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Abstract

We applied a simple size-dependent indoor air quality model associated with a compartmental lung model to
characterize PM o indoor—outdoor—personal exposure relationships for wind-induced naturally ventilated residences in
Taiwan region. The natural ventilation rate was quantified by the opening effectiveness for sidewall opening (SP) and
covered ridge with sidewall opening (CRSP) type homes. The predicted PM;y mass indoor/outdoor (I/O) ratios were
0.15-0.24 and 0.20-0.32, respectively, for SP and CRSP type homes. Results demonstrate that PM;, I/O ratios for a
wind-induced naturally ventilated airspace depend strongly on the ambient PM size distributions, building openings
design (e.g. height to length ratio of openings and roof slope), wind speed and wind angle of incidence. The predictions
from our lung model agreed favorable with the experimental deposition profiles in extrathoracic (ET), bronchial—
bronchiolar (BB), and alveolar—interstitial (AI) regions. Our results demonstrate that ET region has higher PM, mass
lung/indoor ratios (for north Taiwan region: 0.67-0.78; for central: 0.66—0.74) than that of BB (for north: 0.36-0.57; for
central: 0.33-0.47) and Al regions (for north: 0.05-0.35; for central: 0.02-0.22). The present approach can be used in the
future to appraise the significance of inter-subject lung morphology and breathing physiology variability for PM

deposition and dose calculations.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Outdoor particulate matters (PMs) present on the
surface of streets may consist of a complex mixture of
soil dust, deposited motor vehicle exhaust particles, tire
dust, brake lining wear dust, plant fragments, and other
biological materials. Pope and Dockery, 1992; Dockery
et al. (1993); Schwartz (1993); Seaton et al. (1995);
Ackermann-Liebrich et al. (1997) in their epidemiologi-
cal studies indicated that the PMs in outdoor air were
strongly associated with lung function parameters,
respiratory symptoms and mortality. These findings
were especially pronounced for inhaled thoracic parti-
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cles (particles of aerodynamic equivalent diameter

Outdoor PM attributable to the indoor air in urban/
suburban residence houses has been the most serious
indoor air pollution in Taiwan region (Yang et al., 1999;
Chen et al., 1999; Li and Lin, 2002). The relationship
between exposure to airborne PM and resulting health
effects is the subject of an ever-increasing number of
studies. Guo et al. (1999) revealed that PM;, was
positively associated with the prevalence of asthma in
middle-school students in Taiwan. Hwang and Chan
(2002) demonstrated that rates of daily clinic visits were
associated with current-day concentrations of PM;, in
Taiwan region.

In the indoor environment, the removal of entrained
outdoor PMs occurs through ventilation and deposition.
Natural ventilation is widely used in Taiwan region with
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the advantages of saving energy, expense, and installa-
tion time in that dwelling houses are controlled by
natural convection to remove excessive heat and
moisture. The mechanism of natural ventilation depends
on wind effects, thermal buoyancy and the combination
of both wind and buoyancy forces. Wind speed and
wind direction are the dominant factors for wind-
induced effects (Miguel et al., 2001). The characteristics
of openings affect natural ventilation efficiency with the
arrangement, location, and control of ventilation open-
ings to achieve a desired ventilation rate and good
distribution of ventilation air through the buildings.

In a naturally ventilated airspace, Brownian and
turbulent diffusion, sedimentation, and laminar as well
as convective flow exist to varying degrees and lead to
particle deposition onto walls and other surfaces.
Depending on the flow regime, different models have
been proposed for particle deposition in a ventilated
airspace. In the present work, we adopted a mathema-
tical model derived by Crump and Seinfeld (1981) for
the rate of aerosol deposition in a turbulence mixing
enclosure of arbitrary shape under the assumption of
homogeneous turbulent near the surfaces.

Numerous mathematical models for predicting PM
deposition in the human airways have been developed
over the years (Martonen and Zhang, 1993; ICRP, 1994;
Lazaridis et al., 2001). In this present study, we
employed an approach based on the concept of applying
compartmental modeling to the human lung anatomy
incorporated with the ICRP66 recommended model
(ICRP, 1994). Numerous compartmental models have
been proposed, differing in the representation of the
tracheo-bronchial tree, the breathing physiology and
resulting airflow, and the expressions used for calculat-
ing PM deposition efficiencies (Koblinger and Hof-
mann, 1990; Martonen and Zhang, 1993). In this present
study, the main features of PM deposition mechanisms
in lung include turbulent and Brownian diffusion,
inertial impaction, interception, gravitational settling,
and clearance as suggested by ICRP66 (ICRP, 1994).

