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Abstract

Our post-pandemic world has given rise to an increased interest in the fate and transport

of exhaled particles (human respiratory aerosol), and in advancing methods to appro-

priately sample bioaerosols, which, while infectious, are in low concentration in the

environment. The work in my dissertation is motivated by both developing bioaerosol

sampling techniques for improved signal-to-noise ratios and limits of detection with

biological assays and improving understanding of exhaled particle dispersion and de-

position in the environment. My dissertation is speci�cally sectioned into four distinct

sub-studies. The �rst study is a numerical and experimental e�ort to develop inertial

concentrators for submicrometer particles sampled from ambient air. Such concentra-

tors operate close to the sonic limit and are hence distinct in behavior from traditional

aerosol inertial concentrators. The second study, following from the �rst, is an engineer-

ing e�ort to multiplex submicrometer particle concentrators for high volume sampling.

In this study one single nozzle impactor and three double nozzle impactors with varying

nozzle distances were manufactured and then tested in an ASHRAE wind tunnel in

order to test the limits of multinozzle design optimization. The third study focuses on

optimizing intermediate 
ow rate inertial concentrators for personal exposure assess-

ment. The link between exposure to PM2:5 particles and increased cancer risk has been

highlighted by multiple research studies. Understanding the relationship between the
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level of exposure to speci�c pollutants and the risk of cancer in an individual is essen-

tial for identifying at risk populations. In this study I will develop and implement a

wearable virtual impactor concentrator, which separates PM2:5 from larger particles, en-

abling subsequent chemical analysis. The fourth and �nal chapter of this dissertation is

a stand-alone study focused on the development and implementation of methods to un-

derstand particle transport and deposition in indoor environments using an anatomically

correct breathing simulator and 
uorescein doped particles to infer particle deposition

velocity.
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Chapter 1

Introduction

The COVID-19 pandemic has increased awareness of the importance of understanding

the health e�ects of infectious aerosol exposure and thereafter the health a�ects of

aerosol exposure in general. Many studies have shown that a signi�cant route of infection

for viruses such as COVID-19 is through the spread of aerosols [2, 27, 31, 32, 35, 36,

61, 62, 63, 81, 94]. This was a main contributing e�ect as to why the COVID-19

pandemic was so devastating and so disrupting to everyday life. Aerosols exhaled by

an individual could travel to another individual in close proximity, and in some cases

to individuals farther than 6 ft away, a commonly prescribed social distancing metric.

This gave ample opportunity for these particles to enter the airway of an individual

and cause infection spread. The exhalation of infectious aerosols also gives way to

deposition of infectious particles on surfaces around the infectious individual; allowing

for a second route of infection [25]. While exposure to COVID-19 and other infectious

1
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viruses has signi�cant e�ects that can be seen within days of exposure, exposure to other

aerosols gives way to health e�ects that tend to show themselves after both short- and

long-term exposure[9, 101, 16]. While in developed countries, air quality has improved

in the past several decades, in the developing world (which is where the majority of

humans live), increased growth of cities and worldwide industrialization continues to

lead to a greater number of people who are exposed to an increasingly diverse array

of pollutants in both indoor and outdoor environments[97, 91, 12, 86]. PM2:5 particles

(particles with an aerodynamic diameter less than 2.5� m) have been proven in previous

studies to have signi�cant health a�ects when it comes to air pollution since they can

penetrate deep into the lung and impair lung function[108]. Multiple studies have linked

PM2:5 exposure to asthma, respiratory in
ammation, and even cancer in non-smoking

individuals [109, 48, 58]. A consequence of both potential exposure types is the need

to understand particle fate and transport in environments where people spend most

of their time and to optimize aerosol sampling techniques such that they can be used

e�ectively in these spaces with minimal disruption to daily activities. Broadly, the

objectives of the studies in my dissertation are to develop methods to understand the

fate and transport of particles from human respiratory emission in indoor spaces and

then to optimize sample techniques for bioaerosols and potential carcinogenic particles.

