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ABSTRACT

This study simulates particle penetfation through typical cracks in residential
buildings. The modeling approach combined an infiltration model and several particle
deposition models to ‘simulate penetration through rectangular cracks and L-shaped
cracks. The modeling considered particle deposition induced from Brownian diffusion
and/or gravitational sedimentation. An L-Shaped crack was treated as the combination of
a horizontal and a vertical rectangular sections to estimate overall particle penetration
coefficients.

For air infiltration mbdeling, this study used a semi-empirical model to estimate
infiltration flow through rectangular and L-shaped cracks. A chamber was designed to
validate the model. Experimental results indicated that this model agreed well with
experimental results for both types of cracks. Using this model, infiltration flow field was
assumed laminar. The laminar flow assumption was validated with an entrance length
parameter. It was found that entrance length was mostly less than 5% of the crack length
for typical residential conditions (AP < 10 Pa). The laminar flow assumption was
generally valid for crack heights (H) < 0.5 mm and crack lengths (L) > 30 mm cracks.

This study used a particle transport model to estimate particle penetration
coefficient (P,) for cracks of arbitrary incline angleé. The model was used to simulate
particle penetration through rectangular cracks and L-shaped cracks. For the same crack
geometries, the model indicates that a horizontal crack provides better protection from
particle penetration than incline cracks. Gravitational sedimentation is the dominant

particle deposition mechanism for micron-sized particles (= 1 pm), while Brownian

diffusion is a significant or dominates deposition of submicron-sized particles (< 1 pum).
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Visual examination indicated that both inertial impaction and entrance cut off were not
significant for typical residential‘ building conditions.

Particle penetration through typical cracks was investigated in an outdoor;
indoor chamber. This study used a non-intrusive laser particle dynamic analyzer to
measure particle concentrations at crack entrance and exit. The concentration ratio at
crack exit over entrance was defined as P,. Experimental results agreed reasonably with
the particle penetration model. The deviations from theoretical penetration coefficients
were mostly less than 5%. Nearly complete penetration was found for H > 0.406 mm and

L <30 mm cracks.
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LIST OF SYMBOL

A = Stack coefficient

a = Area, m?

B = Wind coefficient

C = Dimensionless particle concentration, ¢/cy

Cs = Empirical constant for the orifice flow equation
C. = Cunningham slip coefficient

Cu = Drag coefficient

G = Indoor pollutant concentration, mg/m’

G = Qutdoor pollutant concentration, mg/m’

C, = Discharge coefficient

c = Particle concentration, No./m’

Co = Particle concentration at the entrance of a crack, No./m’
D = Particle diffusivity, m%/s

D; = Dilution ratio

D; = Nozzle diameter, m

d, = Particle aerodynamic diameter, 10° m (i.e. pm)
dp = Particle diameter, 10° m (i.e. pm)

D, = Hydraulic diameter. D;~4h for narrow cracks, m
F = Force, Newton

Fy = Buoyancy force, Newton

Fy = Drag force, Newton

F, = Gravity force, Newton

f = Volume fraction of microspheres in stock suspension
f4 = Frequency of Doppler bursts, s™

GSD = Geometric standard deviation

g = Gravitational acceleration, m/s*
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H = Crack height, m

h = Half-height of a crack, # = H/2, m

I/0 = Ratio of indoor to outdoor pollutant concentration
K = Boltzmann’s constant

k = Particle deposition velocity, m/s

L = Crack length, m

L, = Entrance length, m

M = Number of horizontal grids

m = Mass, kg

N = Number of vertical grids

NMD = Number mean diameter, pm

NP = Dimensionless differential pressure parameter

NQ = Dimensionless Reynolds number expressed with infiltration flow rate
n = Empirical constant for the orifice flow equation

Py = Particle penetration coefficient

Pe = Peclet number

AP = Differential pressure across a crack, Pa

p(z) = Probability of finding z microspheres in a droplet

q = Infiltration flow rate, m/s

R = Ratio of singlet microspheres

Re = Reynolds number

S = Indoor source emission rate, 10 kg/s
s = Stopping distance, m

Stk = Stock number

T = Absolute temperature, °K

t = Time, second

U = Dimensionless fluid velocity
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u = Fluid velocity, m/s

Unm = Average fluid velocity, m/s
v = Particle velocity, m/sec

V = Advection velocity, m/s

Vi = House volume, m’

VMD = Volume median diameter of droplets, 10° m (i.e. pm)

V/N = Ratio of vapor mass concentration over nuclei cncentration.
Vs = Terminal settling velocity, m/s

w = Crack width, m

x,y = Horizontal and vertical axis

X, Y =Dimensionless horizontal and vertical axis

z = Number of microspheres in a droplet

z = Average numbér of microspheres in a droplet population
Greek Letters

o = Level of significance, 5%

p = Coefficient for the dimensional analysis infiltration model
) = Intersect angle of two laser beams, degree

A = Wavelength of laser beams, nm

¥ = Coefficient for the dimensionless infiltration model
p = Absolute viscosity of air, 18.24x10°® N-s/m”

6 = Crack incline angle, degree

@ = Dimensionless entrance length

0o = Brewster angle, degree

() = Phase shift, degree/um

1% = Kinematic viscosity of air, 15.7x10° m%/s

Oy = Geometric standard deviation of a particle population
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Oy = Dimensionless parameters for the Taulbee model

o, = Dimensionless parameters for the inclined crack model
py = Density of air at atmospheric pressure and 20°C, 1.164 kg/m3
£ = The portion of particles deposit inside a crack
Subcripts
f = Fluid

)4 = Particle

h = Horizontal crack

i = Grid number in horizontal axis

J = Grid number in vertical axis

v = Vertical crack

x = x-axis component

y = y-axis component
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CHAPTER 1. GENERAL INTRODUCTION

1.1 BACKGROUND

In the past, ambient air pollution regulation was directed toward setting source
emission limits and ambient air quality standards. The efforts did improve ambient air
quality. However, people are not continuously exposed to ambient air all of the time. The
current primary air quality standards of the National Ambient Air Quality Standards
(NAAQS) have long been questioned in protecting general public. As more and more
time budget research found that people spend more than 80 to 90% of time indoors
(Farrow et al., 1997; Jenkins and Philips, 1988; Robinson and Nelson, 1995), it is logical
to speculate that current ambient air quality standards may not be appropriate for indoor
air quality regulations. Actually the most susceptible population spends almost 100% of
their time indoors (Yocom, 1982). Indoor air quality regulations must take these findings
into consideration so as to protect public health. Canada is a pioneer in indoor air quality
regulation. In 1987, the Department of National Health and Welfare published Exposure
Guidelines for Residential Indoor Air Quality (Department of Health and Welfare
Canada, 1987). These guidelines are based on acceptable long-term and short-term
exposure ranges.

Since buildings are surrounded by ambient air, indoor air quality interacts with
outdoor air pollutants. Efforts have been devoted to investigate the outdoor-indoor air
quality relationship since 1970s. It was found by other researchers that the reactivity and
physical properties of air pollutants along with ventilation measures affect pollutant
penetration efficiency. Yocom (1982) pointed out that gaseous pollutants could readily

penetrate into indoor environments with infiltration air. However, because of indoor
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sources and reactivity of pollutants, indoor pollutant levels might be quite different from
outdoors. For inert pollutants, such as carbon monoxide (CO), Yocom (1982) found the
long-term indoor to outdoor concentration ratio (I/O) approached unity, while the short-
term /O might far exceed unity because of the contribution from indoor combustion
sources. Take tobacco smoking as an example, Elliot and Rowe (1975) found tobacco
smoking greatly increased indoor CO levels during public gathering in an arena, /O
reached 4.8. Moschandreas et al. (1981) investigated the effect of a gas stove on indoor
CO levels. In comparison with a control test in an office building that had no combustion
source, Moschandreas et al. (1981) found the /O ratioé were 1.64 and 1.05 for a gas
stove operating house and the office building, respectively. The results suggested that a
gas stove was an important indoor CO source.

Reactive gaseous pollutants have quite a different penetration story. Although
reactive gaseous pollutants can readily penetrate indoors as inert gaseous pollutants do,
they are subject to rapid chemical depletion in the transport process. As a result, lower
indoor levels were found when there was no significant indoor source (Anderson, 1972;
Spengler et al. 1979). Take ozone (Os;) as an example, Thompson ef al. (1973) and
Sabersky et al. (1973) found indoor O3 level have sirhilar diurnal pattern as outdoors,
which suggested that there was a close relationship between indoor and outdoor Os;
levels. Indoor Oj levels were consistently lower than outdoors, indicating Os losses in the
‘transport process. Thompson et al. (1973) found the /O ratio for O was approximately
0.5.

For particulate matter (PM), the outdoor-indoor relationship is much more

'complex than gaseous pollutants because of the mobility differences between PM and air.
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Contrary to gaseous pollutants that can be readily transported with infiltration air, PM
tends to settle out of air because of gravity and other deposition mechanisms. Particle
size, infiltration flow rate and geometry of infiltration channel all affect particle
penetration efficiency. Indoor sources further complicate the scenario. Several studies
found that tobacco smoking is the major source of indoor respirable particulate matter
(RPM). Tobacco smoking could raise /O for RPM up to 3.34 to 11.6 (Ozkaynak et al.,
1993; Leaderer and Hammond, 1991; Santanam et al., 1990; NAS, 1986; Dockery and
Spengler, 1978; Spengler et al., 1981; Repace and Lowrey, 1980). For other indoor
combustion sources, RPM contributions are not consistent in literature. Some research
found that fireplaces and cooking increases indoor RPM levels, others not (Ozkaynak et
al., 1993; Kamens et al., 1991; Moschandreas et al., 1978). Moschandreas ef al. (1991)
attributed the inconsistent result to the fact that /O relationship is dependent on indoor
activities.

Another investigation approach, based on a mass-balance model, has been used to
estimate PM penetration efficiency (P,). This model considered particle deposition
velocity and source emission rate to account for the effects of indoor activities. Using the

model, the US EPA PTEAM study found P, = 1 for PM10 particles (Koutrakis et al.,

1992). Thatcher and Layton (1995) found particles up to 25 pm could readily penetrate
into a two-story house in California. Other research that investigated sheltering efficiency
against airborne radioisotope particles found building envelopes provide a filtration effect
to protect residents from PM exposure (Englemann, 1992; Brown, 1988; Kocher, 1980).
The latter studies investigated the penetration of radioisotope labeled outdoor PM. Their

study designs could distinguish outdoor PM from those generated indoors. As a result,
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the isotope labeling technique probably provided a better estimation of particle

penétration efficiency. Kocher (1980) used the mass-balance model to estimate a dose
reduction factor (DRF) of a building for the Three-Mile Island accident. The definition of
DRF is actually the same as the /O ratio. Under typical air change rates (0.5 to 1.5 hr'),
DRF of a model building ranged from 0.2 to 0.8 for PM. Englemann (1992) used the
model to estimate DRF using 2 pm particles té represent respirable plutonium in another
study. The study found that all simulated buildings significantly reduce indoor PM levels,
including office buildings, well-constructed houses, old houses, and industrial buildings.
In addition to theoretical modeling, experimental investigations conducted during the
Three-Mile-Island and the Chernobyl accident also found buildings did provide
protection from outdoor radioactive PM (Fogh et al., 1997; Roed and Cannell, 1987).
Fogh et al. (1997) and Roed and Cannell (1987) reported that DRF = 0.5 and 0.37 for
particulate iodine, respectively.

