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ABSTRACT

SARS-CoV-2 has been recognized to be airborne transmissible. With the large number of reported positive cases
in the community, home quarantine is recommended for the infectors who are not severely ill. However, the risks
of household aerosol transmission associated with the quarantine room operating methods are under-explored.
We used tracer gas technique to simulate the exhaled virus laden aerosols from a patient under home quarantine
situation inside a residential testbed. The Sulphur hexafluoride (SF¢) concentration was measured both inside
and outside the quarantine room under different operating settings including, air-conditioning and natural
ventilation, presence of an exhaust fan, and the air movement generated by ceiling or pedestal fan. We calculated
the outside-to-inside SF¢ concentration to indicate potential exposure of occupants in the same household. In-
room concentration with air-conditioning was 4 times higher than in natural ventilation settings. Exhaust fan
operation substantially reduced in-room SF¢ concentration and leakage rate in most of the ventilation scenarios,
except for natural ventilation setting with ceiling fan. The exception is attributable to the different airflow
patterns between ceiling fan (recirculates air vertically) and pedestal fan (moves air horizontally). These airflow
variations also led to differences in SFg concentration at two sampling heights (0.1 m and 1.7 m) and SFg leakage
rates when the quarantine room door was opened momentarily. Use of natural ventilation rather than air-
conditioning, and operating exhaust fan when using air-conditioning are recommended to lower exposure risk
for home quarantine. A more holistic experiment will be conducted to address the limitations reflected in this
study.

1. Introduction

out that the value of home isolation for COVID-19 patients is relatively
low [10], and they suggested all the infected people, even with mild

After two and a half years since the outbreak of the Coronavirus
disease 2019 (COVID-19), substantial evidence had shown that the se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is
the virus that causes COVID-19, is becoming milder in terms of hospi-
talization demand and deaths [1-5]. Hence, many governments and
authorities started recommending that infected people with non-severe
symptoms be self-isolated at home to conserve and deploy medical re-
sources for those more seriously ill who urgently need them [6-8].
Infected persons shed viruses across the entire spectrum of oral activities
including breathing, talking and singing [9]. However, even though the
infected person is recommended to stay in a relatively separate room
during the self-quarantine period, emitted airborne viruses escaping to
other spaces in the house are often inevitable because residential facil-
ities are not designed for quarantine purpose. Some researchers pointed
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symptoms, should be quarantined in hospitals or Fangcang shelter hos-
pitals [11,12]. Moreover, though the newer variants of the SARS-CoV-2,
like the Omicron strain, are milder than earlier variants, including the
Delta variant, those newer variants are more transmissible [4,13-15]
This suggests that it only needs a relatively small amount of the virus
leakage from the quarantine room to potentially infect those living in the
same house. Hence, to address the debate on the home isolation strategy
for mild COVID-19 patients, evaluation of the intra-house transmission
risk during the home quarantine period is essential.

During the home quarantine period, the intra-house transmission of
the aerosols in a residential house is mainly from the leakages through
the cracks between the door and its frame and some necessary door-
opening activities of the occupants, such as food delivery and trash
removal. The impact of the door-opening activity on the aerosol
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transmission between rooms is relatively well studied in healthcare fa-
cilities. Using small-scale water-tank models, a study quantitatively
evaluated the impact of the door type on containment failures in hospital
isolation rooms [16], and another study calculated air exchange and
infection transfer between rooms due to door motion [17]. Using
three-dimensional ultrasonic anemometers, a study compared the
airflow on doorway under different mechanical ventilation strategies,
which showed that the door-opening activity can lead to air exchanging
between the operating room and the adjacent areas in all ventilation
strategies [18]. Similar studies have been conducted in pressurized clean
rooms [19] and isolation rooms for nuclear plants [20]. However, there
is no reported study focusing the impact of the door opening on aerosol
transmission in a residential facility. Moreover, compared to those
specially designed doors in healthcare and cleanroom settings, the doors
in residential buildings are normally not well sealed, which also allow
the emitted viruses in the quarantine room to be leaked out even when
the door is closed. It is necessary to explore the transmission risk of the
pathogen from the quarantine room to other spaces in a household.

The operating strategy of the isolation room plays a very important
role in terms of the airborne pollutant transmission across the door [18].
The operating conditions are dominated by the settings of the air con-
ditioning (AC), the fan, and the window operating status [21]. An
opened window enhances air exchange rate with the outdoor air [21,22]
which dilutes the emitted pathogen in the isolation room more effec-
tively. Further, the World Health Organization recommended putting a
pedestal fan near an open window to enhance the room ventilation [23].
However, those recommended measures only target reducing the aero-
sol concentration within the quarantine room where other non-infected
family members are advised not to enter. Airborne transmission across
the door to other spaces within the house remains unknown.

Several studies assume that exhalation from an infected person under
quarantine contains the SARS-CoV-2 virus remains airborne, mixes with
the air currents within the quarantine room, and follows leakages out of
the room. Specifically, the concentration within and outside the room
(across the door) are indicative of the potential exposure of household
members. Based on those assumptions, both numerical simulations and
experimental measurements can be used to evaluate the transmission
risk [24]. Although numerical simulations, represented by computa-
tional fluid dynamics (CFD) modeling, are more affordable and efficient
than physically conducting experiments, the measured experimental
results are still valuable and are necessity to validate the CFD models
[25,26]. For experiment measurements, considering the reliability and
repeatability, the tracer gas methods are widely used to experimentally
study the pathogen airborne transmission risk [27,28]. Various tracer
gases, such as CO4 [29,30], SFe [31-34]1, N2O [35], and Ethane [36] can
be used as the surrogates of small respiratory aerosols (<5 pm), and
among those, SFg is the most often used due to its detectability at low
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concentrations, and in the background
environment.