Because the epidemiological literature has focused on
health effects associated with ambient particle levels, we
do not include indoor source in our analysis and focus
on the PM,, indoor/outdoor/lung (I/O/L) relationships.
In this study, we attempt to understand the PM, [/O/L
relationships focusing on the building operational
characteristics of a wind-induced naturally ventilated
airspace and the size-dependent effects on indoor PM,
levels. We employed an opening effectiveness model to
quantify the wind-induced natural ventilation for side-
wall openings (SP) and covered ridge with sidewall
openings (CRSP) that are commonly employed in
Taiwan region. We predicted the size-dependent 1/O/L
ratios of PM ;o mass for urban and suburban naturally
ventilated homes and compared our results with
empirical evidence. There are uncertainties in the

measurements; thus, we also performed uncertainty
analysis for the proposed model.

2. Materials and methods

2.1. Modeling PM I/0 ratio for a naturally ventilated
airspace

Thatcher and Layton (1995); Abt et al. (2000); Riley
et al. (2002) have developed rigorous indoor air quality
models for studying the PM 1/O relationships and size-
dependent removal mechanisms in a residence, in which
the model employed by them applied also to our study.
Combining the physical processes controlling the gain
and loss rates, the deposition (including Brownian and
turbulent diffusive deposition and gravitational sedi-
mentation), and air exchange, yields a dynamic equation
that describes the concentration profile of PM I/O
relationships in a wind-induced naturally ventilated
airspace.

Followed by the principle of mass balance under an
isothermal condition in that resuspension, coagulation
of particles, and phase change processes are neglected,
the dynamic equation varying with particle size range k
and time ¢ are given by

% = U+ 24N Cilke, 1) + 70 Colle, 1),

k=12,.., N—1, Q)

where Ci(k,?) is the time-dependent indoor PM con-
centration in the kth size range (kgm™); Cy(k, ?) is the
time-dependent outdoor PM concentration in the kth
size range (kgm™>); 4, is the air exchange rate of natural
ventilation through open windows and doors (h™') in
which 1, = On/V, O, is the natural ventilation rate
(m*h™"); V is the air volume (m>); A4(k) is the deposition
rate of indoor PM due to Brownian and turbulent
diffusive deposition and gravitational sedimentation in
the kth size range (h™"); k is the size range number; and
N is assigned to be the end point number for a kth size
range, dy and dj.y .

The particles are divided into geometrically equal
sized bins in the size range of interest. The PM
concentration is assumed to be a constant aerodynamic
equivalent diameter (AED) within each bin size. The end
points, dj and dj 1, of the kth bin size are considered to
be equal to the geometric mean of the end points of the
bin size as
(dmax - dmin)(k - 1)
dk = dmm + N_1 P

k=1,2,..., N, ©)

where particles smaller than dpj, (the minimum dia-
meter) are considered to be the finest, and dy.y is the
largest particle size of interest.
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Applying a time average to Eq. (1) whereas neglecting
the change of PM mass within the building and
assuming that C, and C; are not correlated in time
with Q; or A4(k) yields

CI(k) _ /ln

Colk) ™~ In+ Aa(k)
where Ci(k)/C,(k) is the size-specific, time-averaged PM
I/O concentration ratio. Eq.(3) indicates that I/O

concentration ratios<0.5 for A4(k)>» 4, and I/O ra-
tios=0.5 for Aq(k) < Ay.

3)

2.2. Compartmental modeling for lung PM 11O ratio

The ICRP66 (ICRP, 1994) suggested that for model-
ing purpose, the human respiratory tract (HRT) could
be divided into three major regions: (i) the extrathoracic
(ET), comprising the anterior nose and the posterior
nasal passages, larynx, pharynx, and mouth; (ii) the
bronchial-bronchiolar region (BB), comprising the air-
way from trachea through bronchi; and (iii) alveolar—
interstitial region (Al), comprising the airway from
respiratory bronchioli through alveolar sacs. Applying
of a mass balance relation to each regional compartment
could yield a dynamic equation set. After deliberately
mathematical manipulations, the dynamic equation set
can be transformed into a state-space realization form of
a linear dynamic representation as

dC(k, 1)
"4

where {C(k,1)} = {Ci(k,t) Ca(k,1) Cs(k,0)}T is the
state variable vector of PM concentration in lung
regions ET, BB, and AL respectively (ugcm ); and
{u(k, )} = {Ci(k, 1) 0 0}7 represents an input vector of
indoor PM concentration (ugcm™>); whereas the state
matrix [L] (s~') and the constant input matrix [B] (s™')
have the following forms, respectively, as follows:

