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Transport of indoor aerosols to hidden interior spaces

Mengjia Tang, Ningling Zhu, Kerry Kinney, and Atila Novoselac

Department of Civil, Architectural, and Environmental Engineering, The University of Texas at Austin, Austin, Texas, USA

ABSTRACT
Most studies on indoor aerosols have focused on the open spaces within buildings that are
visible to occupants, while the hidden spaces in buildings receive much less attention.
Indeed, little is known about the extent to which indoor aerosols are transported into clos-
ets, cabinets and drawers. Aerosols deposited in these hidden spaces serve as a reservoir for
particulate matter with the potential for resuspension within homes. To investigate aerosol
transport to indoor hidden spaces, a series of experiments were conducted in a full-scale
test house. Specifically, aerosols released indoors were tracked using a fluorometric method
and the air circulation between the open and hidden spaces were measured using tracer
gas techniques. The results show that momentum-driven flow caused by fan operation had
a negligible impact on the overall air circulation between rooms and hidden spaces. Rather,
the circulation was driven primarily by buoyancy forces caused by temperature differences
between the hidden spaces and adjacent rooms. In the well-controlled, three-bedroom two-
bathroom test house used in this study, aerosols released indoors dispersed and deposited
across the open spaces and even within closets with closed doors. For more sealed spaces
like closed drawers within closed cabinets, the air circulation rates between the adjacent
room and hidden space were substantially lower and a much lower fraction of the indoor
aerosols deposited in these areas. Nevertheless, the results indicate that at least one percent
of the indoor aerosol source penetrated into the most remote indoor hidden spaces.
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Introduction

Hidden spaces in buildings include crawl spaces, wall
cavities, cabinets, closets, drawers and other areas that
are not directly visible, accessible and/or maintained.
In contrast to the open areas of homes and other
buildings, relatively little is known about how indoor
aerosols move between spaces visible to occupants
and spaces are hidden from view. Given that particles
harbor microorganisms (Barberan et al. 2015;
Hospodsky et al. 2015; Weikl et al. 2016), semi-vola-
tile organic compounds (Dodson et al. 2012; Kolarik,
Naydenov, et al. 2008; Langer et al. 2016; Naumova
et al. 2002; Stapleton et al. 2009; Wilford et al. 2005),
heavy metals (Glorennec et al. 2012; Rasmussen et al.
2018; Satsangi et al. 2014; Turner and Simmonds
2006; Wang et al. 2018) and other contaminants of
concern to human health, it is important to quantify
the extent to which aerosols released indoors deposit
into reservoirs within hidden spaces. Indeed, human
exposure to indoor aerosols has been shown to cause
inflammation, cytotoxicity and lung injury (Happo
et al. 2013; Long et al. 2001; Monn and Becker 1999;

Ormstad 2000; Shao et al. 2007). In addition, exposure
to particulate matter (PM) of biological origin is asso-
ciated with infectious disease transmission as well as
allergic and non-allergic respiratory illnesses (Doekes
et al. 2005; Douwes et al. 2003; Srikanth,
Sudharsanam, and Steinberg 2008).

Particles in indoor environments have different ori-
gins, including cooking or smoking (Hussein et al.
2006; Long, Suh, and Koutrakis 2000; Miller and
Nazaroff 2001; Nazaroff 2004; Ogulei, Hopke, and
Wallace 2006; Wainman et al. 2000; Wallace 1996),
infiltration (El Orch, Stephens, and Waring 2014;
Hoek et al. 2008), occupant shedding or resuspension
from floors and interior surfaces (Boor, Siegel, and
Novoselac 2013b; Boor et al. 2015; Ferro, Kopperud,
and Hildemann 2004; Hospodsky et al. 2012; Long,
Suh, and Koutrakis 2000; Nazaroff 2004; Spilak et al.
2014; T€aubel et al. 2009), or aerosolization from
showers or other similar sources (Adams et al. 2017;
Estrada-Perez et al. 2018; Prussin and Marr 2015).
The movement of these particles indoors depends on
the distribution of airflows which can be driven by
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the heating, ventilation and air conditioning (HVAC)
fan and/or by buoyancy flows resulting from tempera-
ture differences between rooms, exterior walls and
indoor air. Previous research by Rim and Novoselac
(2008) demonstrated that both fan and buoyancy
driven flows are sufficient to disperse airborne aero-
sols throughout a room and an entire house.
Although the initial peak concentration after aerosol
injection differs for these two driving forces, the
ultimate particle dispersion is similar regardless of
what is driving the airflow and particle dispersion.
Other studies have found that for aerosols released
indoors, the presence of closed doors reduces the sub-
sequent aerosol concentration in the non-source
room; however, for most homes with open doors,
aerosol concentrations eventually become uniform
across rooms after the emissions have stopped (Miller
and Nazaroff 2001; Ott, Klepeis, and Switzer 2003).

Indoor aerosol fate studies generally focus on par-
ticle movement and deposition in the open spaces
within buildings that are visible to occupants (Ferro,
Kopperud, and Hildemann 2004; Ju and Spengler
1981; Miller and Nazaroff 2001; Ott, Klepeis, and
Switzer 2003; Thatcher et al. 2002). Most work that
has investigated aerosol transport to hidden spaces
has focused on bioaerosol transport to and from crawl
spaces, wall cavities and HVAC system components.
For instance, previous studies have examined the
transport of bioaerosols emitted from crawl spaces,
including fungal spores and molds (Bok, Hallenberg,
and Åberg 2009; Johansson, Svensson, and Ekstrand-
Tobin 2013; Pessi et al. 2002). These studies have
demonstrated that the movement of spores from crawl
spaces to the occupied space is driven by pressure dif-
ferences (Airaksinen, Kurnitski, et al. 2004;
Airaksinen, Pasanen, et al. 2004), and that relatively
simple engineering solutions – such as depressurizing
the crawl space – can prevent this transport (Hayashi
et al. 2014; Keskikuru et al. 2018). For other hidden
spaces such as cavities in the building envelope, the
transport of mold spores from these cavities to the
indoor environment is heavily dependent on the wall
construction type (Rao et al. 2006). The surfaces of
heat exchangers in HVAC systems are also a major
source of airborne bacteria, viruses and fungi in the
built environment (Prussin and Marr 2015), and
deposition and resuspension of particles and fungal
spores in cooling coils and ventilation ducts can con-
tribute to indoor air quality problems (Boor, Siegel,
and Novoselac 2013a; Krauter, Biermann, and Larsen
2005; Siegel and Walker 2001; Waring and Siegel
2008; Wu et al. 2016; Zhou, Zhao, and Tan 2011).