In this study, we aim to evaluate the intra-house transmission risk
during the COVID-19 home recovery program via the tracer gas method
in a residential testbed. We sought to 1) compare the common operating
scenarios in the residential room, and 2) evaluate the currently recom-

mended measures for homes prior to lowering the transmission risk.

low toxicity, scarcity

2. Experimental site

This study was conducted in the Smart Green Home [37], an indoor
test-bed in the National University of Singapore to study on smart fea-
tures and sustainable technologies for residential premises. Our exper-
iment was set up in the master-bedroom of this smart facility to mockup
a quarantine room for COVID-19 positive patients serving stay home
recovery. Fig. 1a presents a snapshot and Fig. 1b shows a plan view
sketch of the quarantine room illustrating the experimental setups. The
master-bedroom is 3.2 m (W) x 3.6 m (L) x 3 m (H) in size. An individual
toilet approximately 3 m? is attached to the test room. Two operable
windows, 1 m? each, are shown in Fig. 1a, while the remaining larger
glazing on the left most is always kept shut. Other openings that allow
air exchange were the door gaps, both to the toilet and the living room,
each 100 cm (W) x 1.3 cm (H) in size. In addition, the toilet window was
opened throughout all tested scenarios.

The test room was installed with a split-type air-conditioning unit
(rated capacity 1.5 kW) and a 52-inch ceiling fan (Big Ass Fan, Haiku-I-
Series). Both the air-conditioner and ceiling fan are installed ~265 cm
above floor. The ceiling fan is located 170 cm from the door and 85 cm
from the nearest wall. To facilitate alternative operating strategies, a 16-
inch pedestal fan and a 12-inch desk fan were also introduced into the
test room. The pedestal fan was fixed at a position 185 cm from the door,
30 cm from the wall, elevated 120 cm above the floor, tilted at an angle
15° above horizontal, and blew the air towards the bed. The desk fan
was functioning as a window exhaust in this study, which was positioned
15 cm from the window, elevated 140 cm above the floor, tilted at 20°
angle from horizontal, and moved air from the room outside the
window.

The Smart Green Home is constructed “within” a building enclosure.
Fig. 1a shows the external wall of the test room is recessed ~6 m from
the boundary of the building. In addition, the window of the attached
toilet is connected to a circulation corridor in the middle of the building.
We assume cross ventilation is still feasible when the room windows are
opened, but the impacts from outdoor wind condition would be reduced
under this site configuration.

Master-room (quarantine room)

[
- Al Toilet souree =
| In-room ©] Semi-outdoor
1 Toilet samplers i area between
window at0.1m Master-room
&1.7m and
I {opened) / building boundary
0.4m f
5
Hall-side 0.5m = c
I sampler % (ml S e
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0.4m| | /
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¥ )
To living D
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3.6m

(b) 1

Fig. 1. (a) A snapshot of the master-bedroom; (b) a plan view diagram identifying the experimental setups both inside and outside the master-bedroom (i.e., the
quarantine room). Information about in-room and hall-side samplers is highlighted in red. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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2.1. Operating scenarios and setup

A total of five operating scenarios were tested in our study, including
air-conditioning without fan (AConyy), air-conditioning with ceiling fan
(ACc.fan), air-conditioning with pedestal fan (ACp.f,,), natural ventila-
tion with ceiling fan (NV¢ ap), and natural ventilation with pedestal fan
(NVp_fan). It is noted that the room condition for natural ventilation
without any fan is not being considered in our study, because this sce-
nario results in thermal discomfort and is uncommon due to the hot and
humid weather in Singapore. Under AC scenarios, the air-conditioner
was operated at 25 °C set-point with all windows and doors closed,
while the windows and toilet door were fully opened in the two NV
scenarios. The door to the living room was closed throughout the
experiment, except for the designated door opening procedure which
simulates the periodic.

The ceiling fan has a total of 7 speed levels. In both AC and NV
settings, the ceiling fan was operated at the same speed level 3 (i.e., 96
rpm and 0.94 m/s measured directly under fan) which has been tested to
be thermally comfortable between 24 and 27 °C in a previous study [38].
The pedestal fan has 3 speed levels, and the middle level (i.e., 260 L/s)
was chosen for both AC and NV settings. It is noted that the oscillating
function of the pedestal fan was disabled in our study to provide a more
consistent airflow pattern. The desk fan was used as an exhaust fan
dragging air outside the quarantine room at an airflow rate of 170 L/s.
The exhaust fan on and off status were both applied to all five testing
scenarios in our study. The location and speed for all fans remain un-
changed throughout the experiment in the corresponding scenario.

2.2. Physical measurement

We used tracer gas technique to simulate the transmission of exhaled
virus-laden droplets from the infected person under quarantine in this
study. Sulphur hexafluoride (SF¢) was selected as the tracer gas source
and continuously released at a constant dosing rate of 0.1 L/min inside
the quarantine room on the bed (see Fig. 1). This optimal dosing rate was
selected based on multiple pre-experiments, which the chosen rate of
SF¢ release achieved concentration levels that are detectable under all
five operating scenarios yet without excessive wastage. The gas
releasing tube was attached to a ping-pong ball with multiple holes on its
surface, thus SFg was distributed uniformly in all directions.