}:mwwm+mwmm 4

—Ad, (k) — Zs, (k)
—Zim, (k) — e1(k)Q/ V' —
BnQ/Vi— 0/ Vi

B12Q/ Vi

7Ad2(k) - ;“SQ (k)

[L] = B0/ V> *)“imz(k) — e (k)Q/Vr—
B30/ V2 — 1,0/ V>
0 B30/ V3

and [B] = diag[Q/V1,0,0]; where C(k,1), Ca(k,t), and
Cs(k, t) are the time-dependent PM concentration in the
kth size range in the lung compartments ET, BB, and
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Al respectively (ngem™3); Q is the breathing rate
(em*h™h); Ad;(k), Zs,(k), and Zim;(k) represent turbulent
diffusive deposition rate, gravitational settling rate, and
inertial impaction rate, respectively, in the kth size range
in the lung compartment i (s~ '); &:(k) is the interception
deposition efficiency in the kth size range in the lung
compartment i; f3; is the transition coefficient from lung
compartments j to i; and Cp(7) is the time-dependent PM
clearance rate in the lung (s™!). Eq. (4) can be solved
explicitly as PM concentrations reach steady-state. We
define diagonal element L; in matrix [L] as L; = L;(k)
and yield the PM indoor—personal relationships corre-
sponding to lung/indoor (L/I) mass ratio in each lung
compartment as

Ci(k) O/ Vi Ly(k) L3 (k)

aw Ac (5a)
Ci(k) =0/ Vi 0/ V2 Las(k)

G A : (56)
G(k) _ Q/Vi @/ Va2 B0/ Vs (50)
Ci(k) Ax ’

where Ci(k)/Ci(k), i =1, 2, 3 represents the PM L/I
ratios for lung regions ET, BB, and Al, respectively, and

A = [L(k)]
Lutk)  BnO/W 0
= |Ba0Q/V2  Lnk) B0/V>
0 B30/ Vs Lx(k)

2.3. PM deposition model

The deposition model used to describe indoor PMs
deposit in a naturally ventilated airspace is derived from
Crump and Seinfeld (1981) and is referred to as the C-S
model. Depending on the flow regime, different models
have been proposed for particle deposition in a room.

B30/ V>

— Ay (k) — s, (K)
—Jim; (k) — e3(k)Q/ V3
—P2 0/ V3 = CL(n)

The turbulent flow paradigm appears to be best
applicable to the building scenario where ventilation
(natural or forced) is the primary source of turbulent.
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The C-S model is a well-established general model for
the rate of aerosol deposition due to turbulent diffusion,
Brownian diffusion, and gravitational sedimentation in
a turbulently mixed arbitrary shape of airspace. Detailed
derivation of the deposition model can be found in Liao
et al. (2001).

Inhaled PMs deposit in the human airways by
different deposition mechanisms, depending to varying
extent on PM size, local airflow field, and lung
architecture. Calculation of PM deposition is required
to evaluate the size resolved loss term in Eq. (4).
Turbulent diffusion, Brownian diffusion, inertial impac-
tion, interception, gravitational settling, and PM clear-
ance are the PM deposition mechanisms addressed in
this study. The main features of the PM deposition
model in the naturally ventilated airspace and in the
human respiratory tract are listed in Table 1. Table 2
gives the input values of lung physiological parameters
and deposition rate parameters used in the PM I/O
models for naturally ventilated airspace and lung.

2.4. Opening effectiveness model

The natural ventilation rate (Q,) depends on the effect
of wind moving through openings. ASHRAE (1997)
suggests an empirical expression to predict the flow
through a sidewall opening as a function of wind speed
and opening effectiveness as Q, = EAV,, where E is the
opening effectiveness (dimensionless), 4 is the area of
inlet opening (m?), and ¥, is the wind velocity (ms™).
The traditional Buckingham Pi theorem is commonly
used to derive an empirical relationship between opening
effectiveness and variables in terms of dimensionless
parameters. The dimensionless parameters selected in
the present study include: (i) the Reynolds number (Re)
defined by the opening length, air density, air velocity,
and absolute air viscosity; (ii) the ratio between opening
height and opening length (ho/l); (iii) the incidence
angle of wind flow (¢); and (iv) the slope of roof (0).
Detailed algorithm for developing the opening effective-
ness model can be found in Yu et al. (2002). The
expressions of opening effectiveness for the SP and
CRSP type buildings, Esp and Ecgrsp, respectively, can
be obtained as follows (Yu et al., 2002):

