This is the Pre-Published Version.

This is the accepted version of the publication Zhou, Y., Mui, K. W., Wong, L. T., Tsui, P. H., & Chan, W. K., Aerosol generation rates for showerheads,
Building Services Engineering Research and Technology (Volume 40 and issue 5) pp. 595-610. Copyright © 2019 (The Author(s)).
DOI: 10.1177/0143624418824839.

Aerosol generation rates for showerheads

Yang Zhou!, Kwok Wai Mui?, Ling Tim Wong*", Pak Hei Tsui and Wing Ki Chan

Department of Building Services Engineering,
The Hong Kong Polytechnic University,

Hong Kong, China

Lyang.zhou@connect.polyu.hk

2hehorace@polyu.edu.hk

Corresponding Author: L.T. Wong

3" beltw@polyu.edu.hk



mailto:behorace@polyu.edu.hk
mailto:beltw@polyu.edu.hk

Abstract

Aerosolization of water from discharging water appliances provides a transmission medium for
Legionnaires’ disease. The quantity of aerosolized droplets influences the infection of Legionnaires’
disease. This study investigates the aerosol generation rates of four sample showerheads
experimentally in a mechanically ventilated test chamber, assisted by computational fluid dynamics
(CFD) simulations. The results show that aerosol mass generation rate decreases with the showerhead
resistance factor but increases with the water supply pressure, nozzle area ratio, flow rate, spray jet
velocity, momentum and force. There is no significant correlation between aerosol mass generation
rate and water spray uniformity (p>0.05, t-test). Furthermore, the aerosol mass generation rates and
aerosol particle generation rates determined for the sample showerheads are in the ranges of 1.42x10"

510 5.52x107° gs™ and 0.35x10° to 1.35x10° particles s respectively.

Practical applications: The proposed expression of aerosol generation rate can be the referenced

guidance for future showerhead design to limit the aerosol generation rate.
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Nomenclature

A

a

Ds

Ks

Ms

Ps

Qs

Vs

Vs

0s

area
acceleration

distance

showerhead diameter

height

showerhead resistance factor

aerosol mass

mass of the water left on the electronic scale after showering
spray jet momentum

number of tracked aerosols

water supply pressure

probability of a specified statistical test of significance
water supply flow rate

mass flux density

aerosol volume

spray jet velocity

fraction as defined in an equation

spray spread angle



Pd, Pt

Subscript

1,2,3

densities of water and saltwater

time period

of shower nozzle diameters 1 mm, 2 mm, 3 mm
of area

of chamber air
of distance

of faceplate

of generation
of inflow

of maximum
of outflow

of reading

of shower

of salt to water
of uniformity

of wall



Superscript

- of average
of gradient

of rate of change with respect to time



Introduction

It has been recognized that aerosols are generated with showerhead discharging, which
provide a transmission medium of Leionnaires’ disease (LD), a severe pneumonic illness
caused by bacterium Legionella pneumophila. Legionella pneumophila can be transmitted to
humans via inhalation of contaminated aerosols generated by discharging showerheads.!?
Investigations showed that potable water was one of the most common exposure sources
(16%) of a LD outbreak and accounted for 58-67% of outbreaks in buildings.® In Hong Kong,
Legionellosis has been a reportable disease since 1994.* Among the recently reported LD
cases, 4 (3-17.2 CFU mlY) out of 10 (3—72.4 CFU ml) legionella-positive water samples

were from bathroom showers.®

Like any other airborne disease, the infection of LD is affected by several factors, such as
contaminated aerosol concentration, aerosol size distributions, breathing rate, exposure time
and immunity,%’ in which for definite ventilation condition, the aerosol concentration in the
space (e.g. bathroom) is related to aerosol generation rate of showerheads. Among these
factors, size distribution of aerosols generated by discharging showerheads has been
investigated in several studies.™®° Bollin et al. reported that approximately 90% (7 of 8 CFU)
of the recovered aerosolized droplets containing Legionella pneumophila during showering

