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Abstract
Design and Development of a Novel Nanoparticle Aerosol Generation System for
Research Applications
Justin R. Chambers
Nanoparticles have become of great interest within the scientific community for their use in diverse
applications. With this rapidly evolving field, new nano-sized compounds are being developed
and used for a variety of reasons. Nanoparticle aerosol technology, aerosolization and dispersion
of nano-compounds, has many novel applications and can be used to support current research
efforts. This may include anything from drug delivery techniques to industrial processes. To aid
these processes, new methods of aerosol generation and dispersion are needed to meet these
future needs. This research and development is being conducted to expand upon a novel
nanoparticle aerosol generator as a research device, as well as, future applications such
as biomedical, pharmaceutical and industrial manufacturing.
This investigation involves the analysis of a fully developed nanoparticle aerosol generation
system. It was hypothesized that the particle size and concentration (output) of the device can
be varied by precise manipulation of the input parameters. Moreover, the output of a sample
compound can be set to a desired value based on a predictive mathematical model constructed
experimentally. This hypothesis was tested through the completion of this work.
While a fundamental analysis of the aerosol generator represented an important first step, the
resulting work demonstrates the valuable use of a controllable nano particle aerosol generation
system and a predictive tool to allow the device to operate with a broad range of output
characteristics and compounds. This allows the device to be used for multiple and diverse
research efforts in the future.
The resulting outcome of this dissertation is a controllable system capable of varying both
concentration and mean particle size by precise manipulation of the input parameters. The results
demonstrate a single peak distribution with a geometric mean particle size < 200 nm, standard
deviation under 2.5 and the ability to hold consistent long term concentrations. Additionally, the
predictive model allows the user to predict output values for a given range of input settings with
an average prediction accuracy of greater than 92%. The developed model also provides valuable
information which include factor effects, optimal settings, factor influence and interactions. This
information along with the controllable system provides valuable insights for further development
of the technology.
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CH. 1

INTRODUCTION

Nanotechnology has gained great interest within the scientific community for its use in diverse
applications. Within this rapidly expanding research area new nano-sized compounds and materials are
being

developed

and

used

in

a

variety

of

fields

for

both

research

and

commercial

applications. Aerosolization and dispersion of these nanomaterials has novel applications and can be
used to support current research efforts as well as reinventing nanoparticle utilization techniques within
the research community and industry.

The design and development of novel ways to generate

nanoparticle aerosols (< 200 nm) specifically from dry powder formulas has a significant role in the future
of nanotechnology [1]. Currently, this plays a significant role in testing the toxicity of new nanomaterials
for public health and environmental exposure when nanomaterials are manufactured and used.
Additionally, uniformly sized particles are needed for various industrial applications such as the calibration
of aerosol measurement instruments, testing filter efficiencies as well as a wide range of other research
applications.
The generation of nanoparticle aerosols, specifically from dry powders, is difficult because of how easily
these engineered nanomaterials agglomerate [2]. This is due to the strong intermolecular forces that
primarily consist of van der walls attraction, capillary and electrostatic forces [3, 4]. This leads to the
formation of larger agglomerated structures in the tens or hundreds of microns in size [4], which are
difficult to break up, especially for more cohesive dry powders such as nano-titanium dioxide (nanoTiO2). Additionally, the generation of nanoparticle aerosols with consistent long term concentrations and
a high level of repeatability is very difficult [5]. Therefore, to generate and disperse aerosols with a mean
particle size < 200 nm over extend periods of time requires the development of novel methods and
devices.
To address this need, a nanoparticle aerosol generator was invented by Dr. Jinghai Yi and Dr. Timothy
Nurkiewicz within the Toxicology Research Lab at West Virginia University [6] [7]. It consists of a vibrating
fluidized bed within a negative pressure particle chamber, a baffle and a venturi. The device utilizes
vibration, high speed shear flow and multiple impaction sections to break up larger agglomerates for
dispersion. The initial purpose of this technology was to create a device for toxicology research that
facilitated the ability to identify safe nanomaterials for use in diverse human applications and to establish
safe pulmonary nanomaterial exposure limits.
The study of biological health effects using aerosolized nanoparticles is particularly complex and timeconsuming [2]. These studies require the aerosolized particles delivered to the exposure chamber to
have stable concentrations maintained at a target level for extended periods; a homogeneous
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composition free of contaminants; and lastly, a stable size distribution with a geometric mean diameter <
200 nm and a geometric standard deviation σg < 2.5 [5].
Commercially available aerosol generators include nebulizers, fluidized beds, venturi aspirators and dust
feeders. However, the majority of these commercially available aerosol generators cannot generate
aerosols with a size distribution (mean diameter) < 1 µm [5]. There is an immediate need for a
nanoparticle aerosol generator with these increased capabilities due to the fact that currently available
technology cannot create aerosols in the size range, concentration and duration that are necessary to
conduct nanoparticle inhalation toxicology assessments that simulate human exposures.
Failure to address this problem for toxicology assessments will result in the continued and increasing use
of untested nanomaterials in industry and a delay in the identification of safe nanomaterials for diverse
uses that will ultimately benefit human and environmental health. The efforts of this research also support
the Toxic Substance Control Act—section 10 (TSCA) and the Clean Air Act—Section 103 (CAA)
established by the EPA. [8]

1.1.1 Problem Statement
The nanoparticle aerosol generator currently provides one distribution and one concentration of
nanoparticle aerosols from a dry powder formula. The operational range and device characterization of
the current technology is still unknown. This includes the bounds in particle size, size distribution and
concentration as well as its use with diverse compounds. It is also unknown how the input parameters
of the current technology effect the output and what degree of influence each one has on that output as
well as which are the dominating parameters. This makes it challenging to determine and set the optimal
input parameters for a desired output. This also makes it difficult to predict how to aerosolize various
other compounds and regulate or control the particle size and concentration. Therefore, the proposed
effort will be to characterize the technology for a range above and below the currently known operational
parameters of the device. This characterization currently does not exist for this technology. This provides
the basis for the research question:

1.1.2 Research Question
How can the current state of the technology be evaluated and improved to provide a fully controllable
system and then characterized to develop a predictive tool for operation?

1.1.3 Designed Solution
A mathematical modeling approach using designed experiments will allow various parameters to be
better understood. These parameters include:


Input Factor Effects
2



Optimal Settings



Dominant Factors



Factor Interactions



Predictive Model

This approach will provide the ability to vary the input parameters based on a predictive model to create
a desired output, one that can go above and below the current devices operational range (i.e. higher
concentrations, lower particle sizes). This will be significant for future applications such as industrial,
medical and additional research applications. It will establish the foundation needed to automate the
system and apply feedback control to the technology. This will also provide a platform for the testing of
new compounds of interest in the future.

1.1.4 Hypothesis
The central hypothesis of this work is that the particle size and concentration (output) can be varied by
precise manipulation of the input parameters. Moreover, the output (size distribution and concentration)
of a known compound can be set to a desired value based on a predictive mathematical model
constructed experimentally. This hypothesis is tested through the completion of the set research aims
and objectives.

1.2 Research Aims
The proposed investigation seeks to characterize the current state of the technology and to build a
controllable unit with a predictive tool for the device’s performance. More specifically, the purpose of this
study is to generate and disperse nanoparticle aerosols from dry powder formulas over extended periods
of time with the ability to vary particle size, size distribution and concentration for a desired application
and compound. To achieve these goals, the following aims have been identified.

1.2.1 Specific Aim 1: Evaluate the existing technology (Analytical Analysis)
Aim 1A: Describe fundamental operation of the technology
Aim 1B: Conduct fundamental analytical analysis

1.2.2 Specific Aim 2: Develop a system with control capabilities for characterization (Design)
Aim 2A: Design controllable system
Aim 2B: Spec components based on fundamental analytical analysis

1.2.3 Specific Aim 3: Demonstrate the range of the system using a test matrix to build a
predictive tool (Experimental Testing)
Aim 3A: Design and Conduct Experiments
3

Aim 3B: Analyze Data
Aim 3C: Develop Predictive Model

1.3 Research Objectives
The objective of this research is to take the current technology and characterize it to build a controllable
system and a predictive tool to ultimately provide the ability to expand its output to a wider range of
particle sizes, concentrations and compounds to be aerosolized. In order to reach the aims presented
above the following objectives have been identified.

1.3.1 Objective 1: Fundamental Analytical Analysis (Evaluate)
A fundamental analytical analysis will be conducted on the various components and subsystems of the
technology separately. This will then be combined for an overall system description to provide a
fundamental understanding of the device’s operation. This will be used to evaluate the current device
and size the components for the design and development of the controllable system.

1.3.2 Objective 2: Design and Build the Controllable System (Develop)
This system will provide the ability to control the output of the device and the compounds that can be
aerosolized. This system will also help to standardize the technology to allow it to be used in other labs
and for diverse applications.
The design of the controllable unit has the following requirements:
I.

Full enclosure which includes all of the necessary components needed to generate particles
i.

The enclosure must retain a slightly negative relative pressure to capture rogue particles
providing containment of fugitive particles

II.

ii.

The enclosure must dampen any vibrations from the device

iii.

The enclosure must reduce the noise of the device

The system must allow for the manifold of multiple generators for higher concentrations and
longer experiment durations (phasing in additional generators or using the automatic material
feed to the fluidized bed)

III.

The system must allow full control of each controllable input parameter which include: vibration
frequency, amplitude and orientation; venturi pressure and flowrate; fluidized bed flowrate and
differential pressure; and dilution port flowrate.

1.3.3 Objective 3: Experimentally test the developed system for characterization
(Demonstrate)
Experimental testing will be conducted to quantify the range of the developed system.

Validation of the

system will be done with state-of-the-art particle aerosol characterization techniques within the inhalation
4

facility at West Virginia University. A test matrix will be built to run a set of tests to build out the predictive
tool. Statistical analysis will be used to describe the collected data received from the experiments. This
will provide the necessary information to characterize the technology, refine the analysis and find the
critical parameters that influence the output.

1.4 Research Approach
To accomplish the set objectives, tasks have been identified and outlined below. Details of the tasks and
subtasks presents the completion of the research.

1.4.1 Task 1: Fundamental Analysis
A fundamental analytical analysis was conducted to evaluate the current device design, explain the basic
operation and size components for the controllable system. Initially, simple models were chosen to
characterize each piece individually and then combined to describe the overall system.

1.4.2 Task 2: Design and Build Controllable System
An experimental apparatus (research prototype) was constructed to use for experimental testing and
verification. This apparatus allows for each of the input parameters to be adjusted and controlled
independently. This will provide the ability to run a range of experiments for the test matrix and build the
predictive tool to characterize the device.

1.4.3 Task 3: Experimental Design
A design of experiments approach was used to develop the test matrix needed to provide the appropriate
data to construct the predictive models. This approach also provides exploration of the design space
which will reveal trends and relationships advancing the overall understanding of operation.

1.4.4 Task 4: Prototype Experimentation
The controllable system will be tested using a designed experiment approach utilizing a test matrix which
will be built based on the information gained from previous tasks and preliminary device testing. The
outputs of the device, the real-time particle size distribution, will be measured and monitored with a
Scanning Mobility Particle Sizer (SMPS).

1.4.5 Task 5: Mathematical model based on experimental testing
With the experimental data available, a mathematical model will be used to build a predictive tool. This
will be used to predict system performance based on selected input parameters or desired outputs.
Additionally, this will provide other critical information about performance such as which inputs have the
greatest influence on the output and to what degree. In the future, this will allow for smooth incorporation
of control architecture and the characterization foundation needed to provide automation and feedback
control to the technology.
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1.4.6 Task 6: Model Validation
The developed model will be validated by comparing the model’s prediction estimations to the
experimental results obtained from a preliminary test matrix independent of the experimental test matrix
used to build the model. Validation tests at various input levels and combinations will be conducted to
compute the prediction error for each test. The prediction error of the model for both particle size and
concentration will be evaluated.

1.5 Scope of work
The scope of this work has been reduced to aerodynamic models and design of experiments models.
Additional models that will be considered to be outside the scope of this work include thermodynamic
models, electrical and magnetism models, particle to particle interaction models, flow/aerosol properties
of nanoparticles, and compound specific models. The scope of this work is bound by the following
assumptions:
I.

Constant temperature – The temperature of the control chamber will be measured and held
constant at 23 degrees Celsius.

II.

Constant humidity – The humidity of the control chamber will be measured and held constant for
the duration of the experiments. The target humidity for experimentation will be < 10 %.

III.

Grounded components – All components of the device are grounded to reduce the influence of
charge build up.

Although it is understood that the charge on the particles and devices has a significant influence on the
aerosol behavior, it is unclear to what charge or charge level they exhibit and if the influence of charge is
beneficial or degrading to the desired aerosol state. Literature has shown that aerosolized particles will
develop a charge but it is unclear as to what charge they develop when at the nano scale. Some methods
that have previously been used to control the charge on micron size particles, for example, include [9]:
I.

Field charging by passing the particles through an electrical field

II.

Diffusion charging which is due to thermal collisions between particles and ions

III.

Photoelectron charging in which electrons are emitted from particles by UV irradiation

The analysis of formation and transfer of the charge on a particle is very theoretically intensive and
partially unknown at the nano scale. For these reasons it will remain out of the scope of this work but
will remain an area of interest for future work once the aerosol generator is characterized using the
proposed methods.
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1.6 Overview
The proposed approach provides for an overall characterization of the system to create a technology that
can be used in various research or commercial settings. This characterization provides new insights to
the function of the technology and a novel method to predict performance. This approach also provides
the most value for the current state of the technology and overall contribution to this research field and
its future applications.
The results of this work are contained in the following chapters which will consist of a background and
literature review to help put the technology, proposed aims, objectives and tasks into context with current
research and available technology in Ch. 2. A system description and fundamental analysis of the
technology and its components is reported in Ch. 3. Stemming from this analysis the design and
development of the controllable system is reported in Ch. 4. The developed system is then modelled and
characterized in Ch.5 using a designed experiment to develop the predictive model. This model is then
validated and the results are reported. The final chapters conclude the work with recommendations and
looks at the future of the technology with regard to potential applications and impacts.
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CH. 2

BACKGROUND

In the last decade nanotechnology has forged a path to new electronic components, optical coatings,
pharmaceuticals, medical technologies and more. Nanotechnology, which is defined as the science of
working with materials on the nanometer scale [10], is anticipated to continue growing in prevalence
within these fields.

This growth has already been demonstrated with the increased use of

nanotechnology in consumer products, research initiatives and technology development. These new
nanotechnology innovations are, in one way or another, composed of or manufactured using engineered
nanomaterials. Engineered nanomaterials (ENMs) are materials with at least one dimension in the size
range of 1-100 nm [11]. While these new materials are being implemented in several fields, studies are
showing that engineered nanomaterials can be toxic to humans and the environment when handled or
exposed to the air [12]. With the increased utilization of nanotechnology today, engineered nanomaterials
will only become more prevalent in the manufacturing setting as well as other aspects of the environment.
This exposure of engineered nanomaterials to workers, consumers and the environments has led to the
need for regulation, safe levels of exposure and proper handling procedures. These regulations are set
by the Environmental Protection Agency (EPA) and are defined as Particulate Matter Levels [13].
Particulate Matter (PM) is defined as a mixture of airborne particles ranging from 5 nm to 100 µm in
aerodynamic diameter [14]. The EPA has set standards for what are considered safe levels of PM in the
environment. PM10 was first established in 1987 to limit particles below 10 µm in the air. As concern
grew the EPA updated this regulation in 1997 introducing PM2.5 limiting the number of particles below 2.5
µm which are considered as “fine particles”. Studies have shown that PM2.5 exposure is known to cause
a number of undesirable cardiac, vascular and pulmonary responses [15]. As nanotechnology and the
use of nanomaterials continued to progress, particles less than 100 nm became of interest for regulation.
Early research has suggested that particles in this size range may be more damaging to such biological
systems [15]. The EPA responded to this with new standards for what they define as “ultrafine particles”,
PM0.1 in light of these new findings. PM0.1 has since been shown to have a more toxic effect on biological
systems than the larger PM2.5 confirming the need for such regulation [14].
To help establish these standards government agencies rely on labs that conduct exposure studies
known as inhalation nanotoxicology assessments. Nanotoxicolgy, the branch of toxicology research
concerned with the toxicity of nanomaterials, has since become a specific area of interest and research.
Currently, nanotoxicology research using nanoparticle aerosols is being conducted to evaluate the
toxicity of engineered nanomaterials that may be used in the future and exposed to the environment.
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2.1 Aerosol Description
An aerosol is defined as a colloidal system of particles suspended in dry air or another gas [16]. The
term aerosol was presumably first established during World War l with the discovery of clouds of
microscopic particles in the air. Aerosol research has since progressed significantly and today it is being
used for a variety of applications.

There are various types of aerosols and several established

parameters used to help characterize aerosols including mass concentration, number concentration and
size distribution of the particles suspended in the gas. Particle size and shape have a significant role in
characterization. Since most particles are actually agglomerations of smaller particles and often irregular
in shape, the aerodynamic diameter is typically used. The aerodynamic diameter of a particle is defined
as the diameter of a hypothetical sphere of density 1 g/cm3 having the same terminal settling velocity in
calm air as the particle in question, regardless of its geometric size, shape and true density [17]. Lastly,
aerosols can vary in how they are dispersed. For example, particle size distribution can be bimodal
meaning there are two dominant particle size concentrations in the aerosol.

Typically, unimodal

distributions are sought after when generating aerosols.