The above discrepancies in particle penetration efficiencies suggest that the mass
balance models inherit some uncertainties. An alternative modeling approach is required
to identify outdoor-to-indoor particle penetration efficiency. In 1999, Liu and Nazaroff
focused on specific idealized cracks to estimate P,. This model combined an air
infiltration model and particle deposition models. Although the modeling approach could
not be applied on actual houses readily, it provides information to examine particle
transport mechanisms and avoids the confounding factors induced from indoor activities.
The current study applied the same idea and used an alternative model to investigate

cutdoor-to-indoor particle penetration. This model provides information to examine
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particle deposition mechanisms. In addition, it can deal with both rectangular cracks and
L-shaped cracks.
1.2 AIR INFILTRATION

According to the ASHRAE Fundamental Handbook (American Society of
Heating, Refrigerating, and Air Conditioning Engineers, Inc., 1989), three ventilation
modes: forced ventilation, natural ventilation, and infiltration are used in building
ventilation. Forced ventilation uses mechanical forces to draw fresh outdoor air indoors.
A filtration system is designed to remove ambient air pollutants. Because mechanical
ventilation systems create a positive pressure indoors, outdoor air pollutants cannot
penetrate indoors. In this ventilation mode, particle penetration is determined by the
efficiency of filtration systems.

Natural ventilation is defined as ventilation through manually controlling the
opening of doors, windows, and other building components (ASHRAE, 1989). Natural
ventilation is the major ventilation mode to adjust indoor temperature, humidity and other
environmental conditions. Because such openings are relatively large, air pollutants can
readily be transported indoors. Nearly 100% penetration efficiency is expected (Yocom
and McCarthy, 1991).

For infiltration flow, although its flow rate is much less than natural ventilation,
two reasons attract research interest on infiltration penetration. First, infiltration flow is
the major ventilation mode when ambient air is polluted. For example, when a smoke
plume from a forest fire or a plume from a nuclear power plant accident covers a city,
residents tends to close doors and windows to prevent pollutants from penetrating
indoors. Infiltration flow through unintentional openings, such as the perimeters of door

and window frames, is the only air leakage source. As a result, several studies focused on
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infiltration penetration to examine the protection from building sheltering (Englemann,
1992; Gross, 1981). Second, because more and more energy vefﬁcient houses have béen
built due to the increasing energy costs, there is a great need to investigate infiltration
flow in order to balance energy conservation, living comfort, and residence heath
(Proskiw, 1995; Yocom and McCarthy, 1991; Forest et dl., 1990; Elmroth ef al., 1982;
Wanner, 1982).

The. ASHRAE Fundamental Handbook defines infiltration as "uncontrolled
airflow through cracks and interstices, and other unintentional openings." (ASHRAE,
1989). Wind pressure and stack effect, induced from temperature differences, are the
driving forces of infiltration flow. Since the energy crisis era, several empirical and semi-
empirical models have been developed to estimate infiltration flow using the driving
force terms (Etheridge, 1998; ASHRAE, 1989; Baker et al, 1987; Goldschmidt, 1986;
Gross, 1981). Among these models, the ASHRAE Fundamental Handbook used an
empirical one to calculate infiltration flow from wind velocity and temperature

difference:

0, = a(4AT + BV? ) x107 (1-1)
where O, is airflow rate (m’/s), a is effective leakage area (cm?), 4 is stack coefficient,
AT is average temperature difference between outdoor-indoor (°C), B is wind coefficient,

and V is average wind speed (m/s). The ASHRAE Fundamental Handbook provides
tables of effective leakage area for typical building components and the coefficients 4
and B as a basis to estimate whole house infiltration (ASHRAE, 1989).

These models were used to estimate infiltration flow for a whole house, while

other models focused on infiltration through specific cracks. Hopkins and Hansford
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(1974) found residential cracks could be treated as pairs of parallel plates. Based on
parallel plate theory, several empirical and semi-empirical models have been proposed.
For example, the orifice flow models and dimensional analysis models have been used in
passive ventilation and fire safety studies (Hopkins and Hansford, 1974; Etheridge, 1977,
Gross and Haberman, 1989; Walker and Wilson, 1990; Wilson and Walker, 1991; Baker
et al., 1987).

The empirical orifice flow model simulates infiltration as air flow through an
orifice plate. Infiltration flow rate can be predicted from differential pressure with a
power law equation:

a=C,(aPY (-2

where C, and n are empirical constants, g is infiltration flow rate, and AP is
differential pressure across a crack. Gross and Haberman (1989) and Wilson and
Walker (1991) suggested that the exponent » = 0.5 for air infiltration through sharp
edged holes and »n = 1.0 for laminar flow through long, thin rectangular cracks. This
suggests that laminar infiltration flow is linearly dependent on the differential pressure
across a rectangular crack. This model, although widely used in infiltration studies, is not
dimensionally homogenous and conflicts with the principle of similarity with respect to
the Reynolds number. In addition, turbulent orifice flow is quite different from the flow
fields in residential crack infiltration, which tend to be laminar or in a transition between
turbulent énd laminar flow fields for long, thin cracks.

Other research used dimensionless analysis to derive a semi-empirical model as

shown (Hopkins and Hansford, 1974):
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where C, is discharge coefficient, L is crack length, D, is hydraulic diameter of a crack,
and f and y are coefficients. Theoretically, £ = 96 for ideal rectangular cracks (Hopkins
and Hansford, 1974). In practice, f and y are derived from experimental data. Etheridge

(1977) and Baker et al. (1987) used regression analysis to obtain the coefficients £ and ¥
for rectangular cracks, L-shaped cracks, and double-bend cracks.

Gross and Haberman (1989) proposed another model to simulate parallel plate
flow. The model was used in this study to estimate infiltration flow for both rectangular
cracks and L-shaped cracks. Details of the model are presented in Chapter 2.

When uniformly distributed flow enters a crack, because of the boundary layer
effect, infiltration flow gradually develops into laminar flow. Schlichting (1979) and
Sparrow et al. (1967) solved the flow field in the flow development region for tube flow
and parallel plate flow. They proposed a dimensionless entrance length parameter to
estimate the length of the flow development region. The model indicated that infiltration
flow field could be assumed laminar for long-narrow cracks. The velocity profile of fully
developed laminar flow is parabolic. It can be derived from the Navier-Stokes equation

and the continuity equation (Schlichting, 1979; Kay, 1957).

1.3 OUTDOOR-INDOOR PARTICLE PENETRATION

1.3.1 Indoor/Outdoor Ratio

Since Yocom (1982) reviewed the major outdoor-indoor air quality research
conducted in the 1970s, additional literature has been published for outdoor-to-indoor
particle penetration. One of the methods used to examine P, was based on the ratio of

indoor to outdoor particle concentrations (//0). However, the I/O ratio is a function of
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indoor source emission rate, air change rate, and particle deposition réte. If particulate
matter is not labeled to distinguish from those generated indoors, 7/O cannot represent the
actual particle penetration coefficient. Furthermore, because these three factors are
dependent on indoor activities, field studies found the 7/O ratio varied widely for different
experimental settings. Some studies r_eporte& the J/O ratio to be less than 1.0 and
concluded that building barriers prevent outdoor pgrticles from entering indoors
(Anderson, 1972; Alzona et al., 1979; Li, 1994). Others found the 7/O ratio varied widely
and might be far greater than 1.0 (Dockery and Spengler, 1981; Sinclair et al., 1992;
Tung et al., 1999). These studies attributed the wide variation in J/O ratio to the influence
of indoor activities. Consequently, using an 1/O ratio to represent particle penetration
efficiency may not be appropriate.
1.3.2 TAQ Model

Another approach to estimate particle penetration efficiency is based on a mass
balance model, usually called the indoor air quality model (IAQ model). This model
considers particle deposition rates (k), and indoor source emission rates (S) to account for
the contribution from indoor activities (Roed and Cannell, 1987; Thatcher and Layton,
1995; Wallace, 1996; Tung et al., 1999). The IAQ model assumes that outdoor pollutant
concentration is in equilibrium with indoor microenvironment and indoor air is
completely mixed. As a result, the mass balance equation with respect to the indoor

environment can be written as shown (Shair and Heitner, 1974; Nazaroff and Cass, 1989;

Yocom and McCarthy, 1991):

dcC,
v, _d_t'. =S8 +qP,C,—k4C, ~qP,C, (1-4)
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where V; is house volume, C, and C; are pollutant concentrations in the outdoor and
indoor environments, g is inﬁltration flow rate, k is particle deposition velocity, 4; is
indoor surface area, and P, is particle penetration coefficient.

In steady state, indoor concentration (C;) is constant and equation 1-4 becomes:

- SrahG (1-5)
gP, + k4,

Particle penetration efficiency P, can be estimated from equation 1-5 since
other terms can be measured experimentally. In application, source emission rate,
pollutant deposition rate, and infiltration flow rate are measured under controlled
experimental conditions. The derived parameters do not represent the dynamic
fluctuations in residential conditions. As a result, using the IAQ model to predict particle
penetration coefficient is subject to the confounding effects of these factors. In addition,
complete mixing assumption is not valid for most residential conditions.

