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ABSTRACT

An Investigation into the Theoretical and Analytical Basis for the
Spread of Airborne Influenza

John B. Redrow

With the threat of a pandemic drawing near and the possibility of a “new”, more deadly,
form of the influenza virus from genetic re-assortment of avian and human influenza
viruses, there is dire need for a better understanding of the transmission mechanisms of
this virus. The present study focuses on the aerosol mode of transmission, particularly
via the mechanism of human cough. Utilizing computational fluid dynamics (CFD), an
in-house code was developed to model the transport of a sputum droplet (cough
expectorant) within a jet of air (representative of a human cough). A parametric study
was conducted using the model, in order to more thoroughly identify and visualize the
conditions that a virus housed within such a droplet would be subject to while in the
airborne state. Also, the commercial CFD solver FLUENT was used to perform
simulations of an experimental setup at the Morgantown NIOSH facility involving a
specialized room containing an apparatus capable of “reproducing” the flow rate and
particle size distribution of a human cough. A scenario of a human producing multiple,
consecutive coughs within this room was simulated through the use of this software, as
well. In these simulations, small particles were injected into the room at the source of the
cough, and their trajectories were tracked over time. The calculated particle dispersion
within the room was then compared to experimental data to assess the suitability and
accuracy of CFD simulations for such a flow.
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Nomenclature

Cp specific heat at constant pressure
D droplet diameter
Do jet initial diameter

D, diffusivity of water vapor in air
Csat saturation vapor pressure over a pure, flat water surface
ey partial vapor pressure

evo  Initial vapor pressure of jet
€vwo  vapor pressure of the ambient

f drag factor

g acceleration due to gravity

m growth factor, the ratio of measured diameter to dry diameter of particle
h latent heat of evaporation

ks thermal conductivity of air

kn ratio of total to mean mass flux

km ratio of total to mean momentum flux

L, latent heat of vaporization of water

M molecular weight

mg mass of solute

M, molecular weight of solute
Nu Nusselt number

P ambient air pressure

Pr Prandtl number

Q volume flux

Qa vapor density of the ambient air

Q: vapor density at the droplet surface

r droplet radius

R universal gas constant

RH  relative humidity

I radial coordinate of jet

s axial distance along buoyant jet centerline
Sc Schmidt number

Sh Sherwood number

Sw water vapor saturation ratio

T instantaneous droplet temperature

t time

T initial jet temperature

To ambient air temperature

T, air temperature

T, carrier phase temperature; jet centerline temperature
u continuous phase (air) velocity

\% instantaneous droplet velocity

w axial velocity of buoyant jet

X Cartesian coordinate

Xsy  mass fraction of component y in the dry solute particle

X



z Cartesian coordinate

Greek Symbols

(0} entrainment coefficient

Ac effective gravitational acceleration along jet centerline
€m mass fraction of solute with respect to total dry mass

gy mass fraction of component y with respect to total dry mass
Ne concentration spread rate

Nw velocity spread rate

0 jet inclination angle

A concentration to velocity width ratio

e dynamic viscosity of the continuous phase

v number of ions into which a solute molecule dissociates
p density

o surface tension

1T thermal response time

Ty velocity response time

() practical osmotic coefficient

WA mass fraction of species A in the freestream

oas mass fraction of species A at the droplet surface

Subscripts (unless otherwise included in terms above)

< gwvwZaooo

air
continuous phase property; jet centerline
droplet

dry particle (e.g. not including water)
solution (total droplet)

pure water

a particular component within droplet



Chapter 1: Introduction to the Problem

1.1 The Influenza Virus and the Threat of Contagion

The influenza virus affects millions of people every year. Currently, there has been
widespread concern over a pandemic coming in the near future (Tellier, 2006, Lowen et
al., 2006, and Inouye et al., 2006). Coupled with the threat of a human influenza
pandemic (possibly of the scale of the Spanish flu of 1918) is the potential for avian
influenza (particularly H5N1) to mutate into a form that more easily infects humans.
This mutation, or genetic re-assortment, alone could cause a pandemic, as humans will
have no immunity to this “new” virus. The Centers for Disease Control and Prevention
(CDC) have, in fact, recently identified some North American avian influenza (A H7)
viruses that have partially adapted to infect humans

(http://www.cdc.gov/media/pressrel/2008/r080610a.htm, 2008). If past cases of human

infection with avian flu are any indication as to how deadly this new form will be, then
precautionary measures must be taken now to prevent such a plague from occurring. In
order to do so, the underlying mechanisms on how influenza is transmitted among the

population, and how it infects humans, must be understood.


http://www.cdc.gov/media/pressrel/2008/r080610a.htm

1.2 Aerosol Transmission of Influenza

There are many who claim that the primary route of transmission of the influenza virus is
by large droplets, and that aerosol transmission is negligible, yet there are just as many
who disagree with this point of view. In his review of aerosol influenza transmission,
Tellier (2006) explains that the epithelial cells of the lower respiratory tract have a certain
receptor type that the influenza A virus prefers to bind to, and that the size of particles
that exhibit aerosol behavior are of the same order as those that can easily reach the lower
respiratory tract upon inhalation. He also cites many other examples as evidence of
aerosol transmission, such as the Alaska Airlines outbreak, which involved a defective
ventilation system and an unusually high attack rate of influenza. He claims that the 72%
attack rate on the plane can only be attributed to higher effectiveness of the aerosol mode
of transmission due to a lack of ventilation. After performing experiments on influenza
transmission in guinea pigs, Lowen et al. (2006) also concluded that aerosol transmission
was indeed possible. In part of their study, they placed the cage of healthy subjects a
distance away from the infected guinea pigs, and the uninfected subsequently acquired
the virus, however when the relative positions of the two cages were switched there was
no transmission—indicating that the airflow in the room had lead to aerosol transmission
between cages. In two separate studies on droplet spread in indoor environments and
aerosol transmission of infection, Morawska (2006) and Tang et al. (2006) discuss some
of the logic behind the argument for airborne transmission as a significant mechanism for

the spread of the virus, as well. Our aim in this study is to examine the feasibility of



airborne influenza transmission via small (< 10 pm) droplets generated by a human

cough.

1.3 Environmental Effects on the Virus

The surrounding environment can have a significant effect on the survival of infectivity
of the influenza virus, and knowledge of the factors that affect it the most could provide
the key to preventing its transmission. Influenza is an enveloped virus with a diameter of
approximately 120 nm (Morawska, 2006 & medicalecology.org, 2004). The envelope is
derived from the host cell membrane (composed of phospholipids and proteins), since the
virus acquires this envelope as it “buds” from the host cell. Enveloped viruses are
generally known to survive better at low relative humidity levels, and at lower
temperatures (Sobsey and Meschke, 2003). Polozov et al. (2008) have shown that the
lipids of the viral envelope become more ordered as the temperature decreases, which
may contribute to better stability of the virus at lower temperatures. Influenza exhibits a
particularly interesting trend of survival as a function of humidity—it survives best at low
humidity, worst at intermediate humidity, and moderately well at higher humidity
(Shaffer et al., 1976 and Lester, 1948). This seems to be directly related to the type of
culture the virus was grown in and the suspending medium in which it was aerosolized
(Sobsey and Meschke, 2003, Shaffer et al., 1976, and Benbough, 1971). Benbough, after
performing experiments with two other enveloped viruses (Langat virus and Semliki
Forest virus), showed that the salt content of the suspending medium was the main cause

of this “dip” in the survival of infectivity vs. humidity curve (at intermediate humidity).



This could be due to the hygroscopic properties of the salt (which will be discussed in the
next chapter), or perhaps to the degradation of the virus lipoprotein by the salt (Lovelock,
1957). Shaffer and Benbough also found that low protein content in the medium lead to a
sharp decrease in infectivity from mid to high humidity levels. Shaffer reported the
minimum concentration of protein for stability of the virus to be 0.1 mg/mL. Both
authors observed that the addition of polyhydroxy compounds to the spraying medium
improved stability at mid-range humidity, as well. Inositol, though, has been shown to
have a harmful effect at higher humidity, but sucrose and glucose did not (sucrose being
more effective than glucose at the same concentration). A few other factors, such as
exposure to ultraviolet light, “open air factor” and aerosol particle size, were reported by
Sobsey and Meschke (2003) to have an effect on aerosolized viruses. Ultraviolet light is
known to inactivate influenza virus, however “open air factor” is poorly defined and it is
uncertain what effects this and the aerosol particle size have on influenza’s survivability.
Stallknecht et al. (1990) studied the effects of pH, salinity, and temperature on avian
influenza virus in water. At both 28 C and 17 C, the salinity and pH levels for optimum
persistence of the virus had an inverse relationship with each other—persistence was best
at zero salt and high pH, but was almost as good at high salt content and low pH (and was
worst at high salt/ high pH and low salt/ low pH combinations). Lower temperatures

were, of course, proven to be better for the persistence of the virus in the study.