2.2 Aerosol Generators
Aerosol generators were used as early as 1858 with the invention of nebulizers and vapor generators for
inhalation therapy [18]. Aerosol generators have since been developed for a number of applications
using both wet and dry approaches where both techniques have limitations. Wet aerosol generation
methods can alter particle chemistry, while dry methods often cannot produce truly nanoscale aerosols
[3]. Wet devices, such as nebulizers, electrospray and ultrasonic techniques generate evaporated aerosol
particles from solutions. Wet devices have been shown to generate particles on the sub-micron level but
have also been shown to be unsuitable for nanoparticle toxicology testing as it pertains to this research
work [5].
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2.2.1 Nebulizers
For years nebulizers were the primary method to aerosolize solutions. Common nebulizing techniques,
as seen in Figure 1, include: ultrasonic nebulizers, jet nebulizers and other novel nebulizing techniques
[19].

Figure 1- Common Nebulizing Techniques [19]

Dry techniques, such as ejectors, dust feeders and fluidized beds are used to aerosolize dry powders but
achieving particles <1 µm has been shown to be difficult [3]. Dry powder aerosols have been shown to
present many desirable advantages including: 1) No excipients needed to carry or evaporate from the
sample leading to higher purity in the experiments and applications.

2) Production of higher

concentrations of a sample or compound can be achieved. 3) Dry powders provide a more stable sample
with longer shelf lives that are easier to ship/store [20].
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2.2.2 Fluidized Bed Generators
Fluidized beds have been used for many years in research and industry to aerosolize dry compounds
and are well characterized [21]. A traditional fluidized bed, seen in Figure 2, is created by having a gas
pass through a dry powder layer at a flowrate which will separate the particles and support them with the
gas to create a fluid-like state. Fine particles are entrained into the gas flow upward and carried as an
aerosol while larger particles fall back to the bed. Typical fluidized beds can efficiently aerosolize particles
with a mean aerodynamic diameter of around 100 µm [21]. Although, fine and cohesive powders have
been known to be difficult to fluidize, this may be overcome if vibrations are applied to the bed.

Figure 2 – Standard Fluidized Bed
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2.2.3 Venturi Dispersers
Venturi Dispersers are also a common approach to aerosolize dry powders. The venturi disperser, as
seen in Figure 3, is a converging/diverging device that creates a low pressure section in the throat. This
low pressure section, due to the increase in velocity of the gas as a result of the converging geometry,
creates a vacuum in the secondary inlet. This vacuum draws particles through the secondary inlet and
into the throat while the high shear flow breaks up the agglomerates and disperses the particles into an
aerosol as the flow expands in the diverging section. Cheng et al. has demonstrated that the venturi
dispersers can support long term exposures (> 20 days with material feed mechanism) and aerosolize
cohesive compounds such as TiO2 as well as free flowing compounds such as quartz [22].

Figure 3 – Venturi Disperser [21]

2.3 Nanoparticle Aerosol Generators
Nanoparticle aerosols have recently became of interest due to their unique properties. These unique
properties, namely high surface area to volume ratio, have been known to behave differently than their
micro counterparts [23]. Nanoparticles, also referred to as ultrafine particles, are defined as ambient or
engineered particles with at least one dimension below 100 nm [24]. Nanoparticle aerosol generators
are used to generate and disperse particles with mean aerodynamic diameters ~100 nm. Some common
techniques used to generate nanoparticle aerosols are to use existing aerosol generation techniques with
devices used to separate out the larger particles (>1 µm) from the overall particle distribution to reduce
the overall mean size distribution. Some of these additional devices to reduce overall particle size
distribution include cyclone separators, baffles and cascade impactors which are covered in the following
sections.
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2.3.1 Cyclone Separators
Cyclone separators are commonly used to separate particles in an aerosol based on the size of the
particles. This is often used to assist in reaching the desired mean particle size. The primary mode of
operation for a cyclone separator is the use of centrifugal force and turbulent flow to separate particles.
This allows the larger particles to migrate to the edge and be captured as the smaller particles remain in
the center and gets entrained in the exit flow which typically exits at the top of the cyclone [25]. Cyclone
separators are characterized by the particle cut-off diameter and the separation yield or collection
efficiency [26]. A typical cyclone separator is shown in Figure 4.

Figure 4 - Cyclone Separator
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2.3.2 Baffles/Impactors
Baffles and impactors are also used to separate out larger particles in an aerosol. These devices typically
work on the same principle by applying barriers in the flow stream for which an aerosol is required to flow
around. Larger particles with higher inertias will impact on the baffle in the areas call “impaction zones”
while the smaller particles remain entrained in the flow and are carried through. In some cases to
increase the effectiveness of these techniques several baffles or impaction sections are placed in series,
also referred to as cascade impactors. These techniques can be used to help reduce the overall mean
particle size of the aerosol [27] [28]. This principle can be seen in Figure 5 and Figure 6.

Figure 5 - Impactor/Baffle

Figure 6 – Impactor/Baffle [27]
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2.3.3 Vibrations
Mechanical vibration is another method to influence particle dispersion. Vibrations for the treatment of
powders in industry is commonly used to assist with fine powder transport characteristics [21] [29]. It is
also commonly applied to fluidized beds and often referred to as the vibrating fluidized bed (VFB).
Vibration energy introduced to a bed allows for a lower gas velocity and pressure drop compared to
conventional fluidized beds [30]. Therefore, vibrational energy can be an important part of powder
aerosolization.

2.3.4 Sieving/Stirring
Lastly, the stirring and sieving of powders and powder beds is a common method for the treatment of
powders during a process.

Typically this is used in the feeding process to help break up larger

agglomerates and influence fluidization of the powder during its dynamic state. This ultimately prepares
the powder for its next stage which, for the interest of this work, is aerosolization.
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2.4 Review of literature
A literature review was conducted for aerosol generation devices and techniques with a special interest
in nanoparticle aerosols generated from dry powder formulas.

The search was conducted by first

evaluating commercially available particle aerosol generators as well as a literature search of such
technology that may be in research and development stages.

The search criteria consisted of:

Nanoparticle, Dry Powder, Aerosol, Generator and Generation in various combinations. The objectives
of this review are to evaluate the current state of the art, past approaches that have been taken and to
establish the relevance of the novel device currently being developed. For this review the primary interest
is in dry powder platforms that can aerosolize particles with an aerodynamic diameter of < 1µm. The
important literature related to this work is summarized below.

2.4.1 Commercially Available Aerosol Generators
Documentation for aerosol generators that are commercially available and said to generate aerosol in
the nano range were collected and evaluated.

There are many commercially available aerosol

generators in various types, sizes and combinations. From these a list of units were identified to
generator fine particle aerosols with many of the units being wet devices. Roughly 20 devices (see
Appendix A for complete list) were identified as dry powder units with the majority of the devices only
applicable for particle sizes > 1 µm which are unsuitable for the interest of this review. The few remaining
units were identified to generator nanoparticle aerosol specifically from dry powders. However, based
on further examination it was found that these units were unable to either; generate particles with a mean
size in the range needed, generate particles at the required concentrations or generate consistently over
extended periods of time (~4 hours).
To confirm this, independent reviews have been conducted that evaluated commercially available
technology to generate fine particle aerosols.

Tang et al. [31] provides an extensive review of

commercially available particle generators to show that none exist for this need and furthermore can be
extremely expensive. Tiwari et al. [3] also conducted an extensive review of current systems which
concluded that nanoparticle aerosol generation from dry powders is very difficult for exposure studies
with the currently available technology. Schmoll et al. [5] conducted an in-depth study that evaluated 5
different methods to produce test aerosols for inhalation toxicology assessments with the goal of
producing an acceptable aerosol that is homogenous, has a consistent concentration over time and has
a size distribution that is both unimodal and has a small geometric mean diameter (< 200nm). Four
different nano-powders were evaluated. Wet based units were capable of producing fine particles but
did not provide a homogenous compositions or extended run times. The dry methods tested included a
small-scale powder disperser (SSPD), an acoustic dry aerosol generator/elutriator (ADAGE) and fluidized
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bed aerosol generator (FBG). The SSPD and FBG from TSI Inc. was suggested for particle diameters
between 0.5-5 µm and 0.5-40 µm respectfully. The ADAGE system, which uses sonic energy to disperse
particles, produced bimodal distributions for all ENPs tested. It was able to produce aerosols with particles
< 100 nm from SiO2 and single walled carbon nanotubes. Although, this system was not able to
aerosolize TiO2. The ADAGE system is similar to the system used by W. McKinney et al. [32]. Overall,
it was found that none of the methods evaluated met the established requirements.
The following are the identified commercially available units:

2.4.1.1 The Wright Dust Feeder
The Wright Dust Feeder [33] as seen in Figure 7 is a common device used in industry as well as the
research setting for a variety of applications.

Figure 7 - Wright Dust Feeder [33]

The Wright Dust Feeder works as follows: Dust is contained within the cylindrical holder (A) where it is
lightly packed. The packed dust is scraped into a groove in the surface of a scraper head (K). Along
this groove a stream of air is passed through (H) so the dust is carried down the inner tube (J). At (L) it
is passed through the jet which breaks up any remaining aggregates and delivered to the desired
location. Although this technique is popular it does not work well with sticky material such as TiO2 or
particles < 1 µm [2].
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2.4.1.2 Dust Generator Bundschuh
The Dust Generator Bundschuh [34] is a commercially available device used for inhalation studies as
seen in Figure 8.

Figure 8 - Dust Generator Bundschuh [34]

The dust generator works by first having the sample compound contained within the reservoir and
mixed by the stirrer with variable speed and ventilated air. By means of a vibrating dosage unit the
sample is forced out of the reservoir onto the dosage plate which is driven by a motor. The dosage
plate is equipped with holes or grooves along its periphery. The choice of the specific plate and the
setting of the rotation speed enables control of the aerosol. A scraper removes all the dust particles
from the dosage plate which have not fallen into either the dosage holes or grooves. These removed
dust particles are collected in a recovery container. Particles which fall into the dosage holes or
grooves are sucked up by a venturi nozzle activated by the process flow. A control unit is used to
regulate the process to manage the output. This system is not suitable for the generation of
nanoparticle aerosols based on the criteria set forth in Table 1.
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2.4.1.3 Small Scale Powder Disperser
The Small Scale Powder Disperser [35] is a commercially available device used for inhalation studies as
seen in Figure 9.

Figure 9 - Small Scale Powder Disperser (SSPD) [35]

This unit works by having the operator gently brush the powder to be dispersed across one of three
annular rings of abrasive paper glued to the top of a turntable. One end of a stainless-steel capillary is
positioned just above the turntable, the other in a venturi throat. A suction transmitted through the
capillary tube removes the powder from the surface of the turntable. Because the air velocity in the venturi
throat greatly exceeds that in the capillary tube, shear forces are created where the two flows meet,
causing the powder to deagglomerate. The powder then enters an expansion cone, from which it
exhausts from the unit.
The Small Scale Powder Disperser (SSPD) as tested by Tsai et al. [36] produced unimodal, but very
broad, size distributions (with “peaks” that plateau over several hundred nanometers) for all three
engineered nanoparticles (ENPs) tested. It is best suited for micro particles for shorter duration studies.
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2.4.1.4 Topas Gmbh
The Topas Gmbh SAG 410 [37] as seen in Figure 10 is a commercially available aerosol generator that
works by feeding the powder to an ejector by way of a feeding belt. The feeding belt segments are
supplied by the scraper where the sample is located. The defined segments warrant a constant and
reproducible supply of the powder even in small quantities. The resulting particle number concentration
of the output aerosol can be adjusted by setting the feeding belt speed. Its design enables a constant
dosing of the powder that is nearly independent of the powder reservoir filling level. The reservoir can be
refilled during operation without any effects on the aerosol concentration. The dispersing unit consists of
a dual-stream ejector nozzle and a tube connection to the housing for compressed air supply. Shear
forces created in this ejector disperse and deagglomerate the powder to form an aerosol. This unit is
good for long duration experiments but only applicable for particles > 1 µm.

Figure 10 - Topas Gmbh [37]

20

2.4.1.5 Palas RBG 1000
The Palas RBG 1000 [38] is a commercially available rotating brush powder feed system as seen in
Figure 11. The system works by feeding a sample into a rotating brush. The rotating brush carries the
sample into the airstream where it is aerosolized and dispersed. This unit is good for long duration
experiments but only applicable for particles > 1 µm.

Figure 11 - Palas RBG 1000 [38]

2.4.1.6 Summary
It can be seen from this review of commercial units that no available devices can meet the set criteria of
generating particles with a mean diameter < 200 nm, generating particles at the required concentrations
or generating aerosols consistently over extended periods of time (~4 hours), especially for cohesive
powder such as TiO2. Table 1 below is presented to summarize these findings. It can be noted after
reviewing the selected aerosol generators for comparison that all have difficulty generating mean aerosol
sizes < 1 µm.
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Table 1 - Comparison of Select Commercially Available Aerosol Generators

Aerosol Generator

Stable Concentrations

Homogeneous

Mean Particle

> 4 hrs

Composition

Size

Dry

Yes

Yes

< 200 nm

Nebulizers

Wet

Yes

No

> 1 µm

Fluidized Beds

Dry

Yes

Yes

> 1 µm

Venturi Dispersers

Dry

Yes

Yes

> 1 µm

Wright Dust Feeder

Dry

Yes

Yes

> 1 µm

Dust Generator

Dry

Yes

Yes

> 1 µm

Dry

No

Yes

> 1 µm

Topas Gmbh

Dry

Yes

Yes

> 1 µm

Palas RBG 1000

Dry

Yes

Yes

> 1 µm

Nanoparticle Aerosol

Dry vs. Wet

Generator

Bundschuh
Small Scale Powder
Disperser

*Mean Particle Size may vary slightly based on measurement technique used.
comparison purposes only.

Values above are used for
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2.4.2 Aerosol Generator Research and Development
T. Myojo et al. [39] presented a method for generating multiwall carbon nanotubes (MWCNT) for
inhalation studies. This unique approach utilized a Palas RBG-1000 (evaluated in section 2.4.1) aerosol
generator feeding into a two-component fluidized bed as seen in Figure 12.

Figure 12 - Multiwall Carbon Nanotube Aerosol Generator [39]

Although this device was able to aerosolize multiwall carbon nanotubes, it was limited in its functionality
for whole body experiments. It must be noted for the aerosolization of fibrous compounds such as
MWCNTs that it does not directly correlate with spherical particles that this study is interested in. This
provides an idea of how the aerosolization was approached. Particle size and concentrations between
fibrous compounds and spherical compounds cannot be directly compared.
T. Kasai et al. [40] created an original aerosol generator for MWCNT for whole body exposures as seen
in Figure 13. In addition, a control system with feedback control was developed to manage long term
exposure periods. The generator used a dust feed, cyclone and sieve to disperse MWCNT to the
exposure chamber. Ionizers were used to control the charge of the system which helps to prevent the
MWCNT from depositing on the inner walls of the system. The generation method was termed the
“Cyclone Sieve Method” by the authors’ institution.
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Figure 13 - Layout of aerosol generation and inhalation exposure system [40]

This system proved to hold consistent concentrations over extended periods of time with the median
aerodynamic diameter > 1 µm.
W. McKinney et al. [32], who are colleagues of the Nurkiewicz lab at West Virginia University, have
developed an acoustic dry powder aerosol generator for animal exposures with a unique control
automation system as seen in Figure 14. This system monitors and controls the desired output during
exposures using feedback control and custom software. This unit is capable of generating aerosols up
to 20 𝑚𝑔/𝑚3 for durations lasting up to 8 hrs. The inhalation exposure system utilizes a combination of
airflow controllers, particle monitors, data acquisition devices and custom software with automatic
feedback control to achieve constant and repeatable exposure environments.
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Figure 14 - Diagram of acoustic generator and exposure system [32]

The primary components of the generator are a large cylindrical acrylic chamber with flexible latex
diaphragms at the top and bottom. A speaker is placed below the bottom diaphragm with the sample
placed in the chamber on the lower diaphragm. The speaker is used to precisely vibrate the diaphragm
to aerosolize the particles in the chamber. Air is then passed through the top of the chamber to carry the
smaller particles to a venturi which further breaks up agglomerates and helps to dilute the aerosol. The
aerosol leaves the venturi and enters the exposure chamber. Using the unique control mechanisms, this
technology is capable of generating aerosols with high concentrations that are consistent over long
periods of time. Moreover, this technology has been shown to be capable of generating particles < 1 µm.
Tang et al. [31] utilized a simple ejector nozzle to conduct CFD to analyze the effects of introducing
swirling into the system. The goal of this study was to improve the ejector’s performance by simulating
various swirl techniques. The fluid was treated as an ideal gas with the molecular weight of air. It was
clear in this study that CFD could be used to help optimize parameters for experimentation. Although
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this aerosolization approach is only applicable for short durations it demonstrates how simulation can be
utilized for process improvement.
Tiwari et al. [3] produced a device based on a modification of the work reported by Tang et al. [31] which
consisted of a commercially available vacuum generator and during continued use this produces large
particles > 1 µm. Tiwari et al. modified the vacuum generator, as seen in Figure 15, by utilizing a hopper
and ejector setup after the vacuum which produced nanoparticles with mode diameters of around 65 nm
for TiO2. The major drawback of this unit is that it can only operate for a few minutes due to its design.

