses of aerodynamic lenses. They demonstrated that highly
collimated particle beams could be generated without the use of sheath air.
When particles within a critical size range (the minimum particle size) pass
through a contraction, they drift toward the axis and can be collimated to
form a focussed beam through the connections of a series of aerodynamic
lenses. Liu et al. [87] used the incompressible and compressible axisym-
metric Navier-Stokes equations as well as a one-dimensional experimental
correlation for flows downstream from the nozzle in order to determine the
flow field in the lens and the attached nozzle.

However, the aim of the work presented here was to design an aerody-
namic lens model. For this study, nanoparticles were produced through the
sonic expansion of airborne particles to a vacuum by means of two lenses
and a single divergent nozzle. It has been shown that beam divergence can
be greatly decreased if, prior to the sonic expansion to vacuum, the air-
borne particles are moved through an aerodynamic lens system consisting
of two lenses and a single divergent nozzle. For this reason, a numerical
investigation was directed at examining nanoparticle motion in expansions
of an airborne particle suspension using lenses and a divergent nozzle. This
study also involved an exploration of particle motion through two lenses
and sonic expansion to vacuum through a divergent nozzle. This designed
aerodynamic lens-nozzle inlet system is detailed in Figure 2.4.

Since aerodynamic lenses and an isolated divergent nozzle are the fun-
damental components of any aerodynamic lens-nozzle inlet system, a basic
understanding of these components is needed for designing an inlet system
with the desired sampling rate, collimation, and transmission properties.
When a gas is subsonically contracted and expanded into an orifice, the
belief is the corresponding nanoparticles will follow the fluid streamlines
if the nanoparticles have less inertia than the gas. Real nanoparticles, on
the other hand, may be displaced against the axis of symmetry or may af-
fect the front surface of the lens. The first of these consequences causes
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Figure 2.4: Details of the optimized aerodynamic lens-nozzle inlet system used in this
study

nanoparticle collimation near the axis, while the second leads to the loss
of nanoparticles. Maximal nanoparticle displacement occurs at the Stokes
number of the particle, St, and major impact loss starts at St ≥ 1.

Other essential parameters are the dimensionless geometry of the lens
and the Reynolds number of the flow. It has been discovered that when a
gas containing suspended particles is supersonically expanded to the vac-
uum via a nozzle at the operating pressure of the lens, the divergence of
a nanoparticle beam is a function of the Reynolds number, the nozzle ge-
ometry, and the Stokes number of the particle. More precisely, additional
findings have revealed that a stepped nozzle helps minimize beam diver-
gence in general and that nanoparticle velocity scales with the speed of
sound [162]. For these reasons, this research entailed the development of
a model of the axisymmetric orifices as a useful tool that can efficiently
focus nanoparticles with a size smaller than 300 nm. This objective was
achieved through the construction of a focussing and measurement system
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consisting of two aerodynamic lenses and a divergent nozzle, and through
the acquisition of a basic understanding of the factors affecting the fluid
(air) containing nanoparticles (carbon) with diameters ranging from 3 nm
to 300 nm. The process was enhanced by the inclusion of fabricated grooves
inside the top and bottom of the pipe, thus shortening the development
cycle and significantly reducing prototyping costs by avoiding the costly
manufacture of fabrication tooling. An additional feature of this research is
two-dimensional computational fluid dynamics (CFD) for a gas-solid flow
based on the Lagrangian model for measuring the size of nanoparticles.

2.2 Principles of Particle Dispersion

Particle dispersion can be divided into three distinct processes: mixing,
spreading, and bulk transport. The method of generating a homogeneous
mixture, usually of two or more particle streams, is known as mixing.
Spreading occurs as particles move through unoccupied regions where par-
ticle focussing then decreases as a result of the spreading. The final process
is bulk particle transport from one field to another. Although any of these
modes of dispersion can happen independently, in the case of particle-laden
jets, all three take place at the same time [10]. When the Lagrangian
method is used for measuring particle dispersion, several different forces
must be determined concurrently in order to produce the resulting trajec-
tory vector for a given time step. Moreover, these forces are classified as
the most important forces acting on a particle. While these forces can have
a substantial cumulative effect on particle trajectory, the extent to which
each force influences particle motion is dependent on a variety of factors,
including the size and density of a specific particle.
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2.2.1 Drag Forces

One of the most critical forces acting in multiphase flows is the drag force.
The standard method for calculating drag force is as follows:

−→
F drag = CD

π

8
ρcd

2
p

−→
U 2 (2.1)

Where CD represents the drag coefficient, ρc the continuous phase den-
sity, dp the particle diameter, and

−→
U the particle velocity. The value of the

drag coefficient, CD, varies depending on the particle and flow properties,
remaining roughly constant at CD = 0.44 for large particles (Rep > 1000)
since the effects of the inertia of the particle are dominant in this range.
This region is commonly referred to as the Newtonian region. At the other
end of the spectrum, for very small particles (Rep < 1), the presumption is
that the effects of the inertia of the particle are negligible compared to the
magnitude of the viscous forces. In this case, the drag coefficient is written
as in Equation 2.2:

CD =
24

Rep
(2.2)

For particles where (1 < Rep < 1000), experimentation has revealed that
the drag coefficient can be calculated according to Equation 2.3 [54]:

CD =
24

Rep

(
1 + 0.15Re0.687p

)
(2.3)

2.2.2 Particle Trajectory Equation

The Lagrangian method was used to obtain particle trajectories. To con-
sider Brownian diffusion in Lagrangian studies, the random Brownian force,
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as well as the friction, must be included in Newton’s equations of motion.
The Langevin equation is the fundamental equation, and it incorporates
both frictional and random forces [73]. Where Brownian motion is the ran-
dom motion of a small particle immersed in a fluid. When the effects of
Brownian force and drag force must be taken into account, Lagrangian par-
ticle tracking is employed for tracking the particles. The following is the
Langevin equation that governs particle motion [152]:

mp

−→
dUp

dt
=

−→
F drag +

−→
F Br (2.4)

dxp
dt

=
−→
U p (2.5)

Where
−→
U p is the particle velocity, t is time,

−→
F drag and

−→
F Br are the

drag and Brownian forces per unit mass, respectively, and x is the particle
position. In this investigation, the gas flow was laminar, and the particles
were considered to be spherical. As a result, turbulence dispersion and lift
force were not taken into account. It is important to note that while ignoring
lift force is appropriate for spherical particles, it might result in substantial
errors for nonspherical particles [87, 88]. The terms in Equation 2.4 that
specify the particle drag force and Brownian force for micron particles (>
1µm) are defined in equations (2.1, 2.2, and 2.3). The terms in Equation
2.4 that designate the particle drag force for submicron particles (< 1µm)
are defined as follows:

−→
F drag =

3πµdp(
−→
U f −

−→
U p)

mpCc
(2.6)

Where µ is the dynamic viscosity of the carrier gas, dp identifies the

particle diameter,
−→
U f is flow velocity, and

−→
U p is particle velocity, mp is

24



particle mass, and Cc is the Cunningham slip correction factor as shown in
equation (2.7).

Cc = 1 +
2λ

dp
(1.257 + 0.4e−

1.1dp
2λ ) (2.7)

In Equations 2.6 and 2.7, λ denotes the mean free path, and ρp denotes
particle density. Mean free path λ is described by the following expression:

λ =
µ

P
√

2M
πRT

(2.8)

Where P is the pressure before the focussing orifice, M is the molecular
weight of the gas, R is the universal gas constant (8.314J/K.mol), and T

is the temperature. The fluctuation-dissipation theorem [73] describes the
characteristics of the Brownian force per unit mass, as illustrated in the
equations below:

−→
F Br(t) = 0 (2.9)

−→
F Br(t).

−→
F Br(t

′
) =

2KTfδ(t
′ − t)

m2
p

(2.10)

Where k represents the Boltzmann constant, T represents the local tem-
perature, f represents the friction coefficient. δ(t

′ − t) is the Dirac-delta
function, where t

′
and t are times. Traditionally, there is no correlation

between effects in any distinct time intervals t
′
and t, according to the

Dirac-delta function in time. The fluctuating force has a Gaussian distri-
bution [46], which is defined by these moments, according to the remaining
mathematical specification of this dynamical model. As a result, the white
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noise’s delta function must be replaced by a numerical representation of
1/∆t.

δ(t
′ − t) = {

1
∆t ,when t

′
and t in the time step ∆t

0,On the contrary
} (2.11)

Thus, at each time step, the Brownian force per unit mass in direction i
may be expressed as:

−→
F Br = Gi

√
πS0

∆t
(2.12)

Where Gi denotes independent Gaussian random numbers with zero
mean and unit variance, and:

S0 =
216vkT

π2ρd5p(
ρp
ρ )

2Cc
(2.13)

The kinematic viscosity is v, the gas density is ρ, and the particle mass
density is ρp. Therefore, to determine the drag force and Brownian force on
particles, we utilized user-defined functions (see Appendix A).

2.3 Particle Characteristics and Flow Interactions

2.3.1 Stokes Number

With respect to particle dispersion, several different characteristics are fac-
tors in the determination of the particle geometry and the particle’s rela-
tionship to the flow. One of the most widely used particle characteristics
is the Stokes number, St, which quantifies the ratio of the aerodynamic
response time of a particle (also known as the relaxation time) [59] to the
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timescale of the flow of a structure. The size range of the particles that
are being focussed on is established by the Stokes number of the particle,
St, which is basically the ratio of the inertial forces of the particle to the
drag force, [97]. Equation 2.14 provides a means of calculating the Stokes
number of a system:

St =
ρpd

2
pU

18µδ
(2.14)

Where δ is the typical length of the structure of interest. In the case
of free jet structures, this value can vary depending on position, but it is
commonly used as an initial approximation of the nozzle diameter [35]. The
Stokes number can be used to classify various particle behaviours within
flows. Particle flows with a Stokes number less than one, for example, tend
to serve as flow tracers because the particle reaction time is sufficiently low
to allow the particles to change direction rapidly within the flow structure.
In cases in which the Stokes number is close to one, the particles behave
similarly and also exhibit some lag relative to the flow streamlines [51, 15].
Where the Stokes number is greater than one, the aerodynamic response
time is reasonably long, so that the particle is not greatly influenced by
fluctuations in the flow field and tends to take a more rectilinear path.
Smaller particles (those with a Stokes number less than one) tend to follow
the streamlines to avoid crossing the centreline, while larger particles (those
with a Stokes number greater than one) are less disturbed by the flow and
therefore cross the centreline [97]. Particles with intermediate levels of
inertia are thus separated from the streamlines and focussed on the axis
so that particles with specific Stokes numbers congregate at the axis.

2.3.2 Particle Tracking in an Injection System

To provide a better understanding of the effect of an injection system on
particle distribution for the particle sizes and densities detailed below, a
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particle injection system was developed based on a Lagrangian tracking
scheme for discrete phase modelling (DPM) on the surface, as shown in
Figure 2.5 [161].

Figure 2.5: Use of a Lagrangian tracking scheme for discrete phase modelling (DPM) at
the pipe inlet

To ascertain any polydisperse characterization, the injections were mod-
elled after computational measurements of the diameters of a variety of
particles in order to determine both the variance (if any) from the man-
ufacturer’s prescribed diameters as well as the standard deviation of the
particle diameters. The Newtonian assumption of CD=0.44 was used to
solve the equations for the smallest particles. The Reynolds number of the
particles was determined to be less than 1000, suggesting a laminar flow.
In both of these cases, the Reynolds number of the particle is significantly
greater than one, putting it squarely outside the Stokes region. Particles
are injected using the surface injection type from the inlet to produce the
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most accurate solution. However, the number of particles is limited by
the number of meshed cells at the inlet. The particle tracking scheme uti-
lized within the injection system thus allowed the use of the previously
mentioned two-way step coupling. A further factor was that employing a
Lagrangian tracking scheme required a large number of runs (because with
the Lagrangian method, individual particles are traced over time, reveal-
ing a particle trajectory). The interaction of the particle with the walls of
the injection system was regulated with the use of the ”reflect” boundary
condition on all exterior faces of the mesh except those indicated in Figure
2.5. As a result, any interaction of the particle with the walls will alter its
trajectory according to the coefficient of restitution.

2.4 Knowledge Gaps and Research Needed

While particle focussing is an important process in nanoparticle research,
commercially available devices are still lacking. Those on the market are
expensive, and their performance under varied operating conditions is not
well characterized. The progress of nanoparticle studies can be improved
through greater availability of particle sources, which would allow researchers
to evaluate the effects of a wider range of nanoparticles for an application
of interest. CFD modelling would be beneficial with respect to providing an
enhanced understanding of effective particle focussing. Although there have
been numerous advances in nanoparticle focussing, prior to the research con-
ducted for this thesis, there was still a need to consider the effect of focussing
nanoparticles with an aerodynamic lens. While aerodynamic lens systems
have been the subject of numerous research projects, these theoretical and
experimental studies have been based on underlying assumptions that must
be included in any discussion of the impact of nanoparticles on a lens. The
following questions and considerations guided the direction of the research
presented in this thesis:
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1. Can all the assumptions used in previous aerodynamic lens models be
validated? (Chapter 5).

2. Does an aerodynamic lens system exist? (Chapter 2).

3. If it does, what is the critical diameter of the nanoparticles below which
an aerodynamic lens could focus them? (Chapter 2).

4. Do small nanoparticles behave as gas molecules or as nanoparticles?
(Chapter 2).

5. Why cannot nanoparticles smaller than 3 nm be measured by simula-
tion software? (Chapter 5).

6. How can the efficiency of a lens be increased for small nanoparticles?
(Chapter 5).

7. How can a systematic understanding of factors that affect the nanopar-
ticles focussed with an aerodynamic lens be acquired so that it becomes
clear how they interact with one another? (Chapter 4.

8. Designing aerodynamic lenses has been shown to be achievable since
multiple researchers have reported the experimental and simulated de-
sign of these lenses, but their methods have varied substantially. Con-
sidering the numerous parameters that have an impact on an aerody-
namic lens for use in particle focussing, how can an understanding of
nanoparticle focussing with an aerodynamic lens be expanded? (Chap-
ters 6 and 7).

9. Even with the extensive research related to aerodynamic lenses, the
effects of all possible parameters are not yet fully understood. Carbon
has been the focus of the most recent study and exhibits properties
with promising potential for use in this field, which should be explored.
(Chapter 5).

30



10. While the ability of an aerodynamic lens to focus nanoparticles was
believed to be excellent, until now it had not yet been tested, either
under laboratory or practical conditions. The scope of the work pre-
sented here included the addition of information to the knowledge base
related to aerodynamic lens design and the impact of critical parame-
ters as well as an investigation of the ability of an aerodynamic lens to
focus nanoparticles. (Chapter 5).

11. With respect to the Lagrangian model using ANSYS Fluent, the ques-
tion was whether an Eulerian simulation could be performed using a
multiphase model. (Chapter 3).

12. If not, how could a Lagrangian model be utilized, given the individual
particle tracks? How important are the tracks with respect to the
simulation? How do particles affect flow? (Chapter 3).

2.5 Summary

The literature review presented in this chapter has revealed a critical need
for the ability to measure nanoparticles that are focussed with an aerody-
namic lens by eliminating the effect of the orifice on the nanoparticles. A
more appropriate approach is needed to the acquisition of an understand-
ing of the aerodynamic lens approach, a goal that motivated the research
presented in this thesis. This investigation was centred on a computational
approach to the development of a new aerodynamic lens system, and this
research has contributed to the body of knowledge by demonstrating the
potential impact of nanoparticles on the orifice. This impact has been prac-
tically demonstrated through direct experiments, as described in subsequent
chapters. The main innovations and contributions of the research can be
summarized as follows:
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1. A sharp-edged plate orifice has been designed.

2. A divergent nozzle has been designed.

3. A pipe containing inside grooves that match the diameter and thickness
of the lenses has been designed.

4. The understanding of aerodynamic lens systems has been advanced.

5. The effects of particle properties, particle focussing, and nanoparticle
measurement in relation to aerodynamic lenses have been investigated
and quantified.

6. A correlated aerodynamic lens model for experimental and simulation
use has been proposed.

As well, because the computational investigation of the effect of particle
size on an aerodynamic lens system is inherently interdisciplinary, this as-
pect of the research required the tackling of a series of challenges. The
resulting enhanced understanding of aerodynamic lens systems represents
a fundamental contribution to the development and application of particle
focussing and particle size measurement.
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Chapter 3

Multiphase Particle Modelling

3.1 Introduction

This chapter presents general theoretical background related to multiphase
flow simulation. While both multiphase and gas-solid flows are generic
terms, with an overall similar generic setup [133], individual models and
computational techniques can vary significantly from case to case. With
respect to the simulation of a gas-solid flow, two basic methods are applied
in order to simulate the formation of solid particles: the Eulerian method
and the Lagrangian method, as shown in Figure 3.1.

Both methods are often applied for computational and numerical sim-
ulations of multiphase flows [133]. A fundamental assumption underlying
this approach is that the dispersed phase occupies a small volume fraction,
implying that the dispersed phase elements are not too close to one another
and can therefore be viewed as isolated [75, 23, 4]. As a result, the inter-
action between the multiphase flow and the influence of the second phase
would be significant enough to warrant consideration [4].
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Figure 3.1: Multiphase modelling approaches in ANSYS Fluent

3.2 Lagrangian Particle-Tracking Theory

This section explains the mechanism of Lagrangian particle tracking and the
application of this theory. First, Lagrangian particle tracks are compared
with streamlines, the results of which have been incorporated into the CFD
code and post-processor features of this study. This comparison clarifies the
discrepancies between these two elements and highlights how the algorithm
is implemented using the CFD codes. Fluid flows often carry solids with
them, meaning that the majority of fluid flows subjected to CFD analysis
are multiphase fluids, such as air as a gas, with carbon as a solid. Simple
examples include combustion exhaust from vehicles and power stations, in
which small particles of soot and other solids are often transported with
the gases. In such cases, when small solid particles are transported along
with the fluid, in simple terms, the transport of just a single particle in a
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fluid flow can be examined. This approach must be extended to include in-
stances when a variety of different particles are found in the fluid flow. This
further explanation begins with a discussion of the concept of streamlines,
as illustrated in Figure 3.2.

Figure 3.2: Transport of small solid particles along with the fluid, described based on the
transport of only a single particle in the fluid flow

If nanoparticles of varied sizes are injected into the fluid flow, it will be
found that they tend to follow the streamlines of the flow. In Figure 3.2 the
streamline is just a straight flow or a plain channel flow, and the black dots
represent solids. If the particles are very light, it is expected that they will
be transported along the pipe in the straight solid line indicated from left to
right, thus following the streamlines. However, if some of those particles are
substantially heavier or quite a bit bigger, rather than being transported in
a straight line along the pipe, these heavier particles fall toward the bottom
of the pipe, as represented by the downward dotted-line curved trajectory
in Figure 3.2. In this case, if streamlines are relied on for working out the
path of the solids in the pipe flow, the conclusion would be incorrect, and
a different approach that takes particle mass into account is needed.

In addition to the particles moving down toward the bottom of the pipe,
they are also expected to move more slowly than the fluid, as depicted in
Figure 3.3.

The conclusion is, therefore, that streamlines are ineffective for tracking
the trajectories of heavy or large particles and a different technique must
be employed: Lagrangian particle tracking, which is illustrated in Figure
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Figure 3.3: Particles moving toward the bottom of the pipe and expected to move more
slowly than the fluid

3.4, can be used to provide a more accurate computation of particle motion
[133].

Figure 3.4: Lagrangian particle track, which yields a more accurate computation of particle
motion
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To demonstrate the superiority of Lagrangian particle tracking first re-
quires a detailed explanation of the mathematics that form the basis of
the streamline technique. With streamlines, it is important to solve the
following differential equation [148]:

dxp
dt

=
−→
U p (3.1)

Where dxp/dt is the rate of change in the particle position over time,
−→
U p is the velocity of the particle, and dxp denotes the particle position.
This step is critical because a moving fluid and moving particles do not
necessarily exhibit the same velocity. In streamlines, if there is a particle
with no mass or very little mass, it moves with the fluid flow, in which case,
the particle velocity

−→
U p equals the local fluid velocity

−→
U :

−→
U p =

−→
U (3.2)

Equation 3.1 can therefore be solved because the fluid velocity is known
from the solution for the CFD equations. An explicit time-stepping ap-
proach can then be used for solving Equation 3.2 for the streamlines [148],
as indicated in equation 3.3:

dxp
dt

=
−→
U p →

−→x i+1
p −−→x i

p

∆t
=

−→
U i

p (3.3)

where −→x i
p is the current particle position, as shown in Figure 3.5, which

can then be used for establishing the next particle position −→x p
i+1.

This step can be achieved if Equation 3.3 is rearranged to give Equation
3.4:

−→x i+1
p = −→x i

p +
−→
U i

p∆t (3.4)
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Figure 3.5: Current particle position indicated by −→xp
i

where −→x i+1
p specifies the next particle position, −→x i

p indicates the current

particle position,
−→
U i

p denotes the contribution of the particle velocity, and
∆t represents the time step. Figure 3.5 is a visual representation of this
step. The particle must move from one location in the CFD mesh to another
point in the CFD mesh. Because a streamline approach is used in this
instance, the velocity of the particle is equal to that of the local fluid. The
CFD mesh can be considered along with the solution and the local velocity
interpolated at that point because the local fluid velocity is equal to the
local particle velocity. Repeated applications of Equation 3.4 can then be
applied to work out each subsequent position of the particle until a complete
trajectory of a single particle is established through the flow field of the fluid.
The key is to use the local fluid velocity at each position of the particle in
order to determine the trajectory of the particle at that point as well as
where its next position will be, which is how streamlines can be employed
to establish the path of a nanoparticle or a particle with no mass. Although,
as depicted in Figure 3.6, a particle that has mass is the more common
occurrence in such flows, the same method can be used for updating the
position of such a particle when the value of −→x i+1

p is known:
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−→x i+1
p = −→x i

p +
−→
U i

p ∗∆t
−→
U p ̸=

−→
U (3.5)

Figure 3.6: More commonly found particle with mass

The difference in this case is that the velocity of the particle is not equal
to that of the local fluid, a discrepancy that can be attributed to the drag
on the particle and its weight, factors that would be expected to alter its
trajectory slightly in a downward direction, with very different results than
would be obtained with the streamline technique. In this case, because the
velocity of the particle differs from that of the local fluid in the mesh, it
must be calculated based on the balance of forces acting on that particle.

3.2.1 Force Balance

The force balance and how it can be derived for a single particle are ex-
plained in this subsection. The starting point is Newton’s second law, gov-
erning the forces acting on a solid particle:

−→
F = mp

−→a
−→
F = mp

−→
dUp

dt
(3.6)
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Where mp is the mass of the particle, a is the rate of change of the
velocity of the particle over time. Equation 3.7 then describes the forces
acting on the particle.Several different contributions are present:

mp

−→
dUp

dt
=

−→
F drag +

−→
F Buoyancy +

−→
F Others (3.7)

For the purposes of this method, and depending on the type of flow
field in evidence, there may be additional forces acting on the particle.
Since this discussion serves as an introduction, the drag force is examined
since this is the main force acting on a particle and often has the greatest
magnitude. Figure 3.7 provides a visual example of the force balance acting
on a particle.