Egsp =7.44 x (0.2Re) ™3 (44 /15)10%

% (Sin (b)0,7524 (Sin 0)70,1486’ (6)

Ecrsp = 33.81 (0.4Re) "% (3.2 /1,)*'"!
X (sin ¢)048799 (sin 9)10388' @

Table 3 gives the configuration parameters used in the
present study for determining opening effectiveness for
the SP and the CRSP type buildings located at north,
central and south Taiwan region in that monthly

Table 1
Rate equations of PM deposition for naturally ventilated
airspace and for human respiratory tract

Naturally ventilated airspace

ey
falk) = ;/ U a(dy)d(dy). (T.1)

dieyr — dic Jg,
Where
1 . T
Ja(dy) = m{@wh + 20l) ( (sm ;)
a1\ 1/n
X (keD(dp) ]) ) + wlvg(dy)

s (dp)

x coth p. NID (T.2)*
2 (nsm ;) <keD (dy) )
- kg TCqip b
D(dy) = Sndy” (T.3)
Pp9dy Pa b
Vg (dp) = Wcsnp 1— ,07‘ . (T4
a p

Slip correlation factor:

Cip = (1 n i(2.541 +0.8exp <—0.55d—P> > ) (T.5)
d, A

Human respiratory tract®

8 . aot\ .
Adi(dp):ﬁismg(ch(dp) N (T.6)"

o (dy) = 4”51()‘_{*’)voth " () 7 (T.7)°
2 (nsm ;) (kCD (dy) )

) _ ppdgcslipg _ i b
Dimy (clp) = 79%& = Slka’ (T.8)
Where Stk = Stokes number

_ (=) (m/ Yo mi) dy /D b
() = Ku(l+dy/D;) (19
Kawabara number:

Ino 3 o? b
Ku—7771+171. (TIO)

See Table 2 for description of symbols.

#Derived from Crump and Seinfeld (1981).

® Adopted from Hinds (1999).

°The integrated formula for the kth bin is the same as
Eq. (T.1).
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Input parameters used in the PM I/O model simulations for
ventilated airspace and for lung

Parameter

Description

Representation values

Lung physiological parameters®

o

Or

Vi

Dy, D>, Ds
ny, np, N3
Vi, Va, V3

Breathing rate (light
exercise)

Breathing frequency
Tidal volume
Diameter of airways
Number of airways
Volume of
compartments in
lung

Deposition rate parameters

N
ke

ky
T
M
Y

Pa
Pp

Exponent constant
Turbulent intensity
parameter
Boltzmann’s
constant

Ambient
temperature
Dynamic viscosity of
air

Mean free path of air
Air density

Particle density

1.2m*h™!

15 breaths min~"
1.331

2.8, 0.53, 0.05cm

1, 6.55 x 10*, 4.5 x 107
92.32, 94.6, 1580.4cm’>

b
0.1s7'°

1.38 x 1071¢
dyncmeC
25°C

1.85x 104 gem™'s7 !¢
0.66 x 10> cm?

1.18 x 103 gem 3¢
l.Ogcm’h1

# Adapted from ICRP66 (ICRP, 1994).
® Adapted from Nazaroff et al. (1990).
¢ Adapted from Nazaroff et al. (1990) and Nazaroff and Cass

(1989).

4 Adapted from Hinds (1999).

Table 3

Configuration parameters used to determine opening effective-

ness for SP and CRSP type buildings

Building type Volume ¥ Height to length Roof slope
(m*) ratio (hy/ly) angle (6)
CRSP type
ﬁ 256 2/3 23.5°
SP type
256 1/3 307

averaged data of wind speed and wind direction were

obtained fro

m Taiwan EPA.

