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Abstract: This study investigates indoor/outdoor relationships of airborne particles under controlled
pressure difference across the building envelope in Korean multifamily apartments. On-site field
experiments on 14 apartment housing units located in urban areas in Korea are conducted to measure
the indoor/outdoor ratios of number concentrations of size-resolved particles (0.3–0.5, 0.5–1.0, 1.0–3.0,
3.0–5.0, 5.0–10.0, >10.0 µm). To set identical pressure difference conditions across the envelope of
each housing unit for better comparison of I/O ratio results, and to examine the effect of pressure
difference on the I/O relations, indoor–outdoor pressure difference was controlled at 10, 30, and 50 Pa
using a blower door depressurization procedure. Simultaneously, the air leakage characteristics
of housing units are measured using the typical blower door pressurization-depressurization test
method to correlate air leakage data and I/O ratios. As expected, moderately airtight housing
units (ACH50 ≤ 4.4) show lower I/O ratios than average leaky housing units (ACH50 > 4.4);
still, the averaged I/O ratios of finer sized particles (0.3–0.5, 0.5–1.0, and 1.0–3.0 µm) in the moderately
airtight housing units were 0.75, 0.59, and 0.61 at an I-O pressure difference of 50 Pa, and 0.62, 0.51,
and 0.49 at 10 Pa. The study indicates that indoor residents in moderately airtight Korean multifamily
housing units with relatively small envelope area can still be exposed to high concentrations of
outdoor originated fine particles.

Keywords: particle infiltration; I/O ratio; urban apartments; air leakage; I-O pressure difference;
blower door test

1. Introduction

Epidemiological evidence has suggested that outdoor air pollution due to particulate matter (PM)
is associated with a prevalence of respiratory and cardiovascular diseases [1–3]. This outdoor air
pollution has been a major public health concern in Asian Countries, including Korea [4–8]. Urbanization
and high levels of traffic emissions are suggested to be the major sources of outdoor pollution [9–12].
Moreover, dust phenomena called Asian dust affect the area during the spring and winter seasons [13–15].
National measures have been undertaken to mitigate personal exposure to particles causing immediate or
potential health risks. In Korea, the Meteorological Administration provides real-time regional particle
concentration data online to advise sensitive groups to stay indoors when the hourly average PM10

concentration exceeds 400 µg/m3 for over two hours. Warnings are issued when the number exceeds
800 µg/m3 for over two hours, prohibiting all people from going outdoors [16].
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Although staying indoors can be a safe choice, particles can penetrate through building leakage and
become suspended indoors, resulting in occupant exposure to particles of outdoor origin [17]. Since most
people spend over 85% of their time indoors, assessing indoor air quality is important for investigating
the impact of particle exposure on human health [18]. Multifamily apartment buildings in Korea are
typically built along roadsides for traffic convenience, and high-density building blocks create stagnant air,
worsening outdoor air conditions. Housing units in apartments are generally located in the middle of a
flat-type apartment building, so that the units are exposed only to ambient air at the front and rear sides of
the units where penetration of outdoor particles is possible. These apartments are concrete bearing-wall
buildings that limit airflow to and from adjacent units. At the same time, with the need to save energy and
the development of construction technology, Korean multifamily apartment buildings are becoming airtight
and high-rise. Air leakage pathways through building envelopes for multi-story apartment buildings may
be reduced; however, pressure differences driven by wind and stack effects can be increased. As aging and
new apartment buildings coexist in an urban area, the characteristics of air leakage and pressure difference
applied along the envelope may be diverse, affecting particle infiltration, an important determinant of
indoor concentrations of ambient particles [18].

Several studies have investigated the quantification of particle infiltration in residential settings
experimentally [19–26]. In experimental field studies, single-family homes have been commonly
studied with the aim of determining indices such as indoor/outdoor (I/O) ratios, infiltration factors,
and penetration factors, which have been widely employed to explain the impact of ambient
particles on indoor environments [19–22]. A few studies have focused on particle infiltration in
other types of residences such as high-rise multi-unit homes. Chao et al. [23] suggested the need to
evaluate small residences in high-rise buildings located in Asian cities where the ambient particle
level is much higher, and their study measured particle penetration in six non-smoking naturally
ventilated residences located in high-rise buildings in Hong Kong. Mullen et al. [24] investigated
ultrafine particle number concentrations in four high-rise apartments in Beijing. Previous field studies
measured outdoor and indoor particles in natural conditions without the control of indoor-outdoor
(I-O) pressure differences, and they pointed out that pressure differences may influence infiltration
results. In laboratory experimental settings, several studies were conducted on particle penetration
under controlled pressure differences. Mosley et al. [25] performed a two-compartment laboratory
chamber study measuring particle penetration at 2, 5, 10, and 20 Pa. Particles with diameters
in the range of 0.05 to 5 µm were generated in one compartment and then transported through
simulated leakage paths to the other compartment under the action of applied pressure differentials.
Liu and Nazaroff [26] performed laboratory particle (0.02–7 µm) penetration tests under pressure
differences of 4 and 10 Pa. These measurements attempted to simulate the entry of outdoor fine particles
into the indoor environment through narrow horizontal slits at typical I-O pressure differences used as
driving forces for the particle entry process. Although the previous studies have provided insight into
the impact of pressure on particle transport through building cracks, those studies were conducted in
laboratory settings with simulated indoor conditions, their correlation with actual residential settings
is still in question.