Furthermore, a few studies have examined the move-
ment of air within closets to determine the emissions
of volatile organic compounds from closets (Chang
and Krebs 1992; Guerrero and Corsi 2012) but little is
known about what is driving this air movement and
how it affects aerosol transport to the interior
of closets.

While previous studies confirm that understanding
and maintaining hidden spaces are important for
ensuring good indoor air quality in occupied spaces,
interior hidden spaces such as closets, cabinets and
drawers have received much less attention, specifically
with respect to particle penetration and deposition.
These indoor spaces may contribute to human expos-
ure as bioaerosols and other particulate-bound pollu-
tants can potentially penetrate and deposit on
clothing, dishware or food stored within. Generally,
those hidden spaces are considered “safe” from aero-
sol contamination and thus the objective of the cur-
rent study is to investigate if this assumption is
justifiable or if such hidden spaces serve as a sink for
aerosol pollutants. Specifically, this study investigates
the transport of air and aerosols between rooms and
adjacent hidden spaces such as closets, cabinets and
drawers. To this end, the airflow exchange and the
fate of traceable particles were monitored in a full-
scale test house to determine the penetration and
deposition of PM into hidden spaces as a function of
environmental conditions including spatial tempera-
ture differences as well as fan-driven air motion.

Methodology

Experimental design

In order to evaluate the transport and fate of aerosols
in a realistic residential environment, a series of seven
aerosol and tracer gas (carbon dioxide – CO2) injec-
tion experiments (M1–M7, Table 1) were completed
within an unoccupied three-bedroom/two-bath test
house (UTest House, Figure 1) in Austin, TX. During
these experiments, the movement and deposition of
the injected fluorescent particles as well as the move-
ment of the CO2 simultaneously injected in the con-
trol room were monitored as a function of time and
position within the test house. Six additional tracer
gas experiments were completed to measure the circu-
lation of air between indoor hidden spaces and sur-
rounding rooms as described in Table 1 (HAC
1–HAC 6). The temperature profiles in the rooms as
well as the temperature within the hidden spaces were
also measured to assess whether they influenced the
movement of particles and tracer gas. Finally, to
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Figure 1. Layout of the test house (UTest House) used in this study. The injection point (dot [orange]) was located at a height of
1.4m next to the window in the control room. The sample collection points (dots [white]) are also identified, as well as the out-
door air inlet (arrows [blue]) and the window opening (rectangle [blue]) in the master bedroom.

Table 1. Summary of experimental conditions for the UTest House experiments.

Exp.

Ventilation conditions ACH of outdoor aira (h�1)

Surface sampling locations for fluorescent particles (FP)eAHUb DMV Systemc Set by AHU or DMV Measured at MRd

M1–M7: aerosol and tracer gas injection experiments to evaluate the transport and fate of aerosols; CO2 injected for experiments M2–M7; temperature
measured in all seven experiments; airborne particle concentration measured in experiments M3–M7

M1 Off On 1 NAf CR, SR, KR, MR, MB
M2 Off On 1 1.0 CR, SR, KR, MR, MB
M3 Off On 1 1.1 CR, SR, KR, MR, MB, SRC, MRC, MBC
M4 Off Off 0 0.5 CR, SR, KR, MR, MB, SRC, MRC, MBC, KRD 1, KRD 2
M5 Off On 1 0.9 CR, SR, KR, MR, MB, SRC, MRC, MBC, KRD 1, KRD 2
M6 Off On 1 1.2 CR, SR, KR, MR, MB, SRC, MRC, MBC, KRD 1, KRD 2
M7 Off Off 0 0.3 CR, SR, KR, MR, MB, SRC, MRC, MBC, KRD 1, KRD 2
HAC 1–HAC 6: additional tracer gas experiments to measure the air circulation between indoor hidden spaces and surrounding rooms; CO2 and

temperature measured in all six experiments
HAC 1 Off On 1

Not applicable No particles were injected
HAC 2 Off On 1
HAC 3 Off On 1
HAC 4 Off Off 0
HAC 5 Off Off 0
HAC 6 Off Off 0
AV 1–AV 2: air velocity experiments to confirm whether momentum from the central air conditioning system penetrated into hidden interior spaces

including closets and drawers; only the air velocities within closets and drawers were measured
AV 1 Off Off 0

Not applicable No particles were injectedAV 2 On Off 8
aACH: air change rate per hour.
bAHU: air handling unit.
cDMV: dedicated mechanical ventilation.
dMeasured ACH in MR (master bedroom) are different than AHU or DMV setpoint due to the variable infiltration rate.
eLocations: CR – control room, SR – second bedroom, KR – kitchen, MR – master bedroom, MB – master bathroom, SRC – second bedroom closet, MRC
– master bedroom closet, MBC – master bathroom cabinet, KRD 1 – kitchen drawer 1, KRD 2 – kitchen drawer 2.

fNA¼ not available (Experiment M1 did not use pressurized CO2 to inject fluorescent particles).
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confirm whether or not momentum from the central
air conditioning system penetrated into hidden inter-
ior spaces, the air velocities (AV) within three hidden
spaces (closets, cabinets and drawers) were examined
in more detail in Experiments AV 1 and AV 2. The
conditions associated with each of the 15 experiments
conducted in the UTest House are summarized in
Table 1.

The layout of the UTest House is provided in
Figure 1. The floor area of the test house is 111m2

and the volume is 275m3. Although the test house is
equipped with a centralized air conditioning system
that uses a central air handling unit (AHU) to provide
cooling, heating and filtration, this system was turned
off during all seven aerosol injection experiments
(M1–M7). This minimized the loss of aerosols in the
ducts and filter of the AHU and reflected the reality
that AHU systems of most residential buildings are on
less than 30% of the time (Cetin and Novoselac 2015;
Touchie and Siegel 2018). Instead, a dedicated mech-
anical ventilation (DMV) system that supplies filtered
outdoor air directly to the center of the house (the
“outdoor air inlet” labeled in Figure 1) was used to
provide a controlled ventilation rate for Experiments
M1–M3 and M5–M6 (Table 1). Specifically, when this
dedicated fresh air supply was on, it provided 275m3/
h of filtered outdoor air into the house, which yielded
an air change rate (ACH) of approximately 1 h�1.
This DMV system was turned off for Experiments M4
and M7 to assess how uncontrolled ventilation (e.g.,
via wind and/or infiltration due to indoor–outdoor
temperature differences) affected aerosol transport and
deposition in the test house. When considering out-
door conditions, the experiments M1–M6 were con-
ducted during the cooling season, while M7, the six
HAC experiments and two AV experiments were con-
ducted during the heating season.