Figure 15 - Venturi Disperser [3]

Tsai et al. [36] proposed three different methods for generating particles for three different nanomaterials. They included the rotating drum dustiness tester, the vortex shaker and the small scale
powder disperser. These three techniques were used to investigate the emission characteristics of
nano-titanium dioxide (nano - TiO2, primary diameter: 21 nm), nano-zinc oxide (nano - ZnO, primary
diameter: 30 – 50 nm), and nano-silicon dioxide (nano - SiO2, primary diameter: 10 – 30 nm) over an
average of 30 min run time. The rotating drum test, as seen in Figure 16, produced bimodal
distributions with very large particles > 5 µm (MMAD: 5.2 – 11.2 µm) for all three compounds tested.
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Figure 16 - Rotating Drum Aerosol Generator [36]

The vortex shaker test also produced bimodal distributions with particles > 1 µm (MMAD: 3.3 – 6.0 µm)
for all three compounds tested while the SSPD produced unimodal distribution with particles > 1 µm
(MMAD 1.1 – 2.1 µm) for all three nano-powders.

Figure 17 - SSPD and Vortex Shaker Aerosol Generator [36]
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The String Aerosol Generator was originally developed by the National Health and Environmental Effects
Research Laboratory, U.S. Environmental Protection Agency.

The String Aerosol Generator as

described by Ledbetter et al. [41] was based on the principle of a carpenters chalk line to pick up particles
from a small reservoir and carry them out through an orifice, past an air jet, where the particles are blown
off the string. This method was capable of generating particles < 2.5 µm with the use of a 2.5 µm cutoff
cyclone separator and concentrations at 10 - 15 mg/m3 with a continuous delivery. Although, it was not
capable of producing particles with mean aerodynamic diameters < 1 µm.

Figure 18 - String Aerosol Generator [41]

Winchers et al. [42] used the string generator to develop a dry aerosol inhalation exposure system for
whole-body plethysmography (WBP). This system produced concentrations at ~13 mg/m3 of an oil
combustion-derived particle (HP12) with particle with a MMAD of 1.19 – 1.95 μm and a GSD of 2.66 –
3.49.
Arc generators have been demonstrated to generate nanoparticle aerosols. Chen et al. [43] who
developed a novel method for the continuous generation of titanium dioxide nanoparticles by dielectric
barrier discharge process is presented using titanium tetraisopropoxide (TTIP) and water as precursors.
The aerosol generator employs an atmospheric pressure plasma enhanced nanoparticle synthesis
(APPENS) process of alternative current (AC). The demonstrated approach is unsuitable for whole body
experiments. Other methods such as flame-made engineered nanoparticles generated using a versatile
engineered nanomaterial generation system (VENGES) from Harvard University [44] and ceramic-based

28

heating unit to generate metal and metal oxide nanoparticle aerosols [45] have been demonstrated but
are also unsuitable for this review based on the guidelines for toxicology testing set out by Schmoll et al.
[5] for acceptable characteristics for inhalation studies.

2.4.2.1 Summary
It can be seen from this review of technologies being researched or developed that, again, no available
approaches found in literature can meet the set criteria of generating particles with a mean diameter <
200 nm at the required concentrations and generating aerosols consistently over extended periods of
time (~4 hours), especially for cohesive powder such as TiO 2. Table 2 below is presented to summarize
these findings. It can be noted after reviewing the select aerosol generators for comparison that many
have difficulty generating mean aerosol sizes < 1 µm with one capable of generating < 100 nm but for
short periods of time only. Although, McKinney et al. has shown promise at generating sub-micron
aerosols and is anticipated to advance as the technology matures.
Table 2 - Comparison Table of Technology in Research and Development

Aerosol

Dry vs. Wet

Stable Concentrations

Homogeneous

Mean Particle

> 4 hrs

Composition

Size

Dry

Yes

Yes

< 200 nm

Myojo et al.

Dry

Not Tested

Yes

MWCNT**

Kasai et al.

Dry

Yes

Yes

MWCNT >1µm**

McKinney et al.

Dry

Yes

Yes

< 1 µm

Tiwari et al.

Dry

No

Yes

< 100 nm

Tsai et al.

Dry

Unknown

Yes

> 1 µm

String Generator

Dry

Yes

Yes

> 1 µm

Arc Generator

Both

Unknown

No

Unknown

Generator
Nanoparticle
Aerosol Generator

*Mean Particle Size may vary slightly based on measurement technique used. Values above are used for
comparison purposes only.
** Test with Multi-Walled Carbon Nanotubes (MWCNTs). These materials are fibrous and do not directly compare
with spherical particles for which this study is interested in. Therefore, it cannot be directly compared but only used
for general comparison of technology approaches.
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2.5 Applications
The proposed device in this research program will allow researchers to use the nanoparticle aerosol
generator for diverse research purpose. There are a variety of fields and applications not only in the
toxicology research setting but other research fields including: biomedical, pharmaceuticals, industrial
processes, materials science, physics, chemistry and others working in the nano-technology space.
Pulmonary drug delivery techniques have been used successfully for many years through aerosol
inhalation. Although pulmonary drug delivery presents many advantages over other techniques;
limitations such as consistency, efficiency and convenience are still in need of improvement [46]. With
the emerging field of nanotechnology and the insight to drug interaction and behavior at this scale, new
methods of drug delivery are being evaluated. Drug delivery on the nano-scale can be effective at
addressing the problems and limitations of early inhalation drug delivery techniques [47]. By using a
nanoparticle aerosol generator for pulmonary inhalation therapy; better delivery efficiencies, more
consistent dosages, and shorter inhalation periods can be achieved.
Nanoparticle aerosol generation technology has applications for new manufacturing methods of
composite pharmaceuticals and composite aerosols. Currently, traditional fluidized beds are used to coat
composite particles for encapsulation of a carrier particle for reasons such as thermo-active compounds
for targeted drug delivery. Unfortunately, conventional methods for mixing powders are only applicable
down to the micron scale because they fail to break the primary aggregates [4]. By using nanoparticle
aerosols, it is believed that it will be possible to coat particles on the nano-scale to capitalize on the
advantageous properties for drug delivery.
Aerosol deposition of thin films can be achieved using a nanoparticle aerosol generator. This could be
useful in the manufacturing of electronics and electronic components. Also, in interfaces where thin films
are used such as solid oxide fuel cells or electrically conductive materials [48]. Optical coatings, ones
that may influence energy efficient windows or the new generation of solar cells, can also provide
opportunities. M. Habibi has shown that Nano TiO2 can be used as a transparent thin film for its UV
absorbing properties for nano thin films [49].
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2.6 Discussion
It has been shown that there is a need for a particle generator that can produce nanoparticle aerosol from
dry powder formulas with a mean particle diameter < 200 nm, concentrations > 5 mg/m3 and over
extended periods of time (> 4 hrs). Commercially available aerosol generator technology cannot create
aerosols in the size range, concentration and duration needed for successful whole body inhalation
toxicology assessments. Additionally, there is little evidence in the literature and marketplace that there
is a technology in the research phase that can do this as well. This literature review has shown a need
for this technology for its use in toxicology assessments as well as other diverse applications [5].
This review has shed light on common approaches and how well they might work for certain applications.
Many approaches have been demonstrated to meet 3 out of the 4 criteria in various combinations but
none of which satisfy all at the same time. This criteria being 1) dry powder 2) consistent concentration
over extended periods 3) Homogeneous composition free of contaminants 4) Unimodal size distribution
with a mean geometric diameter <200 nm and a small geometric standard deviation of 𝜎𝑔 = 2.5 [5] [2].
The technology being developed for this work meets the 4 criteria and outperforms everything seen in
the literature. It is also believed that with the better understanding of the technology after this work is
complete that it may be possible to reach levels for whole body toxicology assessment of < 100 nm mean
aerodynamic diameter. This will not only provide a unit to meet the needs of research and industry but
set a new standard for this technology as well as new standards for toxicology assessments and exposure
limits in the work place.

31

CH. 3

THE NANOPARTICLE AEROSOL GENERATOR

As an initial step, a fundamental analytical analysis is performed to offer important insights to
understanding the overall system of this research. This section reviews the fundamental operation and
understanding to provide the groundwork to characterize the technology.

3.1 Basic system description
The nanoparticle aerosol generator used in this investigation is seen in Figure 19 below.

Figure 19 - Nanoparticle Aerosol Generator
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It consists of a vibrating fluidized bed with a baffle inside of a cylindrical particle chamber and a vibrating
venturi as shown in Figure 20. The particle chamber is made up of a cylinder that has two air inlet ports,
one port is located below the fluidized bed and the other above, and an exit port on the top of the cylinder
for which the venturi is connected. The nanoparticle aerosol generator also includes a baffle which is
located inside of the particle chamber and connected around the exit port. The vibrator, is attached to the
particle chamber producing the mechanical vibrations for the entire unit.

Figure 20 - Nanoparticle Aerosol Generator

33

The fluidized bed consists of a filter that is supported by a stainless steel air distributor within the particle
chamber. A stainless steel screen with a diameter just smaller than the inner diameter of the particle
chamber is placed in the sample to break up larger agglomerates. The sample to be aerosolized is loaded
onto the fluidized bed.
The venturi, which vibrates with the particle chamber, is used to create a vacuum in the particle chamber
which will draw air into the particle chamber through the air inlet ports. The air inlet ports have control
valves and flow meters where air feed tubes are attached so that clean/dry air can be pulled into the
particle chamber through an activated carbon and HEPA filter.
The baffle is made from stainless steel tubing with one closed-end and one open-end. The baffle is
located in the center of the vibrating particle chamber with the open end connected to the exit port. A
hole near the open-end of the baffle is used to allow the aerosols to exit from the particle chamber. The
closed-end of the baffle extends to just above the top of the fluidized bed. When the aerosol flows
upward, some of the larger agglomerates can be removed from aerosol streams by the baffle. Without
the baffle, the size of the output particles can be much larger.
A portion of the air drawn in from the air inlet port will flow through the fluidized bed in the particle chamber
to carry small particles upward to form an aerosol stream, and will move towards the exit port, while the
rest of air enters the particle chamber through the air inlet port and mixes with the upward flowing aerosol
stream. The air flow from the air inlet port will hit the cross flow aerosol stream resulting in some larger
particles being removed from the aerosol stream. The aerosol can also be diluted by this cross flow air,
which helps reduce the probability of re-agglomeration of the particles.
Once the aerosol enters the venturi, particles will be exposed to high shear stress and impaction. The
large particles will be broken up and dispersed, while smaller particles will follow the air flow to mix with
the vibrating high speed shear flow in the venturi. The vibrating high speed shear flow will continuously
disperse the agglomerates, dilute, and deliver the aerosol.
The vibrator can induce pressure wave/fluctuation in the air which will help distribute the particles,
especially nearby the inner surface of the cylinder. The baffle also vibrates with the cylinder transferring
the mechanical vibrating energy to the air flow that carries the particles out of the particle chamber. The
air flow pressure wave/fluctuations induced by the vibration also helps destroy cohesions between
particles and large agglomerates. The mechanical vibrations may also reduce deposition of the particles
on the inner surface of the cylinder, the outer surface of baffle and inner surfaces of the venturi and
dispersion tubes.
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3.2 Basic Component Analysis and Relationships
Modeling complex systems can be simplified by breaking them down into smaller, more manageable
sections. A fundamental understanding of these systems will allow for a better understanding of the
overall system. Such a review provides a foundation for understanding and a baseline for verification for
extended efforts that follow this work. The simplified models can be described by well-known equations
such as the Continuity and Bernoulli equations.

3.2.1 Venturi
The venturi is a converging/diverging device that uses high shear flow and impaction to break up
agglomerates, expand the flow and disperse particles as shown in Figure 21. Low pressure is induced
at the throat resulting in a vacuum in the secondary inlet. When agglomerated particles are pulled into
the secondary inlet and into the throat the agglomerated particles suffer from the forces induced by the
acceleration and shear flow field and are dispersed.

3

1

2

Figure 21 – Venturi [21]

As a fundamental step, for example, the parameters at each area of interest can be found using the
Bernoulli equations. The points of interest within the venturi are described as numbered datum points in
Figure 21. The flowrate of the venturi is a function of the inlet pressure and is provided by the venturi
manufacturer for the particular venturi as:
𝐿

𝑄 (𝑚𝑖𝑛) = 0.28 [(𝑃)(𝑝𝑠𝑖𝑔)]

(1)

Where 𝑄 is the volumetric flowrate and 𝑃 is the inlet pressure.
Using an inlet pressure of 55 psig, for example, the flowrate is found to be 15 LPM for the inlet 1. Given
the venturi specifications by the manufacturer as a geometry ratio of A1/A2 = 4 for the inlet area and
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secondary inlet area respectfully, the velocity or v1 can be found. Assuming incompressible flow and
using the Bernoulli’s equation
𝑃1 +

1
𝜌𝑣12
2

+ 𝛾𝑧1 = 𝑃2 +

1
𝜌𝑣22
2

+ 𝛾𝑧2

(2)

where the Bernoulli equation can be simplified to
𝑃1 +

1
𝜌𝑣12
2

= 𝑃2 +

1
𝜌𝑣22
2

(3)

For this example, P2 will be assumed to be at ambient conditions, P2 = 0 psig. This leaves two
unknowns, v1 and v2. Since
𝜌1 𝐴1 𝑣1 = 𝜌2 𝐴2 𝑣2

(4)

𝐴1 𝑣1 = 𝐴2 𝑣2

(5)

or for incompressible flow

it can be simplified using the geometry ratio to
4𝑣1 = 𝑣2

(6)

Therefore,
55 +

1
𝜌𝑣12
2

=0+

1
𝜌(4𝑣1 )2
2

(7)

Solving for v1,
𝑣1 = √

110
15𝜌

(8)

𝑄1 = 𝐴1 𝑣1

(9)

Plugging into the flowrate equation

giving a flowrate value of 15 LPM which is confirmed with data provide by the venturi manufacturer.
v2 can be found by using the same procedure with the flowrate equation
𝑄2 = 𝐴2 𝑣2

(10)

giving a flowrate value of 12.8 LPM which is again confirmed with data provided by the venturi
manufacturer. Knowing the velocities at points 1 and 2 the pressure and flowrates for the exit can be
found.
𝜌
2

𝑃1 − 𝑃3 = (𝑣32 − 𝑣12 )

(11)

The exit pressure is atmospheric or P3 = 0 psig, therefore
𝜌

𝑃1 = 2 (𝑣32 − 𝑣12 )

(12)
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or
2𝑃1
𝑣3 = √
+ 𝑣1
𝜌
And therefore,
𝑄3 = 𝐴3 𝑣3

(13)

3.2.2 Particle Chamber
The particle chamber, as seen in Figure 22, can be analyzed with a control volume analysis with 2 inlets
and 1 exit. Using the continuity equation
∑ 𝜌𝑜𝑢𝑡 𝐴𝑜𝑢𝑡 𝑣𝑜𝑢𝑡 − ∑ 𝜌𝑖𝑛 𝐴𝑖𝑛 𝑣𝑖𝑛 = 0

(14)

𝜌2 𝐴2 𝑣2 = 𝜌4 𝐴4 𝑣4 + 𝜌5 𝐴5 𝑣5

(15)

𝐴2 𝑣2 = 𝐴4 𝑣4 + 𝐴5 𝑣5

(16)

Therefore,

Assuming incompressible flow,

Using the information gathered from the venturi analysis, the inlet flow rates and chamber pressure can
determined. For example, the venturi secondary inlet flow was calculated to be 12.8 LPM. Since the
flowrate of 2 is known 4 or 5 can be written in terms of one another as
𝑄5 = 𝑄2 − 𝑄4

(17)

𝑄4 = 𝑄2 − 𝑄5

(18)

or
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Figure 22 - Particle Chamber

The particle chamber has the following physical dimensions:





Diameter - 2.3 in
Length – 11.0 in
Volume - 45.7 in3
Inlet/exit port size - 0.093 in2

38

3.2.3 Fluidized bed
The fluidized bed, which can be seen in Figure 23, is created by having dry air pass through a dry powder
sample at a flowrate that separates the particles and creates a fluid-like state. As the air flows through
the powder layer there will be a pressure drop ∆P. As the air velocity increases the pressure drop
gradually increases and will reach a maximum before fluidizing. Once the bed fluidizes the pressure drop
will fall slightly due to the bed of particles expanding and then will become constant. This then remains
constant independent of the air flow velocity through the bed. During fluidization the apparent particle
weight is equal to the pressure drop as expressed by
∆𝑃 = 𝐿(1 − 𝜖)(𝜌𝑝 − 𝜌𝑓 )𝑔

(19)

Where 𝐿 is the bed height, 𝜖 is the void fraction, and 𝜌𝑝 and 𝜌𝑓 are the densities of the particle and gas
(air) respectfully. This allows the estimation of the pressure drop across the bed to be ~ 6 mbar to be
used in further calculations and later found to have little effect (insignificant) on the venturi inlet flow. Fine
particles are entrained into the gas flow and carried as an aerosol while coarser particles fall back to the
bed. To help improve the fine particle fraction in the fluidized bed, a vibrator and screen are used.
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Figure 23 - Fluidized Bed

The Fluidized bed has the following characteristics:






Diameter - 2.30 in
Bed height - Varies based on amount of sample compound used
Initial Flow Rate (𝑄𝐹𝐵 ): 1-2 LPM
Vibrating Screen specs: Dia. - 2.06 in; Pore diameter - 0.125 in
Filter specs - 0.183 in (thickness) Felt Material
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3.2.4 Baffle
The baffle, as seen in Figure 24, is placed inside of the particle chamber and is used to selectively draw
particles from the chamber. The size of the tube, hole location and hole size influence this function. The
baffle acts as a particle impactor to separate out larger particles. This application of baffles is well known
for particle separation as it is the operating principle in a cascade impactor. As the aerosol makes its
way through the opening of the baffle the larger particles will impact the wall of the 90 degree turn and
the smaller lighter particle will remain entrained in the flow and pass through. As mechanical vibrations
are applied and the air is drawn through the opening, resonance may be induced in the baffle and particle
chamber.