The objective of this study is to investigate I/O ratios of airborne particles under controlled
pressure difference across the building envelope in Korean multifamily apartments. 14 residential
housing units within multifamily apartment buildings are tested using the blower-door
depressurization procedure to estimate I/O ratios. The study contributes to give better understanding
on how much outdoor particles affect the indoor environment under different I-O pressure difference
across the envelope of multifamily apartment units.
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2. Methods

2.1. Study Design

Both on-site field particle infiltration tests and air leakage tests were conducted in 14 apartment
housing units located in urban city areas of Korea in 2016. The particle infiltration tests aimed to
provide information on how much outdoor particles affect the indoor air. A particle infiltration test
method using a blower-door depressurization procedure was applied to measure particle I/O ratios
under controlled I-O pressure differences. The I/O ratios were measured without the influence of
indoor particle sources to consider the outdoor particle infiltration only. In the particle infiltration test
method, I-O pressure differences at the housing unit were controlled by the blower-door system to
imitate the pressure difference experienced by high-rise apartment buildings, which enables multiple
tests at various pressure differences on one test unit along with direct comparison of the I/O ratios
among the test units under the same pressure difference. In parallel, airtightness tests were intended
to characterize the air leakage of units using the blower-door fan depressurization/pressurization
method in accordance with the ISO 9972 standard [27]. The blower-door airtightness tests estimate
the effective leakage area (ELA), normalized leakage (NL), and the air change rate at 50 Pa (ACH50).
The influences of air leakage characteristics and I-O pressure differences on particle infiltration were
thereby investigated.

2.2. Description of Test Housing Units

The 14 non-smoking, naturally ventilated apartment housing units were chosen in three major
cities in Korea (Seoul, Daegu, and Chungju). The units were selected to represent the various age and
size of apartment units in Korea. The descriptions of housing units (Units 1 to 14) are summarized
in Table 1. The units were built between 1979 and 2015, and the ages of the buildings ranged from
1 to 37 years. The ages of the buildings were calculated from the year 2016 when the experiments
were conducted. The floor areas of the housing units ranged from 18 m2 to 212 m2 and the sizes of
the units were from studio apartment to four-bedroom apartment size. All the units were one-story
flat apartments with ceiling heights between 2.15 m and 2.30 m. The envelope areas varied from
13 m2 to 69 m2. Three larger apartments in this study had low ratio of envelope area to floor area
(0.33–0.43). In contrast, the other smaller apartments had higher ratio of exterior wall area to floor area
(0.50–0.95). The units were concrete bearing-wall apartments, which represents more than 50% of all
housing in Korea [28]. Each housing unit was located in the middle of a flat-type apartment building,
which enabled the units to be exposed only to ambient air at the front and rear sides of the housing
units where infiltration of outdoor particles is possible. The housing units were designed for natural
ventilation, using only a range hood in the kitchen and an exhaust fan in the bathroom. The residents
in the units followed a barefoot lifestyle with frequent vacuuming and wiping with wet cloths.

Table 1. Description of test housing units.

Housing
Unit

Construction Year
(years)

Floor Area
(m2)

Ceiling Height
(m)

Volume
(m3)

Envelope Area
(m2)

1 1979 57 2.15 123 40
2 1982 36 2.30 83 18
3 1996 143 2.30 329 61
4 1996 50 2.30 115 28
5 1997 212 2.30 488 69
6 2002 36 2.30 83 18
7 2002 65 2.25 146 50
8 2004 85 2.30 196 45
9 2006 85 2.30 196 50

10 2006 130 2.30 299 55
11 2010 20 2.15 43 19
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Table 1. Cont.

Housing
Unit

Construction Year
(years)

Floor Area
(m2)

Ceiling Height
(m)

Volume
(m3)

Envelope Area
(m2)

12 2012 18 2.30 41 13
13 2015 36 2.30 83 32
14 2015 36 2.30 83 32

2.3. Particle Infiltration Test Method Using the Blower-Door Depressurization Procedure

For the preparation of particle infiltration tests, all the tested housing units were unoccupied and
then thoroughly vacuumed and wiped down with wet cloths prior to the experiment to ensure
no indoor particle generation and resuspension during the experiment. The flooring in all the
housing units was finished with wooden or vinyl flooring for convenience in cleaning, as Koreans
are traditionally barefoot inside their homes. After cleaning the housing units, all air passages to
adjacent units, such as range hoods in kitchens and exhaust fans in bathrooms, were sealed with
Teflon vinyl sheets to consider only particle infiltration through the envelopes of the housing units.
Electric outlets and water drainage holes including those connected to vertical shafts were also sealed
for the infiltration tests.