1.4 Literature Review of Related Research

Numerical modeling of the dispersal of droplets generated from expiratory events has
been performed in various other studies. Most studies focus on either the transport of
larger droplets (diameter > 10 um) or on the efficiency of different types of ventilation
systems at removing airborne contaminant particles. Many of these studies also employ

the use of questionable or invalid assumptions or over-simplifications.

In a study on personal exposure to contaminated exhaled air (breath from an infected
individual), Bjern and Nielsen (2002) performed CFD simulations of a breathing thermal
(heated) mannequin to estimate the concentrations of contaminant with distance from the
mannequin. They used a very simple “box” (rectangular prism) geometry for the
mannequin and gave it a square mouth with dimensions of 1.06x1.06 cm. They assumed
steady state conditions, with a constant mass flow rate of 3.77x10™* kg/s, corresponding to

the maximum instantaneous flow rate of a person breathing.

Sun and Ji (2007) performed a study on the transport and dispersal of droplets produced
by coughing, in which they simulated a mannequin producing a cough while in standing,
sitting, and supine positions, within a room with displacement ventilation and with
mixing ventilation. The mannequin geometry was slightly more complex than in the
previous case, having an ellipsoidal head atop a rectangular prism “body”. The mouth of
the mannequin had a cross-sectional area of 4 cm?, and was given a velocity boundary

condition of 20 m/s over 0.5 s to approximate a cough. Injections (droplets) were set in



the simulations with droplet diameters of 1, 80, and 100 um (for the case of a horizontally
projected cough), with 42,000 droplets of each size. Droplet evaporation was also taken
into account until the droplets reached 10% of their original size, at which point it was
assumed they had become dry droplet nuclei. In order for evaporation to occur, the
energy equation must be solved and the relative humidity of the air must be calculated, as
well (as will be seen in Chapter 2). In their simulations, the mannequin body was given a
uniform heat flux and the air and droplets coming from the mouth were given a higher
temperature and relative humidity than the ambient air. They also performed steady state
simulations under the same conditions and showed that a steady state assumption for a
cough results in a much greater penetrating length of the coughed air and unrealistic
predictions of velocity and distance traveled by the droplets. This assumption, however,
may not be as inaccurate for the case of breathing due to the lower velocity of the expired

air and the amount of time over which the event occurs.

Another method for modeling the movement and evaporation of a “cloud” of droplets in
CFD is to treat the droplet cloud as a continuum phase with one-way coupling to the
carrier phase (the air). This was done in a study by Sun et al. (2007), in which the
transport equations of a drift-flux model (specifically, equations of the droplet number
density and bulk density) are solved as a user-defined scalar, with user-defined functions
for the equations of the drift velocity, mass transfer and heat transfer of a single,
evaporating droplet, in the commercial CFD software FLUENT. The droplets simulated

were composed purely of water, with constant properties specified for the droplet



material. The distribution of 100, 80, and 50 um droplets within a ventilated, isothermal

test room was predicted, assuming steady state conditions within the room.

Wan and Chao (2007) developed a cough-generating apparatus, similar to the “cough
machine” developed at NIOSH (described in Chapter 5), in order to study the dispersion
of coughed particles. They also performed CFD simulations in FLUENT to compare
results with experiments in which the cough generator was placed in a clean-room
chamber with different ventilation flow patterns. In their simulations, the cough was
produced in the upward direction with a stated airflow rate of 0.4 L/s (the tidal volume of
a normal human lung). Again, evaporation of the droplets was taken into account, and
pure water was given as the droplet material, with 1.8% non-volatile matter (to act as the
dried droplet nuclei). The droplet sizes ranged from 1.5 to 1500 pum, with the size
distribution as measured from experiments by Duguid (1946). It is unclear whether or
not they assume steady state conditions or if they created an inlet face for the cough
generator nozzle exit (where the droplets enter the domain) in the computational
geometry, since they do not give any dimensions for this and appear to consistently
associate the coughed-air properties to the droplet injection and the droplet properties.
To this author, it seems as if they set the conditions for the droplet in the “injections”
menu in FLUENT, and were perhaps under the misgiving that the menu was for both the
droplets and the air coming from the specified [point] source. If this is the case, then
there really is no airflow coming from the source of the “cough” in their simulations, and
the stated airflow rate of 0.4 L/s is actually the mass flow rate of the particle stream

coming from the injection source.



Xie et al. (2007) modeled the evaporation and movement of a single droplet in a steady-
state non-isothermal jet (representative of exhaled air from the mouth), much like the
case that is modeled in the present study, however their focus is on larger droplets with
initial diameters of 20-200 um, and they only consider pure water and saline droplets.
Also, several assumptions or simplifications are made for some parameters (such as only
considering the solute to affect the saturation vapor pressure of water and not accounting
for the volume of crystallized solute) which are included or investigated in more detail in

the present study.

There are many other studies that could be mentioned here, but for the sake of brevity we
will quickly visit just a couple more of the most relevant. Chao et al. (2009) measured
the size distribution of expiratory droplets expelled during coughing and during speaking,
as well as the velocities of the expiration air jets during these activities. They also
performed simulations in FLUENT with a two-dimensional geometry to get a better
estimate of the air temperature and relative humidity along the trajectory of the droplets
close to the mouth (to a distance of 60 mm away from the mouth). An air velocity of
11.7 m/s was stated for the case of a cough and the mouth diameter was 15 mm. It is
presumed that their simulations were steady-state. Tang and Settles (2008) took high-
speed schlieren images of a human producing a cough, and mapped the velocity contours
from image analysis. One issue that arose upon further review of their results, however,

is that the head of the experimental subject is not fixed, and it is seen to tilt during the



cough, which has an effect on the expiratory jet (and therefore invalidates the use of this

study for comparison to simulations).



1.5 Obijective

Utilizing the powerful tools offered by modern-day CFD, this study aims to elucidate
some of the underlying physical phenomena behind the airborne mechanism of
transmission of the influenza virus. If we wish to be able to assess the risk of influenza
transmission via airborne droplets, we must first learn more about the properties of the
droplets themselves and their behavior over time in relation to their surroundings. This
will give insight into the conditions to which the virus is being subjected while in transit
(within an expiratory droplet). Previous studies have modeled a range of expiratory
droplet sizes, usually assuming the droplets to be composed purely of water with constant
properties, some including a specified amount of non-volatile matter within the droplet to
act as the dry droplet nuclei. For this study, we wish to develop a sophisticated numerical
model to study the behavior of a single airborne-size expiratory droplet, with the ability
to capture all of the complexity and physical dynamics of such a droplet as occurs in the
real-world situation. This level of accuracy is necessary because of the sensitivity of the
virus to many different factors, such as the temperature of the surroundings, the relative

humidity, droplet salinity, protein and carbohydrate content, etc.

In addition to modeling the smaller scale of a single droplet, and in conjunction with
experiments performed at the Morgantown NIOSH facility, the phenomenon of a human
cough and the subsequent dispersion of airborne particles (generated by the cough) within
a room will be simulated through the use of commercial CFD software. In the NIOSH

experiments, a machine “reproduces” a human cough within a non-ventilated (stagnant
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air) room, and spectrometers positioned around the room collect and count the particles
generated from the “cough” over time. This experimental setup will be re-created in
computational domain and simulations will be performed in an attempt to match the
experimental particle dispersion with CFD predictions. The case of a mannequin
producing multiple, consecutive coughs will also be simulated, in order to better visualize
and assess the spread of airborne virus-laden particles from such an event. In contrast to
some previous efforts, the current study will incorporate as few assumptions or
simplifications as possible, in order to obtain results of the highest accuracy. The flow
field in the simulations will be solved under unsteady conditions (as opposed to a steady
state assumption), with a transient flow rate prescribed at the source having a profile of
flow rate vs. time the same as that of an average human cough (which, consequently, is
the same as the flow rate produced by the machine in the experiments). Particles will be
introduced at the source for the entire length of the cough, and each particle will be

tracked individually in a Lagrangian manner, throughout the domain.
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Chapter 2: Characterization of a Sputum Droplet

2.1 Introduction

For this study, we chose to model an aerosol droplet originated from the mouth of a
coughing person, as cough is a common symptom of influenza infection, as well as an
effective mechanism for spreading the virus. These small droplets are composed of
sputum, which is defined as matter which is expectorated from the respiratory tract.
Sputum is mostly made up of mucus, though it may contain a small amount of saliva.
The human cough can generate as many as 3,000 sputum droplets which will end up as
airborne droplet nuclei (Tang, 2006), i.e. the evaporated remains of a droplet (including
any pathogens residing within the droplet). For this study, we will focus only on droplets
with diameters between 0.4 and 10 pm, since larger droplets tend to fall to the ground
due to gravity (thus becoming fomites) and most droplets emitted from a cough are larger
than 0.4 micron (Duguid, 1946). Additionally, there would not be very many influenza
viruses in a droplet smaller than 0.4 micron due to their size of about 0.1 micron (Murphy

& Kingsbury, 1991).