All the interior doors in the house were open in all
experiments except that the door to the second bed-
room was closed in M1 (Figure 1), while all the clos-
ets and cabinet doors were closed except for the
cabinet in the master bathroom in all experiments.
The open ‘communication’ area between the hidden
spaces (closets, cabinets and drawers) and rooms in
this study varied; the closet doors were ‘undercut’,
providing a 2.5 cm gap between the door and floor,
while the cabinets and drawers had just a 1mm gap
along the perimeter of the door/drawer. All the win-
dows and exterior doors were closed for the aerosol
injection experiments except for the window in the
master bedroom which was opened 10 cm to provide
an opening of 0.05m2 (Figure 1). This window served

as the dedicated outlet for air when the DMV was on
as the general flow of fresh air was directed from the
outdoor air inlet towards the open window in the
master bedroom (Figure 1). For the experiments when
the DMV was off, the open window provided a
known leakage area for infiltration and ventilation.

Injection and tracking of fluorescent aerosols and
tracer gas

The aerosol tracer used in the experiments consisted of
3.2mm (density 1.05 g/cm3) Fluoro-MaxTM polymer
microspheres (Thermo ScientificTM R0300B, Thermo
Scientific Inc., Waltham, MA, USA) with the Firefli
Fluorescent Red (542/612nm) dye. Fluorescent aerosol
tracers have proven to be reliable in building studies as
they are readily injected and detected using fluorometric
methods (Boor, Siegel, and Novoselac 2013b). The aerosol
size of 3.2mm was selected to represent typical indoor bio-
aerosols (Qian et al. 2012). Also, 3.2mm particles are small
enough to have a reasonable residence time in indoor air,
but also large enough for reasonable gravitational depos-
ition. A Collison nebulizer (Model CN24, BGI Inc.,
Waltham, MA, USA) was placed in the control room
(Figure 1) to inject the fluorescent aerosol into the test
house. For each aerosol injection experiment, the nebu-
lizer was filled with an aerosol solution (91% isopropyl
alcohol in water) containing an initial concentration of
1% fluorescent microspheres by weight. Pressurized CO2

was used to propel the fluorescent microspheres into an
injection tube (I.D. 52mm) where the solvent evaporated,
leaving only the fluorescent aerosols within the tube. A
pump (Model DAA-V715-EB, GAST Manufacturing,
Inc.) pressurized air to propel the fluorescent aerosols out
of the front end of the tube in the control room at a mean
velocity of 0.7m/s (as measured by a one-dimensional
constant-temperature hot-wire anemometer [HT 400,
sensor-electronic, PL]) for a period of 15min. This low
velocity and low flow rate generated a weak jet that
injected fluorescent particles in the control room (Figure
1) but did not alter the overall airflow in the room or the
house. Following the injection of the aerosols and CO2,
the house was left unoccupied – with the AHU system off
and the DMV system on or off (as indicated in Table 1) –
for periods of 16–24h. This provided sufficient time for
deposition of the 3.2mm fluorescent particles.

To determine the fate of the fluorescent particles
injected into the test house during each experiment,
three to five clean glass slides (PremiereVR 9101-E,
75� 25� 1mm) were placed at each sampling point
(Figure 1) located throughout the house to collect the
deposited particles. The CR sampling point was
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located on the floor of the control room, at a horizon-
tal distance of 1m from the injection point along the
aerosol injection path. The SR, KR and MR sampling
points were located on the floor at the center of the
second bedroom, kitchen and master bedroom,
respectively. The MB sampling point was on the floor
of the shower stall in the master bathroom. The SRC
sampling point was located on an elevated shelf 1.7m
above the floor in the closet of the second bedroom
while the MRC sampling point was located on the
floor in the closet of the master bedroom and the
MBC sampling point was located in an open cabinet
beneath the sink in the master bathroom. Finally, the
KRD 1 and KRD 2 sampling points were located in
two kitchen drawers located within closed cabinets in
the kitchen.

During each experiment, seven nondispersive infra-
red CO2 sensors (TelaireVR 7001, Goleta, CA) con-
nected to a data logger (HOBOVR Energy Logger
ProTM H22, Onset Computer Co., Bourne, MA, USA)
were placed in each room to measure and record CO2

concentrations and temperature every 1min. Two
more CO2 sensors connected to data loggers (HOBOVR

U12-012) were placed in the closet of the master bed-
room (MRC) at a height of 1.7m and in one kitchen
drawer (KRD 1) to measure and record CO2 concen-
trations and temperature every 30 s. Additionally, TSI
AeroTrakVR Handheld Particle Counters (Models 8220
and 9306-V2) placed at a height of 1.5m in the con-
trol room, kitchen and master bathroom were used to
measure the airborne concentrations of injected fluor-
escent aerosols every 30 s. The 2.5–5 mm size bin of
the particle counters was used to monitor the tem-
poral and spatial distribution of injected aerosol con-
centrations, as the monodisperse fluorescent aerosols
have a diameter of 3.2 mm.

Fluorometric measurements

In order to determine the concentration of fluorescent
particles on each of the glass slide samples, a Leica
MZ16 FA Fluorescence Stereoscope (Leica
Microsystems GmbH Wetzlar, HE, DE) with a Leica
PLANAPO 1.6� objective was used. The fluorescence
stereoscope is able to detect the red 3.2 mm fluorescent
particles and acquire the images with a black and

white camera (Leica DFC350 FX) using the settings
summarized in Table 2. The exposure time, gamma
and gain were set in such way to maximize the con-
trast between the particles and background. Using the
MultiStep bi-directional scan feature, multiple images
were taken from different locations on each sampling
glass slide. A total of 104 images were taken for each
slide in the rooms, closets and cabinet, and 416
images were taken for each slide in the kitchen
drawers. The number of images captured per slide in
the drawers was increased to improve the detection of
particles on these slides which had lower particle con-
centrations. As the major uncertainty of the results is
not driven by the uncertainties associated with detec-
tion and quantification of particles on a given slide
but rather the spatial distribution of deposition of the
fluorescent particles at a given sampling location, the
uncertainty in deposition was determined by collect-
ing multiple samples at a given sampling location
(additional details provided below in the Quality
Control and Uncertainty Analysis section).

