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Abstract: Ambient particles contribute to occupant exposure as they infiltrate indoor environments
through building envelope cracks, impacting indoor air quality. This study investigates the impact of
indoor air humidity on the infiltration of ambient particles, highlighting humidity’s crucial role in
influencing particle dynamics in indoor environments. Employing a controlled chamber system, we
conducted experiments to quantify the infiltration of size-resolved particles under varying relative hu-
midity (RH) conditions. Both the total number and the mass concentration of particles increased with
RH in the experimental chamber. The smallest particles (0.3–0.4 µm) experienced reduced infiltration
at higher RH levels due to hygroscopic growth, while intermediate-sized particles showed increased
infiltration, resulted from coagulation effects. Large particles (>1.0 µm) demonstrated reduced infil-
tration factors, caused by lower penetration and higher deposition rates, with minimal impact from
RH changes. Our findings reveal that RH influences particle hygroscopic growth, deposition rate,
and coagulation process, thereby affecting indoor particle size distribution and concentration.

Keywords: indoor air quality; indoor air humidity; relative humidity (RH); infiltration; ambient
particles

1. Introduction

Ambient fine particulate matter (PM2.5) poses a well-documented risk to human
health [1–3]. Considering that individuals now spend over 90% of their time indoors, a trend
amplified by the COVID-19 pandemic [4,5], the infiltration of particles into indoor spaces
through building envelopes is a critical concern [6–8]. Understanding and quantifying this
infiltration process is essential to assessing indoor particulate loads and devising effective
control measures.

The infiltration factor (Finf), which denotes the proportion of ambient particles that
penetrate indoor environments and remain suspended [9], serves as a critical estimator in
this domain. Research indicates that Finf values vary across different buildings and particle
sizes [10,11], influenced by factors such as meteorological conditions (including air pressure,
temperature, and humidity), building characteristics (e.g., envelope tightness, volume),
and aerosol dynamics behavior (e.g., penetration, deposition, coagulation) [12–14].

Field studies have extensively explored these variables. For instance, Wallace and
Williams [15] monitored 37 residents across four seasons to study personal, indoor, and
outdoor exposure to PM2.5. They calculated Finf values based on indoor/outdoor sulfur ra-
tios, concluding that the infiltration factor was the lowest in summer when air conditioners
were in use. MacNeill et al. [16] collected continuous data for two years to estimate daily
infiltration factors, finding that the daily Finf of PM2.5 was higher in summer than in winter.
They also linked daily infiltration to window-opening behaviors, air conditioning, meteo-
rological variables, and home age. Huang et al. [17] measured indoor and outdoor PM2.5
mass concentrations in 41 urban residences and examined the connections between Finf

Buildings 2024, 14, 1022. https://doi.org/10.3390/buildings14041022 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14041022
https://doi.org/10.3390/buildings14041022
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14041022
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14041022?type=check_update&version=1


Buildings 2024, 14, 1022 2 of 14

and 78 environmental factors, showing that Finf was influenced by building characteristics,
traffic, wall and floor coverings, and human behavior.

The literature reveals significant variability in Finf, pointing to the need for further
investigation into the physical mechanisms dictating the behavior of indoor particles
originating from outdoor sources. This variability is also evident in studies on the effects of
relative humidity (RH) on particle behavior, including hygroscopic growth, coagulation,
and deposition rate, suggesting an interaction between indoor RH and particulate dynamics.
Hänel [18,19] computed the dependency of gravitational settling and Brownian diffusion on
relative humidity for particles of different sizes. The results confirmed that RH significantly
affects the deposition of aerosol particles. Dockery and Spengler [20] were the first to
develop a steady-state mass balance equation for indoor and outdoor concentrations,
assuming that the air exchange rate (a), penetration efficiency (P), and deposition rate
(k) remained constant over the study period. They estimated Finf values for respirable
particles (PM10) to be 0.70, using indoor and outdoor concentrations of PM10. However,
their assumptions may not correspond to real conditions, where the values of a, P, and
k can vary. Li et al. [21] showed both theoretically and experimentally that RH, rather
than temperature, plays the dominant role in determining the hygroscopic growth of
aerosol particles. Jamriska and Morawska [22] continuously measured the evolution
of particle volume and number concentration in an experimental chamber, concluding
that approximately 64–84% of the total particle number loss was caused by coagulation
mechanisms in their experiments, while surface deposition dominated the mass reduction
of particles. Faulkner et al. [23] built a reduced-scale chamber with a ventilation system
to measure particle concentration, showing that increasing air change rates reduced the
particulate penetration factor for small particles but had little effect on large particles. Wang
et al. [24] investigated the effect of RH on the deposition and coagulation of particles in
an environmental test chamber, revealing that lower and higher RH conditions tended to
enhance the deposition rate of nanoparticles; the coagulation coefficient of the nanoparticles
increased with increased humidity due to strong inter-particle adherence.