The SFe concentration (SFeconc) from three sampling points was
measured through an INNOVA 1309 multi-channel sampler with a
detection limit of 0.01 ppm and an accuracy +2 % of the measured
value. Two of the sampling probes were fixed inside the room at 0.1 m
and 1.7 m heights and located at a distance 0.5 m away from the middle
of two doors (see Fig. 1b). The remaining sampling probe was placed at
0.1 m height and located 0.4 m away from the door in the hall-side (i.e.,
outside the quarantine room). The in-room and hall-side sampling
probes at 0.1 m were selected to determine the SF¢ leakage rate via door
gap, while the sampler at 1.7 m (i.e., the breathing height of a human
subject) was to verify if a vertical stratification of SFe conc has been
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developed. Sampling frequency for three sampling points were
measured approximately 2 min.

2.3. Experimental procedures

Fig. 2 summarizes the experimental procedures in terms of room
settings and actions being taken over the experiment timeline. Five
operating scenarios were introduced in our experiment to evaluate virus
transmission risk between the quarantine and the living rooms,
including AConly, ACcfan, ACp.fan, NVc.fan, and NVp.gan. All settings
associated with these scenarios were prepared inside the quarantine
room before the sampling took place. The INNOVA starts sampling 30
min before tracer gas has been released into the quarantine room to
establish that the SFg conc in the background environment was negli-
gible. The full-scale experiment was divided into two phases. In the first
phase (without operation of exhaust fan), tracer gas was continuously
released at a dosing rate of 0.1 L/s for 180 min. The first 90 min facil-
itated SF¢ to attain a stable level inside the quarantine room, and the
next 90 min was taken to be the steady state condition providing
representative SFg conc for each operating scenario. The assumption of
steady state concentration in the latter 90 min was estimated by multiple
pre-tests under different room operating settings at the given tracer gas
dosing rate (i.e., 0.1 L/s). In the middle of the first phase experiment, we
opened the quarantine room door for 10 s to simulate a food delivery/
trash cleaning activity. The second phase experiment started right after
the first phase, and it began with switching on the window exhaust fan.
Similarly, the second phase experiment is a duplicate of the first except
that the exhaust fan is now operated. It consisted of 180 min, with the
first 90 min attaining stable in-room SFg conc With operation of exhaust
fan, while the next 90 min were taken to be steady state for further SF
conc analysis. Also, the room door was opened for 10 s in the middle of
the second phase experiment. The experiment ended with tracer gas cut-
off after the second phase procedures.

2.4. Statistical analysis

We used Null Hypothesis Significance Testing (NHST) [39] to eval-
uate the differences in SFg conc collected over the five operating scenarios
with/without exhaust fan during the steady state period (i.e., the SF¢ conc
collected at latter 90 min for both phases of experiment in Fig. 2). The
analyses rely on NHST depend on both the sample size and magnitude of
the effect. We used two non-parametric statistical tests to analyse the
differences in SFg conc bDetween two ventilation scenarios (i) the Wil-
coxon rank-sum test (i.e., U test): and (ii) the Cliff’s Delta. U test is used
to compare whether the two samples’ population mean rank differ [40].
A p-value < 0.05 denotes the threshold of statistical significance for null
hypothesis (no difference) being rejected and alternative hypothesis is
accepted. The Cliff’s Delta statistic is an effect size measure that is used
to quantify the difference between two populations beyond p-value
interpretation [41]. The outcomes of the effect size are interpreted by
the absolute |d|-value including negligible (|d| < 0.147), small (0.147 <

First phase experiment without exhaust

=
c

;9_, 2 Start Start releasing Door opening Switch on Door opening
&’ s sampling tracer gas for 10 seconds exhaust fan for 10 seconds Gas off

Setup ventilation Background Steady state Steady state
g scenarios measurement of the tested of the tested
£ (eg.turnonAC, without SFe ventilation SFe ventilation
5 operate fans) releasing aCCUVTMaT'O” scenario redugtton scenario

before sampling tracer gas period (without exhaust) period (with exhaust)

0 30 120 210 300 390

Timeline (minutes)

Fig. 2. Detailed indication of experimental procedures for actions being taken, status of the test room, and exhaust fan operation schedule.
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|d| < 0.33), medium (0.33 < |d| < 0.474), and large (0.474 < |d|) [42,
43]. To maintain consistency, we presented the mean and standard
deviation values as a reference indicating the steady state SFg conc OVer
different operating scenarios despite a non-normal distribution being
observed in some cases. All analyses were conducted using R version
4.2.1 [44]. We used the in-built “wilcox.test” function and the “cliff.
delta” function in “effsize” package [45] to calculate evaluate the p-value
and |d|-value in this study.