After the images were acquired by the fluorescence
stereoscope for each glass slide, a morphometric pro-
gram (Boor, Siegel, and Novoselac 2013b) in
MATLAB (MathWorks Inc., Natick, MA, USA) was
used to count the number of particles. In the pro-
gram, the images were isolated into white and black
objects, and the white objects were identified as par-
ticles. The surface concentration of fluorescent par-
ticles on each slide was calculated by dividing the
total number of particles in the images by the total
area of the images taken for the specific slide. The
surface concentrations in each experiment were then
normalized by the average surface concentration on
the slides which were placed on the kitchen floor in
the same experiment. Finally, the average and SD of
the normalized surface concentrations at each sam-
pling location in each experiment were computed.

Measurement of air circulation between hidden
spaces and adjacent rooms

To measure the air circulation between indoor hidden
spaces and the rooms surrounding each hidden space,
six experiments were conducted as described in Table
1 (HAC 1–HAC 6). These experiments measured the

Table 2. Fluorescence stereomicroscope, camera, and morphometry settings.

Location
Number of steps
per glass slide Dye/filter

Excitation/emission
wavelength (nm)

Zoom
drive

Focus
drive (mm)

Exposure
(s) Gamma Gain

Image size
per step (mm)

Rooms, closets
and cabinet

104
Red/TXR 542/612 1.60� 75.3 �294 0.31 10 10 1031� 770

Drawers 416
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air change rates per hour (ACHs) and air temperature
differences between (1) the master bedroom and the
closet in this room and (2) the kitchen and the cab-
inet drawer in the kitchen. The air circulation was
determined by injecting a pulse of CO2 into the hid-
den space (closet or drawer) and monitoring the
decay rate of CO2 inside the hidden space and the
adjacent room. In each experiment, three measure-
ments of CO2 decay were collected for the master
bedroom closet and the kitchen drawer. HAC 1–HAC
6 were conducted under very similar conditions as the
seven aerosol injection experiments (M1–M7)
described in Table 1. Specifically, the AHU was turned
off for all experiments while the DMV system was
turned on for half of the six experiments and turned
off for the remaining three experiments.

For the measurements in the master bedroom
closet, three nondispersive infrared CO2 sensors con-
nected to data loggers were placed at a vertical height
of 0.6m, 1.2m and 1.8m within the master bedroom
closet (2.36m� 0.61m� 2.95m), and one CO2 sensor
was placed at the center of the master bedroom
(4.06m� 4.09m� 3.77m). A 10 L volume of CO2 was
injected into the closet via two injection tubes: one
connecting to a Tedlar bag (SKCVR , 25 L) of 6.4 L CO2

mixed with 10 L zero air (Praxair, AI 0.0UZ-T) and
one connected to three identical Tedlar bags (SKCVR ,
3 L) containing 1.2 L CO2 with 1.2 L zero air. The four
Tedlar bags were pressed and emptied within 5min.
Three small 12-V fans distributed in the closet were
activated during CO2 injection and stopped 1min
after the injection to help improve air mixing. The
two doors of the master bedroom closet remained
closed during the injection and subsequent measure-
ment period of 3 h.

For the kitchen drawer experiments, the kitchen
drawer and surrounding cabinet were connected so
these spaces were treated as one space in the experi-
ments. The dimensions of the entire cabinet space
housing the kitchen drawer were
1.47m� 0.61m� 0.74m, while the dimensions of the
kitchen drawer were 0.25m� 0.41m� 0.10m. The
dimensions of the surrounding kitchen were
5.39m� 3.95m� 3.64m. Three CO2 sensors were
used to monitor CO2 in this drawer-cabinet assembly;
one CO2 sensor was placed directly in the drawer;
another sensor was placed on an elevated shelf
(0.28m above the cabinet bottom) and the third on
the bottom of the cabinet. One additional (CO2 sen-
sors #4) was positioned at the center of the kitchen. A
Tedlar bag filled with 1.2 L CO2 and 1.2 L zero air was
pressed to release CO2 into the cabinet instantly. The

three aforementioned small fans were distributed and
activated in the same way as in the experiments for
the master bedroom closet to rapidly mix the injected
CO2. The drawer and the door of the cabinet
were closed throughout the experiments for a period
of 3 h.

After the CO2 decay data were obtained, the air
change rates per hour (ACHs) between each hidden
space (e.g., closet or drawer/cabinet space) were deter-
mined by fitting Equation (1) which was derived from
a mass balance assuming perfect mixing in the master
bedroom closet and kitchen drawer/cabinet space:

� ln
CðtÞ�Croom

Cðt ¼ 0Þ � Croom

� �
¼ kt (1)

where CðtÞ is CO2 concentration (ppm) in the master
bedroom closet or kitchen drawer/cabinet space at
time t(h), Cðt ¼ 0Þ is the initial CO2 concentration
(ppm) in the master bedroom closet or kitchen
drawer/cabinet space when the CO2 concentration
reached its initial maximum value following injection,
Croom is the CO2 concentration (ppm) in the adjacent
room (master bedroom or kitchen), and k is ACH
(h�1). It should be noted that although CO2 concen-
trations in the adjacent room changed with time in
the experiments, the change was negligible. Therefore,
it was reasonable to use the time-averaged CO2 con-
centration in the room during the experiment period
as Croom:

Non-parametric tests were performed to assess the
effects of the operation of the DMV system and the
air temperature differences between the hidden spaces
and their adjacent rooms on the air change rates
(ACHs) of hidden spaces. The Wilcoxon rank-sum
test was used to assess whether the ACHs of hidden
spaces between the two DMV operating conditions
(On or Off) were significantly different. The
Spearman’s rank correlation analysis was performed
to study the correlation between ACHs of hidden
spaces and the air temperature differences between
the hidden spaces and their adjacent rooms. SAS 9.4
(SAS Institute) was used and a 5% significance level
was applied.