Figure 24 - Baffle
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3.2.5 Vibrator
A vibrator is attached to the device and used to create the mechanical vibrations. Mechanical vibration
for the treatment of powders in industry is commonly used for a number of reasons especially to assist
with fine powder fluidization as seen in Ch.2. In this case mechanical vibrations are used to influence
shearing of the screen in the fluidized bed, form fluctuation eddies in the flow and enhance the transport
of particles and reduce agglomeration.
A pneumatic vibrator is used which has a piston that acts in the direction AB with an angle β from the
horizontal axis X, an amplitude (Force, 𝐹⃑0 ) and a frequency ω as shown in Figure 25 below.

Figure 25 – Axis of Vibration

The vibrational force with respect to time can be represented as
𝐹⃑ (𝑡) = 𝐹⃑0 𝑠𝑖𝑛 𝜔 𝑡

(20)

Where 𝐹0 is the force (amplitude) and 𝜔 is the vibration frequency.
The axis of vibration, as it relates to the nano particle aerosol generator, can be seen in Figure 26 where
the vibrator mounts to the particle chamber providing the ability to change angle of vibration for various
settings.
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0°

45°

90°

Figure 26 - Axis of Vibration

The frequency and amplitude values are known via the flowrate and pressure of the pneumatic vibrator
respectfully. Vibration energy is assumbed to be transferred through the device and absorbed by the
dampening device mount.
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3.3 Combined Component Flow Analysis
When combining these relationships initial assumptions were made to describe the function of the
generator. These assumptions include, steady state and incompressible flow along a streamline, which
are necessary for use of the Bernoulli and continuity equations. Therefore, the overall system can be
analyzed with a control volume analysis using the continuity equations. Using the datum points as shown
in Figure 27 below the continuity equation
∑ 𝜌𝑜𝑢𝑡 𝐴𝑜𝑢𝑡 𝑣𝑜𝑢𝑡 − ∑ 𝜌𝑖𝑛 𝐴𝑖𝑛 𝑣𝑖𝑛 = 0

(21)

𝜌3 𝐴3 𝑣3 = 𝜌1 𝐴1 𝑣1 + 𝜌4 𝐴4 𝑣4 + 𝜌5 𝐴5 𝑣5

(22)

becomes,

Since it is assumed to be incompressible
𝑄3 = 𝑄1 + 𝑄4 + 𝑄5
1

(23)
3

4

5

Figure 27 - Nanoparticle Aerosol Generator
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3.4 Preliminary Device Testing
Early testing of the device for toxicology inhalation exposure experiments have been established. This
device has been used to conduct numerous inhalation studies with several published works out of the
Nurkiewicz Toxicology Lab at West Virginia University. This has helped provide a baseline from which
to build upon.
Nano-TiO2 aerosols have been generated directly from nano-TiO2 bulk dry powder (Aeroxide TiO2 P25,
Evonik, Germany) with a primary diameter of 21 nm and density of 3.7 g/cm3 to demonstrate the
nanoparticle aerosol generator. A 4 g sample was loaded into the nanoparticle aerosol generator. The
aerosol was diluted with a 50:1 clean air to aerosol ratio and delivered continuously to a 0.5 m3 inhalation
exposure chamber at a flow rate of 90 LPM which was the origin of sampling. Using the Electric Low
Pressure Impactor (ELPI, Dekati, Tampere, Finland) which has a measurement range of 24 nm to 9.5
µm, the real-time particle size distribution and concentration profiles were measured. These preliminary
measurements using the ELPI are used to demonstrate the single peak distribution over a large scanning
range.
Figure 28 and Figure 29 show the particle size distribution and concentration profile measured with the
ELPI when the air flow through the TiO2 dry powder is at 1.6~1.8 LPM and the pressure of the vibrator at
60 psig. The aerosols have the following characteristics: 1) single peak distribution 2) median
aerodynamic diameter of 164 nm 3) stable particle concentration, mean gravimetric mass concentration
= ~ 6 mg/m3 during a 3-hour-study.

Number dN/dlogDp [1/cm³]

700000
600000
500000
400000
300000
200000
100000
0
0.01

0.1 164 nm

1

10

Dp [um]
Figure 28 – ELPI Particle Size Distribution
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Figure 29 – ELPI Concentration Profile

During the measurement, the air flow rate through the dry powder layer was adjusted slightly to control
the particle concentration. The vibration frequency and amplitude of the vibrator were maintained
constant. Note: This represents the testing of one generator. Multiple generators can be combined for
higher concentrations and longer durations.
It has been demonstrated with early use of the device that the particle size and mass concentration
produced by the nanoparticle aerosol generator can be changed by adjusting the air flow rate through
the dry powder layer, and adjusting vibration frequency and amplitude [7]. Although, this was not fully
understood or quantified and will be explored in detail during the experimental testing.
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CH. 4

DEVELOPMENT OF THE CONTROLLABLE SYSTEM

A controllable system must be designed and built to satisfy the requirements needed for conducting the
modeling experiments. Additionally, this controllable system will be used to support future inhalation
experiments. The system must provide the ability to control and vary each controllable input parameter
in order to regulate the output for the test compound of interest. The developed system will be used to
run the experiments needed to develop the mathematical model as well as provide a platform to be used
to test various compounds and expand the abilities of the inhalation facility. Lastly, this will provide a
system that can be used by other researchers for diverse applications.

4.1

Design requirements

Before designing the controllable system the requirements for the design must be defined. These
requirements include:
1. Parameter Control - The system must allow full control of each controllable input parameter which
include: vibration frequency, amplitude and orientation; venturi pressure and flowrate; fluidized
bed flowrate and differential pressure; and dilution port flowrate.
2. Full Enclosure – The system must be fully enclosure including all of the necessary components
needed to generate particles in one unit. The enclosure must retain a slightly negative pressure
to contain any fugitive particles and dampen noise and mechanical vibrations.
3. Multiple Generator Capability - The system must allow for multiple generators to produce higher
concentrations and longer experiment durations. (Manifold of generators, phasing of generators
or using an automatic material feed to the fluidized bed)
To meet these requirements a system schematic was generated for the design. The system schematic,
as seen in Figure 30, represents the enclosure with the necessary components for the complete system.
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Figure 30 - Nanoparticle Aerosol Generator System Schematic

Using the fundamental analysis given in Ch.3, the specifications for the components of the unit were
determined. CAD modeling was used to generate three dimensional models based on the design of the
system schematic and chosen component specifications. The three dimensional models were used to
assist in the design of specialty components and the overall system. Once the CAD models were
complete the components were sourced, fabricated and 3D printed. The system was built and tested for
functionality before lab use. The developed system is shown below in Figure 31 and Figure 32.
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Figure 31 - Nanoparticle Aerosol Generator System Rendering
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Figure 32 - Nanoparticle Aerosol Generator System Prototype

The nanoparticle aerosol generation system includes all necessary hardware to generate aerosols given
a test sample, vacuum and compressed air supply.
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CH. 5

MODELING THE NANO-PARTICLE AEROSOL GENERATION

SYSTEM
For this experimental modeling approach it is hypothesized that the developed system can be
characterized to allow the particle size, size distribution and concentration (output) to be varied and set
to a desired outcome by precise manipulation of the input parameters based on a predictive mathematical
model constructed experimentally. Given that there is limited theoretical information that can be used to
model this type of system, experimental approaches must be used. In order to address this hypothesis a
design of experiments (DOE) approach is employed to demonstrate the range of the system and provide
the necessary information needed to develop a predictive tool by way of an experimental test matrix.
Having identified the parameters of interest, the controllable parameters are defined and reduced for the
final model and test matrix. The levels of each parameter are determined based on the initial settings
and hardware specifications. The experiments will be conducted to provide the necessary data for
analysis which is described later in this chapter. The success of this approach will be measured and
quantified by comparing the developed predictive model with validation experiments as seen in Section
5.6.

5.1 Experimental Design
A designed experiment will be used to investigate the effects of various manipulations of the input factors.
A designed experiment is an appropriate approach to discern and quantify the effect of the input factors.
A designed experiment will provide the following insights:
I.

Main effects of each input factor

II.

Understanding of factor relationships

III.

Optimal input settings for a desired output

An input/output model is defined with the various input parameters along with the output parameters of
interest. The controllable input parameters include: vibration frequency, amplitude and orientation;
venturi pressure and flowrate; fluidized bed flowrate and differential pressure; and dilution port flowrate.
The uncontrollable parameters include: venturi size/specification, vibrator size/specification, baffle
size/specification, particle chamber size/specification and fluidized bed size/specification.

The

controllable input parameters provide 8 parameters that can be varied during experimentation. The
output parameters of interest are mean particle size, size distribution and concentration.

These

parameters are represented in Figure 33 below.
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Figure 33 - Input/output Model

The previous input/output model with eight inputs and three outputs, which would be tested at three
levels, is large for a design of experiments approach; therefore, it was necessary to simplify the model
by reducing the input and output parameters mathematically. To simplify the input/output model the input
parameters can be reduced based on fundamental principles presented in Ch. 3. Using this approach it
is possible to reduce the number of input parameters which makes the model more appropriate for a
designed experiment. This is achieved as follows:
The venturi flowrate is a function of the pressure and venturi dimensions. Since the size of the venturi is
fixed, the controllable input parameter can be reduced to “venturi pressure” with the flowrate being a
function of that pressure based on the venturi specifications. The fluidized bed flowrate and dilution port
flowrate can be expressed as one input term using conservation of mass. Since the flowrate of the
secondary inlet of the venturi can be calculated as shown in Section 3.2, using conservation of mass, the
flowrate of the dilution port can be defined in terms of the fluidized bed and venturi flowrates. This leads
to the need for the fluidized bed flowrate only. Since the fluidized bed and dilution port flowrates are a
function of the secondary inlet flowrate of the venturi it is more appropriate to represent them as a flowrate
ratio dependent on the venturi secondary inlet flow. This is also demonstrated in Section 3.2.
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The vibrator frequency and amplitude is a function of the pressure used for the vibrator. Therefore, these
two inputs can be reduced to one input, “vibrator pressure”. The output of the system can be reduced to
one parameter of interest, particle size distribution. The particle size distribution curve, as seen in Figure
34 for example, will provide all the necessary data to deduce mean particle size, size distribution and
particle concentration [50].

Figure 34 - Lognormal Aerosol Size Distribution Example [50]

Using these fundamental relationships described in Ch. 3, the input/output model can be simplified to
four input parameters and one output parameter of interest as shown in Figure 35.

Figure 35 - Simplified Input/Output Model
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Considering the simplified input/output model presented above it is now of interest to determine the effect
of four input parameters: Venturi Pressure (A), Fluidized Bed Flowrate (B), Vibrator Pressure (C) and
Vibrator Orientation (D) on the output particle size distribution. To define the experimental region of
interest for this study three levels are chosen for each input parameter which will provide adequate data
needed for the analysis. The starting levels for the four input factors represent midrange operating
settings and are represented in Table 3 as Level 2. Level 2 includes: PVen0 (psig) Pressure, QFB0 (LPM)
Fluidized Bed Flowrate, PVib0 (psig) Vibrator Pressure and 𝜃0 (Degrees) Vibrator Orientation. The
alternate levels of the input factors, for example Venturi Pressure, are based on hardware specifications
and are represented as PVen0-20 and PVen0+20 (psig). The goal for this experiment is to determine the
effects of each input parameter compared to the output parameter of interest.
Table 3 – Experimental Test Region

Levels
Input Factors

1

2

3

A. Venturi Pressure (psig)

𝑃𝑉𝑒𝑛 0 − 20

𝑃𝑉𝑒𝑛 0

𝑃𝑉𝑒𝑛 0 + 20

B. Fluidized Bed Flowrate (LPM)

𝑄𝐹𝐵 0 − .5

𝑄𝐹𝐵 0

𝑄𝐹𝐵 0 + .5

C. Vibrator Pressure (psig)

𝑃𝑉𝑖𝑏 0 − 20

𝑃𝑉𝑖𝑏 0

𝑃𝑉𝑖𝑏 0 + 20

𝜃0

𝜃0 + 45°

𝜃0 + 90°

D. Vibrator Orientation (degrees)

As a preliminary experimental study, one parameter will be varied while the remaining parameters are
set at the mid-level to analyze the fundamental effect that each parameter has on the output response.
This method is often referred to as “one-variable-at-a-time” (OVAT) or monothetic analysis and will
provide a basic understand of the factor effects and help to refine and tailor the final test matrix. This
approach, however, will not give any indication of interactions among factors. This preliminary test matrix
will be used to confirm that each parameter definitively has an effect on the output before running the
experimental test matrix and later for verification experiments with the predictive model. The preliminary
test matrix is demonstrated in Table 4.
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Table 4 – Preliminary Test Matrix

Input Factors
Expt. No.

A. Venturi Pressure

B. Fluidized Bed Flow

C. Vibrator Pressure

D. Vibrator Orientation

(psig)

Rate (LPM)

(psig)

(degrees)

1

2

2

2

1

2

2

2

2

2

3

2

2

2

3

4

2

2

1

1

5

2

2

2

1

6

2

2

3

1

7

2

1

2

1

8

2

2

2

1

9

2

3

2

1

10

1

2

2

1

11

2

2

2

1

12

3

2

2

1

In order to test each combination of input factors to reveal deeper insights such as factor interaction,
optimal conditions, etc. on output response requires using a full factorial design to capture each
combination of settings. A full factorial design for this experiment would require 34 or 81 experimental
runs which is far too many for efficient experimental testing. A matrix experiment using orthogonal arrays
is an alternative approach to efficiently conduct the experiments. This matrix experiment (test matrix)
consists of a set of experiments where the settings of the various input parameters are changed from
one experiment to another. Conducting matrix experiments using special matrices, called orthogonal
arrays, allows the effects of several parameters to be determined efficiently and is an important technique
in experiment design. This will provide the data needed for the development of the predictive tool later
in this chapter.
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Using insights gathered from the preliminary experiments, the test matrix designed for the orthogonal
arrays experiment is shown below in Table 5. It consists of nine individual experiments corresponding to
the nine rows. The four columns of the matrix represent the four input factors as indicated in Table 3.
The entries in the matrix represent the level of each input factor. For example, experiment 1 will consist
of (PVen0-20), (QFB0-.5), (PVib0-20) with the original vibrator orientation of 𝜃0. Experiment 4 will consist of
(PVen0), (QFB0-.5), (PVib0) and 90 degrees of orientation which can also be represented as A2, B1, C2, D3.
Table 5 – Experimental Test Matrix

Input Factors
Expt. No.

A. Venturi Pressure

B. Fluidized Bed Flow

C. Vibrator Pressure

D. Vibrator Orientation

(psig)

Rate (LPM)

(psig)

(degrees)

1

1

1

1

1

2

1

2

2

2

3

1

3

3

3

4

2

1

2

3

5

2

2

3

1

6

2

3

1

2

7

3

1

3

2

8

3

2

1

3

9

3

3

2

1

The matrix experiment as shown in Table 5 is a standard orthogonal array L9 as described in Quality
Engineering Using Robust Design [51]. The columns in this matrix are mutually orthogonal meaning for
any pair of two columns, all combinations of factors occur and they occur an equal number of times, also
referred to as the balancing property [51]. This experimental design provides the information needed to
conduct the experiments and record the data. The following procedure will be used to conduct the
experiments and collect the data for analysis.
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5.2 Experimental Set-up
The experimental set-up to complete the outlined test matrices consists of the nanoparticle aerosol
generation system outlined in Ch. 4 connected to a particle sampling chamber as seen in Figure 36.