3. Results and discussion
3.1. Time series SFg concentration overview

Fig. 3 summarizes the time series Sulphur hexafluoride concentra-
tion (SFs conc) data for the three sampling locations (i.e., hall-side 0.1 m
height and in-room at both 0.1 m and 1.7 m height) measured under five
different operating scenarios (i.e., AConly, ACp.fan, ACc-fan, NVp.fan, and
NVc.fan) with both window exhaust fan On and Off conditions. The SFg,
conc Pattern in all scenarios can be generally broken down into three
stages. First, the SFe conc started to accumulate when tracer gas was
emitted in the quarantine room. Meanwhile, tracer gas started to leak
outside of the quarantine room, leading to a rise in the hall-side SF¢ conc-
Second, when the exhaust fan was turned on, the SFg conc reduced and
gradually stabilised for both in-room and hall-side sampling points.
Lastly, the SFg conc from all sampling locations reduced to zero after the
cut-off of the emission source. On the other hand, a rapid increase in SFg,
conc Was detected at the hall-side sampling point whenever the door was
opened. Throughout these stages, the SFgconc captured at the three
sampling locations with different fan types are discussed and compared
among four conditions: Operating strategy (AC vs NV) and Exhaust fan
status (Off/On).
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3.2. Comparisons by SFg concentration

3.2.1. AC scenarios without exhaust fan

All three scenarios (i.e., no fan, pedestal, and ceiling fan) tested
under AC condition took approximately 90 min for the SFgcone, at
different sampling points to attain a relatively steady level. Assuming in
the later 90 min (i.e., from 90 to 180 min in Fig. 3, excluding the door
opening outliers) as a steady concentration period, Fig. 4 summarizes
the distributions of SFg cone for all sampling locations and operating
scenarios when exhaust fan is turned off (this refers to the duration
denoted by the blue arrow in Fig. 3).

Table 1 summarizes the mean and standard deviation (in bracket) for
SF6 conc at 0.1 m in-room, 1.7 m in-room, and 0.1 m hall-side. Inside the
quarantine room, at both 0.1 m and 1.7 m sampling height, the highest
SF¢,conc Was found at ACp.fa, case, followed by ACc fan, while the ACopn1y
cases has the lowest concentration (p < 0.05, U test; |d| > 0.474, large
effect size). Meanwhile, we observed higher SFg conc at 1.7 m than at 0.1
m height for AConly and ACc.fan cases (p < 0.05, U test; |d| > 0.474, large
effect size), but the same observation was not found in ACp.¢,, setting.
The hall-side SF¢ conc Was not significantly different between AC,y1y and
ACc.fan conditions (p > 0.05, U test), but a slightly higher concentration
reported in ACp.fp case (p < 0.05, U test) with a medium effect size (|d|
< 0.33).

We suspect that the air flow patterns created by the fans are the
causes of the above observations. Fig. 5 visualizes the plan view of
airflow patterns generated by the (a) pedestal fan and (b) ceiling fan in
our experiment. Pedestal fan moves the air horizontally from the bed
end directly towards the tracer gas source, which disperses the SFg conc
more effectively within the quarantine room. Thereafter, these air with
higher SFe conc further move towards the wall then rebound back to the
door side, and directly captured by the in-room samplers. This explains
higher SFg conc Observed in both in-room and hall-side samplers and
minimizes the concentration difference between 0.1 m and 1.7 m height

Sampling locations Exhaust fan status

B - In-room (1.7m) ON
<«—» OFF

In-room (0.1m)
Hall-side (0.1m)

Door opening action v

(c) AC with pedestal fan
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Fig. 3. Time series SF¢ conc under different ventilation scenarios with/without window exhaust. (a) Air-conditioning (AC) only, (b) AC with ceiling fan, (c) AC with
pedestal fan, (d) Natural ventilation (NV) with ceiling fan, and (e) NV with pedestal fan. The three sampling locations are: hall-side at 0.1 m height (red line), in-room
at 0.1 m height (green line), and in-room at 1.7 m height (blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 4. SFg conc distribution comparison for window exhaust On and Off status at: (a) In-room sampler at 0.1 m, (b) In-room sampler at 1.7 m and (c) Hall-side

sampler at 0.1 m height.

Table 1
Measured mean (standard deviation) of SF¢ concentration at different locations
and conditions.

Locations 0.1 m hall-side 1.7 m in room 0.1 m hall-side
Conditions (ppm) (ppm) (ppm)
AC without AConly 54.8 (1.7) 57.3(2.2) 20.8 (7.3)
exhaust fan ACp. 73.6 (2.7) 73.8 (2.6) 24.5 (8.7)
fan
ACc. 59.4 (1.0) 62.5 (2.2) 23.3(3.9)
fan
AC with exhaust AConty 10.6 (1.5) 14.7 (2.2) 0.2 (0)
fan ACp. 12.0 (1.3) 14.4 (1.2) 0.1 (0.1)
fan
ACc. 12.6 (0.6) 15.0 (1.3) 0 (0)
fan
NV without NVp. 14.6 (0.7) 14.6 (0.7) 2.4 (1.3)
exhaust fan fan
NVc. 15.8 (1.6) 16.5 (1.4) 1.6 (1.2)
fan
NV with exhaust NVp. 8.6 (1.1) 8.4 (0.5) 0.5 (0.2)
fan fan
NVc. 8.6 (0.5) 9.4 (1.2) 0.8 (0.5)

in ACp_fan scenario. Higher SFg conc at 1.7 m height found in ACc fan and
AC,n1y scenarios are possibly due to continuous air exchange, i.e., in-
filtrates in or leaks out, through the door gap, which dilutes the con-
centration near the floor level. Meanwhile, the operation of ceiling fan
enhances air movement, as well air mixing, resulting in higher SF¢ conc
when compared to ACopn1y scenario.

