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Abstract

Potential bioaerosol infection risk associated with toilet flushing has not been sufficiently
addressed in the design of residential washroom exhaust system. This study evaluates the
performance of exhaust ventilation for residential washrooms in terms of air change rate,
washroom size, washroom geometry, and locations of door louver, exhaust and water closet
(WC). Three bioaerosol species namely Escherichia coli (ATCC10536), Serratia
marcescens (ATCC6911) and Cladosporium cladosporioides (ATCC16022) are included
in the simulations. By shortening the distance between the locations of exhaust and
emission source (i.e. WC), the fractional counts of bioaerosol particles exhausted and the
time to steady state can be enhanced. An increased air change rate and a louvered door can
also improve the exhaust ventilation performance, yet with a longer time to steady state.
This study should provide a useful source of reference for washroom exhaust designers to

minimize bioaerosol infection risk.

Practical application

This paper shows for residential washroom with an exhaust fan installed, the ventilation
performance can be improved by an increased air change rate, and by shortening the
distance between the locations of exhaust and emission source.
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Highlights

Exhaust ventilation performance associated with bioaerosol infection risk in
residential washrooms.

Computational fluid dynamics (CFD) simulations of bioaerosol particle dispersion
after WC flushing.

Exhausted bioaerosol particles increased with increasing air change rate.

Time to steady state shortened by a higher air change rate.

Exhaust ventilation performance enhanced by a higher local airflow rate near the

WC.
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Air velocity (m s™)

Bioaerosol particle velocity (m s™)
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1. Introduction

Microorganisms breed rapidly in a warm and humid washroom environment and
can live for up to six hours.! Human faecal microorganisms such as Escherichia coli,
Streptococcus faecalis and Serratia marcescens are commonly found on the seat and under
the rim of the water closet (WC).2 They can be spread through splashing during defecation,
surface contact and direct inhalation.®® In the past, microbial bioaerosol generation was
correlated with energy from flushing toilets, water level in the cistern, types of WCs and

the number of microorganisms in the WC seal.1%1!

Besides source mitigation (e.g. disinfectants, closing the WC lid), mechanical
exhaust ventilation is a common infection control measure to remove bioaerosol particles
in washrooms.*2® Exhaust system designs for odour dilution at an air change rate are
recommended.*8 However, current design practice is not quantitatively associated with
contaminant removal efficiency, contaminant generation rate, and airflow patterns related

to emission source, exhaust location and room geometry.

Using the time-varying fractional counts of bioaerosol particles as indicative
parameters, this study evaluates the exhaust ventilation performance for typical residential
washrooms.”*8 The findings should provide a useful source of reference for washroom

exhaust designers to minimize bioaerosol infection risk.

2. Methodology

Figure 1 illustrates a typical ventilation arrangement for a typical residential

washroom. Three mechanically ventilated residential washrooms namely Washrooms A,



B and C as listed in Table 1 were studied using computational fluid dynamics (CFD)
simulations; the influence of room size, room geometry, door louver and exhaust location
on different air change rates were investigated. Washroom A was a typical small washroom
(room volume Vroom=1.6 m®) of dimensions 0.90 m (L) x 0.90 m (W) x 2.0 m (H) as shown
in Figure 2, while Washroom B was a typical washroom (Vreom=8.9 m®) measuring 2.35 m
(L) xX1.39 m (W) x 2.73 m (H) and with a bathtub as shown in Figure 3. Washroom C was
same as Washroom B but with a door louver of size 0.6 m (W) x 0.3 m (H) installed. As
exhibited in Figure 3, the door louver had 4 air inlet slots, each of size 0.6 m (W) x 0.025

m (H).

2.1 Numerical simulations

To solve the gas-solid two-phase flow problem, airflow field and bioaerosol particle
dispersion in a washroom were determined by the CFD software FLUENT (Version 14)
using an Eulerian-Lagrangian framework presented in Figure 4. The Eulerian scheme,
which was employed to predict the steady state airflow fields, was followed by the
Lagrangian approach that could determine the bioaerosol movements. The renormalization
group (RNG) k-¢ turbulence model and the pressure implicit with splitting of operator

(P1S0) algorithm were adopted from a previous study.*®

Three reference grid sizes namely fine, moderate and coarse (with mesh skewnesses
<0.25, double- and quadruple-fine respectively) were used to examine the mesh quality
based on linear grid stretching. Grid convergence indexes (GCIs) given by Equation (1),

where fs is the safety factor, rr is the refinement ratio, erms is the relative error of computed



average mass flow rate and co is the theoretical order of convergence, were applied to check
the asymptotic range of convergence Casymp at unity.?® The GCI analysis results for

subsequent calculations are summarized in Table 2.

Co
GClcoarse . | _ fS rms| 7GC| _ fs|grms|rr

Casm = c. ’ C ine — c coarse — ;¢ A\
" GClr ™ (=) (r-1) (1)

Airflow simulation results were validated with on-site measurements of air velocity
va (by TSI 8475 Air Velocity Transducer) at the exhaust terminal position Al in all
washrooms under an air change rate ach in between 7 h'* and 12 h™*. No significant
differences were reported between measured and simulated average velocities for

Washroom A (n=92, p>0.8, t-test) and Washroom C (n=36, p>0.7, t-test).

