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“ABSTRACT
Air Pollutant Penetration through Airflow Leaks into Buildings
by
De-Ling Liu - -

Doctor of Philosophy in-Civil and Environmental Engineering
Uniyersipy of California, Berkeley ; .
Professor William W Nazaroff, Chair

' The penetration of ambient air pollutants into the indoor environment is of
concern owing to several factors: (1) epidemiological studies have shown a strong
association between ambient fine particulate pollution and elevated risk of human
mortality; (2) people spend most of their timé in indoor environments; and (3) most
information about air pollutarit concenftration is only available from ambient routiie
monitoring networks. A go‘bd understanding of ambient air pollutant transport from
source to receptor requires kn:oWle;dgé about pollutant penetratiori across building
envelopes. Therefore, it is essential to gain insight into particle penetration in infiltrating
air and the factors that affect it in order to assess human exposhre'more aécurately, and to
further prevent adverse human health effects from amibient particulate pollution.

~ In this dissertation, the understanding of air pollutant infiltration across leaks in
the building envelope was advanced by performing modeling predictions as well as
experimental investigations. The modeling analyses quantified the extent of airborne
particle and reactive gas (e.g., oz’oné) penetration through building cracks and wall
cavities using engineering analysis that incorporates existing information on building

leakage characteristics, knowledge of pollutant transport processes, as well as pollutant-



surface interactions. Particle penetration is primarily governed by particle diameter and
by the smallest .di»mensi-on 'of the building cracks. Particles of 0.1-1 um are predicted to
have the highest penetration efficiency, nearly unity for crack heights of 0.25 mm or
higher, assurﬁing a pressure differential of 4 Pa or greater and a flow path length of 3 cm
or less. ‘Supermicron and ultrafine particles (less than 0.1 pm) are re'adily deposited on
crack surfaces by mea%;s Of“gfai}'it‘ét'i‘oné] settling'and_ Brownian diffusion, respectively.

- The fraction of ozone penetration through building léaks could vary widely, depending
signiﬁ‘c:ant}y on its reactivity with the adjacent surfaces, in addition to the crack geometry
and pressure difference. Infiltrating air can also travel through wall cavities, where the
penetration of particles and ozone is predicted to vary substantially, depending mainly on
whether air flow passes through fiberglass insulation. For ozone, its reactivity with the
inéulatiqn materials is-also an import_éntﬁ factor. The overall pollutant penetratiqn factor is
governed by the flow-weighted average from all air leakage pathways. Large building
leaks would strongly influence the overall penetration factor, because they permit much
larger ﬂow_. |

The penetration of particles was also evaluated experimentally for three building
leakage components that reflect different physical scalgs — individual building cracks,
windows, and an entire house. Rectangular single straight-through cracks made of a
variety of common building materials were used as building leak surrogates to examine
particle penetration in the laboratory. The experimental results agree well with model
predictions, suggesting nearly compléte penetration for particles of 0.02- 7 um when the
crack height is > 1 mm, and for particle diameters of 0.1-1 um when the crack height is >

0.25 mm, assuming that the pressure difference is >4 Pa. The experimental data also



reveal that particle penetration can be reduced if the inner crack surface roughness is
large or the crack geometry is irregular. |

In the laboratory-baeed window experiments, more than 80% of 0.2-3 um
particles penetrated through two different windows at AP of 1 Pa, and significantly less
penetration wes observed for particles larger or smaller than this size_range. EOth
windows exhibited similar performance in terms of the extent of particle penetration asa

_ function.of, particle size, regardless of the installation of weatherstripping. The window
air ]edl;age rate, which is commonly repofted for air tightness characterization, provides
inadequate information to predict particle penetration.

The particle penetration factor with respect to a whole buildihg was ﬁnelly
examined in a residence, which represents a typical modern house in the United States.
With a blower door techniqhe, a uniform pressure difference was established across the

entire building envelope during depressurization to evaluate parﬁcle penetration' loss
through the air leakage pathways. Particle penetration factors of 0.5-0.9 were -found for
particles ranging from 0.02 to 2 um, indicating that significant particle loss oecurred as
they were transported from outdoors into the incioor environment. One plausible:
explanation for the loss is that a fraction (~ 25%) of the infiltrating air passed through
fiberg}ass insulation iﬁ wall cavities, effectively filtering ambient partieles. An
altemative hypothesis is that the evaporative loss of volatile constituents on particles
might play a role to yield lower values of penetration factors than observed in the
laboratory. To provide a quantitative estimate for the second hypothesis, four scenarios
were simulated, assuming volatile species with various mixing characteristics. The

resulting particle penetration factors are found to appreach unity for 0.2-2 um particles



after adjusting for evaporative loss, while-penetration factors remain nearly unchangéd

and significantly below unity for particles < 0.2 pm.
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air flow rate through the leakage path, or infiltration air flow rate through

the test house (m*h™)

filtration rate (m>h’ H

particle resuspension rate (mass h™")

Reynolds number (=U d /v) of crack airflow (-)

Reynolds number (=U z /v) based on flow path distance (-)
house interior surface area (m?)

particle Stokes number (-)
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Po,

Di

Vd
Vo
Vs

Vi

v

&

e O R ~uN
<

average air velocity in the crack (m: s

freestfeam air speed approaching a fiber (m's™) -

house or chamber volume (m3 )

particle settling velocity (m s™)

distribution functi_on of crack widths. -

crack height, the smallest dime‘n'sion of a crack (mm)

fiber diameter of fiberglass insulation r_nateﬁal (um)
particle diameter (ftm)

geometric mean particle diameter'in a particle size distribution (um)
particle deposition loss coefficient (h) -

the number of ri gh't-angle bends in the_ leakage path (-)
particle number distribution as a function of log d,

particle penetration factor ‘

particle penetration factor due to Brownian diffusion alone
overall penetration fraction through the fiberglass blanket -
particle penetration factor due to gravitational settling alone

ozone penetration factor through a ﬁberglass blanket or a crack

particle penetration factor due .to impaction alone

time (min or h)

species deposition velocity (=kaV/S in Chapter 5; cm s™7)

species overall deposition velocity (cm s™)

deposition velocity in the limit of control by surface uptake (cm )
delzposition velocity in the limit of control by gas-phase mass tr_ansbort (cm
s)

Boltzmann velocity of gas molecules (cm s)

crack width, the largest dimension in the crack configuration (cm)
flow entrance length along the leakage path (cm)

flow path distance (or length) along the leakage path (cm)

solidity of fiberglass blanket (-)

boundary layer thickness of particles (um)

=4Dy/d’U; a pérameter used in Equation (2.4)
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Texp

G

reaction probability, the ratio of the removal rate to the collision rate of the
species on the surface (-) ‘

filtration efficiency (-) ,
single fiber efficiency due to diffusion alone (-)
total single fiber efficiency (-)

air-exchange rate (h'h).

dynamic viscosity of air (g cxﬁ'l sh -

kinematic viscosity of air (cm? s"’)

air density (kg m?)

duration of pressurization or depressurization experiment (h)

- geometric standard deviation of particle size distribution (-)
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1 INTRODUCTION

. 1.1 BACKGROUND

1.1.1 Significance of the Research
Building envelopes were once considered to be able to provide sufficient protection

against ambient air pollutants, such as episodes of urban photochemical smog, intermittent
exhaust emission from vehicles, abrupt emanations from wildfires and volcano eruptions, or
accidental release due to operation failure of industrial facilities. Once pollutants are released,
they are transported with prevailing air movements, advecting downwind and spreading by
turbulent dispersion. During the journey, their concentrations are diluted in the atmosphere, and”
they may be lost either by atmospheric transformation or by deposition. Air contaminants that
contact the outer boundary of a buﬂding may enter through the air intake of the ventilation
system, or through building air leakage pathways. A portion of air contaminants may be lost as
they travel across the building envelopes. The pollutants that remain airborne in indoor

- environments can potentially contribute to adverse human health effects.

Recent epidemiological studies have shown a strong correlation between ambient
particulate pollution and adverse human health effects (Schwartz, 1994; Thurston et al., 1994,
Pope,aOOO; Pope et al., 2002). Since people spend a large fraction of time indoors (Jenkins et
al:, 1992; Klepeis et al., 2001), most exposure is expected to occur in the indoor environment.
As a result, the penetration of ambient particles into buildings is an important component in the
sequence of events necessary for such an association to indicate a causal relationship. The
effectiveness of particle penetration is expected to vary with particle properties such as size and

chemical composition. Exposure of building occupants to pollutants of outdoor origin can occur



ﬂm.rough inhalation, or through dermal contact of contaminants that have been deposited in the
indoor environment. Resuspension of previously deposited paﬁiéles may also play a réle.

In addition, concerns have been raised with respect to material damage owing to the
deposition of airborne particles in the indoor environment, such as soiling of drtworks (Nazaroff
etal, 1990),‘and COht‘;amixlatio:n'in'hjglfpuﬁty environments such as semicpndudor and
biotechnology facilities (Cooper, ‘1-‘986; Schroth, 1996). Efforts have been made to reduce the
particle levels iri such locations by operating air filtration devices, increasing the fraction of air
recircu_lation, frequenit housekeeping activities, avoiding patticle generation activities, etc.
Nevertheless, the intrusion of outdoor particles thfough unintentional building openings may
contribute significantly to the indoor patticle levels, 'pafﬁclﬂarly when the ambient air is heavily
polluted.

Among indoor pértides’ of ambiént origin that are inhaled by humans or are deposited
onto indoor surfaces, a substantial proportion passes through building envelopes in-their transit
between source and receptor.- All of thesé issues underline the importance of studying the
penetration process of aitbome particles throtigh building envelopes, and physical factors that

affect such transport.

1.1.2 Previous Studies

Indoor airborne particle levels in comparison to outdoor particle concentrations were
first measured by Gruber and Alpaugh (1954). In subsequent decades, people began to realize
that most exposure to air pollutants actually occurred inside buildings, which pointed to the
importance of characterizing indoor air pollution. The relationship of indeor and outdoor

airborne particle levels (/O ratios) has since been explored extensively with the major



investigations summarized chronologically in Table 1.1. These results indicated no clearly

consistent correlations for the I/O ratios owing to the activities that caused indoor particle

generation (smoking, for example) and because of indoor removal mechanisms such as filtration

in air-conditioning systems. Although the measured /O ratio offers helpful information for
personal exposure, it cannot identify the individual physical factors that lead t6 such VO results.
Since indoor particles can be generated and removed through various mechanisms (as shown
schematicaly in Figure 1.1; see §5.2.1 for more discussion), the evaluation of /O ratios, for
which'_the contributions from each factor collapse into ‘one valug, is not adequate to provide

" insight into the transport of ambient patticles into the indoor environments across-the building
envelopes.

Attention has been raised with respect to the penetration of ambient particles into the

indoor environment since the mid 1950s, largely owing to the concems over the sh(ipldirlg effect

of a building against radiation in the case of nuclear accidents (Stewart et al., 1955).

Subsequent inveS'tigations'that followed the same line have focused on the study of the
protection factor — the ratio of dose (time-integrated concentration) that would result from
exposure to outdoor concentrations to that accurnulated indoors (Megaw, 1962; Alzona et al.,
1979; Cederwall, et al., 1976; Cohen and Cohen, 1980; Cristy and Chester, 1981; Engelmann,
1992; Engelmann et al., 1992; Lewis, 1995). Recently, as'the interest of human exposure to
indoor particles of outdoor origin has grown, greater effort has been undertaken in evaluating
particle penetration factors based mainly on field experimental evidence (Thatcher and Layton,
1995, Ozkaynak ef'aj., 1996; Long ét al.; 2001, Lunden et al., 2001; Vette et al., 2001). |
Laboratory-based experiments of particle penetration through leakage paths have also been

reported (Lewis, 1995; Mosely et al., 2001). More details of these studies will be mentioned in



the following chapters. -

1.1.3 Air Exchange between Outdoors and Building Interiors,

To understand ho§v ambient air pollutants are transported across a building envelope, a
mechanistic view of air exchange between outdoors and indoors. is required. “Buildings are
ventilated by three major mechanisms: mechanical ventilation, natural ventilation, and infiltration
(ASHRAE, 1993). . Mechanical ventilation, i.. air exchange induced by fans, is designed to
provid_e sufficient outdoor air to the buildings and remove. contaminants ge_nefatgd mdoors The
- proper design and operation of a ventilation system provides for control of the air-exchange
rate, air distribution within a building, and acceptable thermal comfort. Mechanical v¢nt_ilation‘ is
generally-mandatdry for large buildings, and is advisable for places where optimal air supply and
distribution is a concern. Many residences and small buildings are not equipped with
mechanical ventilation systems, and instead are primarily ventilated by natural ventilation and
infiltration. Natural ventilation refers to air exchange through designed openings, such as open
doors and windows. Air exchange by natural ventilation is expected to be dominant in mild
climate zones, where many residences. and small buildings have open windows to provide'
adequate ventilation. Infiltration is the uncontrolled flow of air through unintentional building
_crack_s~and leaks in the building envelope. Air exchange by infiltration becomes the primary
mode of ventilation for buildings without mechanical ventilation during cooling and heating
seasons when doors and windows are closed. The potential sites of building leaks for air
infiltration are illustrated in Figure 1.2. Both natural ventilation and infiltration can be caused by
wind, buoyancy induced flow, and -appliance operation, such as the use qf bathroom fans,

kitchen hoods, and fireplaces.



~- For large Buildiﬁgs, the penetration of ambient particles into the indoor environment can
be strengly inflienced by the perfennance of filters in the air handling system (Hanley et al., |
1994). Neverﬁieless, substantial infiltration can occur even in mechanically ventilated buildings'
" -+ (Grot and Persily, 1986); thus vthe'stedy of pollutant penetration is relevant in many
cixcum'stances. ‘In buildings where natural ventilation dominates air.exchange,” particle
penetratioﬁ should be almost complete because the airflow openings:are large. -Particle
penetration in infiltration- donﬁnated buildings is expected to depenel on building air leakage

characteristics, the pressure difference that induces air flow, and particle transport properties.

‘1.1:4- Some Notes about: Peﬁetraﬁon
Infiltrating air enters the indoor environment through building ieakage paths. Assume

that pollutant removal from infiltrating air is a steady, first-order loss process. Then, the average
pollutant concentration in air at egress is proportional to the concentration as it entefs the
leakage path. The ratio of these two concentrations is called the penetration factor, denoted p.
Therefore, the rate of pollutant entry threugh a leakage path can be expressed as pQC,, where
Qis the yolumetric airflow rate through that path and C, is the species concentration in outdoor
air’. The penetration factor is a function of the pollutant species. It also depends on the leakage
geome_try, surface materials, and pressure drop along the leakage path. When considering all
the air that enters a 'buﬂding by mfiltration, the overall penetration factor for the entire envelope is

the flow=weighted average of the penetration factors over all building leakage paths:

' Under windy conditions, the average infiltration rates were found to constitute 23-61% of the building
design heating load from the measurements of eight federal buildings.

% Strictly, this expression requires an adjustment for expansion or contraction if the air temperature changes
along the flow path. ' :



Note ﬂlat the-penetration factor may vary With time or with environmental conditions
such as temperature or relative humidity. Also, penetration may not be well deécribeci by a
simple prdpdrt:ionality constant. It may depend on the nature of pollutant-surface interactions or
on properties of the pollutant per ée, such as reversible sorption of volatile organic compounds?
‘or the volat_ih'ty- of semi-volatile inorgapic constituents. These potentially important subtl'cr:tiesywi]l

be explored in Chapter 5 of this dissertation.

1.2 DISSERTATION OVERVIEW
The objective of this dissertation is to advénce our understanding of the proportion of
ambient air pollutants that penetrate 1'nt6 incioor environments through unintentional openings in
building envelopes, with a special emphasis on the physical behavior of éi_rb_om_e particles. ﬁﬁs
aspect is of particular concern since elevated ambient ﬁne particle levels have been shown to be
strongly linked with enhanced mortality and morbidity related to respiratory and
N éardiopulmonary diseases. People spend a majority of their fhne indoors, and s0 irihalati'oﬁ
exposures to particles of outdoor ongin is influenced by the extentto which ambient paﬁicles
| penetrate into and persist in buildings. The research addressed in this dissertation is important
for assessing the contribution to exposure of indoor particles of ambient origin, as well as for ‘
_provid_ing insights into the physical factors that affect the extent of particle peneﬁatiqn in
infiltrating air. The objectives of the research were accomplished through engineering analysis,
model calculations, and experimental studies of leakage components on three distinct scales —
individual cracks, window asscmblics, and a whole house,
Assuming 1dealized building leakage geometry, a model was formulated to predict the

fractional penetration of airbomne particles through building cracks and wall cavities. Asan



extension based on the smneimédeﬁng framework, the penetration of reactive gases (e.g.,
ozone) was modeled by incorporating existing knowledgé of pollutant-surface interactions. For
the experimental studies, the physical scale andsysterﬁ complexity increased in each succeeding
»phase. Particle penetration across building cracks, using rectangular slots as surrogates, was
determined as the ratio of particle concentration downstream to that upstream of the slot in a
specially constructed laboratory apparatus. Particle penetxatioh through windows, which were
mstalled in a two-chamber system, was inferred by aﬁalyzing data on the dynamic relationship of
particlc_a concentrations in both.chambers. A field study, ina single-fanﬁly house, located in
Clovis, California (near Fresno), was.conducted to evaluate particle penetration through the
entire building ehveiope. Throughout the experimental reséarch,-_the modeling results serve as a

baseline for comparison to the data obtained in the experimental studies. -

1.3 OUTLINE OF DISSERTATION CONTENTS
This dissertation explores .air'pollutant'penetrat.ion nto buildiﬁgs through air infiltration

- pathways by means of both model analysis and expen'niental studies. In Chapter 2, a modeling
exploration aims to quantitatively characterize the fractional pollutant penetration as air irlﬁltrates
through building cracks and wall cavities. Three idealized crack conﬁg.matiohs —'suhight-
throug;n, L-shaped, and doublé-Bend — were postulated to evaluate the extent of particle
penetration, assuming uﬁifonn'crack geometry, smooth inner crack surface and steady airflow.
The calculations were performed for crack heights of 0.25 and 1 mm, flow-path lengﬂms of 3
and 9 cm and under pressure difference less than 10 Pa. Two major particle deposition
mechanisms, gravitational settling and Brownian diffusion, were mcorporated into the analysis,

which was applied for particle diameters ranging from 0.001 to 100 yum. For wall cavities, the



calculation of particle penetration with respect to three different insulation practices was
performed utilizing ﬁ}umion theory' (Hinds, 1982). Built on the same modeling framework fér
particles,‘ the analysis of reactive gas (spe‘ciﬁcally‘consid@ﬁng., ozone) peneﬁation through
buildixlg cracks and wall cavities was conducted, by incorporating the kinetics of pollutant-

- surface reactions, as parameterized by reaction probability.(y). For a given crack geometry and

~ pressure difference, the fractional penétration was predicted as a function of particle size or

© reaction probability, respectively. The overall particle penetration factor into a building,

co_mpujted from the‘rﬂovw_'ate-weighted average penetration for each crack, was also 'evaluatedr
based én'hypoﬂleﬁcal distributions of building cracks.

One of the obje&ives-of the laboratory-based experimental':wo'rk in Chapter 3 was to
- validate the modéling calculations for particle penetration through a single cracic, as predicted in
Chapter 2. Therefore, a rectangular single-crack apparatus, as a surrogate of air leakage paths
in buiidjng envelopes, was constructed with crack heights.of 0.25 mm and 1 mm from-a variety
. of :buil'ciing materials, inchiding aluminum, brick, concréte, plywood, redwood lumber, pine
‘Tumber, and,sﬁand board. Nonvolatile particles were generated and introduced into a well-
mixed chamber to which the crack aéparauls was mounted. Air was drawn at é constant
airflow rate through the slot from the chamber at a pfessufe difference of 4 or 10 Pa. Size-
vresolv;d ﬁarticle penetration was méasured, for particle diameters of 0.02-7 pum, as the ratio of
particle concenﬁ'ation downstfeam(of the crack to that in the chamber. The effect of surface-
roughness and irregular crack geometry on particle penetration was also explored, shedding
light on the physical factors that can be potentially exploited as control tools to manipulate
particle penetration. -

Based on the foundations built in Chapters 2 and 3, Chapter 4 extended the physical



scale of leékage paths t§ a building corhponent, 1.e., a window assembly. This represents a
building subsystem with more complicated air leakage paths compared to a straight-through
crack. The extent of particle penetration through two aiuminum— framed shdmg ‘windows, one
with weétherstn’pping and the other without, was measured-in' the laboratory. . Mounted in'a
plywood paﬁel, the ﬁnisheﬂ window was inserted to separate two well-mixed chambers of
identical volumes. The design of the two-chamber system was intended to offer optimal control
of paxticie concentrations on both sides of the test window. The typical experimental scheme
involved measuring the growth of particle concentration in one chamber from a 'negli'gibleAle\./el',
With particle-laden air flowing through the window leaks at a fixed air flow rate from the other
chamber. Particle loss rate due to air exchange and deposition onto-the chamber surface was
determined in a séparate experiment. The particle penetration factor was then inferred from the
nd relationship of concentrations in both chambers. The windb;zv lio‘e.rf(v)ﬁha.nce' with -
respect to particle penetration was compared to the measured a1r leakage rafe, which is
commonly reported for assessing window air tighmess as part of window quality certification in
* the fenestration industry.

In Chapter 5, field ¢xperiments were performed to Sﬁdy the 'tx"clrisport of ambient
particles mﬁlttanng mto a full scale, single-famﬂy house. Although the particle penetration
pr0ces—s had been studied by other researchers, we have developed and appiied a distinct
e*perimental approach, and have‘ propc;sed a new model fgr data analy;is to further explore
particle penetration across the building envelope. The experiments involiléa thé .use of a blower
door to pressun'ie or depressurize the entire house to deéouple the effects of particle deposition
.and penetrﬁtion. Particle deposition in the housé was determined during k'.pres'surization, in which

ambient air was moved through the blower door fan, leading to complete particle penetration



into the house. .Particle penetration could be determined when the house was depressurized, in
which ambient particles were brought in through unintentional building leakage paths.’ The
pressure difference across the building envelope was constantly monitored. ‘Both indoor and
outdoor particle c‘onoentrations, as well as tracer gas decay at six locations in the house wore '
measured continuously when the blower door was in. use. The -evapofativo loss of particulate
volatile constituents was taken into .account, in order to pfovicie better estimates of the particle
penetration factor. - -

" Chapter 6 highlights the major findings from this dissertation and outlines potential future
research directions. The dissertation ends with nine Appendices that provide details in support

- of some fine points of the dissertation. .
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Table 1.1

Summary of previous studies on the relationship of indoor/outdoor particle concentrations (I/O ratios)

. Particles Monitoring L Time of . .
Investigators analyzed | area Sampling size investigation o Key findings
Megaw, 1962 Aitken nuclei ~ Windscale', 5 paired samples 1957 " /O dosage’ ratio ranged from 0.34 to 0.78
Britain )
Biersteker et al., smoke Rotterdam, 800 paired samples 1964 winter ; VY0 -~08 for smoke from linear regression analysis
1965 Netherlands in 60 homes indoor source (smoking) played a role in indoor air
. pollution )
Weatherley, 1966  smoke London 32 paired samples  J anuary-March I/O ~1 with high correlation® when outdoor
' in 1960 concentration < 300-ug/m’ -
Yocom et al., total Hartford, CN 36 paired samples  summer, fall VO varied from 0.16-1.15
1971 suspended for 6 buildings and winter - particles penetrated building shells readily; PM could
particles (TSP) seasons of be removed effectively by filtration _
1969-70 internal pollutant generation is a significant factor

Lee, 1972 TSP* Hartford, CN 9 paired samples 19691970 predominantly smaller particle sizes and narrower

for 6 buildings particle size distribution indoors than outdoors
Andersen, 1972~ TSP Arhus, Denmark 150 paired samples  1969-1970 1/0 ~ 0.63 (good I/O correlation for no particle .

in a closed room generation indoors)

) ' reduced concentration indoors compared to outdoors

Thompson et al., TSP South Coast 16 buildings summer and /O ranged 0.07-3.80
1973 Basin of CA (public, school, fall in 1971 - soil tracking by shoes

hospital, etc.) PM level was lower when filtration was operated
Lefcoe etal., 1975 0.15-6 um not mentioned 2 residential sites ~ not mentioned - filtration reduced the indoor particle levels.

and 1 hospital household activities (vacuuming, bedmaking etc.)

increased particle concentrations.
smoking enhanced particle counts for d, < 1 pm
. significantly.

Alzona et al., TSP® not mentioned 14 paired samples . not mentionéd

1979

in 10 closed rooms

* /O ranged 0.05-0.7 in closed rooms

speculated penetration factor larger for fine particles,
and smaller (< 0.5) for coarse particles
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Table 1.1(cont.)

Summary of previous studies on the relationship of indoor/outdoor particle concentrations (I/O ratios)

Investigators ;’::lt;czl:; 5 Mo:lrteo;mg Sampling size iane;r:;;a(:gon | Key ﬁndipgs
Cohen and Cohen, TSP not mentioned 20 sites (offices, not mentioned 1/0 varied from 0.05 t0 0.58
1980 . high school, concluded /O ~ 0.2 for coarse particles (using Ca, Fe
homes, etc) as tracers); /O ~ 0.45 for submicron particles (Pb,
Br)
Spengler etal., . PM,s Portage, WI, 1676 samples in 55 1976-78 indoor and outdoor PM; 5 concentrations were not
1981° : Topeka, KN;- homes correlated, even controlling for smoking
Kingston, TN; major indoor PM source was cigarette smoke
Watertown, MA,
St. Louis, MO;
Steubenville, OH
Spengler et al., PM;;s Kingston and 101 participants 1981 higher mean indoor PM concentrations than those of
1985 Harriman, TN (with 26 home outdoors (/O ~ 1.6 for nonsmoking environments)
smoking exposure) ambient concentration provided poor prediction of
personal exposure to PM
Nazaroff et al., fine and coarse  Los Angeles, 3 museums 1988 /O ranged 0.16-0.71 for fine particles and 0-0.49
1990 particles” California ' coarse particles, respectively
measured indoor particle concentrations agreed well
with the model prediction
Colome et al., PM, Orange county, 34 samples in 10 fall and winter 0:4 <I/O < 1.5, with an average of 0.70 (correlation
1992 - . CcA ) nonsmoking homes  of 1987 coefficient R* = 0.34)
Koutrakis et al., PM;; Suffolk and 394 homes 1986 spring . 1/O ~ 0.49 for PMZ,S8
1992 Onondaga =
counties, NY _
Ligocki et al., fine and coarse  southern 5 museums 1987 summer /O ranged from 0.16 to0.0.96 for fine particles and
1993 particles’ “California ’ and 1988 from 0.06 to 0.53 for coarse particles
' lower I/O values observed in buildings with

winter -

sophisticated ventilation systems which include filters
for particulate matter removal




81

\

size intervals

- for 0.02-10

um particles

homes

Table 1.1(cont.) Summary of previous studies on the relationship of indoor/outdoor partlcle concentrations (I/O ratios)
. Particles Monitoring Time of

' Investigators analyzed | area Sampling size investigation . Key findings

Ozkaynak et al., PM,s, PMyg Riverside, CA 178 homes 1990 fall R? of VO ~ 0.48 for PM; s and 0.25 for PM,o(day and

1993 : night); 0.55 and 0.41 for PM, s and PM,, (night) °

Suhetal., 1994 PM;s State College, 47 nonsmoking 1991 summer /O ~ 0.36 (R*= 0.44) and 0.78 (RZ='0,89) for air-

PA homes ' . ‘conditioned and non-air-conditioned homes'’

Williams et al., PM,s, PM,, Baltimore, MD 14 apartments in 1998 summer /0" ranged from 0.28 to 0. 62 for PM; s(no mdoor

2000 ‘ retirement center ' particle sources)

Abt et al., 2000 12 size Boston 3 nonsmoking winter and 1/O ranged from0.38 to 0.94 for 0.02-0.5 um
intervals for homes summer of particles; 0.12 to 0.53 for 0.7-10 um particles .
0.02-10 pm 1996, 1998 fine and coarse particles mostly contributed from
particles winter outdoor and indoor sources, respectively

Long et al., 2001 17 discrete Boston 9 nonsmoking 1998 lowest I/O ratio (0.16 and 0.52) observed for 6-10 um

and 0.02-0.03 wm particles; greatest I/0 (0.70-0.73)
for 0.08-0.5 um particles

L= R Y N R S

now Sellafield

time integral of concentration
inferred from the bar chart
took data for analysis from a final report to US EPA prepared by Yocom et al.
using outdoor tracers Ca, Fe, Zn, Pb, and Br (as an approximation) to differentiate particle size
also known as the Harvard Six-City study.
cutpoint ~ 2 um

estimated from regression results of sulfur-contammg particles
from Table 5.36 and 5.37.

10 ysed SO as surrogate
' taken from data reported in Table 4 mformatxon on PM,, was not reported.
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Figure 1.1 Schematic of airborne particle dynamics in the indoor environment

(modified from Thatcher and Layton, 1995). In this disseration, the

ventilation pathway of interest for air pollutant penetration into indoor

environments is infiltration.
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Figure 1.2  Illustration of the potential sources of air infiltration for a typical house.

20



2 MODELING AIR POLLUTANT PENETRATION
ACROSS BUILDING ENVELOPES®

2.1 ABSTRACT

The primary objective for the research reported in this chapter is to quantify,
through modeling and engineering analysis, the extent to which ambient pollutants
penevtrate through unintentional openings in building envelopes and enter indoor
: envirqnments. As ai; infiltrates through building leakage paths, interactions bétween

pol]utants and adjaceﬁt suffaces éan alter ipdoor human éxposufe to air pollutants of
ambient origin. This chapter presents modeling e;(plorations of the fraction of partiples.
and reactivev gases (e.g., ozone) that penetrate building envelopes and remain suspended
as aif enters through cracks and wall cavitiés. Assﬁming r.eguvlar" geometry, smooth inr_ler_‘
crack surface and steady airflow, idealized'rectang’gular slots are uséd to represent building
cracks. Pérticles of AO.l—l_v.O Um vdi;ar'neter are predicted to have 'fhe hi ghest penetration
efficiency, nearly unity for.crack heights of 0.25 mm or larger, aéshming a pressure
difference of 4 Pa o,rv greatér an'dba flow path length of 3 cm or less. Supefmicron and |
ultrafine (diameter < 0.1 pm) particles are significantly rerﬁoved by gravitational settling
and Brownian diffusion, _respectively. In addition to crack geometry, ozone penetration is
governed by its reactivity with crack surfaces, as parameterized by the reaction
probaBility. For reaction probabilities less than ~ 10, complete penetration is predicted
for cracks heights -greatcr ;han ~ 1 mm. However, pene_tratipn through mm scaie cracks

can be small if the reaction probability is ~ 10™* or greater. For wall cavities, fiberglass

" This chapter is largely based on the following paper: Liu, D.-L. and Nazaroff, W.W. (2001) Modeling
pollutant penetration across building envelopes, Atmospheric Environment, 35: 4451-4462.

21



‘insulation can remove paJticlés effectively. However, particles might penetrate
efficiently 1f infiltrating air flows through uninsulated wall cavities or thréugh insulated
cavities with significant airflow bypass. The ozone reaction prdbabilify on fiberglass

fibers was measured to be 107 for fibers with prolonged ozone exposure and 6 x 10 for
unéxpos’ed ﬁl;ers. Ovér this fange, ozone penetration through ﬁberglasé insulation is
predic'ted to vary from ~ 10-40% to > 90%. Thus, ozone penetration can be high under
some rconditib_ns.. There are, however, realistic circumstances in which building

. . . . . {
envelopes can provide substantial pollutant removal from infiltrating air.

2.2 INTRODUCTION

| Bepaﬁse people spend a large proportion of their time in buildings, fnost éxposu‘re
to éir pollufants of outdoor origin occurs indoors. However, e.vide'nce has shown that the
concgntratiqns of indoor air pollutants are not necessary well correlated to those outdoors,
even in the absence of indoor emissions. Pollutants may be ]osf or transforined as |
ambient air flows thfough bui.lding envelopes. Oncé indoors, the concentration of air
polllutz'mts may change owiﬁg to deposition ontov indoor surfaces, homogeneous
transformations, or removal by filters and other air cleaning devices.

_ Among these potential mechanisms that alter ir;door air pollutant concentrations,
one aspect thaf has not been well studied is the penetration loss as ambient air infiltrates
into buildings through air leakage pathways. The significance of this issue is establisﬁed
by the fact that all buildfng envelopes leak. A large proportion of buildings, including
most resi.dences in the United States, are not equipped with mechanical ventilation

systems. When doors and windows are closed, e.g., during heating and cooling seasons,
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ventilation mainly relies on infiltration, i.e., air exchange driven by pressure difference

across the building shell through unintentional air leakage pathways. Therefore, exposure |
of building occupants to air pollutants of outdoor. origin is influenced by th¢ extent to
which those pollutants penetrate along with infiltrating air.

The transport of ambient pollutants acrosé building ehv'elépes can be quantified in
terms of penetration factors, the fraction. of pollutants that remain airborne as air enters
indoor environments. The value of the penetration factor Imay vary, dependiﬁg on the
nature and strehgth of poliutant—surface interéctions, or on environmental conditions (e.g.,
change in tempefatﬁre and relative hﬁinidity). For,vmodeling‘ purpose in this chapter, the
rate of airborne pollutant removal in air leakage patﬁwéys was treated as a first-order
process, a reasonable approximation. for air pollutants with nonvolatile constituents under
roughly constant temperature and relatiile humidity along the leakage paths.