3.2.2. AC scenarios with exhaust fan

After the exhaust fan was switched on, the SF¢ cone dropped sub-
stantially in all three AC testing conditions at both in-room (reduced by
~80 %) and hall-side (reduced by ~100 %) samplers. Fig. 4 summarizes

v

the distribution of SFgconc for different operating scenarios when
exhaust fan is switched on (denoted by the duration under the orange
arrow in Fig. 3). The mean (standard deviation) SFg conc at 0.1 m in-
room, 1.7 m in-room, and 0.1 m hall-side are summarized in Table 1.

We observed lower SFg conc at 0.1 m than at 1.7 m height inside the
quarantine room for all fan types (p < 0.05, U test; |d| > 0.474, large
effect size), especially for ACyyjy condition (28 % lower at 0.1 m). These
findings are explained by the forced airflow from the window exhaust
fan (see Fig. 5¢). When the exhaust fan is turned on, it drives air to the
outdoors through the window creating a negative pressure in the room.
Air is forced to flow into the quarantine room continuously from the
toilet and hall-side via the door gaps diluting the SFg conc at floor level.
Regarding fan types, we found no difference in SFg conc, at both 0.1 m
and 1.7 m, between ACc.fan and ACp.fan Scenarios (p > 0.05, U test; |d| <
0.33, small effect). However, a lower concentration was found in ACop1y
scenario (p < 0.05, U test) at 0.1 m (|d| > 0.474, large effect) and at 1.7
m (|d| < 0.33, small effect) when compared to the scenarios operating
with fans. Plausibly operating fans in ACc.fan and ACp.,, scenarios
enhance SFg cone mixing inside the quarantine room compensating the
dilution attributable to inflow of air from the hall-side via the door gaps.

The SFs conc at hall-side were all reported (close to) zero for the three
AC test conditions. Fig. 5c illustrates the air is forced to flow into the
quarantine room via the door gaps when exhaust fan is operating, which
explains the phenomenon of low SFg ¢onc being detected at the hall-side
(i.e., less tracer gas leaked to hall-side), except for the door opening
situation.

3.2.3. NV scenarios without exhaust fan

The natural ventilation case without exhaust fan has two fan sce-
narios: operating with ceiling fan (NV¢.¢,,) and with pedestal fan (NVp.
fan)- Fig. 3 indicates the NV scenarios took approximately 30 min for the
SF¢,conc to reach a relatively steady condition (i.e., not a rapid increasing
trend), which is faster than at the AC scenarios. The openings from
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Fig. 5. Plan view of the airflow patterns in air-conditioned scenarios together with the operation of (a) pedestal fan, (b) ceiling fan, and (c) window exhaust fan.

windows and toilet door in NV scenarios enhance air exchange (both
infiltration and exfiltration) rate in the quarantine room, leading to
lower SFg conc at equilibrium. Nevertheless, to be consistent with the AC
scenarios, we only took the samples from the later 90 min after the door
opening procedure as a steady concentration period for our analysis in
Fig. 4. The mean (standard deviation) SFe conc at 0.1 m in-room, 1.7 m in-
room, and 0.1 m hall-side are summarized in Table 1.

We found higher in-room SFg conc in NV¢.fan than in NVp.g,, condition
for both sampling heights (p < 0.05, U test; |d| > 0.474, large effect
size). Meanwhile, our records showed slightly higher SFg conc at 1.7 m
than at 0.1 m in NVc.fay scenario (p < 0.05, U test; |d| = 0.26, small
effect), but the same observation was not found in NVp._¢,, case. Plau-
sibly, the airflow pattern generated by the fans led to these differences as
the effects of cross ventilation due to outdoor wind is minimal. A plan
view in Fig. 6a shows the air (driven by pedestal fan) moves horizontally
towards the tracer gas source, then rebound off the walls on both sides. It
illustrates a portion of air carrying high SFg conc could have moved
outside the quarantine room through the toilet door and the windows,
while a part of the air could have mixed with (or diluted by) the fresh air
infiltrating from the toilet, before it is being captured by the in-room
samplers. In contrast, the ceiling fan mixes the room air vertically
with the recirculated air cells that carries high SFg conc and moves the air
towards the sampler along floor levels before leaving the room (see
Fig. 6b). This may explain the reason for higher in-room SF¢ conc being
detected at NV fan than at NVp_g,, scenario. In addition, stronger airflow
at the floor level caused by ceiling leads to a lower SFg conc at 0.1 m when
compared to the sampler at 1.7 m height.

Despite a higher in-room SFg conc recorded in NVc.f, scenario, sur-
prisingly a lower SFe conc Was recorded at the hall-side sampler when
compared to the NVp_¢,, case (p < 0.05, U test; |d| = 0.46, medium ef-
fect). We suspect the airflow direction created by the ceiling fan impedes
the effectiveness of air exchange via the door gap. Fig. 7a and b,
respectively, show a plan view and a side view of air flow through the
door gap in NV g scenario. The ceiling fan moves air which deflects at
the floor level, some of which moves horizontally along the floor
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towards the door, creating a positive pressure gradient between the
room and hall along the door gap and forces the room air outwards from
one direction (i.e, without fresh air moving in). However, not all air
moved by the ceiling fan can get through the door gap. Some of the air
hitting the lower part of the door just above the door gap rebounds,
creating turbulence which impedes the other air stream movement
along the floor towards the door gap (see Fig. 7b).

