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e Traditional ceiling fan fails to remove
hazardous plume in bathrooms.

o Ventilation deficiency should be
responsible for the vertical COVID
transmission.

o A side-wall fan has the most efficient
aerosol removal capability.

e In-site experimental conclusions were
coherent with the simulation ones.

e Bathroom ventilation reconstructions
are encouraged to be performed
accordingly.
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ABSTRACT

Converging evidence reports that the probability of vertical transmission patterns via shared drainage systems,
may be responsible for the huge contactless community outbreak in high-rise buildings. Publications indicate
that a faulty bathroom exhaust fan system is ineffective in removing lifted hazardous virus-laden aerosols from
the toilet bowl space. Common strategies (boosting ventilation capability and applying disinfection tablets) seem
unsustainable and remain to date untested. Using combined simulation and experimental approaches, we
compared three ventilation schemes in a family bathroom including the traditional ceiling fan, floor fan, and
side-wall fan. We found that the traditional ceiling fan was barely functional whereby aerosol particles were not
being adequately removed. Conversely, a side-wall fan could function efficiently and an enhanced ventilation
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capability can have increased performance whereby nearly 80.9% of the lifted aerosol particles were removed.
There exists a common, and easily-overlooked mistake in the layout of the bathroom, exposing occupants to a
contactless vertical pathogen aerosol transmission route. Corrections and dissemination are thus imperative for
the reconstruction of these types of family bathrooms. Our findings provide evidence for the bathroom and smart
ventilation system upgrade, promoting indoor public health and human hygiene.

1. Introduction 2020; Kanso et al., 2020). Here the air-borne droplet or aerosol (Mirzaie
et al., 2021; Zheng et al., 2021), and contact (Liu et al., 2022; Yu et al.,

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV- 2021) transmissions have been identified as the major routes for causing

2) and its variants have been raging across the world for more than two cross-infection of coronavirus 2019 (COVID-19) among human pop-
years since 2020 due to its highly transmissible infectivity (Lu et al., ulations (Kutralam-Muniasamy et al., 2022). Owing to enhanced
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Fig. 1. Evidence for Covid-19 Transmission in bathrooms/restrooms. (A) Warning in public restrooms (Photographed in a public restroom in Victoria Peak, Hong
Kong). (B) Disease transmission routes in restrooms or bathrooms (Adapted from Dancer et al., 2021’s work) with an emphasis on the virus-laden droplet particle
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concentrations of virus-laden air-borne droplets or aerosols, confined
indoor or built environments such as hospital wards (Feng et al., 2021;
Huang et al., 2022; Kong et al., 2021; Park et al., 2022a), elevators
(Dbouk and Drikakis, 2021; Park et al., 2022b), restaurants (Cheng
et al., 2022b; Li et al., 2021; Wu et al., 2021), bus spaces (Cheng et al.,
2022a; Mesgarpour et al., 2021; Yang et al., 2020; Yao and Liu, 2021),
etc. with poor ventilation are indoor spaces with high probabilities of
COVID-19 cross-infection. Besides this, increasing attention has also
been paid to transmission mechanisms in indoor bathrooms or restrooms
(Wang and Liu, 2021). Here Liu et al. (2020) have demonstrated that
RNA concentrations of SARS-CoV-2 in air environment of the bathroom
used by confirmed COVID-19 cases were higher than those in the
isolation and ventilation wards although they do spend less time in
bathrooms (Liu et al., 2020). In real life, there have been many reported
cross-infection cases within restrooms and bathrooms. In Guangzhou,
China, the index case (Delta carrier) and the secondary case entered a
public restroom in one after another, and spent nearly one and a half
minute together when the virus cross-infection happened (Breaking
Latest News, 2021). A similar case took place almost instantly in just 14
s, indicating a contactless infection in the public restroom (Breaking
Latest News, 2021). Such cross-infection cases were also reported in
public bathrooms in Beijing, China (Global Times, 2020) as well as in a
commercial airplane toilet (Cable News Network, 2020).

Various common human activities may be causes for massive cross-
infections in indoor bathrooms and restrooms. Li et al. (2020), Wu
et al. (2020), and Wang et al., 2020a, reported that water flushing in
toilets and urinals could raise virus-laden aerosols, which may cause
indoor cross-infections. They have thus recommended closing the toilet
bowl lid before flushing to prevent this. As shown in Fig. 1A, posters and
warnings like “Auto Flush Suspend. Please Put The Lid Down Before
Flushing” have been posted in public restrooms or announced in
Covid-19 prevention manuals across the world, which infers that gov-
ernments and policy-makers have been attaching great importance to
the prevention of COVID-19 transmission in restrooms and bathrooms.
Schreck et al. (2021) believed that closing the lid alone, however, is not
enough for reducing disease transmission as the lid may not be suffi-
ciently a barrier for the small droplet-induced aerosolization risks. They
proposed that ventilation enhancements would be a promising approach
to lower the level of both flush-generated and respiratory aerosols to a
minimum. However, bathrooms or restrooms are often identified as
poorly-ventilated areas. Besides flushing, urination can also raise haz-
ardous biomatter from the toilet bowl, as has been found by Cao et al.
(2022), more recently. The turbulence-induced disturbance is thought to
be responsible for the mass-scale spread of SARS-CoV-2 (Bourouiba,
2020, 2021; Bourouiba et al., 2014). In general, two main transmission
mechanisms, shown below in Fig. 1B, in restrooms or bathrooms have
been summarized by Dancer et al. (2021): (1). Airborne transmission via
respiratory aerosols (droplets), fecal- and/or urinary-shedding aerosols
(Guo et al., 2021; Peng et al., 2020), and (2). fomite transmission via
frequent touch sites, which are shown in Fig. 1B, formed as a cycle of
transmission.