Pollutants of concern include éirbome particles and feactive gases. These may be
urban air pollutants such as diesel soot or the constituents of photochemical smog. They
may also be fly ash from gdal-buming power plants or accidental réleases from industrial

facilities. Additional concerns have been raised regarding chemical and biological agents

released by terrorists or through military action. Airborne pollen grains released from

outdoor vegetation may penetrate into buildings and cause respiratory allergies. The
analyses in this chapter are also relevant for assessing exposure to bioaerosols associated
with certain indoor moisture problems (Miller, 1992). Moisture condensation and
structural water leaks can lead to mold growth in wall cavities. The release of spores and
microbial volatile organic compounds from molds can pose significant human health
threats if the contaminants are subsequently transported into the occupied space.

Several studies have evaluated penetration factors for airborne particles based -
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mainly on eXperimental evidence (Thatcher and Layton, 1995; Ozkaynak et al., 1996;

Mosley et al., 2001, Long et al..,‘2001;‘Vette' etal., 2001). Prior to this study, no work had
been published concerning experimental investﬁgatidn of reactive gas penetration through
leaks in building envelopes.” However, this phendmenon has been studie.d by Karlsson
(1994) using a modeling approach in the context of assessing expo.sur_e in buildings in the
case of an accidental release of toxic gases or attacks wifh chemical warfare agents.

The objective of ‘tﬁis study is to explore airborne particle and reactive gas
penet{ation through leaka'gé paths in building envelopes from a modeling perspective.
Based on mechanistic knowledge of pollutant tfansport processes and building leakage |
characteristics, mathematical models are applied to seek quantitative estirhates of |
penetration factors, as well as an underStanding of the variables that affect th}ém. These
models are used to analyze airflow and pollutant penetration through idealized

| representations of building leakage paths.

2.3 METHODS
2.3.1 Building Cracks

We considered three configurations — straight-through, L-shaped, and double-
bend — that represent cracks commonly found in buildings (Figure 2.1a). The smgﬂiest
dimension of the crack (known here as “crack height”) is denoted d. The crack
dimension parallel to airflow (“cfack length”) is denoted z, with the three-dimensional
view illustrated in Figure 2.1b. It was assumed that the crack geometry is uniform
throughout .thé channel, that the inner surface is perfectly smooth, and that airflow

throughAthe crack is steady. It was also assumed that the extent of the crack in the third

24



dimension (“crack width”), denoted w, is much larger than crack height, so that airflow

can be reasonably modeled as two-dimensional.

2.3.1.1 Airflow Characterization in Cracks

The flow of air through a crack is driven by a small pressure difference (AP,
typically less than 10 Pa), which in turn may be induced by wind, indoor/outdoor
temperature difference, or unbalanced fan-driven flow. The relationship between the
‘airflow rate, Q, and pressure difference, AP, is well approximated by this quadratic
expression (Baker et al., 1987):

12 S ' '
ks, /;szQz | 2.1)
wd 2d°w

AP

Here, u is the dynamic viscosity of air and p is the air density. The parameter C is well
* approximated by C = 1.5 + n; where n, is the number of right-angle bends in the crack.
E Equation (2.1) reflects the key physical processes that control drag. When th.e flow
channel is long and thin, viscous resistance dominates and the flow rate varies in direct
proportion to AP, as described by the first term on the right. For cracks that have a large
height but are not long, inertial resistance associated with air density dominates, and the

flow rate varies in proportion to AP, as described by the rightmost term.

2.3.1.2 Characterization of Building Cracks and their Dimensions

The dimensions of air leakage cracks in buildings have not been well
characterized. One investigation on air infiltration through gaps around closed windows
suggested that crack heights were normally less than 2.5 mm (Thomas and Dick, 1953).

Another study reported that crack heights of 0.5 to 7.5 mm represent the range commonly
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found in buildings (Hopkins and Hansford, 1974).

Interest in ventilation and energy use has spurred studies of the leakage
characteristics of buildings. These studies have focused on quantifying the effective
leakage area of whole buildings and of building components (Reinhold and Sonderegger,
1983). As is appropriate for air infiltration, tﬁis information is expressed in terms of an
effective leakage area without specifying the crack dimensions. Unfortunately, pollutant
penetration through cracks is very sensitive to the minimum crgiék dimension. The lack
of detailed information on the distribution of crack sizes in buildings limits the ability to
extend the modeling results presented in this chapter to real buildings. Nevertheless,
information on the overall air-leakage characteristics of single-family residences can be
used to constrain the domain of practical interest. |

For example, assume that all cracks in a building have the same height, d, and
length, z. Then, the total crack width W can be estimated as the ratio of the leakage area
to crack height:

_ total leakage area A _

L Q 2.2)
crack height d d C,(d)J2AP/p

where Cy(d) refers to the discharge cogfﬁcient for crac_:k height d. Equation (2.25 is based
on a standard formula linking air infiltration to leakagé area and pressure drop
(ASHI_QAE, 1993). Figure 2.2 illustrates the dependence of Woﬁ dand AP fora
postulated residential building with an infiltration rate of 150 m* h'l_, typical of US
housing (Murray and Burmaster, 1995). For a medium-sized US house (volume ~ 300
m3), the perimeter of the exterior walls and the doors and windows is on the order of
hundreds of meters. Figure 2.2 shows that it is plausible for air leaking into such a

building to pass mostly through cracks whose height is on the order of ~ 0.5 mm or
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larger. However, the predominant flow must pass through cracks with d > ~ 0.2 mm.
Otherwise, an unrealistically high value.of total crack width would be required to yield
the observed total building leakage. . .-

- In the analysis presented here for pollutant penetration through cracks, the flow
path length (z) was fixed at one of two values: 3 or 9 cm. Various créckheights were
considered (d = 0.05, 0.10, 0.25, and 1.0- mm). . Although the smaller values are unlikely
to represent dominant flow paths, they were included to investi gate how small a crack

must be to prevent penetration of ~ 0.1-1 pm particles.

2.3.1.3 Particle Penetratibn through Cracks -

* . Particle pe'nétration through building cracksAwas estimated by considering the
effects of three major particle deposition mechanisms: Brownian diffusion, gravitational
settling; and inertial impaction. . Particles were assumed to be spherical with a density of 1
g cm™ and with diameters ranging from 0.001 to 100 um. The lower bound reflects the
growing interest in the effects of ultrafine particles on human health (Oberdorster; et al.,
1995)." The largest particle sizes in this range are of concern for human exposure to
nonrespirable particles, such as large pollen grains.

- It was assumed that airflow within a crack is uniform and steady, and that the
particle concent;ation at the inlet is equal to that of the incoming airflow. The penetration
factor due to gravitational settling alone (py) is computed from the results of trajectory
analsfsis (Fuchs, 1964):

V. z

5

du validfor0< p, <1 | (2.3)

p, =1-
where V; is the particle settling velocity and U is the mean air speed in the crack. For the
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case of V;z 2dU, p, = 0 and there is‘no particle penetration.

© .. Small particles may diffuse to the walls of a‘crack and adhere to the surfaces by
means of van der Waals forces. The penetration factor through a erack coﬁsidering
Brownian diffusion alone (p,) is approximated from a result by De Marcus and Thomas
(1952): S o

p, = 0.915exp(—1.885¢) +0.0592exp(=22.34) +0.026 exp(~152¢) ... ' "(2.4)

‘where @is given by:

4D B | SR
p=—= 2.5)

- du

Here, D is the particle diffusion coefficient computed according to the Stokes-Einstein
relation with the Cunningham slip correction factor (Hinds, 1999, pp. 152-153).
Equation (2:4) was derived by means ‘of solving the equation of mass conservation,
assuming well-developed parabolic flow with particle transport .via advection-and
‘Brownian diffusion. The equation has been experimentally validated for particles smaller
than 0.3 'um (Thomas, 1955).

Particle deposition caused by irﬁpaction is a function of the Stokes number (St),
which is thé ratio of the particle stopping distance to the characteristic dimension :.
- associated with flow acceleration (Hinds, 1999, p. 121). The greater the .Stokes number
(i.e., owing to increased particle inertia or a sharper bending of fluid streamlines), the
higher the likelihood of particle impaction at crack bends. The system considered here
has similarities to particle-sampling impactors. Since impactor performance has been
well characterized, the results from rectangular impactor nozzles (Marple and Willeke,

1976) were used estimate particle deposition at crack bends induced by inertial drift. The -
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penetration factor associated with impaction, pi, Was taken as one minus the fractional
 Joss caused by inértia. The calculation results indicate that impaction was not an
important particle deposition mechanism for airflow througlril‘ building cracks. For any
crack with a horizontal component of the flow channel, any particle with enough inertia
to bé lost by impaction was also likely to be lost by settling. .

Based on the approximation that the deposition mechanisms operatev
indebendently, the total penetration factor was estimated as the product of the penetration

factors for the three processes considered separately:

P=PyXPyXP: o @9
Alternative schemes for combining mechanisms tb estimate overall particle penetration
have Beeh fonhhiated (ef:g.-, Chen and Yu, 1993). For the situation considered here,
where gerierally only one mechahism_is ihﬁpona'ﬁt for. a given vparticle' size, differences

among approaches are small.

2.3.14 Peneiration of Reactive Gas:és through Cracks
The loss of a gaseous pol]'utan'f on crack suffaces was considered to occur by a
ﬁfét-order; irré\}ersib.le process. The species r'eino.yf'zil rate is parameterized in terms of a
mass-transfer coéfﬁcient known as the deposition velocity, which is defined as the net
pollutant flux to a surface divided>by' the freestream airborne cohcentration. In general,
the deposition of réactive gases‘ié g(;vemed‘ by tWo méchanisms acting in series: (1) mass
transport to sur>faces., and 2 SuBsequenf uptake by the surface. Following Cano-Ruiz et

al. (1993), the overall mass transfer process is modeled as two resistances in series, such

that the overall deposition velocity (v,) is expressed as follows: .
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Vo = (— + —-) = —L @
. . -vs Vt 'vs + vt o B B -
Here, v; and v, refer to the species deposition velocity in the limit of control by surface

- uptake-and control by gas-phase mass transport, respectively. -From the kinetic theory of

gases, the value of v; is estimated.as : | _ -
v = 7@': o - T e

where_(x;) is the Bolt'zmann'velocity.of the species. For ozone, for example, (v) i‘s ~ 360
. mstat293 K. The dimensionless parameter, ¥, is the reaction probabilify, the ratio of
thef_‘ rerpoval fate td the collision rate of_th¢ species on the surface. Whén 7is sufficiently
_s_n-;lal»] (S_q_chdyf(hat Vs << 111,), the deposition velocity is gontrolled by the rate.(v)'f surface
ﬁpyake (Vo ~ 1):5). Table 2.1 summarizes the reaction pro_babilities for. thre_e gases —
ozone, sarin and SO, — on materials found in building envelopes, bgsed on experimental
data reported in the literature. ‘
The tfansport—limited deposition velocity, v, , is a function of the air ﬂow field and
,t,he: species molecular.diffusiyigy. The overall depos_ition velocity v, approaches the
trqnspprt-limite_d valu,ev(v.,,. ~ vr) when the surface resistaﬁce is small compared to the gas-
phase _rhass-transfer re‘sis'tanceV (vs >> ). For specific ﬁow conditions, the estimat’e of the
jransported-liniited deppsition vg]ocity was made by a two-step process. First, equationé
, (2.'4) and (2.5) were applied to determine the pollutant penetration factor, accounting for
pollutant transport by means of molecular diffusion and advectibq, and assuming no
surface :'re.sistance. Second, an idealized model was appiied to link the penetration factor
to its deposition velocity. The model is derived by writing a species material balance

over a differential slice normal to the direction of flow. It was assumed that flow is
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“uniform and that the surface pollutant flux is equal to the prodUclt of the deposition
velocity and the average species concentration in the slice. This éxpress‘ion is obtained -

for the penetration factor in the case of mass-transport-limited uptake:

pd=exp(—% o o -9
Given py frorh equation (2.4), equation (2.9) can be solved for Vi Tbis ;esult is thén V
combined with equations (2.7) and_(2.é) to detgrmine the ovetall species deppsitiqn
velocity, including the combined effects of mass transfer and surface uptavke.: Thg
detailed de{ivation is showr_i in Appendix A. ijﬂly, F}}e over;ﬂl vp-enetrati'on factor is

computed using an equation that is analogous to equation (2.9): |

: 2v. z
— —_—0 : . R - . . . 210
p=exp(-—5) , | - (210)

For the examples considered in this chapter, ozone was selectéd as a specific example of

areactive gas. The approach is applicable to other féagtive géses.-

2.3;2 Wall Cavity
2.3.2.1 Wall Cavity Characterizatibn

Some air that leaks into buildings passes through wall cavities. Ini the U.S., most
| feéideﬁtial buildings are built with a wood frame.” Wall caVities are bou‘ﬁded by the
framing lumbér and by the inner and outer wall matérials. Typical dimensions 'fof a
single cavity are 10-15 cmi (thick) x 35 cm (wide) x 2.5 m (high). For old houseé in areas
with mild climate, the wall cavities are commonly unfilled. Mod‘érnv homes contain
insulaﬁoﬁ materials in the wall cavity to save energy by reducing the rate of heat transfer

through the building enVelope. Three wall cavity configurations were considered in the
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analysis:, uninsﬁlated (Figure 2.3a), filled with insulation (Figure 2.3b), and insulated but

with aiif leakage paths that bypass _thé insulation (Figure 2.3c).

2.322F iberglass Insulation in Wall Cavities

Fibérglass is a widely used insulation material becahse itis inexpensive, easily -
installed, and _\}érsat'i'le'..‘ Fiberglass insulation is commonly installed m the form of a
fibrous blafiket, cut to _ﬁt. into the spaéé between .w'al.l studs. Both the thickness and
solidity of the ﬁbe.rglas“sﬂrnat‘erié.]s goyérh the insulation pérforrﬁance. In the U.S.,
;:otmmercia.l]‘ producfs are rat‘éd. by an “R-value,” which is a measure of .th:ennal-resistance,
in units of ft2-°F-h/BTU; Because 1t is fibrous, ﬁ»be'rglas;s insulation in wall cavitiés might
serve as a éollut_aﬁt filter. Modeling tools were used to exblorﬁ: the penetration factor for
partiplgs and reactive gases through wall cavities filled with fiberglass insu]afion.

- For the analyses reported here, a ﬁbefglass blan];_cla_t‘.‘o:f 8.9-cm thickness (R-11)
was considered, accounting for two flow path lengths througﬁ the fiberglass blanket: L =
8.9 cm (horizontal flow) and L = 2.3 m-(verticél ﬂow). (See Figure 2.3b.) Based on
microscopic examination pf a ;ample purchased at a local hardware store, fibers were
modeled as uniform cylinders with a 10 pm diametér._ The solidigy of the blanket (o) was
estimated to be 0.003, on the basis of a wei gﬁt fneasur.ement and assuming that the fiber
density was the same as bulk glass (~ 2.5-2.8 g cm™).

Air speéd through the fiberglass blanket was computed by assuming a fixed
pressure drop (4-10 Pa) across the flow path length and applying a theoretical expfession
- linking air flow to pressure drop for fibrous filters (Hinds, 1999, pp. 200—.202). Ata

‘pressure drop of 4 Pa across an 8.9-cm thickness of R-11 fiberglass, the air speed would
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be 2.4 cm s™. - The total inﬁltrating flow of 150.m> h™' into a typical residence would be
generated by sucli a speed applied across a face area of 1.7 m?. Since the total exterior
wall »are'a of a residence is on the order of 100'm? it is plausible that a significant fraction
of inﬁltrating air passes follows pathway (1) as illustrated in Figure 2.3b. ‘On the other
“hand, a pressure difference of 4 Pa applied-across a 2.3-m length of ﬁberglass blanket -
would only induce an air speed of 0.2 cm . If air. flowed in this manner through all
v exterior wall cavities, the total infiltration rate wouldvonly be on ihe‘order ef 10m>h!,
much smaller than observed infiltration rates. Therefore, pathway (2) in .Figure 2.3b was

excluded from further consideration of pollutant penetration.

k 213.2.3 Particle Penetration Aﬁalysis

Filtration tlieory, as surnmarized below, was applied to calculate particle

* penetration through ﬁberglass insulation in wall cavities (Hinds, 1999, pp. 190-196).
These deposition mechanisms were included in the analysis: interception, impaction,

" Brownian diffusion, and gravitational settling. Total single fiber 'efﬁc‘iency (nx) was
estimated by 'snrnming the collection efﬁeiencies determined separately for each
mechanism. Applying an approximation that all ﬁbers_ have the same diameter (df), the
overall penetration fraction through the fiberglass blanket, p;, is related to single-fiber

efficiency by this expression:

—4dan,L
Py =eXPL_mT,L] A (2.11)
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2.3.2.4 Ozone Penetration Ana‘lysisl

Ozone penetration through a ﬁberglass .b]aﬁket_was analyzed in a.n,analogous
manner to penetration through cracks.. The transport-limited depesition Véloqity__(v,) was
estimated from particle filtration theory, accounting_ for only two transport mechanisms:
advection and molecular diffusion. The transport-limited deposition.velecity is-related to -

- the single-fiber efficiency by means of the following equation:. .

v, =My, (2.12)

ﬂiU'
T

where the single fiber efficiency due to diffﬁsion al&ié is givver_llby- m ;: 2 P.e'2’3‘. (ﬁinds,
1999, p. 194), Pe is the Peclet number (= U, df/D), énd U, is the freestream air speed
approaching a fiber. The molecular diffusivity of ozone was _taken tobe 1.82 x 10° m* 5!
. (Cano-Ruiz et al., 1_99.3). |

The overall ozone deposition velocity to a single ﬁbey was dete_r@in_ed by equation
(2.7). The surface reaction prqbgbility (). was mea§urcd, as describgd in §2.4.2.2. Given
Y, equation (2.8) was applied to determine v;. Thc_frac_tion_al Qz_bne pene&ation through

the fiberglass blanket was estimated by applying a variation of filtration theory:

P. = - .
Ry exp{ Upd, ) | : ( )

! The detailed derivation for the analysis is provided in Appendix B.
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2.4 RESULTS AND DISCUSSION

2.4.1 Building Cracks

2:4.1.1 Airflow Characteristics

- Air speeds through cracks were found to depend on crack height (d), crack léngth

(2), and pressure difference (AP), but to be independent of crack con_ﬁguration, Selected
“results are presented in Table 2.2. | For crack dimensions of practical interest, the ﬁow is

always laminar.gF:or crack heights sma]ler than about 1 mm and crack }lengths greater

than about 3 cm, the airflow ‘i.s well described as laminar and fully ‘develope"d. On the
 other hand, for cracks with a greater crack height or shorter flow len gth,v the entrance

length may approach a signiﬁcant‘ fraction of the flow ]ength. In this case, the flow will

B¢ d¢ve10pir_1:g from a flat proﬁle at the inlketvtoward the we]l-dgvelopéd parab‘olicbproﬁle.

Because develqping flow has a cbmpbnent of velocity that is normal to and away from the
_crack surfaces, pollutant dep_o_sition by diffusion will be reduced somewhat in'developing

flow conditions. This effect is not included in the analyses reported here.

2.4.1.2 Particle Penetrv(ztion2

Figur¢ 24 shows predic;ted particle penetration factors p asa function of particle
' diameter, crack hei ght,‘ and pressure difference for stra;ight-through cracks with z =3 cm.
The results”indicate that accumulation mode particles (0.1-1 umdiameter) have the
highest penetration efficiency across the whole part,icle-‘size spectrum. This is expected,
since larger and smaller particles are readily removed in cracks under the inﬂuehées of

gravitational settling and Brownian diffusion, respectively. As indicated in Figure 2.4,

% See Appendix C for details of the computer program used to compute particle penetration.
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the penetration factor is predicted to be approximately:one for a‘ccur_nulation mode
particles when d 2 0.25 mm. |
For crack heigﬁt d = 1 mm, the particle fractional penetration is more than 90%
for 0.01 to 7 um particles. .When d is smaller than 1 mm, penetration varies significantly
with crack height, even within thi/s' particle size range'. Atd=0.25 mm, for example,
"p’ar;icles of diameter 0.1-1.0 um have penetration factors greaferfthan 0.85. Atd=0.1
mm, only about half of 0.3-um particles penetrate. Particle penetration bécomes -
' 'ﬁeglig}ble (% 2 %) for d = 0.05 mm, regardless of particle size.
Fi gufe 2.5 pr_e’senté the predicted penetration factor as a function of crack length, z

(3 and 9 cm), for straight-through cracks with various crack heights at AP = 10 Pa.
' Pene&ation is si gniﬁcaﬁt]y reduced in the longer cracks for many particle sizes. For
| instanée, the ‘peﬁetration factor of 0.03 um pariicles with d =0.25 mm is about 70% ét z=
3 cm, but énly about 10% at z = 9 cm. On the other haﬁd, ford =1 mm, pénetration is
nearly complete (p ‘2 95%) for both crack lengths for par'tiéle‘diameter;s- between O..02va'nd
4 pm. |

| Entrance effects on particle penetra_tion were not included in the analyses. A
-Although potéhtially significant, it is believed that they are uhlikély to have important
effects oﬁ the results. Fof example, aspirétion efﬁciency; which measures the particle
concentration at the inlet of a ﬂow CBannel divided by the averagé concentration in the
épproaching airflow, was not included in this ana]yéis; Aspiration efficiency is expected
to be close to one for particles of small Stokes numbers, becaﬁSe they are able\to> follow
air streamlines well. The Stokes numbers were small for most conditions céhsidered in

‘this study. For the largest particles, where the Stokes number may be large, predicted
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‘penetration is small be_cause of grévi;ational settling within th.e crack.

Perhaps greéter limitations of the analyses are'related to the assumptions that
crack geometry is regular and that crack surfaces are smooth. ‘In real cracks, irregular
geometry and surface roughness might increase particle deposition significantly. This
issue is best explored by laboratory-based experimental studies, as wi}l be presented in

Chapter 3.

2.4.1.3 Overall Particle Penetration for a Building Shell with Variable Crack Heights 7
“In any real building, air leaks through many cracks with a distribution of -
dimensions. The overall particle penetration factor for the building is the flow-weighted
average penetration for each crack. There are no data on the distribution of leak sizes
within buildings. Nevertheless, some insight into the effects of distributed crack sizes
can be gained by analyzing a hypothetical distribution. Although the postulated
distribution might not be representative of crack-size distributions in real buildings, it is
useful to illustrate the relative contributions of large and small cracks in influencing
: poliutant penetration.
Here, the crack size distribution was postulated to have the following properties.

The crack length is constant at z = 3 cm. The crack he;.igh!t has a fixed upper and lower
bound,:a',,,ax and d,,, respectively. The fraction of crack area (d X w) between any two
crack heights is proportional to the difference between those two crack heights.
Mathematically, the total area of leaks can be related to such a crack-size distributioh in

this manner:
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donax T |
A= [dxW(d)xd(d) W(d) e~ (2.14)
o dmgin S ‘

where W(d) is the distribution function of crack widths.

: V_The overall particle penetration factors for three pairs of dnay and d;, values are
~shown in Figure 2.6. A change in the.lower bound of crack size (dy;,) from 0.05 t0 0.5
mm has an insignificant effect on the results. However, changing the.upper bound from 1
to 2 mm changes the penetratioﬁ factor for the particle sizes near the outer edges of the
size distribution. These fesults indicate that overall penetration is influenced more by the

largest cracks than by the smallest cracks in a building. The result is not surprising, since

airflow rates increase-strongly as crack height increases (Table 2.2).

2.4.1.4 Ozone Penetration:

The predicted penetration factor for ozone as a function of reaction probability (y),
-crack height (d), and pressure difference (AP) is illustrated in Figure 2.7a for z = 3 cm and
in Fi‘gu‘re 2.7b for z = 9 cm. ‘Since the penetration factor decays exponentially. with flow
path lengths for fixed v, much less ozone penetration is predicted for z ='9 ¢m than for z =
“3em.

- Broadly, the rélationship of ozone penetration and reaction probability can be
divided into three regimes. For the following discussion, consider the example of a crack
height of d = 1 mm, a pres"s..ure difference of AP = 10 Pa, and a crack flow length of z=3
cm. For high reaction probability (y >~ 10”%), ozone penetration is small and becomes
independent of . In this region uptake is mass-transport limited. Reactions on the crack

surfaces are sufficiently fast that the overall rate of uptake is governed by the rate at
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wh‘ich ozone molecules reach the surface from the bulk air. -For reaction probabilities in
‘the intermediate range (~ 10° <y <~ 107, ozorie penetration varies:strongly with y. In
this part of the domain, surface'uptake and gas-phase mass transfer both contribute
significantly to uptake resistance. In the third regime, where ozone-surface reactivity is
small (y <~ 10”), ozone penetration becomes large. ‘Uptake is governed entirely by
surface kinetics in this case. For all combinations of crack height, pressuré difference,
and flow length, the curves exhibit the same general shape. waever, thé values of vy at
which~inﬂection points occur vary.

As shown in Table 2.1, the reaction probability of ozone is low on ébiné building
materials, éuch as glass and a'luminum.- On 'thése”su‘rféces, wheretyplcally Y <~10%,
ozone penétration is likely to be comblete through cracké with héi ght'o:f ~1 mrn or larger,
provided the crack flow léngth is less than approxirr.]at.el‘y'9.cm.: Ozone reacfivity is.
hjghér on other materiais, such és concrete and bﬁck. Fér these materials, where v~ (0.4-

2) x 10™, significant ozone loss may occur by reaction on surfaces through cracks with

heights of as much as 1-2 mm.

| 2.4.2 Wall Cavity
2.4.2.1 Particle Penetration
(1) Uninsulated wall cavity

In a typical sing]e-famil& residence, the total air volum¢ in the. exterior wall
cavities would be on the order of 10 m (estimated from the back-of—envelopebcalculation
based on the dimension of a single wall cavity, as described in §2.3.2.1). If a significant

fraction of infiltrating air passes through wall cavities, then the characteristic residence
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“time of -air in the cavity would be-of the order of 5-10 minutes. Applying results from
studies of deposition onto room surfaces (Nazaroff et al.; 1993; Lai and Nazaroff, 2000),
particle loss during this short residence time is expected to be insignificant, except for the

-smallest ultrafine and the largest coarse particles. These particles are likely to be lost
during airflow through cracks into or o_u_,t._ of the wall cavity. Therefqlfe, itis unlikely that
particle loss in an uninsulated wall cavity is important in understanding particle .
penetration.

(2) Wall cavity insulated with a ﬁbgrglass blanket

W_hen fiberglass insuiqtion is properly installed, without airﬂow bypass,
infiltrating air that enters a Walllcavi.ty must pass thrqugh éhg fibrous materials. >Using
particle filtration theory, tl‘l‘e» éf_edicted partic;ie ﬁénetration factor was found to be zero for
flow path (1) in Figu;e 2.3b; This result appliés for all paﬁicle sizes, r_égardless of
pre;ssure difference. The work by Taylor et al. (1999) also reportéd similar particle
filtration performance wit‘h .respect to air permeablé walls, in which fibrous materials
were used in the analysis. Fiberglass insulation acts as an ‘effective particle ﬁvlter to the
extent that infiltrating air passes through it. This result is consistent with anecdotal |
observations of soot-stained fiberglass insulation in thc.: walls of residences undefgoing
retrofit.

However, airflow paths through a wall cavity may bypass the insulation, as
depictéd in‘ Figure.2.3c. ‘On the.basis 6f our analysis of particle penetration through
idealized cracks, particle penetratioh throﬁgh an insulated wall cavity Would be large if

the air flows through bypass channels with minimum dimensions larger than a few mm.
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2.4.2.2 Ozone Penetration
“To evaluate the fractional ozone penetration through fiberglass insulation, the

reaction probability (y) for ézone oﬁ fiberglass fibers has to be examined. The apparatﬁs
~used by Morrison and Nazaroff (2000) was employed to measure ozone uptake oﬁ
ﬁberglaés'ﬁbérs. Tﬁé reaction probability for ozone on fiberglass Was determined to be 6
x 10" for freshly exposed fibers. The reaction probability drof)ped to abouf 107 after
‘ exppsuré to an elevated ozone level (1000 ppb) for 1 day.‘ Over this range of vahie_s fory,.
suffaé; ﬁptake kinetics represent the rate-liﬁﬁtir;g step for ozone depositibﬁ ina ﬁberglass
biahkét; Figure 2.8 shows the predicted ozone pengtrati.on ac_cordin'g to equatioh': (2.13) |
for airfiéw through a ﬁbé-rglaSs blanket alohg pathway (1) in Figure 2.3b. For ’y ~107,
ozoné pénetration is predicbted to exceed 95%. On the other hand, fory~ 6A><‘ 105, ozone
péget.ration _is ﬁuch smailer, in the range of 10-40%. These results indicate that |

scavenging by fiberglass insulation may affect ozone penetration into modern houses.

2.5 CONCLUSIONS

o . The inﬁitration of bollutahts from oﬁtdoors into buildings has béen examined by
épp]ying tools from engineering analysis, incoﬁ)oratin g data on buildin g leakagé '
charac:_téristics and information 6n pollutant-surface interactions. For relatively large
cracks (hei ghtv> ~ 1 mm), partié]e peﬁetration is complete, éxcept fdr the largest |
(diameter > ~ 10 um) and smallest (diameter < ~ 0.01 pm) particles. Gas penetration is
also complete for large cracks unless the pollutant-surface reaction probability (Y) exceeds
~ 10, For air that flows through fiberglass insulation in a wall cavity, particle

penetration drops to zero and gaseous pollutant penetration is also-less than one when the
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'pollutant-surface reaction probability exceeds ~ 107, -

Existing information about the leakage characteristics of buildings provides'.
important clues, but is not yet sufficient to reliably.predict pollutant penetration lnto real
buildings from models. Two important issues are }required to improve our knowledge of
air pollutant penétration into buildings. First, it is essential to understand how ajr leakage
into buildings is distributed with respect to crack dimensions. A small number of large
cracks would produce high penetration factors. The same total leal(age‘distributed among
a largeé number of srnall cracks could produce much lower penetration factors. -Secondly,
we need to know to. what extent the air that flows into buildings passes through insulation
rather than around it. Pollutant penetration into buildings depends substantrally on
whether or nota large portron of the airflow passes through fiberglass msulatlon blankets

The modelrng calculations presented here have provrded important msrght into the
expected values of pollutant penetratlon and the physical- factors that affect them To
compare (o the model calculations, expenmental studies are requrred on sev’eral scales,
including penetrat1on through single cracks, penetration through burldmg components
~and penetratlon across entire building shells, as will be presented in the successrve
chapters. Improved knowledge in this area of study will permit more rehable prediction
of _hurpan e)tposure to partlcles and gaseous pollutants.of outdoor on'gin. AAdvan:ces in
building technology based on these ﬁndings may also hold the promise of reducing

pollutant penetration into indoor environments.
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Table 2.1 Reaction prbbability (y) for sarin, SO,, and

ozone on selected buiidi‘ng

materials. ‘

Species . Material na Referenc'e o

‘Sarin Silanized glass, 0-60% RH . 1.6 x 10‘8 ) Karlsson and Huber, 1996°
Plastic coated wallpaper 2.1x10% '
Rough spruce, 50-60% RH 1.9x10% .
Chalking paint on concrete 5.1 x107

SO, Gloss paint, 32% RH 1.5x107" Cox and Penkett, 1972 °¢
84% RH : 5.0 x10° o

" Aluminum, 78% RH 57 x10°
Softwood 3.1x10% - Spedding, 1972°¢ .
) Hardwood, 65% RH 6.2 x10% o S

PVC wall covering, 60% RH 3.9x10°%

Ozone Dirty glass 2.9x10° Simmons and Colbeck, 1990°¢°
Clean glass 5.5x10° '
Bricks (new and old) 2.2x10*
Outdoor concrete 44 %10°
Concrete slab 79 %107
Gravel 48x10°
Red tiles (new) 45x10%
Gray tiles (new) 3.8x107
Polyethylene sheet Sutton et al., 1976
8% RH 7% 107
70% RH 1.4x10°
Plywood 47x10%-58x107  Saberskyetal, 1973 °
Plate glass | 1.1x107-5.5x%x10®
Aluminum f 1.1x10%-55x%x10%
Polyethylene sheet 3.5%10°-1.2x10°
Lucite

Aluminum, 5% RH
40-50% RH

87% RH

Stainless steel

Aluminum, 32% RH

' 83%RH

Latex paint, < 10% RH f
~80% RH '

7x107-5.5%10%

49x10°*
7.0x107-1.3x 107

2.4x10°
1.7x10%-9x 107

7.7x10%
23 %107

2x10%-7 %107
2% 10°-1x10°

Glass <1x10°
Vinyl wallpaper 5%x10°
Paper wallpaper 1x10°

Mueller et al., 1973 °¢

Cox and Penkett, 1972°

Reiss et al., 1994
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Table 2.1 (cont.) Reactlon probability (¥) for sarin, SO;, and ozone on selected building

materials.
Species - Material .. .. . . Sy ,Reference
Galvanized sheet steel 1.1x10° _° Morrison et al., 1998
Duct liners (new) 0.8%x10°-32x10? -
Duct liners (used) ’ 4.8'>"< 105
Carpet (whole) & - 3.1'x 105263 x 10" * -Morrison and Nazaroff, 2000
Carpet (fibers) & - 48x107=50%x10% ‘
Carpet (backing) & 2.8x10°-1.0x10° -

d Ita11c1zed values were inferred from the reference; others are dlrectly quoted

The y values were estimated from reported first-order decay rate .and surface/volume ratios.
Both first-order decay constant and deposition velocity were reported.

Estimated from deposition velocity reported in the refcrence

As cited by Cano-Ruiz et al., 1993..

Range of values reflect the decrease in uptake with prolonged ozone exposure

Reaction probability determined after 48-hour exposure.
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Table 2.2 Airflow parameters as a function of crack height for selected conditions *.