Figure 3.7: Composition of the force balance for a solid particle moving from left to right
in a fluid

For determining the composition of the force balance for a particle, such
as the visual example of a spherical particle moving from left to right in a
fluid shown in Figure 3.7, noting both the forces and the direction of their
action on the particle are very important. Drag is applied from right to left,
the weight of the particle is acting downward, and the buoyancy is acting
upward. These observations are quite straightforward for a particle moving
horizontally in a fluid.
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However, if the particles are moving at an angle in the flow field, when
the force balance is redrawn, it can be seen that the weight of the particle
still acts vertically downward, or more correctly, in the direction of gravity,
and the buoyancy force still acts vertically upward in the opposite direction.
In contrast, the direction of the drag force changes because it always acts in
a direction opposite to that of the particle’s motion, i.e., its velocity. When
the force balance is established for this case, these factors, as illustrated in
Figure 3.8, must be taken into consideration.

Figure 3.8: Particles moving at an angle in the flow field

In the next situation, rather than moving through a fluid, the spherical
particle instead moves within a fluid that is also moving. There is no change
in the direction of the weight or the buoyancy force. The difference now is
that, because the fluid and the particle are both in motion, the drag force is
acting in the direction of

−→
U p −

−→
U , which must be taken into account when

that force is computed. Figure 3.9 illustrates this case.

The buoyancy and weight acting on the particle are the simplest forces
to establish since it is a given that the weight of the particle always acts in
the direction of −→g , the gravitational acceleration vector. Using this vector
rather than a coordinate direction such as x, y, or z is important since, in a
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Figure 3.9: Case in which the fluid and the particle are both moving, thus affecting the
calculation of the drag force

CFD simulation, the user’s choice of vertically upward direction is unknown
ahead of time. The weight of the particle can thus be given by:

−→
F Weight = ρp

−→g Vp (3.8)

Where ρp is the density of the particle, −→g is the gravitational acceler-
ation, and Vp is the volume of the particle. The gravitational force expe-
rienced by the nanoparticles is obtained from the upcoming expressions,
which are presented in Equation 3.9:

−→
F Gravitational =

πd3pρp

6
−→g (3.9)

If the buoyancy force is the weight of the fluid displaced by the particle,
the buoyancy force can be calculated as (Equation 3.10):

−→
F Buoyancy = ρf

−→g Vp (3.10)
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For Lagrangian particle tracks, the weight and the buoyancy forces can
be combined into a single vector acting on the particle, resulting in Equation
3.11:

−→
F V ertical = (ρp − ρf)

−→g Vp (3.11)

The interesting feature of this force is that it is dependent on the density
of the particle relative to the fluid, which determines whether the particle
will move upward or downward. If the particle is denser than the back-
ground fluid, it would be expected to sink:

(ρp − ρf) > 0

However, if the particle is lighter than the background fluid, i.e., with less
density, it will move up in the flow field:

(ρp − ρf) < 0

This formulation of buoyancy in the weight factor allows for the ability of
the particle to move in that direction regardless of its density.

3.2.2 Drag Force

Drag force is more complicated to compute; it would be expected to take
the general form [16] expressed in Equation 3.12:

−→
F drag =

1

2
ρfCD

∣∣∣−→U −
−→
U p

∣∣∣ (−→U −
−→
U p)Ap (3.12)

Where Ap is the projected area in the direction of the flow. The specific
form of the drag force that is used for Lagrangian particle tracks is the
general one from Equation 3.12. However, it should be noted that, rather
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than U 2, the way in which velocity has been expressed requires that the drag
forces be in the correct direction. The second, bracketed, instance of

−→
U −

−→
U p

in the equation thus ensures that the drag force is in the direction opposite
to that of the particle motion. The magnitude of the first inclusion of the
new value,

−→
U −

−→
U p, ensures that the drag force is in the correct direction.

However, two components have not been explained [133]: the area to be used
and the drag coefficient of the spherical particle, as indicated in Figure 3.10.

Figure 3.10: The area to be used and the drag coefficient of the spherical particle

The area used in the drag force calculation is the projected area in the
direction of the flow, and spherical particles, in general, have the following
drag coefficient:

CD =

{
24
Re
(1 + 0.15 R0.687

e Re < 1000

0.44 Re > 1000

}
(3.13)

When Lagrangian particle tracks are under consideration, the common
practise is to express factors in terms of particle diameter rather than radius.

A spherical particle thus has a volume of Vp =
πd3p
6 , but its projected area, Ap

is the area of a circle [133]. For a spherical particle, the front of the projected

area will be Ap =
πd2p
4 , which confirms the Ap to be used in computing the

drag force.

The next consideration is the drag coefficient, which generally, for a
spherical particle, takes a form similar to that shown in the plot in Figure
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3.11. It can be seen that for low Reynolds numbers, the value of the drag
coefficient is initially very high.

Figure 3.11: Drag coefficient for a spherical particle

It should be noted that the drag coefficient is not the drag force [16].
As the Reynolds number increases, the drag coefficient decreases until it
plateaus around a Reynolds number of 10,000. With higher Reynolds num-
bers, an interesting transition behaviour occurs: there is a characteristic dp
in the curve that is attributable to particles being very small. An example
of an empirical fit that can be used for the drag coefficient of a spherical
particle is given in Equation 3.13.

This expression is called the Schiller-Naumann drag coefficient relation-
ship and is used in the majority of CFD codes. The value of the drag
coefficient is dependent on the Reynolds number, but in Equation 3.14, the
Reynolds number is contingent on the velocity of the particle,

−→
U p. How-

ever, the goal here is to solve for the force balance in order to calculate the
particle velocity.

Re =
ρdp

∣∣∣−→U p −
−→
U
∣∣∣

µ
(3.14)
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In CFD codes, a way to circumvent this difficulty is to use the particle
velocity from the previous time step or the previous section of the particle
track in order to compute the Reynolds number of the particle. Once the
Reynolds number has been established, the drag coefficient can be calcu-
lated, and the force balance computation can be completed. This technique
constitutes a very important intuitive step for an understanding of the La-
grangian particle tracks: the Reynolds number is based on a particle velocity
that is not yet known. As an aside, if a hand calculation of a particle-settling
velocity is ever attempted, it will be found that the hand calculation needed
for the iterations required for calculating the particle-settling velocity arises
from the Reynolds number.

The drag and loop can then be updated in that manner and for that
reason. However, these calculations are no problem with the CFD code,
and the particle velocity from the previous step of the Lagrangian track
can be employed. Thus, when an individual particle is being moved accord-
ing to a time step along its track, the first procedure is to calculate the
Reynolds number of that particle based on its velocity from the previous
time step, as expressed in Equation 3.14. Once the Reynolds number has
been determined, the drag coefficient of the particle can be calculated using
the Schiller-Naumann drag model, as expressed in Equation 3.13. Once the
drag coefficient has been calculated, the force balance can be determined in
order to calculate the new velocity of the particle Up. The drag coefficient
can thus be used to solve Equation 3.15.

mp

−→
dUp

dt
=

1

2
ρfCD

∣∣∣−→U −
−→
U p

∣∣∣ (−→U −
−→
U p)Ap + (ρp − ρf)

−→g Vp (3.15)

The entire process is then repeated from the beginning, with the position
of the particle being updated based on the Eulerian explicit time-stepping
approach.
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−→x i+1
p = −→x i

p +
−→
U i+1

p ∆t (3.16)

This technique means that this sequence of calculations is performed for
each time step for each particle as it moves along its track, a process that is
then reiterated until the particle has moved all the way along its track and
its full trajectory can be seen.

3.3 Summary

One aspect of this research was an examination of the modelling perfor-
mance of the Lagrangian method with respect to particle focussing dis-
tribution through the lenses in the pipe. This investigation covered the
exploration of particle dispersion in a circular pipe after the utilization of
two lenses with a divergent nozzle. The comparison concentrated on the
accuracy and reliability of the particle-focussing simulation, as well as on
computational efficiency. The performance of the Lagrangian model for es-
timating particle dispersion was examined using identical airflow fields. The
results revealed that, under steady-state conditions, the particle phase be-
haves more like a continuum. The Eulerian method requires less processing
time than the Lagrangian method, but each step in the Lagrangian method
involves hundreds of iterations since it entails tracking the evolution of each
particle and needs a sufficiently large number of particles to maintain sta-
tistical stability. The conclusion is, therefore, that the Lagrangian approach
is more appropriate for modelling particle motion under steady-state con-
ditions and is hence suggested for future applications.
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3.3.1 Lagrangian Fluid Motion Approach

This paragraph provides a quick summary of this introduction to Lagrangian
particle tracking. The overall procedure for carrying out particle tracking
for a single particle is first to calculate the Reynolds number using the par-
ticle velocity from the previous time step or the previous section along the
particle track. Once the Reynolds number is known, the next stage is to
calculate the drag coefficient for the particle using the Schiller-Naumann
drag model. The force balance is then computed in order to calculate the
new velocity of the particle. Once the new particle velocity has been estab-
lished, the position of that particle can be updated based on the velocity
and the time step. Particle velocity is useful for changing the trajectory of
the particle as it moves through space. These four steps can then be re-
peated as a means of incrementally moving the particle along its trajectory
until the particle track can be terminated at the end of the particle-tracking
simulation. The final point is that the force balance is very general. Of the
numerous forces acting on a particle, only the two main ones have been
reviewed: drag and the Brownian of the particle. A further factor is that
the force balance can also be written in a variety of forms. However, it is
worth remembering that the general basis of this force balance is always
Newton’s second law, which means that the particle velocity can be calcu-
lated because, unless the mass of the particle is very small, the velocity of
the particle is not necessarily the same as that of the fluid.
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Chapter 4

Theory of Nanoparticle Motion in
Aerodynamic Lenses and a Divergent
Nozzle

4.1 Introduction

In aerodynamic focussing, lenses concentrate particles trapped in a carrier
gas into collimating beams. Particles that are dispersed from the main beam
are then removed through a sequence of orifices. Ones that flow into the
air can be focussed in a small area of high concentration, and the resulting
narrow particle flow is useful for observing the particles themselves. Cur-
rently available aerodynamic lens systems are ineffective for focussing small
particles due to the natural diffusion of small particles away from the main
component of the beam. Decreasing the size of the pipe will not increase
the concentration of particles, although the particle flow can be reduced if a
pipe of a smaller diameter is used. Aerodynamic lenses specifically designed
for use with nanoparticles can produce collimating beams of small nanopar-
ticles, enabling the focus of small particles in the beam. Aerodynamic lenses
are often used in combination with Differential Mobility Analyzer (DMA)
and a Faraday cup electrometer (FCE) because the concentrated beam of
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small particles can be applied directly in these particle focussing systems.

Because of their rigidity, simple mechanical structure, and other well-
known advantages, aerodynamic lenses are commonly used in aerodynamic
flow [127], and significant research has been targeted at an examination of
factors that affect their use. This chapter provides an overview of a number
of aspects of aerodynamic lens systems. Computational fluid dynamics
(CFD) techniques are still commonly used for the simulation and study
of lens systems [116, 74], and commercial CFD is used for modelling the
flow characteristics of an orifice. The importance of CFD simulations for
the design of an efficient lens is illustrated through a discussion of ANSYS
Fluent software (2021R1), including a preliminary explanation of specific
aspects of this lens application. The focus then shifts to CFD simulations
with respect to practical implementation, benefits, and future trends. A
number of studies have been conducted with the goal of determining the
possible particle size or particle concentration when multiple lenses are used
[120, 160, 165, 80, 81, 79]. Another element of interest is the orifice. Its
operation stems from the basic concept of applying the effects of velocity
and pressure change caused by decreases in the area available for the flow.
Extensive research has been conducted to establish the impact of the lens-
to-pipe-diameter ratio. Several studies [37, 5] have involved the numerical
investigation of the effect of that ratio on the rate of mass transfer behind
the lens. A detailed discussion of velocity and pressure profiles from CFD
simulation results is therefore included.

These considerations have led to the use of CFD in this analysis as a
means of simulating fluid flow in a lens. ANSYS Fluent was employed to
examine the airflow through a lens in a circular pipe containing two con-
ventional lenses, and a CFD simulation was incorporated to provide predic-
tions. The velocity of the fluid increases at the lens opening, but as its flow
progresses and it begins to slow down, a divergent nozzle has been used
as a means of decreasing the velocity to obtain the sonic speed required
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for focussing the particles. Given the profound industrial importance of
the substantial benefits related to the ability to concentrate particles, com-
prehending the flow pattern in an orifice constitutes a critical factor in
enhancing its performance through accurate flow measurements.

4.2 Background

Today, the most common method of focussing nanoparticles is the use of
aerodynamic lenses, which entails either a single lens or multiple lenses
installed inside a pipe [87, 88, 91]. Most of the previous research efforts
related to aerodynamic lenses have centred on the generation and use of
particle beams under low pressure. A recent development is the theoretical
analysis of aerodynamic lenses. A formula for the design of an aerodynamic
lens with respect to flowrate, pressure, and particle size has been reported
in several studies [68]. The research presented in this thesis was directed
at facilitating the focussing of nanoparticles. Simulations have been carried
out using the model that was developed and evaluated computationally. It
consists of an 80 mm length of pipe that has two openings: an inlet and an
outlet, both with a diameter of 10 mm. The fluid passes through the inlet
from left to right. The novelty of this research is the use of a new component
for focussing nanoparticles: two aerodynamic lenses with a divergent nozzle,
an arrangement that enables small particles to be focussed. Figure 4.1
illustrates the components of the aerodynamic lens system developed during
this research.

It should be noted that, with the divergent nozzle, this set-up included
only two lenses rather than three or more. The difficulty is that detecting
small nanoparticles (ranging in size from 1 nm to 100 nm) and focussing
them to measure their diameters with fewer than two lenses is challeng-
ing. When attempting to quantify nanoparticle sizes with only one or two
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Figure 4.1: Main components of the developed aerodynamic lens system

lenses, a problem occurs. However, the research described in this thesis has
addressed this issue by developing an enhanced aerodynamic lens design,
that is, an improvement over the one that uses a conventional orifice. To
improve the effectiveness of the particle focussing, the first step was the
insertion inside the pipe of the aerodynamic lenses, whose respective diam-
eter and thickness were 3 mm and 1.6 mm, respectively. The next upgrade
was the use of a divergent nozzle, which was installed to follow the lenses,
with 15 mm the length between the second lens and the divergent nozzle.
Measuring particle sizes and trajectories required that the information be
sent to the DMA. An FCE also needed to be fitted inside the pipe [141],
which necessitated a determination of an appropriate length between the
second lens and the FCE.

To minimize the effects of diffusion, the construction requirements for
aerodynamic lenses were enhanced. The establishment of these variable de-
sign parameters was based on the consideration of a variety of factors, such
as lens spacing, carrier gas pressure, lens thickness, etc. Small particles
could then be focussed into a beam for DMA experimental evaluation and
ANSYS Fluent simulation. The performance of an aerodynamic lens and
a divergent nozzle at atmospheric pressure in the inlet was assessed com-
putationally, and the results were compared with those of further detailed
trajectory simulations based on CFD calculations published by Middha and
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Wexler (2003). It was demonstrated that, at atmospheric pressure in the
inlet, a highly focussed particle beam can be obtained when the Reynolds
number Re at the orifice is Re<2100, which is considered a laminar flow
[155]. The new aerodynamic lens system offers the following features and
benefits for collimating nanoparticle beams:

1. Compared to current aerodynamic lenses that can focus only particles
with a size greater than 20 nm, [141, 97], it can focus on 3 nm to 300
nm nanoparticles.

2. The aerodynamic lens enables the beams to be more closely colli-
mated.

3. The new system allows small particles as well as other larger parti-
cles to be measured directly by a Differential Mobility Analyzer (DMA)
and a Faraday Cup Electrometer (FCE), where FCE is used for calcu-
lating the concentration of the singly charged ”monodisperse” particles
leaving the DMA, and a DMA is normally used for characterization of
the particles by size prior to counting.

In short, these aerodynamic lenses have been enhanced for the analysis
of ultrasmall nanoparticles that can be focussed into a beam, evaluated
experimentally with DMA, and simulated using ANSYS Fluent.

4.3 Materials and Method

4.3.1 Aerodynamic Lens

As a result of the work presented in this thesis, the design proposed for
an aerodynamic lens (ADL) consisted of two sharp-edged orifices with a
divergent nozzle installed after the second lens to detect and focus small
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particles to measure their size. Figure 4.2 depicts the geometry of the
aerodynamic lens design with the divergent nozzle.

Figure 4.2: 3D schematic of the geometry of the aerodynamic lens system with the divergent
nozzle

The gas streamlines of the air that flows across a sharp-edged plate on
the divergent nozzle are illustrated in Figure 4.3 below.

Figure 4.4 provides a visual image of the significant flow recirculation
downstream of the aperture when the track particles are larger than 300 nm.
The recirculation area, as can be seen, occupies the entire space between
the aperture and the divergent nozzle, resulting in reduced particle focusing.
The Figure also shows the remainder of the aerodynamic lens system after
the small particles (300 nm) have moved through the lenses and into the
divergent nozzle. The lens and the divergent nozzle were evaluated com-
putationally for evidence of particle focussing. No large particle focussing
was evident in the divergent nozzle, thus supporting the modelling results
showing that the new design reduces the recirculation inside the nozzle. As
shown in Figure 4.5, the length between the second lens and the divergent
nozzle was increased from 12 mm to 15 mm. Particle velocities measured at
the focal point of the nozzle ranged from 370 m/s to 160 m/s for particles
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Figure 4.3: Gas streamlines of the air flowing across a sharp-edged plate with the divergent
nozzle

from 8 nm to 24 nm, respectively, and followed the trend of the applicable
force law with a strong correlation of 0.9884, as revealed in (Figure 4.6).

4.3.2 Divergent Nozzle

To avoid instability and shock formation, most researchers have employed
multiple lenses for measuring and focussing nanoparticles by adjusting the
stagnation pressure at the inlet. For this research, economic costs were
reduced with the use of two lenses, and the theory, analyses, and methods for
achieving the measurement of the smallest size of particles will be explained.
The success of the new approach has also been demonstrated through the
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Figure 4.4: Particle tracks are larger than 300 nm

simulation and experimental laboratory testing of the developed model to
validate the results.

The first step was to use two aerodynamic lenses to focus the nanoparti-
cles on the orifice hole to detect the charged nanoparticles and to measure
their size after focussing with the aerodynamic lens. However, the high
speed of the gas particles, which reached levels greater than the sonic speed
and caused instability in the orifice hole and shock formation in the orifice
due to the high velocity of the particles, led to particle loss and lack of
focussing, especially with small particle sizes. Therefore, in our research, to
avoid such instability and shock formation in the orifice, a divergent noz-
zle was installed along with the aerodynamic lenses. A divergent nozzle
is a form that offers less resistance to a flow and has a higher discharge
coefficient, [3].

A nozzle (diffuser) is normally employed to regulate the flow of a fluid
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Figure 4.5: The length between the second lens and the divergent nozzle has been increased
from 12 mm, 13 mm, 14 mm and 15 mm

exiting a region. Nozzles are sometimes used for producing particles and
regulating the motion of an inflowing gas. Additionally, orifices can be
employed for aerodynamically focussing aerosol particles so that the ones
that fall within a specific size range can be dispersed into the air, or they
can be used for separating and/or quantifying particles of varying sizes
according to their inertial properties [26]. In this case, the goal was to have
particles of various sizes flow at the same speed and trajectory in the particle
stream as it passes away from the nozzle. To this end, a short (about 80
mm) reduction pipe was employed as a means of facilitating the flow of the
particles in a collimated stream.

In this research, different nozzle positions were tested to determine a
suitable nozzle position for measuring small nanoparticles. The lengths be-
tween the divergent nozzle and the second lens examined were 12 mm, 13
mm, 14 mm, and 15 mm, as shown in Figure 4.5, and the thicknesses
were 1.2 mm, 1.4 mm, and 1.6 mm. As a consequence of multiple simu-
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Figure 4.6: Particle sizes plotted against measured particle velocities

lations using ANSYS Fluent, the best nozzle position and measurements
were discovered: The nozzle position for focussing small nanoparticles and
regulating the motion of an inflowing gas is 15 mm after the second lens. As
illustrated in Figure 4.7, the nozzle’s thickness is equal to the orifice’s thick-
ness, which is 1.6 mm, and the divergent nozzle’s hole diameter is 3 mm.
When a thickness of the divergent nozzle of 1.2 mm was used, it was found
that the velocity of the second lens was subsonic. Thus, the concentration
of particles in the second lens will be difficult or non-existent. In the case
of the divergent nozzle thickness of 1.4 mm that was used, the flow velocity
was slightly less than the speed of sound. Therefore, after increasing the
thickness of the divergent nozzle to 1.6 mm (which is the same thickness as
the two aerodynamic lenses), it was found that the flow velocity was equal

58



to the speed of sound. As a result, the particles can be focussed on the
second aerodynamic lens at this speed.

Figure 4.7: The best nozzle position and geometry was with a length of 15 mm between
the divergent nozzle and the second lens, and a thickness equivalent to the thickness of the
orifice, which is 1.6 mm, with a divergent nozzle hole diameter of 3 mm

Because the flow of the fluid through the orifice was at a velocity greater
than the sonic speed (supersonic), the divergent nozzle was required to
reduce that speed to reach sonic speed, Figures 4.8 and 4.9, because the
focussing of particles can be achieved only at that speed, as shown in Figure
4.10.

After that, it was necessary to establish measurements for the position
of the FCE after the aerodynamic lens. As a result of the examination of
the flows in the divergent nozzle explained in this section, the following
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Figure 4.8: Velocity magnitude m/s by using only two orifices without a divergent nozzle

Figure 4.9: Radial velocity m/s by using only two orifices without a divergent nozzle
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Figure 4.10: Mach number plotted against velocity

equation was developed to describe the relationship between velocity and
pressure:

1

ρ
∆P = −U∆U (4.1)

The main point to note in this equation is that, if ∆U is positive, as the
velocity increases, the change in pressure ∆P decreases. Furthermore, if ∆U
decreases to less than zero, ∆P must be positive and therefore increase. The
next consideration is the following relationship between velocity and area:

61



∆A

A
= −∆U

U
(1−Ma2) (4.2)

Where Ma denotes the Mach number, A is the pipe size area, and U
indicates the velocity. The area-velocity relation can be used to derive the
necessary equations:

1. For(Ma<1), decreases in the region increase the velocity and vice
versa. As a consequence, velocity increases in the throat and decreases
in the divergent nozzle in order to achieve sonic speed, resulting in a
compressible flow.

2. As(Ma>1), the area increases and the velocity decreases, i.e., the
velocity increases in the throat and decreases in the divergent nozzle.

3. For(Ma=1),
(
dA
A

)
= 0, indicating that the passage area is at either

its minimum or maximum value at the location where the Mach number
is one. It is clearly shown that the minimum area is the only realistic
solution.