were between 1 and 5 pm in diameter.> As Legionella is small enough to be enclosed inside



the aerosolized droplets and the influence of Legionella on the droplet size is usually
neglected. Xu and Weisel’s study showed that 99.4% (by particle mass) shower-generated
aerosols were larger than 0.2 um.2 Zhou et al.’s experimental study showed that the mass
median diameter (MMD) of aerosols generated from showerheads running with hot water
(43-44 °C) was 5.2-7.5 pum, while the aerosol size was 2.5-3.1 um when running with cold
water (24-25 °C).% It was found that aerosol size distribution varys with showerhead type,
shower water temperature, flow rate, density (salt solution or not) and relative humidity of
surrounding air.2®° Nevertheless, aerosols generated by showerheads raise concerns as they
are small enough to penetrate deep into the lungs. As washroom is usually small, it can be
assumed that the space is well-mixed/filled up entirely with aerosols. Therefore, aerosol
concentration in bathroom is more important when considering the LD transmission, in
which the aerosol concentration in bathroom is related to aerosol generation rate of
showerheads. Among the several factors that influence the LD infection, this study focuses

on the aerosol generation rate of showerheads only.

Installation of water efficient appliances is one demand-side water management policy that
favored by water provides/water utilities managers.®*! In Hong Kong, in order to promote
and help consumers choose low flow showerheads, a voluntary Water Efficiency Labelling

Scheme (WELS) on showerheads for bathing has been proposed and implemented since



2009.12 As low flow showerheads usually break up water into a fine mist which can be
inhaled easily,*® they enhance the transmission of LD. Hence, the installation of low flow

showerheads brings new concerns related to aerosol generation rate by showerheads.

This study investigates experimentally the aerosol generation rates of four sample
showerheads in a mechanically ventilated test chamber, assisted by computational fluid
dynamics (CFD) simulations. The aerosol mass and particle generation rates are determined.
Correlations between aerosol mass generation rate and showerhead attributes are analyzed,
with expressions of aerosol generation rate by water supply pressure, spray jet momentum

and nozzle area are proposed.

Literature review

Experiments of showerheads/taps discharging inside a chamber or bathroom/shower stall are
widely used to investigate the aerosol generation.5%415 Along with the experiments, aerosol
mass or number balance equations in the test chamber or bathroom/shower stall were usually
defined, in order to calculate the aerosol generation rate.%%* For the equation proposed by
Carson, the aerosol loss caused by ventilation was included in the aerosol balance equation,

while the aerosol deposition on chamber walls was not included, which caused the calculated



aerosol generation rate less than the actual value.® For the mass balance equation in Cowen
and Ollison’s study, the term of first-order rate of decay was defined, but no specification
about the cause of the decay.* In Zhou et al.’s work,® specific description of the first-order
rate of decay was given; the aerosol loss was caused by the ventilation and the aerosol
deposition on shower walls, floor and mannequin body, in which the aerosol deposition rate
on shower walls was calculated based on mathematical expression given by Crump and
Seinfeld.'® However, in the result, only the total decay rate of aerosols was given, not
specifying the value of the aerosol deposition rate. It can be seen that determining the aerosol
deposition rate is necessary for the accurate estimation of aerosol generation rate. Except
experimental methods, computational fluid dynamics (CFD) simulation is an alternative
method for the study of aerosol deposition in the future, which has been used in many
previous studies about indoor particulate contaminants.'”81° Previous computational results
revealed that indoor particulate concentration, distribution and deposition were related to the
specific particulate properties, ventilation conditions and room dimensions. It is the same

situation for aerosols in test chambers or shower stalls.