Crack height, mm Air speed, cm s~ Reynolds number®  Entrance length
0.05 0.4 - 0.01 1.1x10°¢
0.10 14 0.08 1.6 x 10°
025 . - 9.6 1.3 6.7x10" -
1.00 131 73 - - 15x10"

*. Conditions: flow path length (z) =3 cm and pressure drop (AP) = 10 Pa.
® Reynolds number, Re = U d /v, where U is the air speed and v is the kinematic viscosity of air.
¢ Dimensionless entrance length, x./z, estimated as 0.06 d Re = 0.06 U d°/v.
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3 MEASURING PARTICLE PENETRATION THROUGH
BUILDING CRACKS "

3.1 ABSTRACT

| Ambient aerosol penetration through huilding envelopes contributes to_human
exposure to parriclec'of outdoor origin. In this chapter, experimental resuits are _preserlted
for particle penetration through single rectangular slots of uniform geometry, a _eurrogate
of leakage paths in building envelopes. Cracks with heights of 0.25 mm and lmm were
prepared using several different building materials: aluminum, brick, concrete, plywood,
redwood lumber, pine lumber, and strand board. The crack apparatus was ccripled toa |
wellamixed alumihum chamber. Fixed pressure differences (AP) of 4 and 10 Pa across |
: the crack were established by withdrawing air at constant flow rates out of the _-_cha'mber,
through the crack apparatus. Nonvolatile, electrically neutralized particles were
:‘generated“and introduced into the chamber. Air was sampled from the chamber and from
dowrlstream of the crack by aerosol measuring instruments. The particle penetration
factor was ‘determined, for particle sizes of 0.02-7 um, as the ratio of the particle
concentration downstream of the slot tovrhat n the chamber. Particle size _and crack
height were the two main factors that governed fractional r)aniclel penetration. Consistent
with modeling results presented in Chapter 2, the penetraticn factor was nearly unity for
particles of diameter 0.1-1.0 pmat  0.25 mm crack height and Aonf 4 Pa. Particle
penetration diminished for larger and smaller particles due to gravitational settliné and

Brownian diffusion, respectively. Particle penetration less than predicted values was

" This chapter is closely related to the foilowing manuscript: D.-L. Liu, and W.W. Nazaroff, Particle

penetration through building cracks, submitted to Aerosol Science and Technology.
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observed for cracks that exhibit significant surface roughness and irregular crack .

geometry.

3.2 INTRODUCTION
Particulate matter (PM) is one of the criteria air pollutants regulated by the US -

EPA. Inhalation of aitborne particles also presents an important f‘pathway of human .
exposure to certain-toxic compounds and elements. With increasing aWareness that
personal PM exposure mostly occurs indoors, more attention has been directed to
| understand the.p‘resence of indoor particles of outd60r origin (Riley et al,, 2002). Air -
mfiltration, driven by the pressure difference across buildingv shells, is a primary mode >of
ventilation in many residential settings. Through unintentional building openings, such
as building cracks and window gaps, ambient. pollutants may enter indoor environments
along with infiltrating air. Consequently, human inhalation exposure to particles of
outdoor origin is influenced by the degree to which such particles can penetrate the
building envelope and remain suspended in indoor air. -

Little was known about particle penetration into buildings untll the mid 1990s.
Since then, several studies have been published that infer overall particle‘ penetration
- rates into residences on the basis of model fits té field data on indoor and outdoor particle
levels (Thatcher and Layton, 1995; Ozkaynak et al., 1996; Long et al., 2001; Vette et al.,
2001). More discussion of these studies is presented in Chapter 5. Other investigators .
have reported on laboratory-based experiments of particle penetration (Lewis, 1995;
Mosley et al.,, 2001). In Lewis’s study, for instance, a test facility was built to house

aerosol generation/dissemination and measurement instruments, as well as an exposure
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chamber that was attached with a’horizontai persp-exA test slit (0.1 mm high). By blowing
ail’obme particles to the vicinity‘ of the crack from one end of the facility, the ratio of
aerosol concentration in the charﬂbef to that of the challénge dust cloud was deteﬁm'ned
as the “t_dtal transport fraction”. The fraction of airborne particles transpor_ted‘throug'h tﬁe
slit therefore accounted for particle loss not only in the leakage path, but also particle loss
within thé chamber. In a separate study, Mosley et al: performed experiments that
| involved transporting particles through an array of 140 slits-constructed with aluminum
pla'tes {rom one compartment to another. The fraction of particle penetration through the
slits was evaluated so that it took into account of particle loss in the compartments. One |
crack height 0f 0.508 mm (with the flow path distance of 10.2 cm) was investigated
against pressure differentials of 2, 5; 10, 20 Pa, and the particle sizes evaluated ranged
from 0.08to 5 pm.

While these studies have advanced our knowledgé, they have ‘n(v)t fully elucidated.
the extent to which particles penetrate building envelopes. This chapter complémenté
and extends the previousfy published investigations by greatly iﬁcreasing- the quantity of
empin'bal data from laboratory-based experiments. Measﬁre_ment results are reported for
particle penetration through slots designed to be surrogates of real infiltration pathways in
buildings.: Most of the slots tested had regular, rectangular geometry, and were made
from common building materials. In addition, to explore the effects of irregular crack -
geometry, particle penetration through a broken brick was investigated. The slot

| dimensions and the abplied pressure diﬁ’ere‘nces were chosen to be representa-tivev- of
conditions in buildings. The design of our experimental apparatus has the advantage of

versatility, allowing various crack‘-he:ightsand different crack materials to be tested.

60



Penetration was measured over a broad range of particle-diameters, 0.02-7 pm. The

results were compared against model predictions as reported in Chapter 2.

3.3 METHODS
3.3.1 Crack Apparatus and the Chamber : g ' 7 - _

Cracks were prepared using seven differenf materials: aluminum, brick, concrete,
plywood, redwood lumber, pine lumber, and strand board. The aluminum plates were
machined sol that the inner wall surfaces of the crack were smooth. This represents-an
idealized case in which surface roughness is expected to have minimal effect on particle

-deposition. Rectangular slots or cracks were configured from the other six materials by
cutting them with conventional methods. Some of the natural surface roughness 6fthese
materials was retained-to approximately simulate the texture of building cracks.  Brick,
redwood lumber, and-pine lumber were cut to the desired size directly from the original
bulk matenals. To imitate the coarse surface texture of building gaps; made of plywood
and strand board, the inner wall of the crack was created from the cut faces of several
layers of boards that had been previously glued together. The concrete plates were made

'by pouring a mixture of Portland cement, sand, and water into a plywood form, so that
the surface texture resembled closely that of realistic concrete walls (see Appendix. D for
details). Additionally, for wood materials, polyurethane paint and caulking agents were
applied on the exterior surface of the crack apparatus to seal the pores, ensuring that air
passed through the crack only, and not through the material pores.

The: crack apparatus is illustrated in Figure 3.1. The 'main component consists of

two plates of identical size and materials. Two crack heights, 0.25 mm and 1 mm, were
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created by inserting metal shims of the appropriate thickness between the two plates. The
crack length, i.., the dimension parallel to the airflow. direction, was 4.3 and 9.4 cm for |
aluminum cracks, and 4.5 cm for the other materials. For crack heights of 1 mm, the
crack width, perpendicular to the flow direction, was shortened by inserting shims of
greater width so that the crack air flow rate corresponding to a given AP could be
accommodated by the aerosol meas’uﬁﬁg'inshuments; -

The specific crack heighfs of 0.25 mm and 1 mm were selected to represent-
dimensions-of interest for real building leakage paths.  The smaller value represents a
lower bound of the crack height through which significant infiltration airflow could occur
in buildings:' For crack heights larger than 1 mm, penetration is expected to be large over
a broad range of particle sizes, according to-modeling prediction presented in Chapter 2.

The crack apparatus was assembled and mounted with a gasket to an aluminum
cover that -alloWed sampling of aerosols flowing through the crack:by the measuring .
instruments. The whole apparatus was coupled to a slot in the wall of an aluminum
chamber (50 x 40x 40 cm) into which particles were introduced. - A glazing compound
was applied to seal leaks at the junction between the crick apparatus and the chamber so
that the designed leakage path was the ‘only aerosol flow pathway. The schematic |
drawing of the crack apparatus and the chamber is depicted in Figure 3.2.

Since the aerosol concentration in the chamber was used to represent that of
upstream of crack apparatus, it is important to provide a uniform particle concentration
throughout the chamber. A small fan was positioned in the center, and a diﬁ'usér was
installed beneath the aerosol inlet inside the chamber to promote good mixing of air and

particles. In addition, a pleated HEPA (high efficiency particulate air) filter was located
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* at the bottom, ‘as'shown in Figure 3.2, to create equal flow resistance prior to the exit of
- air, preventing:short-circuiting airflow. The uniformity of the particle concentration was
confirmed by sampling ammonium fluorescein particles.on filters (26 mm cellulous
rhembran‘e,' Osmonics Inc:) at five locations in the chamber with pumps of known flow
‘ates and sampling time. After the particles were extracted by soaking th"e'. filters into
fixed volumes of buffer solution (sodium bisulphate, 0.05 M), the collected particulate
mass-on filters were determined by analyzing the buffer fluorescent concentrations .
(Fluorometer TD-700, Turner Designs, Sunnyvale; CA). Consistent particle

concentrations were found, indicating good mixing in the chamber.

3.3.2 Experimental Sétup

- The experimental configurations are ﬂlusﬁated schematically in Figures 3.3-3.5.
Sinece rio single aerosol instrument can measure particles of all sizes, different
arrangements were required for different particle size ranges. In each éase, particles were
generated and continuously supplied to the aluminum chamber. Air was extracted at a
constant flow rate from the chamber through the crack apparatus. Particles were
measured upstream and downstream of the crack. The pgnetration factor was evaluated
as the ratio of the downstream to upstream concentration.

For particles largerthan 0.6 pm in diameter (Figure 3.3), polydisperse droplets
were generated by supblying a highly concentrated aqueous KCl solution under high
pressure into the nozzle of the custom-built atorizer (see Appendix E for details). The
spray particles were dried and electrically neutralized before being introduced into the

aluminum chamber. For submicron particles (Figure 3.4), a dilute aqueous KCl solution
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was supplied to a constant output atomizer (TSI, Inc. Moedel 3075), and the droplets were
then passed through a diffusion dryer and a Kr-85 neutralizer (TSI, Inc. Model 3077). To
.examine submicron particle penetration with greater precision, experiments were also
conducted with monodisperse parﬁclqs that were generated by means of an atomizer
coupled to a differential mobility analyzer (DMA, TSI, Inc. Model 3071), as illustrated in
Figure 3.5. The DMA is a device that allows the separation of a narrow range of particle
electrical mobility, which corresponds to certain particle sizes,; from among all particles
introduced into.the instrument. The particle diameters used with this approach were.0.02,
0.03, 0.05, and 0.09 pm.

A pump was employed in conjunction with the aerosol measurement instruments
to maintain the desired pressure difference (AP =4 or 10 Pa) across the crack,
withdrawing air at fixed flow rates out of the chamber. For the crack sizes and pressure
differences that were investigated in this study, the airflow within the crack was laminar.
Funhermore, the airflow rate exhibited a linear relationship with pressure difference; -
indicating that flow resistance was dominated by viscosity (Baker et al., 1987; Chastain
et al,, 1987). Before each run, the relationship between crack airflow rate and pressure
difference was measured. Then during an experiment, the airflow rate was established at
the vaiue necessary to achieve the target value of AP. Depending on the crack geometry
and pressure difference, additional particle-free air was added downstream of the crack
apparatus in some cases to augment the crack air and thereby ensure appropriate aerosol
flow rate for each instrument. |

The paItiéle penetration experiments were performed for particle diameters

ranging from 0.02 to 7 pm. Particles were sampled through copper tubing. Two -
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identical tubes (28.4 cm long-with an inner diameter of 0.5 ¢m) were ﬁsed to connect the
chamber and the crack apparatus to a three- way ball vélve (Swagelok Inc.). During:
experiments; the valve was switched to altemately direct the upstream or downstream
aerosol flow- to:one of the measuring instruments (Aerodynamic Aerosol Sizer, APS, TSI,
Inc. Model 3320; Elegtrostatié Aerosol Anal)'lzer,‘EAA, TSI, Inc. Model' 3030; and
Condensation Nuclei Counter, CNC, TSI, Inc. Model 3022 or 3022A), as shown in
Figures 3.3-3.5. The EAA was used to measure particle number concentrations in seven
size ranges, which had mean paftic‘le diameters of 0.024, 0.042, 0.075, 0:13, 0.24, 0.42, A
and 0.75 pum, respectively. Th'e APS was used to measure size-resolved paltiéle number
concentrations for particles larger than 0.6 pum in' diameter.” be'the experimaﬁts
involving monodispérse particles, ft'he CNC was used to measure particle number
concentrations. The operati()n'principlgs of these aerosol measurement instruments are
summiarized in Appendix F: - |

Particle concentration data were collected only -'aﬂer the levels in the chamber
reached an apparent steady state. Sufficient flushing intervals v;'ere used between crack
and chamber samples to ensure that the measurements accurately reflected the intended

conditions..

3.4 RESULTS AND DISCUSSION
3.4.1 Cracks of Uniforvaeometry

Figures 3.6 and 3.7 present the experimental results for ﬁaﬁicle penetration
through aluminum cracks under AP of 4 and 10 Pa, respégitively. The aluminum crack

with smooth inner surfaces was meant to-simulate an idealized crack as postulated in
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.Chapter.2. The lines in the figures represent the predictions of particle penetration. -
associated with the given crack heights and crack lengths, based on the rﬁodel for . |
idealized cracks in Chépter 2. Each symbol m the figures represents the mean value of
many measurements for a given particle size. The error baré correspond to ninety-five
percent confidence intervals on the inean, ‘based on fluctuations in the measured . - -
concentrations. Three data sets are illustrated, with different symbols distinguishing . -

- among the three particle generation and measurement methodé.v "To make these’
experimental data available for future use, the measured values of particle penetration |
factors fdr all cracks examined 1n this chapter are tabulated in Appendix G.

For a given crack height, the highest particle penetration factors were predicted to
occur for particles of 0.1 to 1 ym in diameter. Particles outside of this size range should
exhibit lower penetration fac.tors as they are e);bected to deposit on crack surfaces by
means of gravitational settling or Brownian diffusion. The model predictions generfc_l_lly
conform wéll to tﬁe experimental. results, except for the EAA results of the lowest crack

. flowrate—d =0.25ecm andz =94 cmat4 Pa—whﬂe the APS and CNC_r_esults- |
appear to be in good agreement with the predictions. The discrepancy between the model
and experiment in this EAA measurement may be attributable to the fluctuation of air. |
flow rate through the crack, which resulte(i from the EAA aerosol flow rate uncertainty
(~50 cm3 min’).

" Figure 3.8 displays the experimental results for cracks made of the six other
building materials. Model predictions based on thé assumption of smooth crack su;faces

- are also shown. Among the six tested materials, the inner surféce of strand board and -

concrete cracks appeared the roughest, based on direct.observation. A small piece (~1x
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1 cm?) of the strand board crack surface wasricharacterized-for roughness (Micromap 570
Profiler). The results revealed that the root mean square (rms) height variation along a
200 pm line was ~ 15 pm and peak to valley difference was ~ 70-pum. If a larger area
were sampled, these 'roughn'es's parameters would probably be larger.. Appendix H
provides more information pertinent to the surface roughness measurement.

At a crack helght of 1.0 mim, the experimental data presented mn Figure 3.8 show
essentially complete penetration for all six matenials across the full range of partlcle sizes
tested, in good agreement with the predlctrons For 0.25 mm crack helght penetratlon
- was 51gmﬁcantly lower espema]ly for ultraﬁne (dlameter 0.1 um) and supermicron
| partlcles Most matenals showed moderately good agreement w1th the modelmg
predictions. o |

For redwood and‘ concrete with' ‘a crack height of 025 mm, deviationslare
exhibited between model and melasurement" for p.article sizes less than 0.1 p.m 'Hns is
believed {0 be attributable to deforrnation of the cmchs ouer tirne for these two samr)les
as these expen'rhents were undertaken much Iater than were the others. '- The defonnation
of the redwood and concrete samples caused uneven crack height; the 0.25 mm feeler
gauge could not penetrate all the way through the crack slots. o

~ Less particle penetratron than predicted was observed in the particle size range of
0.1-1 pm for cracks made of str'and.board and concrete. For instance, at a 0.25 mm crack
height, for particles in the size range 0.1-0.4 urn, the measured particle penetration
factors for these two cracks were-.less than the predicted values by ~ 20%. In this size '
range, Brownian diffusion is an irnportant tmnsport mechanism contn'buting to deposition

in the crack, whereas for larger particles, gravitational settling controls. The discrepancy
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between mode_l and measurement may be a consequence of roughness elements
protruding into the parﬁcle 'concenttation boundary layer. The boundary layer is thinner
for larger diffusive particles, and so roughness is expected to play a greater role in
enhancing deposition for 0.1-0.4 pm particles than for ultrafine particles.

Scale .analysis (Bejan, 1984) was used to estimate the particle concentration
boundary layer tlxicloless (0 p) within rhe crack, which can be approximated by

1

A 5, ~zPeRe,t | __ e
where Pe is the Peclet number U=, and Re, is the Reynolds number (= Uz A7)
based on ﬂow path dlstance z. Table 31 provrdes the estlmated boundary layer tlnckness
_ correspondmg to some partrcle sizes of interest in this analysrs
As mdrcated in Table 3.1, when the pressure difference was 4 Pa and the crack
heightv was 0.25 rnrn,‘the thickness of the particle concentration boundary layer for
particles of 0.03 um and 0.3 pm was ~ 370 and 100 pm, respectlvely This suggests that
the protrudmg elements on the rough surface (e.g., strand board) are hkely to be
contamed well below the particle concentration boundary layer for ultrafine particles, as
illustrated in Figure 3.9, but to extend well into the boundary layer for the case of 0.1-0..4
pm particles. 'l'herefore for diameter less than 0.1 um, no significant change is expected
for particle denosition from Brownian diffusion in the presence of surface roughness. l*“or
narticles of O.l-(l.4 Hm, the boundary layer thickness is comparable to the dimension of
roughness elemen‘ts'on the crack surfaces, leading to enhanced particle deposition owing
to inerrial irnpactlon or irltereeption onto.the local protrusions. For particles larger than
0.4 pm, where gravity begins to control deposition, roughness appears to be relatively

unimportant, and the smooth-surface model generally conforms well to the experimental
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data.

3.4.2 Penetration through a Eroken Brick’

Apart from surface nghnesé, the irregular, geometry of real cracks may affect.
particle penetration. To investigate this issue, a real crack, created by breakin‘g a brick,
was studied using the same experimental approach applied to the rectangular slots.
Figure 3.10 depicts a schematic of the ﬁaturally broken-brick crack apparatus, in which a
micrometer (Mitutoyo, Japan) was installed so that the tést cfack height could .be adjusted
" and confirmed as well.. The irregular crack cMel, as well as the surface characteristics |

within the cracks are illustrated in Figure 3.11. The nominal flow-path length was 4.5 .- |
cm. Two crack heigﬁts of 0.25 and 1 mm were examined under a pressure difference of 4
. Pa. In addition to the experimental configurations shown in Figures 3.3-3.5, for the ,crack
height of 0.25mm, a supplementary approach was required. because the -aérosol'ﬂow rate
needed for the target pressure differential was too low to be accufately sampled by the
EAA. Instead, a Laser Aerosol Spectrometer (LAS-X, Particle Measurexﬁcn_t-Systenas,
Inc. Boulder, CO) was used to determine penetration for 0.1-1 wm d@etﬁ particles.
Also, to confirm the experimental results measured with tl_ne APS,- monodisperse particles
(~ 0.9-um) generated by a vibrating orifice aerosol generator (VOAG, TSI, Inc. Model
3450) were introduced 1:nto the cilamber in one experimental run. Particle concentrations
from the chamber and downstream of the crack apparatus were measured using'a CNC
(TSI, Inc. Model 3030).
| The experimental results, as presented in Figure 3.12, show genexﬁl consisfency

among the different measurement techniques. The experimental data for the rough,
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irregular crack, and ﬂae model predictions for a smooth, regular-geometry channel show
good agreerhent for particles smaller_ than ~ 0.3 pm diametcr.. For most larger particle
size_s, less penetration was observed than predictad. T
Note that at a particle dianiete: of 5.2 am, the measured penetration did not go
abruptly ta zero as predicted by the model. A similar result was observédv for concrete
cracks (see Figure 3.8), for which the slot openings were not sharp-edged as were other -
crack samples. - A possible explanation for this phénomenon is that certain portions "of
these irregular flow channels have largér crack heights than the 0.25 mm base vaiue. In
the zones with larger crack height, 'penetration would be more effective than predicted by
the madel. |
For a crack height of 1.0 mm, evident deviations of the experimental data from
' the idealized predictions oceur for s'up‘emlicron‘ particles. The enhanced deposition of
bigger particles might be caused by non-unifona crack geometry that gives rise to local
flow irregularity, which. in tumn leads to impaction or interception when particles hit the:
protruding elements associated with the rough surfaces.. For ultrafine paniclas, on the
other hand, the eXpérimeﬁtal data show good‘.agreement with the predictions, suggesting
neither nonuniform crack geometry nor surface roughness has significant influence on

 particle deposition for this size range.

3.5 CONCLUSIONS
The penetration of airbome particles through ‘building envelopes can influence
inhalation expdsure to particles of ambient origin and therefore contribute to the risk of

adverse human health effects. - A sound understanding Qf airborne particle penetration
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through rectangﬁlar single cracks, a surrogate of leakage paths in building envelopes,
provides insight infco the phenomenon of particle penéhation into buildings and the.:av
physical factors that affect it. This chapter has presented experimental measurements of
particle penetration through air leakage paths made of aluminum and a variety of other -
building materials, and has c’ompé‘md the results with model prediéﬁpﬁs formulated for
idealized crack configurations. For most cracks with uniform geometry, the experimental
particle penetration factors show good agreement with the model predictions, regardless
of crack materials. Particle penetration is essentially complete for particles of 0.02 —7
| pmi when the crack heightis -1 mm,; and for particle diameters of 0.1-1 pm when the
crack height is | 0.25 mm, assuming that the pressure differenceis 4 Pa. The
experimerital data also indicate that some deviations occur for cracks that exhibit
| significant surface roughness or irregular channel geometries as illustrated by the strand
board, concrete, and natural broken brick. o
“The work reported here contributes to the base of information about-penetration
vthrough bulldmg envelopes, but additibnal mvestigations are neéded to fill in important
gaps. ‘For example, it would be worth studying particle penetration through real building
components, 'éuch as windows, which possess a variety of non-uniform leakage paths.
Additienal studies in well-characterized single buildings are also needed. Some
expeﬁ'mental results for larger scale leakage components will be presented in ﬂ;é
following two chapters. Continued developments on this topic would advance our
understanding of how ambient particle sources might affect human health. KnoW]edge

improvement on particle penetration through building envelopes would be potentially
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helpful to develop state-of-the-art building design and technology for reducing human

exposure to ambient aerosols.
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Table 3.1 Estimated particle boundary layer thickness in well-developed airflow for a
0.25 mm crack height at AP = 4 Pa’

Pértiéle diameter ~  Diffusion coefficient Peclet number - B‘ound'ar‘y layer thickness

dp, Um D, vcmz st .~ Pe . Op,pm
0.02 14x10" 9.0 x 10° 480 ‘,v
0.03 64x10° 20x100 369
0.04 37x10°  34x10° . 308

o1 6.9x10°" 1.8 x 10 176
02 22x10° 5.6x10° 122

03 12x10° 10x107 99 ,_
0.4 8.3x107 1.5x10’ 87
1.0 2.7 x107 4.6x10 60

* Based on the flow path distance z=4.5 cm, and air flow velocity in the crack U=2.8 cm s'l, giving Re,
~84.
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Figure 3.1 Configuration of crack apparatus (not to scale).
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Figure 3.2 Schematic illustration of the crack apparatus and the aluminum mixing
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Figure 3.3  Experimental schematic for measuring particle penetration through the
crack apparatus for particle diameter dp > 0.6 pm. '

77



compressed air-'%-—)

o TR atomizer
silica gel —-)M —— <— KClsolution
3 .

HEPA . N
. filter
- diffusion dryer
: 4 Kr-85
um .
P polydisperse | neutralizer
aerosol ‘ ‘ /
mass flow | é |
controller crack:
apparatus
: Y |
E A A . <
' chamber

Figure 3.4
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Fig;ire 3.5  Experimental schematic for measuring pétticle penetration through the
crack apparatus for particle diameter dp < 0.1 m (monodisperse aerosols
i _, generated in this setup). '
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Figure 3.6  Comparison of model predictions with experimental data for aluminum

cracks. Results are presented for four sets of crack dimensions (crack
heights of 0.25 and 1.0 mm and crack flow lengths of 4.3 and 9.4 cm), with

an applied pressure difference, AP = 4 Pa.
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cracks. Results are presented for four sets of crack dimensions (crack
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' an applied pressure difference, AP = 10 Pa.
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Figure 38 Ekpefifnental particle penetration factors for six crack materials at crack
heights of 0.25 and 1 mm and with AP =4 Pa, as compared with model
predictions. The flow path distance is 4.5 cm.
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Figure 3.9  Schematic illustration of concentration boundary layers for particles of (a)
0.03 pm and (b) 0.3 um. Surface roughness is also illustrated, with rms
referring to the standard deviation of the height of the test surface, and PV
representing the height difference from peak to valley.

83



to be adjusted

()‘25,\71 mm micrometer
- 1 “bri metal
R shim
A5 em
I{ 30 cm N

Figure 3.10  Schematic drawing of the naturally broken brick apparatus (not to scale).
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(a) side view of the irregular channel

(b) inside view of the surface texture of the inner walls

Figure 3.11 Photographs of the naturally broken brick tested in this study.
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4 MEASURIN G PARTICLE PENETRATION THROUGH
WINDOWS |

4.1 ABSTRACT
The ;e,s_e_érc:h re_ported n this _chapter aims to characterize the frac_t_ional
penetration of airborne particles through windows, one of the importént sités of air
leakage through building envelopes. The performance of two aluminum sliding windows
was evaluated, one with weatherstripping and one without. A finished wind_pvg was
mounted in a plywood panel so that all gaps between the window and the plywood were
sealed to prevent extraneous air leakage. The window panel was insgrted so that it
separated the volumes of two identical plywood chambers. A small pressure difference
(1Pa) was ‘.ve,s_tabli_shed bvetween. the compartments to induce a constant rate of girﬂow
through leakage paths in the window. Two methods were employed to evaluate particle |
pgnetratioq asa fungtion Qf particle size. In one method, the penetration was inferred by
- measuring the steady-state size-resolved particle concentrations in both chambers in
-response to a constant supply of polydisperse particles to chamber 1. In the second
method, the particle concentration in chamber 2 was first Iowered to a negligible 7
conceét;étion by supplying particle-free air. Then, the .increase of particle concentr_ation
was measured as a polydisperse aerosol, supplied to chamber 1, penetrated through the
window. Particle concentrations in both well-mixed chambers were continuously

measured using an Aerodynamic Partic]e Sizer (APS, TS13320) and an Electrical

* Part of the work ih thisvchapter was presented at the Indoor Air 2002, The 9™ International Conference on
Indoor Air Quality and Climate, Monterey, CA, June 30-July 5, and published in the proceedings, Vol 1,
pp- 862-867.
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Aerosol Analyzer (EAA, TSI 3030). The air-exchange rate in chambgr 2‘was meaéured
during the expériments using tracer géses. The measurement of partiéie';iéposition loss
rate was conducted in a separate experiment. The results indicate that airborne particles
of 0.2 to 3 um penetrate through both test windows fairly effectively (> 80%), while
signiﬁéarit particle losses were observed for particles smallér and larggr than this size

range.

4.2 INTRODUCTION

Windows are important contributors to air leakage in building envelopes.
Research on window air leakage has been of intetest as a result of coricerns stich as
reduced thermal comfort from cold drafts, increased energy consumption, and
condensation problems. Less studied is the concern that air leakage through windows can
also permit ambient airborne particles to penetrate into the indoor environment, causing
exposures that may have adverse human health effects or contribute to material soiling
problems. For low-rise buildings, studies have indicated that the most air leakage arises
from openings in ceilings and walls; window and door components contribute about
twenty percent to total air infiltration (Tamura, 1975; Reinhold and Sonderegger, 1983;
ASHRAE, 1993). In Chapter 2, modeling results have been presented to characterize the
ex'te'ntvof particle penetration thfoilgh cracks of wél]-déﬁn’ed geometry and thfough wall
cavities. An experimental study using bui]cliivng-material cracks of idealized geometry has
shown generally good agreement with model predictions, as presented in Chapter 3. For
building components possessing complicated leakage paths, such as windows and other

fenestration products, it seems necessary to develop an understanding of particle
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penétration by conducting experiments in the laboratory or in the field. This chapter

s_e-éks to extend the ‘physical scale from the single crack studies of Chapter.3 to examine

particle penétration’thrbugh windows in .labpratory-:basedi experiments. The methods

- presented here can be applied to study particle penetration thrdugh other fenestration

products (doors/7 éurtéin walls, etc), and also certain other leaky building~§omponents,
such as exterior light fixtures and interior electrical outlets. |

Air can infiltrate windows hot'obnlyv through the joints between the sash and frame,

“but also through leakage paths b(;,tween window perimeters and wall cavities around the
sides of windows. The latter is known as extranebus. air leakage. Extraneous air leakage
can be identified and determined in experiments where windows are installed in a wall. |
Significant extraneous air leakage associated with windows can result frobm inappropriate
installation (Carpenter, 1991; Louis and Nelson, 1995).- The study presented in this
chapter is restricted to leakage within the window unit. .

'Measurér’nent_s of air leakage through windows, or air tightness characterizations,
~ are commonly conducted in accordance with A‘me‘n’éan Society for Testing and‘Maten' als
" test standards E283 and E783 in laboratory settings and in the field, respectively (ASTM,

2001; Daoud et al., 1991; Henry and Patenaude, 1998). It is also part of the windoW
performance and quality test procedures specified by American Architectural
Manufactures Association (ANSI, 1999). For these standard tests, the main concern is
the total vo]umetricf flow rate of air infiltrating th}ough the window in response to a

- certain applied pressure difference. In contrast to the widely aécebted practice of air

- infiltration rate measurement, little is known about window performance pertinent to the

infiltration of ambient particles. vDepending on the size distribution of leakage paths and

89



on details of the air flow channels, it is possible for windows to exhibit high or low
particle penetration whether they are leaky or tight with respect to air flow.

In this chapter, two aluminum windows availablé on the market were tested in the
laboratory for _their;'performance regarding particle penetration as a function of particle
- .size.  The two windqws tested in these experiments are considered reasonébly
representative of the ohes commonly installed in residential and commercial buildings.
. The experimental app.aratus consisted of a detachable window.panel and two chambers.
Two riethods Were ,émployed to evaluate particle penetration as a function of particle
size. The first method involved the measurement of the steady-state size-resolved
particle concentrations in both .chambers. in résponse to a constant supply of polydisperse
'particlesio one of the chambers. In the second method, the particle copcentration- inone -
chamber was measured, starting from ’.a negligible level, as it rose with time in response
to leakage of ﬁarticle-laden air from the other chamber. Air exchange was measured for
each experimént, and particlé deposifion loss in the chamber was also determined in a
separate experiment. The experimental results of the study, albeit limited to the wiridow

types examined, provide important insights.into particle penetration through windows.

4.3 METHODS
"4.3.1 Experimental Setup A

Two operable, used aluminum-framed slidihg windows were obtained for the
experiments. One window was equipped with tubular gasket weathefstn'pping between
the moving sash and the bottom frame (commercia] class; designated as Wc), and the

other was not weatherstrippéd (residential; Wr). Both windows have bristles between the
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sash and the frame to reduce air leakage. In addition, Wc has a:wooden case that -
surrounds the aluminum perimeter frame closely.. The commercial window was also
tested withl the joints between the wooden case and aluminum frame sealed by tape (thisp
test is desighated as Wc’). The frame sizes of Wc and Wr are- 48.7 X 63.8 cm and 58.9 x
~ 58.6cm, respectively.

The finished window to be tested was mounted in a_plyw(_)od panel (101.6 X 101.6
cm) so that atl gapsbetween the window pen’meter and the plywood were well sealed. |
Thus, the leakage paths within the window unit \;ere the only arr leakage pathta/ays in
these experrm/ents The window panel was inserted so that rt 'separated the volumes of

two 1dent1ca1 plywood chambers (101 6 X 101 6% 76.2 cm) as 111ustrated in Flgure 4.1.
Gasket materlal was put around the chamber openlngs in contact with the wmdow panel,
and the chambers and the wmdow panel were secured by ti ght-ﬁttmg bungee cords. A
pressure dlfference (AP) of 1 Pa was created across the window by supplying air to
chamber 1, some of which leaked into chamber 2. Both chambers were mamtamed ata
net positive pressure with respect to th.e. laboratory to prevent uncontrolled-partlcle
infiltration into the chambers. During the experiments, the pressure difference between ‘
the chambers, AP, was monitored with a divg.ital micrcmanometer (The Energy
» Conservatory, Minneapolis, MN, USA), whrch had been calibrated vtdth amanometer
(Microtector®, Model 1430, Dwyer Instruments Inc.,. IN, USA). The pressure tap was
located adjacent to the joint between the sashes and frames on each side of the window.
The pressure fluctuations caused by the supply air was found to be negligible. A small
fan; used to mix the air in the chamber, was insta]led in the center position and located

~15 cm down from the top in each compartment.
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4.3.2 Experimental Protocol

. The ekpen'mental scheme typically involved continuously‘introducing
‘nonvolatile, r)olydispers_e particles into chamber 1, and monitoring the concentration
change with time in both chambers. The change of particle concentration in chamber 2
with time (dc »/dr) can be represented by the following equation: -

dC,

~(4+k)C, | @D

_ where;C 1and C; are the part‘icle nnmber 'concentration.s in chambers 1 and 2, respectiv‘ely
(cm'éj )4 is particle penetration factor (dimensionless) throngh the test window, A, and kg
are the alr—exchange rate (' ) and partlcle deposmoncoefﬁment (h ) in chamber 2,
respectlvely Equatlon (4.1) states that the change of partlcle concentration in chamber 2
with time depends on the input from chamber 1 andthe t\:vo partlcle removal
mechanisms. Note that C) and C; are rneasured as a function of particle diameter (dp). It
1s erldent from Equation (4. 1) that partrc]e penetratron factors can be inferred from C 1),
Cz(t) ?»v, and kg once .these parameters are obtamed Particle penetratlon is determined as
a functlon of partlcle dlameter through the appropnate apphcatlon of Equatlon 4. l) to
experimental data, as w1ll be dlscussed in § 4.4.2. |

; Figures 4..2'a.nd 4.3 shovt/ the experimental schematics. Submicron particles were

_ generated by feeding a dilute aqueOus' KC] soluti-on toa constant outputatomizer (TSI
3075, St; Paul, _MN'). The airborne particles were dried and electrically neutralized by a
diffusion dryer and Kr-85 radioactrve source '(TSI' 3077, St. Paul, MN), respeCtively
(Figure 4;2). For supermicron particle.generation, a saturated KCl aqueous solAuti'onand

air under high pressure were supplied into the nozzle of a custom-built atomizer, where

- particles were desiccated by upward dry air in the column and neutra]ized (TS13012, St.
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. Paul-, .MN) prior to entering the chamber, as'shown in Figure 4.3. Aerosol coricentrations
in.both well-mi*ed- chambers were continuously measured using an Aerodynamic Particle
Sizer (APS, TSI 3320, St. Paul, MN) and an Electrical Aerosol Analyzer (EAA, TSI
3030, St. Paul, MN). Two sampling lines 6f identical length and tube diameter (outer
diameteér 0.63 cm) from chambers_ 1 and 2 were conﬁected to a three—way valve, which
was used to alternate the aerosol flow to the. EAA or the APS.