The purpose of using this equation is to clarify the benefit of using the
divergent nozzle in this research. Because in this research, there is an
attempt to reduce the loss of particles and concentrate the largest number of
them through the lenses by using a short pipe, taking into account the value
of the flow velocity through the lenses. Therefore, as mentioned previously,
the flow velocity without using the divergent nozzle will be supersonic, while
after using the divergent nozzle, the speed has reached sonic speed with a
high particle concentration due to the shortness of the pipe and not losing
a large number of particles.

The job of a divergent nozzle is to reduce the high velocity. Thus, to
produce a sonic divergent nozzle, the goal is to reduce the area, which

62



results in a decrease in pressure, so that the Mach number would then be
greater than 1 (1-Ma2), after the flow passes through the nozzle. Therefore,
if the velocity is reduced, as would occur in a nozzle, the change in area ∆A
must decrease because the pressure would also decrease. The nozzle will
thus diverge, but since the flow is supersonic, the velocity will then become
that sonic speed that enables the particles to be focussed. As a result, the
area of the pipe is reduced, as a pipe with a length of 80 mm was used in
this study, as opposed to previous studies that used pipes longer than 100
mm. This causes the supersonic flow between the lens and the divergent
nozzle to reach the desired sonic speed as the area of the pipe diminishes.

4.3.3 Faraday Cup Electrometer

Because the Faraday cup electrometer (FCE) will be installed inside the pipe
containing the aerodynamic lenses, its presence inside the pipe unquestion-
ably affects the velocity of the particles, the pressure inside the pipe, the
recirculation of the flow, and the particle focussing. Consideration must
therefore be given to simulating the model with a design that incorporates
the FCE positioned inside the pipe and after the lens, as shown in Figure
4.11. The developed model was therefore simulated with several different
lengths between the lens and the FCE. Between the second lens and the
FCE, lengths of 10 mm, 12 mm, 14 mm, and 16 mm have been used, as
depicted in Figure 4.12.

ANSYS Fluent was employed to design the pipe, with two orifices in-
stalled, followed by the divergent nozzle and the FCE. The requirement
was to measure the size and axial velocity of the airborne nanoparticles
that reach the FCE. The distance between the second lens and the FCE is
shown in Figure 4.7. In reality, the FCE contains a small tube that allows
the flow to continue. However, since ANSYS Fluent considers the FCE to
be a solid body, as shown in Figure 4.11, the flow stops and the velocity
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Figure 4.11: FCE installed inside the pipe

goes to 0 m/s in the FCE inlet. To solve this problem, the tube inside the
Faraday cup electrometer FCE was considered in the simulation using a 1
mm diameter tube to allow a cross of fluid and particles through FCE to
avoid stopping the flow in front of the Faraday cup electrometer in its sim-
ulation. Therefore, the size and axial velocity of the airborne nanoparticles
were measured just through the FCE. Probing the data in this way enables
a determination of the size and velocity of the airborne particles in front of
the FCE.

In an FCE, nanoparticles are deposited on a filter, where they release
their charge, causing a low current to flow, which is then converted to a
voltage by a high-impedance resistor. This device thus provides a sim-
ple, effective, and fast process for detecting nanoparticles. However, these
phenomena were not modelled in our Fluent simulations. Following the
simulation of all distances investigated, the conclusion was that the optimal
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Figure 4.12: The length between the second lens and FCE has been increased from 10 mm,
12 mm, 14 mm and 16 mm

length of the section between the lens and the FCE is 16 mm, as indicated
in Figure 4.13. To be precise, the volume of the flowrate through the inlet
was set at 0.000024 m3/s in this investigation.

The reason for choosing a distance of 16 mm between ADL and FCE is
that at this distance, small nanoparticles that the FCE is focussed on can
be detected, which in turn allows the information to be sent to the DMA
so that the results can be determined.

4.3.4 Differential Mobility Analyzer

DMAs have been widely used for quantifying and distinguishing particles of
various sizes, ranging from micrometers to nanometers [158, 69]. A DMA
determines the size of nanoparticles based on their mobility in an electric
field. A positive electrode attracts negatively charged particles, and for
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Figure 4.13: The CFD results (after using two orifices installed, followed by the divergent
nozzle and the FCE) for the mean axial distance for the FCE position

a given voltage, only particles with a specific degree of mobility can pass
through an exit slit in the positive electrode of the DMA. A condensation
particle counter (CPC) or an FCE is then used for counting the particles.
An FCE is typically employed in conjunction with a DMA, a classifier that
cuts out monodisperse particle size fractions from a polydisperse aerosol
sample, Figure 4.14.

The air is passed into a radioactive charger, which charges the particles
according to a specific charge distribution. The particles are then separated
in an electric field based on their mobility. Only particles with the appro-
priate charge and size move to the air sample outlet, where they reach the
FCE as a monodisperse aerosol. Depending on the form of DMA used, par-
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Figure 4.14: Experimental apparatus for measuring nanoparticle penetration in an aero-
dynamic lens

ticles are classified into the selected channels through scanning/stepping.
The range of particle sizes changes with the flowrate of the sheath air in
each DMA. DMAs are available on different-sized columns, as displayed in
Figure 4.15. Small DMA is preferred in this research because it operates
within the particle size ratio of 0.82 nm to 109.89 nm.

A DMA can thus constitute an integral component of a monodisperse
aerosol generation system or a submicron particle size generator. Prior to
entry into the classifier, the sample air passes the neutralizer, which is a
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Figure 4.15: Small, medium, and large DMAs with different-sized columns [1]

radioactive source (Americium 241) in a stainless steel housing, fixed at the
top of the DMA. It functions as a bipolar charger to ensure a well-defined
charge distribution on the particles, which means that the polydisperse
aerosol sample passes through the ionized air volume in the housing, where
a constant equilibrium charge on the particles is established. The particles
next enter the electrostatic column. The applied high voltage can then clas-
sify the aerosol according to the electrical mobility of the particles. The rod
voltage generated by the classifier is the primary setting that controls the
particle size. Settings range from 5 volts to 10,000 volts. As a particle size
is selected, the appropriate voltage corresponding to this particle diameter
is calculated, with the voltage being inversely related to the particle size. It
should be noted that the calculation includes consideration of not only the
flowrate and a charge assumption, but also the temperature and pressure of
the sample. The DMA controller provides not just step-by-step control of
the high voltage supply but also the supply of clean sheath air needed for
the classifier. The parameters of the GRIMM Vienna-type DMA electrodes
used for focussing techniques are presented in Tables 4.1 and 4.2 and in
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Table 4.1: Parameters of GRIMM Vienna-type DMA electrodes used for focussing tech-
niques [1]

DMA Type Active D-inner D-outer

Length cm cm cm

L-DMA 35 2.6 4

M-DMA 8.8 2.6 4

S-DMA 1.5 2.6 4

Table 4.2: Parameters of GRIMM Vienna-type DMA electrodes [1], (dp-min and dp-max
are the minimum and maximum particle sizes, respectively)

DMA Sheath 3 4 5 6 8 10 12 15 20

Type Air

l/min

L-DMA dp-min 10.38 8.97 8.01 7.31 6.32 5.65 5.15 4.60 3.98

in nm dp-max 1083.26 842.86 697.36 599.52 475.73 400.19 348.95 269.62 242.52

M-DMA dp-min 5.16 4.47 3.99 3.64 3.15 2.82 2.57 2.30 1.99

in nm dp-max 350.43 284.44 243.47 215.22 178.28 154.79 138.29 120.83 101.96

S-DMA dp-min 2.12 1.84 1.64 1.50 1.30 1.16 1.06 0.95 0.82

in nm dp-max 109.89 92.95 81.84 73.86 62.96 55.72 50.48 44.77 38.41

Figure 4.16. As a consequence, S-DMA should be utilized in this study so
it works with particle sizes ranging from 0.82 nm to 109.89 nm.
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Figure 4.16: Changes in the particle size range corresponding to the sheath air flowrate for
three different sizes of Vienna-type DMAs [1]

4.4 Theory of Fluid Flow

4.4.1 Theory of Fluid Flow Through Aerodynamic Lenses

For the purposes of this research, an aerodynamic lens operates with air
flowing through the orifice when the Mach number equals 1, as illustrated
in Figure 4.17. In this case, the boundary conditions are based on an
assumed inlet pressure of 1.01325 ∗ 105 Pa, the stagnation temperature To

at the inlet is 300 K, the static pressure p at the pipe’s exit is 3,738.9 Pa,
and the pressure within the chamber (This will be explained in Chapter 5)
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is 1 Pa.

Figure 4.17: Mach number distribution calculated from the divergent nozzle simulation

For this case, the maximum flowrate of the mass in the air (γ =
1.4), (R = 287 J

kg.K ), is computed as follows:

ṁmax =
0.532 A∗ P1√

T1

(4.3)

In Equation 4.3, ṁmax is in ( kg
sec); A∗ is in m2; T1 is in (◦K); P1 is in

(Pa); and P1 and T1 are the total pressure and the temperature at the pipe
inlet, respectively. If the volume flowrate is simply the mass flow divided
by the fluid density, ρ, the flowrate of the volume can be expressed as:

q

(
m3

sec

)
= ṁmax (

kg

sec
)/ρ(

kg

m3
) (4.4)

q =
ṁmax

ρ

(
m3

sec

)
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Since the air in the surrounding conditions is an ideal gas ρ = P
RT , the

next equation thus follows:

q = 0.532R

(
P1

P

)(
T

T1

)
A∗
√
T1 (4.5)

Equation 4.5 represents the flowrate of volume
(

m3

sec

)
via any cross sec-

tion of the pipe. Note that since the pressure and temperature change
throughout the pipe, the volume flowrate is not the same for each cross
section. While the flowrate of the volume is not constant, the mass flowrate
is always constant. With respect to the use of an aerodynamic lens for
sampling, it is important to know that the volume flowrate is measured not
at the throat of the orifice but at the inlet.

4.4.2 Theory of Fluid Flow Through a Divergent Nozzle

A divergent nozzle consists of a cone-shaped passage that creates a partial
expansion of the pipeline. Divergent nozzles are not reliant on a sharp edge,
which can decompose over time, to maintain their accuracy. This means
that they provide excellent long-term accuracy while reducing corrosion
and decreasing the potential for distortion. These nozzles are available
in three standards and are designed for either fastening between flanges,
welding into a tube, or fixing between grooves. A divergent nozzle is also
employed for gathering data used for process improvement in manufacturing
environments. Figure 4.18 shows an example of a divergent nozzle.

A divergent nozzle is a cross-section that becomes larger in the direction
of flow. It is used for minimizing gas flow at sonic speeds. However, there
is a decrease in the cross-sectional area at the inlet of the divergent nozzle,
as shown in Figure 4.19.
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Figure 4.18: Example of a divergent nozzle

Figure 4.19: Cross-sectional area of the divergent nozzle

When the gas passes the orifice, the speed increases to that of supersonic
sound (Mach number > 1). However, when the gas passes through the
divergent nozzle, the speed drops to a sonic speed (Mach number=1), where
0 to 40 mm is the length from the inlet to the second orifice on the x-axis,
Figure 4.10, 40 mm to 55 mm is the length from the second orifice to the
divergent nozzle, 40 mm to 56 mm is the length from the second lens to the
FCE, and 55 mm to 80 mm is the length from the divergent nozzle to the
exit. The aerodynamic lens-divergent nozzle system is designed so that the
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flow reaches a speed that equates to sonic speed.

With respect to fluid flow measurements, the orifice plate and divergent
nozzle simplify the use of differential pressure ∆P sensors for calculating
the flow velocity. Examples of the sensors are shown in Figure 4.20.

Figure 4.20: Differential pressure sensors [2]

In these cases, the following equation associates the flow with ∆P =
(P1 − P2):

q =
[
CD

π

4
β2
] [2 (P1 − P2)

ρ (1 − β4)

] 1
2

]

Where q is the volume flowrate in m3

s ;CD is the discharge coefficient

[57]; P1 and P2 are in Pa; ρ is the fluid density in kg
mm3 ; β =

df
D ; df is the

orifice diameter (in mm); D is the upstream and downstream pipe diameter
(in mm). An important point is that obtaining sonic speed requires that
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appropriate compression ratios be maintained across the divergent nozzle.
Critical pressure determines the maximum mass flowrate through a nozzle.
The pressure ratio at which the flow is accelerated to a velocity equal to the
local velocity of sound in the fluid is known as the critical pressure ratio, and
sonic speed is another name for the critical flow in the orifice. The sonic
speed determines the constant flowrate that is unaffected by differential
pressure fluctuations or variations in downstream pressure. For a nozzle,
the ratio of the critical pressure to the stagnation pressure is expressed as
follows:

Pc

P1
=

(
2

γ+1

)
γ

γ − 1
(4.6)

where Pc is the critical pressure (Pa); P1 is the stagnation pressure (Pa);
and γ is the index of isentropic expansion, or the compression constant. For
air, the critical pressure ratio can be determined as follows:

Pc

P1
=

(
2

1.4 +1

)
1.4

1.4 − 1
= 0.528 (4.7)

This equation is important since it relates to nanoparticle focussing be-
cause, at sonic speed, focussing of the particles will be achieved. Therefore,
the airflow achieves the speed of sound [63] if the absolute pressure ratio
is at least 0.528, which can be calculated precisely using the assumption of
the ideal gas condition, as shown in Equation 4.8:

c =

√
γRTf1

M
(4.8)

Where γ is the specific heat ratio (1.4 for air), Tf1 is the pre-focussing
temperature, and M is the molar mass of the gas.
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Therefore, to obtain the speed of sound only in the throat or nozzle, the
pressure ratio PNozzle

PInlet
= Pc

P1
= 0.528 should be maintained.

4.5 Results and Discussion

Because the FCE will be installed inside the pipe containing the aerody-
namic lenses, its presence inside the pipe will very certainly affect particle
velocity, pipe pressure, flow recirculation, and particle focussing. Simulat-
ing the model (inlet, pipe, two lenses, divergent nozzle, FCE, and outlet)
should be considered such that the design incorporates the FCE inside the
pipe and after the lens. For these reasons, as previously mentioned, the de-
veloped model was simulated with several different lengths between the lens
and the FCE: 10 mm, 12 mm, and 16 mm measured between the lens and
the FCE. After the separate simulations for each length were completed,
the conclusion was that the best length between the lens and the FCE was
16 mm, as detailed in Figure 4.21.

The ability to detect nanoparticles between the lens and the FCE causes
the second lens to concentrate on them more efficiently. Figure 4.10 shows
how the space between the lens and the FCE allows the velocity to reach
sonic speed, the speed at which nanoparticle focussing is feasible. This
conclusion was reached after observing the effects of adjusting the length
between the lens and the FCE, as described below. Figures 4.22 and 4.23
show the results for the case in which a length of 10 mm was applied, where
x = -40 at the inlet of the pipe, x = 0 at the second lens, and x = 10 in
front of the FCE. With the length of the section between the lens and the
FCE equalling 10 mm, with the use of a divergent nozzle and two lenses,
the velocity in front of the FCE was less than the sonic speed: 280.7 m/s
(Figure 4.23). So, the concentration of particles at this speed is small
because the velocity of the particles is less than the speed of sound.
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Figure 4.21: Axial velocity with an x-axis for measurements of 10 mm, 12 mm, 16 mm,
and 18 mm between the lens and the FCE

Figures 4.24 and 4.25 display the results for the case in which the length
was equal to 12 mm. As indicated in the Figures, when the length of the
section between the lens and the FCE was increased to 12 mm, the velocity
at the beginning of the FCE in the study results was 287.3 m/s.

The results when the length of the section between the lens and the FCE
equalled 16 mm are displayed in Figures 4.26 and 4.27, where the velocity
at the beginning of the FCE in this study was 340.29 m/s. Since the speed of
sound depends on temperature, Figure 4.28 shows the temperature contour
of this model.

When using the length of 18 mm between the lens and the Faraday
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Figure 4.22: Case in which the length of the section between the lens and the FCE equalled
10 mm

cup, the velocity is erratic, which leads to unstable flow and thus leads to
particles defocussing in front of the Faraday cup. However, as is evident in
Figures 4.29 and 4.30, the velocity at the FCE with this length was 370.69
m/s.

These findings, based on continuous increases in the length of the sec-
tion, reveal the effect of the FCE location on the results and its impact
with respect to changing the flow velocity and, ultimately, focussing the
nanoparticles. Finally, a sonic speed of 340.29 m/s was achieved after the
flow was passed through the aerodynamic lens and the divergent nozzle, and
the length of the section between the lens and the FCE was set at 16 mm,
which was found to be the optimal length that enabled the flow velocity
to reach the sonic speed, as previously indicated in Figure 4.13 and, for
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Figure 4.23: The results when the length of the section between the lens and FCE equalled
10 mm

convenience, as repeated in Figure 4.27.

By considering Rosin-Rammler flow velocity U in the ANSYS Fluent,
and injecting solid particles in the inlet, the particle will start moving from
the inlet. Therefore, the Stokes number is shown with particle size and
velocity in the Figure 4.31 following. Because the particle size ranges
from 1 nm to 300 nm, it is difficult to inject each individual particle into
the system, so the Rosin-Rammler method was used, which determines the
upper and lower limits of the particle size only. For example, the upper limit
is considered to be 300 nm and the lower limit is 1 nm. Based on the Stokes
number, which demonstrates that the closer the Stokes number is to one,
the greater the particle concentration, this value may be used to measure
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Figure 4.24: Case in which the length of the section between the lens and the FCE equalled
12 mm

the size of the concentrating particles. It can be seen from the above Figure
that the particle size ranged from 2 nm to 160 nm has a Stokes number
ranged between 0.012 and 0.984, while the particle size ranging from 180
nm to 200 nm has a Stokes number ranged between 1.11 and 1.23. The
Stokes number ranges from 1.23 to 1.99 for particles larger than 200 nm
(200 nm–320 nm). By looking at the values of the Stokes number in this
result, it was found that the Stokes number particles whose sizes range
from 20 nm to 80 nm can be focused on, but with difficulty, due to the
small value of the Stokes number, while the Stokes number particles with
sizes from 100 nm to 200 nm have a high concentration of these particles
because the Stokes number is approximated to one.
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Figure 4.25: The results when the length of the section between the lens and the FCE
equalled 12 mm

4.6 Summary

The study described in this chapter has focussed on evaluating the appropri-
ate shape to enhance the aerodynamic lens’ performance. This investigation
represents the first systematic effort to measure the velocity of nanoparti-
cles using an aerodynamic lens with a divergent nozzle. It has been demon-
strated that this technology enables the focussing of particles on the x-axis
through aerodynamic lenses, allowing them to be used directly with DMA
and an FCE, as indicated in Figure 4.32. In Figure 4.32 below, 3 nm
and 350 nm particles are represented by blue and red dots, respectively,
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Figure 4.26: Case in which the length of the section between the lens and the FCE equalled
16 mm

and also shown are the horizontal and vertical directions that display the
number distribution of the particles for each x and y value. For this size
range, the modelling reveals only a small difference in particle distribution.

Computational simulations showed that the system provides the possi-
bility of focussing nanoparticles using two lenses with a divergent nozzle
installed in the short pipe (L = 80 mm) by achieving the speed of sound at
which the particles can be focussed. The investigation demonstrated that
this system, incorporating aerodynamic lenses with a divergent nozzle, per-
forms well for focussing the nanoparticles. This study thus confirmed the
possibility of using two lenses to focus small nanoparticles while maintain-
ing a speed equal to the sonic speed in the second orifice when the Mach
number equals 1. That corresponds to the speed at which nanoparticles can
be focussed.

82



Figure 4.27: The results when the length of the section between the lens and the FCE
equalled 16 mm
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Figure 4.28: The temperature contours of this model
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Figure 4.29: Case in which the length of the section between the lens and the FCE equalled
18mm
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Figure 4.30: The results when the length of the section between the lens and the FCE
equalled 18 mm
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Figure 4.31: the Stokes number with particle size and velocity
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Figure 4.32: Particle distribution at the device outlet
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Chapter 5

Computational Simulations of
Nanoparticle Focussing Through
Aerodynamic Lenses and a Divergent
Nozzle

5.1 Introduction

Since its initial development by numerous researchers, an aerodynamic tech-
nique has been widely applied for focussing nanoparticles in the form of
narrow beams: the use of an aerodynamic lens. Aerodynamic lens systems
intended to function under conditions considerably different from those em-
ployed by former researchers have been discussed in numerous advanced
studies [87]. Most of the lens systems currently utilized have typically been
the same design as previously described by a number of investigators [88].
Identifying the performance and efficiency of an aerodynamic lens system
requires detailed computational and experimental investigations. Several
studies, however, have involved extensive computational, theoretical, and
experimental examinations of aerodynamic lens systems [87]. Other inves-
tigators have replicated their simulations using a compressible flow model
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[163, 49]. The aerodynamic focussing created by Liu et al. [87] is useful
in many application areas, such as improving transport efficiency, enhanc-
ing measurement accuracy, and accurately depositing micropatterns on a
substrate.

The use of an aerodynamic lens as a technology for focussing a wide range
of nanoparticle sizes has numerous applications, such as mass spectrometry
for nanoparticles [88, 62, 124, 162], micropatterning and synthesis of ma-
terials [31, 29, 160], inlets for measuring the composition of biomaterials,
smooth thin metal film, and the creation of 3D microstructures. Aerody-
namic lens design has been advanced through the use of computational fluid
dynamics (CFD) as a means of determining the diameter of the nanopar-
ticles. In view of the variety of aerodynamic lens applications, this study
was directed at demonstrating its further development based on the use
of ANSYS Fluent software (2021R1) for simulating the gas flow field and
evaluating the possibility of focussing sub-300 nm nanoparticles, which can
provide a foundation for reliable and quick lens evaluation and the creation
of a useful design.

This chapter begins with the definition of the computational relations
used for designing the dimensions of an aerodynamic lens. The challenges
encountered with respect to focussing sub-300 nm nanoparticles with an
aerodynamic lens are described, and the use of aerodynamic lenses for
nanoparticle focussing is examined. The primary objectives of this part
of the research included the following:

1. Develop a model of axisymmetric orifices as a useful tool that can
facilitate the efficient focussing of nanoparticles smaller than 300 nm.

2. Propose a method of measuring the size of nanoparticles in the air
using an orifice that focusses on small nanoparticles.

3. Determine the size and characteristics of nanoparticles in front of
FCE.
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4. Validate a new aerodynamic lens design computationally and then
compare the results with other available experimental data.

Since the lens system includes a pipe and an aerodynamic lens (Figure 5.1),
the first step was to calculate the pressure profile and the axisymmetric gas
flow field in the lens system. In an aerodynamic lens system, the nanoparti-
cles are carried by air that is injected in the inlet, which has a diameter of 10
mm. The flowrate was used as the inlet conditions. For this study, particles
were pumped into the gas flow field upstream from the inlet. Following the
solving of the 2D axisymmetric flow profile, nanoparticle trajectories were
determined. Because of their low concentration, the potential effect of the
particles on the gas flow was neglected, and particle-particle interactions
were assumed to be ignored. This research also involved an examination of
a case used for calculating the number of nanoparticles (1 nm - 300 nm in
this case) entering the aerodynamic lens. The results of these comprehen-
sive calculations were compiled and included in the orifice design specified
in this research, as depicted in Figure 5.1.