2.2  Bioaerosol particles generated, dispersed, deposited and exhausted

Three species including Escherichia coli (ATCC 10536), Serratia marcescens
(ATCC 6911) and Cladosporium cladosporioides (ATCC 16022) were used in the
simulations. Table 3 summarizes their parameter details. Their equivalent bioaerosol
particle diameters d» (um) are given by Equation (2), where raspect is the aspect ratio of
bioaerosol particles, l1 (um), Iz (um) and Ab (um?) are respectively the length, width and
projected image area of a bioaerosol particle determined from scanning electron

microscope (SEM) images.?

oA, _max(ly,l,)
db - 2\/; ’ raspec’[ - min (Il,lz) (2)

According to Gerba, Wallis, and Melnick,! for an assumed average faecal weight

of 100 g at a microorganism concentration level of 108 g in the WC seal, the number of



bioaerosol particles emitted into the air ns after a toilet flush was estimated to be 17,160.(2)
By assuming that all bioaerosol particles were emitted uniformly from the water surface of
the WC seal, ! each particle was tracked separately for its position and velocity using a
discrete phase model (DPM). For predicting the bioaerosol particle movements with one-
way coupling in the simulated airflow fields, the particles were assumed to have no effect

on the continuum airflow.

The dispersion of bioaerosol particles in the simulated airflow fields can be
described by the force balance on the particles and the change of particle velocity vb (m s™)
under the Lagrangian scheme. It is expressed by Equation (3), where va is the air
velocity (m s?), g is the gravitational acceleration (m s?), Fo is the drag force per unit
particle mass per relative velocity (N s kg™ m™), Fx is the additional acceleration force per
unit particle mass (N kg?), oo (i.e. 1,100 kg m™) is the density of the bioaerosol particles
emitted (kg m=), pa is the air density (kg m), . is the molecular viscosity of air (kgm* s,

Re is the Reynolds number and Cp is the drag coefficient.??

LU Fo(v, —vb)+g(’0b—_'oa)+ F:Fp= 1iﬂa « CoRe ‘Re= Pl ~|
dz Py dbpb 24 Hy

©)

The transient process from droplets (emitted from the WC) to droplet nuclei due
to evaporation takes place within a short period of time (<0.1 s).224 On the assumption
that the droplet nuclei contained infectious pathogens, the equivalent bioaerosol diameters
do presented in Table 3 were adopted in the simulations. The drag coefficient Cp of a
bioaerosol particle (in droplet nuclei) is given by the following expression, where Kp is the

bioaerosol particle drag constant,?
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A previous study confirmed that the isotropic discrete random walk (DRW) model
is effective and accurate in modelling the dispersion and distribution of bioaerosol particles
due to turbulent fluctuations in the flow.'° Hence, a very low volume fraction (<3,000 cm™3)
was kept in the washrooms of this study to reduce the collision of bioaerosol particles in

turbulent flows.2>26

For bioaerosol particle deposition, a perfect sink boundary was applied to the
washroom surfaces in order that the impinging particles would be perfectly trapped with
no reflection and desorption. The number of the bioaerosol particles exhausted or deposited

onto the washroom surfaces can be counted.

The proposed computational approach was tested and the simulated bioaerosol
particle deposition patterns were compared with the experimental data from the open
literature for model verification.81* Mesh sizes for the test cases and the simulation results
are exhibited in Tables 2 and 4 respectively. No significant difference in microorganism
counts was found between the simulation and measurement results (p>0.26, chi-square
test). The computational simulation framework proposed was thus tested suitable for this

study.

2.3  Exhaust ventilation performance

Bioaerosol particles (in counts) generated from the WC ns will suspend in the air
Na, deposit on washroom surfaces nd or be removed through the exhaust vent ne. The time-

varying fractional counts of bioaerosol particles r(z) as illustrated in Figure 5 are defined



below, where re, ra and rq are the fractional counts of bioaerosol particles exhausted,

suspended and deposited respectively,

n n n
<424 S 41 41, =1 )
n. nn

S S S

The time to steady state za (S) can be determined at ra(za)=0.

3. Results and discussion

Figure 6 shows that the fractional counts of bioaerosol particles exhausted re in
Washroom A increased with the air change rate ach and became saturated when ach was
about >7 h't. According to Figure 7, the time to steady state 7. was at its peak (up to 600 s)
at ach<6 h* in all simulation cases. A shorter z, which was associated with a higher ach
and remained steady at ach>10 h™%, could reduce the risk of infection through inhalation.
As shown in Figure 8, similar observations were recorded in Washrooms B and C.

Based on the average fractional counts of bioaerosol particles graphed in Figure 9,
room volume had a significant influence on the steady state re(z) and some influence on
7a. As presented in Figure 10(a), re(za) at ach=9 h~ was halved from 0.6 (Washroom A) to
0.3 (Washroom B) when the room volume increased from 1.9 m® (Washroom A) to 8.9 m?