2.5. Outdoor PM characteristics

The outdoor PM,, concentrations data of north,
central, and south Taiwan region were obtained from
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Taiwan EPA dated from November 1993 to May 2002
to evaluate the PM, 1/O ratio in naturally ventilated
airspaces for SP and CRSP type buildings. We selected
urban area located at north Taiwan (Taipei) region and
suburban area located at central Taiwan (Taichung)
region as study sites to evaluate the lung/indoor PM;
relationships in residence homes. The general urban site
represents normal urban conditions without any specific
air pollution sources, whereas the suburban site repre-
sents the industrial area and the air quality mainly
contributed by mobile sources. The ambient particle
concentrations were collected in the periods of April-
October 2002 in that the field 24h samples were
continuously collected over a weeklong period in the
monitoring month. We conducted a chamber test to
verify the particle size distributions of the outdoor PM
samples.

A portable laser dust monitor (Series 1100, Grimm
Labortechnik GmbH & Co. KG, Ainring, Germany;
referred to as DM1100) was used to analyze the PM
characteristics. DM1100 combines the principles of
aerodynamic particle size separation and light scattering
particle detection. The particles can range from 0.5 to
10 um AED. DM 1100 measures mass concentrations in
the range of 1.0-50,000 pgcm >. Before the measure-
ments, the DM 1100 was calibrated with known particles
of Uniform Latex Microspheres Polystyrene (0.5um)
and Polymer Microspheres Styrene Vinyltoluene (3 pm)
(Duke Scientific, Palo Alto, CA).

Results demonstrate that the particle size distributions
of outdoor PM followed a lognormal distribution with a
geometric mean diameter (GMD) of 1.06um and a
geometric standard deviation (GSD) of 2.62 for north
region and a GMD 4.32 um and a 2.12 GSD for central
region (Table 4). Table 4 summarizes the information of
integrated number and mass concentrations for outdoor
PM,o and indoor PM;, for SP and CRSP type buildings.
We divided the two size ranges from 0.1 to 5 pm and 0.1
to 10 um into 5 geometrically average size bins based on
Eq. (2), in which the particle concentration in each bin
size was also calculated. Generally, the CRSP type
buildings have higher integrated number and mass
concentrations than that of the SP type homes (Table 4).

2.6. Uncertainty analysis

Because of limitations in the data and theories to
support PM I/O modeling in naturally ventilated
airspace and in HRT, there is a need to characterize
uncertainty and variability in the model approach and
input parameters. We applied a Monte Carlo approach
to appraise the impact of parameter uncertainty on our
proposed PM 1I/O models. To express uncertainty
in outdoor PM concentration, opening effectiveness,
and PM I/O ratio parameters, we employed the
Kolmogorov—Smirnov (K-S) statistics to optimize
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Table 4

The characteristics of the outdoor and indoor PM,q in north and central Taiwan region

Outdoor PM;

Particle size distribution

Integrated number concentration (m )
Integrated mass concentration (g m~>)

Indoor PM,

SP type

Integrated number concentration (m~>)
Integrated mass concentration (ugm™>)
CRSP type

Integrated number concentration (m~>)
Integrated mass concentration (ugm™>)

North Central

LN(1.0° pm, 2.62)* LN(4.32 um, 2.12)*

1.36 x 10° 5.09 x 10°
9.24x 107! 27.7
0.33 x 10° 0.74 x 10°
2.26x 107! 5.02
0.44 x 10° 1.02 x 10°
298 x 107! 5.54

“LN(GMD, GSD): Lognormal distribution with geometric mean diameter (GMD) and geometric standard deviation (GSD).

the goodness-of-fit of distributions. We employed
@RISK (Version 4.5, Professional Edition, Palisade
Crop., USA) to analyze data and to estimate distribu-
tion parameters. Results from goodness-of-fit statistics
suggest that the normal distribution model fits the
observed data. To test the convergence and stability of
the numerical output, we performed independent runs at
1000, 4000, 5000, and 10000 iterations with each
parameter sampled independently from appropriate
distribution at the start of each replicate. For this study,
5000 iterations are sufficient to ensure stability of
results. We employed 95th-percentile predictions of
indoor PMj, level as our conservatism values to
calculate the PM o L/I ratio for each lung compartment.