An additional element presented in this chapter is the evaluation of the
developed lens design based on a comparison of the predicted outcomes with
the results of detailed computational studies. In contrast to previous ver-
sions of aerodynamic lens systems, which consisted of a cylindrical pipe with
sharp-edged plate orifices positioned inside to allow simultaneous focussing
of a range of nanoparticle sizes [88, 152], the purpose of this study was to
implement a method for modelling an aerodynamic lens so that nanopar-
ticles pass through the orifices with a group of particles smaller than 300
nm.

A variety of available methods for modelling and designing the aerody-
namic lens were investigated based on the smallest particles detected and
focussed in the lenses, the number of particles, and the velocity of the par-
ticles in the second lens, and the most integrated development was chosen
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Figure 5.1: Nanoparticle trajectories that determined following the solving of the 2D ax-
isymmetric flow profile

as the basis for implementation. The goal was to develop a technique that
could satisfy the following objectives:

1. Work as a model within existing CFD solvers.

2. Model an aerodynamic lens with two orifices and a divergent nozzle
is included in the simulation.

3. Work with multiphase flows based on the application of the Lagrangian
method.

The method developed in this study is limited to two-dimensional mod-
elling. The simulation results were compared with those from other simula-
tions or with available experimental data reported by Tan et al. [141, 138].
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5.2 Background

With respect to improving aerodynamic lenses, an important consideration
is knowing what range of particle size must be focussed on. The purpose of
enhancing aerodynamic lens design is to shape a lens system with the highest
level of efficiency and performance, i.e., minimum particle loss, maximum
particle focussing, and minimal pumping requirements based on specific in-
put from the user, such as the density of the particle, size of the particle,
and the flowrate in the inlet [151]. Achieving this goal requires adjusting the
shape, position, and dimensions of the lens (lens diameter, length between
the lens and the inlet or outlet of the nozzle), and the operating parameters
(carrier gas, flowrate, velocity, and pressure). In this case, two lenses and
one divergent nozzle were employed for measuring nanoparticle size. Figure
5.2 illustrates the particle focussing-detecting system, which is composed of
six basic sections: the particle charging section, pressure reducing section,
particle focusing section, particle detecting section, flow maintaining sec-
tion, and data processing section [13]. They are indicated in the following
schematic drawing, Figure 5.2.

In this research, an aerodynamic lens consists of several parts, the first of
which is an inlet with a diameter of 10 mm, which determines the mass flow
within the lens system. The lens outlet speeds up the flow of gas so that it
reaches its final velocity. In this case, the Lagrangian model was used due to
its popularity as a widely applied approach, where the particles are injected
by using the Rosin-Rammler method in order to know the properties and
effect of the particles in the fluid as well as to know whether or not the
particles can be detected after focussing in the lens. Because it solves in a
single continuum, this model is often preferred over the Eulerian because
it is less computationally demanding when the number of particles used is
not very large. Because this research was targeted at the focussing of small
particles, the Lagrangian method was used for the modelling of the two
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Figure 5.2: Two orifice plates and a divergent nozzle are used in a particle focussing-
detecting system [13]

phases involved: air as a primary phase and carbon particles as a secondary
phase. The flow within the aerodynamic lens system must be treated as
a laminar, axisymmetric, and sonic speed. This is because the dimensions
of the pipe stay constant and as a result, the volume of the fluid does not
have a chance to change. Gas molecules accelerate and decelerate in the
lens by passing through it. The degree of particle collimation is reasonably
dependent on the particle size [163]. Small particles in carrier gas tend to
follow flow streamlines throughout each acceleration and deceleration phase,
and the results are the nanoparticles being directed toward the central axis,
where the Faraday cup electrometer has been installed inside the pipe after
the divergent nozzle in order to detect small particles parallel to the x-
axis. A variety of aerodynamic lens designs have been used to compare
nanoparticle sizes, such as those listed in the Table 5.1.

Most aerodynamic lens systems currently utilized resemble this design
[87]. However, several reports have mentioned a lens system designed to
work in conditions different from those published in [87]. For example,
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Table 5.1: Previous aerodynamic lens designs

No. Size of Particle Number of Lenses Approaches Year References

1 500 nm 5 lenses Computational 2018 [120]

2 Sub 10 nm 3 lenses Computational 2016 [160]

3 4 µm-8 µm 7 lenses Experimental 2011 [165]

4 30 nm-10 µm 7 lenses Computational 2013 [80]

5 5 nm-50 nm 3 lenses Computational 2009 [81]

6 30 nm-300 nm 3 lenses Experimental and Computational 2008 [79]

7 25 nm 1 lens Experimental 2015 [141]

8 3 nm-30 nm 5 lenses Computational 2005 [151]

9 10 nm-200 nm 4 lenses Experimental and Computational 2004 [31]

10 60 nm-600 nm 5 lenses Computational 2004 [163]

11 10 nm-100 nm 4 lenses Computational 2000 [29]

12 340 nm-4000 nm 2 lenses Computational 1999 [124]

13 100 nm-900 nm 7 lenses Experimental 2005 [152]

14 1 µm-10 µm 2 lenses Numerical and Experimental 2002 [78]

researchers have used a hydrogen-argon mixture to develop a lens system
for focussing silicon carbide particles ranging from 10 nm to 100 nm [29].
Other investigators have used a lens system to focus 10 nm to 200 nm sili-
con particles in hydrogen [31]. Many studies have involved the creation of
high-pressure aerodynamic lens systems (2.5 kPa to 20 kPa) at the inlet for
examining stratospheric aerosol particles [124, 125] (Stratospheric aerosol
particles are sulfur-rich particles that exist in the stratosphere region of the
Earth’s atmosphere. These particles consist of a mixture of sulfuric acid and
water). At the atmospheric pressure range, several investigators have used
two lenses to focus on micron-sized particles [78]. A number of researchers
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have improved the systematic procedure for designing aerodynamic lenses
for studying particles from 3 nm to 30 nm [151]. By using a frozen Maxwell-
Boltzmann radial velocity distribution, Liu et al. developed an analytical
expression for the diffusion-controlled particle beam width downstream of
the accelerating nozzle [87, 88, 154]. Li and Ahmadi used a different inte-
gration procedure for the trajectory equation with Brownian force [30].

A need exists for detailed computational and experimental studies that
can describe the performance of aerodynamic lens systems to focus nanopar-
ticles. To this end, several investigators have conducted computational,
theoretical, and empirical analyses of aerodynamic lens system performance
[88]. Numerous researchers have also replicated the simulation of a com-
pressible flow that Liu et al. created with their model [88, 163]. To study
the loss of particles and expansion of the beam due to diffusion, taking into
consideration the Brownian motion of particles, many studies have resulted
in simulations of the flow and particle transfer in lens systems [151]. The
previous designs of conventional aerodynamic lenses listed in Table 5.1 have
been extensively employed for the focussing of nanoparticles with the use
of multiple lenses.

A significant challenge remains, however, with respect to the use of two
lenses and one divergent nozzle for focussing nanoparticles smaller than
300 nm. The difficulty is that detecting small nanoparticles (differing in
size from 1 nm to 300 nm) and focussing them to measure their diameters
with less than two lenses is challenging. This research, on the other hand,
has been described as addressing this issue by enhancing an aerodynamic
lens design (sharp-edged orifice) that surpasses a conventional flat orifice in
terms of results that lead to knowledge of the lens’s efficiency to detect and
focus particles. To target nanoparticles, the gas flow in an aerodynamic lens
is limited to continuity and sonic speed levels. As a means of addressing
these limitations, [152] a number of researchers have proposed an inequality
that refers to a minimum particle size dp,min that can be focussed, which
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they expressed as follows:

dp ≥
(

8St0
Ma∗Kn∗ρp

) (
1 +

πα

8

)
µ

√
M

RT1γ
= dp,min ∝ St0

√
M

Ma∗Kn∗}(5.1)

Where Ma∗ is the Mach number of the critical flow, the upper limit of
the Knudsen number Kn∗ for the continuum regime was calculated from
Equation 5.2:

Kn∗ =
Ma∗

Re∗

√
γ.π

2
(5.2)

In a free molecule regime, the Stokes number can be defined using Ep-
stein’s mobility model as [89, 154]:

St =
1(

1 + πα
8

)√
2πγ3

m. ρpdp c
3

p21d
3
f

(5.3)

Where c represents the speed of sound based on the temperature of 293
K, α is the momentum accommodation coefficient, γ is the specific heat
ratio of the carrier gas, ṁ is the mass flowrate, ρp is the particle material
density. Optimal particles ranged from a Stokes number St0 of 0.6 to 1.0
for the nozzle [152, 79]. This study also utilized a sharp-edged plate orifice
as an aerodynamic lens because of its simple geometry and relatively small
St0 value. Rearranging Equation 5.3 enables the diameter of the orifice df
required for the focussing of dp diameter particles to be determined:

df =

(
1(

1 + πα
8

)√
2πγ3

m. ρp dpc
3

p21St

) 1
3

(5.4)
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Some researchers have used a gas carrier lighter than air in an attempt
to reduce dp,min, i.e., the carrier gas molecular weight M in Equation 5.1,
which could, with a slight change in design, allow the focusing of moderately
small nanoparticles [87].This model is the only one previously available for
use in focussing small particles with an aerodynamic lens. However, it
must be noted that their promising model operates only in helium He and
not in air [151]. Since an aerodynamic lens is designed for the analysis of
aerosol particles in the atmosphere, introducing helium into the system is
not recommended. Thus, a critical need still exists for modern designers
to discover methods of focussing nanoparticles. For these reasons, based
on Equation 5.1 as a starting point, an attempt was made in this study
to reduce dp,min by increasing Ma∗ and reducing St0. An initial suggestion
was that subsonic flows be restricted to the inlet in order to avoid shock
formation in the orifices, which reduces the focussing performance of sharp-
edged plate orifices.

5.3 System with a Straight Pipe, Two Sharp-Edged

Plate Orifices, and a Single Divergent Nozzle

The most modest form of the aerodynamic lens is composed of two cen-
tral orifices installed inside a cylindrical pipe whose diameter is 35 mm and
length is 80 mm. The aerodynamic lenses considered in this research have
sharp-edged plate orifices with a 1.6 mm thickness and a 3 mm orifice di-
ameter. ANSYS Fluent was utilized for finding flow field solutions with a
convergence criterion lower than 10−5 mass residual. Figure 5.3 shows the
pipe geometry with the orifices. The assumed thickness t of each orifice
plate is small (1.6 mm) relative to the assumed pipe diameter D (35 mm).
Further assumptions are that the orifices are sharp-edged plates, and that
the length L of the pipe is 80 mm. The length of the pipe was chosen for
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two reasons: the first was to reach the speed of sound in the second lens,
and the second was to calculate the number of particles in the lenses and
compare them with the number of particles injected into the inlet to know
the particle loss.

The length of the section from the inlet to the first orifice is 20 mm, and
the length of the section from the first orifice to the second orifice is 20
mm, while the length of the section from the second orifice to the divergent
nozzle is 15 mm and from the nozzle to the outlet is 25 mm. The focussing of
particles occurs between the second orifice and the divergent nozzle, where
a 15 mm section of pipe length is also positioned between the second orifice
and the divergent nozzle. The length of the section between the nozzle and
outlet (25 mm) has thus been made longer than the section between the
second orifice and the nozzle (15 mm) in order to avoid any backflow and
to enable a sonic speed to be achieved, as illustrated in Figure 5.3.

The focussing orifices (Figure 5.3) were placed in the centre of a stainless
steel tube. An orifice thickness of 1.6 mm was found to be more effective
with respect to the selection of a narrow set of particles [97]. The orifice
is 3 mm in diameter so that the flow can continue through the powerful
pump at 12 ft3 per min [141]. Due to their diffraction inertia, after the
nanoparticles pass through the orifices, they spread in various directions
according to their different sizes.

5.4 Materials and Method

The simulation systems adopted in this research are introduced, and the
mesh configuration, computational geometry, and materials used in the sim-
ulations are described in this section.
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Figure 5.3: Geometry of the straight pipe with sharp-edged plate orifices, FCE, and diver-
gent nozzle

5.4.1 CFD Simulations

CFD simulations were carried out in order to have a better understanding
of the effect of the orifices on focussing and to see whether their geometry
might be improved. The ideal orifice focusses on particles that fall within
a restricted size range (sub-300 nm) when the mass flowrate at the inlet is
considered to be 2.98∗10−7 kg/s, and all particles falling within that size
range will be focussed [102, 137]. As a result, particles outside the size range
would be subject to significant deflections from the centerline immediately
after exiting the orifices, as shown in Figure 5.4.

Middha and Wexler investigated this phenomenon in detail in [97]: a
case in which CFD was used to model a nanoparticle-laden choked flow
through an orifice [137]. This research included an attempt to reproduce
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Figure 5.4: Particle-tracks, with the particles diameter 1 nm - 350 nm

the results from Middha and Wexler’s report for the purpose of validating
the model developed for this thesis work, as presented in subsection 5.6.1.
Their model results were also applied as a baseline for other components of
this research related to improving the performance of an aerodynamic lens
system for focussing nanoparticles.

5.4.2 Geometry of the Computational Domain

The geometry of the system, divided into six areas with different mesh
densities, is shown in Figure 5.5. As previously defined (Figure 5.5), the
orifices were 3 mm in diameter and 1.6 mm thick, and the pipe was 15 mm
long from the second lens to the nozzle, 25 mm from the nozzle to the outlet,
and 35 mm in diameter. It is important to note that CFD analysis is valid
for both two-and three-dimensional axisymmetric geometry, which means
that the CFD model could use two-dimensional axisymmetric modelling
to be simulated as a 2D axisymmetric problem. Besides saving meshing
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effort and computing time, the 2D axisymmetric models display the entire
solution, whereas the 3D solution is only visible on the surface. Individual
sections of the 3D solution can only be viewed after it has been cut. The
2D models will provide sensible outcomes. The green colour in Figure 5.5
depicts how the domain was divided into six labelled areas with different
mesh densities [137].

Figure 5.5: Geometry of the CFD model (mm) divided into six areas with different mesh
densities
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5.4.3 Mesh Configuration and Part of the Computational Cell
Mesh

As indicated in the screenshot of the mesh provided in Figure 5.6, a non-
uniform squared mesh is used as a compromise. As indicated in the Figure,
the upper edge corresponds to the wall of the pipe, and the lower edge
corresponds to the axis. It was discovered in this study that a relatively fine
mesh in the vicinity of the centreline and a finer mesh in the near-wall region
could be maintained, as illustrated in Figure 5.6. The magnified image
depicted in Figure 5.6,((b) for the bottom right), serves to demonstrate
the non-uniform mesh (the part of the pipe mesh, the wall, and the axis).
The mesh becomes finer towards the wall, as indicated by the two-way arrow
on the right side of the mesh in figure 5.6, ((c) for the top), and it also
eventually becomes finer farther along the centreline which highlights the
observations made in this research. Since a uniform mesh is used in the axis
direction, there is no need for a finer mesh or a non-uniform mesh at that
location because the variations in the flow characteristics along the axis are
assumed to be more gradual. As a result, fewer elements are required along
the axis, which constitutes another advantage of the new method.

Figure 5.6: Screenshot of the mesh configuration and part of the computational cell mesh
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With reference to figures 5.5 and 5.8, the elements in areas (2) and (3)
were set to 0.6 mm by 0.6 mm, respectively, while in the area (4), due to flow
acceleration in the x and y directions [137], the elements were arranged to
be 0.4 mm by 0.5 mm. Then, in the area (5) the elements were also arranged
to be 0.7 mm by 0.5 mm due to the flow acceleration in the x direction,
with a bias factor of 5 in the vertical direction because of the high-velocity
gradients in the y-direction.

Figure 5.7: The mesh from 3D model of the base case

To obtain elements that were less skewed, face meshing was applied to the
entire mesh [137]. The maximum orthogonal skew and aspect ratio were 0.4
and 4, respectively. The end result was 30,000 nodes with 31,104 elements
as a result of using 50 non-uniform divisions in the direction of the radius
and 50 uniform divisions in the direction of the axis (of the fine mesh),
Figure 5.8. The mesh size surrounding the particle was too fine to enable
accurate predictions of changes in velocity, pressure, and temperature [142];
however, the regular size near the walls served to maximize the speed of the
calculations (Figure 5.6). To obtain elements with less skew, face meshing
was performed on the entire mesh. Over all, there were 18,500 elements
in the coarse mesh domain and 31,104 elements in the fine mesh domain
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Figure 5.8: The mesh from the 2D model of the base case

(Figure 5.9). When the small particle size has been simulated (which is
much less than the mesh size), it has been found that the particles near the
refined mesh zone were predicted by the ANSYS Fluent. But then when
the mesh size is fine, the trajectory near the refined regions (especially the
leading edge) vanishes.

5.4.4 Solution Setup

Details of the ANSYS in this case, the assumptions were that the flow
was axisymmetric and viscous in the carrier gas; a density-based solver
type (density-based solvers are traditionally used for compressible flows);
boundary conditions based on an assumed mass flowrate of 2.98∗10−7 kg/s;
an inlet pressure of 1.01325*105Pa, a 35 mm pipe diameter, and no slip in
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the wall. The stagnation temperature To at the inlet is 300 K. The static
pressure p at the exit of the pipe is 3,738.9 Pa. It can be assumed that
the static pressure p at the exit must be 3,738.9 Pa in order to provide
a smooth supersonic flow at the outlet (without oblique shocks/expansion
waves). By repeating the simulation with a finer mesh, a grid independence
analysis was also carried out, Figure 5.9. When surface injection was chosen
as the injection method, particles with sizes ranging from 1 nm to 300 nm
were released at the inlet in a range of radial positions (Figure 5.10).

Figure 5.9: Comparing the Mach number to the x-axis when using Coarse mesh and Fine
mesh

This research includes a vacuum chamber in the simulation to investigate
particle motion downstream of the divergent nozzle (figure 5.11). The
pressure within the chamber was assumed to be 1 Pa, and the mass flowrate
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Figure 5.10: Particles with diameters from 1 nm to 300 nm released at various radial
positions at the inlet

at the inlet of the lens assembly was considered to be 2.98∗10−7 kg/s (air).

Figure 5.11: New prototype based on the divergent nozzle and aerodynamic focusing tech-
niques
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The particle material chosen was carbon, and the particle type for this
simulation was gas, a selection that determined only the density of the gas
used in the calculations. Fluent predetermined drag law models do not com-
pensate for the Cunningham slip (UDF), which was used instead (Appendix
A: Fluent Cunningham Drag Force UDF) [137]. The next step was to run
a simulation of the mesh file in ANSYS Fluent and use the Lagrangian
model to set up the model that was planned for use in conjunction with the
multiphase model.

For different sizes of particle injections into the inlet, an appropriate rep-
resentation of the size distribution of the droplets was the Rosin-Rammler
expression. The Rosin-Rammler capability was used where it is built into
ANSYS Fluent, so it was specified for this distribution without a special
UDF. Figure 5.12 provides a flow chart of the Lagrangian model for mod-
elling the solution method in ANSYS Fluent.

The particles were considered to be spherical and gravity was neglected.
The flow in a horizontal pipe flow with an axisymmetrical is modelled in
this study. It should not define gravity as the case is axisymmetric and
the gravity vector is normal to the axis. Thus, it violates the axisymmetric
condition. It could turn gravity on, but it would produce a non-physical
result. However, it is estimated that the particle displacement due to gravity
within one lens spacing is about a small distance for the largest particle
investigated (0.011 mm). Simulations were also conducted using particles
with different diameters, with an upstream temperature of 300 (◦K) and
an inlet flowrate of 2.98∗10−7 kg/s. The particle injection points differed
from those used for studying dependence with a focus on the primary state.
After the calculations for the model were run, the following results were
obtained for four different ranges of particle size diameters, as displayed in
Figures 5.13, 5.14, 5.15 and 5.16:

Therefore, Figure 5.13 shows the traces of coloured particles according
to the particle diameter of 1 nm–25 nm, and Figure 5.14 shows the traces
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Figure 5.12: Chart of the Lagrangian multiphase model used in the ANSYS Fluent mod-
elling of the solution method

of coloured particles according to the particle diameter of 25 nm–100 nm.
Figures 5.15 and 5.16 show the particle traces coloured according to the
particle diameter of 100 nm–300 nm and 1 nm–400 nm, respectively.

5.4.5 Solution Strategy

The nanoparticle inlet into the pipe is an axisymmetric orifice 10 mm in
diameter, as depicted in Figure 5.17. However, at the entrance to the
nanoparticle inlet, an orifice, or nozzle, is utilized for speeding up the par-
ticle to sonic speed because the sharp-edged plate orifice provides a nozzle
restriction state, Figure 5.18. A sharp-edged plate orifice is more effective
for focussing small particles because the maximum acceleration it produces
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Figure 5.13: Particle traces coloured according to particle diameter 1 nm - 25 nm

Figure 5.14: Particle traces coloured according to particle diameter 25 nm - 100 nm
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Figure 5.15: Particle traces coloured according to particle diameter 100 nm - 300 nm

Figure 5.16: Particle traces coloured according to particle diameter 1 nm - 400 nm
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facilitates the efficient focussing of smaller particles.

Figure 5.17: Nanoparticle inlet with an axisymmetric orifice 10 mm in diameter

5.4.6 Use of Two Aerodynamic Lenses and a Divergent Nozzle

The airborne particles pass through a series of axisymmetric aerodynamic
lenses before entering the divergent nozzle. In this case, nanoparticles whose
size is smaller than a critical value are transferred close to the axis by a lens,
and in this case, they can be confined very near to the axis with the use of
multiple lenses, as can be seen in Figures 5.19 and 5.20. The critical value
is the minimum detectable particle size.
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Figure 5.18: The orifice is used to accelerate the particles to the sonic speed

Figure 5.19: Nanoparticles confined very near to the axis with the use of multiple lenses

A particle beam is generated by the expansion of an aerosol into a vac-
uum through a nozzle. Many researchers have used particle beams to study
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Figure 5.20: Nanoparticles moved closer to the centreline after passing through an aero-
dynamic lens

aerosol particles since Murphy and Sears [103] invented them [7, 49, 130].
In their study, [103], continuum nozzle sources have been utilized as sources
for high-speed particle beams since the advent of particle measurements.
Particles are typically accelerated and focussed into a narrow beam prior
to any measurements in order to facilitate further analysis. Narrow particle
beams achieved using aerodynamic lenses are ideal for numerous applica-
tions that require a high degree of efficiency for transporting nanoparticles
from a sampling regime to a detector as well as high levels of resolution for
measuring nanoparticle sizes [24, 39, 66]. With the multiple lenses used in
this research, the nanoparticles move closer to the axis after passing through
each lens.