The air-exchange rate in chamber 2 was evaluated for each experiment by
mdnitbﬁng'tracér‘ gas concentration decay with time: SFs was used and the concentration

" was measured with a multi-gas monitor (Type 1302,':B'rﬁe1 & Kjer, Denmark). When the
multi-gas monitor was not available in the ]:ab‘or_atory,: CO, was used as a tracer gas

' instead. CO, was generated in chamber 2 by immersing dry ice in a beaker filled with

watef. The CO, concentration was monitored with é CO, monitor (Telaire 7001,

Engelhard, USA) connecfed to a datalogger (HOBO, Onset Computer Corporétion, MA,

USA).

| To summarize, a typical experimental. run involved the following steps: (1)

- assemble and secure the test window panel and the two chambers, and turn on both fans

for mixing the air in each chamber; (2) supply particle-free air into chamber 2 to reduce

the particle level to a negligible value, which is checked using the EAA or the APS; (3)

-+ continuously generate and supply ploydisperse particles into chamber 1 while step (2) is

in .process concurrently, and make sure no particles from chamber 1 flow across the

window unit by establishing higher pressure in chamber 2 than chamber 1; (4) while
maintaining particle generation into chamber 1, establish the desired AP across the

window (1 Pa higher in chamber 1 than in chamber 2 in the.expen'ments), and monitor

93



the particle concentrations in both chambers by the EAA or the. APS; (5) tracer gas SF6.
-(~3 mL).in syringe is injected into chamber 2, and the .céncentratioﬁ is sampled and
analyzed by the Briiel & Kj'aar multi-gas monitdr. If CO,is usedras' the tracer gas, dry ice
- in a water-filled beaker is put in.chamber 2 before the window é‘pparatus-is és_semb]ed.
The sublimation of dry ice was found to be a small source of s_u‘bmicrpn pai’ticl_es. Thus,
the experiment can only be conducted after the .partic]e.concentration is reduced to..a
negligible level by ventilation, but while the CO, concentration is still sufficient for the
air-exchange rate deteﬁninatioh. When CO; is used for the air-excﬁénge'rate- . |

- calculations, the ‘background ambient concentration is subtracted from the measured
values prior to evaluatin g _the, decay rate. ~Consistént=,air-e-_>_ichange rate results were
obtained when either tracer gas was used. Good mixing of air and aerdsolé in chambc;r 2
was indicated by the clearly linear relationship of the logarithmic values of tracer gas

concentration versus time, as demonstrated by Figufe 4.4.

4.4 RESULTS AND DISCUSSION -
4.4.1 Particle Loss Rates

Aé shown in Equation (4.1), air exchangg and particle deposition onto chamber
surface are the only two particle removal mechanisms .in chamber 2. To det_erm_ine the
size-resolved particle loss rates from the chamber under. the same airflow conditions at
AP of 1 Pa, a separate experiment was performed that relies on measurement of size-
specific particle concentration change with time after a deliberate concentration iﬁcrease.
After the partiéle. concentration in chamber 2 was raised to a sufficiently high level,

particle generation was stopped and the concentration decay was monitored as particles

94



were flushed out by particle-free air from chamber 1. Mathematically, the particle

-concentration change with time in chamber 2 during this experiment can be written as:

dc,

- +k)C, | | 42)

Therefore, the overall particle loss rate, A,+ky, was determined by the s]qpe of
' logarithmic values of C;, versus time. For example, Figure 4.5 sr,howsv the particle
- concentration change with time in.the deposition experiments for Wr. Excellent linear
. relatio_nships were obtained for most pérticle diameters, except for the two smallest
particle size ranges: 0.024 and 0.042 um. The concentration fluctuations at these two
size ranges probably. resuIt_ed from the incomplete. _chqrgihg for fhe small particles within
the EAA instrument (Liu and Pui, 1975).

| Sifnilarly,,the- air-exchange rate can be determined from the slope using the same -
concent;ation decay approaéh, where tracer gas concentration was used instead 6f 'particle
concentration. When conc.lucting«the barticle deposition rate experiments, concentrations
of particles and tracer gas in chamber 2 were measured simultaneously.

Table 4.1 displays the measured air-exchange rates (4,) and the‘,particle deposition

loss rates (k;) as a function of particle size in chamber 2. These resulfs were used in

subsequent experiments to evaluate particle penetration factors through the test windows.

_4.4..2 Penetration Factor

Particle penétration factor is defined here to be the fraction of particles that
remain airborne as air enters chamber 2 from chamber 1 through leaks in the test window.
To evaluate particle penetration as a function Qf particle size, two methods were

employed: a steady-state method and a dynamic approach. The first method assumed that
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a steady-state condition prevail.s. The penetration factor was inferred by measuring the
: size-resd]ved panicie concentrations in both chambers in response to a constant éupply of
polydisperse‘particles to chamber 1. Solving Equation (4.1) for s_téady~sta;e conditions,
| we have
A+k(C | I
.By measuring C; and C; in this experiments and using previously determined
values of A, aﬁd k4, the penetration factor can be evla'.lu'ated as a function of particle size.

In the second method, the aerosol level iﬁ chamber 2 was first reduced to a.
negligible valﬁe by subplying particle-free air. Th'e_n, the increase of particle
concentration was measured as polydisperse aerosols, continu_oﬁsl'y suppliéd to chamber
1, penetrate through the window. The particle concentration in chamber 2 is expected to
grow until it reaches the 'Steady state, so the second approac:h: is called the dynémi‘c,
~ concentration-growth method. The dynamic aerosol conc’eﬁtratiorié in both chambers are
illustrated in Figure 4.6."

Based'on-the time-dependent particle concentration profiles.in -b{)th chambers, the
concurrently measured air-exchange rate, as well as the particle deposition loss .
coefficient determined in a separafe experiment, the 01;ly unknown — penetration factor
for the test window — can be inferred from Equation (4.1) by a humerical approach.
This was done by replacing the differential term in Equation (4.1) with an algebraic
approximation:

dC, C,t+A1)-C,(1)
dr At

4.4)
Substituting and solving for C; at time ¢ + At yields
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C,(t+AD = C;()+ M [pA,C () - (4, +k)C; 0] 4.5)

Assuming that the values of p, A, and A, + k4 change only by small fractional
amounts duri'rlljg thé‘i'ﬁteﬁél At, Equation (4.5) was solved iteratively by selecting an
appropriate time v‘stel') Af'. Asa staftihg point; ihe soufcé ah‘d"lossbterms '—bval and (4,
+ k)Co— Were evalﬁated by choosing a .value fof p att = 1o, :and these t\;vovterms were
summed to evalﬁat&; 'Cz(t0+ At), whicl; iﬂ tuﬁ Was compéred to ﬂ;e measured \}alue of
'Cz(t(ﬂ: Ar). The square of the difference betwéen thei mevasvuf»e.d and corripﬁted .vélues of
Cy(to+ Ar) was obtAained as pavr.t"of leés;-sql;afeé error épproxi;nat:i:ont Next, the s;urce
and loss terms were evaluated at the new time, tg;l- At, and'the new va}ue_s aloﬁg with
Cz(t0v+‘At) from the first ite_ratic_)n_we_re substituted into the right—hand side of Equation-
(4.5) to evaluate Gy(tp+ 2At)_.‘ A new value of the square of the difference between the
measured and computed values of Cy(¢p+ 2Af) was again incorporatgd into the least-
squares error calculation. This numerical process was successively repeated for the entire
measurement data with the p value properly adjusted. The penetration factor was best
evaluated as the least-squares error was minimized, with the simulated C; concentration
closest to that measured from the experiment. For example, the simulated C;
concentrations of 0.24 pum particles generated from the numerical fitting process, as
shown in Figure 4.6; tracked closely with the »measur'e‘n.lent datz‘;.v _

Because of the limited number of experiments performed for each window, it is
important to characterize the uncertaiﬁty associated with the penetration factors

determined experimentally. A Monte Carlo approach was applied to perform the

' This time interval was selected to be ~ 3 minutes, the sampling interval of the particle concentration for
either chamber.
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simulations, with the input parameters randomly sampled from normal distributions. The
distribution means were desi gnated as the experimentally determinied.values of air-
exchange rate, particle deposition rate, and the measured particle concentrations in both
chambers, and _the_ standard deviations were ass_igned2 so that the errors associated with
the measurements were reasonably described. The penetration factors were inferred from
the least-squares approxunation method as descnbed previously, w1th the measured
oarticle concentrations C,(¢), C, (t) aswell as A, and 4, + k; ﬁttmg each transient state
analysis at various tiine steps. In the study, thirty-two simulations were conducted for the
uncertainty analysis in each- exoeriment, and these penetrationl factors are reported
nuniericai]y in Table 4.2;

N Figure 4.7 presents the calculated penetration factors from the simulations for Wr
and Wc'. The solid symbols and the error bars indicate the average value of penetration
factors ‘and the ninety-five percent confidence interval of the measurements, as
determined by means of the dynamic, concentration growth method. The steady-state
penetration factors, as obtained from Equation (4.3), are designated by the open circles®.

As suggested in'Figure 4.7, particle penetration exceeds 80% for'0.2-3 ttm in'Wr, while

2 The uncertainty for the measurement of air-exchange rate (A,) was determined to be ~ 20.5%, and the
uncertainties for the total oarticle loss rates (A, +k;) were estimated to be ~ +5%, +3%, +1%, +0.5%,
+0.5%, +1.5%, +3%, 2%, 2%, +1%, and +1%, for the mean particle diameters of 0.024, 0.043, 0.075,
0.13, 0.24,0.43,0.75, 1.2, 2.4,4.2, and 7.5 pum, respectively (Taylor, Chapter 8, 1982). For C, .(t) and
Cy(), the uncertainty was estimated to be less than 15% (Armendariz and Leith, 2002).

The results for We agree closely with those for W¢’

The uncertainty for the penetration factors determined in the steady-state method was estimated to be less
than £20%, which was derived by an error propagation analysis of Equation (4.3) that incorporated the

uncertainties of A,, A+kg Cy(2), and Cy(2) (Taylor, Chapter 3, 1982).

98



complete penetration is observed for 0.2-3 wm in W¢’. This indicatés that the airborne
particles in these size ranges penetrate through the- windows fairly e'ffectiv_ély.- For
particles larger or smaller than these sizes; significant particle losses arise; probably as a
result of gravitational settling'aﬁd Brownian diffusion, respectively (Chapter 2). .‘Thg
bristles between the frame/sash joint are likely to play a role in remoying particles.
As shown in Figure 4.7, the penetration factors estimated from steady state
method agree generally well with those determined from the dynamic, concentration
growth method for each test window. In terms of experimental reliability; it is reassuring
 that the penetration factors estimated from the two methods agree. In the experiments,
the condition of steady state did nf)i always prevail for-each particle size range examined.

- Although the steady-state method may not be the most precise way to evaluate the
penetratibn factor, it provides an adequate approximation when experiments' that require
more sophisticated design and control are not feasible.

In addition, for the smaller particles tested, the residential class window without
weatherstripping examined in this study appears to allow proportionately fewer particles
to penétrate through the unit than the commercial class window ‘with weatherstripping.
This is confirmed by running a #-test, which reveals th.at the penetration factors for Wr are
statistically significantly lower than for Wc’ (at the 0.05 probability level) for particles
smaller than 0.4 pm and larger than 2 pum. For particles between 0.4 and 2 pum, -
penetration through the two windows exhibits no statistically significant difference.

The r-test was also used to compare the penetratidn factors of submicron particles
for the commercial window with an unsealed frame (Wc) and a tape-sealed frame (Wc’);

no significant difference was found. This indicates that any additional air leakage
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between the aluminum perimeter and the wooden frame does not play arole in fractional
paniclé penetration. For experiments using supermicron particles, only Wr and W¢’ were
‘tested since similar results were expected for Wc and Wc’. - Note that air flows through a
variety of window leakage paths, which possess a distribution of geometrical dimensions.
The overall penetration factors for a window unit are attributed to the flow-averaged |
penetration fér each opening.: Consequently, it is the distribution of window leakage

- dimensions that determines the overall performance of particle penetration, rather than
the leakage area per se. In addition, since particle penetration also results from air
infiltrating through leaks of window/wall joints and adjacent wall cavities, the extent of
particle penetration would depend on the.overall wall construction quality. Based on
these insights, to minimize. amb_ient particle penetration into buildings, improvements are
needed in all elements: window dcsign, manufacturing, installation quality, and
maintenance. Reductions in particle penetration through building component systems,

such as windows, can serve to reduce human exposure to ambient particles.

4.4.3 Window Leakage
The notion of effective leakage area, used to evaluate the air tightness of building
_companents, was applied-to characterize the windows tested in these experiments. The

effective leakége area can be calculated from the following expression (ASHRAE, 1993):

AL 2 V2 _AV| p V2 'v (4.4)
c, | 24P C, | 24P

where A is the effective (or equivalent) leakage area (_m2), p is air density (kg m'3), Qis

the air flow rate through the unit (m*h™), C4is the discharge coefficient for the leakage
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openings (dimensionless), and V is the chamber volﬁme (m®). The value of Cd is usually
taken as 0.6 (as for a’Sha'rp-edged rectangular opening), although it might vary in the
range of 0.6-1, depending on ]eékage characteristics (Heiselberg ét al., 2000). Siri_cé'the
* window perimeter is well sealed With the surrounding panel in these ‘expen'ménts, air
leakage is expected to occur only through the sash/frame joints. The 'gpproximate'
effective leakage areas for Wr and Wc’ at AP = 1 Pa are 1.1 and 2.2 cm?/Ims (leakage
“area per linear meter of sash), respectively. These values appear comparable to the
estimated effective leakage area (0.2 to 2.06 cm*/Ims) reported for single horizontal slider
windows with weatherstripping (ASHRAE, 1993). The air leakage rate per unit frame
area was also evaluated to compare to the ANSVAAMA 101/1.8.2 guidelines (ANSI,
-1999),; and was found to be 2.1 and 4.2 m>h'm™ for Wr and Wce’, respectiv'ely. "The air
' léakage peffOrmahce for both windows appears to be in compli‘ance with the national

standard, which specifies an upper bound of 5 m*h™'m2.

4.5 CONCLUSIONS

Experiments have been performed to investigate particle pénetrafion through two
' windows in the laboratory. Oﬁe was equippéd with Wgatherstripping, and the other is
not. TFhe penetration factors‘estimated froﬁl the steady-state method agree well with
thos¢ determined from the dynamic, concentration-growth method. We have shc_)wn that
more than 80% of particles in the diameter range 0.2-3 um penetrate through either
window, fegardléss of the presence of weatherstripping. Lower penetration is observed
~ for particles smaller or larger than this range. -Irn addition, the overall particle penetration

factor of a window assembly is determined by the distribution of leakage dimensions.
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Neither air-leakage area- nor air-leakagé rate, as aggregate terms thaf are commonly
'reportéd for assessing window air tightness, are directly helpful in pr,cdi,cting; fractional
particle penetration. Although the small number of unites tested prevents us from
drawing broad conclusions to apply té other window iyp_es, the results do provide some ,
insight into expected values of particle penetration, esp.eciallywhen combined with the
modelihg work presented in Ch’épter 2. Additional investigations along -thgsc same lines
could further improve our understanding of the factors that affect .humanAexposure to
particles of ambient origin. It is also conceivablg that imprdqu fenestration quality

could be developed to offer better protection against exposure.
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Table 4.1 Particle deposition loss rates and air exchange rates determined in the
concentration decay experiments .

Mean particle

L diameter; m We . Wr : Wc¢'
Air-exchange rate, A, ) 4.1 5.1 1.5 1.5 33

Particle deposition o 0.024 3.38 2.98 2.23 1.93 1.84

lossrate k4, (h") 0.043 3.12 2.39 1.21 1.66 1.61

0.075 2.57 2.02 0.83 115 - 1.25

0.133 2.04 1.50 0.59 0.58 0.80

0.237 . 1.73 1.25 0.53 0.31 0.69

044 1.54 1.14 0.58 0.25 0.69

0.75 0.68 0.68 0.54 0.11 0.58

Air-exchange rate, A, (h™) 1.7 33

Particle deposition 12 0.48 0.06

Hlosstate k 4, (h) 24 1.17 - 0.95
42 2.78 1.25

7.5 - -0.79

- insufficient data _
. air-exchange rate determined by SF¢
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Table 4.2 Penetration factors estimated by the least-squares approximation in the Monte
Carlo simulations for the two test windows (W¢’ and Wr) '

Penetration factor

Meanpartide >4 0.043 0.075 0133 0237 0.44 0.75 12 24 42 75
diameter, pm
wc 0.59 0.49 0.74 1.02 1.07 1.01 0.94 1.02 0.98 0.84 051
0.54 0.47 0.73 1.02 1.07 099 0.99 0.98 0.94 0.82 050
0.49 0.84 0.72 101 1.10 1.08 1.05 098 0.94 0.83 0.50
0.59 0.49 0.74 1.02 121 1.01 0.94 1.01 0.98 0.84 0.51
0.56 0.90 0.73 1.00 1.08 112 0.98 1.03 0.9 0.84 051
0.51 0.45 0.72 1.02 L10 098 1.02 097 0.92 081 049
0.47 0582 S0 1.01 1.07 1.07 1.09 0.7 0.92 - 081 0.49
0.62 0.50 0.74 1.02 1.10 102 091 1.03 0.99 0.84 0.52
0.53 088 073 1.00 107 111 100, 100 0.98 0.84 051
0.54 047 0.72 1.40 1.10 099 099 098 0.94 0.82 0.50
0.49 0.84 0.72 1.02 107 1.08 1.06 098 0.94 0.82 047
059 049 0.74 100 LI0 . 131 1.01 0.98 0.84 0.53
0.56 090 0.73 102 107 - 101 N 103 0.99 084 0.6
051 045 0.72 1.00 1.10 112 1.02 097 0.92 081 0.44
0.46 0.82 on 1.02 107 099 109 097 0.92 081 0.44
- 0.62 050 074 1.01 144 " 1.07 092 1.03 0.99 0.84° 0.56
0.36 057 0.53 102 1.10 102 . 2070 0.68 0.68 0.59 025
0.72 0.60 097 0.74 107 0.78 119 "'1.36 1.27 110 0.68
0.40 0.66 0.54 140, 079 ° 134 070 0.72 P 072 0.62 037
0.81 067 1.01 075 1.46 0.82 " 0.64 1.32 1.35 115 1.02
0.33 059 0.52 073 0381, 140 -1.10 0.66 0.66 058 025
0.68 0.60 095 . 130 1.49 077 091 1.07 1.23 1.08 1.03
0.42 0.68 0.55 0.76 078 - 083 . 156 0.74 075 0.63 0.44
0.85 070 1.02 120 0.82 143 To86 . 097 137 118 120
0.43 0.76 0.65 0.90 “1.50 097 098 087" 0.84 0.73 0.15
0.59. 051 080 110 0.96 109 © 150 1 103 090 1.08
-0.49 0.81 0.67 0.92 118 1.01 1.02 0.92 0.89 076 047
0.66 0.55 0.82 110 1.00 1.14 116 115 1.09 094 . 057
0.41 0.64 0.63 0.89. 0.97 095 079 084 0.81 071 0.43
0.50 0.89 0.78 110 1.20 116 096 1.06 1.00 0.88 0.53
0.36 067- 0.81 095 0.96 097 1.09 0.94 0.91 078 0.48
0.74 068 0.60 053 0.46 0.49 0.59 118 1.13 096 0.58
wr 0.41 044 0.61 0.72 0.79 087 103 0.92 0.88 0.65
0.38 0.42 0.60 0.72 0.79 0.87 1.00 0.88 0.84 0.65
0.37 042 0.60 omn 0.79 087 1.01 0.88 0.84 0.65
048 . 055 0.80 1.40 1,05 - L1 122 L18. .. LOS 090
041 044 o6l 072 0.79 088 - 103 092 0.88 0.65
042 045 0.61 072" 079 088 104 - 0.94 090 065
0.36 041 0.60 0.72 1.07 0.86 0.99 0.86 0.82 0.65
0.36 0.40 0.60 0.13 0.79 0.89 131 . 086 0.82 0.65
0.42 045 0.61 0712 0.79 0.88 1.00. 094 0.90 0.66
0.58 0.63 0.84 0.99 0.79 1.18 1.05 135 1.20 093
0.41 0.44 0.61 072 1.09 0.88 1.34 0.92 0.88 0.66
0.38 0.42 0.60 0.72 0.79 0.87 ‘104 088 0.84 " 064
0.38 0.42 0.60 0.72 0.79 0.86 1.25 0.88 0.84 0.65
- 0.41 044 0.61 0712 0.79 0.88 1.01 131 0.88 0.66
0.42 045 0.61 0.72 1079 0.88 1.01 092 0.90 0.65
0.37 041 060 0.72 0.79 0.86 1.04 094 0.82 0.65
0.36 0.42 0.59 0.72 0.79 0.86 1.05 0.86 0.82 0.65
0.42 045 0.62 072 0.79 0.88 1.00 0.86 0.89 065
0.27 0.31 0.44 0.53 0.79 0.66 1.00 0.94 0.64 045
0.51 057 0.81 096 0.58 113 1.05 0.61 1.09 0.90
-0.30 033 0.45 0.54 1.05 0.68 0.82 128 0.68 0.46
0.55 0.61 083 098 0.59 116 085 066 1.16 092
0.26 0.30 0.43 0.50 0.57 0.65 081 0.59 0.62 0.44
032 034 0.46 0.68 0.59 0.69 0.87 0.68 070 . 046
034 0.38 0.54 0.64 0.71 0.79 0.94 0.78 0.76 057
0.41 046 0.66 0.79 0.86 093 1.08 112 0.91 072
037 041 055 0.66 0.72 081 0.97 096 0.81 058
0.46 0.50 0.68 0.79 0.88 097 113 1.20 0.97 074
0.32 0.36 0.53 0.64 0.70 0.77 0.92 0.87 0.74 0.57
0.39 045 0.65 0.78 0.85 093 1.06 1.08 0.88 071
037 0.41 0.56 0.66 0.73 0.82 0.99 1.00 0.83 0.59
0.47 0.51 0.69 0381 0.89 097 Li5 124 1.00 0.74
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Figure 4.1  Schematic illustration of the detachable window phnel and the two
chambers that were employed to measure pa.mcle penetration through the
window component.
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Figure 4.2  Schematic of the system for submicron particle generation and
: measurement in window penetration experiments. For measuring particle
deposition, the generated particles are introduced into chamber 2 and’
particle-free air is supplied into chamber 1.
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Figure 4.3  Schematic of the system for supermicron particle generation and
measurement in window penetration experiments. For measuring particle
deposition, the generated particles are introduced into chamber 2 and
particle-free air is supplied into chamber 1. '
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Figure 4.4  Air-exchange rate in chamber 2 determined simultaneously by
concentration decay of CO; and SF¢. The parameter CO;" is background
corrected: CO," = [(COL(1)-CO,,p)/(CO2(0)-CO2p)], where CO;p, the
background CO; concentration in air supply, was ~ 450 ppm. The test
window is Wr.
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Figure 4.5
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Particle concentration decay with time in the deposition experiments with
an air-exchange rate of 1.5 h™. The particle concentration in chamber 2,
C, is normalized by Crer (1 cm'3). The test window was Wr, and the
generated submicron particles were measured by the EAA.
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Figure 4.6
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Measured particle concentration for mean particle diameter 0.24 um in
both chambers, as well as the simulated aerosol concentration in chamber
2 as a function of time in the concentration growth method. The test '
window is Wr.
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Figure 4.7  Particle penetration factors obtained for the two test windows from the
steady-state method, and the dynamic concentration growth approach.
Airflow through the window unit was induced by means of a steady
‘pressure drop of 1 Pa.
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5 MEASURING PARTICLE PENETRATION INTO A
' SINGLE-FAMILY HOUSE

5.1 ABSTRACT
| This chapter extends the experimental scale, from a single building crack (Chapter
3) and windows (Chapter 4), to examine particle pehet_r’atiqn fa_ct_ogs for aiwholle house. A
single-story house in Clovis, in the San Joaquin Valley of California was selected for the
study.- Continuous indoor and outdoor aerosol concentrations as _vycll.as qi;_’»—%:}ygchangel
faies were measured for four consecutiye days, during Wthh the hgu§e was unpccupied,
and doors and windows_ were all closed.l With a blower dgo_;, Fh_e hou_s¢ Was pressurized
to obtain particle depositiori céc_ﬂicients, which in turn were usedto detenmne particle
penetration factors from house depressurization experiments. The determined particle
depositibn coeﬁicients were in a reasonable range (0.4-2 h! fo.r}O.O.VZU_-Z. pum) as compared
with previous stu_dies. The resulting whole house penetration factors were in the range. ;
0.5-0.9 for 0.02-2 um particles, suggesting that significant penétration loss rmght have
| occurred in this size rénge, even though studies of isolated ‘cbmponent_s led to an
expectation of higher penetration factors. Two hypotheses were proposed to explain this
observation. Lower particle penetration may occﬁr becauls_e a certain fraction of |
infiltrating air flows through well-insulated wall cavities. It is also likely that the phase
| tramiti@ of volatile constituents (such as nitrates and water) on-paniclés upon entry into
the house contributed to the lower values of “apparent” pamqle penetration. For this
second hypothesis, quantitative est';mates were made. for four postulated scenarios,
assuming that particles consisted bf 20% nitrate and 0- 10% water content with various

mixing characteristics. The results indicate that nearly complete particle penetration may
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have occurred for pax’c_if;le __s_iz_es of 02-2 um whén evaporation Qf nitrate and water in
indoor environmenté is fakén into accmin_t:, v_.For.’-thiAs ﬁeld ‘stgdy; Aeyg:rtheless? ﬁot enough
is known about the distribution of building leakage pathways and their dimensions, and | : \
how these factors affect particle penetration. In addition, indoor and outdoor ozone |
| concéﬁtratians were measured coriéux‘rén'tly’ with the particle experiments. _Neérly

complete ozone penetration was found in this study house.

5.2 INTRODUCTION
5.2.1 Ih»door Particle Dynamlcs .

Exposures to airborné paﬁiélﬂéte oontammants can cause édverse human health
eﬁ‘ects. Extensive epidénﬁoldgical studies have suggested that ambient particulate
 pollution is an important risk factor for cardiopulmonaty diseases and mortality (Pope et
" al,, 2002). Because people spend the majority of their time indoors, a sound
uxiderst’anaing of the extent of ambient particle penetration into buildings is crucial to |
evaluate human exposure to indmr paiticles of outdoor origin.

To examiné the impact oﬁ indoor particle levels of ambient particulate maﬁer
(PM), it is important to present an overview that accounts for particle generation and
removal mechanisms in md®r environments, as shown schematically in Figure 1.1. In
" an indoor environment Whem _;v1ir is assumed to be well-mixed, the size- specific indoor
particle level can be characterized by the following mass balance equation:

dc, G R Q;C'

——IPAVCO'F-I';'F;—A.VC’.—IC‘{C‘.—T]? (51)

dt
where C; and C, are indoor and outdoor particle concentrations, p is particle penetration

factor, A, is the air-exchange rate owing to infiltration (h 1, G is indoor aerosol
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* generation rate (mass hi''), ¥ is the house volume (ni’), R is the particle resuspension rate
(mass h'), k; is particle loss coefficient due to deposition onto surfaces Y nis
filtration efficiency, and Oy is the filtration rate (m® '): Equation (5.1) applies for -
conditions Whem ventilation occurs entirely by infiltration. It also igniores particle = -
coticéntration chiange due to condensation, evaporation, 'édagulation and chermcal ’
transformation, based on an expectation that these processes have minor effects on-” .
particle levels under conditions commonly found in residences. - Neverthieless, the relative
importance of these mechanisms to the change of indoor particle cbncenuati()ns tiefits’
more study in the future.

To experimentally explore the contn'butioﬁ:of ambient particulate matter to indoor
particle c;oncentlations, it is useful t§ eliminate interferences from indoor sources (aerosol
generation activities) and particle removal processes other than ventilation and deposition

'(i.e., filtration). In the absence of these mechanisms, the mass balance equationis - - -

simplified to the following form:
ac, : .l ,
d_t’ = p}'vco —(A'v +kd )C: (52)

Particle _removal by ventilation occurs at a rate independent of particle size and
can be_measure;_d, e.g., with tracer gas techniques. Paniclé penetration énd deposition
loss, on the other hand, are particle size-dependent proceéses_, which oqcur' |
simultaneously. The challenge to determine the two parameters is to ;e;;amté these two

effects in the experiments.
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5.2.2 Highlights of Previous Studies
A few field mvestigations hévé aimed to quantify the i)mporﬁqn, of ambient, -
particles that penéixate through jresid@ritial bu_ilding,gnyqlopes.. In .t:hese.studies, the,
paramefcr,“penctration factor”, or “penetration efficiency” was used to charactenze the
fraction of indoor particles that remained airborne in infiltrating air. Most of the studies
assumed that steady-state conditions prevailed in their data analysis. The éxperimenta_l .
approaches m these studies can be categorized.into.two types: semi- empmcal and .
mechanistic. The former approach is rcpr_es_cntcd by.Long et al. (ZOQl) and by tﬁe :
PTEAM (Particle Total E?(ﬁosmé Assessment Methodology) study (Ozkaynak et al.,
1996). This methodology requires many samples in order to evaluate the particle
'penetrétion factors and deposition rates by statistical analysis... For éxample, 9
nonsmoldng'homes :in Boston 'area-énd 178 residences iﬁ.Riverside, CA wére examined,
respectively, in'these two studies. : Derived from tﬁe ;stéady- state solution to the mass
balance equation, a physical- statisﬁcal model was applied to estimate penetration factors
_and particle. loss rate using measured outdoor/indoor PM congentmtidhs and air-exchange
rate as mputs. In the PTEAM study, estimate.es‘ of Soufce strength of ihdoor particle
sources (sfnoking, codking; etc.) were also detemnnedm the méféééién analysis, in
addition to P and k. In the PTEAM study, particle s'izehwa's not thhly resolved. Instead,
anal};sis was based on integrate_d mass conce’ntratlioﬁ measurements for pan:icles smaller
than 10 pm (P'Mlvo) and smaller than 2.5 um (PM 5). Penetration factors of very close to
unity were found.for both size classes in this study.
In the study of Long et al., particle concentration measurements were made for 17

discrete sizes ranging from 0.02 to 10 pum in nonsmoking households. 'Accumulation
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mode particles appeared to exhibit thelﬁghest penetration efficiency as comparéd to
ultraﬁnc": (d» < 0.1 um) and coarse particles, indicating strong size-dependent behavior. -
The ﬁndmgs also showed significantly lower particle penetration factors in winter than in
summef seasons (e.g., 0.66-0:80 vs. 0.88-1.01 for 0.1-1 pm particles). The aﬁthors"
attributed this difference to the fact that the building envelopes were tighter for winter .
because windows were more commonly open in summer |

For the mechanistic approach, determining particle deposition coefficients is the
first step to separate the coupled effects ‘éf deposition and penetration on indoor =
concentrations. This separation can be achieved by assuming that ambient particle
infiltration has a negligible contribution during the early stage of eXpeﬁiﬁents aftera
deliberate increase of indoor concentrations to substantial levels. Then particle loss due
to deposition and v'entila"tionris determined by measuring particle concentration decay
 witly fimie. Subsequently, assumirig steady-state holds, the obtained deposition
cOeﬂiéienté'alpng with-other measured parameters (air exchange rates and indoor/outdoor
PM ratio) are incorporated into a mass balance equation to solve for p. Two studies
adopted this experimental scheme to measure p%uticle penetration factors for supermicron
particles (Thatcher and Lay;on, 1995) and fine particles (Vette et al;, 2001) in residential
settings. The results from Thatcher and Laytoﬁ showed essentially comp_lete particle
penetration, whereas the .study of Vette et al. yielded penetration factors significantly less
than one, varying with particle size in the range 0.5-0.9. A comparison of these studies is

provided in Table 5.1.
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Another way to separate the coupling effects is to arrange experimental.conditions o

50 as to ensure that particle loss due to deposition is negligjble compared to penetration.
- This can be accomplished by using ﬁlhatioﬁ tov make the indoor particle cdpcgr_xtxation
" extremely low. After the particle level in the room is reduced to negligible levels,
filtration is tufned off, and the increase of particle concentmtion’ owing to ambient a1r .
inﬁlﬁation is measured. Then particle peﬁeﬁaﬁon can be CMM by ig_no:n'ng the ’
particle loss term in a transient mass-balance ahalysis. This approach, called the
concentration rébound method, has been demonstrated by condﬁctirig-e;;j;eﬂments_in a |
research facility at Richmond Field Sfation (Lunden et al., 2001). The ¢>btai11ed 4
penetration factors were high; nearly complete penetration was inferred for particles Qf
0.4-4 um. The authors attributed the high penetration to the leaky building envélo_pg_, ,
- In thls chapter, a different experimental approach was developed and applied to
quantify the fractional particle penetration from ambient air through a resid@pﬁal bmldmg
;shellf - A blower door was used to .pressu_n'ze, and sequentially depressurize the hoggc, in
an a;ttempt to decouple the effects of paiticle penetration and depositién. The gata_.we_re
examined by considering both time-integrated and transient analysis to evaluate ) |
péneiration factors and deposition coefficients.
5.3 METHODS
5.3.1 The Principle -
A blower door, a device with a fan that can be mounted in a doqr_ or window, i_s
commonly applied to characterize the air tightness of building shells (ASHRAE, 1993).