3. Results and discussion

3.1. PM,y 11O relationships in naturally ventilated
airspace

The outdoor and indoor PMy, mass concentrations
for SP and CRSP type buildings are presented in
Fig. 1A. Box and whisker plots are used to represent the
uncertainty in that boxes show 25th and 75th percentiles
and whiskers are Sth and 95th percentiles. The relatively
lower variability was observed in indoor PM;, mass.
Median values of measured outdoor PM;, mass
concentrations were 55.42, 64.06, and 86.94 ugm’3,
respectively, in north, central, and south Taiwan region.
The CRSP type building has higher calculated indoor
PM,, mass concentrations (median 11.17-19.65 pgm™>)
than that of the SP type building (median 8.05—
1436 pgm ). The CRSP type buildings have higher
PM o mass I/O ratios (median 0.17-0.27) than that of SP
type buildings (median 0.13-0.20) (Fig. 1B). Strength of
the 1/O relationships for PM ;o mass for SP and CRSP

160 A)

T 5%-95%
O 25%-75%

5

“PE * Median value
leO
=
2 100
9
® g
5}
2 60
3
@ 40
£
20
o
= ==p== == = @
a o P CRsP P CRSP P
Outdoor indoor Outdoor indoor Outdoor indoor
North Central South
Study sites
0.36
(B)
0.30
L
§ o
o
= 024 —|_
E o
2 0.18
E @
006 sP CRSP sP CRSP sP
: North Central South
Study sites

Fig. 1. (A) Calculated indoor PM;, mass concentrations
and (B) calculated PM( mass indoor/outdoor (I/O) ratio for
SP and CRSP type buildings in the north, central, and
south Taiwan region. Box and whisker plot shows the
uncertainty.
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0.36

T 5%-95%
[ 25%-75%

o Median value|
0.30

0.24 °

0.18 L

@@@

Air exchangerate (h™%)

0.06

sP CRSP sP CRSP sP CRSP
North Central South
Study sites

Fig. 2. Air exchange rates of SP and CRSP type buildings in
the north, central, and south Taiwan region.

type buildings in different Taiwan region is partly
explained by the natural ventilation rates of the
buildings (Fig. 2). Fig. 2 indicates that in all regions,
CRSP type building has higher air exchange rate
(median 0.14-0.25h~") than that of SP type building
(median 0.1-0.17h™ ). Little studies containing suitable
data were identified, thus extremely limited empirical
evidence was available for model validation, especially
for the wind-induced naturally ventilated residences in
Taiwan region.

In our work, average deposition rate for PM;, was
calculated to be 0.67+0.2h~!. This deposition rate is
equivalent to a deposition velocity of 0.54mh!
corresponding to a surface-to-volume of 1.25m™! in
this present study. Wallace (1996) reported that an
average deposition rate for PM;, was found to be
0.65h~", indicating that their fitted PM, deposition rate
is consistent with that employed in this study. We
suggest that a mathematical relationship among indoor/
outdoor concentrations of PM, air exchange rates,
deposition velocity, sources, and sinks of PM can be
developed. Furtaw et al. (1996) demonstrated that the
amount of turbulence in a room is proportional to the
air exchange rate. Accordingly, an increase in turbulence
will increase the particle deposition rate (Crump and
Seinfeld, 1981; Nazaroff and Cass, 1989). These factors
will lead to the increase in deposition velocity for all
particle sizes as air exchange rate increases.

In a single residence study, Thatcher and Layton
(1995) calculated deposition velocities between 0.64 and
415mh™" for 1 to 6um AED particles. In several
residences, Fogh et al. (1997) measured particle deposi-
tion velocities between 0.18 and 1.1mh™" for particle
AED between 0.5 and 5.5 um in that calculated I/O mass
concentration ratios varied between 0.1 and 0.7 for the
same sized particles. In an enclosed chamber, Lewis
(1995) experimentally measured deposition rates

between 0.25 and 1.1h~' for particle AED between 1
and 7pum. Lewis (1995) also demonstrated that increas-
ing the pressure differential or aperture of an opening
increased the penetration for all particle sizes. Riley et al.
(2002) used deposition rates ranged from 0.17 to 2.1 h™!
PM, to estimate the PM mass I/O ratios.

The linear fits between measured outdoor and
simulated indoor PM, mass concentrations in SP and
CRSP type buildings in Fig. 3 indicate that, for all cases,
fitted linear models give good correlations between fitted
and simulated indoor PM( mass concentrations, where
? ranged from 0.70 to 0.97 (p<0.05, average 1> = 0.86),
indicating the PM o, mass concentrations in the indoor
air were dominated by outdoor sources. This also
implied that 70-97% (or 86%, on average) of the
variation of the indoor PM,, mass concentrations was
explained by the outdoor concentrations of PM;,. For
the SP and CRSP type buildings in north, central, and
south Taiwan region, the intercepts were not different
from zero at 95% confidence and the slopes were in
good agreement with the PM;y mass I/O ratios in the
5th- and 95th-percentiles range (Figs. 1 and 3). Larger
scattering of the data was observed in north Taiwan
region where the air exchange rates had higher
variability than that of in central and south region
(Fig. 2).