2.2 Interaction of a Water Droplet with its Environment

First, we will look at the simplified case of a pure water droplet in equilibrium with its

environment. The droplet can either evaporate or grow by condensation, depending on
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the relative humidity and the temperature difference between the droplet and the
surroundings. Since relative humidity is defined as the ratio of the partial pressure to the
saturation vapor pressure at a given temperature, a droplet will be in equilibrium with its
surroundings when these two pressures, as well as the temperature of the droplet and the
air, become equal (when relative humidity reaches 100%). On a molecular level, when
the partial pressure of a vapor is much higher than the saturation vapor pressure, vapor
molecules will form clusters (in the absence of other particles to condense upon, this is
called homogeneous nucleation, which will be discussed later). The growth of the
clusters will reach equilibrium when the incoming molecular current is equal to the
outgoing molecular current at the particle surface. The heat transfer of a particle is
mainly due to collisions between host gas molecules. This, in turn, will affect the mass
transfer. The rate of the evaporation and condensation, or the rate of heat and mass

transport, is governed by diffusion and conduction (Williams and Loyalka, 1991).

From a macromolecular perspective, evaporation or condensation will cause a mass flux
over the droplet’s surface. Starting with Fick’s Law, Crowe et al. (1997) developed a
simple equation for the rate of change of mass of a droplet, which relates to the well-

known D? law (the square of the droplet diameter varies linearly with time). Their

formula,
Z—T = shaDp,D, (@, ., - @,,) 2.1)

states that the rate of change of droplet mass is a function of the Sherwood number, Sh
(which accounts for the effect of the relative velocity between the droplet and the gas),

droplet diameter, D, density of the carrier phase, p,, diffusion coefficient, D,, and mass
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fractions of the species in the freestream and at the droplet surface,w,, and ®, . For

the conservation of momentum, the forces acting on a droplet are equal to the sum of the
momentum flux through the surface and the rate of change of momentum within the

control volume. These forces can be subdivided into body and surface forces, such as

gravity and drag. The energy equation for a droplet with mass transfer,
dT, Nu 'l Sh 1 Prh

AT, -T)+———+(w,,,—® 22
dt 2 TT (Tc d) 2 TT SC Cp ( A,0 A,s) ( )

states that the temperature change over time is a function of the Nusselt number, Nu,

thermal response time, 7;, temperature difference between the carrier phase and droplet,
the Sherwood number, Prandtl number, Pr, Schmidt number, Sc, latent heat, h ,

specific heat of the carrier phase, ¢ , and the mass fraction difference at the droplet

p b
surface and in the freestream. While the droplet is evaporating or condensing, the
temperature will remain constant (once the “wet bulb” temperature has been reached) and

the heat transfer will balance the energy needed for the change of phase.

2.3 Chemical Components of Sputum and their Effects in Binary Aqueous Solutions

Human airway mucus is made up of about 95% water, 2% glycoprotein, 1% protein, 1%
lipids, and 1% inorganic salts (Samet and Cheng, 1994). A more complex breakdown of
the chemical composition of sputum and the composition of tracheobronchial secretions
is given in Tables 2.1 and 2.2 (data from Spicer and Martinez, 1984). Here, we will look

at the hygroscopic properties of each individual chemical constituent in order to develop
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a better understanding of how the sputum droplet will behave in the ambient

environment.

Table 2.1: Composition of purulent and non-purulent human sputum

Composition mg/mL mg/mL SD (purulent)
Nonpurulent | Purulent
Water 954.000 934.000 12
Macromolecular dry weight 46.000 60.000 8.6
Protein 12.100 19.900 4.6
Lipid 10.600 18.100 2.7
Carbohydrate 9.200 12.300 1.4
DNA 0.008 0.820 0.28
Total 985.908 985.120 29.58

Table 2.2: Chemical composition of human tracheobronchial secretions

Composition % of dry weight
Total Protein 33.80
Total lipid 12.30
Phospholipid 5.70
PS 1.04
Pl 0.01
PE 1.47
PC 3.18
Neutral lipid 6.97
Glycolipid 1.78
Total carbohydrate 48.90
D-Ribose 1.01
Ribose 0.08
Mannose 3.28
Glucose 2.54
Fucose 5.82
Galactose 10.37
N-CHO (amino sugars) 14.87
Sialic acid 10.93
Glycoprotein 33.27
Protein 1.00
Fucose 1.21
Galactose 0.87
H-CHO 1.67
Sialic acid 1.54
Sulfate 0.41
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We first look at the saline droplet (salt + water) assuming that all of the salt content is
sodium chloride. The dissolution of salt in water will lower the surface vapor pressure of
the water. Thus, the term “water activity” is used instead of “relative humidity” to relate
this property of a solute in an aqueous solution (at equilibrium). A saturated sodium
chloride solution has a water activity of about 0.75 (Tang, 1979). This is called the
deliquescence relative humidity, or the humidity at which a dry NaCl particle will
suddenly become a (saturated) saline droplet. The process is not reversible, however—
the saline droplet will not effloresce (crystallize) unless the relative humidity reaches
about 45% or lower. This is known as hysteresis, or path-dependency, since one cannot
simply predict the droplet’s behavior at any instant, unless the history is known. The

reason for this will be discussed in the next section.

The carbohydrate content is considered to be solely glucose, since its properties are well-
documented, and it is present in a significant amount in sputum. Like salt, glucose is also
hydrophilic, and will lower the surface vapor pressure, as well. Glucose has a
deliquescence relative humidity of about 89%, much higher than sodium chloride. It
does not, however, have a distinct efflorescence point—the absorption or water loss with
a change of humidity seems to be reversible. Experiments have shown it to be

completely free of water around 10% to 20% relative humidity (Peng et al., 2001).

For simplicity, and because albumin is one of the main proteins in airway secretions

(Majima et al., 1999), the protein content of the droplet will be modeled as bovine serum

albumin (BSA), a well-defined protein that is often used in experimental studies
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(Mikhailov et al., 2004). In their study, Mikhailov et al. regard BSA as a completely
soluble protein, and find that it has a reversible growth vs. relative humidity curve (like

glucose), with efflorescence/deliquescence at about 35% relative humidity.

The lipid content of the sputum droplet will be modeled as phosphatidylcholine (PC), the
main phospholipid found in sputum (Spicer & Martinez, 1984). Its properties have been
reported in numerous studies (Mansour et al., 2001, Schrader et al., 2002, and Tanaka et
al., 1986). Phosphatidylcholine is an amphiphilic molecule, since it is composed of a
hydrophobic “tail” and a hydrophilic “head”. Therefore, PC acts as a surfactant in water,
and the molecules form a layer at the air-water interface, with the hydrophobic part out of
the water, and the hydrophilic portion in the water. This is called a monolayer (or, more
specifically, a “Langmuir monolayer”), and is known to significantly lower the surface
tension of water (Langmuir, 1917, Wustneck et al., 2005, and Mudgil et al., 2006).
Experimental studies have also shown that a monolayer can have a large effect on the
evaporation rate of water, in some cases reducing it by as much as 70-75% (Frenkiel,
1965). Lozato et al. (2001) reported an even larger reduction of evaporation, 90-95%,

due to the meibomian lipid layer in their studies of the human eye.

2.4 Solute Nucleation

Nucleation is a term used to describe the point at which a supersaturated solution forms a
“nucleus” of the solid phase of the solute. A system that is supersaturated is said to be in

a metastable state (Carey, 2007). As the system goes further into the metastable range, it
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becomes more probable that a large enough perturbation will occur to cause a phase
transition. If a localized density fluctuation causes the state to exceed the stability limits,
then it will result in the formation of a small “embryo” of another phase. These embryos
can be stable or they may be unstable, in which case they will either collapse or grow. If
they grow, it will result in rapid nucleation of the system (crystallization). There are two
types of nucleation — heterogeneous and homogeneous. Heterogeneous nucleation occurs
when there are foreign surfaces or foreign ions present, which serve as nucleation sites,
catalyzing the formation of the new phase. Homogeneous nucleation occurs when the
new phase is initiated all by itself, directly from the solution, and therefore requires much
higher supersaturations (Cohen, 1987). Often, homogeneous nucleation is assumed for
aerosol droplets, as they lack the presence of a foreign surface to induce nucleation. Thus
is explained the hysteresis observed in saline droplets (and the large difference between
the efflorescence and deliquescence relative humidity) — it is due to the non-equilibrium
condition of supersaturation in the droplet. If heterogeneous nucleation were the case,
the efflorescence relative humidity would be much closer to the deliquescence relative

humidity.