Compared to the AC scenarios without exhaust, we observed signif-
icant reduction in the in-room SF conc by 73-80 % (varied by fan types
and sampling heights) for the NV scenarios. Similarly, at the hall-side
sampler, the SFg conc has been reduced by 90 % when switching from
AC to NV. Apparently, enhanced air change rate inside the quarantine
room through window or door openings would effectively reduce tracer
gas accumulation, which minimized gas leakage to the hall-side.

3.2.4. NV scenarios with exhaust fan

Fig. 4 plots the distribution of steady state SFg conc for NVc.fan and
NVp_fan scenarios with window exhaust (denoted by the orange arrow).
The mean (standard deviation) SFe conc at 0.1 m in-room, 1.7 m in-room,
and 0.1 m hall-side are summarized in Table 1.

With an operating exhaust fan, our findings show no difference in the
SF6 conc between two sampling heights for NVp.¢,, scenario (p > 0.05, U
test), but higher concentration was detected at 1.7 m than at 0.1 m
height for NV g, condition (p < 0.05, U test; |d| > 0.474, large effect).
Meanwhile, we observed the same SFg conc at 0.1 m height for both fan
types (p > 0.05, U test). These findings are not much different from the
NV scenarios without switching on an exhaust fan, with respect to the
airflow patterns illustrated between pedestal and ceiling fan in Fig. 6,
thus we expect the same explanations also apply here, moderated by the
lower room concentration attributable to the exhaust. We found the in-
room SFg conc reduction rates for NV scenarios (40-45 %) were less than
that in the AC scenarios (~80 %) after exhaust fan was turned on. It is
likely explained by the air exchange through multiple openings (i.e.,
toilet door and windows) in NV settings which reduces the effectiveness
of exhaust fan operation. Firstly, under NV, the toilet door remains open,
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Fig. 6. Schematics of the airflow pattern in naturally ventilated scenarios with windows and toilet door open: (a) plan view operating with pedestal fan, and (b) side

view operating with ceiling fan.
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creating an additional volume for the tracer gas to be distributed. Sec-
ondly, exhaust fan is exfiltrating the same volume of room air at a lower
SFs conc- Nevertheless, the window exhaust is still effective in enhancing
the room air change rate (i.e., reducing the in-room SFg conc) in NV
conditions. Its contribution towards reducing room concentration is
expected to be higher when NV air exchange is limited in low or no wind
conditions.

After switching on the exhaust fan, the SF¢ ¢onc measured by the hall-
side sampler has been reduced by 80 % and 50 %, respectively, for NVp.
fan and NVc.gan scenarios. Surprisingly, we found higher SFg conc at the
hall-side in NV scenarios, despite a lower steady state in-room SFg conc,
when compared to the AC scenarios (p < 0.05, U test; |d| > 0.474, large
effect). In addition, more tracer gas has been leaked out via the door gap
in NVc.fan than in NVp_g,, case (p < 0.05, U test; |d| = 0.3, small effect).
When exhaust fan is operating at AC scenarios, it creates a negative
pressure inside the quarantine room and draws air into the room from
the only two door gaps, thus the hall-side SFe cone approaches zero.
However, the multiple openings in NV scenarios reduced the “negative
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pressurization” effect of exhaust fan resulting in a portion of tracer gas
still leaking through the door gap due to the airflow mechanism
described in Fig. 6. Furthermore, we suspect that the air movement
through the door gap in NV, is dominated by the ceiling fan, pushing
air in one direction from the quarantine room towards the hall-side (see
Fig. 7a). The exhaust fan can only reduce in-room SFg conc by increasing
air exchange rate through other openings, but unable to compensate for
the positive pressure created by ceiling fan at the door gap, resulting in a
continuous tracer gas leakage to the living room in the NVc¢.g, scenario.
Whereas in the NVp_g,, condition, the operating exhaust fan could have
maximized the negative pressure via the door gap, meaning that it drives
more air into the quarantine room and minimizes air flow outwards to
the hall-side. This gives reason for a higher SFg conc being recorded at
hall-side in NVcg,, than in NVp.,, scenarios when exhaust fan is
switched on.

Exhaust fan status ON
<«—> OFF

Door opening action W
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Fig. 8. Time series outside-to-inside (master-bedroom) SFe conc ratio. (a) AC only, (b) AC with pedestal fan, (c) AC with ceiling fan, (d) NV with pedestal fan, and (e)

NV with ceiling fan.



T. Cheung et al.
3.3. Outside-to-inside SFg concentration ratio

While the absolute SFg conc Values could inform us how high or low
the tracer gas level under different scenarios at the three fixed sampling
locations, the risk level of tracer gas leakage prior to ventilation effec-
tiveness should have taken both in-room and hall-side SFg conc into
consideration and revealed by the outside-to-inside SFg conc ratio (0/
Isre). The O/Ispe is calculated by the in-room SFg conc at 0.1 m over the
hall-side SF¢ conc at 0.1 m from the same sampling cycle. Time series O/
Ispe of the five testing scenarios are plotted in Fig. 8. Observations
regarding the door opening action, exhaust fan operation, ventilations,
and fan types were discussed in detail below.