(Washroom B).

Figure 10(b) demonstrates that 150% times z. could be reached in Washroom B for
an ach range of 4 to 7 h™1. However, as shown in the figure, no significant z difference

was found at a higher ach (=9 h™1).



A higher value of re was also associated with the installation of a door louver. As
illustrated in Figures. 9 and 10(a), the results from Washroom C were a double of those
from Washroom B and were very similar to those from Washroom A. At the same time,
because of the higher local air speed that could promote local air mixing and lead to a
longer suspension time, a much longer time was required to reach the steady state (up to

160% of z) in Washroom C (Figure 10(b)).

The effects of the door louver on re and za can be better illustrated using the local
air speeds near the water surface of the WC seal. Figure 11 graphs the air velocities at a
height of 0.2 m above the WC seal vwc for all washrooms. Figure 12 demonstrates that air
speeds in Washrooms A and C were compatible due to the similar amounts of bioaerosol
particles transported from the WC to the exhaust. It can be seen that a door louver can alter

airflow paths and a properly positioned air inlet can enhance local airflow close to the WC.

Figure 13 shows the decay characteristics for re(za) against the distance from the
WC to the exhaust vent Dex in all washrooms. Expectedly, the fractional counts decreased
with increasing distance. They became saturated for ach>7 h-' while dropping for
ach<7 h-1. Apart from an increased air change rate, an exhaust vent close to the emission

source (i.e. the WC) could improve the efficiency of bioaerosol particle removal.

4. Conclusion
Potential bioaerosol infection risk associated with toilet flushing has not been
sufficiently addressed in the design of residential washroom exhaust system. This study

evaluated the performance of exhaust ventilation for residential washrooms in terms of air



change rate, washroom size, washroom geometry, and locations of door louver, exhaust
and WC. Three bioaerosol species namely Escherichia coli (ATCC10536), Serratia
marcescens (ATCC6911) and Cladosporium cladosporioides (ATCC16022) were
included in the simulations. By shortening the distance between the locations of exhaust
and emission source (i.e. WC), the fractional counts of bioaerosol particles exhausted and
the time to steady state can be enhanced. An increased air change rate and a louvered door
can also improve the exhaust ventilation performance, yet with a longer time to steady state.
This study should provide a useful source of reference for washroom exhaust designers to

minimize bioaerosol infection risk.
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Table 1.
Three mechanically ventilated residential washrooms

Room Door Exhaust Air change
Washroom  volume louver Door size (H xW) distance Dex rate
Vioom (M%) area (m?) (m) ach (h})
A 1.6 0 1.9 m (H) x 0.54 m (W) 0.33-1.72 1-14
B 8.9 0 2.2m (H) x 0.7 m (W) 1.18-1.75 1-13
C 8.9 0.18 2.2m (H) x 0.7 m (W) 1.18-1.75 1-13




Table 2.

Analysis results of grid convergence index (GCI)

. . Selected mesh Coarse mesh Medium mesh Fine mesh GCI for_ coarse GCl fqr fine  Asymptotic range of
Simulation ; . . . grid grid convergence
size size size size
GClcoarse GClfine Casymp
Gerba, Wallis, and 60k 16k 60Kk 204k 53% 56% 0.96
Melnick
Barker and Jones® 94k 60k 94k 184k 0.008% 4% 0.97
Washroom A 78k 38k 78k 206k 8.6% 23.3% 1.1
Washroom B 276k 271k 276k 317k 20% 1% 1.2
Washroom C 276k 271k 276k 317k 20% 1% 1.2




Table 3.

Information of the bioaerosol particles emitted by toilet flushing®!1:2

Species ATCC d';/cl)ip(;lreotbc;a i-allarfeetre:r biane?gsiX?E;:ticle Arsar;tiegt coagzgnt Evaporation time  Evaporation time  Evaporation time
di (um) diameter do (um) Faspct Ko at 0% RH (s) at 50% RH (s) at 90% RH (s)
Escherichia coli 10536 1.027 1.0+0.07 1.7 0.5 3.06 x 10° 1.3x10* 1.81 x 10
f’ne;:f;isiens 6911 2.60 2.6£0.07 6.9 3.38 1.99 x 10 1.32 x 10° 3.48 x 107
Cladosporium 16022 - 3.4+0.09 2.1 5.78 - - -

cladosporioides




Table 4.

Deposition of microorganisms in two experiments from the open literature®!!

Experiment Seedm_g Location Measurement Simulation
Bacteria
Gerba, Number of microorganisms
Wallis,and  E. coli g 983 970
AT on washroom floor
Melnick
Shelf* 1448 12.742.5
Cistern* 11.5+4.5 10+4.6
Barker and S.
Jones® Marcescens Seat — left* 20+8 22+4.4
Seat — right* 24.5+4 18.7+4.2
In front of WC* 11+2.5 5.7+0.6
*Colony-forming unit (CFU) per plate
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