Considering the safety, salt was usually used to replace Legionella bacteria for experimental
studies of aerosolized Legionella bacteria from water consuming appliances. Carson

demonstrated that the use of salt to simulate the particulate Legionella may have effect on



aerosol generation, but the effect was not significant.® Cowen and Ollison’s study showed
that introduction of salt solutions into the source water increased particle formation rates for
size fractions < 10 um, however, little apparent change in particle concentration for particles
above 10 pm in size.}* It was also pointed out that although salt content in water did has an
influence on fine particle formation, the relationship was not linear over the tested total

dissolved solids levels.*

For the correlations between aerosol generation rate and shower spray attributes, Carson
reported that aerosol generation rate was linked to the smoothness of the flow stream.® Zhou
et al. revealed that aerosol generation rate increased with showerhead water flow rate.® The
impact of water temperature, flow rate and spray setting on aerosol formation was
investigated by Cowen and Ollison, and it was revealed that although these parameters did
have an effect on aerosol generation when within a single shower sampling run, no consistent
effects for overall showerheads were found.'* Even though several impact factors of aerosol
generation for showerheads have been identified and investigated by these previous
studies,®®* yet conclusive correlations are to be confirmed. Besides, the identified impact
factors are limited, and many potential impact factors such as showerhead type, water supply

pressure, water velocity and spray spread angle have not been evaluated.



Methodology

The methodology is divided into three parts, namely the experimental study of aerosol
generation in a chamber, CFD simulation of aerosol deposition on chamber walls, and
development of aerosol balance equation in the chamber. The logic of these three part is as

shown in Figure 1, and details are described below.

Experimental study: CFD simulation:
Determine the aerosol mass Determine the aerosol
exhaust rate 7o deposition fraction ¢w

A
Development of aerosol mass balance equation, expressed
by aerosol mass generation rate g, aerosol mass exhaust
rate rio and aerosol deposition fraction ¢w

A

Determine aerosol mass generation rate rig

Figure 1. Logical diagram of the methodology.



Experimental study

Aerosol generation rates of sample showerheads were investigated experimentally in a glass
chamber of size 0.914mx0.61mx0.508m, as shown in Figure 2. A small chamber was
adopted so that more aerosols could be collected at the chamber outlet and hence to reduce
the measurement time. The chamber was mechanically ventilated. An air filter was installed
at the supply fan outlet, and the fan outlet was placed below the water level in the water tank.
Air was filtered and moistened before supplying through the chamber inlet, which was 0.155
m in diameter, at a steady air velocity of 0.25 ms=! (60 air changes per hour). The sample
showerhead was fed from an enclosed tank filled with 2% saltwater solution (0.4 kg salt
dissolved in 20 L distilled water) at pressure Ps (kPa), in which the pressure Ps is read from
the pressure gauge installed in the water circulation system. The air fan, pressure gauge
(range: 0 — 1400 kPa; accuracy: 20 kPa) and flow meter (accuracy: 0.1 L) installed in the

experimental set-up are all common types.

In the experiment, a dry and clean filter paper with a pore size of 0.2 um was placed at the
chamber outlet to collect aerosolized saltwater for 3 hours (i.e. T =10800 s). As one aim of

this study is to quantify the aerosol mass generation rate and literature showed that shower-



generated aerosols with size of less than 0.2 um only contribute to approximately 0.6% of
the total aerosol mass,? the filter paper with a pore size of 0.2 um is thought enough for the
aerosol collection in this study. The filter paper sample was then dried in an oven at 100°C
for 30 minutes (the baking time was determined according to no mass change of filter paper).
As the total salt mass mt (g) is the salt mass collected on the dried filter paper sample, the

aerosol mass exhaust rate rizo can be determined by Equation (1), where pd (=1000 kg m=)

and pt (=1020 kg m-3) are the densities of water and saltwater respectively.

rio = ((¢t + 1)mo)/dit ; dt = (pt- pd)/pd (1)
Outlet . Inlet Air fan
e < ] Showerhead rig P— @
X<
L) 4 Air filter
. Pressure
Wall riaw gauge =
Water tank
A
v
) Flow
Water meter
Saltwater | pump
—O—p————

g - Aerosol mass generation rate
rio - Aerosol mass exhaust rate

mw - Aerosol mass deposition rate on walls



Figure 2. Experimental setup for showerhead aerosol generation study.