After the housing units were prepared for the experiments, a blower door fan (Retrotec 3101
Blower Door System, Retrotec, Everson, WA, USA) was installed with a blower door frame system at
the entrance door of each housing unit. Simultaneously, two identical particle counters (TSI 9306, TSI,
Shoreview, MN, USA), which enable detection of the number of size-resolved particles (0.3–0.5, 0.5–1.0,
1.0–3.0, 3.0–5.0, 5.0–10.0, >10.0 µm), were installed indoors and outdoors, respectively. The particle
counters were set to continuously measure the particle number concentration with one-minute duration
for each sample and time interval of three minutes between samples. For quality assurance, all particle
counters were calibrated immediately before the experiments. One of the particle counters was located
1.5 m above the floor in the middle of the living room, which is at the center of the housing units,
while the other particle counter was located in the outdoor unit of the air conditioner, which was
hung onto the outside exterior wall of the housing unit. After the test housing unit preparation
and test equipment settings were completed, the particle infiltration test started with blower door
depressurization. The details of I-O pressure differences considered in this experiment are described in
the following section. The I/O ratios were calculated by averaging the measured indoor and outdoor
concentration data after one time constant, equivalent to the reciprocal of the air change rate, for direct
comparison of the I/O ratios among the test units.

2.4. Indoor-Outdoor Target Differential Pressure

The I-O pressure differences applied to the envelope for infiltration testing were set to investigate
the effects of outdoor particles on the indoors at various differential pressure conditions experienced in
urban high-rise, multi-story apartment buildings. The I-O target differential pressure was determined
to reflect building envelope conditions in winter, when buoyancy causes significant stack effects and
average wind speed is high. Negative pressure differences created indoors relative to the outdoors are
the focus of studies considering the circumstances when outdoor air enters through cracks. Typically,
the pressure differences between indoor and outdoor environments in single, low-story detached
house are less than ±10 Pa [29]. Measured results for a typical two-story Finnish house equipped
with a basement with an average building leakage rate showed pressure difference ranges of −3 Pa to
+2 Pa at a temperature difference of 20 ◦C and −8 Pa to +3 Pa at a temperature difference of 40 ◦C [30].
Kalamees et al. [31] recommended a design value of ±10 Pa for the air pressure difference across the
envelopes of detached houses. In the case of high-rise apartment buildings, much higher pressure
differences have been reported. Jo et al. [32] conducted field measurements and airflow simulations
to understand the characteristics of pressure distributions in high-rise apartment buildings during
the winter period in Seoul. The study found that the pressure difference across the envelope ranged
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from approximately −25 Pa to 30 Pa in a high-rise apartment building with 69 floors above ground
and three floors below ground. Considering the measured I-O pressure difference data shown in the
previous study along with the worldwide trend of increasing heights of high-rise residential buildings
and possible ambient wind effects, the I-O target pressure differential was set to 10, 30, and 50 Pa.

2.5. Air Leakage Testing of Housing Units

The typical fan pressurization and depressurization test method using a blower door
(Retrotec 3101 Blower Door System, Retrotec, WA, USA) was applied to determine airtightness and
other air leakage characteristics of the test housing units [33]. The test method uses a blower door
installed on a main door to induce pressure differences across the envelope and to measure those
pressure differences and the resulting airflows. The pressure inside the unit increased (or decreased)
to 50 Pa by the blower door fan and reduced (or increased) gradually at 10-Pa intervals by regulating
the fan speed. The same preparatory works as in infiltration testing in the test units were performed
before leakage testing. All the air passages to adjacent units in the test units were sealed with
Teflon vinyl sheets. The air leakage of housing units can be represented by a power-law equation,
as shown in Equation (1).

Q = C·∆Pn (1)

where Q is the air flow rate through the building envelope (m3·h−1), C is the flow coefficient
(m3·h−1·Pa−n), and n is the pressure exponent (−).

The air leakage characteristics of the test units, the leakage coefficient (C), and pressure exponent
(n) can be determined by measuring the I-O pressure difference (∆P) and coincident fan flow rate
(Q) [34]. By using the blower door data, effective leakage area (ELA), normalized leakage (NL), and air
change rates at 50 Pa (ACH50) were estimated using Equations (2)–(4) to determine the air leakage
characteristics of the test units, as follows:

ELA = C·∆Pref
(n−0.5)·(ρ

2
)

0.5
(2)

NL = 1000(
ELA

A
)(

H
H0

)
0.3

(3)

ACH50 =
Q50
V

(4)

where ELA is the effective leakage area (m2), C is the building leakage coefficient, ∆Pref is the reference
pressure difference (Pa), n is the pressure exponent, and ρ is the air density (kg·m−3), NL is the
normalized leakage (−), A is the floor area (m2), H0 is the height of a single story (m), and H is the
height of the building (m), ACH50 is the air changes per hour at 50 Pa (h−1), Q50 is the airflow rate at
50 Pa (m3·h−1), and V is the volume of the space (m3).