1.3.3 Particle Dynamics Modeling Approach

An alternative approach to avoid the above experimental confounding is to
estimate particle penetration by examining particle concentrations at crack entrance and
exit. Liu and Nazaroff (1999) evaluated particle penetration based on particle deposition
models that considered both Brownian diffusion and gravitational sedimentation. This
modeling approach considered crack geometry, particle diameter, and the differential
pressure across a crack to predict P,. Because typicalvcrack dimensions and target particle
sizes can be measured, the only other factor that affects particle penetration driving force
is related to difference pressure across a crack. Although indoor activities have

significant effects on difference pressures between indoor and outdoor environments,

their effects can be accounted for by measuring typical difference pressures for
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residential conditions, which is reported to be less than 10 Pa for ordinary conditions
(Wilson and Walker, 1992). As a result, human activity factor is included in this
modeling approach and confounding induced from indoor activities are avoided.
However, a limitation of this modeling approach is how to apply it on actual house
cracks. For actual cracks, there is no appropriate instrument to measure crack height
directly. This limitation can be solved by an infiltration test method. The ASTM Test
Method E1242 describes a chamber design to measure effective leakage area of building
components. Using the measured effective leakage area, crack dimensions can be

estimated so that this modeling approach can be used to estimate a particle penetration
coefficient (Kehrli, 1995).
1.4 PARTICLE DEPOSITION MECHANISMS

Particle trajectory analysis is one of the models that have been used to simulate
particle deposition in a crack infiltration journey (Liu and Nazaroff, 1999; Mosley ef al.,
2001). If a particle deposits on a crack surface, it is assumed removed from infiltration
stream. Particle trajectory models are based on the equation of motion. According to the
Newton's Law, the net forces on a particle is equal to the product of particle mass and

acceleration rate:
du =
m —=2F 1-6
where m,, is particle mass, # is velocity vector, ¢ is time, and F is the vector of driving
forces. Since driving forces can be estimated from particle deposition mechanisms, the

equation of motion can be integrated to obtain particle velocity function. Integrating the

velocity function gives the particle’s trajectory (Wang 1975).
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1.4.1 Gravitational Sedimentation

For micron-sized particles, gravitational sedimentation is a significant
deposition mechanism (Hinds, 1982). When a particle is released in air, three forces
determine its trajectory: gravity, buoyancy force, and drag force. The equation of motion

can be written as (Licht 1980):

—

mp%—?=Fg+Fb+Fd=mpg+mfg+-id—pfau 1-7)

where }Z is gravity force, F,: is buoyancy force, }7‘: is drag force, pris gas density, a is

particle projection area, and C; is drag coefficient. For two-dimensional motion, the

equation can be written as component equations in x and y directions:

x

du,
x-component: m, 7 =-F, (1-8)

uy

; :g(mp_mf)“de (1-9)

y-component: m ,

Integrating the equations can derive particle trajectory.
1.4.2 Inertial Impaction

Inertial impaction might be an important particle deposition mechanism for the
90° bend in L-shaped and double-bend cracks. It has been investigated theoretically and
experimentally on aerosol separation processes, such as inertial impactors and virtual
impactors. When flow direction changes, particles with sufficient inertia deviate from the
streamlines and_ impact on channel wall. The Stokes number, or impaction parameter,
governs impaction efficiency (Hinds, 1982). It is defined as the ratio of particle stopping
distance (at the average nozzle exit velocity, U) to nozzle radius (Dy2) (Davies and

Aylward 1951; Ranz and Wong 1952; Licht 1980):
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Stk = =
D,2" 9u,

(1-10)

where s is stopping distance, D; is nozzle diameter, p, is particle density, u is flow
velocity, C, is Cunningham slip correction factor, and other terms are defined previously.
Stopping distance and Cuﬁningham slip correction factors are particle size dependent, as
shown in Appendix A. For résidential crack infiltration, Liu and Nazaroff (1999) found
the Stk number was less than 0.36. Inertial impaction was not a significant particle
deposition mechanism.
1.4.3 Brownian Diffusion

Brownian motion is induced from random bombardment of gas molecules on
particles. The probability of random bombardment is proportional to aerosol
concentration. As a result, Brownian diffusion causes a net movement of particles from a
high concentration area to low concentration area. The potential of Brownian diffusion
deposition is characterized by particle diffusivity D, which can be calculated from the
Stokes-Einstein equation (Hinds, 1982):

_ KTC,

D=
3mud ,

(1-11)

where K is Boltzmann's constant, T is absolute temperature, and p is absolute viscosity of
air. The equation suggests that particle diffusivity is inverseiy proportionél to particle
size. Generally speaking, Brownian diffusion is not an efficient deposition mechanism for
micron-sized particles. However, it has significant particle deposition efficiency for
submicron-sized particles when particle} transport distances are small. For particles
smaller than 0.1 pm, Brownian diffusion is a major deposition mechanism (Hinds, 1982).

Appendix A lists particle diffusivity for a series of particles.
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- The aforementioned particle trajectory analysis fails to simulate the wiggling
trajectory induced from Brownian motion. Particle penetration must be simulated using a
mass transport equation, as shown in equation 1-12 (Tan and Hsu, 1972; Taulbee and Yu,

1975):
V-(cv)=DVic (1-12)

where ¢ is particle concentration, v is particle velocity vector, and D is particle
diffusivity. This study used the mass transport equation to formulate a particle
penetration model that considers both gravitational sedimentation and Brownian
diffusion.
1.5 OBIJECTIVES AND SCOPES

Although efforts have been devoted to investigate the outdoor-indoor air quality
relationship, there are discrepancies among published studies. The IAQ model has
inherent confounding factors induced from indoor activities, which lead to discrepancies
among particle penetration research. As a result, it is necessary to use other modeling
approaches to validate these key points. In addition, deposition mechanisms that govern
particle penetration efficiency need to be identified. The objective of this study was to
derive mathematical models to estimate particle penetration efficiency through
rectangular cracks and L-shaped cracks in typical residential conditions. Experimental
investigations were also conducted to validate the models. The scope of research
activities of this study included: |
1. Screening an air infiltration model to estimate infiltration flow rate, and to determine

the flow fields (Chapter 2);
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2. Deriving particle penetration models for horizontal cracks, and to examine the
differences among these models (Chapter 3);

3. Deriving a particle penetration model for cracks of arbitrary incline angle. The model
is to be used for L-shaped cracks (Chapter 4);

4. Developing a suitable aerosol generator for the study. Effects of contfolling

" parameters were examined (Chapter 5);

5. Applying an atomization/evaporation methodology to generate standard particles for

instrument calibration/validation (Chapter 6);

6. Validating the particle penetration models in a test chamber (Chapter 7).
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CHAPTER 2. RATIONAL APPROACH FOR AIR INFILTRATION
’ MODELING

2.1 INTRODUCTION

The relationship between infiltration air and pollutants is similar to that of
vehicles and passengers. Infiltration flow acts as a vehicle to transport passengers, i.e. (air
pollutants), from butdoor to indoor environment. In the infiltration journey, some
pollutants get off the vehicle because of certain deposition mechanisms; others remain
airborne and are transported into the indoor environment. As a result, indoor air quality
research cannot be separated from ventilation theories. Fortunately, there has been great
advancement in infiltration studies since the energy crisis in 1970s. During that period of
time, infiltration studies focused on energy conservation applications, leading to the
development of tighter buildings. Many infiltration test methods and infiltration models
have been established to estimate infiltration flow through building envelopes (Palmiter,
‘1995; Kehrli, 1995; ASTM, 2001; Hopkins and Hansford, 1974; Gross and Haberman,
1989). The advancement in infiltration research provides a foundation for indoor air
quality research. Soﬁe of the developed infiltration models have been used to facilitate
indoor air quality research and modeiing (Liu and Nazaroff, 1999; Fogh et al., 1997,
Thatcher and Layton, 1995; Olcerst, 1994).

Similar to indoor air quality research, infiltration test methods and models can
be categorized into two groups. One of them focused on measuring whole house
infiltration, while the other focused on infiltration behaviors for individual cracks (or
individual building components). For whole house infiltration study, the fan
pressurization test and several tracer test methods have been developed since the 1970s

(Kehrli, 1995; ASTM, 2001). Both test methods were primarily used in building comfort
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and building energy efficiency research. Recently, the test methods have been used in
indoor air quality research. For example, the tracer test methods have been used to
measure air movement inside buildings to trace pollutant movement and penetration
(Nazaroff and Cass, 1989; Thatcher and Layton, 1995).

The second group of infiltration research models focused on infiltration through
individual cracks to investigate the behavior and flow field of infiltration flow. Hopkins
and Hansford (1974) did a survey on some residential houses and found most residential
cracks were geometrically analogous to the combination of pairs of parallel plates. The
Parallel plate theories, as used in fluid mechanics research, were thus adapted to develop
infiltration models for rectangular cracks, L-shaped cracks, and double-bend cracks
(Baker et al. 1987, Etheridge, 1977, Gross and Haberman, 1989). In addition to
infiltration flow rate, flow field is also important in some applications, e.g. the pollutant
penetration research. Sparrow (1962) and Schlicting (1989) used boundary-layer theory
to examine flow development through rectangular ducts and proposed an entrance length
parameter (L) to estimate the length of flow development region. For long-narrow
cracks, infiltration flow could be assumed laminar throughout the cracks. The parabolic
velocity profiles of laminar flow have been mathematically derived using the Navier-
Stoke and continuity equations (Schlicting, 1979; Kay 1957).

This chapter uses a semi-empirical infiltration model proposed by Gross and
Haberman (1989) to estimate infiltration flow through pairs of parallel plates. A controlled
chamber was desigped to test the validity of the model. Table 2-1 presents the crack
dimensions and differential pressures tested in this study. The differential pressures were

chosen from 0 to 15 Pa to cover typical residential infiltration conditions (0 to10 Pa). The
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test crack dimensions were crack length L = 30 and 60 mm, crack width # = 100 mm, and
crack height H from 0.203 to 0.508 mm. Figuré 2-1 illustrates the definition of crack
length L, crack width W, and crack height H for rectangular and L-shaped cracks. The
crack dimensions were designed to simulate typical cracks of tighter building designs. To
validate the infiltration model, this study measured infiltration flow rates from 0 to 15 Pa,
with step increments of approximately 0.5 Pa. The same procedures were repeated three
times. Experimental results indicate that the adapted model could predict infiltration
‘through these cracks reasonably well. Using this infiltration model, the study further
examined the validity of assuming laminar flow across the cracks. It indicates that the
ratio of entrance length over crack length (L./L) was usually less than 5% for typical
residential conditions (AP < 10 Pa). The laminar flow assumption was generally valid.
This chapter summarizes the infiltration models and flow field equations. Detailed model

derivation and information are presented in Appendix B.

2.2 THEORY

2.2.1 Infiltration Flow Model

Several empirical and semi-empirical models have been proposed to predict
infiltration flow through pairs of parallel plates and L-shaped cracks. This study used the
dimensionless model proposed by Gross and Haberman (1989) to estimate infiltration
flow rate. The model has been validated using the experimental data reported by Hopkins
and Hansford (1974). The model validation indicated that the model could be used for
both rectangular cracks and L-shaped cracks at low Reynolds numbers, which is typical

for residential infiltration conditions. This infiltration model is comprised of three regions
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according to the magnitude of a dimensionless difference pressure parameter, NP. The
model is shown in equations 2-1 to 2-3.

NQ = 0.01042NP | NP <250 2-1)
NQ =-3.305+0.2915NP%° +0.01665NP*"* +0.0002749NP 250 < NP <10° (2-2)
NQ =0.555NP*’ , NP2z 10° (2-3)

NP and NQ are defined in equations 2-4 and 2-5:

P (Apr }( D, )2 (2-4)
eyt N L
_ 49Dy (2-5)
N Wi

where AP is differential pressure across a crack, Dj is hydraulic diameter of a crack

(Dy, =2H for fine cracks), pris air density, v is kinematic viscosity of air, ¢ is infiltration

flow rate, W is crack width, and L is crack length.