In this study a blower door was employed to create constant pressurization or
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depressurization across the entire building envelope. Durmg pressurization, ambient -
'particlﬂes are brought into the house”through the fan.i ‘Negligible particle loss is assumed
'to occur in-thisk:’dnﬁgmatlion because of the large openings between the fan blades. .

| Thus, this configuration eliminates the effect of particle penetration loss through the . .
building shell. In the absence. of indoor activities, and assuming negligible paﬂicle
removal processes other than deposition and ventilation, the rate of change of size-
resolved indoor particle concentration can be written as follows:

%-:AVCO—(/L%I«:;)C,.N" B 63

With outdoor/indoor particle concentrations anq air- éﬁchange rate measured
simultaneously, particle depdsition coefﬁmentscan bedéiermined by fitting experimental
data into Equagion:(S.B). On the ,éther hand,vw_hen the house is depressurized, indoor air
| is w1thdrawn through the fan and_:gplemshed thh outdoqr air flowing through leaks in
the building _enye.lope.‘ Asa cor_xsequcﬁo_e,_ axnbiqnt particles may experience penetration
loss m the building leaks during depressurization. The mass-balance equation for indoor
particles in this case is describéd by Equgtion (5.2). Given the measuredvvalues of A, and
Co(t), and the previously determined values of k4, the penetration factor p can be
evaluafcd by fitting Equation (5.2) to the measured values of C (). To reiterate, p is the
particle penetration factor, the fraction of ambient particles that enter the indoor
environment through bpﬁding leaks.and remain airbome. Note that C;, C,, k4 and p are
all determined as functions of particle diameter. |

The goal of manipulating the pressure difference across the building envelope in
these experiments is to separate the effects of particle deposition and penetration. A key

assumption is that particle deposition coefficients obtained during pressurization and
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depressurization can be reasonably approximated to be the same, since the indoor air
experiences similar airflow. turbulence intensity'. In other words, the size-resolved
panicle.deposition coeflicients evaluated from pressurization tests can be used to

estimate particle penetration factors in the depressurization tests.

5.3.2 Data Interpretation
The first step in the basic analysis scheme involves evaluating particle deposition
coefficients for a pressurized house. After integration of Equation (5.3) and some

rearrangement, k4 is obtained as

A= =1 -
k=7 C-Cr-—Flco-col IR )

i . Vexp i

whereC, and -C’-o are the time-average concentrations of indoor and outdoor particles
throughout the éipeﬁmént, Tex'p is the duration of expédment, and Cj{0)and Cy(t), are the
mdoor 'particlé cdnéénhatiohs' at beéinning and end of the experiment, respe'cti\./ély.v

| Whenﬁthé 'housév undergoes depressﬁﬁzatibn, the particle penetxatvi(.)nb facfor can be
solved by integrating léqhaﬁon (52) and feananging: |

 (kx, N 1 C®-C©0 "
=| =— 1 —._—’ - J = : ' .
p (/1 +JCD+)vvrexp = _ - (5.5)

v o

The detailed derivation of Equations (5.4)-and (5.5) is provided in A;;pendix I
Note'that the first and second terrns on the right-hand sides of Equations (5.4 afid (5.5)
 represent time-integrated and u%nsient terms, respectively. The time-integrated terms
tend to’ remain consistent in magnitude with increasing experimental duration. The - |

transient terms, on the other hand, decrease inversely with Texp. Given a sufficient

! This can be achieved by mixing the indoor air vigorously with the use of fans.
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experimental time interval; the transient terms are expected to become negligible in- -

comparison to the time-integrated terms.

5.3.3 The Study House
The house used in the study is located in a residential area of Clovis, in the .
vicinity of Fresno, in central California.. The single-story house, built in 1972 with the -

* floor plan shown-in Figure 5.1, represents a typical modem house in the US. Tﬁe floor
area is 134 m* with a ceiling height of 2.4 m, yielding a house volume of 322 m’ (garage
excluded). -The house is equipped with a forced air heating and cooling system and- . -
ceiling fans that were operated to promote air.miking dunng the experiments reported
here. Carpeting covers all ﬂoor areas except the kitchen, which has linoleum flooring, .
The house has a stucco exterior and the windows are made with aluminum frames that

. slide horizontally to open. Situated in a suburban area, the house is surrounded by houses
of similar heights and sizes, resulting in some wind shielding of the study house. - The .
house was monitored from January 27-31, 2001. The house was unoccupied during the

sampling period’.

5.3.4 Instrumentation

The test house was equipped with an APS (Aerodynamic Particle Sizer, TSI 3320,
St. Paul, MN) and an EAA (Electrical Aerosol Analyzer, TSI 3030, St. Paul, MN), which
were employed to monitor the concentrations of outdoor and indoor airborne particles in

the size ranges of 0.54 to 20 um, and 0.013 to 1 um, respectively: Ambient and indoor

2 The o'hly occupancy in the house occurred between monitoring periods, during which the author entered
the house to save sampling data from the previous experimental run, and to prepare for the next
measurement.
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air samples were sent to the instruments through copper tubes (inner diameter 0.6 cm) of
identical length and bending angles. The two sampling tubes were connected to a 3-way
solenoid valve (ASCO®, Automatic Switch Co., Florham Park, NJ), which was operated
by a time controller (ChronTrof®, ChronTrol Corp., San Diego,.CA). Thus, outdoor.and
indoor air samplings could be programmed, collected, and sent to the aerosol instruments
alternatively. Relative particle loss in the copper tubes was evaluated by sampling the
indoor air consecutively from the two inlets. - The difference was found to be negligible -
with r‘éspect to the measured particle concentrations from the two tubes. This indicates
that the-sampled indoor/outdoor particle ¢oncentrations can be reliably corhpared‘Without : o
adjusting for particle loss in the sampling lines, even though such loss may have occurred
and would influence the determination ‘of absohite particle concentrations. The inlet of .
indoor air samples, located in the living room, was about 2 m abov¢ the floorand 1 m ‘
from the nearest interior wall.. The outdoor air sample, collécted 2.4 m above the ground, |
was drawn through the copper tube actoss a plywood window insert. The inlet of outdoor
samples was coveréd with a-coarse screen to prevent insects from entering the -
instruments.

The time controller was synchronized with the mstruments prior to each
experiment. The sampling cycle was the following: five outdoor air samples were takén
during a 380-sécond sampling period, followed by a 152-second purging period. Then 5
indoor air samples were taken for 380 seconds, followed by another 152-second purging
interval.: -

With all windows and-doors closed, the house air-exchange tate of each

pressurization or depressurization experiment was determined by monitoﬁng tracer gas !
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concentration decay with time. About 90 ml SF¢ was injected into the HVAC:system .'
with the fan on to mix with air throughout the whole house:for the firstten minutes of .thel
measurement.  The HVAC fan was off during the rest of the monitoring period. ‘Air in
each compartment of the house was vigorously mixed by ceiling and oscillating fans. -
SF¢ samples weré collected every 100~110 seconds sequentially from six »sampling’ inlets,
deployed ébo'ut 1.5'm above the floor in living room, family room, three bedrooms and .
kitchen, as indicated in Figure 5.1. The SF¢ concentrations as a function of time in the six
co;txpzirtfhénts of the house were analyzed by a multi-gas monitor (Type 1302, Briiel &
Kjar, Denmark), which determined‘the gas concentration by a non -dispersive infrared
technique. The SFg concentrations were recorded via Tele-tale (Onset Computer
Corporation, MA, USA).

The house was pressurized and depressurized with a blower door (Minneapolis
Blower Door, Model 3, The Energy Conservatory, Minneapolis, MN) by adjusting the "
direction‘and ."sp‘eedio'f' fan rotation: The blower door, facing to the patio in the backyard,
was installed against the aliminum Me of thé sliding door in the family room: The fan
speed was adjusted so that a fixed air-exchange rate in the house was maintained. The
air-exchdnge rate of ~ 2! was chosen asa compromise "between typical conditions (~
0.5 h'}) and the goal of minimizing errors from potentially high variability of k;
measurements. The pressure difference relative to outdoors at five locations of the house
(master bedroom, bedroom 1, kitchen, living room and attic) was monitored and recorded
* continuously by the Automated Performance Testing (APT) System™ (The Energy

Conservatory, Minneapolis; MN).
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5.4 RESULTS AND DISCUSSION . - . ...
5.4.1 Concentration Profiles of Indoor/Outdoor-Aerosols .

" During the sampling period; the outdoor aerosol concentrations were found to be
consistently higher than those indoors. Figures 5.2 (a)-(d).illustrate the concentration
profiles® of indoor/outdoor airborne particles for various particle sizes, with periods of
pressurization and depressurization indicated on top, of the figures. During the first .
pressurization test, unusually high indoor supermicron particle concentrations were
detected, as shown in Figure 5.3 (a). -However, since the measured outdoor PM
concentrations from the 2.4 m height sample inlet did not correspond to the elevated .
indoor particle levels, and because such a phenomenon never occurred again over the.
entire sampling period, it is likely that this rare event resulted from dust resuspended
from the patio and back yard as the blower door fan inir_pducedésub_stantial air flow into
the house. Closer correspondénce of particle concentrations-between. indoors and
outdoors were typically obs¢rved during pressurization than during depressurization, as
shown in Figure 5.2, indicating less particle loss through the blower:door fan than loss
through the building envelope. When outdoor particles were brought into the house
through the leaks in the building shell during depressurization, indoor particle levels in
the house were found to closely-track the ambient paﬁiclef concentrations over time, but.
with reduced concentration.

The ar'nbient.PM concentration profiles exhibited dlstmct diumnal patterns. For
example, significantly elevated concentrations of submicron aerosols were observed at

night (from 6 pm to midnight). Figure 5.3 (b) illustrates the particle concentration

3 Each data point represents the average concentrations of indoor or outdoor particles from five consecutive
measurements (5 X 76 sec).
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profiles of 0.13 um mean particle diameter during January 28-30. A similar pattern
occurred for other‘submicron particles, as can be perused in Figures 5.2 (a) and (b). The
air exhibited strong smoky smell based on direct personal perception. Wood or
vegetative burning activity in the neighborhood combined with-weak atmospheric
dispersion is likely to be the m‘ajof contributor to high particle levels at these times.
Previous receptor modeling work that used specific organic fingerprints to apportion PM
emission sources has »identiﬁed wood combustion as the largest primary contributor to the
~ fine particles in th'e‘i'San'JoaqLﬁri Valley during winter (Schauer and Cass; 2000). - \

" During morning rush hours, a pronounced supermicron particle concentration -
spike was observed, as indicated in Figure 5.3 (c), andjthjsmay be aresultof -
contributions from road dust and tire wear. The study house is located in a large
residenitial area with two majof freeways (i 68 and 41) a few kilometem to the West, and
state highway 99 is 15 km further. The wind direction was predominantly from -
noxthwest; and wind from that direction was highly likely to bring.pam'cles related to
traffic activities from the freeways. Note that such elevated coarse part_icle :
concen‘t’xaﬁons were not as evident during evening rush hours, and this might be partly
attributed to greater mixing depth in the evening than in the morming, or to a change of
wind direction. -~ '

* The formation of radiati01‘1ffog is common in the Saaneaquin Valley during late
night and early moming in wintertime. fron_m the measunemenf data, -the fog_ droplets -
(2 10 gm)' seemed to have negligible contribution-fo the total measured aerosol }-
concentration. For example, the measured out»door'concentr.ation was ~10°2 em'3 or lower

for particles > 10 pm, which was nearly two orders of magnitude lower than the
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concentration for particles ~1 um. According to Seinfeld and Pandis (1998, p. 339), the
typigal fog liquid water content varies from 0.02 to 0.5 g m™>, which implies that the fog .-
droplet concentration would raﬁge from 5 t0.125 cm > if all dro_pléts are v~’20 pwmin
diameter. The ﬁanspoﬁ loss of fog droplets m the samp_ling line prior to the solenoid - . |
valve was considered negligible since (1) the veitical displac,em‘e‘nt4 was'mﬁéh-les_s. than -
the diameter of the sémpling tube, (2) droplet evaporation in the sampling tube was likely
to be unimportant in sampled air because of the high relative hunndlty (RH > 90%) and-
the short residence time of air in the sampling tube’, énd (3)particle loss as a résult‘of .
impaction was considered negﬁgible for St < 15.. Howevér, it is likely that the APS
measuring system failed to samp’lé tlie fog drbplets. ‘The droplets may be-lost owing to -
evaporation at two locations in the system: the solenoid valve (which was slightly heated
as a result of electrical current) and the within APS (slightly warm dﬁe to- the pump -

operation and the laser source).

5.4.2 Air Exchange Rate and Pressure Difference .

Air-exchange rate measurements were made during pe_riéds of pressurization and
depressﬁrization. The value of the air-exchange rate was determined by calculating the
slope of a ]inéar regreésion of the natural logarithm 6f SFg concentration versus ﬁme.

When the house was pressurized, the family room where the blower door was installed

% This is estimated by the product of residence time in the horizontal sampling tube and the particle settling
velocity. The airflow velocity in the sampling tube is ~ 3 m/s, and the horizontal tube fength is 35 cm.
Thus, the vertical displacement is ~0.14 cm for 20 Lim particles. The inner diameter of the sampling
tubeis~ 0.6 cm. :

3 It takes ~ 2.6 sec for pure water drop]evt's of 20 um to evaporate to 1 um at 20°C and 50% relative
humidity (Hinds, 1999, Chapter 13). The residence time of air in the sampling tube is only ~ 0.4 s.

® St was estimated to be ~ 0.6 for particles of 20vpm at air flow épeed of ~3 m/s and sampling tube
diameter of ~ 0.6 cm. .
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experienced the highest rates of SFs remioval’+(3.6-6.6 h'"), and the adjacent kitchen was
the next highest (3.8-5.8 h''). The SFe remqval rates measured in the other four
compartments, however, were fairly close at ~2 h'lv. Figure 5.4 (a) shows an example of
the SF¢ concentration decay with time in thesix zones of the house on January 30. The
SFs coricentrations measured in the six zones‘appear t6 be fairly uniform in the first ten
minutes, indicating that good mixing was achieved with the use of HVAC fan. The good
linearity of the data points in-¢ach zone cledrly indicates the air was well-mixed within
each zone; yet different rates of concentration decay indicate that the air in the house-as a
whole was not well-mixed. In this case, an average air-eéxchange rate was estimated for
the whole house®, fanging from 2.1 to 2.7 k! (avéra_ge 241,

When the house was depressurized, the overall 'aiir%xch'ah"ge rates were in the
range 1.8-2.7 h! (average 2:2 h'). Tracer gas”con.cénuéﬁonsvwaé more Lpﬁfbrm e
throughout the house, as illustrated in Flgure 5.4 (b). A slightly greater slope obtained in
the master bedroom implied that the mixing between this zone and the rest of the house.
might not be as rapid as that in other-zones. Meanwhile, a stable and uniformly |
distributed AP (~3 Pa) was establishéd across the hoﬁSe‘ envelope throughout the
experiment. This suggests that the bioWér‘door created a uniform driving force for -

outdoor air infiltration across the entiré building envelope under depressurization. The

7 The term of “SF removal” is used here instead of “air exchange” because the air flowing into the zone of
interest from the rest of the house also contains the tracer gas SF,. :

8 The average air-exchange rate for the entire house was estimated based on the decay of volume-weighted
average SF, concentration. The SF¢ concentrations as a function of time in the six zones were
reconstructed according to their linear regression results, since the original data were only available at
different times due to the sequential sampling process. A new zone was proposed (the whole house
except the kitchen and family room) in calculating the contribution to the average SF¢ concentration,
because of the similar slopes determined for the living room and the three bedrooms, and the unidentified
SFe concentration in areas such as hallways and the bathroom. The estimated volumes for the family
room, the kitchen, and the new zone aré 54, 48, and 222 'm3, respectively.
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air- éxchange rates determined for the pressurization and depressurization experiments are

summarized in Table 5.2. . -

5.4.3 House Air Leakage Characterization
. The air tightness of;the;study house can be characterized _basedvon‘ﬂl_e.measured
afr_ exchange ,fate ‘aﬁd_pressure diﬁerenx across the hous_e ‘en.velope._- The effective _-
: 1eakag¢ area of th"erbu.ilding envelope, which.is the aggr_eg;atq leakage area that would -
' génerafe the same air infiltration rate at a certam AP, can be approximated according to

the following equation (ASHRAE, 1993): . -

A%[;Z—p]y ” | ” (5.6)

where 4 is the effective (or equivalent) leakage area (mz), P is_éir,-der_)sity (kg m> ), Q18
the air flow rate through the test house (m’. hZ!),._ and Cy is the discharge coeﬁicigﬁt for the
leakage openings.(dimensionless)’.

According to Equation (5.6), the effective l‘eak-age area of this study house was .
estimated to be approximately- 620 e at 3 Pa, or 720 cm? at 4 Pa, the later being a
pressure diﬁ'erénce commonly reported in building leakage characterization. To'c_omp.are
the relative air tightnés_s of houses, a consjstent measure ot; normalized leakage (L) is

given by the following equation:

] 03 .
L =10° A _.H_c ) - .7
A, \ H ’ _

® The value of C, usually ranges from 0.6 to 1 depending on the openihg configurations; a C;; value of one
was used for air leakage characterization of this study house.
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where A4 is the effective leakage area-at reference pressure difference of 4 Pa, 4ris the
floor area (m?), H. is the ceiling height of the test house, and H is the reference ceﬂirig»
height that usually is taken as 2.5 m'(ASHRAE, 1993) From the measured fan
pressunzatlon data, the nonnahzed leakage of the study house is approximately 0.67. For
| comparison, the average hous‘e in U.S. has a normalized leakage of 1.2 (Shennan and
Matson, 1997), and a well-sealed new house has an L, value of about 0.5 or lower. This
same study house was also’characterized more thoroughly by Energy Perfo'rmanée of
Buildings Group at Lawrence Berkeley Labératory. | ‘Their measurements found

normalized leakage of the house to be 0.65.

5.4.4 Particle Deposition Coefficients

Based on the dafa obtained during the pressurization ‘experiments, size-resolved
particle deposition coeﬁicients were calculated accordjng to :Equatibn (5.4), as shown in
Table 5.3!°. Both the ﬁme-.integlated condition and tn‘msient state are included inthis .
data analysis'!, which assumed no phase transformation of indoor palticle'sf- A paired z-
test was used to compare the size-specific average values of the two particle deposition
coefficients, the ﬁrﬁe-integtated and the combined time- integrated and-ttansieht term, for
the APS and EAA measurements. The low probability levels:(p < 0.005) indicate that the

transient terms of the particle deposition coefficients are insignificant, sug'gesting that the

1% The particle deposition coefficients calculated from each pressurlzatlon experiment are shown in Figure
5.5. The average outdoor and indoor particle concentrations were computed over the éntire samipling
duration for each particle size bin to determine the time-integrated particle deposition coefficients. The
indoor particle concentrations at beginning and end of each experiment, and the monitoring duration
were incorporated in the transient state analysis.

"' For the APS measurements, the data from the daytime pressurization experiments were excluded in the
analysis owing to the high uncertainly resulted from the significant fluctuations of ambient particle
concentrations.
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time- integrated.analysis alone should provide an adequate estimate to characterize
particle deposition loss in the experimeénts.: | Increased vanablhty of the 'measured particle
deposition coefficients was seeﬁ to be associated with larger particle sizes in the APS
measurements: This is attributed, in part, to the low ambient particle concentrations in
this size range, which in turn reduces the precision because of cmmﬁné statistics
associated with the APS during the san’ipling» intervals.

| In addition, ﬂ;e.expeﬁmental.vaﬁabﬂjty of particle depésition;onto indoor
surfacéé fends to be inﬂuenbedbyi many environmental-conditions, such as air flow. -
intensity (Crump et al., 1983; Okuyama et al., 1986; Cheng, 1997), surface-to-éi: )
temperature difference (Thatcher et al., 1996), surface texture (Harrison, 1979; ﬁme et
al., 1995; Thatcher and Nazaroff, 1997), as well as surface:to-volume ratioand -
ﬁnhiéhhlgs (Fogh et al., 1997; Thatcher et al., 2002). To illustrate the-wide degree of
variability, Figure 5.5 presents a comparison of the measured particle deposition
.coeﬂicients,-ﬁ*om,t}ﬁs.work .with other field and full-scale laboratory studies. The ,soli.d L
symbols repreéent‘ the la\}emg_e values of particle deposition coefficients from the |
pressurization experiments, with the-error bars corresponding to one. standard deviation
- based on the data in Table. 5.3. Note that the particle deposition coefficients in this study
were ev/aluated under higher nnbﬂmw mtensity than bm indoor environments
owing fo the use of féms, for. -vigorqus air mixing, _NeVeItﬁeless, the measured deposition
. results in this study appear reasonably consistent with those repom_:d mn other |
investigatiorns. So far, an understanding of the relative influences among various factors

to the deposition measurement variability is incompléte.
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5.4.5 Particle Penetration Assuming Nonvolatile Composition

~* Based on the particle deposition coefficients determined in ﬂle'préssuxizétion-'- l
experiments, the size-resolved particle penetration factors; as plotted in Figures 5.6 (a),
were computed'? for each depressurization experiment according to:Equation 5.5. In -

-Figure 5.6 (a), the open symbols represent the average of the time- integra_'téd’penetration
factors from the EAA and APS measurements. The solid symbols with-e_inbr bars -
represent the average penetration factors plus or minus one standard deviation based on
the cbfnbined transwnt and time-integrated analysis. Clearly the average valuesof -

* penetration factors from the time-integrated analysis alone were fairly close to those from
the combined time-integrated and transient-state analysis. Also nofe that the estimated
average penetration factor for 0.75 pm particles in the EAA meaSurefnents agreed
moderately well with the oné determined from APS measmementé,-m light of the

| overlapping error bars, which correspond to sixty-eight percent confidence intervals of |

measured data. Comparable uncertainty was observed from the time- integrated method

and the combined (time-integrated and transient state) analysis in the APS and EAA
meésu'rénients, as can be seen in Figures 5.6 (a) and (b). The rélatively low aerosol -

~ concentrations for particles with diameters > 1 pum significantly reduced the measurement

precision in APS measurements, leading to higher uncertainty associated with the data

analysis for larger particlés. In contrast, the submicron particles were abundant, which

compensated for the fluctuation of PM concentrations.

'2 This was done by substituting the average size-specific particle deposition loss coefficients (both the
time-integrated and combined time-integrated and transient state) from Table 5.3 into Equation (5.5) for
each depressurization experiment. The air-exchange rates obtained in each depressurization test were
used in Equation (5.5). ’

131



As shoWn in Figure 5.6, the esﬁinaied penetration factors inferred from this - .
analysis were in the range of 0.5-0.9. ‘This indicates less overall particle penetration than
predicted for eracks in Chapter 2, when considering that building leaks consist.of ,Variou‘s‘
dimensions. Nevértheless, the overall particlé penetration would-be reducedlf a certain
fraction of infiltrating air flows through well-insulated wall cavities. As reported in
Chapter 2, the ﬁbrous msulation blanket in wall cav_iﬁes can remove airbome particles -
effectively if mfiltrating air flows through it, thereby ldwen'ng the overail-parﬁclev
pr:netrétion factoré;

Flgme 5.7 compares the particle penetration factors.determined in this study with
other investigations. It 1s seen that particle penetration factors, obtained in this study are
relatively consistent with thés_e of Long et al (2001). Lower Aexpeﬁméntal;pgrti_cle_,
penetration factors for fine i)an_ic_les,have been reported by Vette et val. (2001).- Model
prédictions based on methods presented in Chapter 2 are plotted in Flgure 5.7. Accordir)g
to the prediction, if all mﬁltratmg air passed through the buﬂding cracks and not through
fibrous insulation, then the particle penetration would be ‘e.)-(p‘ected to be nearly complete
with respect to the particle size range studied. Hchver, if 20- 30% of the infiltrating air
flowed through the fiberglass materials m wall cavities, the particle penetration results in
this study would be largely consistent wiﬂl_rhe model c_alcpiations”. - Clearly, the relative
distribution of infilrating air flowing through the building cracks and fibrous insulation
materials can play an important role in governing the overall particle penetration into the

indoor environment.

13 Thus far no direct technique is available to examine the wall cavity insulation without removing the
interior walls for inspection, and it was impractical to do so to the rental house in this study.
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5.4.6 Particle Penetration Assuming Semi-Volatile Components -

* Another hypothesis-toexplain the lower penetration factors observed in the -
experiments is that particles may have undergone chemical transformation upon entry - ..
into the house. A significant proportion of ambient particles is made up of ammonium
nitrate in the' San Joaquin Valléy during winter months (Chow et al., 1993; Watson et al,,
2000). In winte;,‘ as nitrate particles enter buildings, the conditions of higher temperature
and lower RH in the in(io‘or}-eﬁviroﬁment can favor the dissociation of ammonium nitrate
into gaseous ammonia and nitric acid.- This would lead to a net loss of particulate matter,
which, if not ‘pro;[)erl'y‘ accounted for, could be erroneously ascribed to deposition or
infiltration loss. -

‘Evidence of this hypothesized aerosol chemical transformation process in the
indoor environment is-provided by the simultaneous indoor/outdoor measurements on
particulate nitrate, sulfate as well as gaseous.ammonia in the same Clovis study house -~
(Lunden, et al., 2001). Their preliminary results show that consistently less particulate -
nitrate was found in the house than outdoors, and consistently e]evatéd indoor gaseous
ammonia gas concentrations were observed. These observations indicate that, in addition
to particle deposition onto indoor surfaces, additional paﬁjcle loss as a result of phase
transition probably occurred within the study house. Therefore, the apparent penetration
factor determined from the altered indoor particle concentrations owing to evaporative
loss of certain PM constituents may underestimate theractual fraction of nonvolatile
palticles that penetrate into thq building from the ambient environment.

To provide a quantitative estimate of the expected values of particle penetration

factors for nonvolatile constituents for these experiments, an illustrative hypothetical
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calculation was performed accounting for the phase transition process based on available
information. In addition to the phase transition of nitrate particles, water evaporation was
taken into account since abundant water is present 0;1 fine particles at high RH (Zhang et
al., 1993). . |

First introduced by Junge (1950), the concept of extermnal and internal mixing 1s :
-used to.describe the way in which species are distributed-among particles. . An extemally
mixed aerosol is one in which each particle is made up of single épecies. The overall .
.aerosol chemical composition is governed by the relative amounts of paxtiélcs, which.
each has pure composition. . An internally mixed aerosol is one in which each particle is a
blend of the various chemical species in the same proportion as the overall acrosol. - -
Actual atmospheric aerosols exhibit intermediate states between these two limiting cases.

‘A mathematical representation of the particle size distribution. is necessary to . ..
permit quantitative estimates.as the aerosol size distribution evolves due to phase .. .
transitions. A particle size distribution can be characterized using a sum of'three... . ..

lognormal distributions (Jaenicke; 1993):

- - 3, (logd, —logd, d)) -
°v(logd,)) =
7"( gd,) ,z::'(zn)’/zlogo x‘{ ~ 2loglo,

(5.8)
where n°y (log d,) is the particle number distribution as.a function of log-d,, d, is particle
diarnéter; and, for the i* mode, N; is the number concentration, ZI—: is the geometric mean
diameter, and o; is the geometric standard deviation.

To construct the simulated particle size disth:bution's; snapshots of the measured-
indoor and outdoor particle size distributions were taken at noon, January 30. This was

when the greatest indoor/outdoor nitrate level difference and the higﬁest outdoor patticle
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nitrate level were observed'®. Figure 5.8 illustrates the measured indoor/outdoor PM; s
nitrates during the monitoring period (Jan 28-31,2001). The parameters of the three
lognormal modes for the best fit of outdoot ‘and indoor aerosol size distributions at noon,
January 30, are listed in Table'5.4, and the best curve fits for indoor and: outdoor aerosol
size distributions are displayed in Figure 5.9. = - L e

“The phase transition process occurs as ambient aerosols-at higher RH and lower
temperature are transported into indoor environments with lower R and higher
temi)er_ature.“ Consequently, the measured indoor particle size distribution could reflect
conditions in which the semi-volatile species on particles have evaporated. The original
indoor particle size distribution Without the occurrence of evaporation could be inferred
by applying the following two principles. For external mixtures, thé evaporation loss of
PM semi-volatile species will cause a reduction of particle number concentration but. no
change in particle size. For internal mixtures, the evaporation.of PM volatile species will
cause: a shrinkage of particle size, resulting in the shift of particle size distribution, but no
change in number concentration.

For this study, the following four scenarios were postulated to describe the
potential mixing characteristics of nitrate particles: (1) an ex.temal mixture with uniform
nitrate ‘distribution across particle size; (2) an internal- mixture with .unifonn'muafe
distribution across particle size; (3) an extemnal mixture with nitrate non-uniformly
distributed with particle size; and (4) an internal mixture with nitrate non-uniformly
distributed with particle size. In Scenarios 3 and 4, the fractional nitrate was postulated

to distribute as a function of particle size so that it conforms to thf: best available

'“The evidence of ambient and indoor particulate nitrate concentrations was based on semi-continuous
PM3; s nitrate measurements from an integrated collection and vaporization system (Stolzenburg and .
Hering, 2000), which was operated concurrently during the study period.
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experimental findings (John et al., 1990). Under all scenarios, the overall outdoor aerosol
was assumed to.consist of 20% nitrate, based on data on the composition of fine PM in .
the Fresno area during winter (Chow et al., 1993). It was also assumed that particulate
nitrate:undergoes complete dissociation upon entry into.buildings'>. The evapération of
water from particles may occur concurrently as the particulate nitrate, a hygroscopic
compOnent,%djsabpears from particles. Since the water content of particles greatly
depends-on the particle chemical composition and RH (Zhang et al., 1993),. and the-
existing information is not sufficient to estimate the extent of water evaporation as a
function of particle size, the following simplifying assumption was made. In all

scenarios, water was treated as internally mixed with no water evaporation as the base.

- case. Additional-caseé with water evaporation loss from particles — 5% and 10%,
respectively~—were also.included in the simulations to evaluate the impact on the
particle size distribution due'to a small change of water content.

- Figures 5.10-(a)-(d) illustrate the reconstructed indoor particle size distributions .
accounting for nitrate and different levels. of water evaporation-for the four idealized -
scenatios. The measured indoor/outdoor particle size distributions as well as the
associated curve fits are also-shown for reference. The in_seﬁed figures provide better
illustrations of the detailed restored particle size distributions ~— indoor fitting and three
different watér contents — for 0.02-0.2 yi in diameters. The reconstructed particle size
distribuition is either raised upward or shifted to a larger particle size range depending on’

the uﬁderlymg assumptions. According to the newly constructed particle size

'S Fora pure water droplet of 20 pm, it takes ~2.4 seconds to dry to'a 1 um particle at 10°C, 80% RH
(Hinds, 1999, Chapter 13). Given that droplets contain impurities, the drying rate would be slower than
that for pure-water as the droplet size becomes close to the nucleus size. Nevertheless, the time scale for
droplet drying time is-apparently much less than the residence time of air in the stady house (~30 min).
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distribution, the indoor/outdoor particle concentration tatios prior to phase change can be
evaluated by comparing the area under the curves of interest for a certain particle size .
range. The revised‘indoor/outdoor particle concentration ratios are in turn used to
estimate the penetration factors from the time-integrated term of Equation (5.5).

The particle deposition loss coefficients determined from the pr'essgrizationv :
experiments need as well to be adjusted as a result of the evaporative loss of PM semi-
volatile constituents. As an illustrative calculation, the particle mixing characteristics
were assumed to follow the same four scenarios as stated previou_slylz 6, with 10% - ..
evaporative loss'’ considered in the analysis. The average indoor and outdoor particle.
concentrations were taken from the January 30 morning data to formulate the particle size
distributions, which were generated from the sum of three lognormal distributions,.as - .
shown in Figure 5.11. The parameters for these lognormal distributions are provided in
Table 5:5. To evaluate the indoor. particle deposition coefficients taking into account -
particle evaporative loss, the indoor particle concentration has to be compared, on the
same particle size basis; to the outdoor particle concentration-in which the semi-volatile . |
components have evaporated completely. The outdoor particle-size distribution was .
adjusted by taking out the fraction of the semi-volatile components according to the same
principles mentioned in the previous paragraph. The particle deposition coefficients

accounting for evaporative loss were then estimated using the indoor particle |

16See page 134. In this case for.Scenarios 3 and 4, it was assumed that the semi-volatile components within
particles were distributed according to the nitrate fractions assigned in Figures 5.9(c) and (d).

710% evaporative'loss is close to the upper bound for the four scenarios so that the indoor particle
concentration would not exceed the adjusted size-specific outdoor concentration. No differentiation of
chemical compositions within particles was made in this analysis.
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concentration and the adjusted outdoor concentration; based on the time-integrated term
of Equation (5.4) for the four scenarios.