Even more compellingly, typical family bathroom-related commu-
nity outbreaks of COVID-19 in high-rise buildings in Hong Kong were
investigated by Wang et al. (2022b). As demonstrated in Fig. 1C, most
secondary infected cases lived in vertically aligned apartments (flats)
(Flats 6 C, 7 C, and 17 C) above the index case flat (Flat 5 C), where
these flats shared the same drainage system in bathrooms. Further
on-site measurements were conducted where tracer gas (to simulate the
movement of infectious virus-laden aerosols) was released into the
drainage system in Flat 5 C (the index case flat/site of the first infection)
and subsequently, the gas was detected by detectors in Flats 6 C, 7 C,
17 C, 10 C, and their roof vents. For gas detection in these flats, the
detectors were placed above the toilet bowls in the corresponding flat
bathrooms. It was believed here that infectious virus-laden aerosols
could be transmitted across floors by common human behaviors in
bathrooms, and known as the chimney effect (Wang et al., 2022b). A
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detailed schematic mechanism of the chimney effect is shown in Fig. 1D
where the virus-laden aerosols in drainage stack can be generated during
the discharge of domestic wastewater containing urine, fecal-matter,
and exhaled mucus particles when the index case used their toilets
and washbasins. Thus, an upward airflow caused by a density difference
(a buoyancy flow) would have a high-probability of bringing virus-laden
particles upwards to the floors above. Finally, these hazardous particles
would be spread to other vertical indoor bathrooms via toilet bowls
there because of the chimney effect. It has been recognized that
chimney-effect-induced hazardous plume may be responsible for mul-
tiple COVID-19 community outbreaks in Hong Kong (Wang et al.,
2022b, 2022¢). Ali et al. (2021) and Wade et al. (2022) cross-confirmed
that drainage systems contain a considerable number of infective vi-
ruses, which suggests a critical significance of the chimney effect to
public health. Besides the cases in Hong Kong, cross-infections in
vertically-aligned family bathrooms of high-rise buildings have been
identified worldwide such as Guangzhou (Kang et al., 2020) and Seoul
(Hwang et al., 2021). Most recently, contactless infections were reported
suspected to be caused by the shared drainage system in the bathroom in
the latest outbreak of Omicron in Shanghai (Tencent News, 2022).
Therefore, COVID-19 prevention measurements should be highlighted
in every single bathroom. This is also not limited to SARS-CoV-2, similar
cross-infection clusters caused by SARS-CoV also in a vertical column of
apartments/flats occurred in the now notorious high-rise building,
Amoy Gardens, in Hong Kong where the SARS crisis began, and where as
many as three hundred people were infected (Yu et al., 2004).
Adequate air ventilation is essential for reducing COVID-19 trans-
mission indoors (ASHRAE, 2020; Tang et al., 2021). Almost all the ex-
perts who concern themselves with COVID-19 transmission in
bathrooms and restrooms including Wang et al. (2022b) and (2022c),
Dancer et al. (2021), Wang and Liu, 2021, Kang et al. (2020), and Wang
et al. (2021a), have proposed that ventilation enhancement in bath-
rooms or restrooms could fundamentally suppress
family-bathroom-related or public-restroom-related infection cases. As
investigated by Wang et al. (2022b), tracer gas used to evaluate this
could be also detected even when exhaust fans in bathrooms were
switched on, indicating a faulty ventilation approach in the family
bathroom environment. However, there are few publications concerning
specific ventilation improvement in bathrooms or restrooms for the
purpose of minimizing chimney-effect-induced hazardous plumes from
toilet bowls, exposing millions of people to the vertical transmission of
airborne pathogens. To support this there is plenty of research on
ventilation optimization in other indoor environments. For example,
Peng et al. (2022) proposed methods to increase ventilation rates to
enhance the aerosol-removal rates, which could decrease
cross-infections in shared rooms. Wang et al. (2022a) developed an
on-line smart ventilation system which can control ventilation according
to human activities. Results indicates that the cross-infection probability
can be reduced by 4.30-6.30% and the consumed energy can be
decreased by 13.0%. It shows that the ventilation flow rate does play an
important role in the indoor infection control. Moritz et al. (2021) re-
ported a successful deployment of a ventilation system in an arena
where the location of exhaust towers was significant. This effective
scheme was to place exhaust towers in the corners of the arena. Results
also showed that a faulty ventilation system where the exhaust outlet
was placed on the roof could have a ten-fold increase in the number of
individuals exposed to infectious aerosols compared to the current
successful air distribution approach. However, Wang et al. (2021b)
suggested a bottom-in and top-out air ventilation in hospital wards as
this would confine most of the airborne aerosols to the ceiling area,
which could reduce the cross-infection possibilities among patients.
Here it was suggested that roof exhaust outlets were preferable in
relatively small confined indoor areas. One particularity of the bath-
room space was identified that it only has an exhaust outlet without any
air inlets. The peculiarity of the ventilation in bathrooms thus needs to
be explored further. Seller et al. investigated natural draft ventilation
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within a bathroom-bedroom environment with dispersion rates of PM
2.5 and PM 10 (Seller et al., 2021). Here it was found that opening the
bathroom window could reduce PM concentrations significantly, but
unfortunately increase the PM particle flow from the bathroom to the
bedroom. Similarly, bathroom-borne virus aerosols could also be
transported to other indoor spaces in a poor ventilated condition, which
would cause mass cross-infections in shared houses or apartments/flats.
From literature review, there are few articles involving into
aerosol-coupled ventilation systems in bathrooms. Currently, there are
only general untested measures such as boosting ventilation capability
to prevent COVID-19 infection in bathrooms. Considering the huge risks
of bathroom-related infection via vertical transmission patterns, there is
an urgent need for an air distribution optimization system in bathrooms
to create a healthier built environment.