To investigate if the AV induced by a central AHU
system affects airflow in the closets and drawers, two
additional AV experiments were conducted, one with
the AHU off and one with the AHU on (Experiments
AV 1 and AV 2, Table 1). The goal of these experi-
ments was to determine if the propagation of momen-
tum-driven flow from a major space (room) into a
hidden space occurred. Specifically, AV were meas-
ured in the room (kitchen or master bedroom) and
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inside the corresponding hidden spaces (i.e., one kit-
chen drawer, the master bedroom closet, and master
bathroom cabinet) using the low velocity omnidirec-
tional hot-wire anemometers (HT 400, sensor-elec-
tronic, PL: with accuracy ±0.02m/s). Velocities were
measured twice over a period of 5min (5min for
AHU on, and 5min for AHU off). Room velocities
for the AHU on and off conditions were obtained
based on measurements collected at 128 spatial points
and spatial and temporal averaging. For the kitchen
drawer, the velocity sensor was placed in the middle
of the drawer, and velocity was recorded over the
same 5-min period. For the master bedroom closet,
the AV sensors were placed on the ground and then
on the shelf in order to explore the effect of height
above the ground on the AV.

Quality control and uncertainty analysis

Several measures were taken to prevent cross-contam-
ination between fluorescent aerosol injection experi-
ments. Prior to each experiment, all horizontal
surfaces including the floor, tables, interior surfaces of
the closets, cabinet and drawers in the test house were
cleaned at least twice with a wet mop and kit-
chen wipes.

To quantify the uncertainty in deposition measure-
ments driven by possible cross-contamination of the
sampling slides during positioning and handling prior
to an injection experiment, several blank experiments
were completed. Specifically, in Experiments M2 and
M3, one clean glass slide was placed at each sampling
location for 3 h; these control slides were subsequently
collected for analysis prior to initiating the aerosol
injection for these experiments. No fluorescent par-
ticles were found on these control slides indicating
that cross-contamination was not an issue. In add-
ition, in Experiment M6, one clean control slide was
placed in the control room for 24 h before the experi-
ment. It was found that the number of particles on
the control slide in Experiment M6 was 1.4% of the
average number of particles detected on the sampling
slides in the control room after the injection.
Similarly, in Experiment M7, one clean glass slide was
placed at each sampling location for a period of 20 h
and subsequently collected prior to initiating the
injection. The number of the fluorescent particles
detected on these control slides were found to be less
than 5% of the average number of particles collected
on the sampling slides at the same location during
Experiment M7. Overall, these results indicate that
regardless of the collection period (3 or 24 h) there

was negligible residual of fluorescent aerosols carrying
over from previous experiments. Thus, the particle
injection from previous experiments did not alter the
results of the subsequent experiments.

In order to decrease the measurement error
caused by the spatial distribution of particles, a min-
imum of three sampling slides were placed at each
sampling location. In Experiments M5 and M6, five
glass slides were placed in the control room since
high particle concentrations were expected near the
injection point; in Experiment M7, five glass slides
were placed in the kitchen. The measured surface
concentrations of the fluorescent particles at each
sampling location were averaged and the correspond-
ing SDs were calculated.

Instrument errors can also contribute to uncer-
tainty in the experimental measurements. The accur-
acy for the CO2 measurements was ±50 ppm or 5% of
reading, whichever is greater. The room temperature
was also measured by the sensor that was calibrated
to an accuracy of ±0.35 �C. As for the temperature
monitor in the closet and drawer, the accuracy was
±0.35 �C. To make sure that PM sensors were working
properly before the experiments, all the PM sensors
were calibrated by collocating them with the more
accurate TSI Aerodynamic Particle Sizer (APS)
model 3321.

Results and discussion

Transport of tracer gas and aerosols

Figure 2 shows the airborne concentration of PM and
CO2 in the control room, kitchen and master bath-
room as a function of time during Experiment M3.
The dispersion of the injected fluorescent PM and
CO2 from the injection point in the control room to
the kitchen and finally to the master bathroom
(Figure 1) was evident in the time lag between the
peak PM and CO2 concentrations. For Experiment
M3, approximately 90min after the release of PM and
CO2, the concentrations in the three rooms
approached the same value and followed the same
decay curve, indicating that the PM and CO2 were
well mixed in the entire test house. A comparison of
PM and CO2 graphs in Figure 2 demonstrates that
there is a high similarity between the concentration
profiles of PM and CO2. More precisely the figures
show that the distribution of 3.2 mm particles –
injected by releasing CO2 at the same time and place
as the PM – is the same as the distribution of CO2.
This indicates that even with the air conditioning fan
off, the AV (caused by buoyancy forces and the
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airflow supplied by the DMV ventilation in the house)
was sufficient to carry 3.2 mm particles in the same
way as the tracer gas.

The CO2 concentration profiles measured during
Experiments M2–M7 show that the DMV system had
no impact on the dispersion of the tracer gas and corre-
sponding particles between rooms. Specifically, statis-
tical analysis indicates there was no significant
difference between the air change rates (ACHs) meas-
ured in hidden spaces (Equation (1)) when the DMV
system was on versus when it was off (p¼ 0.80 for the
master bedroom closet, and p¼ 0.09 for the kitchen
drawer/cabinet space). However, the temperature field
in the house did have a major impact. Depending on
the temperature differences between rooms in the
house, it took from 0.5 to 1.5 h until uniform concen-
tration of CO2 throughout the house was achieved. This
time is often called the mixing time, which is the time
required to achieve a uniform concentration in all
rooms that is equivalent to the concertation that occurs
with perfect mixing. For example, in Experiment M3 –
which had the DMV system on and only a 0.4 �C tem-
perature difference between the injection point in the
control room and the adjacent kitchen – the mixing
time was approximately 1.5 h. Conversely, in
Experiments M5 which also had the DMV system on
but a much higher temperature difference (1.0 �C)

between these two rooms, the mixing time was approxi-
mately 0.5 h. In both of these experiments, the AHU
was off, indicating that buoyancy-driven flow (reflected
in the temperature difference between rooms) had a
major impact on the distribution and movement of air
throughout the house.