2.2.2 Infiltration Flow Field

Based on the infiltration flow model described previously, Han (1960) and
Sparrow (1962) used an entrance length parameter (L.) to verify whether infiltration flow
could be assumed laminar for rectangular crack flow. Entrance length was defined as the
cﬁannel length required for uniform flow to develop into laminar flow. If an entrance
length were much shorter than the corresponding crack length, assuming laminar flow
throughout the crack would be reasonable. Schlichting (1979) proposed a dimensionless
entrance length ¢ to estimate the flow development region for parallel plate flow, as

shown in equation 2-6:

b= L, (2-6)
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where Re is Reynolds number, and D, is hydraulic diameter of a crack. Schlichting
(1979) found when ¢ = 0.01, crack infiltration flow could fully develop into laminar
flow.

The entrance length L, physically represents the length of the flow development
region. If L, is much smaller than total crack length L, infiltration flow can be assumed to

be laminar throughout the crack.

2.2.3 Laminar Velocity Profiles for Parallel Plate Flow

| Because residential cracks are mostly long and narrow, infiltration flow is
believed to be laminar shortly after entering a crack. The velocity profile of fully
developed laminar flow is parabolic, with the fastest moving region in the center and
gradually decreasing to zero at crack walls. The parabolic velocity profile can be derived

from the Navier-Stokes equation and the continuity equation, as shown in equation 2-7

u=6u, [—yﬁ - (-;’I—) ] 2-7)

where u,, is average infiltration velocity, H is crack height, and y is vertical position

(Kay 1957):

inside a crack.
2.3  MATERIALS AND METHOD

Figure 2-2 illustrates a schematic diagram of the infiltration flow test system. A
crack sandwich that simulates typical building crack dimensions was installed between
the indoor and outdoor chamber. A vacuum pump was used to draw air through the
indoor chamber so as to create a differential pressure across the crack. The differential

pressure was controlled by the precision needle valve V4 and monitored using the
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differential pressure transducer, P1. Depending on infiltration flow rate, three gas mass
flow meters, F1 to F3, were used to measure infiltration ﬂoW rate. Each flow meter has
an on/off valve, V1 to V3, to select a flow meter with appropriate ranges. The following
sections provide the specifications of the test chambers, crack sandwiches, and
control/monitoring instruments.
2.3.1 Chamber

Figure 2-3 illustrates an exploded diagram of the acrylic test chamber. The
chamber was composed of an indoor compartment and an outdoor compartment. The four
pieces on the left-hand-side of Figure 2-3 comprised the outdoor compartment. It was
made of a half-cut circular column of 220 mm L.D. Its top and bottom were sealed with
two semi-circular plates. This assembly unit was then sealed with a binding plate to
combine with the indoor chamber using bolts and nuts. There were three extension tubes
manufactured on the top plate of the outdoor chamber. Two of them were used to hold a
thermometer and a differential pressure transducer, while the third was an air inlet port.
This port was connected to an aerosol generator to provide aerosol flow in a later particle
penetration study. In addition to these openings, there was an outlet port at the bottom of
the chamber so that aerosol flow could continuously flush through the chamber. In
current infiltration study, these two aerosol ports were opened to atmosphere.

The right-hand-side chamber in Figure 2-3 is the indoor compartment. It is
basically the same dimensions as the outdoor one, however it has only an outlet port. This
port was connected to a vacuum pump to drive infiltration flow through the crack

sandwich.
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Between the outdoor and indoor compartments, there was a separation plate to
hold a crack sandwich. The separation plate isolated these two chambers so that the
differential pressures across the crack could be adjusted.

2.3.2  Crack Sandwiches

Two types of cracks were made as sandwiches in this study. They were straight-
through rectangular cracks, and L-shaped cracks. The dimensions of the test cracks were
chosen to simulate typical cracks for tighter buildings. Hopkins and Hansford (1974)
measured typical crack dimensions in some residential houses. Their survey indicated that
typical cracks were from 10 mum to 50 mm in length (L) and from 0.5 mm to 10 mm in
height (H). As a result of the survey, this study chose crack length L = 30 mm and 60 mm,
and crack width was 100 mm. However, the test cracks were made finer than the
aforementioned crack heights since particle penetration models indicate that almost 100 %
of particles penetrate through cracks if H is greater than 0.5 mm. Consequently, this
experiment selects crack height A = 0.203 mm, 0.305 mm, 0.406 mm, and 0.508 mm.
Because crack width was 200 to 500 times of to crack heights, the test cracks could be
assumed to be pairs of parallel plates.

The narrow test cracks that simulate tighter structures are not extraordinary with
the popularity of energy efficient buildings, as well as emergency shelters and buildings
required in certain areas. One of the examples is the emergency planning zones (EPZ) of
nuclear power plants. Originally, evacuation was deemed the major emergency response
to protect people in the EPZ in case of power plant core meltdown or containment
rupture. However, several modeling works and field research for the Three-Mile Island
event and the Chemobyl accident found building envelops provided protection from

exposure to airborne radio nuclides (Kocher, 1979; Brown, 1988; Roed and Cannell,
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1988; Englemann, 1992). In light of the protection from building shells, tighter houses

and emergency shelters are required in certain areas. The finer crack designs would
mimic these cases.

Figure 2-4 illustrates an exploded diagrams of the L = 60 mm and L = 30 mm
rectangular crack sandwiches. Each crack was made of two acrylic blocks, two stainless
steel plates, and a pair of spacers. Several spacers of different thickness were used to
make different crack height H. To ensure accurate crack heights H, thickness of the
spacers was measured using a microme’;er (0 tol inch Mitutoyo Co., Kanagawa, Japan).
The resolution of the micromefer is 0.0001 inch (2.5 um). In practice, it was found that
the tightness of bolts and nuts affected crack thickness significantly. As a result, a filler
gauge (General Tools, Montreal, Canada) was used to determine actual crack height. The
filler gauge has 26 gauge leaves, whose thickness covers from 38 um to 0.635 mm. The
step thickness between two leaves is 0.001 inch (25.4 um). Crack thickness was defined
by the thickest leaf gauge that could slide freely within the crack.

The same sandwich design was used to assemble the L-shaped cracks, as
illustrated in Figure 2-5. The L-shaped crack was made by attaching a side plate to a
rectangular sandwich forming a vertical crack channel. The length of the vertical channel
was made the same as the horizontal one. In this study, only one crack length was made
for the L-shaped crack. Both the horizontal and vertical channels were 30 mm in length.

The overall crack length L = 60 mm.

2.3.3  Driving Force Control

This study used a vacuum pump to draw air from the indoor chamber to

produce differential pressures between the indoor and outdoor chambers. The
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magnitude was controlled by the needle valve V4 and monitored by the differential
pressure transducer P1 (Setra 2641, Setra, Boxborough, MA). The full range of the
micromanometer was 0 to 25 Pa, with accuracy of +1% full scale. The micrometer was
connected to a data logger (Lakewood, Edmonton, Alberta, Canada) to record a 4 to 20 mA
signal output. The micronmanometer was calibrated using a laboratory made calibrator.
This calibrator used the same operation theory as a Microtector (Model 1430, Dwyers
Instruments, Inc.).
2.3.4 Flow Measurement

According to the target crack dimensions and differential pressures,
equations 2-1 to 2-3 were used to estimate infiltration flow rates. It indicates that
infiltration flow covers from ~0 to 1785.3 mL/min. Three gas mass flow meters, with
full ranges of 0 to 100, O to 500, and O to 2000 mL/min, were used to cover the
measurement range (FMA 3303, FMA 3305, and FMA 3307, Omega, Laval, Quebec).
The flow meters were delivered with NIST certificates. To ensure no damage during
shipment, a mini-Buck bubble meter (A. P. Buck, Orlando, FL) was used to validate their

performance. The Lakewood data logger was used to record the 0 to 5 V signal output.

2.4 RESULTS AND DISCUSSION

2.4.1 Crack Infiltration

Figures 2-6 to 2-8 illustrate theoretical and experimental air infiltration flow
rates for the L = 60 mm, L = 30 mm rectangular cracks; and the L = 60 mm L-shaped
crack, respectively. In this study, infiltration flow rates were measured three times from
0 to 15 Pa, with step increment of approximately 0.5 Pa. Generally, the inﬁltraﬁon model
agree with experimental results well. Significant deviation between experimental results

and model predictions were found on the H = 0.508 mm and H = 0.305 mm cracks when
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AP > 6 to 8 Pa. However, the deviations were less than 5% from model predictions.
Experimental results indicate that infiltration flow rates were generally linearly dependént
on differential pressure for all crack assemblies, which suggested infiltration flow
probably was laminar, according to the orifice flow model. However, high percentage
error from model prediction was also observed at low differential pressure (< 3-4 Pa). ‘
This might be induced from the precision needle valve qsed in this study. At lower end,
this valve was not proportional to its dial knob. As a result, when adjusted the valve to
low flow rate to create low differenﬁal pressure, sudden drop was observed, and could

not be controlled precisely.

2.4.2 Infiltration Flow Field
Figures 2-9 and 2-10 illustrate the percentage ratio of L,/L for the L = 60 mm

and 30 mm cracks, respectively. The figures indicate that the thicker the crack height, and
the shorter the crack length, the L./L ratio will be greater. Within the test infiltration
conditions, Figure 2-9 indicates that L./L were less than 3% for L = 60 mm cracks, when
AP < 10 Pa (typical differential pressure for residential conditions). Infiltration flow
could be assumed laminar throughout the cracks.

For the L = 30 mm cracks, Figure 2-10 indicates that L./L are less than 8% when
AP < 10 Pa. For most cases, L,/L were less than 5%. The laminar flow assumption was
judged appropriate for residential crack infiltration modeling. This finding greatly
simplifies particle pehetration modeling because laminar flow field can be estimated
using equation 2-7. Since the flow field is know, particle dynamic theories can be applied

to simulate particle behavior, and thus particle penetration efficiency can be estimated.
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2.5 - CONCLUSION

This study used a semi-empirical infiltration model to estimate infiltration flow
through rectangular and L-shaped cracks. A chamber was designed to validate the
infiltration model. Using the modeling results, an entrance length parameter was used to
validate the assumption of laminar flow across the crack. This study found:

1. Infiltration flow was linearly dependent on differential pfessure under typical
residential conditions (1 to 15 Pa). It suggests that infiltration flow fields were
laminar.

2. Experimental results indicate that the model could predict infiltration through these
cracks reasonably well. The infiltration flow rate for the test conditions ranged from
~0 to 1785.3 mL/min.

3. Using modeling results, the laminar infiltration flow field assumption was validated
using the entrance length parameter. It indicates that L./L was, for the most part, less
than 5% for typical differential pressure. Laminar flow assumption was generally
valid.