In the latter, an emphasis is on pushing the limits of sampling capabilities to sample sub

micrometer particles with the largest aerosol 
ow rates possible, but into the smallest

collection volumes possible in an e�ort to optimize signal to noise in any subsequent
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biological or chemical analysis performed.

1.1 Dissertation Summary

After this introduction chapter, this dissertation is composed of four speci�c projects,

all of which are focused on either the design and optimization of aerosol samplers used in

bioaerosol and exposure characterization or improved understanding of particle trans-

port in indoor environments. In this chapter, the objectives of all four studies are brie
y

described.

Chapter 2 aims to optimize an inertial concentrator for submicrometer particles sam-

pled from ambient air. Virtual impaction is a classical aerosol technique to increase the

concentration of particles in a sample 
ow; this is accomplished by inertially directing

particles from a larger sample 
ow into the streamlines of a smaller (minor) 
ow, with a

target of 10x concentration as a typical goal. As inertia is utilized as a means to direct

particles, virtual impactors typically only function for particles larger than a system

speci�c critical diameter (the cut-size). Concentrating smaller submicrometer parti-

cles with virtual impactors while maintaining near-atmospheric pressure downstream in

the minor 
ow remains a challenge, due the low mass-to-drag ratios of these particles.

Increased inertial behavior for small mass-to-drag ratio particles can be overcome by

increasing 
ow velocities; however, in most prior work with virtual impaction of sub-

micrometer particles, pressure recovery (keeping the aerosol outlet pressure similar to

the inlet pressure) in the receiving tube at high sample 
ow rates was not investigated.
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The objective of this chapter is to develop and test virtual impactors functioning with


ow velocities near the sonic limit, capable of submicrometer particle concentration,

and with near-complete pressure recovery in the minor 
ow. These experiments are

complimented with a numerical study conducted by a former member, Dr. Tomoya

Tamadate, of the Hogan Lab. Such virtual impactors had not been present in the

literature previously.

Chapter 3 aims to multiplex submicrometer particle concentrators for high volume

sampling. The COVID-19 pandemic has motivated the development of samplers able to

concentrate airborne viruses onto surfaces where virus titration and PCR analyses can

be carried out. In general, the more viruses collected into smaller sample volumes or

areas will increase signal-to-noise in analysis. However, a major issue which remains is

extremely low virus concentrations in sampling volumes, and consequently the need to

sample large volumes of air (high sampling 
ow rates), which is not naturally conducive

to small collection volumes or areas. The focus of this chapter is on the extension

of compressible 
ow virtual impactors to multiplexed (multinozzle) systems, aiming

to sample large 
ow rates (� 1000 slm) and concentrate particles into a 
ow < 10%

of the sampling 
ow rate. Multiplexing, however, is not trivial, as in a multi-nozzle

system there is the potential for 
ow interaction between nozzles, altering concentrator

behavior from predictions for the single nozzle. To experimentally investigate design

limitations in multinozzle virtual impactors, a single nozzle virtual impactor and 3 two-

nozzle virtual impactors with varying nozzle distances were manufactured and then
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tested in an ASHRAE wind tunnel to understand the behavior of the virtual impactors

under di�erent 
ow conditions. Results from these tests allow for concentration factors

to be calculated and for virtual impactor performances to be compared.

Chapter 4 aims to optimize intermediate 
ow rate inertial concentrators for personal

exposure assessment. A signi�cant concern in the world, but speci�cally in Mumbai,

India, is how air pollution in populated cities can a�ect the health of its citizens. PM 2:5

particles present a health risk because they can penetrate deep into the lung and inhibit

lung function. Exposure to such particles is linked to many conditions such as asthma,

respiratory in
ammation, and even lung cancer in non-smoking persons. Wearable vir-

tual impactor concentrators are developed and implemented, which separate PM2:5 from

non-PM2:5 (larger particles), enabling subsequent chemical analysis. Beyond laboratory

testing and near campus pilot trials, the personal concentrator will be utilized in a

�eld study in Mumbai, India, in collaboration with researchers both in India and in the

University of Minnesota School of Public Health.