Figure 3 summarizes the dispersion of CO2 and
decay over time for Experiment M5 which is illustra-
tive of the CO2 profiles obtained in Experiments
M2–M7. The y-axis shows the measured concentra-
tion of tracer gas normalized by the concentration of
tracer gas that would happen throughout the whole
house with perfect (instantaneous) mixing (values
above 1 indicate concentrations greater than those
with perfect mixing and vice versa). The graph in
Figure 3 shows that the CO2 concentration in the
master bedroom closet quickly reached the concentra-
tion levels in the master bedroom and decayed at the
same rate, indicating close communication between
the closet and the master bedroom. In contrast, the
CO2 concentration in the kitchen drawer increased
and decayed much slower with a greater time lag as
compared to the CO2 concentration in the kitchen.
This indicates a lower communication rate between
the kitchen drawer and the kitchen space in this
experiment. Similar profiles were observed in the
other injection experiments (M2–M7).

Figure 2. Concentrations of PM and CO2 in the control room, kitchen and master bathroom during Experiment M3; the injection
of particles and CO2 occurred between time zero and 15min.
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Overall, the results from experiments that measured
CO2 and PM dispersion indicate that rooms con-
nected with open interior doors can be viewed as a
single zone after a certain period of time. With the
AHU system off, it took approximately 30–90min to
achieve perfect mixing and uniform dispersion of the
3.2 mm particles released from one corner of the house
(control room in Figure 1). Furthermore, the results
show that there was intensive airflow between closed
closets and rooms while closed drawers interchanged
air at a slower rate. However, regardless of the time
lag, results of the CO2 dispersion measurements indi-
cate that there was sufficient air mixing between
rooms as well as in-between hidden spaces and adja-
cent rooms to transport PM from the PM source pos-
ition in the house to the indoor hidden spaces.

The current results are comparable to those
reported in a previous study examining the transport
of carbon monoxide (CO) emitted from smoking
under similar experimental conditions (i.e., no heating
or ventilation system, windows closed) (Ott, Klepeis,
and Switzer 2003). When the door between the adja-
cent room and the source room where CO was
released was opened a small crack (3 in), there was a
substantial amount of CO detected in the adjacent
room after smoking and the two rooms became well-
mixed after about 50min. Furthermore, a small
amount of CO was found in a third room connected
to the adjacent room by a closed door. The results are

also consistent with those presented in the study by
Bek€o et al. (2016), which shows that the concentration
of tracer gas is nearly uniform on the same floor as
the source room. Another study by Ferro et al. (2009)
found that a small door opening (2.5 cm width) could
introduce significantly more tracer gas to a receptor
room from the source room compared with a fully
closed or sealed door. However, even in the case of a
closed door, the concentration of tracer gas in the
receptor room could reach as high as 43% (4-h aver-
age) of the concentration in the source room. The
impact of door gaps on tracer gas concentration as
reported by Ferro et al. (2009) are consistent with the
findings in the current study in that the gap below
the closed closet doors allowed air to circulate
intensely. In contrast, the closed drawers in the cur-
rent study were more air-tight and prevented the
tracer gas from entering effectively. However, some
penetration of the tracer gas and PM occurred indi-
cating that there were tiny gaps around the
closed drawers.

Deposition of fluorescent aerosols

Figure 4 shows the normalized surface concentrations
of fluorescent PM for all seven aerosol injection experi-
ments. The surface concentrations measured at each
sampling location were normalized by the surface con-
centration measured in the kitchen area for each of the

Figure 3. Temporal concentrations of CO2 in the house and in the hidden spaces in Experiment M5 after injection of the tracer
gas in the control room. Note: the CO2 concentration measured during the decay test was normalized by the CO2 concentration
calculated for perfect mixing (unmarked dotted line) on the y-axis.
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seven experiments. In this way, it is possible to directly
compare the results of one experiment to another even
though the number of particles injected in the control
room in a given experiment varied somewhat due to
the aerosol injection methodology deployed in this
study. The kitchen was selected as the normalization
point since it is the central space for the whole house
and connected to almost all of the surface measurement
points. As a result of the normalization process, all nor-
malized concentration results for the kitchen shown in
Figure 4 have a value of 1.

The normalized surface concentration profiles
across the house summarized in Figure 4 indicate that
the concentration of PM deposited onto the floor of
the source room (i.e., the control room) was approxi-
mately 3–14 times greater than that deposited onto
the floor of the kitchen. In addition to the observation
of similar surface concentrations of PM on the floor
of all the rooms (except for the source room), similar
levels of PM were found on: (1) the upper surface of
the shelf in the closed closet in the second bedroom
(SRC) (a ratio of 0.35–0.77 to the PM level in the
second bedroom [SR]), (2) the floor in the closed
closet in the master bedroom (MRC) (a ratio of
0.64–1 to the PM level in the master bedroom [MR]),
and (3) the bottom of the open-door cabinet in the

master bathroom (MBC) (a ratio of 0.48–0.86 to the
PM level in the master bathroom [MB]). Furthermore,
there were fewer but detectable levels of fluorescent
particles in the two closed kitchen drawers (KRD 1
and KRD 2) with a ratio of 0.05–0.23 of the PM level
in the kitchen (KR).

With respect to the effect of operating the DMV
system (on or off conditions in various experiments),
the results in Figure 4 indicate that there was no sig-
nificant difference in the PM deposition as a function
of DMV system operation. These results clearly indi-
cate that even without mechanically driven flow
(AHU and/or DMV), aerosols injected into the inter-
ior space can mix well throughout the space over
time. This led to a relatively even deposition of the
PM on the floor of the rooms and even within the
closets which had their doors closed. Of particular
note is the finding that the injected particles readily
penetrated into hidden spaces such as closed drawers
within closed cabinets where the exchange of gases
and PM between the room and the hidden space was
expected to be much smaller. Similar results were
reported by Miller and Nazaroff (2001) who found
that the number concentration of environmental
tobacco smoke particles in the nonsmoking room
approached the concentration in the smoking room

Figure 4. Normalized surface concentrations of fluorescent PM on the sampling slides in Experiments M1–M7. Experiments M5
and M6 are duplicate experiments with dedicated mechanical ventilation (DMV) on, while Experiments M4 and M7 are duplicate
experiments with DMV off. Note that samples were collected from the two kitchen drawers for all experiments except M1–M3. The
symbols represent the averages of PM on the three or five sampling slides at the same location, and the error bars represent SDs.
Locations: CR – control room, SR – second bedroom, KR – kitchen, MR – master bedroom, MB – master bathroom, SRC – second
bedroom closet, MRC – master bedroom closet, MBC – master bathroom cabinet, KRD 1 – kitchen drawer 1, KRD 2 – kitchen
drawer 2.
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shortly after cigarette ignition if the door connecting
the two rooms was open, and was much smaller in
the nonsmoking room if the door was closed.