Figure 36 – Sampling Chamber Set-up

The particle sampling chamber developed for this testing, as seen in Figure 36 above, has the following
specifications:


Sealed 30 liter aluminum chamber



Generated aerosol inlet port



SMPS sampling port



3 flowrate controlled vacuum ports with a multistage HEPA filter



Vacuum gauge



Vacuum regulation device set at 2 in. of water
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The experimental set-up as outlined above is shown in Figure 37 below.
Nanoparticle Aerosol
Generation System

Sampling Chamber

Figure 37 - Nanoparticle Aerosol Generation System Test Set-up

The nanoparticle aerosol generation system seen above is supplied with house air and a vacuum source.
The generation system is then connected to the sampling chamber located within the fume hood. The
sampling chamber, as seen in Figure 38, consists of a 30 L aluminum chamber with an aerosol inlet port,
SMPS sampling port, pressure relief valve, vacuum gauge and vacuum flow ports.
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Aerosol Inlet
SMPS Sampling Port

Pressure Relief Valve

Vacuum Flow Ports
Vacuum Gauge Port
Figure 38 - Sampling Chamber

The Scanning Mobility Particle Sizer (SMPS) used to sample the aerosol along with the vacuum gauge
used for the sampling chamber is shown in Figure 39 below.
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Scanning Mobility
Particle Sizer (SMPS)

Vacuum Gauge
Figure 39 - Scanning Mobility Particle Sizer (SMPS)

Once assembled the entire experimental set-up was vacuum checked for leaks. This was completed by
holding the entire system at 15 in. of Mercury for > 30 min. The system was then ran dry (without sample
compound) for 8 hours to confirm system durability for the intended experiments.
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5.3 Experimental Procedure
Before conducting the proposed experiments the operating conditions for the nanoparticle aerosol
generation system must be defined. The inhalation facility, where the testing will occur, will have
controlled humidity and temperature at < 10 % and ~ 23 degrees C respectfully. It has been shown that
the higher humidity levels lead to particles that are more likely to agglomerate [42] therefore, the air
supply entering the generator is targeted at < 10 % humidity and 23 degrees Celsius. This is achieved
by using in-line air dryers. While variation in temperature levels may have an effect on aerosol conditions
such as Brownian motion, temperature change is restricted by the needs for animal housing therefore
not conducive to much variation for the proposed use of the technology.
The sample being used to conduct these experiments is a Silica Oxide (SiO2) nanopowder with spherical
particles and a 10-20 nm primary particle diameter, a density of 2.7 g/cm3 and trace metals basis of
99.5% supplied by Sigma-Aldrich (See Appendix A for data sheet). This compound was chosen as the
test sample due to its stable and well characterized formula. Before aerosolizing, the sample is stored
in a desiccator to reduce any moisture content. 3.5 grams of SiO2 was then loaded into the generator for
the test experiments.
Based on the experimental design, Table 6 below represents the low (1), mid (2) and high (3) level of
each factor that will be tested in the test matrix experiments. These factors being: A. Venturi Pressure,
B. Fluidized Bed Flowrate, C. Vibrator Pressure and D. Vibrator Orientation.
Table 6 – Experimental Test Region

Levels
Input Factors

1 (Low)

2 (Mid)

3 (High)

A. Venturi Pressure (psig)

35 𝑃𝑆𝐼

55 𝑃𝑆𝐼

75 𝑃𝑆𝐼

B. Fluidized Bed Flowrate (LPM)

1 𝐿𝑃𝑀

1.5 𝐿𝑃𝑀

2 𝐿𝑃𝑀

C. Vibrator Pressure (psig)

35 𝑃𝑆𝐼

60 𝑃𝑆𝐼

75 𝑃𝑆𝐼

0°

45°

90°

D. Vibrator Orientation (degrees)

The data provided in Table 6 is then used to populate Table 7 and Table 8 below. These defined values
provide the input settings needed for each experimental run for both the preliminary and experimental
testing of the device. The preliminary testing matrix is shown in Table 7 below.
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Table 7 – Preliminary Test Matrix

Input Factors
Expt. No.

A. Venturi Pressure

B. Fluidized Bed Flow

C. Vibrator Pressure

D. Vibrator Orientation

(psig)

Rate (LPM)

(psig)

(degrees)

1

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

2

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

3

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

4

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

6

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

75 𝑃𝑆𝐼

0°

7

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

8

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

9

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

10

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

11

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

12

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

The preliminary test data defined above provides the input settings needed to run each preliminary
experiment which will be recorded for verification later in the analysis. For example, Experiment No. 1
will consist of Venturi Pressure (A) at 55 psig, Fluidized Bed Flowrate (B) at 1.5 LPM, Vibrator Pressure
(C) at 55 psig and Vibrator Orientation (D) at 0 degrees. Following this preliminary testing, Table 8 below
represents the settings needed for each experimental run to complete the design of experiments test
protocol.
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Table 8 – Experimental Test Matrix

Input Factors
Expt.

A. Venturi Pressure

B. Fluidized Bed Flow

C. Vibrator Pressure

D. Vibrator Orientation

No.

(psig)

Rate (LPM)

(psig)

(degrees)

1

35 𝑃𝑆𝐼

1 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

2

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

3

35 𝑃𝑆𝐼

2 𝐿𝑃𝑀

75 𝑃𝑆𝐼

90°

4

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

75 𝑃𝑆𝐼

0°

6

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

35 𝑃𝑆𝐼

45°

7

75 𝑃𝑆𝐼

1 𝐿𝑃𝑀

75 𝑃𝑆𝐼

45°

8

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

90°

9

75 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

As seen in Table 8 above each experimental run has defined settings based on the experimental
design. This experimental test matrix will be used to conduct the designed experiments and provide
the necessary data for the modeling analysis.
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5.3.1 Sampling Procedure
The output of the nanoparticle aerosol generation system is measured by sampling the particles within
the sample chamber for each experimental run outlined in the test matrix. The output of the system
includes the geometric mean particle size, particle concentration and standard deviation. This output,
the real-time particle size distribution, will be measured and monitored with a Scanning Mobility Particle
Sizer (SMPS, TSI Incorporated, Shoreview MN) for each experimental run in the test matrix [52]. The
Scanning Mobility Particle Sizer (SMPS) has a scanning range from 10 nm to 700nm across 64 channels.
The data computed and reported by the SMPS will be used to complete the following tables.
Table 9 – Preliminary Test Matrix with Output Particle Characteristics

Input Factors
Expt. No.

Output Particle Characteristics

A. Venturi

B. Fluidized

C. Vibrator

D. Vibrator

Particle

Mean

Standard

Pressure

Bed Flow

Pressure

Orientation

Concentration

Particle Size

Deviation

(psig)

Rate (LPM)

(psig)

(degrees)

1

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

2

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

3

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

4

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

6

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

72 𝑃𝑆𝐼

0°

7

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

8

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

9

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

10

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

11

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

12

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

(1 x

103)(#/cm3)

(nm)

Table 9 above will later be used to represent the recorded measurements of the preliminary test matrix
made by the SMPS for particle characteristics; concentration, geometric mean particle size and standard
deviation. Table 10 below will present that same recorded data for the experimental test matrix.
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Table 10 – Experimental Test Matrix with Output Particle Characteristics

Input Factors

Output Particle Characteristics

Expt.

A. Venturi

B. Fluidized

C. Vibrator

D. Vibrator

Particle

Mean

Standard

No.

Pressure

Bed Flow

Pressure

Orientation

Concentration

Particle Size

Deviation

(psig)

Rate (LPM)

(psig)

(degrees)

(1 x 103) (#/cm3)

(nm)

1

35 𝑃𝑆𝐼

1 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

2

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

3

35 𝑃𝑆𝐼

2 𝐿𝑃𝑀

75 𝑃𝑆𝐼

90°

4

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

75 𝑃𝑆𝐼

0°

6

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

35 𝑃𝑆𝐼

45°

7

75 𝑃𝑆𝐼

1 𝐿𝑃𝑀

75 𝑃𝑆𝐼

45°

8

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

90°

9

75 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

The experiments to be run for the experimental test matrix, as outlined in Table 10, must be conducted
in a randomized order. This helps to eliminate influence or residual from one experiment to another. For
this reason the experiments were conducted in the following order: 1,9,5,2,4,8,3,7,6. The data collected
during the experimental testing and sampling procedures will be stored using an Excel file. This will allow
efficient transfer of data to a programming language such as Matlab to develop the predictive model. To
provide an adequate amount of data, each run was sampled 8-10 times to confirm that the aerosol
reaches stability between input manipulations. It was calculated using the flowrate of the vacuum and
sampling chamber volume that the chamber should have full air exchange and reach stability between
experimental runs within a few minutes.
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5.3.2 Data Reduction
For each run the “raw data” was collected and compiled. The recordings or observations of each run are
then used to calculate the summary statistic, 𝜂𝑖 , for each output of interest for each experimental run 𝑖.
The summary statistic is defined as
1

𝜂𝑖 = 𝑛 ∑𝑛𝑖=1 𝑦𝑖

(24)

where 𝑦 is each individual recorded observation and 𝑛 is the number of observatations for each run.
Therefore, 𝜂𝑖 represents the average of the 8-10 recorded observations in experiment 𝑖.

The

oberservations 𝜂𝑖 are used to populate the tables above. This data will be refered to as the “reduced
data” and will be used for further data analysis.

5.3.3 Third Party Data
Third party data will be used to compare and analyze collected data as well as to support the development
of the predictive model. Well-established third party data will help to reduce redundant experiments for
well characterized applications and confirm accuracy of observations made. This data may be found via
patent publications, published work in these areas and work with devices of similar nature.

5.3.4 Data Storage
The raw data is stored within the project database established for this project. This database is housed
on an internal server within the research facility. This database will provide for easy access for data
retrieval and analysis. The database consists of a backup system to regularly backup this information on
a protected network.
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5.4 Data Analysis
After conducting the matrix experiments, the reduced data was analyzed to determine the effects of the
various parameters. Interpretation of the experimental data using graphical analysis and multiple
regression analysis was performed.

5.4.1 Estimation of Factor Effects
An important first step to analyzing the reduced data is to perform an estimation of the factor effects. This
will be used to show the main effects of the input parameters on the concentration, mean particle size
and size distribution. This further provides valuable insights to the dominant factors and amount of
influence each input factor has on the output which will be quantified later in this chapter with an analysis
of variance (ANOVA).
First, the overall mean value of the concentration, geometric mean particle size and standard deviation
for the experimental region defined by the input levels and represented in the reduced data is given by
1

µ = 9 ∑9𝑖=1 𝜂𝑖

(25)

By examining columns 1, 2, 3 and 4 of the orthogonal array in Table 8 it can be seen that all three levels
of every factor are equally represented in the nine experimental runs (L9 orthogonal array). Therefore, µ
is a balanced overall mean over the entire experimental region.
The factor effects at each level can be estimated by averaging the three values that are represented by
the settings of a1. Therefore,
1

µ𝑎1 = 3 (𝜂1 + 𝜂2 + 𝜂3 )

(26)

Since a1 is represented in experiments 1, 2 and 3; µ𝑎1 is the average of these three terms. This computes
the effect of the factor level which is defined as the deviation it causes from the overall mean previously
calculated. For example, using this same method the following would be used to calculate µ𝑐3 . It can
be seen that c3 was used in runs 3, 5, and 7 therefore the equation becomes;
1

µ𝑐3 = 3 (𝜂3 + 𝜂5 + 𝜂7 )

(27)

Since µ𝑐3 is represented in runs 3, 5 and 7. Using this approach the factor effects for each factor and
level can be found to generate the factor effect plots, which is also supported by the balancing property.
This method of estimating the factor effects is sometimes referred to as analysis of means (ANOM).
To make this approach of computing the factor effects more appropriate for a programming language
such as Matlab, the data and factor effects can be represented in matrix form as seen below.
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𝜂1
1
0
1
0
1
0
1
0
0
0
𝜂2
1
1
0
0
0
1
0
0
1
0
𝜂3
1
0
0
0
0
1
1
0
1
0
𝜂4
1
0
1
0
1
0
0
0
1
0
𝜂5 = µ̂ 1 + 𝑎̂1 0 + 𝑎̂2 1 + 𝑎̂3 0 + 𝑏̂1 0 + 𝑏̂2 1 + 𝑏̂3 0 + 𝑐̂1 0 + 𝑐̂2 0 + 𝑐̂3 1
𝜂6
1
0
1
0
0
0
1
1
0
0
𝜂7
0
0
1
0
0
1
1
1
0
0
𝜂8
1
0
0
1
0
1
0
1
0
0
[𝜂9 ]
[1]
[0]
[0]
[1]
[0]
[0]
[1]
[0]
[1]
[ 0]
0
0
1
0
1
0
0
1
0
0
0
1
+𝑑̂1 1 + 𝑑̂2 0 + 𝑑̂3 0
0
1
0
1
0
0
0
0
1
[1]
[0]
[0]

(28)

The matrix above represents the summary statistics, the overall mean and deviation from the mean for
each factor and level for each experimental run. In order to allow the inverse to be taken later in the
analysis this matrix must be simplified. Since 𝑎̂1 , 𝑎̂2 , 𝑎̂3 columns, for example, contain the “average
vector” µ̂ requires
𝑎̂1 + 𝑎̂2 + 𝑎̂3 = 0

(29)

Therefore,
𝑎̂2 = −𝑎̂1 − 𝑎̂3
𝑏̂2 = −𝑏̂1 − 𝑏̂3
𝑐̂2 = −𝑐̂1 − 𝑐̂3
𝑑̂2 = −𝑑̂1 − 𝑑̂3
This allows the matrix to be written in a simplified form as shown below. This becomes the main effects
model for this system.
𝜂1
1
1
0
1
0
0
1
0
1
𝜂2
1
1
0
−1
−1
−1
−1
−1
−1
𝜂3
1
0
1
1
0
1
0
1
0
𝜂4
1
−1
−1
1
0
−1
−1
0
1
𝜂5 = µ̂ 1 + 𝑎̂1 −1 + 𝑎̂3 −1 + 𝑏̂1 −1 + 𝑏̂3 −1 + 𝑐̂1 0 + 𝑐̂3 1 + 𝑑̂1 1 + 𝑑̂3 0
𝜂6
1
−1
−1
0
1
1
0
−1
−1
𝜂7
0
1
−1
1
1
0
0
1
−1
𝜂8
1
0
1
−1
−1
1
0
0
1
[𝜂9 ]
[1]
[0]
[1]
[0]
[1]
[−1]
[−1]
[1]
[0]

(30)

Where 𝛽̂ is defined as
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µ̂
𝑎̂1
𝑎̂3
𝑏̂1
𝛽̂ = 𝑏̂3
𝑐̂1
𝑐̂3
𝑑̂1
[𝑑̂3 ]
The estimated vector 𝛽̂ can be found by
𝛽̂ = (𝑋 𝑇 𝑋) −1 𝑋 𝑇 𝜂

(31)

Where, the matrix 𝑋 and vector 𝜂 are:
1
1
1
1
𝑋= 1
1
1
1
[1

1
1
1
−1
−1
−1
0
0
0

0
0
0
−1
−1
−1
1
1
1

1
−1
0
1
−1
0
1
−1
0

0
−1
1
0
−1
1
0
−1
1

1
−1
0
−1
0
1
0
1
−1

0
−1
1
−1
1
0
1
0
−1

𝜂1
𝜂2
𝜂3
𝜂4
𝜂 = 𝜂5
𝜂6
𝜂7
𝜂8
[𝜂9 ]

0
−1
1
1
0
−1
−1
1
0]

1
−1
0
0
1
−1
−1
0
1

A Matlab script (See Appendix B) is used to calculate the 𝛽̂ vector. 𝛽̂ is then used to compute vector
𝛾̂ which provides the data needed to produce the factor effect plots. 𝛾̂ is defined as:
𝛾̂ = [µ̂ + 𝑎̂1 , µ̂ + 𝑎̂2 , µ̂ + 𝑎̂3 , µ̂ + 𝑏̂1 , µ̂ + 𝑏̂2 , µ̂ + 𝑏̂3 , µ̂ + 𝑐̂1 , µ̂ + 𝑐̂2 , µ̂ + 𝑐̂3 , µ̂ + 𝑑̂1 , µ̂ + 𝑑̂2 , µ̂ + 𝑑̂3 ]

(32)

Where 𝛾̂ is rewritten as:
𝛾̂ = [µ̂ + 𝑎̂1 , µ̂ − 𝑎̂1 − 𝑎̂3 , µ̂ + 𝑎̂3 , µ̂ + 𝑏̂1 , µ̂ − 𝑏̂1 − 𝑏̂3 , µ̂ + 𝑏̂3 , µ̂ + 𝑐̂1 , µ̂ − 𝑐̂1 − 𝑐̂3 , µ̂ + 𝑐̂3 ,
µ̂ + 𝑑̂1 , µ̂ − 𝑑̂1 − 𝑑̂3 , µ̂ + 𝑑̂3 ]
And solving as follows,
𝛾̂ = 𝛽̂ ∗ 𝑌

(33)

Where,
1
1
0
0
𝑌= 0
0
0
0
[0

1
−1
−1
0
0
0
0
0
0

1
0
1
0
0
0
0
0
0

1
0
0
1
0
0
0
0
0

1
0
0
−1
−1
0
0
0
0

1
0
0
0
1
0
0
0
0

1
0
0
0
0
1
0
0
0

1
0
0
0
0
−1
−1
0
0

1
0
0
0
0
0
1
0
0

1
0
0
0
0
0
0
1
0

1
0
0
0
0
0
0
−1
−1

1
0
0
0
0
0
0
0
1]
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This generates the 𝛾̂ vector needed to plot the main effects.

5.4.2 Optimal Factor Levels
One of the goals of the design of experiments approach is to define the optimal input parameters to reach
a desired output given the experimental boundaries set by the test region. The optimal settings for the
experimental test region can be determined by evaluating the main effects plots as seen in Section 6.2.2.
This information is important for the development of the predictive model to provide optimal settings
needed to generate the desired aerosol characteristics.