2.5 Interactions Between Components in a Sputum Droplet

The analysis of a multi-component aqueous droplet is further complicated by the intricate
interactions between the various constituents in the droplet, and their combined effect on
the evaporation (or growth) of the droplet. For solutions containing only electrolytes,

there are many models available to predict the overall activity coefficient (which can be
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used to find the water activity), most notably the Pitzer and Debye-Huckel models. For
non-electrolyte solutions, UNIFAC is a well-known and tested model. As yet, however,
there is no accurate, widely accepted model to predict the behavior of a droplet
containing electrolyte and non-electrolyte solutes, as well as insoluble compounds. The
Zdanovskii-Stokes-Robinson relation is not being considered here since it is only
applicable to ideal solutions, when solute-solute interactions are negligible (this is not our
case, as will be described next). So, here we will attempt to obtain a better idea of how a
sputum droplet will behave in the atmosphere by studying some of the interactions of the

constituents in ternary solutions.

Mikhailov et al. (2004) performed a study on the interaction of protein and salt aerosol
particles with water vapor. For mixed NaCl-—BSA particles, the measured mobility
diameter showed a significant decrease as the relative humidity approached the
deliquescence point, most noticeably with a dry mass fraction of 25% BSA. With
increasing percentages of BSA, the deliquescence and efflorescence transitions seem to
become less sharp, and the humidity at which efflorescence occurred decreased. The
authors suggest that the BSA may form a coating on the surface of the droplet (since
proteins tend to act as surfactants) and “limits the access of water vapor to the particle
core composed of NaCl.” Investigating this phenomenon further, the authors state that
the particles with a high BSA percentage have a near-spherical envelope with a dendritic
NaCl core, and they assert that the BSA matrix forms a diffusion barrier which inhibits
the formation of compact NaCl crystals. This is to say that BSA kinetically limits the

deliquescence and efflorescence of NaCl.
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The authors claim, however, that this is not enough to explain the large differences in
diameter between mixed particles and pure NaCl particles under the same conditions.
The authors hypothesize that electric charge effects may be the reason, since BSA
molecules carry a high number of elementary charges, and at neutral pH they have a
negative net electric charge that depends on the amount of salt ions in the solution. This,
they say, caused enhanced electrostatic repulsion between the BSA molecules, which
then formed porous agglomerates. The agglomerate structure was subsequently

compacted by capillary condensation or deliquescence and efflorescence.

The water activity of glucose + sodium chloride solutions was determined by Comesana
et al. (1999). They also find the value for the C,; coefficient in the equation proposed by
Lin et al. (1996): a,—-1= (aWl - l)+ (aw2 - l)+ C,,m;m, , where a,, is water activity, m is

molality, and 1 and 2 refer to glucose and sodium chloride, respectively.
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Chapter 3: Single Droplet Mathematical Model

3.1 Introduction

Utilizing computational fluid dynamics (CFD), a model has been created to study the
spread of airborne influenza. A single, evaporating sputum droplet in a time-averaged
turbulent buoyant jet (representative of a human cough) has been simulated in MATLAB.
The output of this model includes the variation of the droplet’s size, temperature,
velocity, and concentration of constituents over time. These constituents include salt
(NaCl), carbohydrate, protein, lipids, and DNA content—the same chemical components
found in sputum. The initial concentration of any particular component can be specified,
and measured “actual” physiological amounts can be found in the literature (Spicer &
Martinez, 1984). The initial temperature, relative humidity, and velocity of the jet and
the temperature and relative humidity of the stagnant ambient into which it issues can all
be set, as well. Lastly, the droplet’s initial size and temperature can be specified in the

program. The droplets simulated will have [initial] diameters between 1 and 10 microns.
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3.2 Droplet Radius, Temperature, and Velocity Change with Time

Following the model used by Pruppacher and Klett (1978) for the evaporation or

condensation of an aqueous solution droplet, the rate of change of droplet radius is:

vo m (M, /M
rgzDVMwesat(Ta) RH— 1 xexp L\/MW( 5 j_i_ ZMWGS _ Sms( W/ s)
dt P.RT, 1+6 RT, \1+5) RT,(1+8)p,r  (421°p,/3)-m,
(3.1)
Where:
st b O (3.2)
T, Tk, dt

In the above equations, r is the droplet radius, t is time, Dy is the diffusivity of water
vapor in air, M is molecular weight, T, is the ambient air temperature, e, is the saturation
vapor pressure over a pure, flat water surface at temperature T,, p; is the [total] density of
the droplet, py is the density of pure water (at droplet temperature), R is the universal gas
constant, RH is the relative humidity (as a decimal), L, is the latent heat of vaporization
of water, ¢ is the surface tension, v is the number of ions into which a salt molecule
dissociates, @ is the practical osmotic coefficient, m is mass, T is the instantaneous
droplet temperature, and k, is the thermal conductivity of air. The subscripts w and s
stand for water and [solution] droplet, respectively. Note here that the nomenclature used
in this study is not the same as that of Pruppacher and Klett. The temperature of the
droplet is assumed to be uniform, an assumption which has been validated in the
literature (Andreas, 1990). It is also assumed that the droplet is initially spherical and

mass exchange is uniform over the surface of the droplet, thus it will always remain
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spherical. Equation (3.1) is an implicit equation due to the dependence of 6 on r. In our
model, the previously calculated value of T is used to determine 6, which can be justified
by the fact that the time scale for the change in droplet temperature is much smaller than
the time scale for a change in droplet radius. Note that Equation (3.2) is an
approximation assuming that the latent heat of evaporation is equal to the heat conduction
at the droplet surface (i.e. a Nusselt number of 2 is assumed when determining the total
heat flux, implying that the droplet is in a stagnant medium with no forced or free

convection effects) and cannot be used to replace Equation (3.1).

The rate of change in droplet temperature is modeled by (Pruppacher and Klett, 1978):

d -3

—(T.-T)= k (T. -T)+LD. (Q - 3.3
gl M=, o kel =T+ LD.Q. -Q)) (3.3)
Where:
Q - %em Voo (3.4)
And:

_ 2MWO-S _Vq)sms(Mw/Ms)
Fo = RT,p.f  (47rp,/3)-m,

(3.5)

Here, c,s is the specific heat of the droplet at constant pressure, and Q, and Q; are the

vapor density of the ambient air and at the droplet surface, respectively.

The equation of motion for a particle, using the steady-state drag coefficient and

including the effect of buoyancy, is given by Crowe, Sommerfeld, and Tsuji (1997):
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Wt o)+ g(1—&J (3.6)

dt 7, P
where:
2
- %Cc 3.7)
He

In the equations above, v is the droplet velocity (vector), f is the drag factor, u is the
velocity of the continuous phase, 1, is the velocity response time, g is the acceleration of
gravity, p. 1s the density of the continuous phase, pq is the droplet density, D is the
droplet diameter, C, is the Cunningham slip correction factor, and i is the viscosity of
the continuous phase. An empirical formula, given by Clift and Gauvin (1970) is used

for the drag factor:

f =1+0.15Re"*"+0.0175Re(l +4.25x10* Re )" (3.8)

where Re is the Reynolds number based on the relative velocity. This formula is valid
across the entire subcritical Reynolds number range (Re<3*10%). It can be shown that the
relative velocity between the droplet and the continuous phase would have to be very
large (in the order of 10° m/s) to exceed this range (for smaller, airborne droplets which
we are interested in). The Cunningham slip correction factor, a correction for the

momentum of very small droplets within a Stokes flow regime (Re<1) is given by:

C,=1+ 2?; {1.257+0.4exp[_0/'155 Dﬂ (3.9)

L

where A is the mean free path of the molecules, taken as 7%10°® meters.
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Andreas (2005) has compiled functions for -calculating many dynamic and
thermodynamic variables in a very convenient handbook. Most of the parameters in the

equations above can be determined from the empirical formulas given in this reference.