For each aerosol injection experiment (M1–M7),
the temperature measured in each room and hidden
space were averaged over a 6-h period after the injec-
tion of fluorescent particles. The time-averaged tem-
perature data were subsequently normalized by
subtracting the time-averaged room temperature in
the kitchen for each experiment (Figure 5).

As noted earlier (in the discussion of mixing time
for tracer gas and aerosols), the greater the tempera-
ture difference observed between the control room
and the other rooms in the house, the shorter the
measured mixing time required to distribute the gas
and PM tracers throughout the main rooms in the
house. With respect to the hidden spaces, the meas-
ured air temperature differences between the master
bedroom closet and the master bedroom were
0.8–2.0 �C, and the measured air temperature differen-
ces between the kitchen drawer 1 and the kitchen
were 0.3–1.8 �C. The outdoor weather conditions var-
ied in different experiments, and it indirectly affected
the temperature difference between occupied and hid-
den spaces. In Experiments M4–M6, the temperatures
in the hidden space (drawer or closet) were cooler
than the adjacent room; these temperature differences
reflect that these three experiments were conducted in
August and September when the house was cooled

with the HVAC system on prior to initiating the
experiments. In contrast, Experiment M7 was con-
ducted on a cold day in February and the tempera-
tures inside the closets and drawers in Experiment M7
were warmer than the adjacent room temperature. It
is hypothesized that the temperature differences meas-
ured between rooms and between hidden spaces and
adjacent rooms may contribute to air mixing that dis-
tributed PM and gases throughout the house and even
into hidden spaces.

Air velocities and ACHs in closets and drawers

To quantify the airflow rates between the room spaces
and hidden spaces, the air change rates per hour
(ACHs) between the master bedroom closet and the
master bedroom, and one kitchen drawer and the kit-
chen were measured (Experiments HAC 1–HAC 6 in
Table 1). Results from these experiments are summar-
ized in Figure 6. The average ACH measured in the
master bedroom closet was 2.3 h�1 which is reason-
ably consistent with the 4.3 h�1 ACH measured previ-
ously for the same master bedroom closet (Guerrero
and Corsi 2012), especially given the large range of
ACH values measured in the current study. In con-
trast, the average ACH of the kitchen drawer/cabinet
space was 1.5 h�1 which was expected given the lower
communication between these spaces.

Figure 5. Normalized time-averaged temperature in rooms, the master bedroom closet and kitchen drawer 1 in Experiments
M1–M7. Locations: CR – control room, SR – second bedroom, KR – kitchen, MR – master bedroom, MB – master bathroom, MRC –
master bedroom closet, KRD 1 – kitchen drawer 1.
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The measured ACHs of hidden spaces under the
two operating conditions (On or Off) of the DMV
system were not significantly different (master bed-
room closet: p¼ 0.80, kitchen drawer/cabinet space:
p¼ 0.09), a result which is consistent with the similar
AV measured when the HVAC system was on and
when it was off (see Table 3). However, no correlation
was found between the ACHs measured in the hidden
spaces and the magnitudes of the temperature differ-
ences between the hidden spaces and the correspond-
ing adjacent rooms (master bedroom closet: Spearman
correlation coefficient ¼ 0.28, p¼ 0.27; kitchen
drawer/cabinet: Spearman correlation coefficient ¼
0.02, p¼ 0.93). One possible explanation for the high
ACH measured in the master bedroom closet
(3.18 h�1) at a small temperature difference (0.16 �C)
is that the measured air temperature in the closet and
adjacent space does not fully represent the buoyancy
forces that drove air circulation measured in the hid-
den spaces. It is possible that surface–air temperature
differences in the closet cabinets and drawers (which
were not measured) may be more relevant for the
buoyancy-driven flow in these hidden spaces.

To investigate the possibility that momentum-driven
flow in the main space (room) drove the air circulation
in hidden spaces, two additional AV experiments
(Experiments AV 1 and AV 2 in Table 1) were com-
pleted to compare the AV in the hidden spaces when

the central AHU was on and when the central AHU
was off. Table 3 summarizes these results.

When the AHU’s fan was on, the average room
AV was 0.1m/s (equivalent to 8 ACHs in the house)
and the velocity field in the rooms was dominated by
the air circulation driven by the fan. When the AHU’s
fan was off, the average rooms AV was significantly
smaller: 0.05m/s. Regardless, the velocities measured
in the hidden spaces with the AHU’s fan on or off
show there was little impact of the momentum-driven
flow (air circulation in the house) on the airflow to
these hidden spaces. Thus, the operation of the air
conditioning system did not change the AV inside the
hidden spaces. These results further imply that the
momentum in the airflow resulting from the air con-
ditioning fan systems or mechanical ventilation dissi-
pated before the airflow entered the hidden spaces.
Thus, considering the absence of a clear correlation
between ACH and the air temperature difference
between hidden spaces and their adjacent rooms in
Figure 6, it is most likely that the temperature differ-
ence between the surfaces in the hidden space and air
in the hidden space was driving this airflow.