Building on these findings, our study focuses on the impact of indoor air humidity
on the infiltration of size-resolved particles. Utilizing an experimental chamber system,
we conducted a series of experiments under varying RH conditions to examine the dy-
namic behavior of polydisperse aerosols. Through a mass balance model accounting for
penetration, hygroscopicity, coagulation, deposition, and ventilation, we aimed to provide
a nuanced quantitative assessment of Finf in relation to air humidity. This assessment is
anticipated to contribute to the broader discussion on indoor air quality, offering insights
that could inform future modeling approaches, indoor particulate load calculations, and
building energy consumption estimations.

2. Experimental Setup and Methods

Experiments were performed in room-sized chambers to determine the infiltration of
fine particles under different humidity conditions. The mass concentration of total parti-
cles (i.e., PM2.5) and the number concentration of size-resolved particles were monitored
simultaneously and continuously. Based on the collected data, a mass balance model was
used to analyze the infiltration process.

2.1. Experimental Chambers

An experimental chamber system was designed to study the impact of indoor air
humidity on the infiltration of size-resolved particles (Figure 1). It was a room measuring
3.9 m in length, 2.9 m in width, and 2.6 m in height, divided by a wall into two sections to
simulate an outdoor environment, named Chamber A, and an indoor environment, named
Chamber B. The mass concentration of particles, particle size distribution, air relative
humidity, air temperature, and pressure difference in the experimental chambers were
controlled and measured.
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enclosed by gypsum boards with a polyurethane coating, providing insulation against 
heat and moisture. A stainless-steel window was installed in the partition wall. The spe-
cialized window, rectangular in shape (0.9 m in width and 0.6 m in height), had a win-
dowsill at a height of 0.9 m. Its crack sizes were accurately measured and adjusted. The 
cracks between the window and its frame were straight, consisting of two horizontal 
cracks and two vertical cracks. Figure 2 provides a schematic representation of the crack’s 
architecture. The length of the crack along the airflow, denoted by the symbol z, was set 
at 90 mm. The height of the crack was small, only 1 mm, represented symbolically by d, 
and the width of the crack was denoted by w. It was assumed that the inner face of the 
crack was smooth, as a study [14] showed that the penetration factor is not sensitive to 
crack roughness. 
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Figure 2. Straight crack between window and frame: (a) three-dimensional view; (b) sectional view. 

2.2. Instrumentations and Test Conditions 
The mass concentrations of particles (PM2.5) in the chambers were continuously mon-

itored by a PM2.5 monitoring system (QD-X1-A, Green Built Environment Technology Co., 
Ltd., Beijing, China), which had six measuring probes with an accuracy of ±10% in the 
range of 10 to 500 µg/m3. The number concentration and size distribution of particles were 
measured with two optical particle sizers (OPSs, Model 3330, TSI Incorporated, Shoreview, 
MN, USA), offering a size resolution of 5% at 0.5 µm. Before each test, zero checks and 

Figure 1. Experimental chamber system. PM2.5—PM2.5 monitoring system; OPS—optical particle
sizer; RH—relative humidity probe; T—temperature probe; P—differential pressure transducer.