4. Entrance length ratio (L./L) is proportional to differential preséure and crack height,
and inversely proportional to crack length. For short/thick cracks, the infiltration
flow field may not be laminar. Generally speaking, if H < 0.5 mm and L > 30 mm, the

laminar flow assumption was valid.
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Table 2-1 Crack dimensions and differential pressures tested in the infiltration study
Parameter Symbol  Unit Test conditions
Rectangular cracks: 30, 60
Crack length L m L-shaped crack: 60
Crack width w mm 100
Crack height H mm 0.203, 0.305, 0.406, 0.508
Differential Pressure AP Pa 0-15
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CHAPTER 3. MODELING PARTICLE PENETRATION THROUGH
HORIZONTAL CRACKS

3.1 INTRODUCTION

Liu and Nazaroff (1999) proposed a particle penetration model for horizontal
cracks. Their model assumed that a rectangular crack was analogous to a pair of parallel
plates. This modeling combined an infiltration model with particle deposition models to
estimate particle penetration coefficient (P,). Liu and Nazaroff (1999) assumed that the
flow field across a crack was laminar and considered gravitational sedimentation and
Brownian diffusion to simulate particle penetration coefficient. These two mechanisms
were assumed independent. The overall penetration coefficient P, = P, x P, where Py
and P; were penetration coefficients calculated from the models that considered
gravitational sedimentation and Brownian diffusion, respectively. For gravitational
sedimentation, Liu and Nazaroff used the penetration model for particle elutriator to
calculate P, (Fuchs, 1964). As for Brownian diffusion, the diffusion battery theory was
used (Hinds, 1982). Mosley et al. (2001) and Liu and Nazaroff (2001) have validated the
modeling approach experimentally. Both studies found the trends of experimental data
agreed well with theoretical models for the surrogates of ideal rectangular cracks.

Instead of modeling gravitational sedimentation and Brownian diffusion
separately, this study adapted a particle mass transport equation to estimate particle
penetration coefficient. This modeling approach combined infiltration flow field with
gravitational sedimentation and Brownian diffusion to construct the mass transport
model. The derived particle transport equation is a two-dimensional partial differential
equation. It was solved numerically using Newton's method of tangents. The advantage

of the particle mass transport model is it not only estimates particle penetration
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coefficient, but also provides concentration contours inside cracks. The concentration
contours visualize the concentration distribution inside cracks. This information helps
identifying the dominant particle deposition mechanisms. This study also compared the
performance of the model with two other models that considered particle deposition
induced from gravitational sedimentation. The comparison indicated that the mass
transport model was applicable to micron-sized and submicron-sized particles. The model
was validated using experimental data reported by Mosley et al. (2001). It indicates that
this model agreed well with experimental results for both micron-sized and submicron-
sized particles.
3.2 THEORETICAL BACKGROUND

Because particles are transported by infiltration air to penetrate through building
envelopes, particle penetration modeling cannot be independent from air infiltration
modeling. This study considered a residential crack as a pair of parallel plates and used
an infiltration model to estimate infiltration flow and its flow field. The information was
combined with particle deposition models to estimate particle penetration coefficients.

The following sections discuss the derivation of the particle penetration models.

3.2.1 Air Infiltration Theory

Three questions need to be defined for a crack infiltration flow: (1) what is the
flow rate? (2) is the flow field laminar? and (3) what is the velocity profile? The answers
to these questions for rectangular cracks have been derived from theory of parallel-plate
flow, which has been discussed and experimentally validated in Chapter 2. It indicates
that the model proposed by Gross and Haberman (1989) predicted infiltration flow rate
reasonably well. In addition, entrance length analysis suggested that crack infiltration

flow could be assumed laminar for long narrow cracks. The velocity profile of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

laminar flow field is a parabolic distribution function. It has been derived from the
Navier-Stokes equation and the continuity equation (Kay, 1957). This chapter
incorporates the infiltration field function into a particle mass transport function to

simulate particle penetration behavior.

3.2.2 Particle Deposition Modeling

Assuming laminar infiltration flow, three particle penetration models that
consider gravitational sedimentation and/or Brownian diffusion have been developed for
rectangular channels (Licht, 1980, Fuchs, 1964, Taulbee and Yu, 1975). Two of the
models were proposed by Licht (1980) and Fuchs (1964) for particle elutriators. These
two models considered gravitational sedimentation as the particle deposition mechanism.
The modeling approach was based on particle trajectory analysis. They are termed the
“Licht model” and the “Fuchs model”. The third model considered both gravitational
sedimentation and Brownian diffusion. It was proposed by Taulbee and Yu (1975) and
Tan and Hsu (1972) to simulate particle penetration through diffusion batteries. This
model used a mass transport equation to predict particle penetration coefficients. It has
the advantage of providing concentration contours to visualize particle penetration
behavior. This model is called the “Taulbee model” herein. This chapter summarizes the
three parﬁcle penetration models. Detailed derivation procedures are provided in
Appendices D and E.

3.2.3 The Fuchs Model

Fuchs (1964) applied the concept of flow function to derive a particle

penetration model that considered gravitational sedimentation. Fuchs (1980) calculated

the trajectory of a particle in a laminar flow field based on the Newton's law of imotion. If
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the trajectory of a particle reached crack walls before it exited a crack, it was assumed
removed. Several assumptions were made to develop this model (Fuchs, 1964):

1. particles are homogeneously and uniformly distributed at crack entrance;
2. buoyancy force is neglected since density of air is much less than that of particles;
3. particles instantly adjust their horizontal velocity to fluid velocity, i.e. very short

relaxation time; and

4. particles accelerate rapidly to their terminal settling velocity in the vertical direction.
Using Newton’s law of motion, the Fuchs model is presented in equation 3-1

(Fuchs, 1964; and Wang, 1975):

P =1t 3-1
=l 3-1)

Walton (1954) and Pich (1972) also used the concepts of flow tube and limiting
trajectory analysis to simulate particle deposition caused by gravitational sedimentation.
Both studies derived the same particle penetration model.

3.2.4 The Licht Model

Licht (1980) proposed another model to calculate the trajectory of a particle in a
laminar flow field based on the Newton's law of motion. If the trajectory of a particle
reached crack walls before it exited a crack, it was assumed removed. The Licht model is
shown in equation 3-2 (Licht, 1980):

362 gt =L Vs (3-2)
Hu

m

where &is the portion of particles that deposit inside a crack, L is crack length, H is crack
height, v, is particle terminal settling velocity, and u, is average fluid velocity. As a

result, particle penetration coefficient P, = 1- &
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3.2.5 The Taulbee Model

When both gravitational sedimentation and Brownian diffusion are considered
in particle dynamics, particle trajectory analysis fails to simulate the wiggling motion
induced from Brownian diffusion. Taulbee and Yu (1975) and Tan and Hsu (1972) used a
mass transport equation to simulate particle penetration for diffusion batteries. The steady -

state mass transport equation was written as shown in equation 3-3:
V.(cv) =DV’ (3-3)

where ¢ is particle concentration, v is a particle velocity vector, and D is particle

diffusivity. For a two-dimensional parallel-plate flow, equation 3-3 can be written as:

2 2
wXiv % p -a-—f-+§—f— (3-4)
Ox oy ox° oy
Axial Sedimentation Axial Traverse
advection term term diffusion diffusion
term term

where u is fluid velocity and other terms have been defined previously.

Tan and Hsu (1972) used Peclet Number to determine the relative importance of
the advection terms and the diffusion terms. Peclet Number is defined as Pe=2hV/D,
where V' is advection velocity, and 4 is crack half-height (H/2). Tan and Hsu (1972)
suggested that a diffusion term is negligible relatively to an advection term when Pe >> 1.

For the sedimentation and traverse diffusion terms in equation (3-4), the
magnitude of crack height was on the order of 10™* m, Peclet Number falls on the order of
107, 10% and 10° for 0.1 um, 1.0 pm, and 3.0 pm particles, respectively. It suggests that
both gravitational sedimentation and radial diffusion must be considered for submicron-

sized particles. As a result, both the sedimentation term and traverse diffusion term were
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retained in the model. As for the significance of axial advection and axial diffusion terms,
it was found that Peclet Numbers are generally far greater than one for our test
conditions. As a result, the axial diffusion term was neglected. The mass transport

equation can be rewritten as equation 3-5:

2
uﬁ+v ég=D2 (3-5)

ox oy oy’
This is a two-dimensional, second-order partial differential equation. Two
boundary conditions are required to solve the model. The first boundary condition was

derived from the assumption that particles were uniformly distributed at crack entrance,

i.e. ¢(0,y)=c,. The second boundary condition considered that particles were removed

~ when they deposit on crack surface. As a result, particle concentrations at crack surfaces
are zero, i.e. c(x,th)=0.
Equation 3-5 was transformed into a dimensionless form by choosing the
following five dimensionless groups:

L R I .S (3-6)
hPe R 7 D o u

X

When these dimensionless groups are substituted into equation 3-5, the

dimensionless mass transport equation becomes:

oC oC 8C
+

U= to, —==2—
oX oY oY

(3-7)

The corresbonding dimensionless boundary conditions are C(0,Y)=1, and

C(X,£1)=0.
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3.3 MODEL DEVELOPMENT

3.3.1 Modeling Parameters

Three independent parameters were required to execute the crack infiltration
models and the particle penetration models: (1) the differential pressure across a crack,
(2) overall crack dimensions, and (3) aerodynamic diameter of a particle. Table 3-1 lists
the simulated parameters in this study. Differential pressures from 1 to 10 Pa were chosen
to simulate typical residential conditions (Walkers and Wilson, 1972). Particles from
0.1 to 275 um were investigated, given their potential adverse health characteristics. In
addition, it is believed that the dominant particle deposition mechanisms are different for
micro-sized and submicron-sized particles.

As for crack dimensions, the overall dimensions of rectangular cracks from
10 to 50 mm in length (L), and 200 to 1000 um in height (/) were chosen in this study.
These cracks are narrower than typical residential cracks. As discussed in Chapter 2, the
selected narrow cracks are to simulate tighter building designs. Such tighter structures are
not extraordinary with the popularity of energy efficient buildings, as well as the
emergency shelters and buildings required in certain area fhat ;re subject to potential air
pollution episodes.

3.3.2 Dimensionless Modeling Approach

Combinations of the three modeling parameters produce a wide range of
infiltration situations. Modeling them by changing one parameter at a time is an
inefficient and complex task. As a result, the two dimensionless parameters X and o;,
derived in the Taulbee model, were chosen to simplify this task. Since every combination
of the three modeling parameters maps toa unique set of X and o, these two parameters

represent all infiltration situations.
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In order to compare the performance of the three particle penetration models, X
and o, were adapted into the Licht model and the Fuchs model so that the three particle
penetration models could be compared. When X and o;, are substituted into equation 3-1,

the dimensionless ichs model becomes:

X-o,
P =1- 5 (3-8)
Similarly, the dimensionless Licht model is:
X o
3¢% =28 = Y (3-9)

These two equations indicate that X-o, determines the particle penetration
coefficient for these two models. This is reasonable because the X, term eliminates
particle diffusivity term, which is not considered in these two models.