ACH50 is a commonly used metric for air leakage, referring to the ratio of air leakage at 50 Pa as
shown in Equation (4), and ELA is a measure of air leakage which quantifies the equivalent amount of
holes in the envelope. For the calculation of ELA, 4 Pa was used as the reference pressure [34]. NL is a
parameter used to normalize leakage by the size of the building for comparison purposes and to define
leakage classes [34]. ASHRAE has developed a classification scheme according to normalized leakage
ranges. Ten leakage classes were defined from the tightest class (A) to the loosest class (J). The leakage
class scheme proposed by ASHRAE was adopted in this study for characterization of air leakage in the
test housing units.
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3. Results and Discussion

3.1. Outdoor Particle Concentration

The results of outdoor particle concentrations measured outside of each housing unit during
the entire test period are shown in Figure 1. The grey bars refer to the measured values of outdoor
particle number concentrations (0.3–0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0, 5.0–10.0, and >10.0 µm) and the
black bars refer to the 24-h mean of outdoor PM10 mass concentrations on the day when the test was
conducted (provided by the Meteorological Administration in Korea [35]). The outdoor particle number
concentrations at various sizes were measured, and real-time regional PM10 mass concentration data
offered online by the Meteorological Administration were investigated in this study to understand the
outdoor conditions during the test period. The outdoor particle number concentrations vary with the
test unit, as each test was performed at a different time and location. The typical trend of increasing
numbers for the smaller-sized particles and a small deviation of number concentrations for each
particle size during the test period were observed. According to the Meteorological Administration in
Korea, the 24-h mean PM10 concentration index is classified into four categories: good (0–30 µg m−3),
average (31–80 µg m−3), bad (81–150 µg m−3), and very bad (151–600 µg m−3). Unit 14 was at the
level of ‘bad’, Unit 11 was ‘good’, and the other units were in the condition of ‘average’. However,
nine out of 14 housing units exceeded the WHO guideline of 50 µg m−3 according to the data of the
24-h mean PM10 concentration [36].
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3.2. Air Leakage Characteristics

The results of air leakage characteristics obtained by the blower door test method for the
14 housing units are listed in Table 2. The air leakage characteristics included ELA, NL, and ACH50.
The estimated values of the flow coefficients, C, and flow exponent, n, are also listed in the table.
The flow exponent is usually determined according to the flow regime, generally being 0.5 for fully
turbulent flow and 1.0 for laminar flow regimes. For buildings, flow exponent values ranging from
approximately 0.6 to 0.7 are generally reported. The flow exponent values estimated in this study were
between 0.6 and 0.8 which is within a reasonable range.

The 14 housing units tested in the study showed a wide range of leakages. The ELA values of test
housing units ranged from 8.4 to 435.4 cm2 depending on the building age and floor area. Figure 2 shows
the correlation results of the air leakage data with other relevant factors. The results suggested
that the higher ELA values were observed for the older units with larger floor areas, as expected,
showing a strong correlation coefficient (R2 = 0.77). The NL values were in the range of 0.05 to 0.64.
The correlation between NL and building age was relatively weak, showing a low correlation coefficient
(R2 = 0.35). According to the classification scheme developed by ASHRAE, leakage classes of A to J
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can be determined using the range of NL. The results of NL for 14 test housing units revealed that the
units fall into categories between Classes A and G. One of the test units (Unit 12) had the lowest NL,
resulting in its grouping into Class A, and two of the test units (Units 1 and 4) had the highest NL,
resulting in Class G. The ACH50 values were estimated to be between 1.4 h−1 and 12.4 h−1. There was
a relatively weak correlation between ACH50 and the age of housing units (R2 = 0.40). The units did not
comply with the airtightness requirement for the Passivhaus standard, which states that ACH50 should
be less than or equal to 0.6 h−1 at 50 Pa [37]. 7 out of 14 test units (Units 5, 8, 9, 10, 12, 13, and 14) met
the requirement of 4.4 ACH50 developed by ASHRAE as an average value of current standards [37],
while the other units (Units 1, 2, 3, 4, 6, 7, and 11) revealed values higher than 4.4 ACH50. For the
analysis of the I/O ratio in the variation of leakage characteristics, the test housing units were classified
into two groups: moderately airtight (ACH50 ≤ 4.4) and average leaky (ACH50 > 4.4).

Table 2. Blower door leakage test results for housing units.