Figure 5.12 shows the adjusted particle deposition coefficienits along with those
beforé adjusting for the four hypothesized scenarios. 'With a.dip in the:particle size range
of 0.1-1 um, the general pattern of particle deposition coefficients in Scen_ario-Z‘ presents
a reasonable agreement to the expectations from theory and experimental evidence of
particle deposition in an enclosure (Crump-et al;;1983; Okuyama et al.,; 1986; Nazaroff
and Cass, 1989; Xu et:al., 1994; Ch;ng; 1997 ;vLaifdnd:Nazaroﬁ; 2000; Long et al., 2001;
Mosley et al., 2001; Vette et al., 2001). For further exploration, the calculation of «
‘particle deposition coefficients was extended to-various fractions of evaporation loss.for
Scenario 2, as seen in Figure 5.13. A more pronounced dip was predicted inthe. - - -
accumulation mode particles as the semi-volatile content within particles increased from.
5t0 15%. Although the hypothesized illustration can neither be used to ascertain the true
particle mixing characteristics, nor be applied to predict the semi-volatile contents of
particles, the deposition coefficients obtained in Scenario 2 provide a reasonable estimate
as an input to evaluate particle penetration factors...: . |

Figure 5.14 @mpms the resulting penetration fac;tors accounting for nitrate-and
water{oss w1th the apparent penetration factors computed from  the January 30 noon data
before any adjustments. In Scenarios 3 and 4, the postulated nitrate distribution as a
function of particle diameter is also indicated in the figures. Since the true distributions
of nitrate and water among particles are unknown, the penetration factors obtained from
these four simulated scenarios provide indications of the expected ;'alues of penetration

factors when volatility is taken into account. ' In Figure 5.14, the general trend of the
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penetration results clearly shows that the adjusted penetration factors are higher than the
“apparent” (nonvolatile) values, except for some that are very-close to the original
estimates for particle size less than-0.1'um in Scenarios 2-4. In Scenario 1, all adjﬁsted
penetration factors are consistently greater than the “apparent” values owing to the -
assumption of pure external mixtures. For Scenarios 2-4, higher penetration factors are
estimated than those in the nonvolatile case, with penetration factors close to unity for.” .
particle diameter > 0.2 um. If this postulation can be: further substantiated by more
expeﬁinental evidence, the evaporation loss of PM semi-volatile constituents may play a
role in’ contributing to the lower penetration factors measred in Fresno during winter by
Vette ¢t al. (2001).

The adjusted p'ar’ticlé penetration factors, as indicated in Figure 5.14, agree better
‘with model predictions for particle diameter greater than 0.2 um for Scenarios 2-4. For
Swnaﬁo 1‘, the agreement is good for 0.07-0.4 um. The penetration prediction was made
assummg a certain crack distribution (d = OTOS-i mfn) as presen‘ted n Chapte_r 2. o
Significant discrepancy, however, occurs for particle 31zes less than 0.2 pm. The
ixllfpnngtionr on chemical _speciationv within ambient particles below this size is scarcé.
Further investigations on the distribution of sémi-volatile constltuents (e.g., nitrate, |
second—axy organic materials, water) on ultrafine particles_(diameter less than 0.1 pm) will
be helpful to gain insights into the expected values of particle penetration factors for this

size range.
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5.4.7'Ozone Penetration
~ To capitalize on the effoit of the field experiments, the penetration of a reactive

gaseous air pollutant, ozone, was examined concurrently with the PM experixﬁents in the
study house. -An identical experimental protocol was implemented, as described in. .
§5.3.4. Ozone measurements were made with an UV photometric-0zone analyzer s
(Dasibi, Glendale, CA). Particles in:the air saniples were removed by filtration prior to.
entering the ozone analyzer to-protect the instrument. B

-~ Ozone loss-due to deposition on indoor surfaces.and ozone penetration through
the building shell were determined during house pressurization and depressurization,
respectively. To compare with previous investigations, the measured ozone deposition |,

coefficient was converted to deposition velocity (v4) by the following relation; - -

(5.9)

.  where S refers to the ﬁominal surface area availéﬁle .for ozbne depdsiﬁon (n%). 'fhe’ -
reéulting deposition velbcity was in the range of 0.02-0.07 cfﬁ s, whlch aérees '\'x'/.ell w1th
previous investigations (Nazaroff et ai., .1993). The mferred experimental &bne
: penetratioﬁ is néarly unity, suggestmg that émbient ozone i)eneﬁ'ates combiéteiy through
building leaks into the residence. "

o It is unclear how the house is insulated in the wall cavity, and no information is
available with respect to how air leakage is distributed in the building envélope. As an
estimate, analysis of leakage airflow as a function of crack dimensions for this study

house was made assuming that the leakage paths follow the distribution described in
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Chapter 2 when calculating the overall penetration factor'sl 8. The resulting total leakage
airflows for the postulated building crack distn'bution with crack height range of 0.05-1
~mm and 0.05-2 mm and a uniform flow path distance of 3 cm were approximately 350
and380 m® h™!, respectively'®*—nearly 50% of the infiltrating air was not accounted for*’.
As discussed in Chapter 2, it is not realistic to have leakage paths of smallA crack heights
with extremely long crack width to compensate for the unaccounted leakage airflow.
Therefore, it is likely that a significant portion of the total air infiltration arises from air

that flowed through orifices or big openﬁgs (= 2 mm) in the building shell. .

- Consider a:case in- which a certain proportion of ambient air flows through the
wall cavity, and the remaining air -ﬁows through building cracks. For wall cavities filled
with ﬁberglass»instﬂétion, nearly complete ozone penetration would be expected if the -
fibers previously'had accumulated substantial ozone expostire, as summarized t;y the
modeling ‘evidence presented in Chapter-2. For:other building leakage paths; ozone .
'peﬁe;mtion-through plywood-lined building cracks would range from 0.7 to 1 for crack
heights of 0.5-1 mm and a flow path-length of 3. cm: As ozone penetration is governed by

- the flowrate-weighted penetration from all air leakage paths, small crack heights are
expected to have little influence on the overall penetmtion_results. On the other hand,
infiltrating air through big openings and orifices would play an important:role in bringing
ambient ozone mto the study house, since ozone rémdval within such leakage paths is

limited by the slow surface kinetics. Thus, nearly complete ozone penetration into this

18 See details on page 37.

' The crack widths as a function of crack heights were bounded by the effective leakage area estimated at
AP =3 Pa (page 127). ' - ' : ’

20 A5 a reminder: the house volume is ~332 m’ and the air exchange rateis ~2 h™".
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study house; as determined in the field experiment, is reasoriably anticipated from the *:
analysis. = -

It summary, the observed high ozone penetration through the building envelope
of this ‘study-house appears to be in good agreement with the above-analysis, whether the
air infiltrates through the fiberglass insulation or not. ‘As the infiltrating a1rls dominated - .
by air flowing through orifices and big openings, nearly complete particle penetration -
would be also expected for this house. From the measurements, however; apparently:?'::
only 50-90% particles in the range of 0.02-2 pm “penetrate” info the study -house. The
actual particle penetration might be less than complete as a result of the partial filtration
of infiltrating air provided by the fiberglass wall insulati(.)n of this study house (§5.4.5)..

It is-also likely that the particle penetration was nearly complete, but appeared less owing
to the evaporative loss of PM semi-volatile constituents upon entry of the study house in
which the temperature and RH favored the dissoeiation, as addressed in §5.4.6.. To test
these two hypotheses, it would require the-inspection of wall insulation by removing .the_
interior walls, as well as more careful experimental work to establish the relationship of -
phase transformation of semi-volatile species on particles. Some thoughts of how such :
experiments could:proceed will be presented in§6.3.3. Sq far the existing information is
not adequate to discemn the relative contribution from these two hypotheses to the

measured “apparent” penetration factors for this study house.
5.5 CONCLUSIONS

Particle penetration factors were quantitatively evaluated for a conventional

sing]e-family residence in Clovis, CA during a winter season. A blower door'tcéhnjque
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was applied to sequentially pressurize and depressurize the entire hpusé so that the
physical processes of particle penetration and deposition could be studied separately in
the experiments. Continuous measurements of indoor and outdoer particle size
distributions as well as air exchange rates were performed for four consecutive days, -
during which the study house was unoccupied, and the doors and windows were all-
closed. The time-integrated-analysis based on amass-balance equation provides
estimates for deposition coefficients and penetraﬁon_factors. - The determined particle
deposition coefficients were in a range (0.4-'2' h! for 0.02-2: um) that was _consistent'with
findings of other studies. The apparent resulting whole-house penetration factors were in
_the range 0.5-0.9 for 0.02-2 pm particles, suggesting that significant penetration loss-
might have occurred. ‘One plausible explanation for the loss is‘that a fraction (~ 25%) of
the infiltrating air passed through fiberglass insulation in wall cavities, effectively
| filtering ambient particles. An altemative hypothesis is that the phase transition of

volatile spéecies, such as nitrates and water, caused the lower values of “a‘pparén_t” particle
penetration. To consider the second hypothesis, calculations were conducted:for four
simulated scenarios assuming 20% nitrate and 0-10% water content with various mixing
characteristics, in order to provide a quantitéiﬁVe és‘timaté'of the expected values of -
penetration factors while accoupting for volatilization loss. The results showed that -
higher particle penetration, close to unity, might have occurréd for particle sizes 0.2-2 pm
when evaporation of nitrate and water in indoor environments is considered. "

This winter field study took place in the San Joaquin Valley, with high levels of
ambient particulate nitrate. It demonstrates some aspects of the complicated nature of

particle transport dynamics from ambient air into the indoor environment. The presence
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of semi-volatile bompbnents of ambient particles can cause the apparent particle
penetration' factor to appear to be less than one if volatilization is not explicitly acoduntéd
for. In addition; the eVaporatio_n' of water-on particles may play an important role in the -
apparent reduction of particle penetration, since abundant water is associated with . -
hygroscopic ritrate and sulfate particlesathigh RH. -~ .
‘Onthe othe£ hand, particle penetration might appear unusually high under some.
circumstances in which significant levels of ambient gaseous ammonia and nitric acid are.
:present during summer. - The lower temperature indoors compared to ambient conditions
would be expected to shift the equilibrium toward particle formation, potentially resulting
in erroneous interpretation of high penetration. Caution should be taken when assessing
particle penetration experimentally under conditions where gas-paxticle conversion can
occur.
Additional experimental data pertaining to the size-resolved distribution of
. volatile constituents (e.g., nitrate, water, and secondary semivolatile organics) associated
with fine particles would shed light on the expected values of penetration factors,
Moreovcr,xa,sophisticated experimental design to accurately measure real-time dynamics
of paniéle nitrate dissociation into gaseous ammonia and nitric acid upon entry of indoor
environments would further provide critical insights into the prediction of particle
- penetration factors, and ultimately, more accurate description of personal exposure

indoors to air pollutants of ambient origin.
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Table 5.1 Summary of previous field studies reporting particle penetration -
measurements S AN L
Investigators  Area No. houses * 'Season’ Particle siz¢ = Penetration Assumed
' studied ‘studied } ‘studied measured  factor steady state?
(")zkayﬁék et 'Iijveréide, 178 © fall, 1990 PMjsand  ~1 yes
al., 1996 CA PM]O .
Longetal, Boston, MA 9 all seasons, 0.02-10um  02-1.1 yes
2001 1998 _
Thatcher and  Livermore, 1 summer, 1-25 um ~1 yes
Layton, 1995 CA 1993
Vette etal,, Fresno, CA 1 winter and  0.01-2.5 um 05-09 yes
2001 : spring, :
1999
Lunden, et Ricimond, 1 suinmer, 0.1-10um  ~1 no
al,, 2001 CA. 2001
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Table 5.2° - Summary of the monitoring durations and measured air-
~ exchange rates for the pressurization and depressurization
experiments in the Clovis study house ' -

' Date N Mbnitorihg duration p/dp®  Symbol Air-exchange rate, h'!

27-Jan 6:39pm~I:12am =~ p jan27p1 224
28-Jan 1:56 am~10:11 am dp jan27dpl 2.48
" 28-Jan 11:24 am~3:50 pm dp  jan28dpl 212
28-Jan 4:34 pm~10:10 pm p jan28pl 2.15 -

28-Jan 10:34pm~3am  p  jan28p2 2.66
29-Jan 3:30 am~10 am P jan29pl 2.55
29-Jan 10£ 16 am~4:30 pm dp jan29dpl 2.70
29-Jan® 5:30 pm~9:40 pm P jan29p2 3.39
29-Jan 10:00 pm~2:08 am dp jan29dp2 1.78
30-Jan 2:20 am~9:00 am P jan30pl 2.70
30-Jan  10:22 am~3:10 pm dp  jam3odpl 201
30-Jan 4:30 pm~9 pm dp jan30dp2 1.95
30-Jan 9:10 pm~2 am p jan30p2 . 2.22
31-Jan 2:22 am~9:15 am p jan31pl 2.17
31-Jan 9:26 am~4:06 pm dp jan31dpl 2.14

Summary of statistics
Average = S.D. _
p . 24+02 !
dp 22+03
t-test p >0.1¢

? p and dp refer to pressurization and depressurization, respectively.

® this data was discarded due to higher air-exchange rate than other experiments.

¢ the air-exchange rates do not appear to be significantly different for pressurization and
depressurization according to the s-test.
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Table 5;’3(2;)  Particle deposttion coefﬁciénts, determined frdih ih(; EAA rrié!ziSurements,
as a function of particle size from each pressurization experiment

Particle diameter,bm  © 0.024 0042 . 0075 0133 - 0237 - 0422 - 075
Pressurization tests i Particle deposition loss coefficient .(h'l), time-integrated+transient terms
C 0 jan27pl® 0.77 033 0.54 050 040 041" 037
jan28p1° 0.70 0.54 0.58 0.54 0.49 047 . 051
jan28p2° 0.89 074 0.60 0.56 0.58 " 0.64 0.67
jan29p1 112 0.65 0.53 053 062 069 041
jan29p2° 48 156 6+ 438 27 128 08
jan30pl1 0.89 0.81 0.62 075 070 0.68 0.43
jan30p2° 0.43 0.40 0.24 022 029 0.40 0.37
jan31pl 0.82 1.12 0.48 0.54 0.57 0.59 0.46
Average 0.80+0.21 0.65+027 0.51+0.13 0.52£0.16 0.52+0.14 0.5+0.12 0.46+0.11

Particle deposition loss coefficient (h), time-integrated terins

jan27p1 0.72 037 . 0.60 0.60 0.53 0.57 051
jan28p1 0.84 0.76 0.85 0.83 0.76 - 0.71 0.73
jan28p2° 0.69 0.50 0.32 026 028" 0.35 0.38
jan29p1 1.19 0.65 0.48 044 0.53 0.60 0.35
- jan29p2° 156 166 72 345 . 132 . 131 2
jan30p1 0.72 0.49 0.51 0.72 0.70 0.67 0.44
jan30p2° 0.28 0.24 0.08 0.06 0.14 0.26 0.23
jan31pl 0.71 0.74 0.29 0.37 0.43 0.45 0.33

Average 0.74 £ 0.27 0.53+0.19 0.45+0.25 047+0.27 048+022 0.55+0.17 043 =0.16
* evening measurement data

b ..
midnight measurememt data
¢ discarded due to higher air-exchange rate than other measurements
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Table 5.3(b) Particle deposition coefficients, determined from the APS measurements
' asa ﬁmctlon of partlcle s1ze ﬁom each pressunzatlon experiment-

- Particle -

diameter, tm
0.542°

- 0.583 -
0.626
0673
0.723
0.777
0835
0.898
0.965.
1.037.
1114
1.197
1.286_
1382
1.486 -
1.596
1.715
1.843"
1.981

]an27gl ]an2821 1an2822 ]an3922 Average

0.40
041
0.41
0.40

0.38

0.35
0.32
0.31
0.30
0.29
0.30
0.26
0.26
0.29
0.19

0.39.

0.26
0.30
0.23

kd , tlme-mtegratedﬂransnent terms

0.78 .

085 .
0.94

0.97

0.88
0.85
0.78
0.75
066

0.63

0.53
0.51
0.60

0.60 -
0.61
0.65°

0.74
0.67

0.93

111

112

1.12
1.09

'1.08

1.05
1.03

104
~1.08

1.12
1.14

1.14

1.18
1.03
1.16

1,00
"0.85"
" 0.87

0.69

142
1.77
2.00

0.60
0.60

V(.)‘6]' .

0.64
0.69
0.78
0.84
0.92

091

0.91
0.94
0.97
0.98

1.01: -

1.22

2.22

0.72+0.30

0742031
0.77+0.32

0774031
0.77 £ 0.30
0.72+0.30
0.76 £ 0.31
0.76 + 0.32
0.76 £ 0.34
0.74 £ 036
0.75+0.37
0.72 + 0.40
0.73 £0.42
0.73+0.36
0.79 4 0.49

0.860.45

0:88 + 0.64
0.98 £ 0.73
0.95 + 0.87

~ ka, txme-mtegrated term

jan27p1” jan28pl” ian28p2 1an30p2 Average
0.53 1.13 0.99 0.78 0.86+0.26
-0.54 1.20 1.02 0.78. .0.89+0.29
0.54 i29 106 079 0921032
0.54 1.31 1.08 0.83 0.94 + 0.31
0.53 1.26 1.09 089 0941031
0.51 1.19 1.08 097 0941030
0.49 1.14 1.06 1.04 0.93+0.30
0.47 1.05 1.05 1.07 091 +0.29
0.46 1.02 1.07 1.06 090+£0.29
0.46 0.90 1.12 1.07 0.89 + 0.30
0.48 0.86 1.12 1.10 0.89 + 0.30
0.43 0.73 1.11 1.14 0.85+0.34
0.43 0.72 1.15 1.15 0.86 £ 0.35
0.47 0.79 1.02 1.18 - 0.86+ 0.31
0.38 0.78 1.18 1.40 0.93 + 0.45
0.57 0.80 1.02 1.61 1.00 + 0.45
0.45 0.79 0.89 1.97 1.02 £ 0.66
0.53 0.90 0.91 2.19 1.13+0.73
0.47 0.85 0.85 2.38 1.14 £ 0.85

evening measurement data

midnight measurement data
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Table 5.4  The parameters of the lognormal distributions used for fitting the outdoor
and indoor particle size distributions at noon, January 30, 2001
Outdoor Indoor
N;, cm’® d_pi’ um log o N;, cm? "1';_ ,um log &;
Model . 286x 10° 0.0082 0.225 1.71x10° 0.084 0238
Mode II 2.50x 107 0238 0.233 105x10° 0238 0233
Mode I - . 235x 10°* 0.0095 0.241 336x% 10° 0.0142 0.185
Table 5.5  The parameters of the lognormal distributions used for fitting the‘outdoor
- and indoor particle size distributions determined from January 30 moming
data. ‘
Outdoor ' Indoor
N ™ d,,um logd ? Ny e d, um loga
Mode I 6.80x 10° 0.0858 0213 571x 10° 0.0861 0.210
Mode 11 530x 10° 0.199 0.265 4.54 x 10? 0.189 0.280
‘ModeTll 483x 10 0.0060 0297 275 % 10* 0.0063 0.320
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Figure 5.10 The outdoor/indoor particle concentrations were taken
from the measurements at noon, January 30, 2001, and the corresponding
best indoor/outdoor curve fits were obtained based on the measured
particle concentrations. The other three curves, with nitrate only, nitrate +
5% water, and nitrate + 10% water, represent the expected indoor particle
size distribution assuming no evaporative loss. The insert provides a
close-up illustration of the adjusted particle size distribution for indoor
fitting and three different water contents in the particle size range of 0.02-
0.2 pum. (a) The simulated indoor PM concentration for Scenario 1,in
which the particle size distributions were adjusted assuming complete
dissociation of 20% externally mixed particulate nitrate that is distributed
uniformly across particle sizes accompanied by various water content (0-
10%) evaporation. '

166



1 05 - L] T T - H L L L [ = ¥ OUtd()lorl clorll(:l l ] 3
:sc\e.narlo 2 [ indoor conc. ]
: remeeem ouitdoor fitting ]
10¢ | ——— indoor fitting 1
3 —+— nitrate-only 3
_ [ - nitrate + 5% water ]
@E - ——— nitrate + 10% water |
Q
PRI 103 3 =
F 5x10 3
'EQ- - L .
g - b\ .
'\_‘/ Y] ~<
- 10 E v 3
oy - & L 4 3
% [ 3 ]
[ 2 ]
10! & 109 p——r— T 3
| T ;
N Particle diameter, pm - .
100 ¥ T T T T LEBR L | T T T T T LI I I
0.01 0.1 1

Particle di%imetér; },Lm
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6 CONCLUSIONS

6.1 SUMMARY |

‘Tﬁe' goal of this disseftatidn was to investigate the fraction of ambient ail: »
pollutants that infiltrate through building enVelopéé, particularly airborﬁe particles. The
study started with modeling expldrations that predict the proportion of particles énd
reactive gases that pénetrate through idealized building cracks and wall cavities. The
experimental ‘work involved three distinct systems that represent different scales of air

leakage pathways associated with a building envelope. A variety of building-material
cracksand tWo winvdows of different design were employed to examine péfticle
penetration u'sing nonvolatile particles under well-coﬁtrollec;co‘ndi;ions in the la{lsoratory.
A single-family house, in which the experimental parameters were partially controlled,
was used to characterize the extent of ambient particles and ozone infiltrating into the
indoor environment.

For model development, tools were applied from engineering analysis,
incorporating data on building leakage characteristics and information on poﬂutant—
surface interactions, to explore tﬁe penetrétion of particles and reactive gases (e.g.,

- ozone) from outdoors into'bui]dings through cracks and wall cavities, as presented in
Chapter 2. Calculations were performed for idealized rectangular cracks, assuming
regular géometry, smooth inner crack surface and steady 'airﬂow. Particles of 0.1-1.0 Hm
diameter are predicted to have the highest penetration efficiency, nearly unity for crack
heights of 0.25 mm or larger, assuming a pressure difference of 4 Pa or greater and a flow

path length of 3 cm or less. Supermicron and ultrafine particles are significantly removed
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by means of gravitational settling and Brownian diffusion, respectively. The extent of

gaseous pollutant penetration depends on crack geometry as well as on pollutant-surface

_reaction probability (y). Complete gas penetration is predicted for large cracks (~ 1 mm)

unless y exceeds ~ 10°. For air that flows through fiberglass insulation in a wall cavity,
particle penetration drops to zero and gaseous pollutant penetration is alSo ]es's_ than one
when the pollutant-surface reaction probability exceeds ~ 10”7, The model calculations
also suggest that the overall air pollutant penetration, contributed from flow-weighted
penetfation for each crack, is strongly influenced by larger air leakage paths of building
shells.

Since the actual air leakage paths in building envelopes are not comprised of
cracks of uniform geometry and smooth inner surfaces, as modeled in Chapter 2; itis
essential to examine the particle penetratidn factors experimentally for various building
leakage charac.;teristics. In Chapter 3, an experimental apparatus was designed and built
in an attempt to validate the model predictions of particle penetration through cracks, as
well as to gain insight into the physical factors that affect penetration. This was achieved
by studying rectangular straight-through cracks, which serve as a surrogate for some
leakage paths in building envelopes. The test building materials included aluminum,
brick,toncrete, plywood, redwood lumber, pine lumber, and strand board. The
experimental results indicated that particle size and crack .height are the two main factors
that govern fractional particle penetration. For most cracks with uniform geometry, the
experimental particle penetration factors show relatively good agreement with the model
predictions presented in Chapter 2, regardless of crack materials. Particle penetration is

essentially complete for particles of 0.02- 7 um when the crack height is > 1 mm, and for
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particle diameters of 0.1-1 ym when the créck height is > 0.25 mm, assuming that the

‘pressure difference is > 4 Pa. The e)’(perimental data also suggest that some deviations —

less particle penetration than predicted — occur for cracks that exhibit significant surface

roughneés or irregular channel geometries, as illustrated by the results for strand board,
'concrete, and naturally-broken brick.. = - - S -

Extended from single building cracks, the physical scale of building leakage

components was expanded» to céﬁsider windows, which possess more complicated air

'leakaée geometries and represent important contributors to air infiltration in'buildings. It

was shown that penetration factors estimated from two different experimental

approaches, steady-state and dynamic analyses, produce consistent results. More

importantly, more than 80% of 0.2-3 um particles penetrated through the two windows

tested at a AP of 1 Pa, regardless of the existence of weatherstripping. Also, significantly |
* less penetration was observed for particles smaller or larger than' this size range. For
instance, ~ 50% particle penetration was found for 0.02 um particles for both windows. ‘
The two windows tested in the experiments exhibit similar performance in terms of the
extent of particle penetration versus particle size, despite different-window air leakage
rates measured at the same pressure difference across the units.- This could be-
attributable to the fact that the overall particle penetration factor of a window assembly is
governed by the distribution of leakage dimensions, as indicated in the modeling reported
in Chapter 2. Neither the effective air-leakage area nor the total air-leakage rate that is

commonly documented for characterizing window air tightness provides adequate

"information to predict particle penetration.
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Finally, a house in the San Joaquin Valley-was used to conduct penetration
experiments, as reported in Chapter 5. The doors and windows were closed and no
- occupants were present during the experiments. The pressure difference across the
‘building shell was manipulated with a blower door so that the effects of particle
penetration and deposition could be examined separately. The penetrg_tien factors for the
.whole house were found to-be mostly in the range of 0.5-0.9 for 0.02-2 pum particles,
suggesting considerable particle penetration loss through the building envelope. One
. plausible explanation for the penetration loss is that a fraction (~25%) of the infiltrating
air passed through fiberglass insulation in wall cavities, effectively filtering ambient
particles. .An alternative hypothesis is that the phase transition of volatile species, such as
nitrates and water, caused the lower values of “apparent” particle penetration, as particles
were transported from the conditions of ambient low temperature and high RH into the
-warmer and lower RH indoor environment. Therefore, four scenarios were 'simu]ated,
-assuming a reasonable percentage of particulate volatile contents with various mixing
characteristics, in order to provide a quantitative estimate of the expected values of
penetration factors. The simulation results show that nearly complete particle penetration
-,.could have occurred for particle sizes of 0.2-2 um when the gas-particle phase transition
process is taken into account. The evaporation loss of particles. upon entry into indoor
¢ environments might explain the low penetration factors reported by other investigators
(Vette et al.; 2001). Ozone measurements were also performed in this house, and
.complete penetration into the building was found. These findings were generally

- consistent with the modeling predictions reported in Chapter 2.
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6.2 IMPLICATIONS OF THIS RESEARCH
Air pollutant infiltration into buildings was examined in great detail in this
dissertation. The results from model predictions as well as experiments with.different

building leakage scales — building cracks, windows, and a whole house — have shown

consistent findings. These results indicate that particles with'diameter of 0.1 to ~2 pm in
inﬁlfrating air can penetrate effectively into buildings, even with windows and doors all
‘closed. For particles with diameter 0.02-0.1 um (ultrafine mode), the penetration factors
‘are in_the range of 0.4-0.8 and 0.4-0.7 from the window arid wholé-house measurements,
respectively. The experimental data for coarse particles are only available from the

- window meaSurementé, which indicate the penetration factors could range from 1 to 0.5
~ for particles of 2 pm to ~10 im. These results suggest that the penetration of ambient
particles (particularly accumulation mode particles) into buildings can play an iportant
role in indoor particle levels, which in turn contributes to personal exposure to particles
of outdoor origin, since people spend a majority of their time in indoor thifdﬁrnents.
This has potentially important implications for public health in terms of short-térm
exposure té hazardous materials. For example, accidental release from industrial
" facilities, and chemical/biological agents released from terrorist attacks are of concem.
In terms of long-term exposure, many epidemiological studies have shown an association
between ambiert fine particulate pollition and elevated risks of cardiopulmonary and
lung cancer fnortality (Thurston et al., 1994; Pope, 2000, Pope et al., 2002). While
personal exposure to airborne particles generated from indoor activities can be mitigated
through public education and prevention, personal exposure to indoor aerosols of outdoor

origin can be consistent, involuntary, and indiscriminate. -
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6.3 FUTURE RESEARCH DIRECTIONS
6.3.1 Characterization of Building Leakage Distribution -

This work raises several important issues concerning the distribution of building
air leakage and how infiltrating air is distributed with respect to building leakage
dimensions and pathways. Existing information about the leakage ch_arac-tezistics.of
- buildings provides important clues; but is not yet sufficient to reliably predict particle

penetration into real buildings from meodels. In this study, results from the whole-house
penetration experiments have revealed that significantly lower penetration was
consistently observed for particles as compared to the model predictions for straight-
through cracks in.Chapter 2 It is not clear yet whether this discrepancy results from
- different leakage distributions possessed by the house from those-assumed in the model.
:As.shown in Chapter 2, a small number of large cracks would produce high penetration
factors, while the same total leakage distributed among a large number of small cracks -
- could produce much lower penetration factors. In addition, the extent of particle .
infiltration can be greatly reduced should a substantial fraction of infiltrating air pass
through fibrous materials such as fiberglass insulation rather than around it. Tﬁerefore,
the characterization of building leakage distribution merits further study to advance our
capability in predicting pollutant penetration. A good understanding of infiltrating air
distribution with respect to building leakage could yield improvements in innovative

building technology in order to minimize air pollutants infiltrating from ambient air.
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6.3.2 Advances in Building Technology -

The results from the ‘window experiments have shown similar peffon‘naﬁées with
respect to particle penetration for two sliding windows of different design.- It also
suggests that the installation of weatherstripping is not necessarily helpful in reducing

* particle penetration, provided that the air leakége paths within the window assembly are
“distributed toward large crack dimensions.. In addition, substantially less penetration was
seen for particles smaller than 0.2 pm for both windows, and it is unclear whether this a
result of the distribution of leakage dimensions, or a result of filtration by the bristles
‘between the sash/frame joint. The bristles might be potenfially responsible for removing

‘ultrafine particles effeétively-by-préviding a higher surface area for diffusional loss.

" “Moreover, it is likely that the performance of windows exhibits more variation among

- different window types, such as casement and double-hung windows, than different
-~ windows of the same types. Futther explorations of the performance on particle
penetration for various types of windows may provide insight into the innovative design
of fenestration products that aim-to offer better protection against infiltrating particles.
Technological advances in this area hold the promise to reduce personal exposure
to indoor particles of ambient origin, and to lower the :”contamination level in certain
facilities, such as clean rooms, hospitals, and museums: Such goals can be accomplished
by identifying the physical factors that affect particle penetration, and by further
incorporating these insights-into the design of advanced building technology.- For
example, air filtration systems have been employed to remove fhe particulate pollutants
that enter buildings via the mechanical ventilation (Hanley, 1994). For reducing the

extent of particle penetration in infiltrating air, efforts should be directed to properly
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design fenestration products and wall wrapping techniques so that the smallest dimension
of the air leaks in building envelopes can be minimized. In addition, the characteristics
of enhanced deposition for 0.1-1 ym particles owing to surface roughness.and irregular
geometry, as presented in Chapter 3, may be exploited to better engineer systems where
greater particle mass transfer is desired. For instance, engineering mpdiﬁcations on inner
surface roughness or geometry of building air leakage pathways, such as joints in -
building leakage components, may lead to improvements in building design and
operation that reduce particle penetration.’

Wind exerts positive pressure on the windward side of a building, which-in turn
induces pollutant infiltration. Consequently, arranging the large building leaks, such as
wiring and plumbing openings, on the leeward side might help minimizing the extent of
particle intrusion into the indoor environment, provided that a prevailing wind exists
around the building. The effectiveness-of this building design strategy may merit

exploration by modeling simulations.

6.3.3 Thermodynamic Aspects of Particle Phase Transformation
Fine particles often consist of significant fractions of semi-volatile constituents,
_such as nitrate, ammonia, organic compounds, and water. Such particles can undergo
phase transitions in response to certain chariges in temperature, RH, and gaseous
composition. Therefore; the corresponding physical behavior and the associated
constituents could be potentially different from those of purely nonvolatile particles as
they travel through building air leakage pathways. Depending on environmental

conditions, semi-volatile constituents may change phase, either evaporating from
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particles, or condensing onto existing particles, ultimately altering the concentrations and
" species of indoor air pollutants.: A well-designed experiment that allows accurate:

measurement of real-time dynamics of .gas-to-particle conversion (or vice versa) upon

entry into indoor environments will help provide critical insights ihto better prediction of

particle penetration factors, as well as into better assessing personal exposure to indoor

air pollutants.

The experimental explorations could start with studying the transport properties of

semi-volatile pafticles (e.g., ammonia nitrate) associated with building leakage |
" components, such as cracks and window:assemblies, in a well-controlled laboratory
settings.- The design of the experimental apparatus reported in this dissertation (Chapters
- 3-and'4) may be modified to allow better control of the temperature and RH on both sides
. .of the leakage pathways, thus proyiding. detailed information on how these physical
factors affect partig:le penetration. The concentrations of particles and gaseous species
(e.g., nitric acid, ammonia) neéd to be determined as frequently as possible durir_.l_g,vthe
experiment in order to elucidate the dynamic aspects of the chemical transformation
process, which occurs as semi-velatile particles are transported through the leaks from
one compartment to the other under carefully characterized environmental conditions.

_ In addition, more experimental daté pertaini'ng. to the size-resolved distribution of
volatile constituents on fine particles, particularly ultrafine particles, will shed light on
the expected values of penetration factors. The quantiﬁcation of semi-volatile .
constituents on ultrafine aerosols remains-a challenge owing to a small particulate mass
collected to allow chemical analysis accurately as well as the high evaporative loss from

the air sampling process. The work by Kim et al. (2001) utilized the concept of a virtual
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inipactor to concentrate ultrafine particles, thereby greatly reducing the sampling time for
chemical analysis of the filter samples. Nevertheless, this concentration enrichment
process,.in which the ultrafine particles experience condensation and subsequent
evaporation, requires a thorough evaluation with respect to the preservation of particle

number concentration and chemical species. ' -

6.3.4 Pollutant-Surface Interactions -

- The penetration factor for reactive gases could be better predicted if more
experimental data on their reaction probability were available. A rectangular crack may
be utilized to further explore the kinetic aspects of reactive ‘gaseous species-associated
with a surface reaction. Owing to the well-characterized laminar flow with respect to the
straight-through slot of sub-millimeter crack height, the rectangular air leakage path

. system, aé demonstrated in Chapter 3, may be potentially developed to be an effective
experimen‘tal apparatus for studying physical behavior of reactive gases and aerosols.