The partition wall between Chambers A and B featured a polyurethane foam core,
enclosed by gypsum boards with a polyurethane coating, providing insulation against heat
and moisture. A stainless-steel window was installed in the partition wall. The specialized
window, rectangular in shape (0.9 m in width and 0.6 m in height), had a windowsill
at a height of 0.9 m. Its crack sizes were accurately measured and adjusted. The cracks
between the window and its frame were straight, consisting of two horizontal cracks and
two vertical cracks. Figure 2 provides a schematic representation of the crack’s architecture.
The length of the crack along the airflow, denoted by the symbol z, was set at 90 mm. The
height of the crack was small, only 1 mm, represented symbolically by d, and the width of
the crack was denoted by w. It was assumed that the inner face of the crack was smooth, as
a study [14] showed that the penetration factor is not sensitive to crack roughness.
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Figure 2. Straight crack between window and frame: (a) three-dimensional view; (b) sectional view.

2.2. Instrumentations and Test Conditions

The mass concentrations of particles (PM2.5) in the chambers were continuously moni-
tored by a PM2.5 monitoring system (QD-X1-A, Green Built Environment Technology Co.,
Ltd., Beijing, China), which had six measuring probes with an accuracy of ±10% in the
range of 10 to 500 µg/m3. The number concentration and size distribution of particles were
measured with two optical particle sizers (OPSs, Model 3330, TSI Incorporated, Shoreview,
MN, USA), offering a size resolution of 5% at 0.5 µm. Before each test, zero checks and flow
rate verifications were performed on both OPS units to ensure measurement accuracy. The
OPS operated to count particles in 9 size categories: 0.3–0.35 µm, 0.35–0.4 µm, 0.4–0.5 µm,
0.5–0.7 µm, 0.7–1.0 µm, 1.0–1.3 µm, 1.3–1.6 µm, 1.6–2.0 µm, and 2.0–2.5 µm in diameter. The
sampling ports were positioned in the center of chambers at a height of 1.2 m. A sample
holder for the field-emission scanning electron microscope (FE-SEM, Gemini SEM 500,
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Zeiss Group, Oberkochen, Germany) was placed in the center of Chamber B to collect the
deposited particles.

Before each test, Chambers A and B were cleaned by an air cleaner with a high-
efficiency particulate aerosol (HEPA) filter for 60 min. The particle source in this study
was the combustion of incense, ignited in a smoke generator, with the smoke pumped into
Chamber A. The concentration of particles in Chamber A was controlled by four paralleled
pumps (JQ-12V, Jinqi Technology Co., Ltd., Shenzhen, China) and maintained at a steady
level of 400 ± 40 µg/m3. The incense-burning-derived particles from Chamber A infiltrated
Chamber B through the window cracks, with the airflow. The infiltration process lasted
480 min in each test, with no other particle sources in either chamber.

The air exchange rate between Chambers A and B was determined by the tracer gas
concentration decay method [25]. Carbon dioxide (CO2) was injected as the tracer gas
into Chamber B, and its concentration decay was monitored continuously by a CO2 sensor
(TES-1370, TES Electrical Electronic Corp., Taiwan, China) with an accuracy of ±3% or
±50 ppm (whichever was greater), ranging from 0 to 6000 ppm. One sensor was placed in
the center of Chamber B, and another was positioned outside the experimental system to
record the background concentration. The tracer gas concentration decay method is based
on the following mass conservation equation:

Ct − Cbg =
(

C0 − Cbg

)
exp(−at), (1)

where Ct is the tracer gas concentration at time t, Cbg is the background tracer gas concen-
tration, C0 is the tracer gas concentration at the initial moment, and a is the air exchange
rate. The tightness of Chamber B was verified when the window cracks were sealed. With
the cracks unsealed, the air exchange rate between Chambers A and B was calculated using
Equation (1), resulting to be 0.144 h−1.

To assess the impact of indoor air humidity on particle infiltration, seven target RH
levels were maintained in Chamber B across different tests: 30%, 40%, 50%, 60%, 70%,
80%, and 85%. The air relative humidity in Chamber A was kept at 35 ± 5% in each test.
Humidity was regulated by a wet-membrane humidifier (XH-805, OPV Electric Co., Ltd.,
Ji’nan, China), and RH probes (WSZY-1, Tianjian Huayi Technology Development Co., Ltd.,
Beijing, China) with an accuracy of ±2% were positioned in the center of the chambers at a
height of 1.2 m. RH data were recorded every two minutes. Each humidity level test was
repeated three times to ensure reliability.