3.3.1. Effects of door opening

Although the room door is supposed to be closed all the time during
home quarantine, there are some situations when it is opened for a short
moment (say around 10 s), such as food delivery and trash clearance.
Fig. 8 shows clear spikes of the O/Igg¢ in all operating scenarios when the
door was opened except for the NV gy, setting. The rapid increase in O/
Isre is caused by an avalanche of high SFg conc air flowing out from the
quarantine room when the door was opened, with simultaneous hall-
side air interchanged with the in-room air, diluting the SF¢ conc inside.
We observed a higher spike of O/Igps in AC than in NV scenarios espe-
cially for the condition without an exhaust. This is explained by more
concentrated tracer gas accumulating inside the AC room without
effective ventilation, thus resulting in more rapid gas exchange once the
door is opened. In addition, the air density variation driven by tem-
perature difference between in-room (25 °C with air-conditioning) and
hall-side (~30 °C common afternoon temperature in Singapore without
air-conditioning) air may also enhances air exchange through door
opening.

At the door opening moment the O/Isrs was close to 1 in ACon1y and
ACp.an scenarios without exhaust fan, meaning that the hall-side SFe conc
was comparable to the in-room SFg cone. It also implies a high risk of
infection if someone is at the hall-side, say the one who delivers the food
or cleaning up the trash. Interestingly, the spikes of O/Igp¢ initiated by
the opening door were all short, episodic responses without any
observable lasting effect, indicating the SF onc could have been diffused
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door opening for NV ,, scenario. We suspect the reasons leading to this
observation are two-fold. First, the steady state SFg conc is relatively low
for NV settings with multiple openings. This leads to lower diffusion rate
of SFe conc to the living room even when the door was opened (com-
parison between ACc.fan and NV fan). We observed a spike in NVp_g,,, but
not in NV gy scenario. Fig. 6a indicates that the airflow generated by
the pedestal fan, moving along the side walls, will directly guide air to
move outside the quarantine room when the door is half opened (i.e., at
45° angle). Meanwhile, Fig. 6b shows that, ceiling fan establishes a
circulation cell which upward momentum at the door substantially
maintained most of the air within the room. The portion that flows along
the floor and leaks outwards is somewhat similar, irrespective whether
the door was opened or closed. This explains a prompt effect of door
opening in O/Igpe found in NVp_g,, but not in NV gy Scenario.

3.3.2. Effects of exhaust fan operation

Fig. 8 demonstrates an observable reduction of O/Igpe in all oper-
ating scenarios when exhaust fan is switched on except for NVc.fay
setting. More detailed comparison of the O/Igpe is plotted in Fig. 9. The
O/Igpe data were selected within the steady state duration (i.e., during
90-180 min when exhaust is turned off and during 270-360 min when
exhaust is turned on) consistent with the analysis in former session. The
mean (standard deviation) of O/Iggg for exhaust fan [Off: On status]
under the five operating scenarios are summarized in Table 2. As
mentioned above, we found substantial drop in the O/Igps after the
window exhaust is turned on for all operating scenarios (p < 0.05, U test;
|d| > 0.474, large effect), except for NVc.fan (p = 0.66, U test; |d| = 0.05,
negligible effect). It means that operating the exhaust fan not only re-
duces in-room SFg conc but effectively minimizes leakage outwards to the
hall-side in most of the operating scenarios. The operation of exhaust
fan, in NV¢.fa, setting, can only reduce in-room SFg conc (see Fig. 4) but
unable to stop the contaminated in-room air from leaking to hall-side
due to forced airflow generated by the ceiling fan (explained in Fig. 7).

Table 2
Calculated mean (standard deviation) of the outside-to-inside SFe conc ratio (O/
Isre) for exhaust fan [Off, On status] at different operating scenarios.

and settled back to steady quickly at the hall-side. Family members are Scenarios Exhaust fan Off Exhaust fan On
suggested not staying too close to the quarantine room especially when ACony 0.38 (0.13) 0.02 (0.01)
the door is opened. If necessary, food delivery should be placed at the ACC.fan 0.39 (0.06) 0(0)
hall-side before the door is opened or the trash should be cleared ACp.fan 0.33 (0.12) 0.01 (0.01)
sometime after the door has been closed. Ezc'fﬂ“ 8‘17(060&132) g'gg (g'gg)
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Fig. 9. Boxplot on the steady state outside-to-inside (quarantine room) SFg concentration (i.e., O/Isgg) for the conditions with/without window exhaust under five

different operating scenarios.
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3.3.3. Effects of ventilations and fan types

Without the operation of an exhaust fan, we found a higher O/Ispg in
AC than in NV scenarios (p < 0.05, U test; |d| > 0.474, large effect). It
can be explained by (i) stronger tracer gas diffusion rate to hall-side due
to higher in-room SFg conc, and (ii) air density gradient due to in-room
(25 °C) and hall-side (~30 °C) temperature deviation. Meanwhile,
among the AC settings, we observed lower O/Iggs in ACp.f, When
compared to ACon1y and ACc fan scenarios despite only a small effect (p <
0.05, U test; |d| = 0.3). Considering the SFg conc leakage to the hall-side
was not vastly different among fan types, the observed lower O/Isgg
value in ACp.fy, scenario should be contributed by its higher SFe conc
measured inside the quarantine room due to the pedestal fan airflow
pattern visualized in Fig. 5a.