In this paper, we both quantitatively and visually demonstrate the
effects of ventilation airflow speed, fan locations, and fan size on the
distribution of virus aerosols in a typical family bathroom. As shown in
Fig. 2, combined approaches of computational fluid dynamics (CFD) and
family bathroom-based smoke-assisted experiments were used to
explore multi-phase airflow dynamic characteristics. In our simulation,
the Euler-Lagrangian Method was adopted to characterize the flow dy-
namics, aerosol escape rate, and aerosol-air interactions within a family-
based bathroom. The computational domain and its structure, shown in
Fig. 2A, was based on a typical family bathroom as demonstrated in
Fig. 2B. The effects of the ventilation airflow speed, exhaust fan

A

Bathing area
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locations (Schemes I, II, and III), and fan size on the distribution of
aerosol particles in the bathroom space were studied. This illustrated
how airflow patterns contribute to or suppress the spread of aerosols
within the bathroom and the aerosol escape ratio through the bathroom
door. Conclusions from simulation were validated with experiments in
which a smoke generator and a particle counter (shown in Fig. 2D) were
used to visualize the flow dynamic distribution and measure particle
concentration under two selected ventilation systems (Fig. 2C shows the
ceiling fan arrangement and Fig. 2D displays the side fan). Results in this
paper have identified an optimal ventilation approach where both
aerosol concentration and escape rate could be suppressed to a mini-
mum. The uniqueness of this paper lies in the challenge to the traditional
ventilation arrangement and proposes an optimal bathroom ventilation
with solid data evidence. This paper thus contributes to knowledge in
creating a safe and healthy indoor built environment, minimizing
chimney-effect-induced vertical transmissions in family bathrooms and
public restrooms, and preparing human occupants better for emerging
and re-emerging pandemics from community units that may occur in the
future.

2. Methods
2.1. Spatial methods

As shown in Fig. 2, this paper targets a typical family bathroom. A
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Fig. 2. Simulation and experimental framework. (A) Structure and overall size of the computational domain of a family bathroom with the red dot representing the
coordinate origin. (B) Practical counterpart of the computational domain. (C) Ventilation experiment with the fan on the ceiling (Scheme I). (D) Photographic view of
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typically sized family bathroom with the dimensions (length x width x
height) of 2.50m x 1.80 m x 2.40 m was selected as the object in
which traditional ventilation and improved versions were presented and
compared. The four walls of the bathroom are categorized as Wall 1,
Wall 2, Wall 3, and Wall 4. An unlocked door is also emplaced in Wall 1
and its width and height are 0.800 m and 2.00 m. A semi-open window,
located in the bathing area, is emplaced in Wall 2 with a width x height
of 0.600 m x 0.900 m. The test is a toilet in the middle of the bathing
area and a cabinet nearby mounted on Wall 4 and close to Wall 1. The
distance between the cabinet and wall 1 is 0.100 m. As a traditional
ventilation scheme, the exhaust fan is located in the ceiling, which is
directly above the toilet.

Fig. 2E-G present three different ventilation schemes with detailed
geometric sizes in which Fig. 2E-G respectively illustrate the traditional
ventilation scheme (marked by scheme I), the floor ventilation scheme
(marked by scheme II), and the cabinet side ventilation scheme (marked
by scheme III). In Fig. 2E, the exhaust fan is installed on the ceiling
above the toilet. Scheme II shows a bottom-out scheme where the fan is
placed on the floor near the toilet. The distances between this fan and
Walls 1 and 2 are 0.800 m and 0.905 m respectively. The distance be-
tween the fan and the toilet bowl is 0.400 m. As shown in Fig. 2G, the
exhaust fan is located on the sidewall of the bathroom cabinet near the
toilet where the distance between the fan and the toilet is 0.305 m and
the height of the fan from the floor is 0.485 m. In this paper, a standard
family bathroom fan of 0.215m x 0.215m and a large fan of
0.430 m x 0.430 m were used with the center coordinates for these two
fans the same in each selected ventilation scheme. Besides, a human was
incorporated in the Scheme III which is marked by Scheme IILI in this
paper. Please refer to Supplementary materials, Section S1 for detailed
descriptions of Scheme IIL.1.

2.2. Modeling methods

The CFD approach was adopted to simulate the airflow and aerosol
movements in the test bathroom. The three-dimensional model for this
bathroom was constructed by the software of Solidworks 2021. Subse-
quently, a computational domain discretization was conducted in ICEM
2019. The total number of the hybrid (structured and unstructured)
grids (in Fig. 2H) passed the grid independence test, was 1,460,155
(average grid size: 17.3 mm x 20.8 mmx22.0 mm). (See Section 2.3 for
detailed results of the grid independence test) Within the simulation
framework, the transient time-averaged Navier-Stokes Equation with a
realizable k-¢ model (Shih et al., 1995) was adopted as the momentum
conservation equation to simulate the overall airflow within the
computational domain. Such a model has already been applied suc-
cessfully to the airflow within hospital wards (Wang et al., 2021b) and
many other building indoor space (Sheikhnejad et al., 2022). Besides
this method, the mass conservation, energy conservation, and species
transport equations were also used in the model. Aerosol particle tra-
jectories were tracked by a discrete phase model (DPM), which was also
been previously applied to flushing-caused plume microbe particle path
simulations (Li et al., 2020), cough-induced droplet particle tracking
(Dbouk and Drikakis, 2020) as well as other much complex droplet
processes (Wang et al., 2020b, 2021c). (See Supplementary materials,
Section S2 for the detailed governing equations).