Housing Unit C (m3·h−1·Pa−n) n (-) ELA (cm2) NL (-) ACH50 (h−1) Leakage Class

1 136.0 0.69 381.4 0.64 12.4 G
2 58.3 0.60 144.3 0.39 7.5 E
3 149.9 0.62 378.8 0.26 4.9 D
4 144.1 0.57 342.7 0.67 11.7 G
5 159.6 0.67 435.4 0.20 4.0 C
6 81.9 0.59 199.7 0.54 9.8 F
7 89.2 0.57 212.1 0.32 5.5 E
8 70.8 0.66 191.0 0.22 4.2 D
9 49.1 0.65 130.7 0.15 3.1 C

10 99.3 0.60 246.8 0.19 3.4 C
11 38.2 0.63 97.9 0.47 10.3 F
12 2.5 0.82 8.4 0.05 1.4 A
13 14.6 0.74 43.7 0.12 3.1 B
14 13.8 0.77 43.0 0.12 3.4 B
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3.3. The I/O Ratios at a Typical I-O Pressure Difference of 10 Pa

Figure 3 shows the example of the measurement results for I/O ratios at Unit 12. The figure
shows that the indoor particle concentration decayed during the first round of particle infiltration
testing under the typical pressure difference of 10 Pa with depressurization provided by the blower
door. The only particle concentrations after the estimated one-time constant (2.79 h) were used to
estimate the I/O ratios of the housing unit. Followed by the first round of infiltration tests, the second
(∆P = 30 Pa) and third (∆P = 50 Pa) rounds of infiltration tests were conducted, of which results are
presented and discussed in the next sections.
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Table 3 shows the average and standard deviation of size-resolved particle I/O ratios in the
14 tested housing units at the typical I-O pressure difference of 10 Pa. The average I/O ratios of the
14 housing units were 0.73, 0.66, 0.60, 0.51, 0.38, and 0.32 for particles with diameters of 0.3–0.5, 0.5–1.0,
1.0–3.0, 3.0–5.0, 5.0–10.0, and >10.0 µm, respectively. The results generally show that the I/O ratios of
finer particles (0.3–0.5, 0.5–1.0, and 1.0–3.0 µm) were higher than those of coarser particles (3.0–5.0,
5.0–10.0, and >10.0 µm). This tendency was consistently found in the results of each tested housing
unit. The estimated particle I/O ratios widely vary from housing unit to housing unit. The lowest I/O
ratios were found at Unit 9 compared to the other housing units, showing 0.34, 0.17, 0.18, 0.17, 0.09,
and 0.09 for 0.3–0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0, 5.0–10.0, and >10.0 µm, respectively, while the highest I/O
ratios were found at Unit 4, showing 1.09, 1.04, 1.05, 0.89, 0.83, and 0.81 for 0.3–0.5, 0.5–1.0, 1.0–3.0,
3.0–5.0, 5.0–10.0, and >10.0 µm. The difference in particle I/O ratios according to housing units might
be explained with air leakage characteristics of housing units, as Unit 9 was classified into leakage
class C, while Unit 4 fell into leakage class G. Although the airtight units with higher leakage classes
generally showed lower I/O ratios, this was not always the case. For example, Unit 9, with leakage
class C, revealed lower values of I/O ratios compared to Unit 12, with leakage class A. These results
indicate that particle I/O ratios are also governed by various factors including indoor deposition
loss, as particle I/O ratios are influenced by air exchange rate (ACH), penetration coefficient (P),
and deposition loss rate (k).
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Table 3. Size-resolved particle infiltration factors of housing units at typical I-O pressure differences of
10 pa.

Housing
Unit Code

Particle I/O Ratios (Average ± Standard Deviation) Time Constant,
τ (h)0.3–0.5 µm 0.5–1.0 µm 1.0–3.0 µm 3.0–5.0 µm 5.0–10.0 µm >10.0 µm