5.4.3 Analysis of Variance
An Analysis of Variance Table (ANOVA Table) will be used to rank the influence of each input factor
analyzed in the main effects model. Different inputs affect the output characteristics to different degrees.
The relative magnitude of the factor effects can be interpreted from the main effects plots but a better
procedure to quantify the relative effect of the different factors can be obtained by the analysis of variance.
This can be seen in the following table.
Table 11 – ANOVA Table

Factor/Source

A.
B.
C.
D.

Venturi Pressure
Fluidized Bed Flowrate
Vibrator Pressure
Vibrator Angle
Totals

Degrees of

Sum of

Mean

Freedom

Squares

Square

P1
P2
P3
P4
PTotal

SA
SB
SC
SD
STotal

SA/P1
SB/P2
SC/P3
SD/P4
S/PTotal

Influence

SA / STotal
SB / STotal
SC / STotal
SD / STotal

The degrees of freedom are calculated by referring to the previous model set-up. It was shown that
𝑎2 = −𝑎1 − 𝑎3

(34)

Therefore, factor A has two degrees of freedom or P1 = 2.
The sum of squared values of 𝜂 is called the grand total sum of squares. Using the concentration as an
example:
𝐺𝑟𝑎𝑛𝑑 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 = ∑9𝑖=1 𝜂𝑖2

(35)

= (129)2 + (497)2 + ⋯ + (1450)2
= 7,429,488.2
The grand total sum of squares can be decomposed into two parts – Sum of Squares of the mean and
total sum of squares which are defined as follows:
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𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑀𝑒𝑎𝑛 = (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝. ) ∗ (µ)2

(36)

= 9 (764)2
= 5,253,264
𝑇𝑜𝑡𝑎𝑙 𝑆𝑢𝑚 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠 = ∑9𝑖=1(𝜂𝑖 − µ)

(37)

= (129 − 764)2 + (497 − 764)2 + ⋯ + (1450 − 764)2
= 2,172,941
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 = (𝑔𝑟𝑎𝑛𝑑 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠) − (𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑚𝑒𝑎𝑛)
The sum of squares due to factor A is equal to the total squared deviation from the overall mean for factor
A. There are three experiments each at levels A1, A2, and A3. Consequently, the sum of squares due to
factor A is:
= 3(𝑎1 − µ)2 + 3(𝑎2 − µ)2 + 3(𝑎3 − µ)2

(38)

= 3(129 − 764)2 + 3(497 − 764)2 + 3(1408 − 764)2

= 33,813
Following this same procedure the sum of squares due to factors B, C, and D can be found. These
values are tabulated in the Table 14 in the results.
If an error or variance term is included in the model it can also be calculated. The sum of squares due
to error is the sum of the squares of the error terms. Thus,
𝑆𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑟𝑟𝑜𝑟 = ∑9𝑖=1 𝑒𝑖2

(39)

In the present case the total number of model parameters (µ, a1, a2 …) is 13 and the number of constraints
is 4. The number of model parameters minus the number of constraints is equal to the number of
experiments ran. Therefore, the error term will be zero for each experiment. The sum of squares due to
error will also be zero. Note that this was due to the minimal amount of experiments needed to conduct
the orthogonal arrays. If time and energy was abundant more experimental runs (i.e. 18 runs) could be
used to compute the error or variance terms with the analysis of variance. This would be useful for
creating confidence intervals or error bars in the analysis.
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5.4.4 Interaction Among Input Factors
Understanding the interactions of the dominant input factors uncovered with the analysis of variance is
also an important aspect to this analysis. Analyzing the interactions among the dominant input factors
can be used to determine if they have synergistic interactions, antisynergistic interactions or have no
interaction on one other. Based on the ANOVA analysis the interactions of interest, using concentration
as an example, will be between factors B and C since they have the greatest influence on the output.
The interaction terms are found by creating a matrix that include the dominant factors along with each
combination of the interactions from those factors. For example, the interaction model for factors B and
C on concentration are shown below.
𝜂1
1
1
0
1
0
𝜂2
1
−1
−1
−1
−1
𝜂3
0
1
1
0
1
𝜂4
1
1
0
−1
−1
𝜂5 = µ̂ 1 + 𝑏̂1 −1 + 𝑏̂3 −1 + 𝑐̂1 0 + 𝑐̂3 1
𝜂6
1
0
1
1
0
𝜂7
1
1
0
0
1
𝜂8
1
−1
−1
1
0
[𝜂9 ]
[1]
[0]
[1]
[−1]
[−1]
1
0
0
0
1
1
1
1
0
0
0
1
−1
−1
0
0
̂
̂
̂
̂
+𝑏1 𝑐̂1 0 + 𝑏1 𝑐̂3 −1 + 𝑏3 𝑐̂1 0 + 𝑏3 𝑐̂3 −1
0
0
1
0
0
1
0
0
−1
0
−1
0
[0]
[0]
[−1]
[−1]

(40)

Where 𝛽̂ is defined as
µ̂
̂
𝑏1
𝑏̂3
𝑐̂1
𝛽̂ = 𝑐̂3
𝑏̂1 𝑐̂1
𝑏̂1 𝑐̂3
𝑏̂3 𝑐̂1
[𝑏̂3 𝑐̂3 ]
The estimated vector 𝛽̂ can be found using the same procedure as the main effects model
𝛽̂ = (𝑋 𝑇 𝑋) −1 𝑋 𝑇 𝜂

(41)

Where,
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1
1
1
1
𝑋= 1
1
1
1
[1

1
−1
0
1
−1
0
1
−1
0

0
−1
1
0
−1
1
0
−1
1

1
−1
0
−1
0
1
0
1
−1

0
−1
1
−1
1
0
1
0
−1

1
1
0
−1
0
0
0
−1
0

0
1
0
−1
−1
0
1
0
0

0
1
0
0
0
1
0
−1
−1

0
1
1
0
−1
0
0
0
−1]

𝜂1
𝜂2
𝜂3
𝜂4
𝜂 = 𝜂5
𝜂6
𝜂7
𝜂8
[𝜂9 ]

The 𝛽̂ values are then used to generate the values 𝐵1 𝐶1, 𝐵1 𝐶2, 𝐵1 𝐶3, etc. required to plot the interactions.
For example, 𝐵1 𝐶1, 𝐵1 𝐶2 and 𝐵2 𝐶2, which are points on the interactions plot, are computed as follows.
̂
𝐵1 𝐶1 = µ̂ + ̂
𝑏1 + 𝑐̂1 + 𝑏
1 𝑐1

(42)

̂1 + 𝑐̂2 + 𝑏
̂
𝐵1 𝐶2 = µ̂ + 𝑏
1 𝑐2
̂2 + 𝑐̂2 + 𝑏
̂
𝐵2 𝐶2 = µ̂ + 𝑏
2 𝑐2
Where the interaction terms 𝑏1 𝑐2 and 𝑏2 𝑐2, for example, can be found by
𝑏1 𝑐2 = 𝑏1 (−𝑐1 − 𝑐3 ) = −𝑏1 𝑐1 −𝑏1 𝑐3

(43)

𝑏2 𝑐2 = (−𝑏1 −𝑏3 )(−𝑐1 − 𝑐3 ) = −𝑏1 𝑐1 −𝑏1 𝑐3
Therefore, the above equations can be rewritten as
̂1 − 𝑐̂1 − 𝑐̂3 − 𝑏
̂
̂
𝐵1 𝐶2 = µ̂ + 𝑏
1 𝑐1 − 𝑏1 𝑐3

(44)

̂1 − 𝑏
̂3 − 𝑐̂1 − 𝑐̂3 + 𝑏
̂
̂ ̂ ̂
𝐵2 𝐶2 = µ̂ − 𝑏
1 𝑐1 + 𝑏1 𝑐3 + 𝑏3 𝑐1 + 𝑏3 𝑐3
Using this approach all of the interaction terms needed to generate the interaction plots as seen in Section
6.2.4 can be found.
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5.5 Predictive Model
By using the main effects model previously constructed it is possible to predict the output based on
selected input settings. To increase prediction accuracy the predictive model only includes the two
highest influencers. Note that since the sum of squares of factors A and D are small, using the
concentration analysis as an example, they will not be included in predicting the values. These factors
can be ignored because if contributions from all factors are included, it will be seen that the predicted
improvements of 𝜂̂ exceed the actual realized improvements; that is, the prediction would be biased
towards the higher end. By ignoring the contributions from factors with small sum of squares, this bias
can be reduced. This is a rule of thumb outlined by Taguchi et al. [53]. The interaction terms from the
interaction model previously constructed that have a significant influence can also be included in the
predictive model to improve predictions. Although, the predictive model of interest will not include the
interaction terms due to the small influence they have on the model. This, along with a variance and
error model, can be added to the predictive model if desired with further experimentation and testing to
improve prediction accuracy.

5.5.1 Optimal Setting
As a starting point for the predictive model it is desired to develop a prediction for the optimal settings.
The optimal settings for the highest concentration, for example, have previously been determined based
on the main effects plots and ANOVA analysis to be A3, B3, C3, D1. To predict an estimate of the
concentration value 𝜂̂ at these settings a predictive model was developed based on the main effects
model. This value 𝜂̂ at input settings A3, B3, C3, D1 is represented as 𝜂̂ 𝐴3 𝐵3 𝐶3 𝐷1 which is composed of the
sum of the overall mean µ̂ and the effect of the factor levels at 𝑎̂3 , 𝑏̂3 , 𝑐̂3 , 𝑑̂1 . This is shown in the
following equation.
𝜂̂ 𝐴3 𝐵3 𝐶3 𝐷1 = µ̂ + 𝑎̂3 + 𝑏̂3 + 𝑐̂3 + 𝑑̂1

(45)

This can be written in vector form as

𝜂̂ 𝐴3 𝐵3 𝐶3 𝐷1

µ
𝑎1
𝑎3
𝑏1
𝑏
= [1 0 1 0 1 0 1 1 0] 3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

Taking the 𝛽̂ vector computed in the main effects analysis and multiplying it by a vector that
represents A3, B3, C3, D1 results in a prediction of the concentration at those settings.
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Likewise, the same procedure can be used to estimate the value 𝜂̂ for the mean particle size at the
optimal settings A3, B1, C1, D2 as follows.
𝜂̂ 𝐴3 𝐵1 𝐶1 𝐷2 = µ̂ + 𝑎̂3 + 𝑏̂1 + 𝑐̂1 + 𝑑̂2

(46)

In vector form,

𝜂̂ 𝐴3 𝐵1 𝐶1 𝐷2

µ
𝑎1
𝑎3
𝑏1
𝑏
= [1 0 1 1 0 1 0 − 1 − 1] 3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

Where 𝜂̂ 𝐴3 𝐵1 𝐶1 𝐷2 is an estimation of the mean particle size at A3, B1, C1, D2.

5.6 Model Validation
After developing the predictive model based on the information gathered from the factor effects, optimal
settings, degree of input influence and interactions among factors; the model must be tested and
validated. This is done by comparing predictions made by the developed model with experiments not
conducted in the experimental test matrix from which the model was constructed. The predictions used
to validate this model will correspond to runs 2, 6, 7, 9, 10 and 12 conducted in the preliminary testing for
comparison. These runs were chosen to compare the predictive model because they represent the high,
mid and low settings of each parameter conducted in the preliminary testing matrix. This will be used to
validate the prediction model and calculate the error for each prediction.

5.6.1 Prediction Tests
The prediction tests are conducted to test the accuracy of the predictive model estimations. These tests
include:

5.6.1.1 Prediction Test Midpoint (Preliminary Run 2)
A prediction test at the midpoint settings A2, B2, C2, D2 is represented as follows.
𝜂̂ 𝐴2 𝐵2 𝐶2 𝐷2 = µ̂ + 𝑎̂2 + 𝑏̂2 + 𝑐̂2 + 𝑑̂2

(47)

75

𝜂̂ 𝐴2 𝐵2 𝐶2 𝐷2

µ
𝑎1
𝑎3
𝑏1
𝑏
= [1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1] 3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

5.6.1.2 Prediction Test 1(Preliminary Run 6)
A prediction test corresponding to preliminary run 6 which represents settings A2, B2, C3, D1 is represented
as follows.

𝜂̂ 𝐴2 𝐵2 𝐶3 𝐷1 = µ̂ + 𝑎̂2 + 𝑏̂2 + 𝑐̂3 + 𝑑̂1

𝜂̂ 𝐴2 𝐵2 𝐶3 𝐷1

(48)

µ
𝑎1
𝑎3
𝑏1
𝑏
= [1 − 1 − 1 − 1 − 1 − 1 − 1 1 0] 3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

5.6.1.3 Prediction Test 2 (Preliminary Run 7)
A prediction test corresponding to preliminary run 7 which represents settings A2, B1, C2, D1 is represented
as follows.
𝜂̂ 𝐴2 𝐵1 𝐶2 𝐷1 = µ̂ + 𝑎̂2 + 𝑏̂1 + 𝑐̂2 + 𝑑̂1

𝜂̂ 𝐴2 𝐵1 𝐶2 𝐷1

(49)

µ
𝑎1
𝑎3
𝑏1
= [1 − 1 − 1 1 0 − 1 − 1 1 0] 𝑏3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

5.6.1.4 Prediction Test 3 (Preliminary Run 9)
A prediction test corresponding to preliminary run 9 which represents settings A2, B3, C2, D1 is represented
as follows.
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𝜂̂ 𝐴2 𝐵3 𝐶2 𝐷1 = µ̂ + 𝑎̂2 + 𝑏̂3 + 𝑐̂2 + 𝑑̂1

𝜂̂ 𝐴2 𝐵3 𝐶2 𝐷1

(50)

µ
𝑎1
𝑎3
𝑏1
= [1 − 1 − 1 0 1 − 1 − 1 1 0] 𝑏3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

5.6.1.5 Prediction Test 4 (Preliminary Run 10)
A prediction test corresponding to preliminary run 10 which represents settings A 1, B2, C2, D1 is
represented as follows.
𝜂̂ 𝐴1 𝐵2 𝐶2 𝐷1 = µ̂ + 𝑎̂1 + 𝑏̂2 + 𝑐̂2 + 𝑑̂1

𝜂̂ 𝐴1 𝐵2 𝐶2 𝐷1

(51)

µ
𝑎1
𝑎3
𝑏1
= [1 1 0 − 1 − 1 − 1 − 1 1 0] 𝑏3
𝑐1
𝑐3
𝑑1
[𝑑3 ]

5.6.1.6 Prediction Test 5 (Preliminary Run 12)
Lastly, the prediction test corresponding to preliminary run 12 which represents settings A 3, B2, C2, D1 is
represented as follows.
𝜂̂ 𝐴3 𝐵2 𝐶2 𝐷1 = µ̂ + 𝑎̂3 + 𝑏̂2 + 𝑐̂2 + 𝑑̂1

𝜂̂ 𝐴3 𝐵2 𝐶2 𝐷1

(52)

µ
𝑎1
𝑎3
𝑏1
𝑏
= [1 0 1 − 1 − 1 − 1 − 1 1 0] 3
𝑐1
𝑐3
𝑑1
[𝑑3 ]
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5.6.2 Prediction Error
Once the predictions are made using the predictive model and prediction tests outlined above it is
required to compare the estimations to the experimental results in the preliminary test matrix. There the
prediction error of the model can be determined. The prediction error is computed as follows:
% 𝐸𝑟𝑟𝑜𝑟 = |

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
|∗
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(100)

(53)

The prediction errors for each prediction test are tabulated in Section 6.4.
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CH. 6

RESULTS

6.1 Experimental Results
The sampling procedure provides the raw data for the observations of each experimental run conducted
as outlined in the experiment procedure. An example of the raw data collected from the SMPS is shown
below.

157.2 nm

Figure 40 - Size Distribution Example (Run 12 Preliminary Test Matrix)

As seen in Figure 40 the SMPS displays the real time particle size distribution on a log scale. The particle
size distribution shows a single peak distribution with a geometric mean particle size at 157.2 nm for this
specific example. The SMPS program generates the values seen in Figure 41 below.

Figure 41 - Statistic Table Example as Displayed by the SMPS (Run 12 Preliminary Test Matrix)

For this raw data collection the geometric mean particle size (nm), geometric standard deviation and total
concentration based on the number particle size calculation is of interest as seen highlighted in the figure
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above. This raw data was collected and reduced as outlined in the data reduction section to populate
the tables within this chapter.

6.1.1 Test Compound
The sample compound used for the experimental testing was independently characterized by the
Electron Microscopy Facilities located in the Engineering Sciences Building at West Virginia University.
The aerosols were pulled onto filter paper using a vacuum pump in order to conduct Scanning Electron
Microscopy (SEM) of the sample. A Hitachi S-4700 Scanning Electron Microscope was used to image
the particles which can be seen in Figure 42 below.

~ 400 nm

~ 100 nm

Figure 42 - SEM Image of Aerosol Sample

The SEM image shows agglomerations of SiO2 particles with sizes ranging from 50 - 500 nm which
confirm the aerosols measured by the SMPS. Higher resolution images may be achieved by using other
characterization techniques if needed.

80

6.1.2 Preliminary Test Matrix Results
The experimental procedure for the preliminary test matrix was conducted and recorded.

The

corresponding reduced data is shown in Table 12 below.
Table 12 – Preliminary Test Matrix Results

Input Factors
Expt. No.

Output Particle Characteristics

Venturi

Fluidized

Vibrator

Vibrator

Particle

Geometric

Standard

Pressure

Bed Flow

Pressure

Orientation

Concentration

Mean Particle

Deviation

(1 x

103)

(psig)

Rate (LPM)

(psig)

(degrees)

Size (nm)

1

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

764

156.6

2.33

2

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

541

145.8

2.31

3

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

383

142.3

2.28

4

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

213

137.8

2.27

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

828

157.0

2.30

6

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

72 𝑃𝑆𝐼

0°

911

151.1

2.33

7

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

423

142.2

2.30

8

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

892

157.0

2.30

9

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

1,289

157.7

2.37

10

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

521

164.1

2.39

11

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

956

157.0

2.30

12

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

729

143.1

2.32

For each experimental run the reduced data for the output particle characteristic of interest;
concentration, geometric mean size and standard deviation was used to populate the above table. This
data provides a fundamental understanding with regards to factor effects and will later be used for model
validation with the prediction tests.
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6.1.3 Experimental Test Matrix Results
Likewise, the experimental test matrix and the corresponding reduced data is shown in Table 13 below.
Table 13 – Experimental Test Matrix Results

Input Factors

Output Particle Characteristics

Expt.