The air temperature in the chamber was maintained at approximately 25 ◦C by the
insulated walls and an external air-conditioning system. The accuracy of the temperature
probe (AT4320, Applent Instruments Ltd., Changzhou, China) was ±0.3 ◦C in the range
from 0 to 50 ◦C.

The pressure difference between Chambers A and B was monitored by a low differ-
ential pressure transducer (Model 264, Setra, Boxborough, MA, USA) with an accuracy of
±0.4 Pa over the range from 0 to 100 Pa. It was positioned in a corner of Chamber A, with
its openings fixed in the center of each chamber. The air pressure in Chamber A was slightly
higher, resulting in pressure differences between Chambers A and B of 1.86 ± 0.40 Pa.

2.3. Analytical Model

The infiltration factor (Finf) represents the proportion of outdoor particles that pene-
trate indoors and remain suspended. In our experiments, particles from incense burning
penetrated through the cracks, along with the airflow, between Chamber A and Chamber B,
without any human activity or other sources present in the experimental chambers. Thus,
the general expression of the infiltration factor can be written as:

Finf =
Cin

Cout
, (2)

where Cin and Cout represent the indoor and outdoor particle concentrations, respectively.
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To measure the impact of indoor air humidity on particle infiltration, we analyzed the
particle dynamic behavior using a mass balance model. Within an indoor environment,
ventilation, penetration, and deposition primarily drive particle decay. Additionally, consid-
ering the role of indoor humidity, we must also account for hygroscopicity and coagulation
mechanisms, as these can significantly influence particle number concentration fluctuations.

The size distribution of particles from incense burning and other common indoor
aerosol particles can be fitted with a lognormal distribution [26]. The distribution function
for the number density can be expressed as:

f
(
dp

)
=

1
dp ln σg

√
2π

exp

[
−
(
ln dp − ln dg

)2

2
(
ln σg

)2

]
, (3)

where dp is the particle diameter, σg is the geometric standard deviation based on particle
diameter, and dg is the geometric mean particle diameter.

In a humid indoor environment, water-soluble compounds in incense-burning-derived
particles will absorb water vapor, potentially forming a liquid shell [27]. The ratio between
the humidified and the dry particle diameters is known as the hygroscopic diameter growth
factor (Gf ). Gf is measured and parameterized as a function of RH (in %) [28], expressed as:

G f =
dw

dd
=

(
1 + A · RH

1 − RH

)1
3 , (4)

where dw is the humidified particle diameter, dd is the dry particle diameter, and A is a
fitted parameter.

We introduce the hygroscopic number change ratio (β) to quantify changes in particle
number concentrations due to hygroscopicity. This ratio compares particle concentrations
at a specific relative humidity to those in a dry state, illustrating the impact of water
vapor absorption and subsequent hygroscopic growth on particle number concentrations.
For each particle size category, this ratio is denoted as βi. In this study, βi is proposed
and was formulated based on the following assumptions: (1) the water vapor–particle
equilibrium in the hygroscopic process is achieved in seconds [29]; (2) the total number and
geometric standard deviation (GSD) of particles remain constant during hygroscopicity [30];
(3) particles from incense burning are “nearly hydrophobic”, with the hygroscopic diameter
growth factor (Gf ) being independent of particle size [31]. Thus, the formula for βi can be
derived using Equations (3) and (4):

βi =
Niw
Nid

=
fw(di)

f (di)
=

1
G f

f
(

di
G f

)
f (di)

= exp

(
ln di − ln dg − ln

√
G f

)
ln G f

ln2 σg
, (5)

where Niw is the number concentration of humidified particles in the ith size category, Nid
is the number concentration of dry particles in the ith size category, f w is the distribution
function of humidified particles, and di is the average diameter of the ith size category.