Chapter 5 aims to understand the fate of exhaled particles in indoor environments.

Exhalation of infectious micrometer-sized particles has been strongly implicated in respi-

ratory infection spread. An important fundamental question is then the fate of infectious

exhaled particles in indoor spaces, i.e., whether they will remain suspended in an aerosol

until ventilation leads to their clearance or whether they will deposit, and if so, on what

surfaces in an indoor space. This study involves the design of a breathing simulator for

controlled dispersion of a tunable size distribution aerosol and assessment of deposition
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rates (mass transfer coe�cients) in an actual o�ce space for particles dispersed from

the breathing simulator (exhalation simulation).

Finally, Chapter 6 contains the �nal conclusion chapter of this dissertation.



Chapter 2

Optimization of Samplers for

Sub-micrometer Particles

Adapted with permission from: Eilts, S. M., Tamadate, T., Relling, M. E., Marabella,

I. A., Hogan, C. J., & Olson, B. A. (2023). Virtual impaction in compressible 
ows

with pressure recovery. Journal of Aerosol Science, 167, 106076.

https://doi.org/10.1016/j.jaerosci.2022.106076.

Abstract

Virtual impactors have been utilized towards classifying and increasing aerosol con-

centrations in sampling and measurement systems for half a century; in an ideal virtual

impactor, sampled particles larger than a critical diameter (known as the cutsize) are

directed inertially into a small fraction of the sample 
ow, known as the minor 
ow.

7
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Concentrating submicrometer particles with virtual impactors while maintaining near-

atmospheric pressure downstream in the minor 
ow remains a challenge, due the low

mass-to-drag ratios of these particles. Increased inertial behavior for small mass-to-

drag ratio particles can be overcome by increasing 
ow velocities; however, in most

prior work with virtual impaction of submicrometer particles, pressure recovery (keep-

ing the aerosol outlet pressure similar to the inlet pressure) in the receiving tube at

high sample 
ow rates was not investigated. Here, we describe the development and

testing of virtual impactors functioning with 
ow velocities near the sonic limit, capable

of submicrometer particle concentration, and with near-complete pressure recovery in

the minor 
ow. We speci�cally designed, built, and tested two round-nozzle virtual im-

pactors (denoted as VI-1 and VI-2) and evaluated their performances using 
uorescent

polystyrene latex particles and uranine-doped oleic acid particles with varying particle

diameter. The results show that both virtual impactors, operating with 12 L per minute

sample 
ow and a 10:1 sample 
ow-to-minor 
ow ratio, have submicrometer cutsizes

(� 700 nm and 200 nm for VI-1 and VI-2, respectively) and near-complete pressure re-

covery. However, signi�cant particle losses were observed in VI-2 with larger particle

diameters. To understand such losses and particle trajectories in compressible 
ow vir-

tual impactors, we also carried out computational 
uid dynamics (CFD) simulations

coupled with particle trajectory simulations. Importantly, trajectory calculations incor-

porated a recently developed drag model capable of predicting particle drag coe�cients

in a wide Mach number and Knudsen number (and hence Reynolds number) range.
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Trajectory calculations yielded cutsizes and large particle penetration curves in good

agreement with experiments, indicating that large particle losses are due to overfocusing

(radial inertial motion leading to deposition) within the nozzle and major 
ow chamber.

Overfocusing always leads to an upper size limit in any virtual impactor system, but it

is of greater concern in higher velocity systems. In addition to comparing simulations

to measurements sampling at atmospheric pressure, we used trajectory calculations to

examine compressible 
ow virtual impactor performance with variable sampling 
ow

pressure and varying the driving pressure in the major 
ow. Such simulations reveal

that sub-atmospheric pressure sampling leads to a reduced penetration \window" for

virtual impaction, such that although it is possible for virtual impactor operation in

reduced pressure environments, virtual impactors are applicable to a decreasing range

of sizes at low pressure.