Venturi

Fluidized Bed

Vibrator

Vibrator

Particle

Mean Particle

Standard

No.

Pressure

Flow Rate

Pressure

Orientation

Concentrati

Size (nm)

Deviation

(psig)

(LPM)

(psig)

(degrees)

on (1 x 103)

1

35 𝑃𝑆𝐼

1 𝐿𝑃𝑀

35 𝑃𝑆𝐼

0°

129

161.0

2.36

2

35 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

55 𝑃𝑆𝐼

45°

497

167.0

2.42

3

35 𝑃𝑆𝐼

2 𝐿𝑃𝑀

75 𝑃𝑆𝐼

90°

1,408

180.4

2.43

4

55 𝑃𝑆𝐼

1 𝐿𝑃𝑀

55 𝑃𝑆𝐼

90°

181

147.8

2.35

5

55 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

75 𝑃𝑆𝐼

0°

1,282

177.3

2.42

6

55 𝑃𝑆𝐼

2 𝐿𝑃𝑀

35 𝑃𝑆𝐼

45°

940

154.5

2.34

7

75 𝑃𝑆𝐼

1 𝐿𝑃𝑀

75 𝑃𝑆𝐼

45°

619

145.3

2.27

8

75 𝑃𝑆𝐼

1.5 𝐿𝑃𝑀

35 𝑃𝑆𝐼

90°

373

142.5

2.29

9

75 𝑃𝑆𝐼

2 𝐿𝑃𝑀

55 𝑃𝑆𝐼

0°

1,450

161.5

2.36

For each experimental run the reduced data for the output particle characteristics of interest;
concentration, geometric mean size and standard deviation was used to populate the above table. This
data provided the necessary information for the modeling analysis.
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6.2 Data Analysis Results
After reducing the experimental data and populating the tables above the factor effects plots, optimal
settings, ANOVA analysis, factor interactions and predictive models can be generated. These are done
for each output parameter of interest separately. The output parameters of interest include: particle
concentration, geometric mean particle size and geometric standard deviation.

6.2.1 Factor Effects
The factor effects are computed as outlined in Section 5.4. Using Matlab, the factor effects plots for

Concentration

concentration, geometric particle size and standard deviation are generated and shown below.

psig

LPM

psig

degrees

Figure 43 - Factor Effect Plot for Particle Concentration

Figure 43 represents the factor effect plots for the particle concentration at the various input settings. It
can be seen from these plots that the fluidized bed flow (Factor B) and vibrator pressure (Factor C) have
a significant influence on the concentration output as seen by the slope of the curves. Additionally, the
optimal settings can be determined from these plots by analyzing the settings that produce the highest
concentrations.
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Particle Size

Figure 44 below represents the factor effect plots for the mean particle size at the various input settings.

psig

LPM

psig

degrees

Figure 44 - Factor Effect Plot for Mean Particle Size

It can be seen from the plots above that all four input factors have influence on the mean particle size
output. As before, the optimal settings can be determined from these plots by analyzing the settings that
produce the smallest mean particle size.
Figure 45 below represents the factor effect plots for the standard deviation of the particle distribution at

Standard Deviation

the various input settings.

psig

LPM

psig

degrees

Figure 45 - Factor Effect Plot for Geometric Standard Deviation
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It can be seen from the plots above that all four input factors have influence on the standard deviation
although under closer examination little change actually occurs. As before, the optimal settings can be
determined from these plots by analyzing the settings that produce the smallest standard deviation with
the goal of producing tighter, single peak distributions.

6.2.2 Optimal Factor Levels
By evaluating the main effects plots it can be seen that the optimal setting for the highest particle
concentration would be A3, B3, C3, and D1. This is demonstrated in Figure 46 below.

Figure 46 - Optimal Settings (Concentration)

Likewise, the optimal settings for the smallest geometric mean particle size would be A3, B1, C1, and D2
as seen in Figure 47.
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Figure 47 - Optimal Settings (Particle Size)

Lastly, the optimal settings for the smallest geometric standard deviation or tightest single peak
distribution would be A3, B1, C1, and D2 although there is little variation in distribution throughout the entire
experimental range.

Figure 48 - Optimal Settings (Standard Deviation)

6.2.3 Analysis of Variance
As interpreted from the main effects plots each input parameter can be seen to have an effect on the
output. This can be better quantified by conducting an analysis of variance. The ANOVA table is used
to quantify and rank the influence of each factor on the output. The results of the ANOVA analysis are
tabulated below.
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Table 14 – ANOVA Table for Concentration

Factor/Source

Degrees of

Sum of

Mean

(Concentration)

Freedom

Squares

Square

A. Venturi Pressure

2

33,813

16,907

1.6%

B. Fluidized Bed Flowrate

2

1,381,336

690,668

63.6%

C. Vibrator Pressure

2

593,523

296,761

27.3%

D. Vibrator Angle

2

162,789

81,395

7.5%

8

2,171,461

1,085,730

100%

Total

Influence

Thus, factor B represents a major portion of the total variation for particle concentration. As seen in the
table it is responsible for (1,381,336/2,171,461.5)*100 = 63.6% of the variation to the overall mean.
Factor C is responsible for the second largest at 27.3%.

Table 15 - ANOVA Table for Particle Size

Factor/Source

Degrees of

Sum of

Mean

(Mean Particle Size)

Freedom

Squares

Square

A. Venturi Pressure

2

583

291

39.7%

B. Fluidized Bed Flowrate

2

328

164

22.3%

C. Vibrator Pressure

2

340

170

23.2%

D. Vibrator Angle

2

217

108

14.8%

8

1468

734

100%

Total

Influence

As seen in Table 15 above factor A represents a major portion of the total variation in particle size. As
seen in the table it is responsible for (583/1468)*100 = 39.7% of the variation to the overall mean. Factors
B and C are responsible for the next largest variation of 22.3% and 23.2% respectfully.
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Table 16 - ANOVA Table for Standard Deviation

Factor/Source

Degrees of

Sum of

Mean

(Standard Deviation)

Freedom

Squares

Square

A. Venturi Pressure

2

.0144

.0072

57.5%

B. Fluidized Bed Flowrate

2

.0047

.0023

18.5%

C. Vibrator Pressure

2

.0039

.002

15.7%

D. Vibrator Angle

2

.0021

.001

8.3%

8

.0251

.0126

100%

Total

Influence

As seen in Table 16 above factor A represents a major portion of the total variation in the standard
deviation. As seen in the table it is responsible for (.0144/.0251)*100 = 57.5% of the variation to the
overall mean. Factors B and C are responsible for the next largest variation of 18.5% and 15.7%
respectfully.
The ANOVA analysis allows each factor to be represented in terms of the influence it has on the output.
This can, alternatively, be represented graphically as seen in the figures below.
70
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Input Factor
Figure 49 – Influence of each factor on Concentration

Figure 49 represents the influence each factor has on the concentration. As previously determined
factors B and C have the dominating influence on the output concentration making up ~ 90 % of the
overall influence.
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Figure 50 - Influence of each factor on Particle Size

Figure 50 represents the influence each factor has on the mean particle size. As previously determined
factor A has the dominating influence with factors B and C following. Factors A, B and C make up ~ 85
% of the overall influence on particle size output.
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Figure 51 - Influence of each factor on Standard Deviation
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Figure 51 represents the influence each factor has on the standard deviation. As previously
determined factor A has the dominating influence with factors B and C following. Factors A, B and C
make up > 90 % of the overall influence on standard deviation.

6.2.4 Interaction Among Input Factors
The interactions of the two dominant factors for the concentration are shown in Table 17 below.
Table 17 - Interaction Values for Factors B and C on Concentration

Interaction

̂
𝑏1 𝑐1

̂
𝑏
1 𝑐2

̂
𝑏
1 𝑐3

̂
𝑏
2 𝑐1

̂
𝑏
2 𝑐2

̂
𝑏
2 𝑐3

̂
𝑏
3 𝑐1

̂
𝑏
3 𝑐2

̂
𝑏
3 𝑐3

Conc. (1x103)(#/cm3)

103

-73.67

-29.33

-60.67

-165.33

226

-42.33

239

-196.66

It can be noted that only the larger interactions would be of interest in this model.

These

̂
̂
interactions, ̂
𝑏2 𝑐2 , 𝑏̂
2 𝑐3 , 𝑏3 𝑐2 and 𝑏3 𝑐3 , which are bold and highlighted in red in the table above can be
seen as significant. This is evident in the interactions plot, as seen in Figure 52, between B and C below
when comparing to the main effects plot, which does not include interactions, in Figure 53.
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Figure 52 - Interaction Plot for Factors B and C on Concentration
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Figure 53 – Main Effects Plot for Factors B and C on Concentration

It can be seen that the larger interactions occur at the points that have been identified as significant. This
can be represented as a surface plot to help visualize the output with the chosen input settings.
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Figure 54 – Interaction Surface Plot for Factors B and C on Concentration
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It can be seen from Figure 54 the concentration that can be achieved with the various combinations of
factors B and C. Although slight interaction among certain combinations of input factors have been
identified, they are not significant enough to include in the model at this time.

6.3 Predictive Model Results
A Matlab script for the predictive model was written (See Appendix B) to compute the desired predictions.
Based on the optimal settings determined previously in this chapter the predictive model can be used to
estimate the concentration and mean particle size at these settings. The optimal settings for the highest
concentration are A3, B3, C3, and D1. The predictive model estimates the concentration of these settings
at 1604 x 103 (#/cm3). Likewise, the predictive model estimates the geometric mean particle size at the
optimal settings of A3, B1, C1, and D2 to be 130.3 nm. These results are tabulated in the table below.
Table 18 - Prediction Results for Optimal Settings

Input Factors
A. Venturi

Optimal Settings

B. Fluidized Bed

Output Estimations

C. Vibrator

D. Vibrator

Concentration
(1 x

103)

Mean Particle

Pressure

Flow Rate

Pressure

Orientation

Size (nm)

A3, B3, C3, D1

75 𝑃𝑆𝐼

2 𝐿𝑃𝑀

75 𝑃𝑆𝐼

0°

1,604

163.5

A3, B1, C1, D2

75 𝑃𝑆𝐼

1 𝐿𝑃𝑀

35 𝑃𝑆𝐼

45°

76

130.3

6.4 Modeling Validation Results
To validate the predictive model estimations, the preliminary test matrix results were used for comparison.
These values were used because none of the experiments conducted in the preliminary test matrix share
the same settings of those in the experimental test matrix. The predictive model was used to estimate
the concentration and geometric particle size of runs 2, 6, 7, 9, 10 and 12 from the preliminary test matrix
results. The predicted values were compared to the experimental value and used to compute the
prediction error of the model.
Table 19 - Prediction Error for Concentration (#/cm3)

Expt. No.

Experimental

Predicted

Error

2
6
7
9
10
12

541
911
423
1289
521
729

583
1056
444
1245
576
712

8%
16%
5%
3%
11%
2%
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Table 19 above shows the experimental value alongside the predicted value for concentration. This
comparison is used to predict the percent error of the prediction. The same comparison is conducted for
the mean particle size below in Table 20.
Table 20 - Prediction Error for Geometric Particle Size (nm)

Expt. No.

Experimental

Predicted

Error

2
6
7
9
10
12

145.8
151.1
142.2
157.7
164.1
143.1

157.4
167.8
150.6
164.7
168.5
148.8

8%
11%
6%
4%
3%
4%

6.5 Repeatability Study
A repeatability study was conducted to validate that the developed system is repeatable and consistent
over time. The midpoint settings A2, B2, C2, D2 were used for this study.

The following repeatability

observations were recorded.
Table 21 - Repeatability Study

Date

Concentration
(#/cm3)

Mean Particle Size
(nm)

St. Deviation

Time (Hrs.)

17-Oct
17-Oct

764
1031

156.6
156.6

2.33
2.28

1:00
6:00

19-Oct
19-Oct

892
1203

154.5
157.7

2.38
2.33

7:00
12:00

20-Oct
20-Oct

1026
1384

163.0
163.0

2.21
2.21

13:00
18:00

Based on the repeatability study data presented in Table 21 it was found that the concentration gradually
increases over time. This is primarily due to particle accumulation on the inner surface of the system and
experimental set-up. Although the concentration gradually increases the mean particle size and standard
deviation have little to no variation over time. Figure 55 below is used to illustrate the accumulation of
concentration over time.
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Concentration Accumulation Plot
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Figure 55 - Concentration Accumulation Factor Plot

It can be seen from Figure 55 that the concentration accumulates as the system runs. This is evident
between hours 1:00 - 6:00 with an almost identical trend observed between hours 7:00 - 12:00 and 13:00
- 18:00. This is primarily due to particle build up within the system over time as the system is being
operated. To account for this accumulation of particles over time concentration accumulation factors
were developed for during a run as well as for following a previous run cycle. During a system run it can
be seen that the concentration will increase roughly 300 (#/cm3) over a 5 hour timeframe. Therefore,
using the slope of this line the concentration increase due to time while running can be defined as
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (#/𝑐𝑚3) = 60 ∗ 𝑡 (ℎ𝑟𝑠)

(54)

This accounts for the accumulation in the system as it is running.
To account for the accumulation from a previous run a second equation can be defined. For this case,
as the system is shut down, allowed to settle and restarted the following 24 hours it can be seen to retain
a residual concentration from the previous run. This accumulation due to the residual is represented by
the slope of the trend line in Figure 55. Between system runs the concentration accumulation due to
residual can be defined as follows.
𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝐸𝑛𝑑−𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑆𝑡𝑎𝑟𝑡
)
2

𝑁𝑒𝑤 𝑆𝑡𝑎𝑟𝑡 = 𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑆𝑡𝑎𝑟𝑡 + (

(55)

Where the residual from the previous run can be accounted for in the new run to be started.
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6.6 Results Discussion
The experimental results have demonstrated that the nanoparticle aerosol generation system produces
a unimodal particle size distribution with a geometric mean particle size below 200 nm, standard deviation
under 2.5 and the ability to hold consistent long term concentrations. Off line particle characterization
confirmed aerosol measurements made during the test experiments. The factor effects analysis has
shown that each input factor chosen for this model has an effect on the output. This highlights an
appropriately designed experiment which was outlined in Ch. 5. Although each factor has some degree
of influence, it must be noted that each input factor has a different effect and degree of influence on the
output characteristics. The developed model for this system was also demonstrated to accurately predict
outputs based on input settings with an average prediction accuracy of 92.5% and 94% for particle
concentration and size respectfully. Optimal settings were determined to be achieved at levels A3, B3,
C3, D1 and A3, B1, C1, D2 for particle concentration and size respectfully. Furthermore, the system was
demonstrated to be repeatable when applying the concentration accumulation factor.
When reviewing the results of the factor effects for concentration it can be seen that there are two driving
input factors that control the output concentration. These factors being the flowrate through the fluidized
bed and the vibrator pressure. This confirms fundamental review and previous intuition that flowrate
through the fluidized bed is primarily responsible for particle concentration control. It can also be noted
that this control is almost linear in regards to input manipulation and output response. It was also found
that the vibrator pressure has an almost linear response but with slightly less influence on output. It can
also be noted here that there was a slight interaction among factors B and C on concentration. The
results from the interactions analysis may suggest the presence of a resonance frequency in the system
which may explain these interactions. The orientation of the vibrator has shown to have a slight effect
on the output and is recommended to operate in the vertical position unless smaller particles are desired.
Lastly, the venturi pressure proved to have little effect on the concentration output when operated in the
experimental region as tested in this study.
Based on the factor effects analysis for particle size output it can be seen that the venturi pressure has
a dominant influence on the output in a linear fashion. This makes sense providing the nature of the
venturi and use of the high shear flow and expansion to deagglomerate particles. Based on these findings
the venturi pressure should be run at the highest pressure recommended by the venturi manufacturer.
This allows the highest concentration with the lowest mean particle size to be achieved. With regards to
the fluidized bed flow and vibrator pressure it can be seen that particle size increases as these factors
are increased. It can be noted that while factors B and C are used to increase concentration the mean
particle size also increases almost linearly with the concentration. This shows a direct relationship
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between mean particle size and concentration. As the concentration increases (increased area under
the particle size distribution curve) the mean particle size will inherently shift. Lastly, although it is
recommended to operate the vibrator in the vertical direction the orientation may be adjusted to 45
degrees in order to help reduce overall particle size when desired.
Standard deviation has proven to have little variation among all the experiments with all values typically
falling within 2.3 - 2.4. The factor effects analysis can still be used to achieve a lower standard deviation
or tighter size distribution if desired. It can be seen that the lowest standard deviation is achieved when
the venturi pressure is again at its maximum with similar relationships to the mean particle size with
factors B, C and D. Furthermore, as the dominant factors used to increase concentration are increased
the particle size and size distribution are also increased.
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CH. 7

SUMMARY AND CONCLUSIONS

The nanoparticle aerosol generation system has potential to be commercialized as a research tool as
well as in diverse consumer and commercial applications. Achieving the full potential of this technology
depends on research and development on many fronts. As a preluding step to commercialization a series
of design and experimental testing based investigations have been presented to characterize and
advance the understanding of the technology.
The work presented in this dissertation contributes to advancing the nanoparticle aerosol generation
technology in three primary areas which support the central hypothesis. The central hypothesis being
that the particle size and concentration (output) can be varied by precise manipulation of the input
parameters. Moreover, the output (particle size and concentration) can be set to a desired value based
on a predictive mathematical model constructed experimentally. The first contribution is providing a
fundamental analysis of the technology in order to size and spec components for the desired system to
be developed. To achieve this a fundamental review of the operation is presented along with an analytical
analysis of the specific components and overall system. This is followed by the second contribution with
the development and demonstration of the controllable system which is later used for experimental testing
and modeling analysis. The experimental testing of the controllable system provides valuable information
for further development. The third contribution presented in this dissertation is a greater understanding
of the nanoparticle aerosol generation system through experimental modeling. An experimental model
was used to develop a predictive tool to optimize the settings over the set experimental range which were
defined by the initial hardware specifications. The experimental mathematical model was then tested
with respect to the experimental testing results. This allowed for the accuracy of the model to be
quantified. The modeling results demonstrate that the system is capable of varying both concentration
and particle size by precise manipulation of the input parameters. Moreover, these values can be
predicted based on the mathematical model constructed experimentally. The model proved to be
effective with an average prediction accuracy of 92.5% and 94% for particle concentration and size
respectfully.
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CH. 8

RECOMMENDATIONS AND CONTINUED WORK

The nanoparticle aerosol generator has already had a significant impact on the identification of toxic level
of nanomaterial for inhalation exposures.