The physical meanings of X and o, must be claﬁﬁéd to facilitate explanation of
the results. According to the definition of g, it is related to crack height () and particle
size (as relatedA to D and v;). Equation 3-6 suggests that a larger o, relates to a larger
particle diameter (lower D and higher v;), and a wider crack. As a result, the larger the o,
the more significant the role of gravitational sedimentation will be. Because the
magnitude of % is on the order of 10™* m, o, > 10* represents particles larger than 1.0 pm
n ‘aerodynamic diameter; o; on the order of 10° represents particles of approximately 0.5 pm;
while o, ~ 107" represents particles of approximately 0.1 pm. Thus, o} can be deemed as a
dimensionless particle size parameter for a given order of crack height. When the
modeling parameters: d,, L, H and AP are considered, Table 1 indicates that the

magnitudes of o, and X fall on the order of 10" to 10* and 10° to 107, respectively.
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3.3.3 Numerical Method

The Taulbee Model is a two-dimensional, second-order partial differential
equation. It was solved numerically by dividing a crack into MxN grids, where M is the
grid number in horizontal axis and N is the grid number in vertical axis. This chapter
chose M = 20 and N = 10 in the modeling. Modeling results form a 20x10 concentration
matrix, as shown in Figure 3-1. This study used the backward finite difference method to

define the above differential terms:

C. .-C._ .
—Z—)(C_ _ z,jAX i-1,j (3"10)
C .—-C..
g}c_z_zf__A_Y_ﬂ (3-11)
o*C _ Ciju=2:C; +C s (3-12)

or* AY?
where i and j are gird numbers in x and y axis; AX and AY are grid length. In this
study i = 1 to 20 and j = 1 to 10. The backward finite difference method transformed
equation 3-7 into a set of 200 algebraic equations. The equation set was solved using the
Newton's method of tangents. This study used the TK-Solver™ software to solve the

equation set. The program codes are attached in Appendix F.

3.4 RESULTS AND DISCUSSION

3.4.1 Particle Penetration Curves

Figure 3-2 illustrates the particle penetration curves predicted from the Licht,
Fuchs, and Taulbee models. This figure reveals some interesting points among the test

models. For the Fuchs model and the Licht model, both models consider gravitational

deposition as the particle deposition mechanism. The figure indicates that when X-¢, 2 1,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

both models predict consistent particle penetration coefficients. The Licht model predicts
slightly higher particle penetration than the Fuchs model. However, the difference is not
discernable. P, was found to decrease from 0.5 to 0 when X-o; changes from 1.0 to 2.0.
At X-c, = 1.0, both models estimate Pp = 0.5, i.e., 50% of particles penetrate through
cracks. For X-g, < 1, the Licht model estimated lower particle penetration coefficients
than the Fuchs model. The modeling differences range from O to approximately 0.1. It
was also found that the Licht model predicts lower penetration coefficient than the
Taulbee model. This discrepancy is disputable because the Taulbee model considers both
gravitational sedimentation and Brownian diffusion. Theoretically, the Licht model
should always predict a higher particle penetration coefficient than the Taulbee model.
This discrepancy needs to be investigated to prove model validity.

Another finding observed from Figure 3-2 is the effects of Brownian diffusion,
which can be recognized by comparing the particle penetration coefficients predicted
from the Fuchs model and the Taulbee model. For example, in the case of &, > 10, both

models predict consistent particle penetration coefficients. As discussed previously, o, > 10

represents particles larger than 1.0 um. For particles of this size range, Brownian
diffusion is less effective than gravitational deposition, relatively. As a result, both
models predict consistent particle penetration efficiency. However, the Taulbee model
predicts a lower P,. The difference is possibly induced from Brownian diffusion. These
results suggest that Brownian diffusion removes some particles when o, > 10%, however,
only a very minor portion.

Brownian diffusion significantly reduces particle penetration when o;, is on (or

less than) the order of 10!, which is characterized by submicron-sized particles. In the
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case of g, = 10 and log X = -1, the Taulbee model predicts P, = 0.45, while the Fuchs

model predicts 0.5. Brownian diffusion deposition causes approximately 5% of particles
to dei)osit inside the crack. This suggests that using the Fuchs model or the Licht model is
not appropriate when o;, < 10. As a result, when o, < 10", both Brownian diffusion and
gravitational sedimentation must be considered in particle penetration modeling. The
Taulbee model should be used instead of the other two when o5 < 10",

Fina.lly, the case of g, = 107 is examined, which is characterized by particles
approximately 0.1 pm in aerodynamic diameter. Figure 3-2 indicates that both the Licht
model and the Fuchs model estimate higher particle penetration coefficients than those
predicted by the Taulbee model. For example, when log X = 0, the Taulbee model
predicts P, = 0.15, which is over 70% lower the Licht model and the Fuchs model
(0.85 and 0.95, respectively). Because Brownian diffusion governs particle deposition
behavior for particles < 0.1 pm, the Taulbee model is the appropriate model.

From the above discussion, the Taulbee model was suitable for the whole range
of Xand o, because it considers both gravitational sedimentation and Brownian diffusion.
On the other hand, the Fuchs model and the Licht model are only suitable for o, > 10
because they consider gravitational sedimentation only. Modeling results indicated that
predictions using the Licht model are not consistent with the other two models. Further
experimental investigation is required to verify the validity of the Licht models. If the
Licht model is excluded for now, a rule can be used as a guideline to choose an
appropriate particle penetration model: For particles larger than 1.0 um (micron-sized
particles), both the Fuchs model and the Taulbee model are appropriate to model outdoor-

to-indoor particle penetration. Because the Fuchs model is much simpler in execution, it
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is an appropriate model. However for submicron particles, the Taulbee model should be

used since Brownian diffusion is a significant mechanism for particle removal.

3.4.2 Concentration Contour

The Taulbee model provides more information than predicting particle
penetration coefficients. The modeling results can be illustrated as concentration contours
to examine the dominant particle deposition mechanisms. Figures 3-3 to 3-5 illustrate
typical contours for the diagnosis.

Figure 3-3 illustrates the concentration contours for g, = 10%, which represents
particles approximately 1.0 pum in aerodynamic diameter. These figures indicate the
concentration contours are downward tilted, suggesting that particle behavior is
influenced by gravitational force. As a result, particles are mostly deposited on the
bottom crack walls. Except for gravitational force, the effect of infiltration velocity on
particle penetration behavior is substantial. Figure 3-3 (a) to (c) illustrates the
concentration contours for X = 5X1072, 2.5X 107 and 1073, respectively. According to
equation 3-6, the smaller the X parameter, the higher the difference pressure across a
crack and thus the higher the infiltration velocity. A higher infiltration velocity means a
shorter residence time inside the cracks. As a result, more particles are swept out of the
crack. The hypothesis is supported by the predicted particle penetration coefficients,
which are 0.002, 0.079, and 0.946 for X =5X 10'2, 25X 10'2, and 10‘3, respectively.

Figure 3-4 illustrates the concentration contours for 0.1 pm particles (o, = 0.1).
The concentration contours are symmetric to crack centerlines. Although these contours

slightly tilt downward, this effect is not discernable. This suggests that non-directional
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Brownian diffusion dominates particle deposition behavior. Particle penetration

coefficients for X =10, 1 and 0.1 are 0, 0.151, and 0.768, respectively.

Figure 3-5 illustrates the concentration. contours for o, = 10, which represents

particles of approximately 0.5 um in diameter. These concentration contours indicate that
both gravitational sedimentation and Brownian diffusion are effective particle deposition
mechanisms since the tilted extent lies between the above two cases. The significant tilted
extent suggests that gravitational deposition is the major particle deposition mechanism.
Particle penetration coefficients for X = 0.5, 10" and 107 are 0.006, 0.452, and 0.920,
respectively.
3.4.3 Validating the Taulbee Model Using the IAQ Modeling Approach

This study used experimental results published by Mosley et al. (2001) to
validate the Taulbee model. Mosley ef al. designed a chamber to measure particle
penetration for horizontal slits. The study used a two-compartment chamber, each 19 m>
to simulate indoor and outdoor environments. A slit assembly, composed of 140
rectangular slits, was placed between the two compartments to simulate cracks of building
envelopes. The slit dimensions were H = 0.508 mm, L = 102 mm, and W = 433 mm. The
total effective leakage area equaled to 0.03 m”. Mosley e al. used an aerosol generator to
produce oil particles from 0.05 to 5 um. Aerosols were released in the outdoor chamber
to simulate outdoor particles. Particle concentrations in the indoor and outdoor chambers
were measured by an electrical low pressure impactor (ELPI) and an aerodynamic
particle sizer (APS) to estimate P, using the IAQ model. The estimated P,’s for

submicron-sized and micron-sized particles were adapted to validate the Taulbee model.
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Figure 3-6 compares the Taulbee model and experimental penetration
coefficients (Mosley et al., 2001) for submicron-sized particles. The diamonds, circles,
cubes, and triangles represent the measured mean particle penetration coefficients for
difference pressures of 2, 5, 10, and 20 Pa, respectively. The means and standard
deviations were calculatéd from 7 to 12 observations reported by Mosley et al. (2001).
The solid lines represent theoretical particle penetration coefficient estimated by the
Taulbee model. Figure 3-6 indicates that the A = 0.508 mm slits did not provide much
protection from submicron-sized particles; more than 90% of particles penetrated through
the slits. When differential pressure was higher than 10 Pa, the measured mean particle
penetration coefficients were even higher than 1.0. Because particle concentrations in the
indoor compartment should always be less than or equal to the outdoor compartment, the
P, > 1.0 results may be the results of experimental errors. If experimental error is taken
into account, the Taulbee model satisfactorily estimates particle penetration coefficients
for submicron-sized particles.

Figure 3-7 compares the Taulbee model and experimental penetration
coefficients for micron-sized particles. When the differential pressure across the slit
assembly is 2 Pa, the rectangular slits effectively remove particles larger than 2.5 um,;
particle penetration coefﬁcienfs are close to zero. Experimental results show higher
penetration for small particles. For those from 1 to 2.5 pm, particle penetration
coefficient ranges from 0.66 to 0.

When AP = 5 Pa, the slits effectively filter out particles larger than 3 um;
theoretical particle penetration coefficients are less than 0.17. As for particles from 1 um

to 2.5 pm, particle penetration coefficient decreased from 0.86 to 0.3. Model deviations
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are usually less than 0.1 from the mean particle penetration coefficients. For AP = 10 Pa,
the theoretical particle penetration coefficient decreases from 0.93 to 0.04 for particles
from 1 to 5 um in aerodynamic diameter.

The comparisons made in Figures 3-6 and 3-7 indicates that the Taulbee model
reasonably predicted the mean particle penetration coefficients for 1, 2, and 5 pm
particles. However, the measured particle penetration coefficients for 3 and 4 pum
particles are much lower than the Taulbee model. The mean deviations are approximately
0.2 and 0.15, respectively. When the difference pressure across the slit assembly was 20 Pa,
the Taulbee model reasonably predicted particle penetration coefficient except for 5 pm
particles. Modeling results indicate that particle penetration coefficient decreases from
0.97 to 0.30 for particles from 1 to 5 um in aecrodynamic diameter. Model deviations are
always less than 0.1. However, experimental penetration coefficients underestimated P,
by approximately 0.2 for 5 um particles.