2.1 Introduction

The goal of aerosol sampling is often to collect the largest number of particles onto the

smallest substrate area, collect the largest number of particles into the smallest sample

volume (to maximize signal-to-noise in post-analysis), or to analyze the largest number

of particles in the smallest amount of time (to optimize speed and again signal-to-noise

ratios). To this end, virtual impactor based concentrators have been invaluable tools

in aerosol sampling and analysis [72]. A virtual impactor, depicted schematically in

�gure 2.1, consists of a nozzle and a receiving tube placed directly below the nozzle [68]
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[71].

Figure 2.1: A depiction of the operation of a virtual impactor concentrator, noting the
inlet, major and minor 
ows (a) and a zoom-in of the streamlines entering the minor

ow (receiving tube) and how they bend into the major cavity (b).

Airborne particles are sampled into and accelerated through the nozzle, and directed

towards the receiving tube. The majority of this sampled 
ow is then diverted, typically

with streamlines bending more than 90° into a \major 
ow" passage, while only a

small remaining faction of the 
ow directly passes into the receiving tube (the \minor


ow" which is often 10% or less of the total sampled 
ow). While the sample 
ow is

partitioned into the major and minor 
ows, irrespective of whether they begin on major

or minor 
ow streamlines, particles with su�cient inertia penetrate into the receiving

tube, increasing the concentration of such particles in the minor 
ow. An ideal virtual

impactor has increased minor 
ow concentration for particles above a critical diameter,

where the increase in concentration is the ratio of the sample (total) 
ow rate to the



11

minor 
ow rate. Simultaneously, in an ideal virtual impactor, the minor 
ow particle

concentration is identical to the sample 
ow concentration below the critical diameter.

In practice, the critical diameter is the point where 50% of the particles penetrate into

the receiving tube (and the concentration enhancement is one-half the sample 
ow to

minor 
ow ratio) and is commonly termed the \cutsize", a term we henceforth apply

here.

Since the inception of virtual impactors by Conner (1966) [18], these devices have

remained a standard method of increasing particle concentrations in scenarios where

collection or analysis at the same pressure as the sampled 
ow is desirable. Virtual

impactor design has hence been studied over the years by many researchers, with a

common focus on providing \sharp" receiving tube penetration characteristics and min-

imizing internal particle losses, i.e. experimentally attempting to achieve perfect virtual

impaction. Marple and Chien (1980) [71] performed theoretical and numerical studies

to identify the parameters that a�ect the performance of virtual impactors. Their re-

sults showed that large particle penetration simulations agreed well with experimental

data, and the main in
uence on the large particle penetration curve (the fraction of

particles sampled which enter the receiving tube as a function of aerodynamic diam-

eter) was the minor 
ow-to-sample 
ow ratio. Others have looked at the geometric

and 
ow parameters that a�ect particle losses experimentally. Loo and Cork (1988)[68]

demonstrated the complexity of virtual impactor design, and identi�ed 27 parameters

that could potentially a�ect the performance of the virtual impactor; however, the main
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contributing factors based on their work, and as well as the work of others [15] [44] [110]

were found to be the minor 
ow-to-sample 
ow ratio, receiving tube-to-nozzle diame-

ter ratio, receiving tube tip radius, outer nozzle diameter, nozzle backside protrusion

distance, nozzle-to-receiving tube distance, and the axial alignment between the nozzle

and receiving tube. In total, these prior studies enable design rules to be established

to target a particular cutsize in a virtual impactor, and enable determination of the

nozzle diameter, receiving tube diameter, other critical parameters, and system 
ow

rates. Importantly, these design rules do not consider 
ow compressibility and assume

that the Stokes-Millikan expression [20] de�nes particle drag coe�cients.