3.3 Modification for Multiple Component Droplet

The above formulations work for a single solute droplet, but for our purposes we need a
model that can handle multiple components, soluble and insoluble alike. To do so, we
must modify the given model. By combining the surface vapor relation for an aqueous

droplet containing a solid substance (Pruppacher & Klett, 1978):

e 2M o, v e M r2
a =exp w-s _ s®“m ;/va3N
sat,w Rprr M spw(r - rN )

(3.10)
e

And the same correlation from Mikhailov et al (2004) for an aqueous droplet containing
multiple solutes which do not interact with one another (separate solute volume additivity

model):

®
SW:eXp[4OM My 5 20hy ”) 3.11)
y

ARTD 203 1) M

y

Replacing the last term in the droplet radius equation with the result, we end up with:

dr DMwesat(T) RH - 1 X exp LVMW( o j 2M wOs pr sz(I) 8
Tt p.RT, 1+6 RT, 1+5) RT (1+5) (e —r)

(3.12)

In the above modification, ¢ is the mass fraction of a constituent with respect to the total

dry mass, the subscript N refers to the dry particle, and the subscript y refers to a
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particular constituent of the particle. The variable y . will also be changed to the natural

log of the surface vapor relation given above.

3.4 Buoyant Jet Momentum and Temperature

The droplet will be issuing from the mouth of a coughing person, into stagnant ambient
surroundings. Therefore, a round buoyant jet must be added to the model, as it will give
the conditions immediately surrounding the droplet. Here, the model given by Wang,

Law, and Herlina (2003) was chosen.

For the momentum and buoyancy fluxes:

%(O.SKM W7, sin(0)) = A, A8’ (3.13)
d 2.2x2

E(kMWCnWS cos(@))=0 (3.14)
d A 242

E kH WWCACUWS =0 (315)

With the trajectory defined as:

—=cos(6) (3.16)
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E:sin(é’) (3.17)

For the volume flux:

aQ =2ran,,SW, (3.18)
ds

In the above, s is the axial direction cylindrical coordinate, ky and ky are the ratios of
total to mean momentum and mass flux, respectively, w, is the velocity along the
centerline of the jet in the s-direction, n, is the velocity spread rate, 0 is the inclination
angle, A, is the effective gravitational acceleration along the centerline, A is the
concentration to velocity width ratio, x and z are the Cartesian coordinates, and a is the

entrainment coefficient.

The centerline temperature at any point along a jet is given by Bejan (2004). The
expression used is:

T,-T.)D,

T, :5.65( +T (3.19)
S

0

Here, Ty is the initial jet temperature, T, is the ambient air temperature, and Dy is the

nozzle (mouth) diameter.
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The temperature at any point is then:
r 2
T,=(T,-T,)exp| -| == | [+T
=) p[ (UCSJ} ”
The axial velocity at any point is given by:

W=W, exp| —| ——
S

The relative humidity at any point is:

RH =

esat

Where the saturation vapor pressure is given empirically by Buck (1981):

e =6.121%(10007 s (.62 -06)P)esg| T

240.97+T,

And an expression for the partial vapor pressure was developed:

T,-T, T,-T,
e, = e+ 1- €, .
T,-T,) " T,-T,) "

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

Above, r; 1s the radial coordinate, 1 is the concentration spread rate, P is the ambient air

pressure, ey is the initial vapor pressure of the jet, and e, is the vapor pressure of the

ambient air. For clarity, and as a visual aid, a two-dimensional diagram of the buoyant

jet (with imaginary boundaries) is included below, in Figure 1. Profiles of the jet axial
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velocity (solid line) and temperature difference between the jet and the ambient air

(dashed line) at an axial distance far downstream of the inlet are also shown in the figure.

Figure 1: Sketch of buoyant jet in two dimensions, with temperature and velocity profiles.
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Chapter 4: Results from Single Droplet Simulation

4.1 Introduction

Here, we present some of our model’s predictions from each step of the modeling
process, beginning with the case of a droplet of pure water in a steady, uniform
environment, then adding the effects of the buoyant jet and solutes within the droplet, and
finally ending up with a droplet composed of the same constituents as are found in human
sputum. We also compare our results with experimental data in order to validate our
model and the assumptions that were made. In the model, it was assumed that the droplet
is initially spherical in shape and it will always remain spherical, the droplet temperature
at any given instant will be uniform, and any constituents contained within the droplet are
well-mixed.  Through these assumptions, it is implied that the evaporation or
condensation over the droplet surface will be uniform, and that a solution droplet will
always have uniform density, as well. Since there is no well-accepted, accurate, and
widely-applicable method for calculating the surface tension of multi-component
solutions, and since the surface tension term in equation 3.12 is only significant for sub-
micron sized droplets (becoming more significant with decreasing radius), we assume the
droplet to have a surface tension equal to that of pure water. To check this assumption,
we tested our model with the droplet surface tension set at zero and at eighty dynes/cm

and found the difference in the results to be negligible.
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4.2 Pure Water Droplet Evaporation

Since sputum is mostly comprised of water, we initially created a model based on the
relations given by Crowe et al. (1997) to capture the physics of a droplet of pure water,
placed into an environment (of air) with a given (constant) relative humidity,
temperature, and velocity. Using a Lagrangian, forward-stepping time-marching
approach to solve the coupled ODE’s for the droplet diameter, velocity, and temperature,
this model was able to accurately predict the change in these three parameters over time.
The results for the change in particle diameter at different values of relative humidity for
1, 10, and 100 pm droplets, shown below in Figure 1, were validated by comparing with

those of Morawska (2006).

0% RH 20 % RH 60 % RH 80 % RH

Particle Diameter (m)

Tirme (&)

Figure 2: Particle diameter change with time of evaporating water droplets in different ambient
conditions.

Different initial conditions for the droplet and the ambient air in the room can be shown

to have drastically different effects on the droplet’s behavior. The droplet can evaporate
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completely, evaporate some and then remain at whatever size it reached, grow by
condensation until it reaches an equilibrium size, or it can even grow some initially and
then evaporate completely. These different effects are illustrated in Figure 2 with a 1
micron droplet at different initial temperatures (Td), in an environment of a specified
relative humidity and a constant ambient temperature of 296.15 °K. Figure 3 is a plot of
the particle (droplet) temperature over time, corresponding to the same droplets in Figure
2. It can be observed from this figure that a droplet of this size will reach its wet bulb
temperature (the temperature at which an evaporating or condensing droplet is in
equilibrium with its surroundings) in a very short time, almost instantaneously, and will
remain at this temperature indefinitely, as long as the conditions of the surroundings are

not changed, or until the droplet has completely evaporated.
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Figure 3: Droplet diameter change with time of 1 micron droplets under different conditions.
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Figure 4: Droplet temperature change with time of 1 micron droplets under different conditions.

4.3 The Buoyant Jet

Since the air leaving the mouth of a coughing person should be at a higher temperature,
relative humidity, and, of course, velocity, than the air in the room, it can be modeled as a
jet of air with buoyancy. The details of this part of the modeling are described in Chapter
3. To give a better visualization of what this time-averaged turbulent buoyant jet looks
like under different conditions, Figures 4 and 5 show contours of the temperature and
velocity, respectively, on a vertical slice through the center of the jet. The initial jet

velocity is 2 m/s in Figure 4 and 10 m/s in Figure 5. The initial jet temperature is 310.15
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°K and the ambient temperature is 294.15 °K in both figures. Figure 6 shows the effect

of changing the jet velocity on a particle introduced at the center of the “mouth”.

Buoyant Jet Temperature Profile
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Figure 5: Temperature contour on a slice through the center of the buoyant jet.
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Figure 6: Contours of velocity on a slice through the center of the buoyant jet.
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Figure 7: Trajectories of a particle initialized at the center of the buoyant jet with different initial jet
velocities (Ug).
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Due to the fact that the jet is initially at a different temperature and humidity than the
ambient environment, and proceeds to mix with the air in the room, the temperature and
humidity of the air immediately surrounding the droplet can change with time and space.
This will, of course, change the way the droplet evaporates or grows, as illustrated in
Figure 7. Note that the subscripts ‘a’ and ‘j” in the figure legend stand for ambient and
jet, respectively. The droplet diameter vs. time and temperature vs. time were plotted

both linearly and logarithmically in time to better capture the magnitude of the changes.
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Figure 8: Droplet behavior in buoyant jets with differing ambient temperatures and values of
relative humidity.
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4.4 Single-Solute Droplet Behavior

Solutes contained within an aqueous droplet can have a large effect on its behavior due to
their hygroscopic nature. The solutes dissolved within a droplet will change the surface
vapor pressure, and some, such as sodium chloride, exhibit the phenomena of
efflorescence and deliquescence. Figure 8 compares the evaporation of a 10um droplet of
pure water to that of droplets with differing salinity (different initial concentrations of

NacCl).
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Figure 9: Comparison of pure water droplet diameter and temperature change over time to droplets
with initial salinity of 1, 10, and 20%.
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In order to validate our model’s predictions, we compared our results for binary solution
droplets to experimental data from various literature sources. From his studies of
hygroscopic aerosols, Tang (1996) developed a polynomial expression to determine the
water activity of a sodium chloride solution by simply knowing the mass fraction of the
salt. We compare our predicted salt mass fractions at the same humidity (after reaching
equilibrium) to the results from this polynomial in Figure 9. For the BSA + water
droplet, we calculated the growth factor from the data provided by Mikhailov et al (2004)
for both his volume additivity model prediction and the experiments, and then calculated
our own growth factor with and without a modification to the ®@ term (in equation 3.10)
to account for the deliquescence/efflorescence transition. The comparison of these
growth factors is shown in Figure 10. Experimental data for the water activity versus
mass fraction of solute for a binary aqueous solution droplet of glucose was obtained
from Peng et al. (2000). Our model’s predictions for a glucose solution droplet are

compared with this data in Figure 11.
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Figure 10: Mass fraction of sodium chloride in binary aqueous solution droplet vs. water activity
prediction compared to Tang (1996) polynomial.
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Figure 11: Binary BSA aqueous solution droplet growth factor (D/Dgr) Vs. water activity
predictions compared to the work of Mikhailov et al. (2004).
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Figure 12: Equilibrium mass fraction of binary aqueous solution of glucose vs. relative humidity
predictions compared to the work of Peng et al. (2000).