Computational fluid dynamics (CFD) simulation

The aerosol deposition fraction on chamber wall was acquired by CFD simulations.?’ Figure
3 shows a geometric model chamber that was built based on the experimental setup described
above. As showerhead surface area is greatly less than the area of chamber walls, the aerosol
deposition on showerhead surfaces is ignored in this study. Therefore, the showerhead can
be represented by an aerosol generation source in the CFD simulation, and an absolute
minimum size of the aerosol generation source is preferred in theory in order to avoid the
deposition of aerosols on the surface of aerosol generation source. However, too much small
size of aerosol generation source will cause the convergence difficulty for the CFD
simulation. In this study, a cubic zone with size of 0.01mx0.01mx0.01lm was used to
represent the discharging showerhead in the chamber. The model chamber was automatically
‘medium’ meshed using the Relevance Center setting in ANSYS Fluent 13.0, and the

suitability of the mesh size was verified by comparing simulated aerosol deposition fractions



in different mesh sizes until there was no significant difference. Finally, 91007 calculation

cells and 17449 nodes were set for the chamber.

Inlet
Source Di=0.155m
@ | 0.01x0.01x0.01m @
Outlet —] § u 0.508 m
Do=0.105m '

0.914 m

Figure 3. Geometric model setup for CFD simulations.

The air phase motion was described by the Navier-Stokes equations, and a Lagrangian
discrete phase model (DPM) was employed to separately track a number of stochastic
aerosols from the source by solving the equations of aerosol motion. As the mass and
momentum loadings of the aerosol phase were low in the chamber, uncoupled DPM was

adopted, meaning that the aerosol motion was influenced by the air phase motion while the



aerosol motion itself had no effect on the air phase motion. The number of stochastically
tracked aerosols was verified by comparing with the ensemble average of the trajectories,
namely simulated aerosol deposition fraction in this study. Finally, a statistical sample size
of 12000 tracked aerosols was confirmed to represent the full range of aerosol behavior in

this study.

For the simulation with Lagrangian DPM, the aerosol injection from the source was just at
the beginning of the computation of the continuous phase (i.e. air phase). A velocity inlet
boundary condition was chosen for inlet, and outflow boundary condition were set at the
outlet. The chamber wall was the ‘stationary’ boundary condition. The discrete phase
boundary condition type of both inlet and outlet was set as ‘escape’, and “trap’ discrete phase
boundary condition was chosen for the chamber walls. Source was set as ‘reflect’ discrete
phase boundary condition, and the refection coefficients in the normal and tangent directions
were 1. Standard k- Model was adopted since it is proper for airflow simulation in the space
and good agreement between simulation results and measured data has been achieved.?

Besides, no aerosol aggregation and breakage were assumed.

At steady state, total tracked aerosols (i.e. 12000 tracers) is the sum of the aerosols deposited

on chamber walls and exhausted from outlet. The number of aerosols that deposited on



chamber walls nw and exhausted from outlet no were acquired from the CFD simulation, and

aerosol deposition fraction ¢w is determined by following expression,

Gy =—7 @)

For CFD model validation, another numerical simulation was performed with a chamber
experimental setup by Carson, and the simulation results were compared with Carson’s
experimental results.® Figure 4 shows the geometric model setup used for the validation: test
chamber size is 1.53%x0.84%0.835m; sink size is 0.4x0.33%0.17 m (the sink is located at the
bottom of the chamber); circular air inlet and outlet are both 0.15 m in diameter; a flat
rectangular blade (0.1x0.02x0.005 m) represents a mixing fan; a cylindrical zone of 0.12 m
in diameter and 0.025 m in height is set for fan rotation in the simulations; and a cubic zone
(0.01mx0.01mx0.01m) represents the aerosol generation source (i.e. discharging
tap/showerhead). Aerosol concentrations at the sampling point were determined from the
simulation. It should be noted that the sampling point was the reference aerosol sampling

location in the Carson’s experiment.’
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Figure 4. Geometric model setup for CFD simulations (for validation study).