In the simulation framework, the indoor temperature was main-
tained at 22 °C. The temperature of the incoming wind from the window
was set 22 °C. The relative humidity was set at 60.0%. The semi-opened
window was evaluated as a pressure inlet with a gauge pressure of 0 Pa,
whilst the door was evaluated as a pressure outlet with a gauge pressure
of - 4 Pa to form a 4 Pa indoor-outdoor pressure difference (Catalina
et al., 2020). Thus we simulated a common condition that wind is driven
into the bathroom and out again through the doorway. The toilet’s outer
surfaces (except the toilet seat plane), cabinet surfaces, bathroom walls,
and surfaces of the incorporated human surfaces were treated as non-slip
boundary conditions. For Scheme IILI, the metabolic rate of the

Journal of Hazardous Materials 439 (2022) 129697

incorporated human was set to be 58 W/m? (ASHRAE, 2013), and half
of the heat (29 W/mz) was considered to be dissipated from the human
surfaces (Yu et al., 2017). In the DPM, all the surfaces were set to be a
“trap” boundary condition. The toilet seat plane was regarded as a ve-
locity inlet, which functioned to lift the released aerosol particles into
the immediate atmosphere. The velocity data for the airflow from the
toilet seat plane were determined to be 0.123 m/s (y direction), as
measured during our experiments (See Supplementary materials, Sec-
tion S3). The sizes of the aerosol particles are
Rosin-Rammler-distributed with an average aerosol particle diameter of
5.0 um (Fennelly, 2020) (maximum diameter: 10 pm, minimum diam-
eter: 1.0 pm, and spread parameter: 8 (Dbouk and Drikakis, 2020)) and a
density of 1.10 x 10 kg/m? (Li et al., 2020). Detailed aerosol particle
release conditions are illustrated in Fig. 3. As shown in Fig. 3A, thirty
particle release sources are normally distributed along the test toilet seat
plane (shown in purple). Tails of these arrows in Fig. 3A. demonstrated
locations of these particle release sources. The up arrow indicates the
direction of the initial velocity. The initial velocity for each released
particle was set to be 1.00 x 10~> m/s, which means the particle can
only be lifted by the up-ward airflow from the toilet seat plane. Mean-
while, the total particle flow rate for each particle release source was set
to be 6.50 x 10720 kg/s. That value can control the total released par-
ticle number. The total released aerosol particle number in this study
was controlled to be 320. Exact coordinates of the total of thirty particle
release sources are presented in Fig. 3B.

The fan in all the schemes was set to be a velocity inlet, where
different velocities were then selected for analysis. For the standard fan,
three velocities were selected: - 0.325, - 0.650 and - 1.30 m/s, which
represents volume flow rates of 0.018, 0.030 and 0.060 m>/s, respec-
tively. The negative sign in the velocities indicated an exhaust fan. For a
large fan, two velocities were also selected: - 0.325 and - 0.650 m/s,
which represented 0.060 and 0.12 m>/s, respectively. Air change rates
per hour (ACHs) for these four volume flow rates (0.018, 0.030, 0.060
and 0.12 m3/s) were 6, 10, 20, and 40 h~!. Note that the selected ACHs
were subject to the Chinese National Residential Ventilation Design
Standard (T/CSUS 02-2020) and ASHRAE. Table 1 outlines the oper-
ating conditions of the simulation cases in this paper.

We adopted the pressure-implicit with splitting operator solution to
calculate the coupling between pressure and velocity. Spatial dis-
cretization of the gradient, pressure, momentum, and volume fraction
were selected respectively to be least-squares cell-based, PRESTO,
second-order upwind, and geo-reconstruct. Spatial discretization of
other variables such as turbulent kinetic energy and turbulent dissipa-
tion rates were assessed as second-order upwind. The time step size was
0.05 s, which could have a relatively rapid convergence. Solutions to the
numerical model were conducted by ANSYS-FLUENT 19.2. Convergence
criterion were set to be the absolute error of 107> between the two
consecutive iterations for all variables.

The processes of the simulation for each case condition and each
scheme are identical for comparative study. Detailed processes se-
quences can be given as follows: (1). Use of the continuous model and
turbulent model to simulate the airflow patterns for 60 s to establish a
steady-state of airflow pattern in the test bathroom (with no ascending
air from the toilet seat plane); (2). Add the DPM at the elapsed time of
60 s where both aerosol particles and ascending air begin to ascend from
the toilet seat plane and last for 1 s (to simulate a 1 s toilet flushing
process); (3). Continue the simulation until all particles disappear from
the test bathroom.

The assumptions adopted in this simulation were: (1). Relative hu-
midity variations were considered negligible; (2). Aerosol particles were
assessed as those after evaporation because evaporation could be
ignored for droplet-based aerosol particles at the measured scales (Shao
et al.,, 2021; Narayanan and Yang, 2021; Nicas et al., 2005); (3).
virus-laden aerosols were treated as droplet-based particles. (4)
Breathing and movements of the incorporated human in Scheme IILI
was ignored.
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Fig. 3. Detailed boundary condition for DPM. (A) Particle release illustration upon the toilet seat plane. The up arrows indicate the initial velocity direction of the
released aerosol particles. (B) Detailed coordinates of thirty particle release sources which were treated as points (Unit: m).

Table 1
Operating conditions of the simulation cases.