5.5 Results and Discussion

This section presents the results of the focussing and separation of particles
in the air with the use of the aerodynamic lens developed for this purpose.
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The behaviour of a range of particle sizes, from 3 nm to 300 nm, in the
aerodynamic lens was numerically simulated, and the simulation results
were then compared with available experimental data reported by Tan et
al. [141, 138] in order to facilitate consideration of both the basic theory
and the possibility of enhancing the design of the lens. The separation
of mixtures of different types of nanoparticles through a flow according to
their spherical structures was also explored. The grid has nearly 30,000
nodes. However, when the number of nodes is doubled four times [106],
the convergent solution does not change dramatically, as shown in Figure
5.9. Solution convergence is achieved within 1000 iterations using the grid
and numerical techniques illustrated above. The next three sections present
three cases of laminar fluid flows for varying sizes of nanoparticles:

5.5.1 Case 1: Laminar Fluid Flow with 1 nm to 10 nm Nanopar-
ticles

In this case, the study measured the nanoparticles in the inlet of the pipe
with air. The particles, with sizes ranging from 1 nm to 10 nm, moved
through the fluid in the x-direction. The applicable boundary and initial
conditions were a temperature of 300 (◦K), a mass flowrate of 2.98∗10−7

kg/s, a pressure of 1.01325*105Pa, and the inlet nanoparticle velocity of
0.001 m/s. Figure 5.21 provides details of the typical simulation of particle
traces, coloured according to particle residence, for 3 nm to 10 nm particles
in the flow pipe, which moved close to the axis after the first stage of the
modelling. Also, it is seen that some small particles close to 1 nm - 2 nm
in size have just been deposited in the wall.
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Figure 5.21: Particle traces for the 1 nm to 10 nm particle gradient expected in the flow
tube, coloured according to particle diameter

5.5.2 Case 2: Laminar Fluid Flow with 1 nm to 25 nm Nanopar-
ticles

In the second case, to illustrate the effect of the nanoparticle interactions
with the centreline in the fluid flow, the model was first run with nanopar-
ticles ranging in size from 1 nm to 25 nm; the effect of nanoparticle inter-
actions was then examined. According to the particle trace counter, the
gradient of the parameter is high in the entrance orifice and not completely
formed, as shown in Figure 5.22.

5.5.3 Case 3: Laminar Fluid Flow with Many Adjacent 25 nm
to 100 nm Nanoparticles

This case involved an examination of the effect of the nanoparticles with
sizes of 25 nm to 100 nm, rather than 1 nm to 25 nm. The initial conditions
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Figure 5.22: Particle traces for the 1 nm to 25 nm particle gradient expected in the flow
tube, coloured by particle diameter

and the boundary values are the same as in Case 1. Figure 5.23 illustrates
the particle traces for the gradient of 25 nm to 100 nm particles expected
in the flow pipe, coloured according to particle residence.

Compared to the expected results and based on the model results de-
picted in Figures 5.21 and 5.22, it is apparent that, as they pass through
two lenses, increased distribution from the axis to the fluid is stimulated
by nanoparticles, as revealed by the particle tracking shown in these two
Figures. The model involving nanoparticle sizes (Case 3) illustrates how
nanoparticle interaction with the centreline affects fluid flow. As well, the
modelling of Cases 1 and 2 highlights the influence of nanoparticle size on
the interaction of the nanoparticles with the centreline in the fluid flow.
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Figure 5.23: Particle traces for the 25 m to 100 nm particle gradient expected in the flow
tube, coloured according to particle diameter

5.6 Validation of the Model

5.6.1 Validating the Model Against the Simulations by Middha
and Wexler (2003) [97]

The initial step in the validation was a comparison of the simulation envi-
ronment used in this study with the simulations developed by Middha and
Wexler. The geometry and conditions published in Middha and Wexler’s
report were replicated in Figure 5.24. The results were a very close match
to those from the previously recorded simulations, as can be seen from an
examination of Figures 5.24 and 5.25, which enables a comparison with
the results obtained by Middha and Wexler. Only a marginal deviation in
the outlet region of the actual aerodynamic lens is evident, a deviation that
was defined based on the various outlet boundary conditions, so that the
boundary conditions were in the work of Middha and Wexler: In the inlet:
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2700 Pa, 35 mm hydraulic diameter, while in the outlet: 50 Pa, 35 mm
backflow hydraulic diameter, in the walls: no-slip.

The particles begin in the upstream direction and follow the production
lines until they are near the orifice, at which point they are very close to the
axis. Particles pass radially away from the axis and then move downstream
through the orifice (Figure 5.26).

Figure 5.24: Replicated the Middha and Wexler’s report [97]

Figure 5.27 depicts the Mach number in the flow. As predicted, subsonic
flow occurs before the orifice, and supersonic flow occurs thereafter, as pre-
dicted. A focussing effect can be seen as more particles are brought closer to
the axis after the orifice. The simulation results matched well with the work
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Figure 5.25: Results of the work by Middha and Wexler and their axisymmetric orifice [97]

Figure 5.26: Particles pass radially away from the axis then move downstream through the
orifice

of Middha and Wexler (2003). A focussing effect can be observed for parti-
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cles with a Stokes number of 1.0. Some differences can be seen with particle
sizes that are not focussed. The particle trajectories were also tracked up
to the orifice outlet in the downstream direction. There is a unique focal
point for some particle sizes. However, off-axis particles do not inevitably
move through this point. As expected, to ensure choking flow conditions,
provided that the downstream pressure is low enough, the focussing of the
particles was discovered to be independent of the downstream pressure, [97].
It has been noted that the orifice focusses a narrow set of particles based
on the size of their diameters. The range of the particles focussed reduces
the radial distance of the axis and is a function of the radial distance, as
indicated in Figure 5.25.

Figure 5.27: Contours of Mach number in the flow (Replicated the Middha and Wexler’s
paper [97])

The model analysis demonstrates that focussing is also dependent on the
initial position of the upstream particles. As well, in a small orifice with a
diameter of 3 mm, a wide range of nanoparticles will be focussed. All of
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Table 5.2: Summary of the results for a 3 mm orifice with upstream pressure

Pressure (Pa) St

101,325 Pa 0.01–1.99

these aspects had to be addressed in order to improve the performance of
the aerodynamic particle focussing (Figures 5.24 and 5.25). Although a
solution for achieving a choked flow was to reduce the diameter of the orifice
hole [137], this remedy would result in fewer particles entering the orifice.

By following all the steps that were applied in Middha and Wexler’s
paper except for the boundary condition, these steps will be applied to the
model in this research consisting of two sharp-edged plate orifices and a
divergent nozzle. As a result, the boundary conditions used to simulate this
model will be 2.98∗10−7 kg/s in the inlet and 1 Pa pressure in the outlet. All
of the operating conditions will be applied in this case, and two lenses and
a divergent nozzle will be used to ensure that this model is appropriate for
usage under these conditions after following all the steps that were applied
in Middha and Wexler’s paper. As a result, the boundary conditions were
applied in this work, and the model was simulated by using ANSYS Fluent
in conducted to evaluate it under conditions other than the atmospheric
conditions. The boundary conditions obtained in this work are as follows:
The flowrate at the inlet is 2.98∗10−7 kg/s, and the pressure at the outlet
is 1 Pa. Table 5.2 provides sample results for upstream pressure. The
results show that this model is appropriate for usage under atmospheric
conditions, as can be seen from an examination of Figure 5.28, which
enables a comparison with the results obtained by Middha and Wexler in
Figure 5.25.

ANSYS Fluent can track the motion of particles through a fluid using
the Discrete Phase Model (DPM). In the most basic approach to imple-
menting particles in a CFD analysis, the user specifies injection location,
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Figure 5.28: Focussing characteristics of a sharp-edged plate orifice and the axisymmetric
geometry of the orifice

speed, mass flowrate, particle size, and material. Particle Tracks are the
primary tool for post-processing particle behaviour. In addition to creating
a graphical display of particle paths, this tool offers a powerful option to
quantify particle behaviour. From the Particle Tracks menu, it needs to
activate Report Type-Summary and Report To-Console or File, as shown
in Figures 5.29 and 5.30. Therefore, using this step, the results of particle
residence time, particle X-position, particle Y-position, particle X-velocity,
Y-particle velocity, particle diameter, and particle radial position can be ob-
tained. Therefore, based on these results, the penetration and beam width
of the particles can be calculated, since they depend on the values of these
results. The text interface will report statistics for individual boundaries
where particles exit the system, including particle count, elapsed time, and
mass flow. The number of particles in the parcel Np is determined as follows:
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Np =
ṁ∆t

mp
(5.5)

Where Np denotes the number of particles in a parcel, ṁ denotes a
particle’s mass flowrate, ∆t denotes a time step, and mp denotes particle
mass.

mp =
πd3

6
(5.6)

In Figure 5.28, it is shown that the particles were injected into the inlet
at six positions. It also shows that the radial distances at the inlet are
higher than the radial distances at the outlet. So it is possible to measure
the particle beam in this case based on the difference in the particle radial
distances at the inlet and outlet. In this case, particles are injected by
using surface injection type from the inlet; however, the number of particles
is restricted by the number of meshed cells at the inlet (no specified number
of streams like point or group injection types). Figure 5.31 depicts particle
penetration through the aerodynamic lenses using two lenses and a divergent
nozzle with and without FBr. Penetration is carried out by determining the
ratio of the number of particles leaving the outlet to the number entering
the inlet.

When the FBr is ignored, most nanoparticles with diameters of less than
300 nm pass through the aerodynamic lenses. In addition, since most of
these nanoparticles are only deposited on the pipe or lens wall, there is a
slight decrease in the penetration of nanoparticles above 250 nm. The sec-
ond lens results in the fewest lost nanoparticles. It outperforms the other
two models (the first lens and the divergent nozzle) that aim to focus on
nanoparticles of the same size when it comes to particle concentrations of
sub-300 nm. Diffusion causes most of the 1 nm–10 nm particles to be de-
posited on the walls, while the penetrations range from 53.333% to 98.125%.

124



Figure 5.29: Graphical display has been created of particle paths to offer a powerful option
to quantify particle behavior

The particle beam width at the exit of the second lens with and without
FBr of the particles in the range of 1 nm-300 nm is shown in Figure 5.32.

As shown in Figure 5.32, the particle beam width increases near 250
nm, the size of the nanoparticles. Inertial transport has a significant effect
on nanoparticles larger than 250 nm. Figure 5.33 shows the particle beam
penetration through two lenses and a divergent nozzle, while Figure 5.34
shows the beam width produced by two lenses and one divergent nozzle.
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Figure 5.30: Example of the results that obtained by using the Discrete Phase Model
(DPM)

The beam width and penetration of the effective lens to focus the nanopar-
ticles must be narrow. Therefore, the beam width of the focussing system is
determined by the diffuse displacement and aerodynamic focus. It is known
that the turbulence and instability of the flow are the causes of the destruc-
tion of particle concentration and diffusion. According to the simulations
carried out in this research and previous research, the possibility of nanopar-
ticle deposition on the wall of the tube or lenses arises because Brownian
diffusion causes perturbation of the nanoparticle trajectories dictated by
the carrier gas.

To summarize, in this research, two lenses and one divergent nozzle were
used for focussing nanoparticles, consisting of spherical particles of carbon
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Figure 5.31: Particle penetration through the aerodynamic lens with and without FBr

as small as 300 nm, through the inlet of the pipe. The particles were then
passed through a set of two lenses, 20 mm apart, with an inner diameter
of 3 mm for each lens. To explain why the Faraday cup electrometer is
installed inside the pipe so that the particles move through the Faraday
cup electrometer (FCE) after passing through the aerodynamic lenses, the
observed particles are then captured and transferred to the Differential Mo-
bility Analyzer (DMA) for an examination of the effects since, at any point
in time, each particle has an individual velocity that varies according to
time or location.
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Figure 5.32: Particle beam width in the lens exit with and without FBr

5.6.2 Validating the Model Against the Simulations by Wang et
al. (2005) [152]

Axisymmetric elements such as orifices are commonly used for separating
particles from flow streamlines and moving them closer to the axis. To fo-
cus the particles, these elements require that the particles have sufficient
inertia. However, in this research, as the particle size decreases to sub-300
nm, focussing performance is drastically degraded because the low levels
of inertia and a high degree of diffusivity of sub-300 nm particles make
focussing them difficult. Due to their small inertia, nanoparticles tend to
follow gas streamlines very closely, and only slight focussing can be accom-
plished [154]. Smaller particles, with a Stokes number less than one, thus
tend to follow the streamlines in order to avoid crossing the centreline, while
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Figure 5.33: The penetration of particles through two lenses and a divergent nozzle with
diffusion

larger particles, with a Stokes number greater than one, are less disturbed
by the flow and therefore cross the centreline. Particles with intermediate
inertia are separated from the streamlines and focussed on the axis so that
particles with specific Stokes numbers are carried to the axis [98].

To verify the section of the model under consideration, this study at-
tempted to replicate the results from the analysis published by Wang et
al. [152]. Theoretical modelling of particle motion and fluid flow through
orifices was utilized to validate the work under investigation. According to
Wang et al. (2005), the orifice diameter and operating pressure are the two
most essential parameters to consider when designing an aerodynamic lens.
As a result, for a given mass flowrate and particle properties, they estab-
lished the lens operating pressure range as a function of orifice diameter.
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Figure 5.34: Particles beam width through two lenses and a divergent nozzle with diffusion

They computed the minimum pressure for subsonic flow Pma, the minimum
pressure for continuous flow Pkn, and the maximum operating pressure of
an aerodynamic lens Pfocusing using equations 5.7, 5.8, and 5.9 [152]:

Pma =

ṁc

CdYcAf√
2M
RT1

xc
(5.7)

Pkn =
2

dfKn

λr
T1

Tr
pr
1 + S

Tr

1 + S
T1

(5.8)

Pfocusing = [
1

(1 + πα
8 )
√

2πγ3

ṁρpdpc
3

d3fSt0
]
1
2 (5.9)
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Where λr is the gas molecule mean free path at the reference conditions,
Tr and pr are 296.15 K and 101,325 Pa, respectively [154]. S is the Suther-
land constant (110.4 K). Therefore, Wang et al. demonstrated that the
operating pressure (Pfocussing) of an aerodynamic lens must be higher than
Pma so that the flow is subsonic. For focusing particles, the operating pres-
sure range is where Pfocusing is greater than both Pma and Pkn. The point
where the Pma, Pkn, and Pfocussing curves intersect in Figure 5.35 below in-
dicates the smallest size that may be focused dp. In addition, the smallest
size of the particles that can be focused is determined by the intersection
of the Pma, Pkn, and Pfocusing curves. It’s also important to obtain a low
enough pressure to achieve particle concentration.

The main point is that for the overall research reported in this thesis,
the results of the model that was developed were validated based on a
comparison with the replicated research results produced by Wang et al. in
order to evaluate the new focussing system. The first step was to validate
the results produced by the simulations replicated in the new model against
the results from the simulations created by Wang et al. (2005). Particle
trajectories were simulated by replicating the geometry and parameters from
the Wang et al. paper. The results of the equations 5.7, 5.8, and 5.9 closely
matched those from the previously published formulas , as revealed by a
comparison of Figures 5.35 (the results replicated for this study) and 5.36
(results from Wang et al.’s paper [152]). The conclusion was that the base
formulas presented by Wang et al. were well replicated and the results of
the replicated formulas agreed well with those of the original formulas, as
Figures 5.35, and 5.36 confirm.

Multiple lenses operating at Stokes numbers smaller than the optimum
Stokes number must be employed to focus on small particles, according to
Wang et al. [152, 154]. Therefore, in this study, the diameter of the orifices
was set at 3 mm, and the volume of the flowrate through the focussing orifice
was adjusted to be 0.000024 m3/s. Therefore, by calculating the minimum
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pressure of subsonic flow Pma, a minimum pressure of continuous flow Pkn,
and maximum operating pressure of an aerodynamic lens Pfocussing using
the same equations that are used in the work of Wang et al. (Equations
5.7, 5.8, and 5.9), so the result was shown in Figure 5.37:

In the Figure 5.37, three lens diameters are used, 0.1, 3, and 100 mm.
For the Pfocussing measurement, a range of particles (1 nm, 10 nm, 20 nm,
25 nm, 100 nm, and 300 nm) was chosen and compared to Pma and Pkn.
Because the diameter of the orifice in this study was 3 mm, this diameter
was focussed on in order to ensure the efficiency of the lens with a diameter
of 3 mm with regard to focussing and detecting particles. Based on the
results shown in Figure 5.37, it is demonstrated that the Pfocussing line
with respect to particle sizes from 10 nm - 100 nm is higher than the Pma

and Pkn lines. Therefore, the model for this research proved its effectiveness
in the concentration of particles smaller than 100 nm up to 10 nm. For the
point of intersection with Pfocussing line for 10 nm with the Pma line, it shows
the smallest particle size that can be focussed on. The area of intersection of
Pfocussing curves for 10 nm and 25 nm with Pkn line also shows the possibility
of focussing of these sizes of particles ranging from 10 nm - 25 nm. The
Pfocussing lines for 100 nm - 300 nm intersect with Pma line and continue to
be higher than Pkn line, so the focussing of these particles is very high in
this case. This Figure proved the effectiveness of the orifice diameter used
in this research, which is 3 mm, as well as the possibility of focussing and
detecting nanoparticles whose sizes range from 10 nm - 300 nm in this case.

In Figure 5.38, particles that enter from the inlet in radial positions
close to the centerline pass through the orifice with little direction change.
The selected particle in the inlet follows the gas toward the lens at a radial
position of rp−i = 2.5 mm, considerably upstream of the lens, as illustrated
in Figure 5.38. Particles starting from intermediate radial positions may
approach or cross the centerline depending on the Reynolds number and
particle inertia. The ultimate particle beam size at the exit is determined by

132



the critical particle trajectory, which is the trajectory of a particle starting
from the outermost radial position at the inlet among the particles that
do not deposit on the orifice [78]. Equation 5.9 shows that when a Stokes
number less than St0 is employed, focussing is larger. The critical streamline
is defined as the streamline that starts at the same position at the inlet as
the critical particle trajectory. As particle inertia increases, the critical
particle trajectory deviates more and more from the corresponding critical
streamline. The contraction factor, defined in Equation 5.10, which is the
ratio of the radial distances from the axis of the critical particle trajectory
and the critical streamline, may be used to determine the extent of this
deviation owing to particle inertia [78]:

η =
rp−o

rp−i
(5.10)

The gas is radially accelerated inward as it approaches the lens, and the
particles overshoot the gas streamlines toward the axis [162]. The particle
moves radially outward downstream of the lens, but only slightly, before
settling onto a streamline with a smaller radial position, rp−o, as shown
in Figure 5.39. The trajectory of sub-300 nm particles with and without
Brownian force is depicted in Figure 5.40. It is worth noting that in the
absence of diffusion, particles that are initially positioned near the axis can
be focussed very close to the axis [166]. Because of velocities, particles fur-
ther from the axis are not as effectively focussed, and their Stokes numbers
are smaller as a result of viscous effects. The focussing effect is still evident
when Brownian motion is present.

Nanoparticles follow gas streamlines due to inertia, and only a small
fraction of nanoparticles can be focussed. Nanoparticles’ defocusing is ex-
acerbated by their high diffusivities, which results in particle loss. According
to computational methods of size-resolved particle trajectories, the major-
ity of small nanoparticles are lost to the wall by diffusion. The particle
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beam escaping the aerodynamic lenses was directed into the downstream
exit boundary, which was maintained at 1 Pa pressure. The pipe length
and the length between the aerodynamic lenses assembly have been short-
ened to reduce particle loss caused by Brownian diffusion, and a high inlet
flow feature has been included to reduce the residence time. So, the distance
between the lenses is set at 20 mm. According to the simulations performed
in this research and previous research, the possibility of nanoparticle depo-
sition on the wall of the pipe or lenses arises because Brownian diffusion
causes perturbation of the nanoparticle trajectories dictated by the carrier
gas. When the FBr is ignored, a large number of nanoparticles with di-
ameters of less than 300 nm pass through the orifices. The second lens
system results in the lowest number of nanoparticles lost. It outperforms
the two other focussing systems (a first lens and a divergent nozzle) meant
to concentrate particles of the same size whenever it comes to concentrating
sub-300 nm particles.

Comparison of the CFD Simulation Results Against the Simulations by Wang
et al. (2005) [152]

To focus particles on the centreline of the exit nozzle, this system employs
a single sharp turn in the aerosol flow path through the holes of the orifices.
Table 5.3 provides a comparison of the specifications for three lens systems:
a variation of an Italian focuser instrument with a typical five-aerodynamic-
lens assembly; the one employed by Liu et al., [87], which Wang et al. [152]
used in their research; and the new system presented here with two lenses
and one divergent nozzle.

The work conducted for this thesis was concentrated on designing an
aerodynamic lens system for focussing nanoparticles. The first stage of this
work was to validate the new calculation model against the results produced
by Wang et al., [152]. The results were a very close match to those from
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Table 5.3: Specification of 1) A typical aerodynamic lens assembly and Italian focuser
(Tafreshi et al.) [135]; 2) The system used by Liu et al. [87]; and 3) The set-up employed
in this study with two lenses with one divergent nozzle (Details in the Table 5.4)

No. Number Carrier Gas Pressure, Flow Time, Sto Focussing References

of Lenses KPa Sec Range, nm

1 Focuser Helium 1.067-4 0.003 0.1 1–6 [135, 136]

2 5 Lenses Air 0.267 0.1 0.7–1.5 40-250 [87, 88]

3 2 Lenses & Air 101.325 0.001 0.01–1.99 1-320 This

1 Nozzle Research

the previously recorded calculations, as can be seen from Figures 5.35
and 5.36, which enable a comparison with the results obtained by Wang
et al. (2005). Wang et al. [152] have developed this model for calculating
the smallest particle size that can be precisely focussed on the axis, with
a focus region at the aperture exit in the absence of diffusion. Further
investigation was targeted at designing a procedure for reducing the size of
a particle that can be focussed compared to the number of particles in the
focus region while also minimizing the effects of diffusion (Figure 5.41).

Figures 5.42 and 5.41 show a comparison between the simulation results
for this study and the results from the Italian focuser device reported by
Wang et al (2005). Some differences in particle sizes can be seen in these
Figures. According to Figure 5.41, the simulation produced for this study
seems to have accurately determined the size of the nanoparticles identified
for focussing by the Italian focuser device. As a result, the smallest, most
focussed particles have a diameter of about 3.9 nm, while the largest have
a diameter of close to 5 nm in the lens. In this study, a simulation method
was used for measuring the size of the nanoparticles. With respect to the
absence of diffusion, the focus area was the region in the aperture exit of
the second orifice just before FCE. The small, focussed particles examined
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Table 5.4: The result of this study using two lenses and a divergent nozzle

No. dp (nm) St

1 2 0.01

2 5 0.03

3 10 0.06

4 20 0.12

5 40 0.24

6 80 0.49

7 100 0.61

8 125 0.77

9 150 0.92

10 160 0.98

11 180 1.11

12 200 1.23

13 250 1.55

14 300 1.86

15 320 1.99

have a diameter of about 3 nm, while the largest have a diameter of 3.6
nm,Figure 5.42. The target aperture can focus on particles larger than
3.6 nm but not particles smaller than 3 nm. Figure 5.42 illustrates how
targeting the focus area at the aperture outlet enabled the calculation of
the smallest particle size that can be focussed precisely on the axis.

The size of the particles passing through a divergent nozzle (from the lens
to the FCE) is compared to the number of particles in the focus area passing
through the divergent nozzle between the second lens and the FCE, and the
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measurements of the size of the nanoparticles in this region are identified in
the Figure 5.42. The small, concentrated particles were thus found to have a
diameter of about 3.1 nm, while the largest have a diameter of 3.6 nm. This
procedure thus reduced the particle size that can be focussed compared to
the number of particles in the region selected for focussing. The differences
can be attributed to the use of a divergent nozzle, which has a hole with
a 3 mm diameter. The model results were then validated computationally
by comparing the simulation outcome in Figure 5.42 with data from Wang
et al. in Figure 5.41 as a means of evaluating the accuracy and efficiency
of the lens and nozzle used for measuring the size of nanoparticles smaller
than 300 nm.