In our experiments, particles from incense burning penetrated the indoor environment
through the cracks, along with the airflow, between Chambers A and B, without any human
activity or other sources in the chambers. Considering the relative humidity of indoor air,
the mass balance equation for particles indoors (i.e., Chamber B) is:

dNi(t)
dt

= aPiβi Ni,out − aNi(t)− ki Ni(t)− γi Ni(t)
2, (6)

where Ni(t) is the number concentration (cm−3) of particles in an indoor environment
at time t (min), the subscript i denotes the particle size range, a is the air exchange rate
(min−1), Pi is the particle penetration factor, Ni,out is the particle number concentration
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(cm−3) outdoors (i.e., Chamber A), ki is the particle deposition rate (min−1), and γi is the
coagulation rate (cm3 min−1).

The first term on the right-hand side of Equation (6) reflects the process of outdoor
particles penetrating with the airflow and absorbing water vapor from indoor air. The
penetration factor can be approximated considering the mechanisms of gravitational set-
tling and Brownian diffusion [15]. The second and third terms account for the particle loss
due to ventilation and deposition onto surfaces in Chamber B, respectively. The last term
represents the number change for particles in the ith size category caused by coagulation,
in which pairs of particles collide and stick together.

The steady-state condition of indoor particle concentration is achieved when the
dynamic balance between particle penetration, deposition, and coagulation is established:

Ni =
−(a + ki) +

√
(a + ki)

2 + 4aPiβiγi Ni,out

2γi
. (7)

From this state, the size-resolved infiltration factor (Finf,i) can be deduced, providing a
means to analyze the impact of indoor air humidity on infiltration efficiency:

Finf,i =
−(a + ki) +

√
(a + ki)

2 + 4aPiβiγi Ni,out

2γi Ni,out
(8)

The experimental data, including particle concentrations in the chambers over time,
were analyzed using the above approaches to understand the dynamics of particle infiltra-
tion and behavior in humid indoor environments.

3. Results and Discussion
3.1. Particle Characteristics Measured in the Experimental Chamber

In this study, we continuously measured the size-resolved number concentrations
of the test particles in the experimental chambers, Chamber A and Chamber B. Chamber
A simulated an outdoor environment, maintaining a relative humidity of 35 ± 5% and a
steady particle concentration of 400 ± 40 µg/m3 throughout the various tests. Meantime,
seven sets of tests were conducted under different RH conditions in Chamber B, simulating
the indoor environment. The detailed RH conditions and particle characteristics of each
test in Chambers A and B are provided in Table 1.

Table 1. Test conditions and characteristics of test aerosols in Chambers A and B.

Test Chamber RH (%) Ntotal (cm−3) Mtotal (µg m−3) Finf GMD (µm) GSD R2

1
A 35 ± 5 5.543 × 103 400.3

0.342
0.24 1.66 0.968

B 30 ± 4 2.571 × 103 136.9 0.22 1.65 0.972

2
A 35 ± 5 5.494 × 103 399.7

0.347
0.24 1.66 0.956

B 40 ± 3 2.582 × 103 138.7 0.22 1.65 0.927

3
A 35 ± 5 5.522 × 103 399.7

0.353
0.24 1.66 0.943

B 50 ± 2 2.583 × 103 141.1 0.23 1.65 0.966

4
A 35 ± 5 5.577 × 103 400.3

0.362
0.24 1.66 0.954

B 60 ± 2 2.587 × 103 144.9 0.24 1.64 0.951

5
A 35 ± 5 5.527 × 103 399.5

0.378
0.24 1.66 0.961

B 70 ± 3 2.608 × 103 151.0 0.26 1.64 0.955

6
A 35 ± 5 5.532 × 103 399.8

0.404
0.24 1.66 0.944

B 80 ± 2 2.653 × 103 161.5 0.28 1.64 0.938

7
A 35 ± 5 5.560 × 103 400.5

0.429
0.24 1.66 0.979

B 85 ± 3 2.706 × 103 171.8 0.29 1.63 0.967

The total number concentration (Ntotal) and the total mass concentration (Mtotal) in
both chambers are average values, calculated over the last 20 min of the infiltration process.
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Overall, the concentrations of particles in Chamber B were positively correlated with the
increase in RH, which may be attributed to increased particle hygroscopicity and growth
due to water uptake. Additionally, the infiltration factor (Finf), which represents the extent
of particle penetration from Chamber A to Chamber B, also escalated with increasing RH.