In the validation study, an Euler-Euler multiphase model was adopted to determine the
airflow field and aerosol concentration in the chamber. The renormalization group (RNG) k-
¢ model was selected to include the effect of swirl on turbulence, while standard wall
functions were applied to the near-wall region. The air and aerosols were treated as
interpenetrating continua and no slip velocity between air phase and fine aerosol particle
phase was assumed. Partial equilibrium of pressure gradient and gravity was taken into

account in the momentum equation for the air-aerosol mixture.

The aerosol was characterized as a salt water droplet with density of 1018 kg m= and
diameter of 4.94um in the mixture model. Aerosols were injected into the chamber from the
generation source continuously. A velocity inlet boundary condition was set at the inlet with
initial air and aerosol velocities of 0.67 m st and 0 m s! respectively. As there were no
aerosols flowing into the chamber from the inlet, the aerosol volume fraction at the inlet was
set as zero. An effective outflow boundary condition was chosen for the outlet, and the

aerosol generation source was set as the mass flow inlet boundary condition. The mass flow



rates of air and aerosols at the aerosol generation source were 0 kg s and 1.5x108 kg s*

respectively.

Four rotational speeds of the fan were set in the CFD simulations, i.e. 1000 revolutions per
minute (rpm), 2000 rpm, 3000 rpm and 4000 rpm, and no heat transfer was considered in the

numerical simulation. Table 1 outlines the parameters adopted in the simulations.



Table 1. Parameters involved in the CFD simulations.

Zone Boundary  Parameter Unit Value Remark
condition
- - Ventilation rate Qv m3st 0.0119 Carson (1996)
- - Aerosol diameter dpr m 4.94x10°% Carson (1996)
- - Aerosol density ppr kg m-3 1018 Carson (1996)
- - Aerosol generation rate ipr ~ Particles 2.34x10°  Carson (1996)
S—l
i i Rotational velocity of rpm 1000/2000/
moving reference frame wr 3000/4000
. N 1 Vig=Q/(nDi%/4)
et yelocity Air velocity V|.,a ms 0.67 M!xture model
inlet Aerosol velocity Vipr m st 0 Mixture model
Aerosol volume fraction opr - 0 Mixture model
Outlet outflow - - - Mixture model
Air mass flow rate Qm,a kg s 0 Mixture model
Source -mass flow 1 3 Qm,pr=(4/3)7t(d pr/2)3pprnpr
inlet Aerosol mass flow rate Qmpr kg s 1.5x10 Mixture model
Fan blade  moving Relative rotational velocity  rpm 0 Mixture model
wall relat
C_hamber, stationary i i Mixture model
sink wall wall




Aerosol mass balance model in the chamber

Inside a well-mixed ventilated chamber, the aerosol concentration of a generation source is
given by the aerosol mass balance as expressed in Equation (3), where 7iic (gs™) is the aerosol
mass change rate, 7izg (gs™) is the aerosol mass generation rate, 7izi (gs™) is the aerosol mass
inflow rate, 710 (gs™?) is the aerosol mass exhaust rate, and sirw (gs™?) is the wall deposition

rate of the aerosol mass.
mic = mg + ni - Mo - Mw (3)
Let the aerosol deposition fraction on the chamber walls be ¢w=mw/rg, the aerosol mass

generation rate at steady state (i.e. nc=0) and without any aerosols from inflow (i.e. 7i=0) is

given by,
ritg = nito + mw = ntol(1 - dw) 4)

The aerosol mass exhaust rate 7o in Equation (4) can be determined in the experimental
study while the aerosol deposition fraction on the chamber walls ¢w can be acquired from the

CFD simulations above.