The average residential exposure to outdoor PM, can
also be estimated from the least-squares linear regression
of indoor concentrations on outdoor concentrations
performed for homes without strong indoor sources
(Fig. 3). When the intercept is equal to zero, the slope of
the regression indicates that the average percent of the
outdoor PM | that penetrate indoors. In north Taiwan
homes, the indoor PM,;, mass concentrations were
1943% (> =0.7340.03) of the outdoor concentra-
tions. In central and south region homes, the in-
door concentrations of PM;, were 15+2.5%
(> =0.89+0.01) and were 20+3% (2 = 0.96+0.005)
of outdoor concentrations, respectively.

3.2. PM,y 11O relationships in HRT

We compared our theoretical predictions to indepen-
dently published experimental data obtained from
ICRP66 (ICRP, 1994) and other different studies (Yu
and Diu, 1983; Sarangapani and Wexler, 2000; Hof-
mann et al., 2000; Lazaridis et al., 2001; Asgharian et al.,
2001; Schroeter et al., 2001; Salma et al., 2002; Hofmann
et al., 2002) that referred to as Non-ICRP66 (Fig. 4).
Table 5 summarizes the data set obtained from ICRP66
and Non-ICRP66 used to test the proposed deposition
model. The experimental data were obtained from
considered very reliable data. Model predictions agree
favorable with the experimental deposition profile in
the ET, BB, and AI regions (Fig. 4), even though
the experimental data are quite scattered, owing to
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Fig. 3. Fitted linear correlation between outdoor (measured) and indoor (simulated) PM;, mass concentrations for SP (A, C, E) and
CRSP (B, D, F) type buildings in the north, central, and south Taiwan region.

non-consistency in methodology and to parameter varia-
bility. The increase in deposition with increasing PM size
for the size range considered in Fig. 4 is in agreement with
predictions of the ICRP66 and Non-ICRP66. The
comparisons between predicted and measured lung
deposition profiles suggest that the model seems to be
adequate in describing the upper and lower deposition
bounds. The close agreement of the present lung model
with the experimental data also suggests that the model
captures the underlying nature of the physiochemical
processes responsible for PM deposition in the HRT.
Personal exposure in CRSP type buildings has higher
PM deposition in HRT than that of in SP type buildings

(Fig. 5). Different PM;, number distribution patterns in
lung regions in north and central Taiwan region (Fig. 5)
resulted partly from different PM size distributions
(Table 4). The dominant deposition mechanism in the
lung regions was found to be the inertial impaction rate,
in which the ranged order of magnitude were 107>~10~"
and 1072-10°s™", respectively, for the north and central
Taiwan region. Generally, the region AI has higher
deposition rates than that of in regions ET and BB. The
lung region ET has higher PM o mass lung/indoor (L/I)
ratios (for north Taiwan region: 0.67-0.78; for central:
0.66-0.74) than that of lung regions BB (for north:
0.36-0.57; for central: 0.33-0.47) and AI (for north:
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Fig. 4. Comparison of extrathoracic (ET), bronchial-bronch-
iolar (BB), and alveolar—interstitial (AI) regions deposition data
from ICRP66 and non-ICRP66 with theoretical predictions.
Model parameters include branching angle of 45°, tidal volume
of 1330cm?®, and breathing frequency of 15min~" with initial
PM size distribution of a geometric mean diameter 1.06 um and
a geometric standard deviation 2.62.
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Fig. 6. Calculated PM,( mass lung/indoor (L/I) ratios for each
size bin in lung regions ET, BB, and Al in the north and central
Taiwan region.

0.05-0.35; for central: 0.02—0.22) for each bin size in that
larger bin sizes has smaller PM;, mass L/I ratios
(Fig. 6). The SP and CRSP type buildings have similar
distribution patterns of PM;, mass L/I ratio (Table 4).

Our proposed simple lung model provides an easy
way to account for and keep track of the contribution of
different processes of lung deposition profiles, even
though our model is based on many idealized assump-
tions such as one-dimensional airflow and single
morphological change. Our approach can also examine
independently the processes and mechanisms that
govern the inhalation route of the exposure—dose—
response scenario.