5.7 Summary

In this chapter, aerodynamic lenses and a divergent nozzle for nanoparti-
cle size measurements have been developed, evaluated, and validated. The
approach taken in this research was based on computational simulations.
The computational method included the development and investigation of
an aerodynamic lens with a sharp-edged plate orifice rather than a conven-
tional flat orifice for focussing nanoparticles. The diameter of the larger
particles focussed was greater than 300 nm, while that of the smallest was
3 nm. Figures 5.43 and 5.44 provide the simulation results.

Because computational simulations of lens systems offer enhanced accu-
racy, this approach was adopted for validating the theoretical and analytical
simulation results with respect to measuring the size of nanoparticles on an
aerodynamic lens, with the following results:

Through the development of techniques for predicting nanoparticle di-
ameter, the present study has advanced the design of aerodynamic lens
systems. This study also demonstrated that the use of air as the carrier gas
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is preferable for focussing on small-sized particles. The work presented here
also involved the development of a model of the flow through the sharp-
edged plate of the orifice, along with a computational method employing
CFD-ANSYS Fluent for simulating the flow and motion of particles through
an aerodynamic lens. Compressible, laminar, viscous, and Navier-Stokes
equations were initially applied for computing the gas flow field, followed
by the integration of the Lagrangian model in order to obtain the particle
trajectories. This approach was used to evaluate the possibility of focussing
nanoparticles smaller than 300 nm. This research represents the first sys-
tematic effort to identify the size of nanoparticles using an aerodynamic lens
and computational simulation. The results to this point in the research can
be summarized as follows:

1. This study led to the development of an aerodynamic lens system
for focussing spherical particles with sizes of 3 nm to 300 nm. Air
was utilized as a carrier gas and constituted the first phase, with car-
bon particles as the secondary phase. Two lenses with divergent noz-
zles were employed for focussing the nanoparticles and measuring their
sizes. It is also demonstrated that the possibility of focussing and mea-
suring particles larger than 300 nm but not those smaller than 3 nm is
demonstrated.

2. The results of this study revealed that when an aerodynamic lens
system is combined with a divergent nozzle, it provides better perfor-
mance of nanoparticles. As a result, this study indicated that using air
as a gas carrier can enhance focussing.
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Figure 5.35: Particle trajectories calculated for this study as replications of the geometry
and parameters from the Wang et al. report [152]
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Figure 5.36: Pressure limits of the Mach and Knudsen numbers as well as focussing results
from Wang et al. [152]
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Figure 5.37: The Pfocussing curve with respect to particle sizes from 10 nm - 300 nm
compared to the Pma and Pkn curves for the diameter of the orifices 3 mm
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Figure 5.38: The critical particle trajectory and the critical streamline
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Figure 5.39: The particle moves radially outward downstream of the lens
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Figure 5.40: Trajectories of the spherical particles in the aerodynamic lens with or without
Brownian force
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Figure 5.41: Results for reducing the particle size that can be focussed when the number
of particles in the focus region is compared to the particle size that can be focussed [152]
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Figure 5.42: Examining the focus area at the aperture outlet to determine the smallest
particle size that can be focussed precisely on the axis for this research
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Figure 5.43: Focussing of 1 nm to 350 nm nanoparticles

Figure 5.44: Focussing of 1 nm to 25 nm of nanoparticles
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Chapter 6

Focussing of Airborne Particles in
Aerodynamic Lenses Held by
Grooves in the Pipe

6.1 Introduction

Nanoparticles suspended in the air are known as airborne nanoparticles [54].
In several aerosol measurement instruments, collimation of airborne particle
beams to a narrow region with a low level of beam divergence is a desirable
first step [52, 30, 92]. Collimated particle beams not only enable the effi-
cient transport of aerosols to a narrow low-divergence area [166] but also
ensure that the particles move through and into the centre of the focal point
of the narrow area and toward the Faraday Cup electrometer (FCE) par-
ticle detectors. The use of aerodynamic focussing lenses [87, 88] or sheath
air [25, 20] for the design and efficient achievement of collimated beams
of aerosol particles in particle detectors has previously been documented.
Sheath gas focussing of aerosol particles is a well-established method for
focussing aerosol beams on large-scale aerosol devices with high flowrates
(> 1 L/min) [14, 19, 92]. The flow of the gas (sheath) and their method of
injection (axial) have a very substantial influence on the speed of the par-
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ticles and, consequently, on the size of the particles. The sheath gas adds
additional stretching and focussing forces to the ejecting particles. Extend-
ing aerosol focussing to include the vertical direction represents success in
addressing one obstacle standing in the way of the application of aerosol
focussing with aerodynamic lenses.

An aspect of the research conducted for this thesis led to the develop-
ment of a method for producing varied shapes of aerodynamic lens systems
based on the incorporation of grooves within the pipe to create miniatur-
ized, inexpensive, and compact lab-on-a-chip devices for monitoring aerosols
and gases [30, 112, 92]. This chapter describes the design, evaluation, and
computational simulation of an aerodynamic lens system that incorporates
these grooves within the pipe to hold the orifices, inlet, and outlet lenses
mounted for focussing airborne particles in the air. This device permits
the location of the lenses to be adjusted within the pipe if they need to be
moved to the left or right, and also allows additional lenses to be added or
one lens to be used for the entire pipe employed in an experiment. As well,
if required for a particular study, a longer or shorter pipe can be obtained
by moving the inlet and outlet lenses from one groove to another, without
the need to fabricate another pipe of the right length [92] as illustrated in
Figure 6.1. This is a good method because it saves time and money and
has also been proven to decrease particle loss by minimizing the openings
or sections between the model components.

The new model is composed of two parts: the upper half of the pipe with
grooves and eight holes for fitting threaded rods (Figure 6.2) and the lower
half of the pipe, which also contains grooves and threaded rod holes. These
two parts are screwed together, with a gasket around the inside of the pipe
to ensure that fluid does not escape from the pipe.

Gaskets are also installed before and after each orifice plate in order
to maintain a constant pressure between the plates, thus ensuring the en-
hanced reliability of the results. ANSYS Fluent 2021R1 software was used
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Figure 6.1: Use of grooves within the pipe to hold the orifices, inlet, and outlet lenses

to simulate this model for focussing the aerosols in the main flow through
a narrow beam that passes through the focal point in the middle of the
lens and is confined to the centre of the FCE particle detector. No previous
studies have examined or implemented grooves within the pipe to hold the
orifices [92], which makes this new model design an important contribution
to this research. The use of these grooves within the pipe for focussing
aerosol particles in an aerodynamic lens system has been demonstrated in
this study. This chapter details the design process and presents the compu-
tational results of the simulation of the designed prototype with aerosolized
monodispersed spherical carbon particles, which confirmed the validity of
the flow-focussing system, as described in the previous chapter.
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Figure 6.2: Upper half of the pipe with grooves

6.2 Materials and Methods

6.2.1 Aerodynamic Lens Stack

An aerodynamic lens stack is a particle injector that compresses aerosol
particles into a collimated beam [87]. As shown in Figures 6.3 and 6.4,
such a lens stack consists of several axisymmetric contractions in a pipe.
The aerosol travels through these lenses together with a lighter carrier gas
(e.g., air). While the carrier gas quickly expands after each contraction, the
heavier aerosol particles tend to stay closer to the centre of the flow field.
The flow field of a light carrier gas (lines) and the trajectories of particles
with different masses (points) are shown in Figure 6.4.

The mass of the particles determines the focussing effect of this type
of lens. The particles in the top rectangle of the Figure are lighter than
the optimal mass, so they follow the flow field, resulting in only a minimal
focussing effect. The trajectories of the particles with the optimal mass can
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Figure 6.3: Aerosol travelling through the lenses together with a lighter carrier gas, such
as air

be seen in the middle portion of the Figure. The bottom section of the
Figure represents the trajectories of heavy particles that interact with the
walls of the lens, resulting in low levels of particle distribution efficiency
and no focus. To appreciate the effect of this contraction on the focussing,
it should be understood that the only force acting on the aerosol particles
is the drag force:

−→
dUp

dt
=

−→
U −

−→
U p

τ
(6.1)

Where
−→
U p is the particle velocity,

−→
U is the velocity of the flow field, and

τ is the relaxation time (the time constant in the exponential decay of the
particle velocity due to drag). This approximation neglects the effects of
lift forces and Brownian motion and can be used when the local Reynolds
number does not exceed a few hundred. The Reynolds number is the ratio

152



Figure 6.4: Flow field of a light carrier gas (lines) and the trajectories of particles with
different masses (points)

of the inertia of a fluid to its viscosity. Low Reynolds numbers correspond to
a high degree of viscosity compared to the inertia, which leads to a laminar
flow.

6.2.2 Aerodynamic Focussing Using Grooves inside the Pipe

A velocity field is created by the inclusion of geometric features in the pipe,
such as grooves and threaded rods, which add a pressure gradient in the
direction perpendicular to the direction of the flow [92] (Figure 6.5). As
a result of this effect, the airflow inside the lenses can be rearranged as a
result.
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Figure 6.5: Pipe with grooves and eight holes to fit threaded rods

For lenses to work effectively, inertial effects in the flow must be minimal;
it must be a laminar flow. Due to the viscosity of air and particles, the fluid
tends to adhere to the wall. So, the flow is laminar because the layers do
not mix in this type of fluid flow. At sufficiently low Reynolds numbers, Re,
only the equilibrium between the viscous and pressure forces determines the
velocity field, as defined in Equation 6.2 [92]. The dimensionless Reynolds
number, Re, measures the ratio of inertial to viscous forces and is defined
in [54, 92] as:

Re =
ρ u l

µ
(6.2)

where ρ represents the density, µ indicates the dynamic viscosity, u sig-
nifies the flow speed, and l denotes the length scale. A theoretical study
of the geometrical function and pressure force, and thus the velocity field
introduced by them, is impractical due to the complex collection of bound-
ary conditions needed for solving Navier-Stokes equations [92]. Figure 6.6
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depicts a three-dimensional CAD model of the grooves inside the pipe for
holding the lenses and nozzles.

Figure 6.6: Three-dimensional CAD model of the grooves inside the pipe for holding the
lenses and nozzles

The developed system incorporates multiple grooves for adjusting the
positions of the lenses in order to obtain the optimal particle size mea-
surements, i.e., establishing the smallest particle size. These grooves also
facilitate the acceleration and initial concentration of the main flow into
the base of the lenses. The sheath coming from the inlet port then squeezes
the main flow. Grooves are etched deep into the top and bottom of the
pipe. The outlet port is the point at which the central beam of particles
exits the lenses. In this study, the first step was to employ ANSYS Fluent
to perform a CFD simulation of the pressure-driven flow inside the system.
For the particle trajectory tracing, the CFD model considered viscous, iner-

155



tial, drag, and Brownian forces. The resulting velocity field was applied to
determine the trajectories of particles subjected to drag and inertial forces
using a Newtonian particle-tracing algorithm.

The drag force Fdrag and Brownian force FBr were the main forces exam-
ined [42]. Despite not including all of the possibilities, this list highlights
the majority of the forces that can affect particle trajectories.

6.2.3 Designing Aerodynamic Lens Systems for Focussing Nanopar-
ticles

The research for this thesis included consideration of the challenges asso-
ciated with the focussing of nanoparticles of sub-300 nm into tightly colli-
mated beams. Because of their low inertia and high degree of diffusivity,
sub-300 nm particles are difficult to focus. Their low inertia means that
nanoparticles tend to follow gas streamlines very closely, with only slight
focussing possible, and as particle size decreases sub-300 nm, focussing per-
formance is degraded even further. This research therefore included an
examination of a case study involving the design of an aerodynamic lens
for focussing particles smaller than 300 nm, with diffusion being neglected.
The aerodynamic lens system under investigation consisted of three compo-
nents: a flow control orifice, focussing lenses, and an acceleration (divergent)
nozzle, as illustrated in Figure 6.7.

The inlet orifice fixes the mass flowrate of the device and reduces pressure
from ambient to the level required for aerodynamic focus. The focussing
lenses are a pair of orifices that produce converging-diverging flow accelera-
tions and decelerations, allowing particles to be separated from the carrier
gas and guided into a tight particle beam [154]. The second lens controls
the operating pressure inside the lens assembly and accelerates the parti-
cles downstream. This system focusses the aerosol flow with the use of two
aerodynamic lenses (sharp-edged plates) for focussing the particles at the
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Figure 6.7: The three components of the aerodynamic lens system

centreline of the exit nozzle. The focus of this particular study, however,
was on airborne nanoparticles with diameters smaller than 300 nm. Figure
5.11 provides a schematic representation of the aerodynamic lens-nozzle
configuration used in this study, which demonstrates how two lenses and
one divergent nozzle can be used to effectively transfer the particles into
the vacuum. ANSYS Fluent can predict particle trajectories through the
lens for spherical particles with diameters of less than 300 nm where the
inlet boundary conditions are: flowrate of 2.98∗10−7kg/s, 1Papressure.

ANSYS Fluent CFD was employed for calculating the gas-particle flow
field in an aerodynamic lens-nozzle expansion and generating a grid. AN-
SYS Fluent can simulate the full spectrum of subsonic, transonic, and su-
personic flows in an aerodynamic lens-nozzle inlet without reliance on sig-
nificant assumptions such as constant entropy or incompressibility [162]. A
typical calculation of the low-speed flow in a lens requires approximately 2–4
h, and it takes about 10 h to complete the high-speed flow in the nozzle. An
objective of this study was to acquire a basic understanding of the factors
that impact a fluid (air) containing nanoparticles (carbon) with diameters
varying from 3 nm to 300 nm as the particles pass through two lenses and
one divergent nozzle. The particles are impelled into the centreline by the
first two orifices, and particle acceleration into the vacuum field is regulated
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by the final exit nozzle, which produces a supersonic gas expansion. During
the final expansion, particles are characterized by a distribution of termi-
nal velocities that is dependent on particle diameter, with smaller-diameter
particles accelerating to higher velocities and larger-diameter particles ac-
celerating to slower velocities [162]. Instruments employed in conjunction
with aerodynamic lens systems can calculate nanoparticle diameter based
on measurements of the terminal velocity of the particles.

6.3 Computational Analysis of Aerodynamic Lenses

Computational simulations were performed for specific basic but practical
flows in order to evaluate the effects of nanoparticles and their trajectories
away from the axis. This research was concentrated on the lens system and
nozzle geometry illustrated in Figure 6.7, in which fluid flows into a pipe
with an inner diameter of 35 mm and a length of 80 mm and through the
lenses and a nozzle with an inner diameter of 3 mm. This section first in-
troduces the CFD measurement and calculation methods and then explores
the characteristics of particle motion in the lens-nozzle system. A dilute
suspension of particles in an ideal gas was assumed, which translates into
negligible particle-particle interactions and no effect on the gas flow. The
flow field was established based on the computational solving of the continu-
ity, momentum, and energy equations related to ideal gases. CFD analysis
was applied for the simulations performed in this study, with priority given
to compressible flows. The initial analysis revealed that the results obtained
under the computational conditions employed for this study did not vary
substantially from those reported by Liu et al. [87]. The flow field for a
given lens-nozzle geometry was specified according to the Reynolds number
of the lens, Re, and the Mach number of the lens, M , which can be classified
as follows:
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Re =
ρ Udf

µ
(6.3)

M =
U

c
(6.4)

Where µ signifies the fluid viscosity, ρ indicates density, c represents
the speed of sound , df denotes the orifice diameter, and U designates the
velocity of the flow at the orifice. After the flow field was obtained, the forces
acting on the materials were added to the calculations, and the trajectories
were computed numerically based on the combining of the calculations to
give Equation 6.5:

−→
dUp

dt
=

−→
U −

−→
U p

τ
(6.5)

The dynamic properties of the particles were calculated for a given flow
field according to the Stokes number St and the Knudsen number of the
particle Knp or based on the Reynolds number of the particle Rep, which
can be characterized as follows:

St =
Uτ

dn
(6.6)

Knp =
λ

dp
(6.7)

Rep =
ρdpU

µ
(6.8)

Where τ is the particle relaxation time, λ is the molecular mean free path
of the fluid, and dn is the nozzle diameter. A diameter of dn = 3 mm was
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chosen for the divergent nozzle. The following concept measurements were
determined: an estimated mass flowrate of the air at 2.98∗10−7 kg/s and the
density of the carbon particles at 1.48 g/cm3, with the particle diameters
varying from 3 nm to 300 nm, all of which corresponded to the values used
in the simulations performed for this study. Based on the results from
previous research, it is evident that the geometry of the divergent nozzle is
a critical factor in the control of particle focussing.

The nozzle in the system under study was a divergent nozzle with a
radius of 15 mm from the front of the nozzle and a thickness of 1.6 mm,
which was installed immediately downstream from a sharp-edge plate orifice
with a hole diameter of 3 mm. The nozzle diameter, dn, was kept constant
at 3 mm for all of these calculations, and the diameter of the inlet of the
pipe was set at 10 mm. The divergent nozzle balances particle acceleration
inward with particle acceleration outward into the nozzle stream, resulting
in a short, low-divergence beam. In this study, the diameter of the divergent
nozzle was measured immediately upstream from the nozzle and was found
to vary from 2 mm to 9 mm. For these calculations, to avoid particle loss,
the FCE was mounted quite close to the nozzle opening. Figures ref 6.8
and 6.9 show the results.

The computed near-axis particle trajectories in the divergent nozzle are
indicated in Figure 6.9 for a variety of nozzle diameter dn values. Negative
values in both this Figure and Figure 6.8 indicate that the particle has
passed close to the axis. According to Figure 6.9, the best overall perfor-
mance is provided by a nozzle with a dn = 3 mm, meaning that a divergent
nozzle with dn = 3 mm should be the optimal configuration. Figure 6.10
depicts the axial velocities calculated for particles in a variety of nozzle ge-
ometries. These findings were integrated into the concept measurements
that followed.

This research has involved an exploration of the theoretical and compu-
tational aspects of a modern approach for focussing nanoparticles. The de-
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Figure 6.8: For the given 3 mm nozzle geometry, the near-axis particle trajectory plotted
against particle diameter

veloped system incorporates two aerodynamic lenses for confining nanopar-
ticles to the midline of an aerosol flow once a divergent nozzle generates
a particle beam. These lenses were constructed based on an axisymmetric
design that produces convergent-divergent flow accelerations. The use of
these multiple lenses enables nanoparticles to be moved very close to the
axis after passing through a lens.
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Figure 6.9: For the given nozzle geometry, near-axis particle trajectories plotted against
particle diameter, for divergent nozzle diameters varying from 2 mm to 9 mm measured
immediately upstream from the nozzle

6.4 Experimental Setup and Procedure

The usual method for fabricating aerodynamic lenses requires considerable
time and effort in order to produce them with the appropriate shape for
focussing nanoparticles. For each experiment, researchers must fabricate a
new model in case the lens needs to be repositioned inside the pipe. This
fabrication process creates delays and also increases financial expenses due
to the frequent need to fabricate several versions of the lenses and pipe.
For this reason, a component of this research was the design of a new,
versatile, time-and cost-saving method for experimental focussing and size
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Figure 6.10: Axial velocity (m/s) of particles by particle diameter in divergent nozzles with
varying nozzle diameters

measurement of nanoparticles. As mentioned previously, this novel model is
a pipe that contains inside grooves that match the diameter and thickness
of the lenses used for focussing the nanoparticles. As explained, the benefit
of these grooves is that they enable the position of the lenses inside the pipe
to be modified in case the lens must be moved to the left or right, or other
lenses need to be added, or only one lens for the same pipe is required in
the experiment. This design also permits the lenses to be used at the inlet
or outlet. As well, depending on the length of the pipe and the number of
grooves inside it, the new pipe can also be used as either a long or a short
pipe.
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6.5 Calculation Results

Figures 6.11, 6.12 and 6.13 show the velocity contour, Mach number
contour, and velocity vectors, respectively. As can be seen in these Figures,
when air passes through a small hole in the lens, it usually creates a free flow,
which moves along the downstream fluid. The velocity is at its maximum,
and the boundary layer separation can be seen near the lens edge in the
downstream direction. The approaches employed for modelling lens flow
capture the flow pattern extremely effectively [127]. The findings of this
investigation are similar to those reported in [87, 97].

Figure 6.11: Magnitude of the fluid velocity - Velocity contours

Contours of the velocity upstream from the lens are shown in Figures
6.14. The non-slip condition caused a considerable reduction in the velocity
near the wall of the pipe. When this region is very small, it is referred to as
the boundary layer. The boundary layers thicken of the pipe as more fluid
is impacted by the viscous friction generated by the gradients produced as
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Figure 6.12: Mach number contours

Figure 6.13: Magnitude of the fluid velocity - Velocity vectors
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a result of the non-slip condition [147]. The entire laminar flow is produced
upstream from the lens, as indicated in Figure 6.11, which is an indication
that the length selected was appropriate for the upstream pipe [127].

Figure 6.14: Contours of the radial velocity upstream from the lens

When the flow enters the throat of the lens, the centreline axial velocity
increases. The maximum velocity was demonstrated at the vena contracta,
with the velocity decreasing after that point. Because the pressure enables
the energy to be conserved at all locations in the domain, as can be seen from
Figure 6.15, the pressure dropped as the flow entered the lens and reached a
minimum at the vena contracta, following which it continued to rebound as
the flow proceeded downstream. These observations were confirmed based
on a comparison with the results given in the review published by [97].
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Figure 6.15: Static pressure of the fluid

6.6 Summary

This chapter has presented the use of designed grooves inside the pipe for
holding the lenses in order to focus airborne particles. The pressure on
the main flow caused by the gas flow from the inlet of the orifices led to a
horizontal focus [92]. The focussing was extended to the vertical direction
by placing the lenses in grooves engraved in the top and bottom sections
of the pipe. The grooves were formed by a unique delayed-etch design
process that is also compatible with the construction of divergent nozzles
and lenses, thus facilitating their incorporation into the pipe, as illustrated
in Figure 6.16. Pressure, particle loss, and particle size were applied as
metrics for assessing the performance of the new system. ANSYS Fluent
was used for modelling and investigating particle distribution, and CFD
was employed for simulating a lens in a pipeline and for approximating the
position of the vena contracta [127]. In flowmetry research, consideration of
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the effects of ratio on flow mechanics, such as the vena contracta position,
the characteristic length, and measurements of the velocity of the lens flow,
is regarded as essential. CFD technology was also considered to be a cost-
effective alternative to experimental methods for measuring the discharge
coefficient.