There has been and remains an interest in designing virtual impactors for submi-

crometer particles, made more challenging because of their substantially reduced inertia

in comparison to supermicrometer particles. Initial reported studies of submicrometer

cutsize virtual impactors were conducted by Sioutas, Koutrakis, and Olson (1994) [90],

where cutsizes down to 0.12� m aerodynamic particle diameter were achieved using

small round nozzle virtual impactors with low sampling 
ow rates (0.3{0.7 actual liters

per minute). In a subsequent study, Sioutas, Koutrakis, and Burton (1994) [90] devel-

oped a low cutsize slit nozzle virtual impactor for concentrating and sampling ambient

�ne particles. This overcame the low 
ow rate of the single round nozzle design because

the slit length could be extended to increase the 
ow rate through it; however, the pen-

etration curve for the slit 
ow impactor is noticeably less sharp than obtained for round

nozzle designs. Other slit nozzle [8] [23] [55] and round nozzle virtual impactors [73]
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have been developed for various applications, though not always with submicrometer

cutsizes, and they remain prominently used in ambient sampling. Alternative virtual

impactors have also been developed to size fractionate and collect submicrometer par-

ticles, as presented in Forney et al. (1982) [33] also with broad penetration curves, the

simulations of Middha and Wexler (2006) [74], and the experiments of Lee et al. (2003)

[56]. Importantly, though submicrometer virtual impaction was demonstrated in the

latter two studies, it was only accomplished with signi�cantly reduced pressure in the

receiving tube, relative to the sample 
ow pressure.

In total, although submicrometer cutsize virtual impactors have been realized pre-

viously, there are two remarks which must be made justifying further development in

virtual impactors towards submicrometer particle sampling. First, as noted, virtual im-

pactors with slit nozzles have not demonstrated sharp penetration curves as compared to

round nozzles (which may be acceptable for certain applications). Second, many of the

round nozzle virtual impactors simulated or experimentally realized with submicrometer

cutsizes have reduced pressure in the receiving tube relative to the sample pressure, or

very low sampling 
ow rates. This runs contrary to the goal of using a virtual impactor

as a concentrator since typically, the goal is not only concentration enhancement but also

maintenance of inlet pressure (ambient pressure) such that downstream of the virtual

impactor, instruments with atmospheric pressure inlets can be utilized, e.g. collection

into liquids, or atmospheric pressure aerosol analysis. If pressure recovery is not needed

and if the sample 
ow rate can be reduced, then there are alternative approaches to
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concentration beyond virtual impactors, such as aerodynamic focusing lenses [64] [65]

[106] used prevalently in sampling from high pressure to low pressure for aerosol mass

spectrometry [66].

Pushing the limits of round nozzle virtual impaction to submicrometer cutsizes, with

reasonably sharp large particle penetration curves and with pressure recovery in the mi-

nor 
ow requires examination of virtual impaction in compressible 
ows, i.e. nozzle

systems operating near the sonic limit [29], where previously established design rules

may not be accurate. While supersonic as well as hypersonic conventional impactors

have been studied in detail previously [21] [22], similar studies for virtual impaction are

scarce. Here, our goal is to examine virtual impaction in systems operating near the

sonic limit to (1) examine whether submicrometer particle inertial concentration in the

minor 
ow is possible, (2) determine whether theory, accounting for 
ow compressibil-

ity and non-Stokesian drag [38] [69] [88] can correctly predict impactor behavior with

\sharp" large particle penetration curves, and (3) to demonstrate near-complete pres-

sure recovery, such that atmospheric pressure instruments can be employed downstream

if the sample 
ow is at ambient pressure. The sections that follow describe the design,

experimental testing, and simulation of two virtual impactors, both with operation at

12 alpm (actual liters per minute, at the background sample pressure) sample 
ow and

1.2 alpm minor 
ow, with atmospheric pressure sampling and submicrometer cutsizes.