While the mass fraction of solute upon reaching equilibrium will always be the same at
the same relative humidity (unless there is a hysteresis effect), the temperature of the
surroundings has a large effect on how long it will take to reach equilibrium. This is
displayed in Figure 12, for a 10um saline droplet, held at constant relative humidity in 40
°C and 5 °C air until reaching equilibrium. The effect of hysteresis (also know as “path-
dependency”) on a saline droplet is also included in the model. When the efflorescence
and deliquescence points of a system do not occur at the same relative humidity, then one
cannot predict the properties of the system when it is between these two points simply by
knowing the current relative humidity. The droplet was given an initial salt mass
fraction, and the surrounding relative humidity was made to change constantly with time,
ranging from below the efflorescence to above the deliquescence point of NaCl. Figure

13 illustrates how the mass fraction of NaCl within the droplet at a given time depends
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not only on the instantaneous RH, but also on what the RH was earlier in time. It should
be noted here that a classical nucleation model was not incorporated into our model, for
reasons of simplicity and practicality. Instead, we change the value of the v term (in
equation 3.10) to make the diameter of the droplet suddenly decrease, effectively causing
nucleation. When the solute mass fraction is about 0.9 or higher, we consider it to be a
“dry” particle (since this value cannot go to 1.0 for computational reasons). An issue
with prompting nucleation in this manner, however, is that the nucleation time predicted
by the model seems to be a bit too long. A more tedious, thorough modeling of the
nucleation event would be needed to correct this, but is not necessary for our purposes at

this time.

0.5 ! ! ! ! ! ! ! ; 5

Mass Fraction Salt

Figure 13: Mass fraction of NaCl in droplet in atmosphere of constant relative humidity vs. time.
Dashed lines correspond to an ambient of 40°C, solid lines are for 5°C.
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Figure 14: The effect of hysteresis on a NaCl binary aqueous solution droplet. a) Change in
ambient relative humidity over time. b) NaCl mass fraction over time.

4.5 Multiple Component Droplet

Having proven our model’s accuracy for binary aqueous solutions, we next attempted to
validate it for ternary solutions. This is a somewhat difficult task due to the scarcity of
experimental data on ternary solutions of interest, but the author did manage to find a
couple relevant pieces of literature with which to compare our results. Comesaiia et al.
(2001) found the water activity of glucose + sodium chloride + water systems and plotted
the glucose vs. sodium chloride molalities at lines of constant relative humidity. Figure
14 shows our predictions match the data almost perfectly. Unfortunately, however, the
range of relative humidity for which experimental data is reported is very limited (85% to
97%). Subsequently, we took the experimental data for BSA + NaCl + water systems, as
reported by Mikhailov et al. (2004), and calculated the growth factor. Then we compared
this to the growth factor calculated from our model, shown in Figure 15. As can be
observed, our model predicts the experimental results fairly well, even for an
organic/electrolyte mixture. The slight over-prediction of the model as the ratio of salt
mass fraction (xs) to BSA mass fraction (xp) tends to 1.0 can be attributed (mostly) to

electric charge effects between the molecules, which are not accounted for in our model.
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Figure 15: Ternary solution droplet of NaCl + glucose + water predictions compared to the work of
Comesana et al. (2001).
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Figure 16: Ternary solution droplet of NaCl + BSA + water growth factor predictions compared to
the work of Mikhailov et al. (2004)

In addition to NaCl, BSA, and glucose, the lipid content present in a droplet of sputum

can [theoretically] have a significant effect on the evaporation of water from the droplet.
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Since we could not find any literature on the effects of adding lipids or DNA to the
spraying medium, we have made a couple assumptions for these two constituents. First,
we assume that the lipids will increase the stability of the virus, because the viral
envelope is partially composed of lipids. Another reason is that lipids are amphiphilic,
which means that lipid molecules may “migrate” to the air-water (or air-droplet) interface
and form a monolayer, and thus retard the evaporation process. As for the DNA content,
due to lack of specific data and the fact that its relative concentration within the sputum is
very low, we assume that it has no effect on the infectivity of the virus, and we only take
into account its molecular weight in our calculations. In Figure 17, below, we compare
our model’s predictions for a pure water droplet, denoted by blue line, a saline droplet,
depicted by green line, a sputum droplet (containing all of the constituents in the
concentrations listed for purulent sputum in Table 2.1), represented by yellow line, and a
sputum droplet with a 50% reduction in evaporation rate (due to the lipids forming a
monolayer, as discussed in Chapter 2), denoted by red line. Note that the red line
obscures all of the other lines in the temperature plot, since all droplets are held at the
same conditions and thus reach the same wet bulb temperature. Though the length of
time required for each droplet to reach this temperature will be slightly different, the time

scale for this event is miniscule compared to the total time shown (12 seconds).
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Figure 17: Diameter and temperature change over time of droplets of different composition under
the same conditions.

4.6 FLUENT Evaporating Droplet Comparison

In order to help validate the results obtained from our in-house code, as well as to explore
the practicality of simulating droplet evaporation in FLUENT, a case was set up with a
single droplet of pure water injected into a jet of air that is emanating into a room of
stagnant air. To begin with, a flow field was needed, so a mesh was made in GAMBIT.
To keep things simple, a rectangular “room” was created, measuring 1x1x3 m, with a
single inlet in the center of one wall, and a single outlet at the opposite end of the room
on the ceiling. The inlet had a diameter of 0.01905 m and was set as a “velocity inlet”,
and the outlet was given a diameter of 0.09525 m and set as a “pressure outlet”. These
values correspond to the inlet pipe and a damper of the experimental chamber. The
geometry was then meshed using a triangular paved mesh and a tetrahedral scheme for
the volume, with about 180,000 nodes all together. The grid of the room can be seen

below in Figure 17.
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3

Figure 18: Grid for single droplet evaporation case in FLUENT.

Next, the case had to be set up in FLUENT. The unsteady implicit solver was used with
the realizable k-¢ turbulence model. This model was chosen because FLUENT
recommends it for more accurate prediction of the spreading rate of round jets (FLUENT,
2001). Then temperature and species transport were enabled in the calculations, with the
default “mixture-template” (consisting of H20, O2, and N2) as the mixture. An injection
was set with a single droplet entering from the center of the inlet at the very beginning of
the simulation, with a diameter of 10 um and a temperature of 310 K. The operating
temperature and outlet boundary temperature were both set at 294 °K, and the species
concentration of O2 at both the inlet and outlet were changed to 0.22 (corresponding to
the mass percentage of oxygen in air). Finally, the time step was set at 1e-03 seconds,
and iterations were run until about 3e-03 seconds after the droplet had completely
evaporated. Such things as relative humidity of the inlet or ambient air, or salts or other
solids contained within the droplet, were not considered in this case for the sake of time

and simplicity.
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From the results depicted below (in Figures 18-20), FLUENT appears to match our
predictions quite well. While the mass from the two simulations is quite close, the
diameter tends away from the MATLAB prediction with time, and the temperature plot
does not show the sharp drop from the initial temperature. The diameter discrepancy as
time goes beyond 4e-02 seconds can be attributed to the use of a fixed time step in
FLUENT. The two lines would most likely match if the time step decreased beyond this
point. The same can be said of the droplet temperature, only for the beginning of the
simulation instead of the end, since it can be seen from the MATLAB data that the
temperature drops from the initial temperature to the wet bulb temperature in a very short
time. Also, refining the mesh should help with the accuracy (as the mesh used in this

simulation was fairly course in some areas).
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Figure 19: Comparison of droplet diameter change with time between the FLUENT (solid blue)
simulation and the in-house code (dashed green).
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Figure 20: Comparison of droplet mass change with time between the FLUENT (solid blue)
simulation and the in-house code (dashed green).
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Figure 21: Comparison of droplet temperature change with time between the FLUENT (solid blue)
simulation and the in-house code (dashed green).