Case no. Scheme Fan size ACH (h™ 1) Wind temperature (°C) Indoor temperature (°C) Relative humidity (%)
1 1 Standard 6 22 22 60
2 1 Standard 10

3 1 Standard 20

4 11 Standard 10

5 1 Standard 20

6 I Large 40

7 11 Standard 6

8 1111 Standard 6

9 it Standard 10

10 I Standard 20

11 11 Large 40

12 LI Large 40

2.3. Mesh sensitivity analysis

Mesh sensitivity analysis for Scheme I was conducted as shown in
Fig. 4. Here four grid numbers were tested from the two perspectives of
velocity and vorticity magnitude. Here it could be seen that when the
grid number was less than 1,052,801, these simulation results could
vary from one to the other. Once the grid number was above 1,460,155,
the transient results from the two grid numbers were highly consistent.
Therefore, a grid number of 1,460,155 was able to maintain both ac-
curacy and computational economy. Although mesh sensitivity was
conducted only for Scheme I, the other schemes also have the same di-
mensions with similar simulation settings. Thus, the mesh sensitivity
results could also be applied to the other schemes in this paper.

2.4. Experimental methods

In-situ experiments were carried out in a typical family bathroom, as
shown in Fig. 2C and D in which the two ventilation schemes (Scheme I
shown in Fig. 2C and Scheme III as shown in Fig. 2D) for experimen-
tation. For Scheme III, both standard (ACH was 10 h™1) and large (ACH
was 40 h™1) fans were utilized in the experiments for Scheme III and
only a standard fan (ACH was 10 h™!) was adopted in the experiments
for Scheme I. An airborne particle counter (Fluke 985) with a sample
rate of 1 s~ and uncertainty of - 1.00% was then adopted. This method
has been verified in other research in that it can identify infectious
aerosol particle type sizes (Cao et al., 2022). The distance between the
test toilet center to the detected location was 0.6 m, and the height of the
bowl was 0.600 m from the floor. A smoke generator (Gounengnai
400 W), was used to generate the smoke made from heated glycerol.
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Fig. 4. Mesh sensitivity analysis of the model with the coordinate of (0.450, 1.50, 1.25) for Scheme I. (A) Mesh sensitivity analysis from the velocity perspective. (B)

Mesh sensitivity analysis from the vorticity perspective.
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Alongside this, a circular band light was placed on the internal wall of
the bathroom unit to enhance visualization of the airflow pattern. The
Camera (a Nikon D7100) was used to record the full process of the
smoke-assisted experiment and for macroscopic visualization of flow
patterns under the different ventilation schemes. Detailed experimental
procedures of visualization experiments of the flushing-induced
smoke-assisted are described in Supplementary materials, Section S4.

3. Results
3.1. Simulation results

Overall airflow distribution of the traditional ventilation scheme
(Scheme 1) is shown in Fig. 5. Due to the indoor-outdoor pressure dif-
ference (4 Pa), an inward airflow from the window was formed, and
then, scattered when impacting Wall 4 (see the plane of Z = 2.20 m in
Fig. 5A and Y = 0.400 m in Fig. 5B). As shown in Fig. 5A, the red arrows
indicate the horizontal flow pattern from the window, impacting the
opposite wall. After hitting the wall (Wall 4), the airflow, as shown in
Fig. 5B, is driven along the bathroom wall and discharged out of the
bathroom space through the doorway, which can be considered the main

A B
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draught. Comparisons of two ACHs (10 and 20 h™1) are shown in
Fig. 5C, where detailed airflow patterns and mechanisms could also be
observed. In general, airflow patterns within the bathroom would not be
changed significantly with the increase in the ACH. In Fig. 5C two large
vortexes are generated horizontally for both ACHs. The upper vortex is
driven by the exhaust fan and the lower vortex is caused by the draught
effect. The horizontal draught leads to a strong and clear horizontal
airflow in both ACHs, separating vortex 1 and cortex 2. This horizontal
airflow would thus prevent the ascending aerosols from being caught by
the exhaust fan flow. Besides, the purple arrows shown in Fig. 5C
demonstrate that downward airflow trends to be above the toilet seat
although the fan’s suction effect drives the upper-layer air movement
upwards. The downward airflow just above the test toilet seat and the
upward flow caused by toilet flushing are found to lead to horizontal
flows also. Although the exhaust fan is operating, clear horizontal air-
flows just above the toilet could be identified and such horizontal air-
flows could then be caught by the strong draught and finally flowed out
of the bathroom via the doorway. It is believed that the such an air
distribution design confounds the pandemic prevention as few aerosols
flowing out of the toilet bowl (caused by the chimney effect) would be
caught by the fan suction flow and most could be easily spread out of the
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Fig. 5. Airflow pattern and aerosol movement dynamics. (A) Velocity vector field of airflows in planes of Y = 0.400 m and 1.48 m at ACH of 10 h™* using a standard
fan. (B) Velocity vector field of airflows in planes of Z = 1.20 m and 2.20 m at ACH of 10 h! using a standard fan. (C) velocity vector field of airflows in planes of
X =0.43mand 1.30 mat ACHof 10 h ! using a standard fan. (D) Comparison of the velocity vector distribution for two different ACHs (10 and 20 h™Y) in the plane
of Z = 1.20 m. (E) Aerosol particle movement at different time for the ACH of 10 h~. (F) Aerosol concentration in the bathroom versus times for two different ACHs
(10 and 20 h™1). (G) Comparisons of proportions of particles escaping from the fan and door for different ACHs.
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bathroom and be a source for widespread infection.