Figure 5. Sample showerheads.

Sample showerheads

Figure 5 shows the four sample showerheads adopted in this study. Samples 3 and 4 were
WELS labelled Grade 1 showerheads with reduced nominal flow rates.'> The physical
properties of all sample showerheads are summarized in Table 2. The selected four sample
showerheads cover a wide range of primarily operating characteristics, e.g. pressure,
resistance factor Ks and flow rate. It should be noted that Grade 1 showerheads still get a
wide range of products. The experiment here is intent to cover a wider range of conditions,
therefore the choice of the sample showerheads is as this. The nozzle area ratio ¢a is
expressed by the total nozzle area As (m?) on the showerhead faceplate divided by the

faceplate area Ar (m?),



¢A = )

Shower spray attributes were measured by a laboratory-made water circulation system, as
shown in Figure 6. A pressure gauge and a water meter were installed in the system, which
are all common types. An annular gauge was placed 0.4m below the showerhead to measure
the water distribution patterns within the spray cross-section. As shown in Figure 7, the
annular gauge had four concentric circular arrays of graduated cylinders. A high speed
camera (model: FPS1000; takes from 840 to over 10000 frames per second) was placed aside

for taking photos of showerhead discharging.
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Figure 6. Experimental set-up for measurement of shower spray attributes.



105mm
175mm
245mm

Figure 7. Annular gauge.

The discharged water volume of a sample operation of about 20s was read from the water
meter and the average water flow rate of a showerhead Qs was determined from the water
volume divided by the operation time. Water flow rates under pressure range of 50-250 kPa

were measured.

Local loss at showerhead is usually calculated by Equation (6), where Ps (kPa) is the water
supply pressure, ('is the loss coefficient, Qs (L s) is the water supply flow rate, and g (ms~2)

is the gravitational force.™®



P, = 6
S ©®)

Defining showerhead resistance factor Ks = {/2g, Equation (6) is rewritten as,
P, =K.,Q,’ ©)

Therefore, the sample showerhead resistance factor Ks (kPa min? L=2) can be calculated using
the water supply pressure Ps (kPa), which is in a pressure range between 50 kPa and 250 kPa,

and the water supply flow rate Qs (L s72),

PS
"0 s0)? ®

While the spray spread angle 0s (°) and spray jet velocity vs (ms) can be determined from
the captured images of a high-speed camera, the spray jet momentum Ms (m*s™) is expressed

by 22
M, =Q.v, (9)

Moreover, the water spray uniformity ¢u is expressed by Equation (10), where usg (L s

m~2) is the mass flux density at a distance from the centerline of the showerhead ds (m), as



shown in Figure 8, Asa (m?) is the water collection area of an annular gauge, and Qsq (L s%)

is the water spray flow rate determined from the water collected over a period of 20 s.

LB X TR ¥ )

The annular gauges shown in Figure 6 can be replaced by an electronic scale to measure the
spray jet force. The spray jet force Fs (N) is calculated by Equation (11), where mr (kg) is
the mass reading from the electronic scale when the showerhead is operating, mo (kg) is the
mass of the water left on the electronic scale after showering and g (m s2) is the gravitational

force.
Fo=(m, —my)g (11)

The spray jet force can also be expressed by spray attributes as given by Equation (12), where
ms is the water spray mass flow rate, as is the spray jet acceleration, pt is the spray water
density, vsnh is the spray jet velocity at a vertical distance of h below the showerhead, and z is

the time taken for the jet spray from the showerhead faceplate to reach h.

\'
FS =Mm.a mS = Qspt; as — s,h S (12)
T

ss?




Table 2. Showerhead physical properties, spray attributes and aerosol generation rates.