4.7 Droplet in Field of Homogeneous Turbulence

In order to simulate the behavior of a droplet placed into air with only small turbulent
fluctuations in the velocity (i.e. no average velocity), we borrowed from WVU’s Random
Flow Generator (RFG) code (Smirnov et al., 2001). The function for the air velocity
calculation was changed from a buoyant jet to a modified RFG function, where the
velocity calculation depends on the time step and the prescribed turbulent length scale.

An example of a single droplet’s trajectory in 3-dimensional space is shown in Figure 21.
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Figure 22: Three dimensional trajectory of a droplet following turbulent fluctuations in the
surroundings.
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Chapter 5: Coughed Particle Dispersion in Experimental Chamber

5.1 Introduction

West Virginia University and NIOSH have been working very closely on a study of the
spread of airborne influenza virus, in an effort to develop effective measures for infection
and pandemic prevention. NIOSH has set up an “experimental chamber” at their
Morgantown facility to study the spread of particles produced by a human cough. For
this purpose, they have developed a “cough machine” (Figure 22, below), which is
capable of producing the same flow vs. time profile and particle size distribution as an
average human cough would have, effectively reproducing an “real” human cough.
Through the use of the commercial CFD code FLUENT, we have simulated a mannequin
coughing in this chamber, as well as the actual cough machine emitting a “cough” inside
of the chamber, in order to try to predict where the particles from the cough will travel

within a room.
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Figure 23: The cough machine in the experimental room at NIOSH. Image courtesy of Dr. W.G.
Lindsley, NIOSH.

5.2 Geometries and Grids

All three of the grids created for the FLUENT simulations were made with the grid-
generation software GAMBIT. The first grid created for the experimental chamber
simulations had a simple “mannequin” standing in one corner, with its back to the wall,
facing into the room. Opposite the mannequin, on the ceiling, there was a small damper
(outlet). The dimensions of the experimental chamber are 2.7432 x 2.7432 x 2.3876 m
(LxWxH). The diameter of the mouth of the mannequin was 0.01905 m and the damper

(seen as a small circle at the back of the room, on the ceiling) had a diameter of 0.09525
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m. The mesh of the room had a total of 554,028 tetrahedral cells. The grid (with two of

the walls removed in order to better display the mannequin) is shown below in Figure 23.

Figure 24: Mesh of room with mannequin standing in corner.

The second grid for the experimental chamber saw the removal of the mannequin and the
creation of a relatively detailed and accurately scaled cough machine, depicted in Figure

24, below.

Figure 25: Original setup of cough machine in experimental chamber.
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Figures 25 and 26 show close-up comparisons between the actual machine used in the
experiments and the simplified one created for the simulations. Figure 26 also includes

an example of the mesh on the machine.

Figure 27: Actual cough machine compared with the simplified geometry and mesh generated in
GAMBIT.

The third, and final, geometry of the chamber is a simplified version of the second, with
all unnecessary details removed for better computational efficiency, and the cough
machine moved to the opposite side of the room (it was switched for experimental

reasons), and is shown in Figure 27.
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Figure 28: Experimental chamber with cough machine revised geometry.

5.3 Boundary and Injection Conditions

The first case (with the mannequin) was simulated in FLUENT using the k-epsilon RNG
turbulence model, since it is a well known and oft-used model that can predict turbulent
behavior with reasonable accuracy while remaining computationally efficient. A
transient inlet velocity was given at the mouth, using experimental cough flow rate data
provided by NIOSH, shown in Figure 28. The first cough is at 100% flow rate, followed
by a second cough at 70% flow rate, and a third at 50%. The damper was set as a
pressure outlet with zero gauge pressure. The temperature of the inlet and ambient were
set at 310.15 and 294.15 K, respectively (corresponding to human body temperature and
normal room temperature). A surface injection of 1 micron, inert, mass-less particles was

then specified at the inlet so that the particles would follow the flow. The particles were
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injected at every fluid time step (72 particles every 0.005 seconds), for a total of 10,800
particles per cough. In this and in all of the following cases, the velocity of the air
coming from the inlet was specified to be uniform across the face or boundary of the
inlet, implying the assumption of a smooth contraction nozzle (rather than a long pipe)

for the inlet.

Flow Rate (liters/s)

D T T T T T T T
0.0 01 02 03 0.4 05 06 07 0.8

Time (s)

Figure 29: Simulated cough flow rate (data provided by NIOSH).

The second case (with the cough machine on the right) was also simulated with the k-
epsilon turbulence model, and had the same transient inlet velocity prescribed at the
“mouth” as in the previous case, as well as the same flow time step. In this case, all of
the walls of the room were set as pressure outlets with zero gauge pressure, and
everything was assumed to be isothermal (the temperature equation was not activated in

the calculations). Instead of a particle injection, this time a scalar was introduced with
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inlet diffusion, as an alternative method of visualizing the spread of three coughs within

the chamber. The scalar was given a value of 1, and a constant diffusivity of 100.

The third case (with the cough machine on the left) was simulated using the realizable k-
epsilon turbulence model, with the same inlet conditions as the second case, however
with only one cough having a flow rate the same as in Figure 28. For this case, just the
back-corner wall and the “box” on the ceiling were set as pressure outlets, shown in red
in Figure 27, and the temperature was again neglected. The purpose of this simulation
being to attempt to match the dispersion of particles as measured in experiments, a
surface injection (for uniformity over the surface of the inlet) of inert 0.4 pm particles
was created. This size diameter was chosen because it represents the largest amount of
particles in the experiments for which the data reported by the particle counters is
considered to be reliably accurate. The density of the particles was specified to be 1,987
kg/m®, which is the density of potassium chloride (the material used for the particles
generated in the experiments). Particles were injected over the duration of the cough
(0.75 seconds), with a particle time step of 2.5 x 10™* seconds, whereas the time step for
the continuous phase was the same as in the two previous cases. The smaller time step
for the particles not only increases the accuracy, it increases the total number of particles
injected during the cough, as well. In order to have the particles injected at each particle
time step (rather than at the fluid time step), the option for two-way coupling of the
discrete phase had to be enabled in FLUENT. This means that not only will the
continuous phase affect the particles, but the effect of the particles on the continuous

phase is also taken into account. This option was then turned off after 1 second, since the
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injection was complete and the particles had spread out somewhat by this time and it
could be assumed that the particle volume fraction was low enough that the effect of the
particles on the continuous phase was negligible. Ideally, this option would be kept on
for the entire simulation, however it was found to have a significant detrimental effect on
the speed of the computations, and was not necessary for our particular case. There were

459,000 particles in total injected in this case.

For the fourth case, as an alternative to injecting particles and attempting to compare the
amounts captured, a scalar was again introduced, this time with the intent of comparing
the trend of scalar concentration at each spectrometer location to the experimental data.
The settings for this case were the same as the previous, but without an injection of
particles, of course. The value of the scalar was defined as 1 at the inlet for the duration
of the cough, and 0O thereafter. A user-defined function (UDF) was used to calculate the
scalar diffusivity by dividing the turbulent viscosity (calculated by FLUENT) by the

Schmidt number (constant, set at 0.7).

5.4 Multiple Cough Simulation Results

It has been observed through common experience that when a person with an upper-
respiratory infection coughs, often-times it is not just a single cough, but multiple,
consecutive coughs. For this reason we decided to simulate three consecutive coughs
coming from the mouth of the mannequin inside of the experimental chamber, with the

boundary conditions as specified in the previous section. The plot of velocity vs. time at
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the inlet for this simulation is presented in Figure 29, below. Images of the grid with the
particles colored by residence time at the end of each cough are displayed in Figures 30-
32. These images give an idea of how infectious particles disseminate in the air upon

leaving the mouth of a coughing individual.
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Figure 30: Transient cough velocity prescribed at inlet (mouth of mannequin) for case of three
consecutive, diminishing coughs.
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Figure 31: Particles colored by residence time at 0.75 seconds (end of first cough).
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Figure 32: Particles colored by residence time at 1.5 seconds (end of second cough).

62



3. 35e+00

1.91e+00
1.B0e:«00
1.63e00
1.58e+00
1.4fe+00
1.35e+00
1. 2400
| 1.19e:00
1.03e+00
01

-0t

-01

je- 01
-0t
Ze-01

Figure 33: Particles colored by residence time at 2.25 seconds (end of third cough).