Furthermore, in addition to its inhalation toxicology and

research applications, development of this technology will be continued for new applications such as: 1)
clinical applications - pulmonary aerosol drug delivery devices; and 2) industrial applications nanomaterial surface coating applications, nano-composite generation techniques and nanoscale
chemical processes. It is believed that this technology will be used to support future developments in
the nanotechnology space and help bring to market more efficient drug delivery systems, new optical
coatings and new materials with unique physical/electrical properties.
Continuous development of the nanoparticle aerosol generator will proceed in order to make the
generator more efficient and capable of aerosolizing new nanomaterials of interest to researchers and
the commercial markets. The developed system and mathematical model are able to be modified or
adjusted to accommodate many future research goals. This provides a foundation for future endeavors
that may involve further research, development or commercialization of the technology.
The questions and assumption throughout this work may be further explored with the knowledge gained
as a result of this dissertation. With this gained knowledge it is recommended to explore the minimum
and maximums of the system outputs and where the system converges or diverges. For example, this
was seen in the venturi pressure on the concentration. The venturi started to reach its peak influence on
concentration between levels 2 and 3 suggesting that it converges at level 3. This analysis should be
further explored for the remaining factors on each output characteristic. Additionally, a fundamental
energy analysis of the system should be explored. Energy is required to break up and aerosolize the
particles. As the desired particle sizes become smaller more energy is needed. It would be helpful to
analyze this on a pure energy basis to compare the energy required to deagglomerate particles at the
desired size vs. the energy being introduced to the system.
It is recommended to explore charge and magnetism models for both the device and the aerosolized
particles. This has been initiated with the development of a stainless steel prototype as seen in Figure
56 below in an effort to better understand the effect of system charge, charge of particles and the related
aerosol response.

98

Figure 56 – Stainless Steel Prototype

The stainless steel unit above will allow the device to be grounded and retain a negative charge to
eliminate the question of static charge buildup within the particle chamber. To extend this measure Teflon
tubing is used for the transportation of the aerosol to the test chamber. While this effort allows grounding
of the hardware components additional techniques may be used to control or influence the charge of the
aerosolized particles. These methods, as previously described in section 1.4.1, include:
I.

Field charging by passing the particles through an electrical field

II.

Diffusion charging which is due to thermal collisions between particles and ions

III.

Photoelectron charging in which electrons are emitted from particles by UV irradiation

A vibrations study is recommended to explore the response of variation in vibrational energy on the
system. It has been shown that vibrational energy plays a significant role in the system and should be
further explored to quantify parameters such as resonance, frequency and force regions. A method to
adjust vibrational frequency and force independently is recommended to study these effects.
A study with variation in the uncontrollable parameters described in the initial system modeling is
recommended. For example, the venturi, vibrator and baffle sizing should be explored. The baffle design
should be analyzed in an effort to characterize the effects of the hole location, tube length, tube diameter,
etc. Additionally, various fluidized bed techniques can be explored. These recommended investigations
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will provide valuable information for scalability and similitude studies. Dimensionless modeling, using the
Buckingham Pi Theorem, is recommended to achieve this scalability and to uncover important
relationships such as the influence of the generator size and dimensions on the output characteristics.
Lastly, based on the repeatability study and the accumulation observations that were made in regards to
the concentration it is recommended to clean the system regularly. The accumulation factor can be used
to help predict input settings between runs and cleanings. With the results of the study it is recommended
to clean roughly every 8 – 16 hours of run time to reduce the influence of accumulation on the operation.
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APPENDIX A
List of aerosol generators said to generate aerosols in the nano range:


Write Dust Feed from TSE Systems



Vilinus Dry Powder Aerosol Generator from CH Technologies



Dust Generator Bundschuh from TSE Systems



Dust Generator Budiman from TSE Systems



Fluid Bed Aerosol Generator from Intox



Venturi Dispenser from Intox



Slide Action Powder Generator from Intox



MG100 from Naneum



NG100 from Naneum



BEG Series Powder Dispersers from Palas



RBG Series Powder Dispersers from Palas



Fluidized Bed Generator 3400A from TSI Incorporated



Small Scale Powder Disperser 3433 from TSI Incorporated



Dust Feeder SAG 440 from Topas Gmbh



Dust Disperser SAG 420 from Topas Gmbh



Dust Generator SAG 410 from Topas Gmbh
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Test Sample Data Sheet:
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APPENDIX B
%%%Concentration Model%%%
clear;
clc;
close all
%
X
0
0

Define X matrix
= [1 1 0 1 0 1 0 1 0;1 1 0 -1 -1 -1 -1 -1 -1;1 1 0 0 1 0 1 0 1;1 -1 -1 1 0 -1 -1
1;1 -1 -1 -1 -1 0 1 1 0;1 -1 -1 0 1 1 0 -1 -1;1 0 1 1 0 0 1 -1 -1;1 0 1 -1 -1 1 0
1;1 0 1 0 1 -1 -1 1 0];

% Define solution set Nu
NU_Conc = [129;497;1408;181;1282;940;619;373;1450];
% Calculates X'X
XTX = X'*X;
% Calculates inverse of X'X
XTX_INV = inv(X'*X);
% Calculates B_hat estimates
B_HAT = inv(X'*X)*X'*NU_Conc;
B_HAT_T = B_HAT';
% Calculates main effects plot vector
BX=[1 1 1 1 1 1 1 1 1 1 1 1;1 -1 0 0 0 0 0 0 0 0 0 0;0 -1 1 0 0 0 0 0 0 0 0 0;0 0 0
1 -1 0 0 0 0 0 0 0;0 0 0 0 -1 1 0 0 0 0 0 0;0 0 0 0 0 0 1 -1 0 0 0 0;0 0 0 0 0 0 0
-1 1 0 0 0;0 0 0 0 0 0 0 0 0 1 -1 0;0 0 0 0 0 0 0 0 0 0 -1 1];
Conc=(B_HAT')*(BX);
%Prediction of Optimal Settings for Highest Concentration (A3 B3 C3 D1)
X0T=[1 0 0 0 1 0 1 0 0];
Highest_concentration_estimate=(X0T)*(B_HAT)
%Prediction of mid point settings (A2 B2 C2 D2_Run 2)
X1T=[1 0 0 -1 -1 -1 -1 -1 -1];
Midpoint_concentration_estimate_Run_2=(X1T)*(B_HAT)
%Prediction of low point settings (A1 B1 C1 D3)
X2T=[1 0 0 1 0 1 0 0 0];
Lowest_concentration_estimate=(X2T)*(B_HAT)
%Prediction test (A2 B2 C1 D1_Run 4)
X3T=[1 0 0 -1 -1 1 0 0 0];
test_concentration_estimate_Run_4=(X3T)*(B_HAT)
%Prediction test (A2 B2 C3 D1_Run 6)
X4T=[1 0 0 -1 -1 0 1 0 0];
test_concentration_estimate_Run_6=(X4T)*(B_HAT)
%Prediction test (A2 B1 C2 D1_Run 7)
X4T=[1 0 0 1 0 -1 -1 1 0];
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test_concentration_estimate_Run_7=(X4T)*(B_HAT)
%Prediction test (A2 B3 C2 D1_Run 9)
X4T=[1 -1 -1 0 1 -1 -1 0 0];
test_concentration_estimate_Run_9=(X4T)*(B_HAT)
%Prediction test (A1 B2 C2 D1_Run 10)
X4T=[1 1 0 -1 -1 -1 -1 0 0];
test_concentration_estimate_Run_10=(X4T)*(B_HAT)
%Prediction test (A3 B2 C2 D1_Run 12)
X4T=[1 0 1 -1 -1 -1 -1 0 0];
test_concentration_estimate_Run_12=(X4T)*(B_HAT)
% Main Effects Plots
Conc1=[678; 801; 814];
Conc2=[310; 717; 1266];
Conc3=[481; 709; 1103];
Conc4=[954; 685; 654];
VenPres=[35 55 75];
FBFlow=[1 1.5 2];
VibPres=[35 55 75];
Vibangle=[0 45 90];
figure(1)
subplot(1,4,1)
plot(VenPres,Conc1)
title('Venturi Pressure')
ylim([300,1300])
xlim([35,75])
xticks([35 55 75])
subplot(1,4,2)
plot(FBFlow,Conc2)
title('Fluidized Bed Flow')
ylim([300,1300])
set(gca,'YTick',[]);
subplot(1,4,3)
plot(VibPres,Conc3)
title('Vibrator Pressure')
ylim([300,1300])
xlim([35,75])
xticks([35 55 75])
set(gca,'YTick',[]);
subplot(1,4,4)
plot(Vibangle,Conc4)
title('Vibrator Angle')
ylim([300,1300])
xlim([0,90])
xticks([0 45 90])
set(gca,'YTick',[]);
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%%%Particle Size Model%%%
clear;
clc;
close all
%
X
0
0

Define X matrix
= [1 1 0 1 0 1 0 1 0;1 1 0 -1 -1 -1 -1 -1 -1;1 1 0 0 1 0 1 0 1;1 -1 -1 1 0 -1 -1
1;1 -1 -1 -1 -1 0 1 1 0;1 -1 -1 0 1 1 0 -1 -1;1 0 1 1 0 0 1 -1 -1;1 0 1 -1 -1 1 0
1;1 0 1 0 1 -1 -1 1 0];

% Define solution set Nu_Size
NU_Size = [161;167;180.4;147.8;177.3;154.5;145.3;142.5;161.5];
% Calculate X'X
XTX = X'*X;
% Calculate inverse of X'X
XTX_INV = inv(X'*X);
% Calculates B_hat estimates for particle size
B_HAT_Size = inv(X'*X)*X'*NU_Size;
B_HAT_T_Size = B_HAT_Size';
% Calculates main effects plot vector
BX=[1 1 1 1 1 1 1 1 1 1 1 1;1 -1 0 0 0 0 0 0 0 0 0 0;0 -1 1 0 0 0 0 0 0 0 0 0;0 0 0
1 -1 0 0 0 0 0 0 0;0 0 0 0 -1 1 0 0 0 0 0 0;0 0 0 0 0 0 1 -1 0 0 0 0;0 0 0 0 0 0 0
-1 1 0 0 0;0 0 0 0 0 0 0 0 0 1 -1 0;0 0 0 0 0 0 0 0 0 0 -1 1];
Size=(B_HAT_Size')*(BX);
%Prediction of Optimal Settings for Largest Particle Size (A1 B3 C3 D1)
XT1=[1 1 0 0 0 0 1 0 0];
Largest_size_estimate=(XT1)*(B_HAT_Size)
%Prediction of mid point settings (A2 B2 C2 D2)
XT2=[1 -1 -1 -1 -1 -1 -1 -1 -1];
Midpoint_size_estimate=(XT2)*(B_HAT_Size)
%Prediction of smallest particle size (A3 B1 C1 D2)
XT3=[1 0 1 1 0 1 0 -1 -1];
Smallest_size_estimate=(XT3)*(B_HAT_Size)
%Prediction test (A2 B2 C1 D1_Run 4)
X3T=[1 -1 -1 0 0 1 0 0 0];
test_size_estimate_Run_4=(X3T)*(B_HAT_Size)
%Prediction test (A2 B2 C3 D1_Run 6)
X4T=[1 -1 -1 0 0 0 1 0 0];
test_size_estimate_Run_6=(X4T)*(B_HAT_Size)
%Prediction test (A2 B1 C2 D1_Run 7)
X4T=[1 -1 -1 1 0 -1 -1 0 0];
test_size_estimate_Run_7=(X4T)*(B_HAT_Size)
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%Prediction test (A2 B3 C2 D1_Run 9)
X4T=[1 -1 -1 0 1 -1 -1 0 0];
test_size_estimate_Run_9=(X4T)*(B_HAT_Size)
%Prediction test (A1 B2 C2 D1_Run 10)
X4T=[1 1 0 0 0 -1 -1 0 0];
test_size_estimate_Run_10=(X4T)*(B_HAT_Size)
%Prediction test (A3 B2 C2 D1_Run 12)
X4T=[1 0 1 0 0 -1 -1 0 0];
test_size_estimate_Run_12=(X4T)*(B_HAT_Size)
% Main Effects Plots
Size1=[169;159.9;150];
Size2=[151;162;165];
Size3=[153;159;168];
Size4=[167;156;157];
VenPres=[35 55 75];
FBFlow=[1 1.5 2];
VibPres=[35 55 75];
Vibangle=[1 45 90];
figure(2)
subplot(1,4,1)
plot(VenPres,Size1)
title('Venturi Pressure')
ylim([150,170])
xlim([35,75])
xticks([35 55 75])
subplot(1,4,2)
plot(FBFlow,Size2)
title('Fluidized Bed Flow')
ylim([150,170])
set(gca,'YTick',[]);
subplot(1,4,3)
plot(VibPres,Size3)
title('Vibrator Pressure')
ylim([150,170])
xlim([35,75])
xticks([35 55 75])
set(gca,'YTick',[]);
subplot(1,4,4)
plot(Vibangle,Size4)
title('Vibrator Angle')
ylim([150,170])
xlim([0,90])
xticks([0 45 90])
set(gca,'YTick',[]);
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%%%Standard Deviation Model%%%
clear;
clc;
close all
%
X
0
0

Define X matrix
= [1 1 0 1 0 1 0 1 0;1 1 0 -1 -1 -1 -1 -1 -1;1 1 0 0 1 0 1 0 1;1 -1 -1 1 0 -1 -1
1;1 -1 -1 -1 -1 0 1 1 0;1 -1 -1 0 1 1 0 -1 -1;1 0 1 1 0 0 1 -1 -1;1 0 1 -1 -1 1 0
1;1 0 1 0 1 -1 -1 1 0];

% Define solution set Nu
NU_Conc = [2.36;2.42;2.43;2.35;2.42;2.34;2.27;2.29;2.36];
% Calculate X'X
XTX = X'*X;
% Calculate inverse of X'X
XTX_INV = inv(X'*X);
% Calculate estimates
B_HAT = inv(X'*X)*X'*NU_Conc;
B_HAT_T = B_HAT';
% Calculates main effects plot vector
BX=[1 1 1 1 1 1 1 1 1 1 1 1;1 -1 0 0 0 0 0 0 0 0 0 0;0 -1 1 0 0 0 0 0 0 0 0 0;0 0 0
1 -1 0 0 0 0 0 0 0;0 0 0 0 -1 1 0 0 0 0 0 0;0 0 0 0 0 0 1 -1 0 0 0 0;0 0 0 0 0 0 0
-1 1 0 0 0;0 0 0 0 0 0 0 0 0 1 -1 0;0 0 0 0 0 0 0 0 0 0 -1 1];
SD=(B_HAT')*(BX);
%Prediction of Optimal Settings for tightest spread (A3 B1 C1 D2)
X0T=[1 0 1 1 0 1 0 0 0];
Tightest_dis_estimate=(X0T)*(B_HAT)
%Prediction of mid point settings (A2 B2 C2 D2_Run 2)
X1T=[1 -1 -1 -1 -1 -1 -1 -1 -1];
Midpoint_dis_estimate=(X1T)*(B_HAT)
%Prediction of widest spread (A1 B2 C2 D1)
X2T=[1 1 0 -1 -1 -1 -1 1 0];
Widest_dis_estimate=(X2T)*(B_HAT)
% Main Effects Plots
SD1=[2.40; 2.37; 2.31];
SD2=[2.33; 2.38; 2.37];
SD3=[2.33; 2.38; 2.37];
SD4=[2.38; 2.34; 2.35];
VenPres=[35 55 75];
FBFlow=[1 1.5 2];
VibPres=[35 55 75];
Vibangle=[0 45 90];
figure(3)
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subplot(1,4,1)
plot(VenPres,SD1)
title('Venturi Pressure')
ylim([2.31,2.4])
xlim([35,75])
xticks([35 55 75])
subplot(1,4,2)
plot(FBFlow,SD2)
title('Fluidized Bed Flow')
ylim([2.31,2.4])
set(gca,'YTick',[]);
subplot(1,4,3)
plot(VibPres,SD3)
title('Vibrator Pressure')
ylim([2.31,2.4])
xlim([35,75])
xticks([35 55 75])
set(gca,'YTick',[]);
subplot(1,4,4)
plot(Vibangle,SD4)
title('Vibrator Angle')
ylim([2.31,2.4])
xlim([0,90])
xticks([0 45 90])
set(gca,'YTick',[]);
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