The particle size distributions in both chambers followed a unimodal and lognormal
pattern. The geometric mean diameter (GMD) and the geometric standard deviation (GSD)
of the particles were derived using the lognormal distribution function (Equation (3)).
The R-square values were relatively high (>0.9), indicating a good fit of the function to
the experimental data. An analysis of the GMD values revealed an upward trend with
increasing RH, from 0.22 µm at 30% RH to 0.29 µm at 85% RH. In comparison, the GMD
of the source particles in Chamber A remained consistent at an average value of 0.24 µm.
Interestingly, when RH in Chamber B was lower than 60%, the GMD of the particles in
Chamber B was smaller than in Chamber A, while in high RH conditions (RH > 60%), the
GMD in Chamber B increased as RH rose. This observation indicates that the penetration
process dominated the particle size change in low RH conditions, and the hygroscopic
mechanism took over when the particles absorbed water vapor and grew larger under
high RH conditions. The GSD values displayed a minor declining trend with increasing
RH, from 1.65 at 30% RH to 1.63 at 85% RH. Based on the self-preserving size distribution
theory of Friedlander [32], we treated the GSD as constant in our analytical approach.

The time-varying experimental data for particle concentrations at the lowest and
highest RH levels were selected for further analysis. In Figure 3, each point represents
an average value of the size-resolved number concentrations of particles over a twenty-
minute period. To analyze the influence of air humidity on infiltration, we fitted the
data using the solution of the humidity model proposed in Equation (6). The data for
the driest condition (RH = 30 ± 4%) are shown in Figure 3a. The number of particles
in each size range increased over time, while the growth rate dropped to near zero after
480 min of infiltration. As the particle size range increased, the number concentration of
the particles generally decreased. At the end of the measurement period, the concentration
scales decreased with the increasing particle diameter. Finally, the concentration of PM1
was about 2490 cm−3, while for the 1.0–2.5 µm size range, it was only 10 cm−3. This
suggests that particles larger than 1 µm were less prevalent in the chamber. For comparison,
Figure 3b presents the evolution of particle concentrations at 85% RH. The general trend
of increasing particle concentration over time was similar in the two cases. However,
notable differences in particle number concentrations between the two RH conditions
were observed. For particles within the size ranges of 0.3–0.35 µm and 0.35–0.4 µm, their
number concentration and growth rate were higher at RH = 85% than at RH = 30% in
the first half of the infiltration experiment. However, in the final stage of the experiment,
when the particle concentrations were high, the particle numbers were lower at RH = 85%
than at RH = 30%, and their concentrations even showed negative growth in the last hour.
Meanwhile, for particles in the 0.4–0.5 µm and larger-size ranges, concentrations were
higher at RH = 85% than at RH = 30%. It is evident that under high humidity conditions,
the increased availability of water vapor led to the hygroscopic growth of particles across
all size ranges. Furthermore, it can be deduced that higher humidity conditions and/or
higher particle concentrations may facilitate the coagulation of small particles.
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3.2. Infiltration Factor

The experimental data presented in Figure 3 indicate that particle infiltration varied
significantly with both indoor RH conditions and particle size. We calculated the infiltration
factor for particles in different size ranges separately using Equation (2) and present the
results in Figure 4.
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The infiltration factor generally decreased as the particle size increased, except for
particles in the smallest-size range (0.3–0.35 µm). This is because larger particles have lower
penetration factors and higher deposition rates than smaller particles, which reduces their
infiltration efficiency.

The relationship between Finf and RH is complex, exhibiting size-dependent variations.
For smaller particles (0.3–0.4 µm), increased RH correlates with a diminished Finf, due to
enhanced hygroscopic growth which elevates the effective particle size. In contrast, the
Finf of intermediate-sized particles (0.4–1.0 µm) increases with RH, suggesting coagulation
processes that increase particle size and collision efficiency. Larger particles (>1.0 µm) show
minimal sensitivity to RH shifts, indicating relative stability in their infiltration behavior.
Moreover, at very high humidity levels, particles may become stickier and adhere more
to the building envelope, which can increase their penetration factor. The overall effect of
humidity depends on the balance of these factors.
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The figure highlights the importance of considering both particle size and indoor RH
when assessing infiltration factors, with significant implications for managing indoor air
quality and formulating mitigation strategies. Additionally, it brings to light the need for a
nuanced understanding of the chemical composition of ambient aerosols. The hygroscopic
properties of aerosol particles, dictated by their chemical makeup, significantly govern their
growth dynamics in response to variations in RH. This growth, in turn, influences particle
deposition and coagulation processes, ultimately affecting particle infiltration efficiency.