Figures 33 through 36 depict the results obtained from the second case, which utilized a
user-defined scalar rather than a particle injection. In only four seconds, the scalar
“cloud” is shown to have almost reached the opposite side of the room, a distance of over
2 meters from its origin. It also appears to have almost completely diffused in the region

from the mouth to about 1 meter away by this time.
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Figure 34: Vertical contour slice through the center of the inlet colored by scalar concentration at
0.75 seconds (end of first cough).
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Figure 35: Vertical contour slice through the center of the inlet colored by scalar concentration at
1.5 seconds (end of second cough).
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Figure 36: Vertical contour slice through the center of the inlet colored by scalar concentration at
2.25 seconds (end of third cough).
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Figure 37: Vertical contour slice through the center of the inlet colored by scalar concentration at 4
seconds (1.75 seconds after end of third cough).
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5.5 Single Cough Simulation and Particle Dispersion

The cough simulator at the NIOSH facility was set up to produce dry particles of
potassium chloride of approximately the same size distribution as measured
experimentally from a human cough, in order to be able to reproduce the conditions of a
“real” cough in a controlled environment. The particles within the cylinder of the
machine (i.e. the particles to be “coughed out”) are counted by an aerodynamic particle
sizer prior to the cough, then the air (and particles) inside of the cylinder is forced out by
a piston with the same flow rate as a human cough. There are five Grimm 1.108 aerosol
spectrometers placed at specific locations inside of the experimental chamber, in two
different configurations, as shown in Figures 37 and 38. The first two experiments were
done with the first configuration (Fig. 37) and the last three experiments with the second
configuration (Fig. 38). The ambient conditions within the chamber were roughly the
same from one experiment to the next, with the temperature between 19-26 °C, the
pressure between 975-984 mb, and relative humidity between 30-59%, which is below
the deliquescence point of potassium chloride (so the particles should remain dry and
therefore stay the same size and mass from birth to capture). The experimental chamber
is claimed to be air-tight, with no airflow in the room prior to the cough—there is no
specified inlet or outlet for the chamber. The spectrometers take in air at a rate of 1.2
liters/minute, and report the amounts of each size (diameter) particle captured over 6-
second intervals. In order to compare the data obtained from the experiments to the
results of the FLUENT simulations, averages for experiments 1 & 2 and for experiments

3, 4, & 5 needed to be determined. Due to the 6 second spectrometer reporting interval,
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and the de-synchronization between the different spectrometers (with respect to the
cough initialization), a determination of the amount of particles captured per second by
each spectrometer (in each experiment) was deemed necessary for the averaging of
experiments. The particle count per second for each spectrometer was estimated by
finding the mean of the amount reported at every 6 second interval, and these values were
subsequently averaged together for the experiments performed under each of the two
configurations. The average particle count per total (for 0.4 pm diameter particles) in
cough for each spectrometer (for each configuration) versus time after cough
initialization is plotted in Figures 39 and 40. The average background noise in the
experiments was determined to be an order of magnitude smaller than the lowest
experimental counts, so a correction to the data due to noise was thus deemed
unnecessary. Due to the computational expense and resources needed to obtain this
much real-time data from a simulation, only the first 60 seconds after the cough are

utilized for comparison.
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Figure 38: NIOSH experimental chamber Grimm (particle counter) placement for the first two
experiments. Image courtesy of Dr. W.G. Lindsley, NIOSH.
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Figure 39: NIOSH experimental chamber Grimm (particle counter) placement for last three
experiments. Image courtesy of Dr. W.G. Lindsley, NIOSH.
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Figure 40: Experimental averages of particle count fractions for each spectrometer for setup #1
(experiments 1 & 2).
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Figure 41: Experimental averages of particle count fractions for each spectrometer for setup #2
(experiments 3, 4 & 5).
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In order to obtain the number of particles captured per second at each of the spectrometer
locations in the simulations, the FLUENT particle data at each second was first written to
a file. A code was then written in MATLAB which reads each file and “traps” the
particles that are within a specified X, y, and z distance from each spectrometer location.
This effectively puts the spectrometers into the simulation domain. The reason for not
creating the spectrometers when originally designing the grid is, again, computational
expense and resources. The size of a spectrometer is very small compared to the size of
the entire chamber, so the mesh around each spectrometer would have to be much finer
than it is without them, ultimately resulting in a much higher cell count for the mesh of
the room volume. This would greatly increase the time it takes to run the simulations.
After obtaining the number of particles trapped at each location, these amounts were then
divided by the total amount of particles that were injected in the domain so that the
results of the simulation could be compared with the experiments. Figures 41 and 42
show the comparison between simulation and experiment for the first and second
spectrometer setups, respectively, with the inclusion of standard deviation error bars for
the experimental averages. No particles were captured at locations 2, 3, and 4 for the first
setup in the simulation over 60 seconds, hence the blue line is not present in those plots.
The blue line is also not present for locations 4 and 5 of the second setup for the same

reasomn.
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Figure 42: Simulation to experimental data comparison of particles collected at each Grimm

spectrometer location in setup #1.
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Figure 43: Simulation to experimental data comparison of particles collected at each Grimm
spectrometer location in setup #2.
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In order to compare the scalar concentrations and experimental particle data, both had to
be scaled by a relevant normalization factor. For the scalar concentration data, that factor
was taken to be the value of the scalar at the location of Grimm #3 at 60 seconds. For the
experimental data, the normalization factor was taken as the average of the values at the
third Grimm over the entire 60 seconds. All of the scalar concentrations and the
experimental counts at each location were then divided by their respective normalization
factors in order to compare them on the same plot. The normalized scalar concentrations
are compared to the normalized experimental data for the first and second spectrometer

setups in Figures 43 and 44, respectively.
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Figure 44: Normalized scalar and experimental data comparison at each Grimm spectrometer

location for setup #1.
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Figure 45: Normalized scalar and experimental data comparison at each Grimm spectrometer




Chapter 6: Conclusions

The feasibility and mechanisms of airborne spread of the influenza virus among human
subjects has been thoroughly examined from an engineering perspective in this study.
Employing the use of various CFD techniques and software, the transport of tiny particles
that may contain this virus has been modeled in great detail, from the smaller scale of a
single droplet of sputum and the effects of different constituents within the droplet, to the

larger scale of “clouds” containing thousands of particles dispersing inside of a room.

Starting with the simple case of a pure water droplet, evaporating (or growing due to
condensation) in air of a constant temperature, relative humidity, and velocity, we then
built upon this model, step by step, until finally realizing our goal—the creation of a
sophisticated, precise model of a droplet with the properties of sputum, introduced into a
turbulent, buoyant jet, which is issuing into (and mixing with) stagnant ambient
surroundings. This model has been proven to be quite accurate at predicting the
properties of binary aqueous solution droplets containing either sodium chloride, glucose,
or bovine serum albumin. For ternary or higher order solutions, it is difficult to assess
with certainty the accuracy of the model, as there is little experimental data available
pertaining to solutions of interest. For humidity above 85% the model can predict
properties of glucose + NaCl + water systems exceptionally well, but no experimental
data for this system could be found below this humidity for validation. For solutions of
NaCl + BSA + water our model compares reasonably well with the experimental data,

though the error increases as the NaCl/BSA ratio moves closer to 1, apparently due to an
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interaction between the solutes that is not included in the model. There is a definite need
for more experimental work to determine the properties of multi-component droplets of

biological significance under different conditions.

In the second part of this study, the spread of coughed droplets within a room was
simulated in two different ways and compared with data from experiments performed at
the Morgantown NIOSH facility. The particle injection method seems to compare fairly
well with Grimms 1 and 5 in the first setup, but no particles were captured the entire 60
seconds at the other spectrometer locations. This can be justified for Grimms 2 and 4 by
assuming the experimental data is just noise, but Grimm 3 seems a bit too high towards
the end of the 60 seconds to be excused as being solely background noise. The second
setup proved much more difficult to match the particle simulation with experiments,
since there were no longer any Grimms directly on the axis of the inlet. By increasing the
virtual volume of the spectrometers in the particle trapping code, we were able to obtain
counts in the range of the experiments, though the trends of the data do seem to err
significantly from the experiments in some areas. The scalar simulation seems to
compare well with the experiments, perhaps even better than the particle simulation,
however it must be pointed out that Figures 43 and 44 are linearly scaled, while Figures
41 and 42 are log scale. Overall, it can be said that the scalar behaves more like an
average, or perhaps like a spline interpolation of the experimental data. The trend of the
scalar is much smoother than that of the particle simulation, which suggests that it is less
accurate at predicting sudden “jumps” or “dips” in the data at particular locations and

times.
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