For instance, the pollutant-surface interaction, as characterized by the reaction
probability, could be studied for certain reactive gaseous species and a surface of interest,
when the surface uptake kinetics is the rate-limiting process. Under this scenario, the
overall pollutant removal from the surface is govemeci by the species-deposition velocity
in the limit of control by surface uptake (i.e., v, ~ vs; p. 30, Chapter 2). The measured
penetration factor, which is the ratio of the species concentrations at the inlet and outlet
of the crack apparatus, can be used to infer the reaction probability of the reactive

gaseous species.
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APPENDICES

APPENDIX A PENETRATION FACTOR DERIVED FROM
MASS BALANCE IN A RECTANGULAR CRACK

The derivation presented in this appendix seeks to evaluate the gaseous pollutant
penetration factor, theratio of pollutant concentration at the outlet to that at the inlet, for
a rectangular.crack of uniform geometry, as described in §2.3.1.4. This idealized model
is used to link the penetration factor to the pollutant deposition velocity. Figﬁr'e Al
illustrates a differential slice of a crack, where Ax denotes the slice thickness, d the crack
height, W the crack width (perpendicular to the airflow direction), U the average airflow
velocity, and v, the overall pollutant deposition velocity. The surface area available for

pollutant deposition is 2WAx .

Assuming that the air flow is uniform, and that surface reaction is the only loss
mechanism for reactive gases, then the mass balance within the control volume at steady

state is written as follows:

mass in = mass out + pollutant removal
- UWd-C,,=U-Wd-Cg,,p,+v, 2WAx-C (A.1)

where C is the pollutant concentration.  After rearrangement, dividing both sides by Ax,

taking the limit (Ax -> 0), and integrating, equation (A.1) becomes

J‘Cm L = - J'z 2v,

A2
ca C 0 Ud (A2

! approximated from 2(W+d)Ax since d << W
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L

where Ci, and C,y, refer to the pollutant concentrations at crack inlet and outlet,
respectively, and z is the flow path length parallel to the airflow direction. As a result,

the pollutant penetration factor p is obtained as

C 2v
= o exp(——2 - 2.10
P=7 xp( Udz) ( )

n . -

The overall deposition velocity, v,, is equivalent to the transport-limited - -

deposition velocity, v, when (1) y approaches 1 for a gaseous pollutant,.or (2) pollutants

* are particles.

Figure A.1  Illustration of a differential slice within a crack.
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APPENDIX B TRANSPORT-LIMITED DEPOSITION
- " VELOCITY DERIVED FROM PARTICLE
FILTRATION THEORY

This appendix intends to derive the transport-limited deposition velocity for
reactive gaseous pollutants (e.g., ozone) as they flow through the fiberglass insulation
materials in wall cavities. As a recapitulation, the overall mass transfer process is
modeled as two resista"hv"ces4 in series:

-1

v, = [_1_ 4 _1_) - _ysviv: t ooen

Here, v ’a_nd v, refer to the species deposition velocity in the limit of control by
surface uptake and control by gas-phase mass transport, respectively. Independent of the
pollutant reactivity with the contact surface, the pollutant transport-limited deposition
velocity, v, is a function of the air flow field énd the species molecular diffusivity. This
derivation bridges the concept of particle filtration theory and the principle of mass
conservation.

The transport-limited deposition velocity v, on the fiberglass surface is estimated
by assuming | h

(1) molecular diffusion of ozone is the only mass transport mechanism causing

deposition; and

% See page 33 for details.
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(2)_920nc molecules behave like particvles. Onc¢ they collide on, surfag:_es, ghey are
. irreversibly removed owing to extgemé]y fast re_action kinetics. In othér
words, v for ozone and ﬁbf:r,glass materigls is assumed to be 1.
For a differential slice of fiberglass material, as shown in Figure B.1, the mass
balance on the volume of A.-Ax can be written as follows:
1nass in = mass out + ozone removal .

i C

A Ao |
(x)AcUo = C(1+Ax)AcUo +Vt T_ (7[ df) C o (B.1)

where Ax is the slice thickness, A, is the cross-sectional area (perpendicular to airflow
direction), U, is the airflow velocity, o s the solidity of the fiberglass material, d/is the
fiber diéxﬁéter, and v; is the ozone transport-limited deposition velocity.

o After rean;ahgemen't,' dividing both sidés by Ax, and faking the limit (Ax > 0),

(B .1 ) -beco.rnés

A

4 ,
c _ o ¢ B.2)
dx d,Uu,
Rearranging Equation (B.2):
a2 g (B.3)
C dau,
Integrating, the fractional penetration becomes:
C 4av,L
=2 =exp|—— B.4
Py C, pl: df U } B.4)
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where Cf,-,,and ._C""'- are the.ozone concentrations. at the inlet and optle;,grespgc;iyely, and
L is the flow path length through the fiberglass blanket. Thefefore, v; can be evaluated by

comparing (B.4) and (2.11):

y, =tey, B S 2.12)
/4 . __

where 1, is the single fiber efficiency due to diffusion alone." From vKuation (2.12), it is

“seen that the pollutant transport-limited deposition velocity, v, is related to the airflow

(U,) and the molecular diffusivity () only.

x+Ax

ﬁberglass
blanket

Figure B.1  Configuration of a differential slice of fiberglass blanket within a wall

cavity.
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APPENDIX C PARTICLE PENETRATION MODELING
 PROGRAM

This program was used in Chapter 2 to calculate particle penetration factors
through rectangular, straight-through cracks. The underlying assumptions of the model
include smooth innér crack surface and steady, uniform airflow. The lpenetration factors

‘can be expresséd as functions of particle size'(dp) based on the following input
parameters: crack dimensions (height and flow path distance; dand z; respectively), and
pressure difference across the crack opening (AP). Assuming that d émd z are much less
than the crack width W (inodeled as a two-dimensional configuration), any input for _W'
will generate the same results. Although particle removal by impaction is not considered
in the model due to insufficient particle inertia, the partiéle_Stokes numberé (S1) 1s
calculated for reference. Ir_i the following Matlab,progra_m, the airflow velocity in the
crack is deterrnmed based on crack dimensions and AP. vThe penetration factors
associated with particle loss as a result of grayitatiohél séttling and Brownian diffusion
are computed indépendently and then combined to determine the overall penetration
factors as a function of particle diameter. To evaluate particle penetration factors through
L-shaped and double-bend crack configurations, the v‘alues of C are replaced with 2.5 and
3.5 >* and the particle horizontal path to allow particle deposition by gravity is adjusted

appropriately.

} Baker, P.H,, Sharples, S., and Ward, 1.C. (1987) Airflow through cracks, Building and Environment, 22: -
293-304.

4 Chastain, J.P., Colliver, D.G., and Winner, P.W. Jr. (1987) Computation of discharge coefficients for
laminar flow in rectangular and circular opening, ASHRAE Transactions, 27: 2259-2283.
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d=input ('Enter crack height d (in mm): ');

W=1input ('Enter crack width W (in m): '); . . - RS

z=input ('Enter crack flowlength z (in m): ');

.dP=input ('Enter dP (in Pa): '); -

C=1.5;

mu=l.8%10" (-5) ; % kg/m/s

ro=1.2; % kg/m3
numerators=((12*mu*z/L/ (d/1000) *3) +sqrt ( ((144* (mu*z) *2) /L"2/(d/1000) "6) +
2*C*ro*dP/ (d/1000*L)"2));

denominator={(C*ro/(d/1000) /W) ;

v=numerator/denominator;

disp(v); disp('m/s') % flow velocity

Dp=-3:0.01:2;

dp=10." (Dp) ;

Kn=0.065*2./dp;

Cc=1+Kn.*(1.257+0.4%*exp(-1.1./Kn));
D=1.38%10"(-16)*293.%Cc/3/pi/(1.8%10"(-4))./dp;. % diffusion coeff.
Vs=(dp.”2) *1000*9.8.*Cc/ (18%1.8*10" (-5)) /10" (12); % settling velocity
eta=4*D.*z/(d/1000)"2/v; L S
Stk=(1000*v.*Cc.* (dp/1000000) ."2/18/mu/(d/2/1000)); % Stokes number

R¢=(d/1000000)*V/(l.S*IOA(-5))
Rep=(dp/1000000) .*v./(1.5%10" (-5)) ;
g={(d/1000) *W*v*1000*60 $flowrate

Pg=1-Vs.*(z)/(d/1000) /v;
(templ, temp2]=size(Pg);

for index = 1l:temp2,
if Pg(index) <= 0
Pg(index) = 0;
end -
end

Pg;

Pd:O.915.fexp(-1.885.*eta)+0.0590.*exp(-22.3.*eta)+0.026.*exp(-
152 . *eta) ;

P=Pg. *Pd;
data(:,1)=dp’';
data(:,2)=Stk’';
data(:,3)=Rep';
data(:,4)=pP';
format short e;

data

plot (dp,P), semilogx(dp,P), title('penetration'), xlabel('Particle
Diameter, m'), ylabel('Penetration factor')
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APPENDIX D MAKING THE CONCRETE CRACK SAMPLE

To simulate the surface roughness of concrete cracks in buildings, a cast was
constructed so that the concrete surface resembles plywood grain after concrete is cured.
The cast was made of aluminum with the inner surface laminated with a thin layer of

plywood veneer.

Materials
Mix the ingredients according to the following propoftidns:. _
450 g Portland cement A
- 450 g sand
155ml  water
multiple rhetal \;vires
Procedure |

1. Brush kerosene onto the plywood surface so that the concrete would come out
of the cast more easily. ’

2. Weigh and put above materials together into a bowl, and mix them well.

3. Pour the mixture into the cast to about half height.

4. Put the concrete and the cast on a vibrating machine; adjust the vibration
frequency gradually to make the mixture distribute uniformly'in the.cast.

5. Place metal wires evenly on the surface of the concrete mixture to enhance the
structural integrity.

6. Pour more concrete into the cast, and continue vibration only long enough to
achieve proper consolidation. Excessive vibration may cause segregation’ of
water, cement, and sand.

7. Allow to cure until hard, approximately 1 day.

8. Remove the concrete plate from the cast. Two concrete plates are required to
assemble the crack apparatus, with two metal shims of appropriate thickness

inserted at both ends (see Figure 3.1 for illustration).

' Annual Book of ASTM Standards. (2001) C192/C192M, Vol. 04.02, American Society for Testing and
Materials, Philadelphia, U.S.A. ’
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- APPENDIX E CONSTRUCTION OF A CUSTOM-BUILT
SUPERMICRON AEROSOL ATOMIZER

A supermicron particle generation device was designed and constructed to meet
the experimental needs of research reported in Chaptefs 3 and 4. This device was needed
because most Iiérticle's géneréted by the commercia] Constant Outpuf Atomizer (TSI
3075. St.. Paul, MN) are in fhe submicron size range. Since large particles have higher
tendency of being lost by impaction and gravitationa] setting in the transport system, the
challenge is to minirpize the particle loss prior to entering the eXperimental chamber.
This was achieved by avoiding bends in the ﬁarticle transport systérh. The custom-built
atomizer comprises the following elements: a water and compressed-air mist nozzle
(McMaster-Carr, Los Angeles, CA), a particle drying column, a liquid feeding system,
and a radioactive charge héutraiiier. The unit is illustrated in Figure E.1.

A peristaltic pump (Cole-Palmer, Vernon Hills, IL) was used to feed a saturated
KClI aqueous solution into the nozzle ijIe compressed air was provided simultaneously.
The air flowrate and liquid feed rate were ~ 100 lpm and 0.8 cc/min, respectively. The
atomized dropléts were desiccated by the upward flow of dry air (~20 Ipm) in the
colum_n, and were electrically neutralized by a Kr-85 r'adioactive source (TSI 3077, St.
Paul, MN) before being introduced into the chamber. The drying column (27 x 28 x 51
cm?), made of acrylic plates, was built with the bottom plate detachable so that salt
accumulation inside can be easily cleaned after each experiment. The maximum
generated particle size can be ~ § um.

To prevent salt accumulation in the nozzle, clean water was supplied into the

nozzle to flush out the KCl residue thoroughly with the peristaltic pump after particle
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generation was completed for each.experimental run. A burst of compressed air was

PR

blown into the nozzle to remove the remaining water.

o, . -

| Hrllozzlé »

compressed air

saturated  peristaltic |

KCli soluti_o_n pump | _ \e o
‘ : = —j—— dry air

{ - : ]

Kr-85
neutralizer
(TS13077):

chamber oé)

Figure E.1  Schematic illustration of the custom-built supermicron aerosol atomizer.
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APPENDIX F WORKING PRINCIPLES OF AEROSOL
INSTRUMENTS USED IN THIS STUDY

F.1 Differential Mobility Analyzer (DMA)

Sheath Air

=
- - Infet
Flowrneter :
Variable Efficiency
High-Velage ‘Filler” -
Supply {- - T
20-10.000 ‘Polydisperse
_ Volts = I £Z— Aerosol
. ) Inlet

ngh
Efﬁc:ency

— Excess Air
" Qut

., Charged
Tr> Monodispersé
Aerosol-Out

Monddisperse
Aerosol”

Figure F.1  Schematic of the Differential Moblhty Analyzer Model 3071 (from TSI
- - manual). :

In combination with an atomizer, the differential mobility analyzer (DMA) served

as a monodisperse submicron-particle generator. Before entering the DMA, the input

polydisperse aerosols were neutralized to a Boltzmann equi]ibrium charge distribution, in
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which small particles (< 0.1 um) carry either + 1or0 units of charge’'. As-depicted in
Figure F.1, the laminar flow of clean air is 'siuvrro'unded. by:‘.a thin annular layer of
polydisperse aerosols. By édjusting the voltage of the central rod as well as the flow
rates of sheath and aerosol-laden air streams, only particles pOSse":s‘si'ng a'narrow ran ge of
‘electrica] mobilities can exit the monodisperse aerosol outlet. Particles with lower
mobility go beyond the exit and pass into the excess air outlet, while particles with
greater mobility migrate toward and deposit onto the cenfral rod. The combination of
atomizer aﬁd DMA can produce particles invthe raljge of 0.01 fo 1 pm. For generating
particles larger than 0.1 pm, multiple particle sizes of the same electrical mobility will be
generated thus some additional device, e.g., an impactor, may be needed té remove

particles of undesired size.

F.2 Electrical Aerosol Analyzer (EAA)

Withv an analogous working principle to the DMA, the electrical aerosol analyzer
(EAAj determines particle. sizes based on their electrical mobility. The aerosol is
introduced :into the instrument, as scher_n'atically illustrated in -Figure F.2, and passes
through a unipolar diffusion charger. A laminar flow of clean air is surrounded by a thin
annular layer of éer;)é.ol as fhe tWo streams travéi axially Bétwéeﬁ_ ,t@o c»once;ltr.icr.
cylinders. All particles with mobility less than a cutoff mobility, as determined by the
- central rod voltage, leave the analyzer and subsequently are collected in a high-efficiency
electrically conductive filter. An electrometer continuéusly monitors the current

generated by the capture of charged particles in the filter. Because of the monotonic

' 'W.C. Hinds (1999) Aerosol Technology, Wiley, New York, second edition, p. 337.
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relationship between mobility and particle size, the differenc¢3in current measured at two
analyzer voltage settings can be related to the_nhmber of particle in the size (mobility)
range;, that is defined by the cutoff sizes of the two voltage settings. In automatic
operation, the instrument steps through 7 size ranges (with mean particle diameters of

0.024, 0.042,0.075, 0.13, 0.24, 0.42, and 0.75 pum) in ~ 76 seconds. -

"AEROSOL
FLOWMETER —»
pe———y " '_':
5 & “F—. CHARGER
. B 5 -
© AN AEROSOL F S »:'
FLOW a B
ADJUST >
3 I .
. Thed beedl TOTAL FLOW
s ADJUST
2 V
AEROSOL IN K s » YACUUM
1 o SOURCE
¥ 0t
- SHEATH . H
“ARIN
ABSOLUTE ' N TOTAL: FLOW o
FILTER ., RN FLOWMETER
i O Sooe
N i v Ly v
ANALYZER N AT B L
SHEATH (A " . .U
AIR . I I .
S
LI A s !
R . ELECTROMETER
OV B ETA +v, 5 | ASSEMBLY WITH
- IS B PR 3% ¢ JABSOLUTE FiLTER
ol ba .
b i et
ML

Figure F.2  Schematic diagram of the Electrical Aerosol Analyzer, Model 3030 (from
TSI manual).
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- F.3 °  Aerodynamic Particle Sizer.(APS)

As shown schematically in Figure F.3, the Aerodynamic Particle Sizer (APS) is a
time-of-flight spectrometer that measures particle sizes by their velocity in an
accelerating air flow-through a nozzle. Thé:t_ime of flight, which refers to the time
interval as a particle passes between two laser beams, can be converted to the particle

’ agrodynamic diameter through previous calibration work with monodisperse spherical
particles of known size. The particle number concentration and size distribution (0.5 — 20

um) can be determined in real time.

Aerosol In

Figure F.3  Schematic illustration of the Aerodynamic Particle Sizer, Model 3320
: (from TSI manual).
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F.4  Laser Aerosol Spectrometer (LAS-X)

As an optical particle counter, the Laser Aerosol Spectrometer (LAS-X) is based
-on the idea that scattered light intensity is a function of particle size. As a thin stream
surrounded by filtered sheath airflow, the aerosol flows through a focused laser beam
- where a single particle is illuminated and scatters light to the photodetector. The light -
- pulse is converted to an electronic signal and amplified. The electronic pulse is.in turn
directed to the proper size channel and counted. The particle size distribution is
determined from the accumulated counts in each channel. Using laser as the light source,
the minimum detectable particle size is ~0.09 pm. The instrument is designed to measure
to a maximum size of 3 um. Light scattering depends on a particle’s refractive index, so
instrument accuracy is improved when used for particles of known, uniform chemical

composition.

SCATTERING

ASPHERKC
COLLECTOR
ASmmtL -

Figure F.4 Schematic of the LAS-X light scattering aerosol optical counter system.
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F.5 Condensation Nucleus Countér (CNC) = °
Also called a condensation patticle counter (CPC), the condensation nucleus

counter (CNC) is-used to measure the total number concentration of submicron particles,
- including those for-which: the light scattering efﬁbieﬁcy is too Jow to be detected by
conventional optical measurement. Thus, the operating principle of the ENC:is-to grow
- particles to a sufficient size so that they can be detected by an optical method. ‘As shown
in Figure F.5, the growth of particles is achieved by condensing alcohol vapor on the
- particle surface from supersaturated vapor.” Since:each small particle (condensation
nucleus) grows to a droplet, the number concentration of droplets and nuclei is the same
as long as the nucleus is above a critical minimum size. . For example, the smallest
nucleus size for growing within the TSI instruments, Model 3022 and 3022A, is 0.02 and

0.03 um, respectively.

aerosol out

light source

1>{:l

detector

.. condenser
(10°C)

. aerosol in
<—

saturator

liquid pool
(35°C)

Figure F.5  Schematic drawing of the Condensation Nuclei Counter system.
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- APPENDIX G PENETRATION FACTORS MEASURED FOR
‘ CRACKS MADE OF ALUMINUM, SIX BUILDING
MATERIALS, AND A BROKEN BRICK

éTo m_ak¢ the experimental datg available for future use, the folloYving tables,
_'categ(:)rized by the cra_c’k dime_nsions, pressure diffgrencé (AP) across the cracks, and the
instrume;nta%ip_n used in the‘gxperiments, provide the statistics of the measured
g pene'tt_ation féictors as a function of particle size for cracks made of different materials in

. Chapter 3.
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Table G.1 . Experimen.tal particle penetration factors for cracks made of aluminum

Particle. 95% . Particle 95%

diametef mean ;;i’:g:::g St::ri?d confidence diameter ‘mean ;g?:ggi st:rr);iard confidence
(um) SO .- . interval . (um) - or interval

AP=4Pa T AP =10Pa
APS
d=1mm,z=94cm

0.626 1.031 0.116 0.024 0.050 0.626 1.004 0.117 0.029 0.062
0.673 1.009 0.059 0.012 0.026 0.673 1.019 0.081 0.020 0.043
0.723 . 1.018 0.061 0.013 0.026 . 00723, . 1.023 0.075 0.019 0.040
0.777 1.007 0.045 0.009 0.019 0.777 0.999 0.049 0.012 0.026 -
0.835 1.020 0.057 0.012 0.024 0.835 0.987 0.037 0.009 0.020

- 0.898 1.017 0.048. 0.010 . 0.021 0.898 0992, 0.038 .. 0010 0.020
0.965 1.010 0.052 0.011 0.022 0.965 1.004 0.027 0.007 0.014
1.037 1.005 0.057 0.012 0.025 1.037 0.995 0.033 0.008 0.018

© 1.114 . 1.005 0.055 0.011 0.024 11414 - -0982 . 0.043 . 0011 0023
1.197 0.990 0.061 0.013 0.026 1.197 0.996 0.034 0.009 -0.018
1.286 0.998 0.075 0.016 0.032 1286 0.983 0.032  0.008 0.017

T 1382 0987 0.065 0.014 0.028 - 1.382° 0988 0.040 0010 - 0.021
1.486 0.980 0.077 0.016 0.033 1.486 0.974 0.034 0.009 0.018
1.596 0.963 0.065 0.014 0.028 1.596 0.984 0.035 - 0.009 .- .0.019
1.715 0.956 0.081 0.017 0.035 1.715 0.979 0.039 0.010 0.021
1.843 0.941 0.079 0.016 0.034 1.843 0.985 0.032 0.008 0.017
1.981 0912 0.109 0.023 0.047 1.981 0.958 0.028 0.007 0.015
2.129 0.897 0.100 0.021 0.043 2.129 0.965 0.032 0.008 0.017
2.288 0.882 0.091 0.019 0.039 2.288 - 0.949 0.034 0.008 0.018
2.458 0.875 0.105 0.022 0.045 2.458 0.941 0.040 0.010 0.021
2.642 0.866 0.109 0.023 0.047 2.642 0.926 0.028 0.007 0.015
2.839 0.844 0.094 0.020 0.041 - 2.839 0.899 0.048 0.012 0.026
3.051 0.830 0.113 0.024 0.049 3.051 0.926 0.049 0.012 0.026
3.278 0.831 0.126 0.026 0.055 3.278 0.871 0.050 0.013 0.027
3.523 0.795 0.105 0.022 0.046 3.523 0.872 0.073 0.018 0.039
3.786 0.762 0.084 0.018 0.036 3.786 0.853 0.077 0.019 0.041
4.068 0.714 0.161 0.034 0.070 4.068 0.834 0.106 0.026 0.056
4.371 0.667 0.133 0.028 0.057 4371 0.820 0.075 0.019 0.040
4.698 0.646 0.134 0.028 0.058 - 4.698 0.774 0.097 0.024 0.052
5.048 0.537 0.091 0.019 0.040 5.048 0.766 0.105 0.026 0.056
5.425 0.500 0.158 0.033 0.068
d=1mm,z=43cm
0.626 0.975 0.157 0.032 0.066 0.626 1.029 0.160 0.030 0.062
0.673 0.957 0.071 0.014 0.030 0.673 0.977 0.103 0.019 0.040
0.723 0.981 0.064 0.013 0.027 0.723 0.989 0.080 0.015 0.031
0.777 0.962 0.055 0.011 - 0.023 0.777 0.988 0.071 0.013 0.028
0.835 0.994 0.057 0.012 0.024 0.835 0.989 0.067 - 0.013 0.026
0.898 0.989 0.053 0.011 0.022 0.898 0.985 0.069 0.013 0.027 -
- 0.965 0.993 0.045 0.009 0.019 0.965 0.994 0.062 0.012 0.024

1.037 0.991 0.058 0.012 0.024 1.037 0.983 0.065 0.012 0.025
1.114 1.000 0.048 0.010 0.020 1.114 0.991 0.059 0.011 0.023
1.197 0.988 0.041 0.008 0.017 1.197 0.987 0.059 0.011 0.023
1.286 0.999 0.059 0.012 0.025 1.286 0.993 0.060 0.011 0.023
1.382 0.985 0.051 0.010 0.021 1.382 1.000 0.068 0.013 0.026
1.486 0.993 0.055 0.011 0.023 1.486 0.993 0.059 0.011 0.023
1.596 0.993 0.044 0.009 0.019 1.596 0.999 0.071 0.013 0.027
1.715 0.992 0.045 0.009 0.019 1.715 0.994 0.061 0.011 0.024
1.843 0.981 0.057 0.012 0.024 1.843 0.994 0.066 0.012 0.026
1.981 0.980 0.054 0.011 0.023 1.981 1.012 0.065 0.012 0.025
2.129 0.982 0.073 0.015 0.031 2.129 1.001 0.064 0.012 0.025
2.288 0.985 0.080 0.016 0.034 2.288 0.994 0.070 0.013 0.027
2.458 0.984 0.065 0.013 0.027 2.458 0.975 0.082 0.016 0.032
2.642 0.978 0.079 0.016 0.033 2.642 0.980 0.075 0.014 0.029
2.839 0.978 0.108 0.022 0.046 2.839 0.977 0.076 0.014 0.029
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Table G.1 (cont.)

Particle : _ 95% Particle o 95%
diaméter mean ;tar}da}rd sandard’ - ‘cierice  diameter ‘mean Siandard standard .o o
. eviation  error . . deviation  error .
(um) - ~interval (pm) . interval
AP=4Pa ’ AP =10 Pa
" 3.051 0965 0.091 0.018 0.038 3.051 0.966  0.095 0.018 0.037
3278 0982 0.105 0.021 0.044 3.278 0993 0.112 0.021 0.043
3.523 0961 0.081 - 0.017 0.034 3.523 0985 0.106 0.020 0.041
‘3,786  0.991 0.138- 0.028 '0.058- - 3.786 - 0940 0.106 0.020 0.041
4.068 .0948 0.130 0.026 © 0.055 - 4.068 0.963 0.132 0.025 0.051
4371 ° 0979 - ‘0183 - 0037 - 0.077 :- 4371 0973 0149 - 0.028 0.058
4698 0981 0114 0.023 -0.048 . 4698. 0984 0.181 0.034 0.070
5048 '1.078 0219 - 0.045 0.092 - 5.048. 0911 0.218 0.041 0.084
5425 1.039  0.226 0.046 0.096 - . : : :
d=025mm,z=94cm .
0.542 - :0.518 0.120° 0.027 0.056 . : 0.626: -0.848 0.075 . . 0.017 0.035
0.583  0.522 "~ 0.106 0.023 0.048 ~ -: 0673 0.867 0.064:  0.014 0.030
0.626 0490 0.089 0.019 -0.040. - - 0723 0824 0.033 0.007 0.015
- 0673 0470 0.131 - 0.029 0.060 = 0.777: 0.786 = 0.041 0.009 0.019
0.723 .0396 0.114 0.025 -0.052.- .- 0.835 0.712  0.052° . 0.012 0.025
0.777 0304 0.116 0.025 0.053 < 0.898. 0.697 0.066 : 0.015 0.031
0.835 0.283 ° 0.170 0.037 0078 - . 0965 0.620 0.062 0.014 0.029
0.898 0.225 0.121 0.027 0.057 1.037 0.553 0.048 - 0.011 0.022
0.965 0.186 0.112 0.024 0.051 1114 0.526 0.067 - 0.015 0.031
1.037 0.122 0.101 "~ 0.022 ‘0.046 1.197: 0438 * ".0.045 0.010 0.021
1.114  0.134 ' 0.106 0.024 0.049 1.286 - 0325 0.041 0.009 0.019
'1.197 0.078  0.083 0.018 0.038 1.382 0199 0.044° 0.010 0.021
1.286 0.037 0.063 0.014 0.029 1.486 0.096 0.028 0.006 0.013
1.382 0.033 0.055 0.012 +0.026. - 1.596 © 0.038 :0.024 0.005 0.011
'1.486 0.011.  0.035 0.011 0.025 .- 1.715 0.014 0.017 0.004 0.008
1.596 0.000 0.000 0.000 0.000 1.843 0.002 . 0.006 - 0.001 0.003
1.715°  0.000 0.000 0.000 --.:0.000: ©1.981: :0.001 0.005- 0.001 0.002
1.843 - 0.000 0.000 0.000 . 0.000 2.129 ° :0.000 0.000 0.000 0.000
d=025mm,z=43cm . ' . : -
0.626 0.963 0.062 .- 0.016 0.035 0.626: 1.012 - . 0.038 0.009 0.019
0.673 0.967 - 0.050 0.013 0.028 0.673 1.025 0.034 0.008 0.017
0723 0920 0070 - 0.018 0.039 - 0.723°: 1013 0.032 0.008 0.016
0.777 0.860 0.068 0.018 0.038 + . 0.777 0.986 0.045 0.011 0.023
0.835 0.857 0.094 0.024 0.052 0.835 0.980 0.036 0.009 0.019-
0.898 0.826 0.083 0.021 0.046 0.898 0949 0051 0.012 0.026
0965 0.809  0.085 0.022 0.047 0.965 0915  0.041 0.010 0.021
1.037 0.771 0.124 0.032 0.069 1.037- . 0.930. 0.039 0.009 0.020
1.114 0.744 0.107 0.028 0.059 1.114 0.921 0.05s1  0.012 0.026
1.197 0.692 0.085 0.022 0.047 1.197 0.878  0.063 0.015 0.032
1.286  0.611 0.079 0.020 0.044 - 1.286 0.861 - “0.075 0.018 0.038
- 1.382 0.532 0.085 0.022 0.047 - 1.382 0.807 0.056 0.014 0.029
1.486 0.504 - - 0.076 0.020 -0.042 1.486 0.772 0.059-: 0.014 0.030
1.715 0315 0.087 0.022 0.048 1.596 0.738. 0.044 0.011 0.022
1.84 0.227 . 0.129 0.033 0.072 1.715 0.715 0.062. 0.015 0.032
1.98 0.112 0.066 0.017 0.037 1.843 © 0.619 0.068 0.017 0.035
2.13 0.087 0.078 0.020 - 0.043 1.981 0.617  0.097 0.024 0.050
2.29 0.062 0.074 0.019 0.041 2.129 0.524  0.082 0.020 0.042
2.288 0494  0.105 0.025 0.054
2458 0388  0.100 0.024 0.051
2.642 0.275 ° 0.139 0.034 0.071
2.839 0.298 0.186 0.045 0.096
3.051 0.258 0254 0.062 0.131
3.278 0.106 0.131 0.032 0.067
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Table G.1 (cont.)