This combined experimental and numerical study demonstrates that compressible 
ow

virtual impaction does enable submicrometer concentration with pressure recovery, and



15

also that numerically capturing features of the large particle penetration curve requires

consideration of non-Stokesian drag coe�cients for particles in elevated Mach number

and variable Knudsen number regimes [88].

2.2 Methods

2.2.1 Experimental methods

Two related virtual impactors, denoted hereafter as VI-1 and VI-2, were designed and

tested in this study to examine virtual impaction under compressible 
ow conditions.

Three-dimensional cross-section renderings and photographs of both VI-1 and VI-2 are

shown in �gure 2.2, �gure 2.3 respectively, and the critical dimensions for VI-1 and

VI-2 are provided in Table 2.1. Further descriptions of VI-1 and VI-2 are provided

in �gure 2.4. VI-1 is a single round nozzle system with a nozzle diameter of 0.124

cm. Above the nozzle, particles entered VI-1 passing through a single stage, traditional

impactor with a cutsize of 10 � m. With atmospheric pressure upstream, under critical

conditions, VI-1 was designed to operate at a 
ow rate of 12 alpm (at ambient pressure

in the laboratory) with 1.2 alpm entering the minor 
ow (into the receiving tube) and

10.8 alpm directed into the major 
ow. Without considering compressible 
ow e�ects,

it was designed to have a cutsize of 0.65� m using a critical square-root Stokes number

of 0.69 for a sample 
ow-to-minor 
ow ratio of 10, based on the work of Marple and

Chien (1980) [71] and experimental validation of that work by Marple et al. (1995)
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[73]. VI-2 is a multiple, parallel 
ow round nozzle system with 12 nozzles (1.0 alpm

per nozzle) each with diameter of 0.036 cm. VI-2 included an upstream preseparator

conventional impactor with a cutsize of 5.0 � m, and was designed for the same sample


ow rate, major 
ow rate, and minor 
ow rate as VI-1, but with a cutsize of 0.30 � m.

During experimental testing it was found that particles of aerodynamic diameters 4{5

� m began to have signi�cant receiving tube losses due to overfocusing. To attempt

to mitigate the overfocusing e�ect of large particles, the nozzle geometry was modi�ed

to a two-stage design and was incorporated by machining a second nozzle plate that

was mounted directly above the original nozzle ( �gure 2.3a). �gure 2.2c and �gure

2.3c display the inlet 
ow rate versus major 
ow absolute pressure for VI-1 and VI-2

respectively. To run at 12 alpm, VI-1 and VI-2 were operated such that their major


ow pressures were maintained at 71 kPa and 76 kPa, respectively. As evidenced in

�gure 2.2c and �gure 2.3c, both virtual impactors had near-total minor 
ow pressure

recovery while operating at a sample 
ow of 12 alpm and minor 
ow to sample 
ow

rate ratio of 10%. We remark that pressure recovery occurs in a virtual impactor when

the 
ow slows down, since the majority of the 
ow reverses direction in the receiving

tube, and the static pressure recovers based on Bernoulli's principle. Therefore, if the

virtual impactor is properly designed, pressure recovery will occur, however, the degree

to which it occurs has not been investigated previously for virtual impaction in highly

compressible 
ows.
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Figure 2.2: Labelled isometric rendering and photographs of VI-1, which is a virtual
impactor operated at near critical conditions in this study are seen in (a) and (b),
respectively. The total (sample) 
ow rate versus major 
ow absolute pressure levels
along with minor 
ow pressure versus major 
ow pressure are shown in (c).
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Figure 2.3: Labelled isometric rendering and photographs of VI-2, which is a virtual
impactor operated at near critical conditions in this study are seen in (a) and (b),
respectively. The total (sample) 
ow rate versus major 
ow absolute pressure levels
along with minor 
ow pressure versus major 
ow pressure are shown in (c).
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