This model validation indicates that the Taulbee model estimated particle
penetration for submicron-sized particles and micron-sized (PM2.5) particles reasonably
well. Deviations from mean experimental results for submicron-sized particles were
mostly less than 10%. For micron-sized particles, the Taulbee model predicted the trends
reasonably well. However, the standard deviations of experimental observations could
amount to 20%. In attempting to explain model deviation, it is necessary to take
experimental errors into account. Mosley et al. (2001) used a mass conservation model to
calculate P,. This model is intrinsically the same as the TAQ model discussed previously.
For this type of modeling approach, experimental error in air exchange rate, particle

deposition rate, and particle concentration measurement will propagate through to the
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estimated particle penetration coefficient. Although Mosley et al. took a great effort in

chamber design to minimize experimental errors. They estimated approximately 35%
uncertainty in the calculated particle penetration coefficient. Mosley ef al. pointed out the
sources of experimental error include uncertainties in air exchange rate measurements,
particle concentration measurements, incomplete chamber mixing, and particle deposition
rate measurements. In consideration of these potential error sources, model validation
indicated that the Taulbee model satisfactorily estimated experimental results. Model
deviations were mostly less than 10%, with some situations approaching 20%. However,
these deviations were well below the 35% experimental uncertainty reported by Mosley

et al. (2001).

3.5 CONCLUSION

This study incorporated an infiltration model into particle deposition models to
simulate particle penetration for rectangular cracks. Trajectory analysis was used to
estimate particle penetration induced from gravitational sedimentation (the Licht model
and the Fuchs model), and a mass transport equation was used when both gravitational
sedimentation and Brownian diffusion were considered (the Taulbee model). The results
of the modeling found:

1. Comparison among these three models indicates that the Taulbee model is universally
applicable for both micron-sized particle and submicron-sized particles. This model
has the advantage of providing concentration contours to diagnose particle deposition
mechanisms.

2. For particles larger than 1.0 pm in aerodynamic diameter, gravitational sedimentation

governs particle deposition behavior. All three models can be used to estimate
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particle penetration. However, it is found that the Licht model deviated from the other
two models.

3. For submicron-sized particles,” Brownian diffusion is the major or significant
deposition mechanism. Only the Taulbee model should be used to simulate particle
penetration.

4. The Taulbee model was validéted using experimental data published by Mosley et al.
(2001). The validation work indicates that the Taulbee agree well with the trends of
experimental data for both submicron-sized and micro-sized (< 5 pum) particles. It
indicates that the 0.508 mm slits could not effectively retard submicron-sized
particles from penetrating indoors. As for micron-sized particles, both particle

diameter and differential pressure determine particle penetration efficiency.
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Table 3-1  Summary of the parameters in the particle penetration modeling

Range
Parameter Symbol  Unit
Minimum Maximum
Particle aerodynamic diameter D, pm 0.1 2.5
Crack length L mm 10 50
Crack height H pum 200 1000
Pressure drop AP Pa 1 10
Dimensionless parameter X X - 10° 107
Dimensionless parameter o, o, - 10! 10*
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Figure 3-1 Boundary conditions and grid layout for the numerical analysis
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CHAPTER 4.MODELING PARTICLE PENETRATION THROUGH INCLINED
CRACKS

4.1 INTRODUCTION

Outdoor-indoor particle penetration modeling for horizontal cracks has been
investigated by Liu and Nazaroff (1999) and Mosley ef al. (2001). However, horizontal
cracks only account for a portion of residential cracks. There are also L-shaped and
multiple-bend cracks typically found in building envelops. It is necessary to propose a
model that can deal with these cracks. Liu and Nazaroff (1999) discussed the effects of
inertial impaction on L-shaped cracks and double-bend cracks. Given the low infiltration
velocity for typical residential conditions, it was found that the Stokes Number was less
than 0.36 for typical residential conditions. Inertial impaction did not enhance particle
deposition. This finding suggests that an alternative modeling approach that considers a
L-shaped crack as the combination of a horizontal section and a vertical section may be
applicable. Because infiltration flow can be assumed laminar for long narrow cracks,
particle deposition behaviors in the horizontal and vertical sections probably can be
assumed independent for these two sections. As a result, the overall particle penetration
coefficient P, = Py x P,, where P, and P, are penetration coefficients in the horizontal
and vertical sections. If a particle penetration model can deal with cracks of arbitrary
incline angles, particle penetration coefficients for L-shaped and multiple-bend cracks
can be estimated.

The objective of this chapter was to derive a modél to estimate particle
penetration coefficient for inclined cracks. The incline crack model is an extension of the
Taulbee model. It combines infiltration modeling with particle mass transport modeling

to estimate a particle penetration coefficient. The derived model is a two-dimensional,
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second-order partial differential equation. It can be transformed into a set of algebraic
equations using finite difference methods. The algebraic equation set can be solved using
the Newton’s method of tangent. The solution to the equation set is a concentration
matrix inside a crack. It helps identify particle deposition mgchanisms.

The incline crack model requires three input parameters: acrodynamic diameter,
crack geometry, and differential pressure. In this study, the differential pressure
parameter was chosen from 0 to 12 Pa to cover typical residential conditions (Walker and
Wilson, 1990). Both submicron-sized (0.1 pm) and micron-sized (1.0 um, and 2.5 pm)
particles were investigated, given their potential adverse health characteristics and
respiratory deposition efficiency. In addition, the dominant deposition mechanisms for
submicron-sized and micron-sized particles were identified. For crack geometry, this
study chose an H = 0.305 mm, and L = 60 mm crack in the model simulation. Modeling
results were used to examine the effects of incline angle, differential pressure, and

particle size on particle penetration coefficient.

4.2 THEORETICAL BACKGROUND

4.2.1 Air Infiltration Modeling
The infiltration model proposed by Gross and Haberman (1989), discussed in

Chapter 3, was adapted to estimate crack infiltration flow. An advantage of this model is
it can deal with both rectangular and L-shaped cracks. This enables the incline crack
model to be used in L-shaped crack penetration modeling. It is expected that infiltration
behavior through inclined cracks is the same as horizontal ones, and the flow field can be

assumed laminar for typical residential conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75
4.2.2 Particle Dynamics

Figure 4-1 illustrates a particle traveling through a rectangular channel of height
H, and length L. The channel inclines at an angle &, v, is terminal settling velocity of the

particle, and u(y) is fluid velocity. For typical residential crack infiltration, the flow field
u(y) is assumed laminar and can be described by equation 2-7. Let the x-axis and y-axis
be the axial and traverse coordinates along the crack. The laminar fluid flow velocity
u(y) is parallel to the x-axis, while terminal settling velocity (v;) can be divided into an

axial and a traverse velocity components, i.e. ¥, =v, i +v j, where vy and vy, are

component terminal settling velocities in x and y directions. The mass transport equation

is shown in equation 4-1 (Taulbee and Yu, 1975; Tan and Hsu, 1972):
V-(ev) =DV (4-1)
where ¢ is particle concentration, v is particle velocity vector, and D is particle

diffusivity. For two-dimensional parallel-plate flow, the particle velocity vector is

v=u+v_, where # is fluid velocity and ¥, is terminal settling velocity of a particle. As a

result, equation 4-1 can be written as:

2 2
v, ) Ey S _pl0c, ¢ (4-2)
ox Yoy ox*> oy’

where v, = - vs sin @ and vy, = - v, cos @ for a crack inclined at an angle 6, and Vsy 18
effective particle deposition velocity.
Two boundary conditions are required to- solve equation 4-2. First, the particle

concentration is assumed uniformly distributed at crack entrance, i.e. c¢(0,y)=c,.

Second, particles are assumed removed when they deposit on crack surfaces. As a result,

particle concentration on crack surface equals to zero, i.e. ¢(x,0)=c(x, H)=0.
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Equation 4-2 can be transformed into a dimensionless form by choosing four of
the dimensionless parameters (X, Y, C, and U) used in Chapter 3. The o, used in Chapter
3 was divided into two terms (o, - cos@ and o, - sinf) because the current model

considered two dimensions. When these dimensionless groups are substituted into

equation 4-2, the dimensionless mass transport equation is:

2 a2 2
(U—zo")gg—aygg:(i) e (+3)
Pe 80X oY \Pe) 0X* oY

The corresponding dimensionless boundary conditions are: C(0,Y)=1 and
C(X,00=C(Xx,)=0.
4.2.3 Numerical Method

The particle penetration model is a two-dimensional, second-order partial
differential equation. It can be solved numerically by dividing a crack into MxN grids,
where M and N are grid number in the horizontal axis and vertical axis. This study chose
M =20 and N = 10, forming a 20x10 concentration matrix, as shown in Figure 4-2. The
backward finite difference method was used to define the above differential terms as

shown in the following:

oC _Ciy=Cry (4-4)
oX AX
oC _ Cij=Cijm (4-5)
oY AY
0°C C.,,~2-C, +C,,

- 1,/ 2,] 1,j (4_6)
oX AX
o’C_C;,-2-C;+C, 1, (4-7)

ar? AY?
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where i = 1 to 20 and j = 1 to 10 are gird numbers in x and y axis, and AX and AY are grid

lengths. The backward finite difference method transformed equation 4-4 into a set of
200 algebraic equations. It was solved using the TK-Solver™ software. The program
codes are attached in Appendix G.
4.3 RESULTS AND DISCUSSION

This study chose micron-sized (1 and 2.5 pm) and submicron-sized (0.1 pm)
particles to simulate the effect of inclined angle and differential pressure on particle
penetration coefficient. The simulated crack incline angles (6) ranged from —90° to 90°.
A positive @ represents an upward incline crack and vise versa. The simulated crack
geometries were L = 60 mm and H = 0.305 mm, and typical differential pressures (AP)

from 1 to 12 Pa were chosen in the modeling.

4.3.1 Effects of Incline Angle

Figure 4-3 illustrates the effects of incline angle on particle penetration
coefficient for 2.5 um particles. The penetration curves indicate that particle penetration
coefficients are symmetric to @ = 0°, which suggests that incline orientation (upward and
downward inclination) does not affect particle penetration coefficient. For any
differential pressure, particle penetration coefficient increases monotonously with |#]. A
horizontal crack provides the best protection to retard particles from penetrating through
a crack. The finding can be explained from the effect of incline angle on the effective
particle deposition velocity (v, = -v; cos €). When |@ | increases from 0° to 90°, cos ¢
decreases from 1 to 0 monoctonously. The decreased effective particle deposition velocity
reduces particle deposition induced from gravitational sedimentation. As a result, P,

increases monotonously with |6 |. At 90°, the effective particle deposition velocity vy,
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equals to zero. Brownian diffusion is the only particles depo§iti0n mechanism. Figure 4-3
indicates that Brownian diffusion does not enhance particle deposition for the 2.5 pm
particles. Complete penetration occurs for all simulated differential pressures. The figure
also indicates that P, increases monotonously with differential pressure for all incline
angles. A greater differential pressure increases infiltration velocity, which reduces
particle residence time such that more particles are swept out of the crack. Take & = 0° as
an example, particle penetration coefficient increases from 0 to 0.49 when AP increases
from 1 to 12 Pa.