To assess the detailed effect of indoor air humidity on particle infiltration, we analyzed
the dynamics of particles using the mass balance model in Equation (6). We fitted the
solution of Equation (6) to the time-varying and size-resolved particle concentrations under
seven different humidity conditions and obtained the deposition rate (ki), hygroscopic
number change ratio (βi), and coagulation rate (γi) of the particles. These coefficients are
quantitatively analyzed in the following sections.

3.3. Deposition Rate of the Particles

Based on the changes in measured particle concentrations, we obtained the size-
resolved deposition rates of the particles in Chamber B, which are plotted in a logarithmic
coordinate system in Figure 5. The points in the figure, represented by different colors,
correspond to seven datasets under different humidity levels, and the dashed line illustrates
the regression of these seven datasets of particle deposition rate. It is apparent that the
deposition rate increased with the increasing particle size for particles ranging from 0.3 to
2.5 µm, regardless of the relative humidity level. For smaller particles, specifically within
the 0.3–0.4 µm range, the deposition rate experienced a slight increase with a rise in relative
humidity. However, the correlation between deposition rate and relative humidity was
neither significant nor uniform across different particle sizes.
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As a result, our investigation concentrated on the relationship between deposition rate
and particle size, combining the data from all humidity levels and performing a regression
analysis to establish a mathematical connection. As demonstrated in Figure 5, the liner
regression equation implied a strong power law relationship between the deposition
rate and the particle diameter across the seven humidity levels. The deposition rate
increased with an increasing particle diameter, and the regression fitted the data very well,
as evidenced by the high R-squared value.
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3.4. Hygroscopicity of the Particles

The hygroscopic number change ratio (β) quantifies the potential variation in particle
number concentration resulting from the hygroscopic growth of particles, a process driven
by water vapor absorption. Figure 6 illustrates the β values corresponding to various
particle sizes under different humidity conditions, with individual colors representing the
humidity levels. The value of β showed a notable increase with the rising RH across all
particle sizes. This trend reflects the fundamental concept of hygroscopic growth, whereby
particles absorb more water vapor at higher humidity levels. Interestingly, higher values
of β were observed for larger particles compared to smaller ones at equivalent relative
humidity. This phenomenon might be attributed to the transformation of smaller particles
into larger ones as they absorbed water, subsequently shifting to the larger-size categories,
thereby escalating the corresponding number concentrations and β values. Moreover,
the rate of increase in the β values appeared to grow with the rising relative humidity,
suggesting that the effects of hygroscopic growth became more pronounced at higher
humidity levels. This underscores the profound influence of relative humidity on particle
number concentrations and the overall dynamics of aerosol populations.
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humidity conditions.

In addition to the data points, Figure 6 also portrays the linear regression for each
dataset within a logarithmic coordinate system. The regression analysis revealed a linear
association between the natural logarithm of β and that of the particle diameter (dp)
under constant humidity. This power law relationship between β and dp aligns with
the model introduced in Equation (5), suggesting potential inherent mechanisms that
operated proportionally.