After exhaust fan has switched on, Fig. 9 shows higher O/Iggs in NV
than in AC scenarios (p < 0.05, U test; |d| > 0.474, large effect). We
believe the multiple openings available in NV settings reduce the
negative pressure effect generated by the exhaust fan across the door
gap. In addition, the O/Iggg in NV 1y was found higher than in NVp g,y
scenario with window exhaust (p < 0.05, U test; |d| = 0.3, small effect).
Considering a similar in-room SFg conc at 0.1 m found between NV¢.fan
and NVp. ¢, scenarios in Fig. 4, the difference in O/Iggg value is due to
higher tracer gas leakage initiated by the continuous forced air move-
ment from ceiling fan through the door gap (see Fig. 7). This has been
discussed briefly in Section 3.2.4.

4. Limitations

The findings in this pilot study have provided us some insight on how
to minimize the risk of inter-home virus transmission during home
quarantine. However, some limitations are highlighted below before a
more holistic study being conducted in the next phase:

e SFg tracer is a gas phase particle with ultra-fine particle size. In
practice, airborne viruses that are emitted from a patient could be in
the form of aerosols over a range of particle sizes. Potential leakage
rate or pattern for larger size particles cannot be simulated using only
SFg tracer. Another emission source with a range of particle size, e.g.,
olive oil emitted from particle generator, should also be used.

The instantaneous airflow direction/pattern is likely changing in
natural ventilation scenarios. Repeated experiments would have
captured slightly different results. We acknowledged this variation
and tried our best by avoiding NV scenario experiments in rainy and
windy outdoor weather. The wind speeds in Singapore are generally
light, with the mean surface wind speed normally less than 2.5 m/s
[46,47], and our experiments were conducted during the absence of
Northeast Monsoon surge (i.e., when mean wind speeds could be
high). In addition, a counter argument is, in real building conditions,
we are also unable to assure outdoor airflow patterns, regardless of
multiple experimental trials for NV cases in this study. In subsequent
studies, we will measure the outdoor environment data using a
weather station, to provide information on how the outdoor condi-
tion would impact the indoor environment.

There is a trade-off between the number of sampling points and the
sampling frequency when using INNOVA. In this study, we sacrificed
multiple sampling points to achieve better sampling frequency for
both the in-room and hall-side SFg conc under different testing sce-
narios. The drawback is that we are unable to quantify how well the
tracer gas is mixed inside the quarantine room. This unknown is
especially critical for NV scenarios, whether the air is flowing in from
the outdoor to the quarantine room or from quarantine room to the
outdoor via the windows. Similarly, with only one sampling point
outside the quarantine room, we are unable to quantify whether the
tracer gas has been reaching different parts of the house, such as the
Living Room where the Sofa is placed, or the Kitchen. Additional
equipment or detectors should be introduced with more sampling
points distributed inside and outside the quarantine room to check
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SF6 conc mixing efficiency and mapping the concentration pattern
over the entire unit.

e We have sacrificed more sampling points to maximize the sampling
frequency (~2 min per sample) from INNOVA, but the duration for
door opening activity (~10 s) was still comparatively shorter. It was
impracticable to attempt to achieve coincident sampling over the
critical (approximately 10 s) door opening duration. The hall-side
sampler may or may not be able to capture the highest SFg conc
immediately once the door was opened (i.e., the sampler starts
detecting when the tracer gas has been diffused further apart to the
living room). Equipment with faster sampling frequency should be
used in the upcoming study (i.e., Grimm), which is comparable with
the door opening activity.

5. Conclusions

We applied tracer gas technique (SF¢) conducting experiments in a
residential like testbed to evaluate the airborne transmission risk
through different operating scenarios during home quarantine situa-
tions. The tracer gas concentration (SFg conc) in quarantine room and the
potential exposure risk for other household members (i.e., the outside-
to-inside SFg conc (O/Isps)) were differed among operating scenarios.
We found:

(1) Natural ventilation (NV) reduces concentration levels in quar-
antine room compared to air-conditioning (AC). The in-room SFe,
conc Was up to 4 times higher in AC than in NV settings (varied by
fan types and sampling height). The opened windows in NV
scenarios enhanced the air change rate through cross ventilation
inside the quarantine room, which further reduced the amount of
trance gas leakage to the hall-side.
The window exhaust fan is effective in reducing exposure of
household occupants, and particularly so when air-conditioning
is used in the quarantine room. Firstly, the in-room SFg conc Was
reduced by 45 % and 80 % when a window exhaust fan was
switched on, respectively, for NV and AC scenarios. The reduction
in exhaust fan effectiveness was likely attributed to air infiltration
from multiple windows or door openings. Secondly, the O/Isgg
value dropped significantly in all operating scenarios after
operating the exhaust fan, meaning a lower potential risk of
airborne transmission, except for the NV ¢, setting. This finding
was explained by the ceiling fan’s airflow along the floor level
forcing the tracer gas outward from the quarantine room via the
door gap.

(3) While both fan types enhanced air mixing inside the quarantine
room, the airflow patterns generated from ceiling fan (recircu-
lates air vertically) and pedestal fan (moves air horizontally)
were distinct. We believe these airflow patterns contribute to the
findings of (i) a difference of SF¢ conc between sampling heights
when operating ceiling fan and (ii) a clearer observable spike of
O/Igpe value after the quarantine room door was opened when
operating pedestal fan.

(2

—

This study provides useful evidence in recommending low risk
operating methods for home quarantine situations. However, there are
limitations associated with the surrogate particle size, trade-off between
sampling points and sampling frequencies, and confounder of cross
ventilation in NV scenarios. A more holistic study will be conducted in
the next phase to provide more reliable recommendations on operating
strategies for home quarantine purpose.
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