Aerosol particle dynamic movements under the ACH of 10 h™! at
different times ranging from 0.400 to 30.0 s are displayed in Fig. 6A
where the process from particles ascending to spreading could be
captured. In the first 5.00 s, most of the ascending particles were driven
towards the door as shown in the red arrow in Fig. 6A. At a time of
10.0 s, the particles could be spread across the whole bathroom area.
When time approaches 30.0 s, although the particle count is clearly
diluted, viruses could still be distributed around the bathroom space.
Particle concentration (PC) of the three ACHs (6, 10, and 20 h™1) in the
bathroom are plotted in Fig. 6B where the PC peak (~ 15.8 x 1024 kg/
m®) occurs at 1.00s for all ACHs. Additionally, these three curves
coincide with each other, showing an enhanced ventilation does not
contribute well to virus-laden aerosol removal. Additionally, Fig. 6C
shows that 100% of the escaped particles are escaping through the door
when the ACHs are 6 or 10 h™}, indicating a faulty ventilation fan. It
would not help to simply boost the ACH as only 0.580% of the escape
particles are captured by the fan when the ACH was increased to 20 h™*
(See Movie S1 for the full process of the aerosol particle movement in
Scheme I at ACH of 20 h™1). It means that the PC dilution effect for all
the three ACHs in Fig. 6B comes from the aerosol escaping from the
door. Therefore, the traditional ventilation scheme (Scheme I) barely
works as a barrier confronting the ascending virus-laden aerosols from
the toilet space. In Scheme II, The ratios of the particles escaping from
the fan to the total number of the released particles (Pe) for the three
ACHs of 10, 20, and 40 h™! are respectively 10.2%, 18.8%, and 30.8%,
illustrating a huge improvement compared to Scheme 1. Please refer to
Supplementary materials, Section S5 for detailed description of simu-
lation results of Scheme II.

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2022.129697.

Results of Scheme III are shown in Figs. 7 and 8 where airflow
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patterns of 40 h™! ACH are displayed in Fig. 7 and the aerosol particle
movement dynamics are demonstrated in Fig. 8. As displayed in Fig. 7B,
a strong suction effect flow (marked by blue arrows) occurs above the
toilet bowl where the air is driven into the side fan. The red arrows in
Fig. 7B show the main flow field of the air where the main draught still
drives the air from the window to the door. Fig. 7C shows airflow ve-
locity vector field and pressure distribution in the plane of Z = 1.20 m.
The vortex above the toilet could drive the airflow along the x direction,
which is consistent with the main flow in Fig. 7B. Besides, positive
pressure above the toilet bowl, as shown in Fig. 7B could suppress the
chimney-effect-induced aerosol plume. Fig. 7C manifests a large-scale
draught-induced horizontal flow from the bathing area to Wall 1 as
marked by the red arrows. Also, a clear suction flow from the near-toilet
area to the fan could be observed as indicated by the blue arrows.
Differing from the former two schemes, airflows near the toilet can be
significantly extracted towards the fan.

Correspondingly, airborne aerosol particle dynamics results are
improved significantly. Fig. 8A illustrated the particle movement dy-
namics under various ACHs (10, 20, and 40 h . Compared to the other
schemes above, generated aerosol particles tend to flow towards the fan
at the first beginning for all three ACHs. At an elapsed time of 2.00 s,
some of the aerosol particles escaped from the fan suction flow and
moved along the x direction, which is consistent with airflow pattern
analysis. When time elapsed approached 5.00 s, aerosols could still be
spread throughout the bathroom space albeit with the particle density
significantly diluted compared with that in the other ventilation
schemes, suggesting an effective removal of ascending aerosols (See
Movie S3 for full process of the aerosol particle movement in Scheme I1I
at ACH of 40 h™1). PCs in the bathroom space versus time for various
ACHs are plotted in Fig. 8B. Before 1.00 s, PCs for various ACHs increase
at an identical slope but the PC of 40 h™! with the large fan decreases at
the fastest rate after 1.00 s. At the time of 10.0 s, the PC of 40 h™! with
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Fig. 6. Particle statistical results of Scheme I. (A) Aerosol particle movement at different time for the ACH of 10 h~!. (B) Aerosol concentration in the bathroom
versus times for two different ACHs (6, 10 and 20 h™?). (C) Comparisons of proportions of particles escaping from the fan and door for different ACHs.
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the plane of X = 0.240 m.

the large fan is 2.20 x 10724 kg/m°®, while that of 10 h™! with the
standard fan is 6.10 x 1072* kg/m®. This means a three-fold enhanced
ventilation capability can decrease PC by 64.0% in a time duration of
10.0 s. Fan-escaped particle ratio P for various conditions are displayed
in Fig. 8C. The biggest ACH can bring the highest P,s where a 40 h™!can
have a P, of 80.9%. Similar to the results from Scheme II, an increase in
ACH can bring a boost in Pe. Pes can be elevated by 236% when ACH
increases from 10 to 40 h™!. Compared to the results for Scheme Il under
the same ventilation condition, the Py can be more than doubled,
demonstrating a huge performance upgrade when Scheme III was
adopted. Unexpectedly, fan sizes exerts limited influence on P under
the same ACH with a standard fan performing slightly better than a
larger fan. This is because a smaller fan can obtain a faster air suction
flow due to mass conservation. At the beginning of the flushing-induced
plume where the particle distribution is relatively concentrated, a local
stronger suction flow velocity gained by a smaller fan can absorb a large
number of newly rising aerosols. Although the large fan can have a
larger absorption flow area, its suction flow velocity is lower compared
to a smaller fan for a given ACH. That means a weakened local suction
capability, where a plenty of aerosols fail to be absorbed by the fan,
indicating a relatively low Pey. In addition, Fig. 8C shows that the pro-
portions of particles attaching to the standing human Ppg, can be

reduced from ~ 4.40% to ~ 0.100% when the ACH boosts from 6 to
40h7 L

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2022.129697.