1 0.80 ± 0.05 0.66 ± 0.11 0.65 ± 0.02 0.65 ± 0.06 0.43 ± 0.07 0.32 ± 0.13 0.19
2 0.72 ± 0.05 0.80 ± 0.03 0.66 ± 0.07 0.67 ± 0.13 0.40 ± 0.08 0.27 ± 0.05 0.35
3 0.94 ± 0.02 0.75 ± 0.03 0.75 ± 0.03 0.41 ± 0.05 0.33 ± 0.02 0.17 ± 0.03 0.81
4 1.09 ± 0.13 1.04 ± 0.14 1.05 ± 0.02 0.89 ± 0.05 0.83 ± 0.07 0.81 ± 0.12 0.20
5 0.62 ± 0.02 0.45 ± 0.05 0.33 ± 0.02 0.45 ± 0.05 0.32 ± 0.12 0.40 ± 0.14 0.69
6 0.75 ± 0.03 0.78 ± 0.01 0.52 ± 0.02 0.45 ± 0.05 0.29 ± 0.03 0.24 ± 0.07 0.27
7 0.73 ± 0.13 0.70 ± 0.22 0.62 ± 0.02 0.65 ± 0.03 0.41 ± 0.05 0.28 ± 0.08 0.45
8 0.73 ± 0.02 0.51 ± 0.09 0.52 ± 0.02 0.44 ± 0.06 0.28 ± 0.04 0.20 ± 0.18 1.00
9 0.34 ± 0.02 0.17 ± 0.01 0.18 ± 0.01 0.17 ± 0.03 0.09 ± 0.03 0.09 ± 0.05 0.88
10 0.71 ± 0.06 0.70 ± 0.02 0.79 ± 0.04 0.41 ± 0.06 0.46 ± 0.11 0.26 ± 0.12 0.72
11 0.92 ± 0.06 0.86 ± 0.14 0.68 ± 0.05 0.80 ± 0.17 0.55 ± 0.15 0.44 ± 0.18 0.25
12 0.43 ± 0.03 0.48 ± 0.01 0.43 ± 0.03 0.49 ± 0.07 0.35 ± 0.10 0.49 ± 0.16 2.79
13 0.73 ± 0.05 0.63 ± 0.07 0.58 ± 0.02 0.29 ± 0.04 0.25 ± 0.04 0.21 ± 0.05 1.03
14 0.78 ± 0.10 0.65 ± 0.08 0.58 ± 0.02 0.30 ± 0.02 0.31 ± 0.04 0.27 ± 0.10 0.93

Average 0.73 ± 0.19 0.66 ± 0.21 0.60 ± 0.21 0.51 ± 0.20 0.38 ± 0.17 0.32 ± 0.18 -

Figure 4 shows the correlation between particle I/O ratios and air leakage data. The size-resolved
particle I/O ratios of all tested housing units were correlated with ELA, NL, and ACH50 values. For all
particle sizes, weak correlations between the I/O ratios and ELA were found, showing correlation
coefficients, R2, ranging from 0.02 to 0.15. On the other hand, comparably meaningful correlations
were observed between the I/O ratios and NL and between the I/O ratios and ACH50. The general
tendency was that relatively higher I/O ratios were found for the leaky housing units than for airtight
housing units, particularly with finer-sized particles.
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Figure 4. Cont.
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Figure 4. Correlation between particle I/O ratios at the I-O pressure difference of 10 Pa and air leakage
data: (a) ELA; (b) NL, and (c) ACH50.

3.4. The I/O Ratios at Increased I-O Pressure Differences of 30 Pa and 50 Pa

Table 4 shows the size-resolved particle I/O ratios at the increased I-O pressure differences of
30 Pa and 50 Pa. The average I/O ratios at 30 Pa were 0.82, 0.74, 0.62, 0.53, 0.39, and 0.32, and the
I/O ratios at 50 Pa were 0.83, 0.74, 0.67, 0.57, 0.45, and 0.44 for 0.3–0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0,
5.0–10.0, and >10.0 µm, respectively. Figure 5 shows the graphical comparison of the I/O ratios of
all housing units for varied I-O pressure differences. Compared to I/O ratios (0.73, 0.66, 0.60, 0.51,
0.38, and 0.32) at 10 Pa, the results showed that the level of I/O ratios in all particle bin sizes increased
with elevated I-O pressure differences. This relationship of I/O ratios generally agreed with previous
laboratory experiment results [25,26] reporting that the particle penetration increases with increasing
pressure differences.

Table 4. Size-resolved particle I/O ratios of housing units at increased I-O pressure differences: (a) 30 pa;
(b) 50 pa.

Housing
Unit Code

Particle I/O Ratios (Average ± Standard Deviation) Time Constant,
τ (h)0.3–0.5 µm 0.5–1.0 µm 1.0–3.0 µm 3.0–5.0 µm 5.0–10.0 µm >10.0 µm

1 0.95 ± 0.07 0.92 ± 0.06 0.70 ± 0.01 0.68 ± 0.04 0.48 ± 0.05 0.35 ± 0.09 0.11
2 0.74 ± 0.08 0.89 ± 0.09 0.65 ± 0.02 0.78 ± 0.04 0.56 ± 0.08 0.46 ± 0.10 0.18
3 0.88 ± 0.11 0.98 ± 0.08 0.77 ± 0.06 0.48 ± 0.11 0.38 ± 0.08 0.22 ± 0.07 0.41
4 1.04 ± 0.04 0.91 ± 0.07 0.73 ± 0.03 0.72 ± 0.02 0.53 ± 0.07 0.63 ± 0.17 0.11
5 0.69 ± 0.04 0.52 ± 0.07 0.42 ± 0.01 0.57 ± 0.07 0.48 ± 0.13 0.29 ± 0.07 0.34
6 1.04 ± 0.07 0.91 ± 0.15 0.73 ± 0.02 0.72 ± 0.08 0.53 ± 0.08 0.63 ± 0.16 0.14
7 1.00 ± 0.18 0.69 ± 0.07 0.63 ± 0.04 0.70 ± 0.11 0.47 ± 0.07 0.34 ± 0.06 0.24
8 0.91 ± 0.05 0.71 ± 0.15 0.62 ± 0.04 0.47 ± 0.05 0.27 ± 0.04 0.13 ± 0.04 0.34
9 0.45 ± 0.03 0.34 ± 0.06 0.29 ± 0.01 0.26 ± 0.03 0.14 ± 0.03 0.07 ± 0.03 0.45