Particle - : " 95% Particle 95%
diameter mean sta r}dgr_d standard “confidence diameter mean sta{xdz}rd standard confidence
: . deviation.  error . . deviation  error .
(um) L ) interval (um) interval
AP =4 Pa AP =10 Pa
EAA- -
d=1mm z=94cm
©-0.024  0.817 0.102 - 0.019 -0.039 0.024 0949  0.056 0.010 0.021
0.042 0967 0098 0.018 0.037 0.042 . 0980 0.083 0.015 0.032
-0.075 0.927 0.038 - 0.007 . 0.014 0.075 0972 0.042 0.008 0.016
0.133 0.971 - 0.026 0.005 0.010 0.133 - 0994 0.023 0.004 0.009 -
0.237° 098 0015 0.003 :.0.006 - 0237 0.992 0.022 0.004 0.008
0.422 0.988 - 0.031 0.006  0.012 0.422 0984 0.034 0.006 0.013
0.75 0.981 0.035 0.007 0.013- - 075 ~ 1.003 0.031 0.006 0.012
d=1mm z=43cm :
" 0.024: 0910- 0.159  0.030-+ 0.061 ©0.024 0918 0.089 0.017 0.034
0.042 0860 0.114: 0.022 . 0.045 0.042 0.954 . 0.060 0.011 0.023
©~ 0.075 0957 0.033 0.006 0.013 0.075 0989 -0.027 .0.005 0.010
- 0.133:- 0963 0.038. 0.007 - 0.014 0.133 0.990 0.025 0.005. 0.010
T .0.237 0979 0.035. 0.006 - 0013 0.237 0979 0.029 0.005 0.011
0422 . 1.004- 0042  0.008 0.016 0422 0979 0.052 0010 0.020
0.75 0976 0.054 0.010 0.021 0.75 1.012 0.071 0.013 0.028
d=025mm,z=94cm ‘ .
g 0.024 - 0310 .- 0.108 0.019 -0.038 0.024 0365 0156 0.028 0.056
0.042" " :0.349- 0.115 0.020 0.041 - 0.042 0.461 0.159 - 0.029 0.058
“0.075 0.500 - 0.113 0.020 0.041 0.075 0.559 0.121 0.020 0.041
0.133° - 0.666 - -0.112- " 0.018 0.037 0.133 0.712  0.111 0.018 0.037
:0.237 0.728 - 0.132- 0.022 0.044 0237 0783 0.107 0.018 0.036
‘0422 0779 0.159 0.027 -0.055 0.422 0846 0.158 0.026 0.054
075 -0.725  0.230 0.041 0.083 075 0.805 0.161 0.027 0.054
d=025mm,z=4.3cm
0.024 0528 0.229 0.040- 0.081 0.024 0602 0.151 0.026 0.052
0.042 0.622 0.200 0.035 0.071 - 0.042 - 0703 0.098 0.017 0.034
0.075 0.691 0.122 0.021 0.042 0.075 0.775  0.079 0.013 0.027
©0.133 0780 0.106 0.018 0.037 0.133 - 0867 0.047 0.008 0.016
0.237 - 0.849 .0.107 0.018 0.037 0.237 0.888  0.053 0.009 0.018
0.422 . 0873 0.136 0.023 0.047 0422 0919 0.085 0.014 0.029
0.75 0.891 0.226" 0.038 0.078 0.75 0.929 0.120 0.020 0.041
DMA+CNC ’
d=1mm,z=94cm
0.02- 0868 0.019. 0.004 0.009 0.02 0.868  0.130 - 0.028 0.058
0.03 - 0903 0.051 0.011 0.023 - - 0.03 0925 0.041 0.009 0.018
- 0.09 ' 0944 - 0.032 - 0.008 0.018 0.09 0947 0.031 0.007 0.015
d=1mm,z=43cm - , :
0.02 0.909 0.029 . = 0.007 0.016 0.03 0933 0.023 0.005 0.010
- 003 0919 0030 .  0.007 0.014 0.04 - 0932 0021 0.005 0.009
. 0.09 - 0927. 0027 ° 0.006° 0.013 0.09 0.946. 0.031 0.007 0.015
d=025mm; z=94cm. : :
0 0.04 0.083 0.017 0.004 0.007 0.03 0215 0.036 0.007 0.015
0.06- 0.269 ° 0.093 0.019 0.039 '0.04 0.316  0.047 0.009 0.018
0.09 0.347  0.063 0.013 0.027 0.09 0.654 0.036 0.007 0.014
d=025mm,z=4.3cm
1 0.03 0.436  0.023 0.005 0.011 0.03 0.561 0.028 0.006 0.012
0.04 0.589 0.044 0.013 0.028 0.04 0.792 0.023 0.005 0.010
0.09 0.754 ° 0.048 0.011 0.023 0.09 0.765 0.015 0.003 0.007
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Table G.2 Experimental particle penetration factors for cracks made of six building

materials (z=4.5cm, AP=4Pa)

Particle

mec]c standard standard 3% . . - standard standard 95%
diameter mean .. confidence diameter mean confidence
devxauon error . . L. devxauon .ermor. .
(nm) interval (um) - _ interval
Plywood’ _~ Pine lumber
d=025mm o
EAA 0.024 0383 0195 0.039  0.081 0542 ~ 0619 0284  0.046 0.092
0.042 0456 0238 0.046 0.094 0.583 0741 0228  0.034 0.068
0.075 0.710 0.135 0.023 * 0.048 0626 03821 0191 ~ 0.027 0.055
0.133 0.779 0.112 0.019 0.040 0673 0862 0202  0.030 0.060
0237 0.821 0.133 0.024 0.048 0723 0826 0170  0.024 0.049
0.422 0.857 0.147 0.026 0.054 0777 0.827 0173  0.027 0.054
0.75 0.771 0242  0.043 0.089 '
DMA+CNC 002 0270 0017 0.002 0.005 0.02 ' 0318 0.023  0.003 0.007
T 0.03 0469 0.037 0.005 0.010 0.03 ° 0473 0022 0.003 0.006
0.04 0602 0039 0.006 0.012 004 0.657 0026 0.004 0.008
0.09 0725 0058 0009  0.018 009 0733 0071 0013 0.027
APS 0542 0823 0152 0024 0.048 0.835  0:808 0142  0.027 0.056
0.583 0826 0103 0016  0.033 0.898 0.787 0117  0.023 0.046
0.626 0.825 0101 0016  0.032 0965 0.768 0123  0.024 0.049
0673 0822 0111 0017 0035 1037 0767 0105 0020  0.042
0723 0.801 0085 0013  0.027 1114 0736 0.094 0.018 0.037
0.777 0.778 0.095 0015 0.030 1197 0739  0.096  0.018 0.038
0.835 0760 0.098 0.015  0.03] 1286 0702 0085 0016  0.034
0.898 0728 0.094 0015 0.030 1382 0688 0.080  0.015 0.032
0.965 0.698 0.082 0.013 0.026 1486 0.668 0.095  0.018 0.038
1.037 0677 0.098 0.015 0.031 1.596 0.652 0.088  0.017 0.035
1114 0628 0.079 0.012 0.025 1715 0582 0081  0.016 0.032
1.197 0584 0087 0.014 0.028 1.843 ' 0510 0069  0.013 0.027
1.286 0.534 0.086 0014  0.027 1981 - 0436 0.097  0.019 0.038
1.382 0478 0.090 0.014 0.028 2129 0341 0069  0.013 0.027
1.48 0419 0091 0014 = 0.029 2288 0254 0053 0010 0.021
1.596 0.359 0.085 0.013 0.027 2458 0.188 0043  0.008 0.017
1.715 0300 0.061  0.010 0.019 2642 0119 0050  0.010 0.020
1.843 0226 0053 0.008 0017 2839 0046 0.026  0.005 0.010
1.981 0160 0.042 0.007 0.013 3.051 ° 0016 0.017 0003 0.007
2.129 0.086 0.031 0.005 0.010 3278 .0.006 0.007  0.001 0.003
© 2288 0039 0.016 0.002 0.005 3.523 0003 0.006 0.001 0.002
- 2458 0.013 0.008 0.001 0.003 3786 0.004 0.007 0001 - " 0.003
2.642 0.007 0.005 0.001 0.001
2.839 0.008 0.009 0.001 0.003
3.051 0.008 0.008 0.001  0.002
d=10mm .
EAA 0024 0936 0061 0.013 0.027 0.024 0962 0.106 0.022 0.045
0.042 0983 0090 0019 0.040 0.042 0999 0135  0.028 0.057
0.075 0980 0.037 0.008 0.016 0.075 0965 0054  0.011 0.023
0.133 0993 0.035 0.007 0.016 0.133 0989 0.029  0.006 0.012
0237 0972 0.039  0.008 0.017 0237 0994 0.032  0.007 0.014
0422 0995 0.104 0022 0.046 0422 0987 0076 0015 0.032
075 1015 0144 0031 0.064
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Table G.2 (cont.)

© 95%.... . Paticle.

Particle . s o .. 95%
diameter mean stax_]_dzfrd standard .confidence diameter mean star.ldgrd standard confidence
- deviation error - ) . deviation  error .
(um) : . interval (um) interval
APS 0.542 0992 0.112° 0014 - 0.027 0.542 0989 0.132 0.017 0.034
0.583 '0.989 0.102 .0.013 0.025 0.583 ~ 0993 0.133 0.017 . 0.034
0.626 0.995 0.108 0.013 0.026 0.626 0997 0.136 0.017 0.034
0.673 0994 0.108 0.013 . 0.026 0.673 0997 0.143 0.018 0.036
0.723 0993 0.111 0.014  .0.027 0.723 0996 0.146 0.018 0.037
0.777 0993 0.112 0.014 0.027 0777 0994 0.148 0.019 0.038 -
0.835 0999. 0.112 0.014 0.027. . 0.835 099 0.151 0.019 0.038
0.898 0.997 0.111 0.014 0.027 0.898 0990  0.151 0.019 0.038
0965 0:994 0.111 0.014 . 0.027 0965 0992 0.149 0.019 0.038
1.037 0995 0.111 0.014 0.027 1.037 - 0991 0.148 0.019 0.038
1.114 0997 0.112 0.014 0.027 1.114  0.991 0.146 0.019 0.037
1.197 0.995 0.112,. 0.014 = 0.027 1.197. 0987 0.142 0.018 0.036
- 1.286 0998 0.112 0014 . 0027 1.286 = 0987 0.143 0.018 0.036'
1.382 0993 0.112. 0.014 0.028 1.382 . 0.985 0.144 0.018 0.037
1486 0990 0.1 09 0013 0.027 1.486  0.981 0.143 0.018 0.036
1.596 0991 0.112 0.014 0.028 1.596 0.983 0.139 0.018 0.035
1.715 0992 0.111 0.014 0.027 - 1.715  0.981 0.138 0.018 0.035
1.843 0.988 0.109 0013 0.027 . 1.843  0.980 0.140 0.018 0.036
1.981 0992 0107 0013 .0.026 1.981 0978 0.141 0.018 0.036
2.129 0998 0.110 0.014 0.027. 2129 0977 0.136 0.017 0.034
2.288 0985 0.112 0.014 0.028 2288 0978 0.136 0.017 0.035
2:458 0983 0.121 0015 0.030 2458 0974 0.139 0.018 0.035
2.642 0990 0.121 0.015 0.030. 2642 0976 0.141 0.018 0.036
2.839 0988 0.126 0.016 0.031 2.839 0971 0.139 0.018 0.035
3.051 0988 0.130 0016 . 0.032 3.051 0.977 0.156 0.020 0.040
3.278 0.976 0.131 0.016 0.032 . 3278 0966 0.147 0.019 0.037
3.523 0977- 0153 0.019 0.037 ° 3523 0978 0.140 0.018 0.036
3786 0978 0.168 0.021 0.041 3,786 0990 0.176 0.022 0.045
4.068 0958 0.197 0024 0048 - 4.068 0.970.  0.181 0.023 0.046 .
4371 0989 0228 0.028 0056 , 4371 0.949  0.166 0.021 0.042
4.698 0935 0.261 0.032 .0.064 4698 0974 0.227 0.029 0.058
5.048 1.006 0330 0.042. "~ 0.083 5.048 0962 0.241 0.031 0.061
5.425 0.948 0.288 0.036 0.072 5425 0896 0216 0.027 0.055
5.829 1.032 0340 0.043 0.086 5829 0879 0287 0.037 0.075
6.264 0.899 0.308 0.040 0.080 6.264 0923 0.335 0.044 0.087
6.732 0.929 0360 0.048 0.096 6.732  0.880 0.287 0.038 0.075.
7.234 0.813 0.252  0.061 0.130 7.234 0845  0.355 0.045 0.090
Strand board Redwood lumber
d=025mm
EAA 0.024 0383 0.195 0.039 0.081 0.024 0.298 0.196 0.020 0.040
0.042 0456 0238 0.046 0.094 0.042 0495 0230 0.023 0.046
0.075 0710 0.135 0.023 0.048 0.075 0.545 0.141 0.013 0.026
0.133 0.779 0.112 . 0.019 0.040 0.133 0.682 0.141 0.013 0.027
0.237 0.821 0.133 0.024 0.048 0.237 0.756  0.144 0.013 0.027
0.422 0.857 0.147 0.026. 0.054 0.422 0.778 0.229 0.021 0.042
075 0771 0242 0.043 0.089
DMA+CNC 0.02 0270 0017 0.002 0.005 0.02 0496 0.043 0.006 0.013
0.03 0469 0.037 0.005 0.010 0.03 0.594 0.039 0.006 0.012
0.04 0602 0.039 0006 0.012 0.04 0.678  0.056 0.008 0.017
0.09 0.725 0.058 0.009 0.018 0.09 0.822 0.097 0.015 0.029
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~ Table G.2 (cont.)

(?mcle standard standard 95% P.‘amc]e standard standard 95%
idmeter mean L. confidence diameter mean L confidence
S deviation error . ; deviation  error .
{lm) S interval (um) . interval
" APS 0.542 0.823 0152 0.024 0.048 0.542- 0.788 0.102 0.018 0.036
0.583 0826 0.103 0.016 0.033 0.583 0.774 0.090 0.016 0.032
0626 0.825 0.101 0.016. 0.032 0.626 0.771 0.074  0.013 0.026
0.673 0822 0.111 © 0017 0.035 0.673 0.766  0.075 0.013 0.027
0.723 0.801 0.085 0013 0.027 0.723 0.757 0078 0014 0.028
0777 0778 0.095 0015 0.030 0.777 0.741 0.074 - 0.013 0.026°
0.835 0.760 0.098 0.015 0.031 0.835 0738 0.072 0012 0.025
0.898 0.728 0.094 0015  0.030 0.898 0.718 0.075 0.013 0.027
0.965 0.698 0.082 0.013 0.026 0.965 0.708 .0.075 0.013 0.027
1.037 0.677 0.098 0015 0.031 1.037 0.688 .0.086  0.015 0.030
1.114 0.628 0079 0.012 0.025 1.114 0.641 0.085 0.015 0.030
1197 0.584 0.087 0.014 0.028 1.197 0.596 0.095 0.016 0.033
- 1.286 0.534 0.086 0.014 0.027 1.286 0.542 0.104 0.018 0.036
1.382 0478 0.090 0014 - 0.028 1.382 0.461 0.082 0.014 0.028
1.486 0.419 0.091 0014 0.029 1.486 0.394 0.087 0.015 0.030
1.596 0.359 0.085 0013 0.027 1.596 0346 0.114  0.019 0.039
1.715 0300 0.061 0.010 0.019 1.715 0.271 0.099 0.017 0.034
1.843 0.226 0.053 ~ 0.008 0.017 1.843 0.206 0.089 0.015 0.030
1981 0.160 0.042 0.007 0.013 - 1.981 0.130 0079 0.013 0.027
2.129 0.086 0.031 0.005 0.010 2.129 0.079  0.068 0.011 0.023
2.288 0.039 0016 0.002 0.005 2.288 0.048 0.044  0.007 0.015
2.458 0.013 0008 0.001 0.003 2.458 0.005 0.007 0.001 0.003
2.642 0.007 0005 0001 . 0.001 2.642 0018 0.022 0.004 0.008
2.839 0.008 0.009 0.001 0.003 2.839- 0013 0.019 0.003 0.007
3.051 0.008 0.008 0.001 0.002 3.051 0.008 0015 0.002 0.005
d=1.0mm :
. ‘EAA 0.024 0936 0.061 0.013 0.027 0.024 0953 0.088 0.018 0.036
0.042 0983 0.09 0.019 0.040 0.042 1.019 0.126 0.025 0.051
0.075 0980 0.037 0.008 0.016 0.075 0964 0.055 0.011 0.022
0.133 0993 0.035 0.007 0.016 0.133 0983 0088 0.017 0.035
0.237 0972 0.039 0.008 0.017 0.237 0998 0.090 0.017 0.036
0422 0995 0104 0.022 0.046 0.422 0999 0089 0.017 0.035
0.75 1.015 0.144 0.031 0.064
APS 0:542 0992 0.112 0014 0.027 0.542 0900 0.151 0.023 0.046
0.583 0989 0.102 0.013 0.025 0.583 0937 0.177 0.027 0.054
0.626 0.995 0.108 0.013 0.026 0.626 0954 0.177 0.027 0.054
- 0.673 0994 0.108 0.0i3 0.026 0.673 0968 0.178 0.027 0.054
: 0723 0993 0.111 0.014 0.027 0.723 0972 0.193 0.029 0.059
0.777 0.993 0.112 0014 0.027 0.777 0983 0189  0.029 0.058
0.835 0999 0.112 0014 0.027 0.835 0979 0.188 0.028 0.057
0.898 0.997 0.111 0.014 0.027 0.898 0.977 0.186  0.028 0.057
0965 0994 0.111' 0.014 0.027 0965 . 0982 0.181 0.027 0.055
1.037 0995 0.111 0.014 0.027 1.037 098  0.187  0.028 0.057
1.114 0997 0.112 0.014 0.027 1.114 0978 0.187 0.028 0.057
1.197 0995 0.112 0.014 0.027 1.197 0.978 0.190  0.029 0.058
1.286 0.998 0.112 0.014 0.027 1.286 0974 0.186  0.028 0.057
1.382 0993 0.112 0.014 0.028 1.382 0.971 0.197 0.030 0.060
1.486 0.990 0.109 0.013 0.027 1.486 0977 0.199 0.030 0.061
1.596 0991 0112 0014 0.028 1.596 0974 0209 0.032 0.064
1.715 0992 0.111 0.014 0.027 1.715 0973 0.218 0.033 0.066
1.843 0.988 0.109 0.013 0.027 1.843 0.963 0.198 0.030 0.060
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Table G.2 (cont.)

Particle 95% Particle . 95%
diameter mean star}dg_rd standard confidence diahieier mean- standard standard confidence
p deviation emor . : : deviation  error .
(nm) interval (um) interval
1981 0992 0.107 0.013 0.026 1.981 0955 0195 -0.029 0.059
2.129 0998 0.110 0.014 0.027 2,129 0967 0.217 0.033 0.066
2288 0985 0.112 . 0.014 0.028- 2.288 0970 0.224 0.034 0.068
2458 0983 0.121 0.015 0.030 2.458 0971 0.242 0.036 0.073
2642 0990 0121 0.015 0.030 2642 0956 0.234 0.035 0.07M
2.839 . 0.988 0.126 - 0.016°- 0.031. 2.839 0955 0.252 - 0.038 0.077"
3:051 0988 0.130. 0.016 0.032°.. 3.051 0963 0236 0.036 0.072
3278 0976 0.131 0.016 0.032 3278 . 09370 0268 0.040 0.082
3523 0977 0.153 0.019 0.037. - 3.523 0935 0257 0.039 0.078
3786 0978 0.168 0.021 0.041 378 09100 0275 0.041 0.084
4068 0958 0197 0.024 0.048 4.068 0.896 0.286  0.043 0.087
4371 0989 0.228 0.028 0.056 4371 0852 0.278 0.042 0.085
- 4.698 0935 0.261 0.032 0.064 4.698 0.773 .0.251 0.038 0.077
5.048 1.006 0330 0.042 "0.083 5.048 - 0.833: 0.372 0.056 0.113
5425 0948 0.288 0.036 0.072 5.425 0820 0334 0.051 0.103
5.829 1.032 0.340 0.043 0.086 5.829 0721 -0.371 0.058 0.117
6.264 0.899 0.308 0.040 0.080 6.264  0.694 0.386  0.060 0.120
6.732 0929 0360 0.048 0.096 6.732 0940 0956 0.153 0310
7234 0.813 0.252 ° 0.061 0.130 7.234 8769 19:166 0.856 1.682
Brick Concrete A
d=0.25mm - REA
EAA 0.024 0329 0317 0.043 -0.086 0.024 0342 0198  0.032 0.064
0.042 0.550 0.260 0.043 0.088 0.042 0466: 0.198 0.031 0.062
0.075 0.769 0.237 0.028 0.055 0.075 0623 0268 0.035 0.070
‘0.133 0.849 0.151 0.017 0.034. 0.133 0.669: 0.236  0.031 0.061
0.237 0911 0.174 0.020 0.040 0.237 0.739 0202 -0.026 0.053
0422 0.863 0.177° 0.020 0.040 0422 0777 0195 = 0025 0.051
DMA+CNC - 0.02 0.383 0.028 0.004 0.008 0.02 0.551 0.031 0.005 0.009
- 003 0502 0.038 0.006 0.011 0.03 0597 0.035 0.005 0.009
-0.04 0670 0037 0.006 0.011 0.04 0684 0.025 0.004 0.008
009 0773 0.066 0.010 0.020 0.09 0772 0.059 0.011 0.022
APS 0.542 0.834 0.148 0.028 0.057 0542 0782 0.141 0.023 0.046
’ '0.583 0.848 0.096 0.018 0.037 0.583 0.761.  0.104 0.017 0.034
0.626 0.835 0.115 0.021 0.044 0626 0.736: 0.063 0010 0.020
0.673 0.813 0.097 0.018 0.037 . 0.673 0.724 0056  0.009 0.018
_ 0.723 0.804 0.088  0.016 0.033 0.723 0.696 0.053  0.008 0.017
0777 0.795 0.09¢ 0.018. 0.037- 0777 0.667 0.056 0.009 0.018
0.835 0.773 0.092 0.017 0.035 . 0.835 0645 0054  0.009 0.017
0.898 0.747 0.079 0.015 0.030 0.898  0.602 0.051 0.008 0.016
0.965 0.690 0.094 0.017 0.036 0.965 0.574 0.057 0.009 0.018
1.037 0678 0.077 0.014 .0.029 1.037 0535 0.056 0.009 0.018
1.114 0.643 0.090 0.017 0.034 1.114 0487 -0.050 0.008 0.016
1.197 0.584 0.093 0.017  0.035 1.197 0.448 0.045 0.007 0.015
1.286 0.533 0.081 0.015 0.031 1286 0412 0.045 0.007 0.014
1.382 0469 0085 0.016 0.032 1.382- 0365 0.038 0.006 0.012
1486 0379 0086 0.016 0.033 1486 0328 0.039 0.006 0.013
1.596 0.321 0.080 0.015 0.031 1.596 0275 0.034  0.005 0.011
1.715 0.246 0.064 0.012 0.024 1.715 0227 0033 0005 0.011
1.843 0.170 0.070 0.013 0.027 1.843 0.186 0.030 0.005 0.010
1981 0.097 0.032 0.006 0.012 1.981 0.145 0.027 0.004 0.009
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Table G.2 (cont.). ~ ': -

R

Particle o ) © 95% ~  Panicle " 95%

diameter ‘mean gtar_ldgrd standard confidence ° diameter mean star}dgrd standard confidence
_ T eviation - error L - deviation - error .

(um) . interval (um) interval
2.129 0.057 0.043 0.008 . 0.016 2.129 0105 0.026  0.004 0.008
2.288 0.017 0009 0.002 0.003 2288 0070 0.021 0.003 0.007
2458 0.007 0.009 - 0.002 0.004 2.458 0.040 0.020 0.003 0.007

: ‘ ’ 2642 0016 0.010 0.002 0.003
d=10mm - :

EAA 0.024 0.961 0075 .0.011 0.021 0.024 0941 0.063 - 0.012 0.025
0.042 0979 0.089 0.013 0.026 0.042 0961 0.085 0.016 0.032
0.075 0972 0.034 - 0.005 0.010 0075 0976 0.030 0.005 0.011
0.133 0987 0.020 0.003 0.006 0133 0992 0.029 0.005 0.011
0.237 0.986 0.022. 0.003 0.006 0237 0994 0.043  0.008 0.015
0.422 0980 0026 "0.004 0.007 0422 0985 0.032 0.006 0.012

-APS 0.542 0992 0.074 0013 0.026 0542 0998 0.102 0.015 0.031
0.583 0991 0076 0.013 0.026 0583 0999 0.106 0.016 0.032
0.626 0985 0.077 -0.013 0.027 0.626 1.000 0.107 0.016 0.032
0.673 0987 0.076- 0.013 0.027 0.673 1.001 -~ 0.108 0.016 0.033
0.723 - 0988 0.080 0.014 0.028 0.723 1.001 0109 0.016 0.033
0.777 0987 0.076 0.013 0.027 0.777 1.004 0109 0.016 0.033
0.835 0987 0.078 0.013 0.027 0.835 1.002 0107 0.016 0.033
0.898 0.987 0.077. 0.013 0.027 0.898 1.003 0.104 0.016 0.031
0965 0.988 0078 0.013 0.027 0.965 1.002 0106 0.016 0.032
1.037 0987 0079 0013 0.027 1.037 1.000 0.103 0.016 0.031
1.114 0986 0.078 0.013 0.027 1.114 1.002 0.100 - 0.015 0.031
1.197 0.990 0.079 0.014 0.028 1.197 1.002 0103 0.016 0.031
1.286 0992 0.080 0.014 0.028 1.286 1.003 0103 0016 0.031
1.382 0991 0.078 0013 0.027 1.382 1.001 0.102 0.015 0.031
1.486 0991 0.082° 0.014 0.029 1.486 0997 0.098 0.015 0.030
1.596 0984 0.083 0.014 0.029 1.596 0990 0.100 0.015 0.030
1.715 0983 0.080 0.014 0.029 1.715 0990 o0.101 0.015 0.031
1.843 . 0986 0.083 0.014 0.029 1.843 . 0990 0.099 0.015 0.030
1.981 0984 0085 0.015 0.030 1.981 0980 0.103 0.015 0.031
2.129 0980 0.084 0.014 0.029 2129 0977 0100 0.015 0.030
2.288 0975 0.082  0.014 0.029 2.288 0978 0102 0015 0.031
2458 0975 0.086  0.015 0.030 2458 0.968 0.104 0.016 0.032
2.642 0966 0.087 0.015 0.030 2642 0973 0.101 0.015 0.031
2.839 0966 0.090 0.015 0.031 2.839 0.957 0.097 0.015 0.030
3.051 0962 0093 0.016 0.033 3.051 0958 0.099 0.015 0.030

_ 3278 0949 0.090 0.015 0.031 3.278 0.942 0.099 0.015 0.030
3.523 0932 0088 . 0.015 0.031 3.523 0.922 0.105 0.016 0.032
3.786 0916 0.092 0.016 0.032 378 0933 0131  0.020 0.040
4.068 0909 0084 0014 0.029 4.068 0.882  0.138 0.021 0.042
4371 0.888 0.092 0016 0.032 4.371 0.863 0.133 0.020 0.040
4698 0855 0.102 0.017 0.035 4698 0809 0159 0.024 0.048
5.048 0.847 0.126 0.021 0.043 5.048 0.842 0203 0.031 0.062
5.425 0825 0127 0.021 0.044 5425 0.839  0.201 0.031 0.063
5.829 0816 0.159  0.027 0.054 5.829 0.745 0.195 0.030 0.061
6.264 0762 0.159 0.025 0.051 6264 0851 0201 0.031 0.063
6.732 0.731 0.132  0.021 0.042 6.732 0.878 0.239 0.039 0.080

209



Table G.3 Experimental particle penetration factors for cracks created by
naturally broken bricks (AP = 4 Pa and the nommal flow path
length z =4.5.cm)

sland ard

95% confidence

Particle standard
diameter (m) mmean - deviation . “efror ‘interval”
d=025mm
DMA+CNC 0.02 0.161 - 0215 0.030 0.061
0.03 0.211 0.013 0.002 0.003
0.04 0.446 0.032 0.006 0.012
0.09 0.645 0.069 0.017 * 0.035
APS 0.542 0.680 0.128 0.037 0.082
0.583 0.694 0.128 0.035 0.077
- 0.626 0.702 10.133 0.033 0.071
0.673 0.690 0.109 0.027 0.058
. 0.723 0.668 0.097 - -0.026 - 0.056
0.777 - 0.616 0.158 - 0037 0.079
0.835 0.626 0.119 -0.032 0.069
0.898 0.603 0.169 "0.044 0.094
0.965 0.550 0.165 0.037 0.077
1.037 0.509 0.198 0.047 0.098
1.114 0.441 0.156 0.028 0.057
1.197 0.396 0162, 0029 0.059
1.286 0.354 0168 0030 0.062
1.382 0312 0.180 0.032 0.066
1.486 0.285 0.168 -0.030 0.062
1.596 0.236 0.174 0.031 0.064
1.715" 0.195 0.167 .0.030 0.061
1.843 0.165 0.167 10.030 0.061
1.981 0.142 0.165 ~0.030 0.060
12,129 0.106 0.156 -0.028 0.057
2.288 0.081 0.149 0.027 - 0.055
2.458 0.060 0.128 . 0.023 0.047
2.642 0.047 0.113 0.020 0.041
2.839 0.037 10.083 .0.015 0.030
3.051 0.030 0.061 0.011 0.022
3.278 0.020 0.041 . 0.007 0.015
3.523 0.023 - 0.027 0.005 0.010
LAS-X 0.1 0.898 0.034 - 0.006 0.011
0.125 - 0.905 0.025° 0.004 0.008
0.175° 0.911 0.030 0.005 0.010
0.225 0.915 0.058 0.010 0.019
0.275 0.884 0.062 0.010 0.021
0.35 0.841 0.069. 0.011 0.023
0.45 0.768 - 0.093 0.015 0.031
0.575. 0.679 0.099 0.016 0.033
0.725 0.545 0.100 0.017 0.033
0.9 0.423 0.129 0.021 0.043
1.125 0.271 0.171 0.028 0.057
VOAG+CNC 0.94 0.354 0.035 0.006 0.013
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Table G.3 (cont.)

Particle N standard standard 95% confidence
diameter (1m) mean deviation érror " intérval
d=1mm i A
DMA+CNC 0.02 0.920 0.906 0.971 0.988
0.03 0.046 0.036 0.033 0.045
0.04 0.007 0.005 0.005 0.007
0.09 0.014 0.011 0.010 0.013
EAA 0.024 0.962 0.051 0.009 0.019
0.042 0.939 0.078 0.014 - 0,029
0.075 0979 0.022 0.004 0.008. -
0.133 0.979 0.013 0.002 0.005
0.237 0.977 0.014 0.002 .. 0.005
0.422 0.989 0.026 0.005 0.010
_ 0.75 0.984 0.035 0.006 0.013 -
) APS 0.542 0.909 0.096 0.021 0.045
0.583 0.923 0.085  0.019 0.040
0.626 0.903 '0.070 0016 0.033
0.673 0.913 0.061 0.014 0.029
0.723 0.917 0.055 0.012 0.026
0.777 0.926 0.054 0.012 0.025
0.835 0.924 0.052 0.012 0.024
0.898 0.924 0.049 0.011 0.023
0.965 0921 0.052 0:012 0.024
1.037 0.926 0.052 0.012 0.024
1.114 0.921 0.050 0.011 0.023
1197 0.925 0.046 0.010 0.021
1.286 0.923 0.053 0.012 0.025
'1.382 0.919 0.048 0.011 0.023
1.486 0.908 0.056 0.012 0.026
1:596 0.914 0.053. . 0.012 0.025 -
1.715 0.901 0.059 0.013 " 0.028
1.843 0.898 0.062 0.014 0.029
1.981° 0.892 0.053 10.012 0.025
2.129 0.883 0.044 0.010" 0.021
2288 © 0.865 0.052 0.012 0.024 -
2.458 0.842 0.054 0.012 0.025
2.642 . 0.832 0.048 - -0.011 0.022
B 2.839 0.818 0.038 0.008 0.018
3.051 0.793 0.054 . - 0.012 0.025
3.278 0.758 0.046 0.010 0.022
3.523 0.742 0.054 0.012 0.025
3.786 0.696 0.071 0.016 0.033
4.068 0.658 0.051 0.011 0.024
4371 0.645 0.076 0.017 0.035
4.698 0.614 0.097 0.022 0.046
5.048 0.554 0.078 0.018 0.037
5.425 0.510 0.098 0.022 0.046
5.829 0.468 0.072 0.016 0.034
6.264 0.476 0.090 0.020 0.042
7.234 0.454 0.117 0.026 0.055
7.774 0.467 0.133 0.030 0.062
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APPENDIX H SURFACE ROUGHNESS MEASUREMENT FOR
TWO CRACK SAMPLES '

Strand board and brass,‘ representing the roughest and smoothest materials used in
the single crack eXptariments Were selected for surface roughrless characterization. The
measurement was performed W1th an optrcal.phase shift profiling instrument (Micromap
Model 570) in the Optlcal Metrology Laboratory at Lawrence Berkeley National
Laboratory. Because only a thin and small sample can be measured by the instrument,
the alttrrrinum p]ate tt/as replaceti by a brass shim that is believed to exhibit similar
surfaee roughness. 'fhe roughrl‘ess measurement results are presented in Table H.1.

The brass was fairly eaey'to measure, and showed good agreement between the 5x
and 20x measurements. The straﬁd board, however, was difficult to set up. This is due
to its irregular surfaces with poor reflectivity. The Micromap assumes the complex
reﬂecti:\f/ity is conetant over the‘ entire measuring surface. If there is a difference in
| reﬂecti\}ity between adjacent surfaces, the reflected phase difference is interpreted asa
height difference. Thus a perfectly flat surface with different chemical makeup along the
surface- will be mea‘tsu_red as a rough surface. However, the rrxisinterpreted height
vaﬁathn should not exceed OSum Therefore, the measurement data presented here are

expected to be accurate within to 0.5 um.
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Table Hl Results of surface roughness measurement for brass (surrogate for
. aluminum) and strand board

: Sample-. .- Objective Area measured ;,Lm \ ms?, um PV®, um
Brass S5x 784 x 784 . 013 541
20x 196 x 196 0.21 4.18
Strand board 5% 784 x 784 9.7 85.4
| 20% 196x 196 1461 680

* root mean square (rms) height variation from a best-fit plane over the 400x400 pixel area.,
® peak to valley difference for the best-fit plane.
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APPENDIX1 DERIVATION OF PARTICLE DEPOSITION
COEFFICIENTS ‘AND-PENETRATION FACTORS
IN THE TIME-INTEGRATED AND TRANSIENT
ANALYSIS

This appendix provides the detailed derivation of Equations (5.4). and (5.5) for
solving parﬁcle deposition 'cbefﬁcients and:_gganc'_tratio;n fgcto;s in Chapter.S. -Assuming
that ambient particle infiltration is the only source and that there is no indoor particle
genere;tion in the house, the mass balance equation for describing indoor partibIe

concentration C; is written

f;% =1,C, = (4, +k,)C, (-3)

The first step in the basic analysis scheme involves evaluating particle deposition

coefficients for a pressurized house. Integrating Equation (5.3) from ¢ = 0 to ¢ yields
jdc V)= j(QC ~Q-C,~k,-V-C,)dt (L1)

where Q is the ventilation supply rate into the house (= 4, X V; m’ h'l). As Q and Vcan
be reasonably treated as constants during the experiment, evaluation of Equation (I.1)

leads to
v(c,0-CO)=1,l0-C,-0-C,~k,v-C] 12)
where C, and C, are the time-average concentrations of indoor and outdoor particles

throughout the experiment, %, is the duration of experiment, and C;(0)and Cj(t) are the
indoor particle concentrations at beginning and end of the experiment, respectively.

After rearrangement of Equation (1.2), k; is obtained as
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1 _
k, = 6 (C,-C)- . IE [c.()-C, )] (5.4)

i exp i

Particle deposition coefficients can be assessed based on Equation (5.4) when the
house is pressurized.
When the house undergoes depressurization, on the other hand, the mass balance

equation for indoor particle concentration C; becomes

% = PﬂvCO - Mvv + kd )Ci ' (-2)

Integrating Equation (5.2) from ¢ = 0 to ¢ leads to
V(C,(0)-C©0)=1,,lp-0-C,~0-C,~k,-V-C] - a3)
With the particle deposition coefficient obtained in Equation (5.4), the particle

penetration factor can be solved by rearranging Equation (I.3):

k, \C, 1 C,(t)-C,(0)
=|=L+1|=L AL 5
"

v ¥ exp 4

v

Note that the first and second terms on the right hand side of Equations (5.4) énd

* (5.5) represent the time-averaged and transient terms, respectively. The time-averaged
terfns tend to remain consistent in magnitude with increasing experimental duration. The
transient terms, on the other hand, decrease inversely with %,;. Given a sufficient

experimental time interval, the transient terms are expected to become negligible in

comparison to the time-averaged terms.
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