3.2. Experimental results

Simulation results were verified by experiments as shown in Fig. 9.
Fig. 9A and B demonstrate the smoke dynamics in Schemes I and III. The
still smoke patterns at time elapsed of 1.00, 10.0, and 30.0 s in Schemes
III are shown in Fig. 9A. From the beginning to the time of 30.0 s, the
ascending smoke could be driven and controlled by the fan suction flow
(as shown in the red dotted arrows in Fig. 9A), which can prevent the
smoke from spreading through the bathroom space. (Please see Movie
S4 for the full process of the smoke removal in Scheme III). Here it could
be observed that almost all of the smoke was removed by the side fan
after one minute from the time of flushing. However, the smoke dy-
namics in Scheme [, illustrated in Fig. 9B, was different where the smoke
could be diffused horizontally from the start (See Fig. 9B at the time
elapsed of 1.00 s) although the ceiling fan was operating. When the time
elapsed reached 5.00 s, there was also a clear horizontal flow, suggest-
ing an additional large probability of aerosol propagation. As time
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Fig. 9. Experimental results of the smoke-assisted experimental results. (A) Visual images of smoke dynamics after flushing in Scheme IIl at ACH of 10 h™?. (B) Visual
images of smoke dynamics after flushing in Scheme I at ACH of 10 h™.. (C) Comparison of particle density dynamics between Scheme I and III. (D) Comparison of
particle density dynamics (the particle size between 2.0 and 10 um was counted as a whole) between two ACHs (10 and 40 h™') in Scheme I11. The time in (A) and (B)
is the time elapsed after the flushing button was pressed. The two green dotted line in (D) are guides for clearer viewing.

elapsed approached 50.0 s, there was still smoke ascending from the
toilet, suggesting a weak removal ability of the ceiling fan in Scheme L.
(Please review Movie S5 for the full process of the smoke removal in
Scheme I where there still was a large amount of smoke inside and above
the toilet space even after two minutes after the toilet was flushed).

Supplementary material related to this article can be found online at
doi:10.1016/j.jhazmat.2022.129697.

Fig. 9C and D show the particle density dynamics during the smoke-
assisted experiment. In Fig. 9C particle sizes of between 2.0 and 5.0 um
and between 5.0 and 10 ym were counted separately under Schemes |
and III. Here the curves experience clear increases at the time elapsed of
~ 25.0 s, which suggested the spread of flushing-induced aerosol par-
ticles. As expected, the particle densities in Scheme I were generally
higher than those in Scheme III. The density of bigger particles
(5.0-10 pm) increased from ~ 150 (in both Schemes I and III) to
20,251.2 (in Scheme I) and 9516.50 (in Scheme III) counts/L, which was
the highest during the experiments for the certain particle size range.
Therefore, a 53.0% reduction in density of the bigger particles could be
achieved when Scheme III was applied. The highest particle density of
the smaller particle (2.0-5.0 um) for Schemes I and III were counts of
237,660 and 151,996 counts/L, whereby a 36.0% reduction was
attained. By comparing the statistical data, aerosol particle removal

11

capability clearly increased when Scheme III is applied. Fig. 9D shows
the ACH effect in Scheme III. When compared to the performance under
the ACH of 10 h™1, the 40 h™* ACH could rapidly control the particle
density as the red curve in Fig. 9D dropped quickly (at 50 s) after a
sudden boost at 25.0 s. However, the elevating trend lasted until the
time elapsed was 100 s for the ACH of 10 h™!. The biggest particle
density count for the 40 h™! ACH was 73,932.4 counts/L, attaining a
54.0% reduction compared to that of the ACH of 10 h™1. A similar steady
phase occurred for both these ACHs as shown by the two vertical dashed
lines from 50.0 to 210 s, where the particle density remained almost
constant. The particle density for the low ACH was maintained at a high
level at its highest value, while that for the high ACH retained a sec-
ondary high position which experienced a clear drop. After the steady
phase, both curves descend linearly at a steady rate (shown here by two
green dashed lines).

4. Discussion

Although disease transmissions in family bathrooms and public
restrooms are difficult to quantify due to the lack of surveillance and
related environmental data for epidemiologists, multiple sources have
verified and reported mass cross-infections of COVID-19 in bathrooms
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and restrooms via a vertical transmission pattern (the chimney effect).
This is especially the case in densely populated areas, leading to large-
scale community outbreaks of COVID-19. In order to minimize the
vertical transmission in bathrooms, the utilization of disinfection tablets
in the drainage system is recommended. However, the effectiveness of
such measures has not yet been fully investigated (Buonerba et al.,
2021), and neither has the sustainability (Cui et al., 2022; Kumar et al.,
2021; Lou et al., 2021). Moreover, many publications have shown that
the enveloped viruses like SARS-Cov-2, wrapped by organic materials as
they are, can survive the disinfection (Bogler et al., 2020; Ye et al., 2016;
Geller et al., 2012). In this paper, we systematically investigated the
location and exhaust rate effect on the ventilation fan effectiveness in a
typical bathroom space, and have offered more sustainable approaches
according as identified by our research.

We were able to show that the ceiling exhaust fan in the traditional
bathroom ventilation (Scheme I in this paper) failed to function effec-
tively by using both computational and experimental approaches. Using
CFD, we have demonstrated that a main horizontal airflow can disturb
the suction flow effect of the ceiling fan in which the majority of the
ascending aerosol particles are not extracted by the ceiling fan even
when boosting the ACH, which is suggested with the current infection
control guideline. Therefore, traditional bathroom ventilation needs to
be altered and improved accordingly to guarantee human occupants a
safe and sustainable family-based built environment, especially during
public health crises such as the COVID-19 outbreak. We first placed the
fan on the floor (in Scheme II) which brought better performances.
Although still affected by horizontal airflow, the suction flow from the
floor fan could exert enough of an effect on the lifted aerosols from the
toilet bowl, whereby the particle dynamic simulation demonstrated a
significant improvement where P could be above 10.2%, compared to
nearly zero in traditional ventilation schemes. However, the bathroom is
a wet area where a floor fan could cause unsafe circuit hazards. When a
fan is deployed in a side wall (see Scheme III) next to the cabinet, an
even better performance could be attained. Here P, could reach 80.9%
when the ACH is regulated to perform at 40 h™*, which obtained a 163%
increase compared with that of the floor fan extraction. Aerosol removal
capability in bathrooms is thus expected to improve accordingly.
Nevertheless, in our simulations, we have not considered potential ef-
fects such as the hazardous plume from the floor drain, or the air flow
caused by human behaviors.