Sample showerheads

Parameter 1 > 3 YD
Showerhead

Diameter, Ds (m) 0.080 0.045 0.115 0.085
Number of 1/2/3 mm nozzles, ni/n2/ns 48/19/10 48/9/0 59/9/0 53/15/0
Nozzle area ratio, ¢pa 0.0334 0.0415 0.0072 0.0156

Resistance factor, Ks (kPa min® L) 1.82 1.90 16.50 3.36

Shower water spray measured at Ps=100 kPa (at 150 kPa)
1 0.13 0.12 0.04 0.10
Flow rate, Qs (L s7) (0.16) (0.14) (0.05) (0.12)
11 2 11 9

Spray spread angle, 05 (°) (11) @) (11) )

. . 1 0.77 1.82 0.56 1.13
Spray jet velocity, vs (m s) 095 (212  (070)  (135)

_ _ 1.01 2.18 0.24 1.13

Momentum, Ms (<107 m s (152)  (297)  (0.36)  (162)

Uniformit 0.21 5.95 0.68 0.33
Y bu 062) (058  (0.52)  (0.51)

. 0.75 1.05 0.34 0.62
Spray jet force, Fs (N) (1.06) (1.32) (0.44) (0.98)
Aerosol mass generation rate, rizg (x107° gs™) é'gg) (g'gg) é'gg) éég)

AWELS labelled Grade 1 showerhead.
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Figure 8. Spray spread angle and water distribution patterns
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Figure 9. Measured mass flux densities for 4 sample showerheads.



Results and discussions

Figure 9 shows the mass flux density (usd) measurement results for the four sample
showerheads. Although Showerheads 1 and 2 had similar resistance factors (i.e. 1.82 and
1.90 kPa min? L-2), they had very different water discharge patterns. For a water supply
pressure varied from 100 kPa to 150 kPa, Showerhead 1 gave a concentrated mass flux in the
near axial distance at a lower pressure and a more evenly distributed mass flux over the spray

coverage at a higher pressure while Showerhead 2 gave opposite results. Using the absolute

) . |dd
radient ¢, =|—
g {2

S

to indicate the pressure sensitivity of the water distribution patterns, the

distribution patterns of the WELS labelled Showerheads 3 and 4 (¢.'=0.003 and 0.004
respectively) were found to be less sensitive to water supply pressure as compared with
Showerheads 1 and 2 (¢u'= 0.008 and 0.11 respectively). In general, Showerheads 3 and 4
gave more even discharge patterns over the spray coverage and their uniformities were less

sensitive to the water supply pressure.

For the CFD model validation, the simulated value of aerosol concentration with a fan speed
of 2000rpm at the sampling point was 1.89x10’ particles m=3, and that was very close to the
value found in Carson’s experiment (1.97x10" particles m=3).6 Based on the setting in the

CFD models that the aerosol motion had no effect on the air phase motion and there was no



slip velocity between air phase and aerosol particle phase, it can be seen that the aerosol
tracks were totally dependent on the air motion paths. The CFD models that govern the air-
aerosol flow in chambers were validated. This also implies that, together with the aerosol
tracking model (i.e. Lagrangian discrete phase model (DPM) in this study), the CFD models
that govern the air-aerosol flow in chambers can be used directly for the aerosol tracking

(deposition) study.

Among the total number of tracked aerosols (i.e. nw+no=12000), nw=8933 aerosols were
trapped on the chamber walls, corresponding to an aerosol deposition fraction on the chamber
walls ¢w=0.74. Double tracked aerosol number (i.e. nw+no,=24000) was tried, and same
aerosol deposition fraction on the chamber walls was found (i.e. pw=0.74). This implies that:
(1) the 12000 tracers can represent the full aerosol behavior range in this study; and (2)
aerosol deposition fraction on the chamber walls is independent of aerosol generation rate.
The aerosol deposition is related to the specific aerosol properties, ventilation conditions and

chamber dimensions. Aerosol deposition fraction ¢w=0.74 is for the case in this study.