Implications and limitations of the study results

Previous studies have examined hidden spaces (e.g.,
crawl spaces [Airaksinen, Pasanen, et al. 2004] and wall

Figure 6. ACHs in the master bedroom closet and the kitchen drawer/cabinet space as a function of the air temperature difference
between the master bedroom closet and the master bedroom, and the kitchen drawer/cabinet space and the kitchen. The symbols
represent the averages of three measurements in the master bedroom closet or the kitchen drawer/cabinet space, and the error
bars represent SDs.
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cavities [Muise and Seo 2009]) primarily as a source of
contamination, with fewer studies examining how air-
borne PM penetrates into hidden interior spaces. The
practical finding of the current study is that regardless
of whether the ventilation and air conditioning system
is operating, a measurable fraction of airborne particles
(potentially contaminated with pathogens, heavy met-
als, SVOCs or other pollutants) can reach indoor hid-
den spaces distant from the source. Such information is
critical for identifying the active surfaces for processes
driven by surface chemistry or microbial activities in
studies on indoor chemistry. For example, the results
are crucial to a campaign focusing on the transport of
chemicals via air and through partitioning between the
gas phase and indoor PM conducted in the same UTest
house (Farmer et al. 2019). Another implication of this
study is about the occupant exposure risk to indoor
aerosols. Most cleaning interventions to reduce indoor
occupant exposures to chemical and biological pollu-
tants associated with PM focus on vacuuming, wet
mopping or surface cleaning of areas (e.g., flooring,
windowsills, bedding or furniture surfaces) visible to
view (Adgate et al. 2008; Ettinger et al. 2002; Kolarik,
Bornehag, et al. 2008; Kwan et al. 2018; McConnell
et al. 2003; Skulberg et al. 2004; Vojta et al. 2001).
While there is recognition that hidden reservoirs are
also of concern, particularly for fungi that grow on
water-damaged materials found in wall cavities and
other nonvisible areas (Anton, Moularat, and Robine
2016; Johansson, Svensson, and Ekstrand-Tobin 2013),
the result of the current study highlights the fact that
PM-associated contaminants can penetrate into closed
closets and drawers and thus accumulate on surfaces
that are in direct contact with occupants (i.e., dishes,
clothing or other materials stored in drawers, cabinets,
and closets). Such phenomena may be of particular
concern in sensitive environments such as hospitals
where the roles of ward cleanliness and environmental
transmission of pathogens in hospital-acquired infec-
tions continue to be an active area of research (Beggs
et al. 2015). Similarly, the results of the current study
suggest that using a closet (even with a closed door) as
a shelter-in-place strategy (Sorensen 2002) from indoor
aerosols may not be effective unless the gap under the
door is blocked. Finally, this study can also help explain
the cause of the transport of air pollutants out of hidden
spaces if there are emission sources inside these

confined spaces, that is, buoyancy-driven flow is suffi-
cient to move gas and PM out of hidden spaces.

The current study provides insight into the fraction
of aerosols released indoors that penetrate into spe-
cific types of hidden interior spaces, specifically
drawers, cabinets and closets. However, as the study
results are based on a specific building (a full-scale
house) and just one size of particles, the values
reported in Figure 4 cannot be directly translated to
all homes and all particle sizes. Nevertheless, the rela-
tive magnitude of aerosol transport from a source
room to distant interior cavities (such as cabinets and
drawers) measured in this study can serve as a refer-
ence for other studies that focus on the fate of indoor
airborne particles in other buildings. With respect to
residential homes, similar trends are expected in most
homes where the doors between rooms are kept open.
The study also identifies construction factors that
appear to affect PM transport. Specifically, the results
indicate that the size of the opening that connects the
hidden and occupied space affects PM transport with,
for example, substantially greater transport of PM
through a closed but undercut door relative to that
through the tiny gaps in cabinets and drawers. We
would expect that these findings will extend to other
homes, but we also acknowledge that there are add-
itional possibilities for PM transport driven by specif-
ics of the construction and building type. For
instance, cracks in walls and pressure differences
between spaces (a phenomenon not examined in this
study) can drive air and PM movement to these
spaces (Liu and Nazaroff 2003). Additionally, the
HVAC fan was kept off in the aerosol and tracer gas
experiments in this study, but the operation of the
HVAC fan would change the dispersion of tracer gas
and possibly PM throughout the house. Due to the
mixing effect of the HVAC system, tracer gas and
aerosols will be well mixed in open rooms at a faster
rate when the HVAC is on as compared to the situ-
ation when it is off. However, as the momentum-
driven flow provided by the HVAC system proves not
to be the reason for the transport of aerosols into hid-
den spaces (Table 3), it is still buoyancy-driven flow
that will move PM into hidden spaces regardless of
the operating conditions of the HVAC system.
Therefore, the results of PM deposition in hidden
spaces can be generalized to the conditions when the
HVAC system is on.

Table 3. Air velocities (average ± SD, m/s) in the closet, cabinet and drawer.
Location Kitchen drawer 1 Master bedroom closet shelf Master bedroom closet floor Master bathroom cabinet

AHU’s fan on 0.0515 ± 0.0017 0.0478 ± 0.0027 0.0517 ± 0.0042 0.0478 ± 0.0027
AHU’s fan off 0.0500 ± 0.0014 0.0480 ± 0.0012 0.0495 ± 0.0019 0.0480 ± 0.0016
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Conclusions

This article presents the results from a full-scale inves-
tigation that tracked the movement of air (using a
tracer gas) and indoor aerosols (using fluorescent par-
ticles) to determine the dispersion of aerosols
throughout a house and ultimately into hidden spaces
within the interior of the house. Intensive air circula-
tion between rooms and adjacent closed closets and
cabinets was found, and the aerosols deposited within
the closets and cabinet were comparable to those in
the rooms. As for more sealed spaces like the closed
drawers within closed cabinets, the increase of tracer
gas and deposition of aerosols was small but detect-
able. These results indicate that aerosols and gases can
readily penetrate hidden spaces. The magnitude of
aerosol deposition between the source area and the
most hidden space in the house (e.g., drawer) declined
by two orders of magnitude. Nonetheless, the results
indicate that at least one percent of an indoor aerosol
source can deposit into indoor hidden spaces
and accumulate.

The current study indicates that even when the fan
of the air conditioning system and the DMV system
were off, air circulation due to temperature differences
between the rooms was sufficient to disperse the aero-
sol throughout all areas of the building. The injected
aerosols and tracer gas eventually became well mixed
throughout the rooms, and the injected PM deposited
onto the floors in a relatively uniform manner. Indoor
hidden spaces such as closets and drawers that are not
directly visible were found to be well connected to the
occupied space. Even for closed closet doors, for
instance, gaps beneath the door may facilitate the flow
of air in and out. Momentum driven flow (such as air
circulation driven by an air-conditioning fan) had
negligible effect on air circulation in hidden spaces as
the momentum dissipated before entering the hidden
spaces. Therefore, the results suggest that the penetra-
tion of aerosols into hidden places is dominated by
buoyancy flow induced by temperature differences.
Additional studies on the impact of buoyancy on air
circulation in hidden spaces would be useful to fur-
ther characterize this effect.
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