4. Conclusions

Our results demonstrate that PM,;, mass indoor/
outdoor (I/O) ratios can vary from 0.15-0.24 and 0.20—
0.32 (95th-percentiles) for SP and CRSP type homes,
respectively. In north Taiwan homes, the indoor PM,
mass concentrations were 19% of the outdoor concen-
trations. In central and south region homes, the indoor
concentrations of PM;y were 15% and 20% of outdoor
concentrations, respectively.

Comparison of human respiratory tract (HRT)
deposition data from ICRP66 and Non-ICRP66 with
our theoretical predictions, results show that predictions
are agreement with the experimental deposition profiles
in lung regions, even though experimental deposition
data show considerable scatter. Generally, personal
exposure in CRSP type buildings has higher PM

4
N

Fig. 5. PM;o number concentrations of each size range in lung
regions ET, BB, and Al for SP (A, C) and CRSP (B, D) type
buildings in the north and central Taiwan region. Error bars
show one standard deviation from the mean.
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Table 5
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Data set of the deposition fraction obtained from published literature used to test the deposition model

Particle diameter (um)

0.01 0.05 0.1 0.3
ICRP66

086 045 027 0.13
Non-ICRP66 total
Yu and Diu (1983) 0.73 040 025 0.14
Sarangapani and Wexler (2000)  0.66  0.52  0.33  0.19
Asgharian et al. (2001) 0.74 046 029 0.12
Mean 071 046 029 0.15
S.D. 0.04 0.07 0.04 0.04
Non-ICRP66 ET
Sarangapani and Wexler (2000)  0.36 0.15  0.11
Schroeter et al. (2001) 0.32 0.10  0.07
Salma et al. (2002) 0.27 0.13  0.09
Mean 0.31 0.12  0.09
S.D. 0.05 0.03 0.02
Non-ICRP66 BB
Hofmann et al. (2000) 041 0.34 0.12
Asgharian et al. (2001) 0.38 0.31 0.09
Lazaridis et al. (2001) 0.36  0.38 0.07
Hofmann et al. (2002) 045 0.32 0.12
Mean 039 0.32 0.10
S.D. 0.05 0.05 0.02
Predictions
Total 0.63 048 037 0.19
ET 0.09 0.04 0.03 0.05
BB 0.18 0.10 0.08 0.04
Al 037 033 026 0.11

0.5 0.7 0.9 1.0 3.0 5.0 7.0 10.0
0.17 028 038 042 0.90 0.96 0.93 0.85
0.16 022 026 025 0.55 0.70 0.76 0.77
0.16 0.19 021 033 0.52 0.65 0.72 0.76
0.18 0.19 024 028 045 0.73 0.80 0.87
0.17 020 024 029 0.51 0.69 0.76 0.80
0.01 002 003 0.04 0.05 0.04 0.04 0.06
0.16 0.17  0.49 0.85 0.87 0.98
0.11 0.15 0.44 0.79 0.81 0.95
0.14 0.12 0.42 0.76 0.78 0.98
0.14 0.13 045 0.82 0.86 0.97
0.03 0.03 0.04 0.04 0.04 0.02
0.13  0.15 0.11  0.17 0.24 0.37 0.55
0.09  0.09 0.08 0.12 0.17 0.30 0.51
0.11  0.13 0.08 0.11 0.18 0.30 0.45
0.11  0.16 0.13  0.18 0.23 0.33 0.53
0.12  0.13 0.11  0.15 0.21 0.33 0.51
0.03  0.04 0.03  0.04 0.04 0.04 0.05
0.17 0.19 021 023 044 0.60 0.73 0.95
0.07 0.11 0.13 0.15 0.33 0.44 0.54 0.70
0.03 003 004 0.04 0.10 0.15 0.19 0.25
0.07 0.05 0.04 0.04 0.009 0.006 0.005 0.004

The predictions obtained from present model are also shown (see Fig. 4).

deposition in HRT than that of in SP type buildings.
The dominant deposition mechanism in the lung regions
was found to be the inertial impaction rate, in which the
ranged order of magnitude was 1072-10%s~!. Our results
demonstrate that extrathoracic region has higher PM,
mass lung/indoor (L/I) ratios (0.66-0.78) than that of
bronchial-bronchiolar region (0.33-0.57) and alveolar—
interstitial region (0.02-0.35). We may apply this present
model to predict the dose resulting from exposure from
inhalation to airborne PM such as fine diesel PM,
fugitive dust, and bioaerosols and to analyze clinical
data and protocols in the field of aerosol therapy.
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