Figure 4-4 illustrates the effects of incline angle on particle penetration
coefficient for 1.0 um particles. Similar to 2.5 um particles, the effect of incline angle on
P, is symmetric to 8 = 0°. For any differential pressure, particle penetration coefficient
increases monotonously with ||, which suggests that a horizontal crack provides the best
protection to retard particles from penetrating through a crack. For horizontal cracks, P,
increases from 0.18 to 0.91 for AP from 1 to 12 Pa. As for vertical cracks, v, = 0,
Brownian diffusion is the only particle deposition mechanism. Because Brownian
diffusion is not an efficient deposition mechanism for micron-sized particles, the
simulated particle penetration coefficients are higher than 0.95. Comparisons between
Figure 4-3 and Figure 4-4 indicate that particle penetration coefficients for 1 pm particles
are always higher than those of 2.5 pm particles. The difference in P, is related to the
difference in terminal settling velocity.

Figure 4-5 illustrates the effects of incline angle on particle penetration
coefficient for 0.1 pum particles. Compared to the results of 1.0 and 2.5 pum particles,

incline angle did not show any effect on particle penetration coefficient. The distinct
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feature indicates that particle penetration is induced from non-directional Brownian
diffusion. As aresult, crack inclination does not affect particle deposition. For all inclined
angles, P, increases from 0.55 to 0.92 when AP increases from 1 to 12 Pa.

4.3.2 Concentration Contours

Figure 4-6(a) to (d) illustrate the concentration contours of 2.5 pm particles for
incline angles 8 = 0°, 45°, 60°, and 90°. The simulated differential prbessure is 2 Pa,
which corresponds to the infiltration velocity of 13.7 mm/sec. For 8 = 0°, 45°, and 60°,
the figures indicates that concentration contours tilt downward, which suggests that
gravitational sedimentation is the dominant particle deposition mechanism. Because
effective particle deposition” velocity v, is inversely proportional to |@ |, particle
penetration coefficient increases accordingly with the absolute value of the incline angle.
The effect can be observed from the increasingly stretched contours from 8 = 0° to 60°.
For vertical cracks (8 = 90°), concentration contours are symmetric to crack centerline
and nearly complete penetration occurs. The finding suggests that non-directional
Brownian diffusion is the dominant particle deposition mechanism. Because Brownian
diffusion is not a significant deposition mechanism for micron-sized particles, only a
minor fraction deposits inside the crack, P,~ 1.0.

Figure 4-7(a) to (d) illustrate the concentration contours of 1.0 pm particles for
incline angles @ = 0°, 45°, 60°, and 90°, respectively. The simulated differential pressure
was 2 Pa. Similar to Figure 4-6, the downward tilted concentration contours suggest
that gravitational sedimentation governs particle deposition for 8 = 0°, 45°, and 60°.
When 6 = 90°, concentration contours are symmetric to crack centerline. It indicates

that non-directional Brownian diffusion dominates particle deposition. Because
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Brownian diffusion is not a significant deposition mechanism for micron-sized particles,

only a minor fraction deposits inside the crack, P, = 0.95.

Figure 4-8(a) and (b) illustrate the concentration contours of 0.1 pm particles
for incline angles 8 = 0° and 90°. The simulated differential pressure is 2 Pa. Different
from previous cases, concentration contours are symmetric to crack centerline for both
incline angles and their concentration contours are independent of |@ |. The finding

indicates that non-directional Brownian diffusion dominates deposition behavior for

submicron-sized particles, P, = 0.92.

44 CONCLUSION

A numerical particle transport model was derived to simulate particle
penetration coefficients for cracks of arbitrary incline angles. This model was used to
examine how crack incline angle (6), differential pressure (AP), and particle size affect
the particle penetration coefficient for the simulated crack geometry. This study found:

1. For micron-sized particles, gravitational sedimentation is the dominant particle
deposition mechanism. Modeling results indicate that horizontal cracks (8= 0°)

provide the best protection to prevent micron-sized particles from penetrating through

cracks.

2. Upward and downward crack inclination has the same effect on particle penetration
coefficient. P, increased monotonously with the absolute value of incline angle, |6 |.
An inclined crack reduces effective particle deposition velocity (v,,); as a result, particle
penetration efficiency is proportional to |6

3. Brownian diffusion is the dominant particle deposition mechanism for submicron-

sized particle. Because Brownian diffusion is a non-directional deposition mechanism,
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incline angle does not affect particle penetration efficiency for submicron-sized
particles.

4. For a specific crack geometry and particle size, particle penetration efficiency is
proportional to differential pressure. An increased difference pressure increased
infiltration velocity such that more particles are swept out of the crack.

5. Brownian diffusion is the dominant particle deposition mechanism for vertical cracks.
For micron-sized particles because Brownian diffusion is not a significant deposition
mechanism, nearly complete penetration occurs for vertical cracks. As for submicron-
sized particles, because Brownian diffusion is a non-directional deposition mechanism,

particle penetration coefficient is independent of incline angles.
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Figure 4-1 Schematic diagram of an inclined crack
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Crack wall, B.C.: C(X, 1)=0
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Crack wall, B.C.: C(X, 0)=0

Boundary conditions and grid layout for numerical analysis
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Figure 4-3  Simulated particle penetration coefficient for 2.5 pum particles (modeling

conditions: incline angle | o] < 90°, differential pressure from 1 to 12 Pa,

crack length L = 60 mm, and crack height H = 0.305 mm)
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length L = 60 mm, and crack height /= 0.305 mm)
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differential pressure AP = 2 Pa, crack length L = 60 mm, and crack height

H = 0.305 mm)
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CHAPTER 5. GENERATION OF MONODISPERSE AEROSOLS

5.1 INTRODUCTION

Condensation-type aerosol generators have been widely used in aerosol research
as sources of monodiéperse aerosols. The generators produce aerosols through
homogeneous condensation and heterogeneous condensation. bThe former means that
aerosols are produced by self-nucleation of aerosol vapor, while the latter by condensation
of aerosol vapor onto condensation nuclei. The competition between these two
condens4ation phenomena is determined by the availability of condensation nuclei and mass
concentration of aerosol vapor. Homogeneous condensation dominates over heterogeneous
condensation when there is a very high vapor mass concentration and very low nucleus
concentration. Research on Sinclair-LaMer type generators suggests that concentration of
condensation nuclei must be higher than approximately 10° to 10° No./cm™ so that
heterogeneous condensation can suppress homogeneous condensation (Ristovski et al.,
1998). It was also found that heterogeneous condensation produces monodisperse
aerosols, while homogeneous condensation produces polydisperse aerosols (Ristovski et
al., 1998; Peters and Altmann, 1993; Horton et al, 1991). In order to produce
monodisperse aerosols, most condensation-type aerosol generators are designed to
operate under heterogeneous condensation conditions. For which cases, the ratio of vapor
mass concentraﬁon to nucleus concentration (V/N ratio) determines how much aerosol
vapor a condensation nucleus can share. As a result, the V/N ratio is a key parameter
controlling both size distribution and monodispersity of output aerosols (Liu et al., 1966).

According to the generation mechanisms of condensation nuclei and aerosol

vapor, condensation-type generators can be categorized into two types. One of them uses
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two independent sources to produce condensation nuclei and aerosol vapor. The Sinclair-
LaMer type generator is a typical example of this generator (Sinclair and LaMer, 1949).
This type of generator can control nucleus concentration and aerosol vapor mass
concentration independently. It is more flexible in operation and has a wider operational
range. The other type of generator uses a joint vapor/nuclei source, usually an atomizer or
a nebulizer, to produce polydisperse aerosol droplets as the source of both condensation
nuclei and aerosol vapor. Because there is a trace amount of nonvolatile impurity in
aerosol material, when a droplet evaporates, the residue of impurity serves as a
condensation nucleus. This generator was proposed by Rapaport and Weinstock (1955)
and was named after them. Because both condensation nuclei and aerosol vapor come
from the same source, the joint vapor/nuclei type aerosol generator cannot control
nucleus concentration and aerosol vapor independently. This aerosol generator is less
flexible in performance than the Sinclair-LaMer type generator. A prototype Rapaport-
Weinstock generator only produces aerosols up to 1.2 pm.

The objective of this study was to assemble a joint vapor/nuclei type generator
for the particle penetration study. A two-level, four-factor (2*) factorial design approach
was adapted to investigate the controlling parameters of this generator and its
performance. This study also did a preliminary investigation to examine how
concentration of primary droplets affects homogeneous/heterogeneous condensation, and
the relationship between size distribution of primary droplets and number mean diameter
(NMD) of output aerosols. Because this generator can be assembled in a laboratory, it

provides an economic alternative to generate monodisperse aerosols.
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5.2 EXPERIMENTAL MATERIJALS

5.2.1 Joint Vapor/Nuclei Type Generator

Figure 5-1 illustrates a schematic diagram of the joint vapor/nuclei type generator
assembled for this study. Similar to the prototype (Rapaport and Weinstock, 1955), the
aerosol generator is composed of an atomizer, an evaporator, and a condensation
chimney. The atomizer is used to produce polydisperse droplets, called primary droplets,
as the joint source of aerosol vapor and condensation nuclei. When primary droplets are
carried into the evaporator, they are fully evaporated to produce aerosol vapor. The
remaining residue particles serve as condensation nuclei. The combined vapor/nuclei
flow then enters the condensation chimney, where temperature is cooled down to ambient

forming a supersaturated environment to encourage heterogeneous condensation.

5.2.1.1 Atomizer
The atomizer used in this study was obtained from an atomizer assembly of a

Perkin-Elmer Atomic Absorption Spectrometer. The atomizer was operated at 2.9 kPa
using a nitrogen gas cylinder. A rotameter (P-03217-28, Cole-Parmer Instrument Co.,
Vernon Hills, IL) was used to measure atomizer flow rate. When nitrogen flow
accelerates through an orifice section, it induces a backpressure on the rotameter. To
account for the pressure induced change in nitrogen density, a pressure gauge
(Minigauge, Ashcroft, Stratford, CT) was installed nearby the outlet of the rotameter. The
measured atomizer flow rates were then calibrated to standard conditions and are

presented in standard litre per minute (L/min).

5.2.1.2 Evaporator

The atomizer was connected to an evaporator to evaporate primary droplets.

The evaporator was made of a Pyrex tube 25 mm in inner diameter and 300 mm in
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