10 0.74 ± 0.01 0.69 ± 0.03 0.70 ± 0.04 0.34 ± 0.04 0.31 ± 0.04 0.15 ± 0.04 0.39
11 0.84 ± 0.04 0.79 ± 0.06 0.60 ± 0.15 0.68 ± 0.29 0.47 ± 0.25 0.34 ± 0.15 0.13
12 0.49 ± 0.01 0.47 ± 0.01 0.33 ± 0.00 0.32 ± 0.03 0.24 ± 0.03 0.37 ± 0.11 1.05
13 0.89 ± 0.19 0.81 ± 0.16 0.73 ± 0.10 0.37 ± 0.05 0.30 ± 0.08 0.29 ± 0.20 0.47
14 0.87 ± 0.03 0.69 ± 0.03 0.73 ± 0.10 0.37 ± 0.03 0.34 ± 0.07 0.28 ± 0.15 0.44

Average 0.82 ± 0.19 0.74 ± 0.19 0.62 ± 0.16 0.53 ± 0.18 0.39 ± 0.13 0.32 ± 0.17 -

(a)
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Table 4. Cont.

Housing
Unit Code

Particle I/O Ratios (Average ± Standard Deviation) Time Constant,
τ (h)0.3–0.5 µm 0.5–1.0 µm 1.0–3.0 µm 3.0–5.0 µm 5.0–10.0 µm >10.0 µm

1 0.92 ± 0.03 0.89 ± 0.04 0.66 ± 0.03 0.64 ± 0.07 0.45 ± 0.08 0.40 ± 0.06 0.08
2 0.82 ± 0.05 0.61 ± 0.17 0.63 ± 0.02 0.66 ± 0.05 0.42 ± 0.05 0.34 ± 0.09 0.13
3 0.95 ± 0.01 1.04 ± 0.03 0.78 ± 0.02 0.50 ± 0.08 0.43 ± 0.06 0.32 ± 0.04 0.20
4 1.01 ± 0.03 0.99 ± 0.05 1.00 ± 0.01 0.83 ± 0.04 0.80 ± 0.05 0.64 ± 0.04 0.09
5 0.66 ± 0.06 0.49 ± 0.05 0.37 ± 0.02 0.48 ± 0.05 0.42 ± 0.08 0.59 ± 0.16 0.25
6 0.98 ± 0.07 1.02 ± 0.04 0.74 ± 0.02 0.77 ± 0.08 0.61 ± 0.14 0.66 ± 0.22 0.10
7 0.93 ± 0.06 0.81 ± 0.10 0.63 ± 0.02 0.68 ± 0.06 0.47 ± 0.07 0.43 ± 0.12 0.18
8 0.78 ± 0.11 0.53 ± 0.05 0.51 ± 0.01 0.40 ± 0.03 0.22 ± 0.03 0.10 ± 0.02 0.24
9 0.46 ± 0.02 0.33 ± 0.05 0.28 ± 0.01 0.31 ± 0.02 0.15 ± 0.03 0.13 ± 0.07 0.32

10 0.77 ± 0.06 0.68 ± 0.02 0.68 ± 0.03 0.39 ± 0.06 0.41 ± 0.13 0.26 ± 0.11 0.30
11 0.76 ± 0.30 0.83 ± 0.09 0.65 ± 0.04 0.77 ± 0.12 0.50 ± 0.06 0.48 ± 0.19 0.10
12 0.55 ± 0.16 0.55 ± 0.10 0.32 ± 0.02 0.22 ± 0.06 0.13 ± 0.03 0.22 ± 0.06 0.69
13 1.04 ± 0.08 0.98 ± 0.31 0.85 ± 0.06 0.41 ± 0.03 0.38 ± 0.07 0.59 ± 0.19 0.32
14 1.01 ± 0.04 0.65 ± 0.04 0.72 ± 0.01 0.36 ± 0.04 0.35 ± 0.06 0.30 ± 0.11 0.29

Average 0.83 ± 0.18 0.74 ± 0.23 0.67 ± 0.19 0.57 ± 0.18 0.45 ± 0.16 0.44 ± 0.23 -

(b)
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Figure 5. The I/O ratios of all housing units for varying I-O pressure differences (upper, mid, and 
lower box edges represent the 75th, 50th, and 25th percentiles, respectively). The whiskers represent 
the 95th and 5th percentiles, and white dots represent the maxima and minima of the I/O ratios. 