3.5. Coagulation of the Particles

In the experimental chamber, most particles were smaller than 1 µm, with coagulation
events primarily occurring among these particles. Figure 7 illustrates the varying trends
of the coagulation rate for different particle size ranges and humidity conditions. The
coagulation rate for the ith size category (γi) measures the extent to which particles collide
and stick together. A positive γi value indicates that the number of particles in that size
category decreases due to coagulation, while a negative γi value signifies an increase in the
number of particles in that size category due to coagulation.
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For the smallest particles (0.3–0.4 µm), the coagulation rate increased with the rising
humidity, reaching a maximum at RH = 85%. This suggests that these particles were
more prone to coagulate as humidity increased, possibly because water molecules on the
particle surfaces enhanced the attractive forces between them. For intermediate particles
(0.4–0.5 µm), the coagulation rate was negative under low humidity conditions (RH < 50%),
indicating that these particles were less likely to coagulate than smaller particles. However,
as humidity increased, the coagulation rate became positive, suggesting these particles be-
came more prone to coagulation with rising humidity. For the largest particles (0.5–1.0 µm),
the coagulation rate was negative across all humidity conditions, indicating that the parti-
cles in smaller-size ranges coagulated and then were counted in the larger-size ranges.

We derived the values of the coagulation rate from Equation (6), using the time-varying
and size-resolved particle concentrations. This approach accounted for enhanced collision
rates between particles caused by factors such as turbulence or charge, as well as the
polydispersity of the particle size distribution.

4. Conclusions

Our experimental setup, employing a controlled chamber system, allowed for the
precise quantification of particle infiltration under varying RH conditions. Through ex-
perimentation and analysis, we established that variations in indoor RH levels distinctly
influenced the behavior of infiltrating particles, affecting their hygroscopic growth, depo-
sition rates, and coagulation processes. Notably, our findings underscore the critical role
of RH in modulating the size distribution and concentration of indoor particles, thereby
altering indoor air quality and potentially impacting human health. The main conclusions
are as follows:

(1) In Chamber B, simulating indoor conditions at different RH levels, both the total
number and the mass concentrations of particles increased with RH, indicating a
clear correlation between RH and the particle hygroscopic growth. This growth led to
an increase in the infiltration factor (Finf) as RH rose. The particle size distributions
suggest that hygroscopic growth and coagulation processes dominated under different
RH conditions, affecting particle size and concentration dynamics.

(2) Particle infiltration was significantly influenced by indoor relative humidity (RH) and
particle size, showing distinct behaviors across different size ranges. Larger particles
exhibited decreased infiltration factors due to lower penetration and higher deposition
rates. In the size range of 0.3–0.4 µm, the particles experience reduced infiltration
at higher RH levels due to hygroscopic growth, while intermediate-sized particles
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showed increased infiltration, resulted from coagulation effects. Large particles
(>1.0 µm) were less affected by RH changes.

(3) There was a clear power law relationship between particle size and deposition rate
across various humidity levels, showing an increase in the deposition rate with the
particle size. While humidity impacted the deposition rate for smaller particles
(0.3–0.4 µm), this effect was not uniformly observed across all particle sizes. A com-
prehensive regression analysis underscored a strong correlation between deposition
rate and particle diameter, validated by a high R-squared value.

(4) The hygroscopic number change ratio (β) increased with relative humidity (RH) across
all particle sizes, indicating enhanced water vapor absorption by particles at higher
RH levels. Larger particles exhibited higher β values than smaller ones at the same RH,
suggesting a size transformation due to hygroscopic growth. The linear regression
within the logarithmic coordinate system showed a power law relationship between β
and particle diameter, supporting the model that describes proportional mechanisms
of hygroscopic growth.

(5) Particle coagulation varied with size and humidity, showing an increased possibility
of coagulation among smaller particles (<1 µm) as humidity rose. This was attributed
to enhanced attractive forces from water molecules on particle surfaces. The coag-
ulation rate transitioned from negative to positive for intermediate-sized particles
with increasing humidity. Larger particles exhibited consistently negative coagulation
rates across all humidity levels, suggesting a redistribution towards larger sizes due
to the coagulation of smaller particles.

This investigation contributes to a deeper understanding of the environmental factors
affecting indoor air quality, emphasizing the indispensability of RH in the dynamics of
particle infiltration. However, because of its reliance on a controlled chamber system, it
may not fully capture the complexity of actual indoor environments. Focusing solely on
RH could overlook the comprehensive effects of other environmental variables and indoor
particle sources.

Future research should broaden the examination scope to include the synergistic effects
of multiple environmental variables, such as temperature and indoor sources. Additionally,
directly analyzing the chemical composition of particles will clarify their contribution to
hygroscopic growth, deposition, and coagulation.
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