Figure 6.16: Grooves fabricated using a novel delayed-etch technique also consistent with
the fabrication of divergent nozzles and lenses

The test data validated the efficacy of using lenses and a divergent nozzle
to focus particles in a horizontal direction. Because the number distribution
of particles less than 3 nm cannot be resolved based on ANSYS Fluent code
sampling, the effect of diffusion with respect to degrading the performance
of the lenses and nozzle for focussing nanoparticles cannot be measured.
Future studies should focus on the influence of the particles’ resident time
in the tube, as well as their diffusion, on lens performance in a longer tube.
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Chapter 7

An Experimental Study of
Nanoparticle Focussing with an
Aerodynamic Lens and a Divergent
Nozzle

7.1 Introduction

Recent advances in the field of nanotechnology have highlighted the impor-
tance of the ability to measure nanoparticles, which is a critical element
in this area [83]. Electrically charging the nanoparticles is one method for
controlling their transport and deposition, [128] and is typically required for
managing submicron and nanometer-size particles in aerosol technologies.
A number of approaches for measuring nanoparticle size in a laboratory
setting have been developed:

1. Scanning mobility particle sizer (SMPS+E) (0.8 nm to 1100 nm) [44].

2. Fast mobility particle sizer (FMPS) (5.6 nm to 560 nm) [85].

3. Engine exhaust particle sizer (EEPS) (5.6 nm to 560 nm) [99].
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4. Nanometer aerosol size analyzer (NASA) (3 nm to 100 nm) [50].

A scanning mobility particle sizer (SMPS+E) can provide precise particle
size measurements down to a couple of nanometers within 3 to 5 minutes
for a single measurement. SMPS+E also employs a differential mobility
analyzer (DMA) for classifying nanoparticles based on their electrical mo-
bility after they pass through a bipolar charger [140]; DMA performance
is mostly limited to 0.8 nm to 1100 nm nanoparticles characterized by low
levels of charging efficiency. SMPS+E uses a combination of a Faraday cup
electrometer (FCE) and an electrometer to measure the distribution of the
particles according to their charges. An FCE can be utilized for evaluating
nanoparticle focussing under different operating conditions, including es-
tablishing the effects of aerosol flowrate, particle type, particle shape, and
particle concentrations. The focussed particles are then passed through an
orifice into an aerodynamic lens system, and the effects of particle focussing
with an aerodynamic lens can be investigated. However, extending the same
approach to the focussing of sub-300 nm nanoparticles with an aerodynamic
lens and developing a procedure for designing aerodynamic lens systems for
such small nanoparticles has proven challenging.

By finding available experimental results for a model with a range of
particle sizes similar to the range of particle sizes that this research focuses
on (sub-300 nm), then comparing these experimental results with the com-
putational results of this research, Tan & Wexler (2007) [138] worked on a
range of particle sizes of 25 nm to 300 nm using a single aerodynamic lens
but with a tube length of more than 600 mm. And since the experimental
setup used in Tan & Wexler’s research is the same as in our research ex-
cept for the number of aerodynamic lenses and tube length (Figure 7.1),
the good thing here is that they conducted experiments for particle sizes
ranging from 25 nm to 300 nm (which are the same sizes of particles that
will be studied in this research). So, in this research, it will be conducted
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to validate the results of Tan & Wexler (2007) [138], then the experimen-
tal results will be compared with the computational results obtained from
the ANSYS Fluent simulation of two aerodynamic lenses and one divergent
nozzle.

Figure 7.1: Experimental setup in Tan & Wexler’s research [138]

With the goal of resolving the issues associated with the focussing of
sub-300 nm nanoparticles with an aerodynamic lens, this research included
the development of a two-part system: a particle-focussing system, and a
method for measuring particle size. A new lens, consisting of two sharp-
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edged plate orifices and one divergent nozzle, was designed computationally.
An important phase of the research was to implement an experimental setup
in order to facilitate laboratory experiments targeted at examining and
confirming the success of the new aerodynamic lens design.

7.2 Experimental Method

7.2.1 Focussing Section

The experimental setup employed for evaluating the performance of an aero-
dynamic lens for the purposes of this research is illustrated in Figure 7.2.

Particles were generated by an aerosol generator, which was either a
tube furnace or an electrospray, and then charged using a unipolar charger.
A nanoparticle DMA (TSI 3085 Nano-DMA) was employed for selecting
charged particles within a narrow range of electric mobility [153]. The
concentration of these singly charged ”monodisperse” particles exiting the
DMA was measured with an FCE. After replicating the Tan & Wexler mod-
els experimentally, a choking orifice was utilized during one of the measure-
ments, which served as the concentration point that enabled the selection
of particles to be directed into the FCE. The conceptual design of the fo-
cussing sections and the reduction in pressure is depicted in Figure 7.3. To
enable the aerodynamic focussing of particles of a given size, the velocity of
the gas in the focussing orifice c should reach the speed of sound [138]. The
new system is the only flow system developed thus far that enables specific
degrees of focussing to be observed [28, 93]. If the absolute pressure ratio
is at least 0.528 (Equations 7.2 and 7.3), the airflow reaches the speed of
sound [63], which can be calculated accurately, based on an assumption of
the ideal gas condition, as in Equation 7.1:
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Figure 7.2: Experimental setup to be used in this research

c =

√
γRTf1

M
(7.1)

Where γ represents the specific heat ratio (1.4 for air), Tf1 signifies the
pre-focussing temperature, and M denotes the molar mass of the gas.

It’s worth noting that achieving sonic speed necessitates maintaining
appropriate compression ratios across the divergent nozzle. The maximum
gas flow via a nozzle is determined by the critical pressure. The critical
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pressure ratio is the pressure ratio at which the flow is accelerated to a
velocity equal to the local velocity of sound in the fluid [104]:

Pc

P1
=

(
2

γ+1

)
γ

γ − 1
(7.2)

where Pc is the critical pressure (Pa); P1 is the stagnation pressure (Pa);
and γ is the index of isentropic expansion, or the compression constant. For
an air nozzle, the critical pressure ratio can be determined as follows:

Pc

P1
=

(
2

1.4 +1

)
1.4

1.4 − 1
= 0.528 (7.3)

As indicated in Figure 7.3, the focussing orifice was installed in a
stainless-steel pipe (the 0.5-mm thick focusing orifice was used in the ex-
periments that followed [138]). Several examples of particle trajectories are
also shown in the Figure in order to demonstrate the aerodynamic focussing
mechanism. The region that should collect optimally sized particles is the
point of entry into the FCE. The particles exhibit optimally sized tracks
with a focal point at the position of the FCE. In this way, particles of sizes
that differ from the selected sizes are propelled through the powerful pump
so that, theoretically, particles of the specific, desired size can be captured
only from the suspended gas and are then focussed through the FCE.

The variables whose values are to be established for the calculation of
the diameters of the focussed particles are temperature Tf1, the dynamic
viscosity of the gas µ, the density of the particles ρp, the velocity of the
gas at the focussing orifice c, and pressure Pf1. As determined through
simulations, the temperature Tf1 was always 25◦C before focussing by the
orifice. As a result, the dynamic viscosity of the air µ, which is solely a
function of the temperature, was a corresponding constant with a value of
1.81*10−5kg/m.s. Carbon nanoparticles were utilized in the simulation for
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Figure 7.3: Aerodynamic focussing of particles [141]

this study. However, the density of the carbon particles is 2250 kg/m3 and
the shape of the carbon particles is estimated to be spherical. The velocity
in the focus orifice is always equal to sonic speed, which is dependent only
on the temperature. For air, at 25◦C, the speed of sound is 340.29 m/s
(Figure 7.4).

Several computational simulations were performed in order to demon-
strate that the gas reaches sonic speed in the focussing orifice. The choke
flow condition occurs only if the ratio between the absolute pressure Pf2

and Pf1 is equal or less than 0.528 (Figure 7.6). The values of Pf1 and Pf2,
as well as their ratio, were plotted against the diameter of the pressure-
reducing aperture, as displayed in Figure 7.5. Figure 7.6 presents the
compression ratio required for achieving sonic speed. As can be seen, the
air in the simulated focussing orifice travelled at the speed of sound and
was constant. The volume of the flowrate through the focussing orifice was
also adjusted so that it was 0.000024 m3/s.

As shown in Figure 7.7, the diameter of the focussed particles in the
region before the focussing orifice was plotted as a function of the absolute
pressure. The diameter of the larger focussed particles was about 280.94
nm. Larger particles are present because the flow is no longer choked at
that point [123].
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Figure 7.4: Velocity at the focussing orifice

7.2.2 Particle Size Distribution

A thermal mass flowmeter should be used to measure the volume flowrate,
q before the inlet. To measure the temperature Tf1 and pressure Pf1 be-
fore the inlet, a digital pressure gauge and thermocouple connected to the
stainless-steel pipe must be used. Because the results will be analyzed using
ANSYS Fluent, the pressures before and after the focussing orifice, Pf1 and
Pf2, are assumed to be 600 KPa and 4,600 KPa, respectively. The volume
flowrate at the focussing orifice was calculated using Equation 7.4.

q =
πd2fvf

4
(7.4)

The following equation 7.5 can be used to describe the gas mean free
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Figure 7.5: Pressure ratio before and after the focussing orifice (the experimental results)

path λf before the focussing orifice in terms of the observed variables Tf1
and Pf1, as well as constants.

λ =
RT√

2πD2NAP
=

µ

P
√

2M/πRT
(7.5)

d∗p =

√
(1.657λ)2 +

(
dmp
)2 − 1.657λ (7.6)

dmp =

(
18µdfSt

∗

ρpvf

) 1
2

(7.7)

As a result, using Equations 7.5, 7.6, and 7.7 , the diameter dp∗ of the parti-
cle optimally focussed into the Faraday cup electrometer will be calculated:
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Figure 7.6: Absolute pressure before and after the focussing orifice

d∗p =

√
12229 ∗ 10−4

P 2
f1

+ 1.2976 ∗ 10−12 − 11059 ∗ 10−2

Pf1
(7.8)

The aerodynamic focussing of a narrow particle size range requires vary-
ing either the mean free path or the maximum diameter dpm that an orifice
can focus on, as shown in equation 7.4. It is impossible to change dpm since
virtually all of the parameters that make it up are resolved: viscosity and
velocity through the orifice. Variating the focusing orifice diameter is also
unsuitable since the orifice with a variable diameter is not vacuum-tight.
Furthermore, the orifice’s size is restricted by the pump’s capacity. As a
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Figure 7.7: As a function of absolute pressure, the diameter of the focussed particles
expands [123]

result, varying the carrier gas’s mean free path by adjusting the orifice oper-
ating pressure is the simplest approach to changing the size of the optimally
focussed particles.

The value of the critical Stokes number St∗, which specifies the size of the
focussed particles, is the unknown parameter in Equation 7.7. According to
the data obtained in this study, St∗ was ranged between (0.001 -1.99). The
Faraday cup electrometer current is proportional to the number of particles
that reach the cup as well as the charge on each focussed particle [55],
Equation 7.9.

I =
q

t
(7.9)

If all focussed particles hit the Faraday cup, the volume flowrate via the
focussing aperture is correct. The optimally concentrated particle number
concentration is obtained by combining 7.7 and 7.8.
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N =
I

33972 ∗ 10−15d∗pln(1 + 21314 ∗ 10−5d∗pNti
(7.10)

N is the number concentration (particles/m3) achieved by the focussing
orifice. It is now feasible to find a comparison between the size of the parti-
cles and the total concentrated particles using the equations 7.8 and 7.10 .
Figure 4.17 displays the size of the particles versus the total concentrated
particles.

Figure 7.8: The size of the particles versus the total concentrated particles

The particle size distribution was measured in this investigation, as
shown in Figure 7.8. On the other hand, the concentration observed for
particles smaller than 50 nm is very small. There are numerous theories
that may be used to explain this. It’s important to note that smaller par-
ticles are less effective at charging than larger ones. Due to the develop-
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ment of a boundary layer within the orifice, a large number of particles are
not focussed and may be pumped out. Furthermore, because particles are
charged, some particles may be lost due to deposition on the pressure wall
surface.

7.3 Results and Discussion

7.3.1 Comparison of the CFD Simulation Results and the Ex-
perimental Data

The results from the CFD simulations of the gas-solid (air-particle) flows
were compared with the experimental data (that obtained after experimen-
tally replicating Tan and Wexler’s work) generated from the electrodynam-
ics focussing with the aerodynamic lens. Some data was also taken from
the work of Tan et al. [141], for which they employed a stainless steel pipe
as the low-pressure region. The distance between the pressure-reducing ori-
fices and the focussing lens was 600 mm. They also used only one lens with
a long pipe for detecting particle sizes up to 40 nm, as illustrated in Figure
7.8.

Because the diameter of the divergent nozzle measured immediately up-
stream from the nozzle ranged from 2 mm to 9 mm, for this study, the
mean axial CFD results were computed and compared to the experimental
data (for one lens) for each of these diameters. The CFD simulations, on
the other hand, produced axial velocity profiles that indicate an upward
flow pattern at the centre of the pipe and a downward flow pattern toward
the wall [4]. Figures 7.10 to 7.14 offer a comparison of the mean axial
velocity profiles as determined by the CFD simulation (for the two lenses
and one divergent nozzle) and DMA measurements (obtained after exper-
imentally replicating Tan and Wexler’s work) versus the results produced
using electrodynamics focussing and the aerodynamic lens.
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Figure 7.9: Stainless steel pipe used by Tan et al. as the low-pressure region with a 600
mm distance between the pressure-reducing orifices and the focussing lens [141, 123]

As shown in these Figures, the CFD simulation’s curves were always
lower than the experimental curves for the axial velocity profiles. Figures
7.12 and 7.13 show the measured and predicted axial velocity profiles for a
divergent nozzle with a diameter of 5 mm and 2 mm, respectively, indicating
that there is a difference in the shape of the curves in these Figures due to
the difference in the values of the velocities. Where, when using a nozzle
diameter of 5 mm, the fluid velocity at the divergent nozzle opening is
323.37 m/s, while in the case of using a divergent nozzle diameter of 2 mm,
the fluid velocity at the orifice is 342.30 m/s. The reason for the increase
in fluid velocity at the divergent nozzle with a diameter of 2 mm is the
narrowing of this nozzle opening.

When compared to experimental data (for one lens), the axial velocity
profiles shown in Figures 7.10 and 7.11 reveal that the simulation find-
ings are lower than predicted. In these two Figures of the CFD simulation
results, when using a nozzle diameter of 9 mm, the fluid velocity at the
divergent nozzle opening is 309.04 m/s, while in the case of using a diver-
gent nozzle diameter of 7 mm, the fluid velocity at the orifice is 320.52 m/s.
Figure 7.12 indicates, for example, that the greatest upward axial velocity
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Figure 7.10: Mean axial CFD results for a divergent nozzle having a diameter of 9 mm
compared to experimental data for one lens

estimated by the simulation is 323.37 m/s, whereas the experimental data
finding was 323.75 m/s. In the Figures above, there is a big difference be-
tween the computational and experimental results near the inlet (x = 0).
In the experimental results, these results were not taken at the inlet, but
rather after the middle of the pipe (which is more than 600 mm in length)
at the point where the distance from it to the exit is equal to the length of
the pipe used in this research (80 mm), so this is why there is a difference
between the results at (x = 0).

In Figures 7.13 and 7.14 of the CFD simulation results, the divergent
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nozzles with a diameter of 2 mm and 3 mm produced the best results that
were predicted by the CFD simulation based on the value of the velocity
at the divergent nozzle that is closer to the speed of sound, which is the
velocity at which particles can be focussed. According to Figures 7.13
and 7.14, the greatest axial velocity estimated by the simulation is 346.32
m/s for a divergent nozzle with a diameter of 2 mm, and 340.29 m/s for a
divergent nozzle with a diameter of 3 mm.

Figure 7.11: Mean axial CFD results for a divergent nozzle having a diameter of 7 mm
compared to experimental data for one lens
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Figure 7.12: Mean axial CFD results for a divergent nozzle having a diameter of 5 mm
compared to experimental data for one lens

7.3.2 Validating the Model Against the Simulations by Tan &
Wexler (2007) [138]

Monodisperse particles from the DMA were fed into the developing pro-
totype and the CPC for counting in Tan & Wexler’s study, [138], Figure
7.15.

In Tan & Wexler’s results, the new systems laboratory prototype suc-
cessfully detected fine particles in all particle sizes that focussed in their
research. According to their findings, the two instruments exhibited a high
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Figure 7.13: Mean axial CFD results for a divergent nozzle having a diameter of 2 mm
compared to experimental data for one lens

agreement in counting particles larger than 60 nm in diameter when compar-
ing the two curves. Meanwhile, for particles smaller than 60 nm, there was a
considerable disagreement [138]. The new system detected a large number
of particles smaller than 60 nm. Figure 7.16 summarizes the equivalent
total counts at various particle sizes in comparison to this study’s findings.

First and foremost, the new system’s ANSYS output successfully de-
tected nanoparticles of all sizes. The developing prototype [138] and AN-
SYS’s results of this research demonstrate that the two instruments had a
good agreement in counting particles with diameters ranging from 42 nm
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Figure 7.14: Mean axial CFD results for a divergent nozzle having a diameter of 3 mm
compared to experimental data for one lens

to 53 nm. Meanwhile, there was a lot of disagreement for particles with
diameters ranging from 54 nm to 146 nm. The model used in this study
(two lenses + divergent nozzle), which was simulated using ANSYS Fluent,
detected a significant number of particles smaller than 42 nm, while in the
other two models in Tan & Wexler’s study [138], particles up to 25 nm were
detected.
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Figure 7.15: The total number of particles measured by the CPC and the prototype are
compared [138, 123]

7.4 Summary

Due to the difficulty of experimentally verifying the results of this research
due to the closure of the laboratories due to the COVID-19 pandemic, the
alternative solution was to find available experimental results that have a
range of particle size close to or similar to the range of particle size required
to be focussed and detected in this research. Therefore, replicating the ex-
perimental setup used by Tan and Wexler was performed experimentally.
Then, the results obtained experimentally were compared with the compu-
tational results of this research (since the experimental setup to be used in
this research is completely similar to the experimental setup used in Tan
and Wexler’s research, except for the number of aerodynamic lenses, orifice
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Figure 7.16: The total number of particles measured by the CPC, prototype [138], and the
ANSYS Fluent result are compared

diameter and thickness, and pipe length).

A measurement system consisting of a small DMA (S-DMA) and an FCE
was applied to investigate the performance of a system for measuring the size
distribution of submicron and nanometer airborne particles. The S-DMA
provided an extended classification zone that could be used for classifying
particles up to 0.83 nm and converting the electrical mobility distribution
data obtained with the FCE into a distribution based on particle size [129].

For the computational result, the ANSYS Fluent software was used to
simulate two lenses and a divergent nozzle computationally to establish
that the size distribution of the particles determined by the developed sys-
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tem agreed with that measured by a combination of the S-DMA for one
lens [129] that has been used in Tan & Wexler research. The focussing
of nanoparticles with an aerodynamic lens was also investigated. A major
area of concentration in this research was the enhancement of the design of
the orifice and nozzle that focusses on nanoparticles passing through them
in order to measure the size of nanoparticles smaller than 300 nm. Ini-
tial efforts were directed at optimizing the modelling of the flow through a
sharp-edged plate orifice. To allow the aerodynamic focussing of particles
of a given size, the velocity of the gas in the focus orifice c must reach the
speed of sound.

In previous chapters, a model has been introduced as a means of exam-
ining the characteristics of two sharp-edged plate orifices and one divergent
nozzle through the use of ANSYS Fluent CFD simulation, and the simu-
lated results were compared against experimental data after replicating Tan
& Wexler’s work. The operating conditions related to designing a system
for focussing nanoparticles have already been explained. The comparison
results show that the developed system in this research performs well and
provides a useful tool for measuring a wide range of particle sizes [129].
Therefore, the process of using aerodynamic lenses + divergent nozzle for
focussing particles smaller than 300 nm has been demonstrated in this study.
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Chapter 8

Thesis Conclusions, Work
Accomplished, and Avenues for
Future Investigation

The approach taken in this research was computational coupled with vali-
dation against available experimental data [141, 138]). The computational
method included the development of an aerodynamic lens and its subse-
quent investigation with respect to the sharp-edged plate orifice that was
incorporated for focussing the nanoparticles, rather than the conventional
flat orifice. Because computational simulation and evaluation for testing
the performance of lens systems provide more accurate results, simulations
were conducted in combination with an experimental approach based on
the use of available empirical data [141, 138] for validating the theoretical
and analytical simulations devised for measuring the size of nanoparticles
with an aerodynamic lens.
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8.1 Conclusions

In conclusion, through the work conducted for this thesis, the challenges
associated with the focussing of sub-300 nm nanoparticles with an aero-
dynamic lens were identified, and a technique was developed for enhanc-
ing aerodynamic lens systems for measuring the size of nanoparticles. An
aerodynamic lens was designed with a divergent nozzle for focussing the
flow so that particles as small as 300 nm could be transmitted through a
sharp-edged plate orifice. In this study, the Lagrangian model was applied
to determine the size of nanoparticles based on two-dimensional computa-
tional fluid dynamics (CFD) analysis for gas-solid flows. This study also
demonstrated how ANSYS Fluent 2021R1 software could be used for the
CFD simulation of an operational lens and nozzle configuration.

An innovative aerodynamic lens design with two sharp-edged plate ori-
fices instead of a traditional flat orifice was implemented as a means of
overcoming the problem under investigation. Theoretical and computa-
tional analyses of the concentrating of nanoparticles smaller than 300 nm
were conducted in this study. ANSYS Fluent, which automates lens con-
figuration, was utilized for simulating the gas flow field and evaluating the
possibility of focussing sub-300 nm nanoparticles. The efficiency of con-
ventional aerodynamic lens focussing degrades significantly as particle di-
ameters drop below 300 nm due to the low inertia and high diffusivity of
particles in that size range.

The first step was the invention of a system for optimizing the dimensions
and operating conditions of nanoparticle-focussing lenses. It was discovered
that large nanoparticles are easier to focus with lighter carrier gases and
that multiple lenses with suboptimal Stokes numbers can focus on a wide
range of nanoparticle sizes.

Operating pressure and lens measurement expressions that reduce par-
ticle diffusion while preserving subsonic flow were devised, and a compu-
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tational simulation methodology for analyzing the performance of aerody-
namic lens systems was developed.

A novel technique for use in nanoparticle focussing was created: a new
pipe model with inside grooves that match the diameter and thickness of
the lenses. The advantage of these grooves is that they enable adjustments
to the location of the lenses within the pipe if the lens must be moved to
the left or right, if other lenses need to be added, or if one lens is to be
employed for an entire experiment.

The lens and nozzle configuration were improved through the application
of CFD for determining particle trajectories. A case study was designed to
facilitate the measurement of the diameter of sub-300 nm nanoparticles
moving through a divergent nozzle and an aerodynamic lens. The aero-
dynamic lens, which throws the nozzle at 1 atm pressure, is injected with
nanoparticles.

A computational method for determining the precise focussing charac-
teristics of aerodynamic lens systems was also established. Particle trajec-
tories were tracked using the Lagrangian process. From both modelling and
computational viewpoints, the research has effectively summarized the ad-
vances and remaining difficulties associated with using an aerodynamic lens
for measuring the minimum size of nanoparticles.