We conducted experiments to validate the removal of aerosols. Here
we used smoke visualization technology and a particle counter to
compare further the particle removal capabilities of ventilation Schemes
I and III. Weaker smoke absorption and higher particle density during
the experiments were observed in Scheme I compared to those of
Scheme III, which suggested that there is an urgency in the recon-
struction of bathroom ventilation systems. Our results have indicated
that simply enhancing the exhaust air volume in the bathroom under the
traditional scheme offers little help. However, enhancing ventilation
capability by boosting ACH from 10 to 40 h™! can make a difference
when Scheme III is applied. Although Scheme III can fundamentally
accelerate the dilution effect, the particle density remained at a rela-
tively high level (the steady phase in Fig. 8D from 100 to ~ 210 s) even
under the highest ACH conditions. It thus is recommended that a proper
time interval between two toilet users should be at least ~ 210 s to avoid
the phase with a relatively high particle density in the air. These findings
suggested that our proposed bathroom reconstruction could not only
dilute the hazardous floated aerosol particles in the bathroom but also
minimize exposure to such particles in even bigger indoor environments
that are connected to the bathroom space. Data in this paper also clearly
demonstrated possible cross-infection even in the recommended venti-
lation scheme, where it can only reduce the infection probability but not
eliminate this risk entirely.

The COVID-19 crisis has reflected the fragility of the modern medical
system that has been established by advanced medical science, tech-
nology, and well-trained medical professionals due to massive and
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uncontrolled community-wide cross-infections. People may have a
choice not to go to sports centers, restaurants, gyms, or other public
areas but they have no choice but to stay at home, and do so to minimize
the probability of infection during a pandemic. However, constant
community outbreaks have made the number of infected cases increase
markedly across the world, overwhelming local medical resources
(Wilson et al., 2022) and evolving into a global pandemic crisis. Thus,
finding ways to break the transmission chain in the community effi-
ciently should be critical to reduce the incidence of COVID-19 and
similar viral outbreaks. Vertical transmission in high-rise buildings is
highly significant as people can be infected without direct contact with
the originally infected person, making family indoor environments un-
safe. Indeed, contactless infections in communities especially in
vertically-aligned apartments with shared drainage systems have been
identified before. Traditional ceiling fans have proven to be ineffective
in reducing aerosols, and thus ventilation reconstruction via changing
the fan location is a more efficient approach according to the findings in
this paper. Moreover, not only for the SARS-Cov-2 outbreak, but the
proposed  ventilation  reconstruction could also  prevent
community-based vertical disease transmission caused by other viruses
or bacterium that are transmitted via human to human transmissions
such as SARS-CoV (Ding et al., 2004), MERS-CoV (Drosten et al., 2013),
Hepatitis (Mollalo et al., 2021), adenovirus (Gude and Muire, 2021),
Salmonella (Xie et al., 2020) and other emerging pathogens.

5. Conclusions

Family bathroom fan location, size, flow rate, and flow velocity ef-
fects on the aerosol removal and distribution were investigated quan-
titatively and visually in this paper. Key conclusions are summarized as
follows:

e Traditional ceiling fan even with an enhanced ventilation capability
fails to remove hazardous plume from toilets in bathrooms.

e A side-wall fan has an efficient aerosol removal capability.

¢ An enhanced ventilation capability for the side-wall fan can increase
the aerosol absorption ability significantly where Poscan be increased
by 236% when ACH is increased from 10 to 40 h™'.

e For a given ventilation flow rate, a smaller fan in the market is
preferred if its noise is within the acceptable range.

e Bathroom ventilation reconstructions are encouraged to be per-
formed accordingly.

The practical implications of this paper are thus summarized as fol-
lows: (1). Using visualization techniques, this paper can guide the public
to rethink the bathroom construction and family-based infection control
guidelines, as well as urge them to reconstruct bathrooms and smart
ventilation systems in a more scientific way rather than the traditional
approach; (2). Rethink in the construction of public health quarantine
facilities and their bathroom reconstructions are recommended to be
implemented immediately in centralized-quarantined high-rise build-
ings; (3). More attention (like stricter personal protection and more
frequent nucleic acid testing) should be paid to ensure worker hygiene in
public restrooms as long-term exposure to infectious aerosols can in-
crease infection probability significantly. (4). The public should be
encouraged to report their access to public restrooms via possibly
scanning code for rapid risk identification and epidemiological track.
The implications raised here could contribute to the construction of
more sustainable, smarter, and healthier buildings, preparing residents
more effectively in confronting emerging and re-emerging pandemics.

Environmental implication
Environmental transmissions of COVID-19 in densely populated

areas due to the hazardous vertical chimney effect have been not only
reported by journalists intensively but also verified by epidemiologists
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and fluid experts extensively. We specifically studied the performance of
current-recommended infection-prevention measurements and found it
barely works for preventing the chimney-effect-induced environmental
transmission pattern. Accordingly, we found a more efficient risk miti-
gation strategy that can minimize the vertical transmission risk.
Through visualization technology and solid evidence, this study pro-
poses bathroom ventilation reconstruction and promotes a safe and
sustainable built environment.
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