Figure 6 compares the particle I/O ratios between the group of average leaky housing units 
(ACH50 > 4.4) and that of moderately airtight housing units (ACH50 ≤ 4.4). As expected, the moderately 
airtight housing units show lower I/O ratios than average leaky housing units; still, the averaged I/O 
ratios of finer sized particles (0.3–0.5, 0.5–1.0, and 1.0–3.0 μm) in the moderately airtight housing units 
were 0.75, 0.59, and 0.61 at I-O pressure difference of 50 Pa, and the I/O ratios of 0.62, 0.51, and 0.49 
at 10 Pa.  

Figure 5. The I/O ratios of all housing units for varying I-O pressure differences (upper, mid, and lower
box edges represent the 75th, 50th, and 25th percentiles, respectively). The whiskers represent the 95th
and 5th percentiles, and white dots represent the maxima and minima of the I/O ratios.

Figure 6 compares the particle I/O ratios between the group of average leaky housing units
(ACH50 > 4.4) and that of moderately airtight housing units (ACH50 ≤ 4.4). As expected, the moderately
airtight housing units show lower I/O ratios than average leaky housing units; still, the averaged I/O
ratios of finer sized particles (0.3–0.5, 0.5–1.0, and 1.0–3.0 µm) in the moderately airtight housing units were
0.75, 0.59, and 0.61 at I-O pressure difference of 50 Pa, and the I/O ratios of 0.62, 0.51, and 0.49 at 10 Pa.
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across the building envelope in Korean multifamily apartments. The I/O ratios were reported for 14 
apartment housing units located in urban areas in Korea under various I-O pressure differences (ΔP 
= 10, 30, and 50 Pa). The particle infiltration tests using the blower door depressurization procedure 
provide the opportunity to compare ambient particle infiltration characteristics among housing units 
by setting identical I-O pressure differences in real housing units. The study indicates that indoor 
residents in moderately airtight Korean multifamily housing units with relatively small envelope 
area still can be exposed to high concentrations of outdoor originated fine particles, and that 
additional measures to mitigate exposure to particle infiltrated from outdoors should be considered. 
This study is part of a research effort to investigate the transport of size-resolved particles through 
building cracks in Korean multi-family apartments, and to calculate the particle removal efficiency 
of indoor air cleaners. Findings from the study can be useful to assess occupant exposure to outdoor 
particles of different sizes in multi-family residences, which may experience various ranges of 
pressure difference such as the high-rise apartment units, and to guide future research on the optimal 
selection and sizing of indoor air cleaners. 

Figure 6. Comparison of average particle I/O ratios between the group of leaky housing units and that of
average housing units under various I-O pressure differences (error bars represent the 75th and 25th percentiles).

Compared with the I/O ratios of other types of unoccupied residences reported in previous
studies, relatively higher I/O ratios were observed for the Korean multi-family apartments [38,39].
Wallace and Howard-Reed [38] reported size-resolved I/O ratios (0.3–0.5, 0.5–1.0, 1.0–2.5, 2.5–5.0,
5.0–10.0, and >10.0 µm) in three-level, four-bedroom US homes with no indoor particle source.
The obtained I/O ratios ranged from 0.13 to 0.24. Orch et al. [39] estimated the size-resolved indoor
proportions of outdoor particles in US single-family homes. They suggested geometric mean values of
0.29, 0.25, 0.13, and 0.07 for 0.1–0.5, 0.5–1.0, 1.0–5.0, and 5.0–10.0 µm particles, respectively. One might
expect there to be less outdoor particle infiltration into indoor air in an airtight Korean multi-family
housing unit as compared to a single-family house, due to the small ratio of envelope area to floor area.
However, the present study indicates that, since airtight Korean multi-family housing units such as
those in high-rise buildings may experience various ranges of pressure difference, the residents can
still be exposed to high concentrations of particles originating from outdoors.

4. Conclusions

This study investigated I/O ratios of airborne particles under controlled pressure difference
across the building envelope in Korean multifamily apartments. The I/O ratios were reported for
14 apartment housing units located in urban areas in Korea under various I-O pressure differences
(∆P = 10, 30, and 50 Pa). The particle infiltration tests using the blower door depressurization
procedure provide the opportunity to compare ambient particle infiltration characteristics among
housing units by setting identical I-O pressure differences in real housing units. The study indicates
that indoor residents in moderately airtight Korean multifamily housing units with relatively small
envelope area still can be exposed to high concentrations of outdoor originated fine particles, and that
additional measures to mitigate exposure to particle infiltrated from outdoors should be considered.
This study is part of a research effort to investigate the transport of size-resolved particles through
building cracks in Korean multi-family apartments, and to calculate the particle removal efficiency
of indoor air cleaners. Findings from the study can be useful to assess occupant exposure to outdoor
particles of different sizes in multi-family residences, which may experience various ranges of pressure
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difference such as the high-rise apartment units, and to guide future research on the optimal selection
and sizing of indoor air cleaners.
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