The initial belief was that the flow was constant and subsonic, and the
investigation led to the calculation of the smallest particle size that could
be reliably centred on an axis with two lenses if diffusion was ignored. A
method was then defined for establishing the smallest size of particles that
could be focussed. In the final analysis, it was found that success could
be achieved with the application of the Lagrangian method and a superior
aerodynamic lens design for focussing sub-300 nm spherical particles, with
air as the primary phase and carbon particles as the secondary phase.

A nanoparticle lens system was designed, developed, and evaluated both
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computationally and theoretically. Nanoparticles ranging in size from 3 nm
to 300 nm were able to be focussed. The simulation results were then com-
pared to more detailed trajectory simulations based on CFD calculations.

The lens output of the new system proved to be close to the design guide-
line predictions, suggesting that, according to the simulation, the aerody-
namic lens and divergent nozzle could concentrate particles as small as 300
nm. To ensure the validity and reliability of the new aerodynamic lens,
the model results were then compared with available experimental data
[141, 138]. The conclusion was that the new model has been proven to be
successful in detecting and focussing small particles larger than 3 nm.

The research presented in this thesis represents the first systematic at-
tempt to use aerodynamic lenses to calculate the size of nanoparticles based
on computational models and theoretical methods. The results of the work
can be summarized as follows:

1. Aerodynamic lens systems for focussing nanoparticles have been im-
proved so that the diameters of nanoparticles can be measured (Chap-
ter 4). Air has been demonstrated to be the preferred fluid for fo-
cussing small-sized particles, and two lenses with a divergent nozzle
can be designed to work effectively based on the Stokes number, St0
for the focussing of a wide range of nanoparticles. The flow through
the sharp-edged plate orifices has been modelled.

2. A computational method based on ANSYS Fluent CFD has been de-
veloped for simulating the flow and motion of particles passing through
an aerodynamic lens (Chapter 5). Compressible, viscous, laminar, and
Navier-Stokes equations are initially solved in order to obtain the gas
flow field, followed by the integration of the Lagrangian model for es-
tablishing particle trajectories. This approach was used to evaluate the
possibility of focussing nanoparticles smaller than 300 nm.
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3. Following the instructions in Chapter 5 led to the development of an
aerodynamic lens system that focusses on spherical particles smaller
than 300 nm (Chapter 4). Air is utilized as a carrier gas and as the
primary phase, with carbon particles as the secondary phase, along
with two lenses for focussing the nanoparticles and measuring their
sizes. Computational simulations revealed penetrations ranging from
53.33% to 98.125% of 3 nm to 300 nm nanoparticles. Computational
simulations also confirmed the possibility of focussing and measuring
particles larger than 300 nm but an inability to focus or measure par-
ticles smaller than 3 nm.

4. The developed aerodynamic lens system described in Chapter 6 was
determined to perform better than lens systems that rely on a mul-
tiphase flow for focussing nanoparticles. It was therefore confirmed
that high-density nanoparticles, such as (ρCarbon= 2250 kg/m3), offer
greater potential and that using air as a gas carrier is preferable.

8.2 Recommendations for Future Work

Based on this research, opportunities for further investigation can be di-
vided into two groups: additional simulations designed to expand the range
of data obtained from the use of aerodynamic lenses and to increase the
knowledge base related to nanoparticle behaviour, and additional experi-
ments for validating the model developed through the research conducted
for this thesis.

8.2.1 Additional Simulations

For the results produced by the simulations presented here to be applied
in experiments requires one or two changes to the present simulation pa-
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rameters: first, a significant reduction in the size/density of the particles
being tested; second, a significant increase in the inflow velocity; or pos-
sibly a combination of these changes. Changing either of these variables
will create a number of difficulties from a simulation perspective. Despite
the refinement of the mesh, the computational capacity required to run the
present simulation configuration in the finest mesh (1̃00,000 nodes) within
the capabilities of ANSYS Fluent (Figure 5.8) puts an enormous strain on
the available system.

For a comprehensive assessment, further studies will consequently require
additional computing assets. On the other hand, an expanded range of par-
ticle sizes has been tested: the work presented here involved an examination
of a variety of particle sizes dp (1 nm to 10 nm), (1 nm to 25 nm), and (25
nm to 100 nm). Despite limitations that prevented the simulation from
operating efficiently, this model was established as viable with respect to
attempts to simulate the entire geometry under investigation (Figure 5.3).
Suggestions for additional simulations are explained below.

1. Explore other lens geometries: A sharp-edged plate orifice with a
30◦ angle at the edge of the orifice was used as the focussing element
in this additional research, as illustrated in Figures 8.1 and 8.2.

In the work reported in this thesis, the focussing of particles with a
lower Stokes number was optimized with the use of an orifice char-
acterized by an increased edge angle. This finding indicates that the
orifice is at the 30◦ angle preferred for nanoparticle focussing, but that
does not mean that an orifice cannot be designed to have another an-
gle, such as 45◦, or 60◦. The results obtained with these angles could
then be compared with the results of the work presented here in order
to ascertain the angle that produces the optimal results [102]. Examin-
ing the focussing performance of these elements would consequently be
valuable. Aerodynamic lenses in other shapes could also be applied and
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Figure 8.1: Velocity magnitude

Figure 8.2: Lens geometry

the results compared in order to determine which of these lens shapes
is most suitable for measuring the smallest sizes of nanoparticles, as
shown in figures 8.3, 8.4, and 8.5.

2. Study the effects of non-spherical particles: The first phase uti-
lized in the simulation presented here was air, with the nanoparticles
used as the secondary phase being spherical carbon particles with di-
ameters of 3 nm to 300 nm. A useful investigation would be to study
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Figure 8.3: Other shapes of aerodynamic lenses – example 1

the effects of incorporating a non-spherical particle into the new model.
Theoretical expressions have been derived based on drag and Brownian
forces acting on a wide variety of particle shapes [88, 61, 54, 72, 67, 82].
It would be exciting to predict the width of the particle beam based
on these forces as calculated for other shapes and then to compare
the findings with experimental results. This extension of the research
would offer insights into the effect of shape on particle transfer in ac-
celerated flows and would also provide validation of the expressions of
these forces for those shapes [109]. Further, plans include an analysis
of the simulation components of the new model, with the following
objectives:

1. Compare density-based solvers and pressure-based solvers.

2. Compare the effects of grid adaptation on the solution.
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Figure 8.4: Other shapes of aerodynamic lenses – example 2

3. Compare ANSYS CFD predictions with the DMA experimental mea-
surement results.

8.2.2 Additional Experimentation

Additional preliminary experimental work is directed at exploring the vali-
dation of the developed aerodynamic lens system model for focussing small
nanoparticles based on their size measurements. Simulation results associ-
ated with particle dispersion can have a significant impact on the accuracy
of future models, although the outcome of at least some simulations can
be expected, such as the effect of the velocity in the orifice. The following
specific areas of interest have been identified:

1. Validate the Aerodynamic Lens and the Divergent Nozzle De-
sign Experimentally:
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Figure 8.5: Other shapes of aerodynamic lenses – example 3

In this research, the results were calculated based on a simulation
method for measuring the size of the nanoparticles: the smaller fo-
cussed particles were about 3 nm in diameter, and the largest were 300
nm. The orifice in this study was able to focus particles larger than
300 nm but not particles smaller than 3 nm. The plan is to enhance
this lens for use in experiments based on a design that incorporates
electrodynamics focussing with the aerodynamic lens. The experimen-
tal findings will then be compared with simulation results as a further
means of assessing the accuracy of the calculations presented here.

2. Examine Potential Medical Applications:

Nanoparticles provide a new form of drug delivery to the respiratory
system [83]. They can be inhaled as a means of improving drug ther-
apies, lung imaging, gene delivery and therapy, and tuberculosis diag-
nosis and treatment. Very limited reports of real cases of occupational
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exposure are available. Systematic research should be conducted on a
global scale in order to address increasing concerns about potentially
harmful public and occupational exposure to particles [139]. In this
context, a major requirement is the development of a stationary or
portable instrument for measuring particles for industrial applications.
A promising approach could be offered by using nanoaerosols, which are
chemical particles that can be applied for measuring particle size dis-
tribution. However, light scattering and laser-based ionization render
nanoaerosols inefficient, which hinders advances in their online chemi-
cal analysis. These considerations have also been targeted for further
inquiry. In addition, despite the challenges mentioned above, this tech-
nique might be used to monitor viruses, airborne fine and ultrafine par-
ticles, and other pollutants in indoor environments. Ultrafine particles
(such as COVID-19) have been shown to go to the lungs, then to the
circulatory system and the brain, producing increased blood coagulabil-
ity, respiratory failure, gastroenteritis, nephritis, hepatitis, encephali-
tis, and progressive demyelinating disease (symptoms of COVID-19).

8.3 Future Research

Other avenues for future investigation include the following:

1. Analyze and compare different techniques for improving lens spec-
ifications and operating conditions as a means of addressing the low
inertia and high diffusivity of nanoparticles in order to build a more
efficient aerodynamic lens-nozzle system for focussing nanoparticles.

2. Construct an aerodynamic lens and divergent nozzle system for fo-
cussing particles smaller than 300 nm.
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3. Extend the CFD simulation method introduced in Chapters 4 &
5. Chapter 5 details the computational simulation technique used
for accurately characterizing the focussing performance of aerodynamic
lens-nozzle systems. The flow field is obtained by solving Navier-Stokes
equations, and the particle trajectories are established by solving La-
grangian equations. Opportunities for enhancing this method could
include an examination of the modelling and effects of laminar flows;
the general principles of multiphase flow simulation based on the La-
grangian method; and techniques related to a theoretical method, com-
putational research, and data analysis.

4. Evaluated the effectiveness of the aerodynamic lens system described
in Chapter 5, which is designed to concentrate on nanoparticles with
diameters of less than 300 nm. On focussing efficiency, the effects of
carrier gas, particle density, and lens design were investigated [152].

5. Extend the novel technique proposed in Chapter 6 whereby grooves
are installed inside the pipe to hold the orifices as well as the inlet and
outlet lenses. Additional research could explore the effects and poten-
tial additional benefits of adjusting the parameters and application of
the grooves, or of developing similar new models.

6. Further develop the CFD ANSYS Fluent 2021R1computational method
presented in Chapters 4 & 5 to simulate the flow and motion of parti-
cles through an aerodynamic lens. The compressible, viscous, laminar,
and Navier-Stokes’s equations were initially resolved to obtain the gas
flow field, followed by the integration of the Lagrangian model in order
to obtain particle trajectories.

7. Perform additional empirical laboratory testing beyond that presented
inChapter 7 to increase the experimental data available for validating
future devices.
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8.4 Work Accomplished

The work accomplished for this thesis can be summarized as follows:

1. The published literature related to nanoparticles and their focussing,
CFD concepts, and principles of particle dispersion was reviewed (Chapter
2).

2. Based on the concept of using aerodynamic lenses with the Lagrangian
method, a nanoparticle-detection technique was introduced and its
computational and experimental verification was described (Chapter
3).

3. An understanding of the Lagrangian method for fluid motions was
provided, and the performance of a Lagrangian method for modelling
the distribution of particles focussed through the lenses in the pipe
was described, together with its numerical and experimental validation
(Chapter 3).

4. The development and optimization of a simulation technique for as-
sessing the performance of an aerodynamic lens system was presented
(Chapter 4).

5. A novel methodology for using aerodynamic lenses and a divergent
nozzle for focussing nanoparticles and detecting their size was analyzed
in detail using ANSYS Fluent software (Chapter 5).

6. A method for enhancing the area of detection in nanoparticle focussing
systems was proposed. The new technique entails the use of a diver-
gent nozzle for regulating the flow of the fluid exiting a specific region
(Chapter 5).

7. To investigate the performance of the developed system with respect
to detecting the size distribution of the nanoparticles, a focussing
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and measurement system consisting of aerodynamic lenses and interior
grooves at the top and bottom of the pipe was constructed (Chapter
6).

8. The application of a measurement system consisting of a small Dif-
ferential Mobility Analyzer (S-DMA) and a Faraday cup electrometer
(FCE) for investigating the performance of the system developed for
measuring the size distribution of submicron and nanometer airborne
particles was explained (Chapter 7).

8.5 Summary

The research reported in this thesis involved the development of an aerody-
namic lens and an investigation of the proposed use of a sharp-edged plate
orifice rather than the conventional flat orifice for focussing nanoparticles. A
system comprising aerodynamic lenses and a divergent nozzle for focussing
a flow that transmits particles as small as 300 nm through a sharp-edged
plate orifice was designed and evaluated. ANSYS Fluent was applied for the
CFD simulation of a feasible lens and nozzle configuration. The use of the
Lagrangian method combined with the enhanced aerodynamic lens design
for focussing sub-300 nm spherical particles was found to be successful. The
simulations demonstrated the effective focussing of particles ranging in size
from 3 nm to 300 nm. The results were compared with more detailed tra-
jectory simulations based on CFD calculations, and the new aerodynamic
lens system model was used for examining nanoparticle behaviour. Fur-
ther studies can be divided into two groups: additional simulations and
further experiments. These findings could have significant implications for
the accuracy of future particle dispersion models, such as those directed at
exploring velocity in the orifice. Enhancements to aerodynamic lens and
divergent nozzle systems for the focussing of particles smaller than 300 nm
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could be investigated. The CFD simulation method introduced in Chap-
ters 4 & 5 could be extended to include the modelling and examination of
the effects of laminar flow, the general principles of multiphase flow simu-
lation, and other computational research.
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[91] L. López Castañón, JR. Castillón Fantova, G. Lumbreras Garcia,
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Appendix A

Drag and Brownian Forces User
Defined Functions (UDF)

A.1 Fluent Cunningham Drag Force UDF

// Hasan.h

/***************************************************************
The UDF for computing the nanoparticle drag coefficient is established us-
ing the Stokes drag with the Cunningham correction factor as a function of
temperature and pressure [137]:

lambda = 0.26/(sqrt(2)*3.141592654*6.02214*pow(10,23)*pow(3.7*pow(10,-
10),2)*C R(c,t));

****************************************************************/

#include ”udf.h”

#include ”math.h”

DEFINE DPM DRAG (cunningham drag force, Re, P)

{
cell t c =P CELL THREAD(P);
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real lambda, Kn, Cc;

lambda = 0.175*133.322*pow (10, -6) *C T (c, t)/C P (c, t);

Kn=2*lambda/P DIAM(P);

Cc = 1+2.657*Kn;

real Cd, drag force;

if (RE < 1)

{
Cd = 24 / Re;

drag force = 18*Cd*Re/(24*Cc);

return (drag force);

}
else if (Re < 1000)

{
Cd = 24*(1+0.15*pow (Re,0.687))/Re;

drag force = 18*Cd*Re/(24*Cc);

return (drag force);

}
else

{
Cd = 0.44;

drag force = 18 *Cd*Re/(24*Cc);

return (drag force);

}
}
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A.2 Fluent Brownian force UDF

/******************************************************************/

/ Brownian force from Fluent Manual [152] /

/ Hasan.h /

/*****************************************************************/

DEFINE DPM BODY FORCE(myBrownian, p, i)

{
double bforce;

cell t c = RP CELL(&p->cCell);

Thread *t = RP THREAD(&p->cCell);

double pressure=C P(c,t);

double temp=C T(c,t);

double mu=C MU L(c,t);

double rho=C R(c,t);

double nu=mu/rho;

double Dp=P DIAM(p);

double rhop=P RHO(p);

double pdt=P DT(p);

double conc,mfp,Cc;

double x1,x2,w,y1,y2;

double ss;

/* conc=pressure/gasconst/temp;*/

/*calculate mean free path and slip correction*/
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mfp=mfp r*temp/T r*p r/pressure*(1.0+S/T r)/(1.0+S/temp);

Cc=1.0+2.0*mfp/Dp*(1.257+0.4*exp(-1.1*Dp/2.0/mfp));

y1=cheap gauss random();

y2=cheap gauss random();

/* if(pdt<1.0e-12) pdt=1.336637e-05;*/

if(P TIME(p)==0.0) bforce=0.0;

else

{
ss=216.0*nu*gasconst*temp/pow(pi,2.0)/rho/pow(Dp,5.0)/pow((rhop/rho),2.0)/Cc;

if(i==0) bforce=y1*sqrt(pi*ss/pdt);

else if(i==1) bforce=y2*sqrt(pi*ss/pdt);

/*printf(”%e,%e,%e,%e\n”,nu,rho,rhop,mu);*/

/*printf(”%e,%e,%e,%e,%e,%e\n”,y1,y2,ss,pdt,Cc,bforce);*/
}
/* an acceleration should be returned */

return (bforce);

}
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Appendix B

Experimental Setup for Studying
Nanoparticle Focussing

The Model 5.705 particle counter is a Faraday cup electrometer (FCE), used
for measuring charged airborne particles. A Differential Mobility Analyzer
(DMA) is normally used for characterizing the particles by size prior to
counting. Figure B.1 provides photos of the equipment.

Figure B.1: PC with S-DMA 55-100 connected to a DMA Controller 5706

The DMA instrument is specially adapted for measuring very small par-
ticles up to very high concentrations. A sample of the airflow is drawn
through a particle filter, which is placed in a metal cage isolated from the
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housing of the instrument. The attached particles also transport their elec-
trical charges to the filter. The amount of the electrical charge over a
specified time unit is measured as an electric current. If the sample airflow
and the charging probability are known, the particle concentration can be
calculated. Producing a defined charge distribution in the aerosol requires
the use of a neutralizer. The electronics component consists primarily of
a reactance amplifier for changing the current into a voltage, and three
consecutively mounted amplifier stages. The process can be itemized as
follows:

1. An aerosol generator, either a tube furnace or an electrospray, generates
the particles.

2. The aerosol is then charged using a unipolar charger.

3. A DMA is used as a means of selecting charged particles within a
narrow range of electric mobility.

4. An FCE is used for calculating the concentration of the singly charged
“monodisperse” particles leaving the DMA. At the same time, operat-
ing in parallel, a fraction of the aerosol flow is passed through a critical
orifice, lowering the pressure from atmospheric to the lens operating
pressure (2700 Pa).

5. As they pass through the aerodynamic lens system, particles are di-
rected into a narrow beam and delivered to a vacuum chamber.

6. A unipolar charger is used for increasing the percentage of negatively
charged nanoparticles, and the DMA therefore identifies the particle
concentration as “monodisperse.”

7. To avoid wasting air, the DMA sheath flow is kept constant at 15 l/min
and recirculated. A 2.5 l/min polydisperse aerosol flowrate reaches the
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DMA, with a 0.731 l/min flowrate exiting via the bypass port. The
FCE (1.681 l/min) and the aerodynamic lens system (88 cm3/min)
have thus split the monodisperse aerosol flowrate leaving the DMA.

B.0.1 Scanning Mobility Particle Sizer

A scanning mobility particle sizer (SMPS) spectrometer is a high-resolution
nanoparticle sizer that has long been hailed as the researcher’s choice for
characterizing nanoparticle size for nano applications including nano re-
search and development. SMPS spectrometer sizing is a discreet technique
in which the numbers in the concentrations are measured directly with-
out assumptions about the shape or size distribution of the particles. This
instrument is pictured in Figure B.2.

Figure B.2: Scanning mobility particle sizer (SMPS)

The method on which this instrument is based is independent of the
refractive index of the particle or fluid and offers a high degree of absolute
sizing accuracy and measurement repeatability. Trusted by researchers,
the TSI Scanning Mobility Particle Sizer Spectrometer (SMPS) used in this
research has provided high-quality data for more than 30 years. It has three
components: an electrostatic classifier, a diffusion dryer, and a condensation
aerosol generator.
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B.0.2 Electrostatic Classifier

An electrostatic classifier can be used as the main component for generating
or sizing aerosols with either the long or nano version of a DMA (Figures B.3
and B.4). Given a polydisperse input aerosol, the instrument can output a
stream of a monodisperse aerosol containing a known particle size (particle
electrical mobility). An electrostatic classifier separates particles by size for
high-resolution measurements of particle size distribution. A photo of this
instrument is provided in Figure B.5. When used in SMPS spectrometers,
for example, monodisperse aerosol exiting the electrostatic classifier passes
to a condensation particle counter (CPC), which measures the concentra-
tions of particle numbers. By scanning a portion of the size range from 2
nm to 1000 nm (size range varies according to the SMPS configuration), the
SMPS provides precise measurements of the size distribution of the aerosol
particles.

Figure B.3: Differential Mobility Analyzer (DMA)
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Figure B.4: Nano Differential Mobility Analyzer (S-DMA)

Figure B.5: Electrostatic classifier

B.0.3 Diffusion Dryer

A diffusion dryer is designed as a general-purpose aerosol dryer whose use is
accompanied by minimal aerosol loss. The aerosol inlet incorporates a water
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trap that collects coarse water droplets. Two concentric cylinders formed
by an inner wire screen cylinder and an acrylic outer cylinder contain an
annular volume of silica gel. As the wet aerosol flows through the inner
cylinder, water vapour diffuses through the wire screen and into the silica
gel. Particle loss is minimized because the particles do not come into contact
with the silica gel. Figure B.6 displays an image of a diffusion dryer.

Figure B.6: Diffusion dryer

B.0.4 Condensation Aerosol Generator

The aerosol generator used in this research evaporates a tungsten wire
through indirect heating. The subsequent controlled condensation of gaseous
tungsten oxides generates monomer and polymer tungsten oxide clusters
and thus very small tungsten oxide (WOx) particles. The generator needs
an external supply of pressurized air for three airflows. The air flows and
the heating rate can be adjusted manually by the user in order to influ-
ence particle size and concentration. A photo of the condensation aerosol
generator used in this research can be seen in Figure B.7.
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Figure B.7: Condensation aerosol generator

B.0.5 Faraday Cup Electrometer (FCE 5705) and Scanning Mo-
bility Particle Sizer (SMPS+E)

The circuit was designed for a very fast FCE response time. The FCE con-
tains no slow low-pass filter, which means that the DMA Controller (the
analyzing device) must filter the signal so that the difference between the sig-
nal and the noise can be optimized. This step can be accomplished digitally
with the use of a finite-impulse-response (FIR) filter much more efficiently
than with an analog technique. For optimizing the fast response time of
the FCE circuit, it is beneficial to run the FCE with a rinse airflow. A
clean airflow from the DMA Controller (Figure B.9)is fed into a closed cir-
cuit without affecting the particle flow. This rinse airflow prevents particles
from entering the area between the housing and the filter head. Improved
response times with the use of the rinse airflow have been demonstrated
based on a comparison of the results. For this test, a high concentration
was measured over one minute and then quickly changed to a low concen-
tration. Figure B.8depicts the operating scheme for this instrumentation
setup.
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Figure B.8: Faraday cup electrometer (FCE 5705) and scanning mobility particle sizer
(SMPS+E)

Figure B.9: DMA Controller

Grimm’s unique FCE 5705 design avoids internal contamination through
the use of clean rinse air around the isolation area of the cup. This technique
results in superior long-term stability, a fast response time, and a very low
noise level. This FCE is usually combined with a DMA Controller 5706,
which can generate all of the air flows needed, read the FCE signal, and
control the voltage of an optional DMA. The DMA Controller 5706 offers a
variety of settings for sheath and sample air and thus provides a high degree

240



of flexibility for varied experimental setups. These instruments are pictured
together in Figure B.10.

Figure B.10: FCE 5705 with S-DMA 55-100 and DMA Controller 5706
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