Table 2 shows that aerosol mass generation rate increased with water supply pressure at
showerhead. The ratios of aerosol mass generation rate to water supply pressure for the four
sample showerheads were plotted in Figure 10, in which a reference line indicates perfectly

linear increase of aerosol generation rate with water supply pressure at showerhead. By



defining acceptable error range, linear increase of aerosol generation rate with water supply

pressure at showerhead can be concluded from Figure 10.

1 Showerhead

1glPs (x107° gs7t pa?)

0 -
0 1 2 3 4

Aerosols mass generation rate at 100 kPa
1iglPs (x1071° gst pa?)

Aerosols mass generation rate at 150 kPa

Figure 10. Ratio of aerosol mass generation rate to water supply pressure at showerhead

Figures 11(a) to 11(g) illustrate the ratio of aerosol mass generation rate to water supply
pressure rirg/Ps (x1071° gs™* Pa™) against the nozzle area ratio ¢a, showerhead resistance
factor Ks (kPa min? L=2), water supply flow rate Qs (L s7%), spray jet velocity vs (m s™), spray

jet momentum Ms (m* s72), uniformity ¢u and spray jet force Fs (N) respectively. All



parameters except uniformity show a significant correlation with the aerosol mass generation
rate (p<0.05, t-test). As shown in Figures 11(a) to 11(e) and Figure 11(g), the aerosol mass
generation rate decreases with the showerhead resistance factor but increases with the water
supply pressure, nozzle area ratio, flow rate, spray jet velocity, momentum and force. While
water supply pressure, nozzle area ratio, flow rate, spray jet velocity and momentum are all
related to the showerhead itself, spray jet force is exerted by the spray-surface interaction.
The spray jet force is an indicator of the splashing effect caused by water spray jet impaction

on a surface; a greater force produces a greater splashing effect and thus more aerosols.

The relationship between aerosol mass generation rate and showerhead attributes can be

expressed by,

tig/Ps ~ (¢4, Ks, Qs Vs, Ms, Fs); My ~ (Quv,); K, ~ (P, Q.); R ~(Q.v.)  (13)
It can be rewritten as,

riglPs ~ (¢a, Ms) (14)
Equations for the trend lines in Figure 11(a) and Figure 11(e) were given as following,

figlPs = 1x1074pa%% ; sirg/Ps = 0.004Ms%3 (15)



As Equation (15) shows that 7i1g/Ps ~ $a%% and rizg/Ps ~ Ms®3, the aerosol mass generation
rate rizg/Ps against Ms%3¢a%¢ was plotted in Figure 12 for analysis. Figure 12 gives the
expression of aerosol mass generation rates 7zg (gs™) by water supply pressure, spray jet

momentum and nozzle area ratio, with p=0.001 (t-test).
rirg = 0.00022PsMs%16 019 (16)

As the results are from the test range, which delinked from the graded showerheads.
Therefore, Equation (16) can be the referenced guidance for future showerhead design to

limit the aerosol generation rate.
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Figure 11. Correlations for aerosol mass generation rate.
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Figure 12. Aerosol mass generation rate as a function of Ms®3¢$a%,

Average diameter (=4.25 um) of aerosols generated from showerheads was determined
according to the studies by Bollin et al.* and Zhou et al.®, then corresponding volume of an
aerosol Vs (=40.17 um?) was calculated. The aerosol particle generation rates 74 (particles
s1) of the sample showerheads can be given by Equation (17). Results show that aerosol
particle generation rate for the four sample showerheads ranged from 0.35x10° particles s
to 1.35x10° particles s™. Compared with the previous experimental results for taps

(=0.234x10° particles s™) reported by Carson,® the results validate the assumption that



showerheads generate more aerosols than water taps as showerheads have more holes on

faceplate.
ng = 1015MQ/ptVs (17)

Table 2 shows that when all sample showerheads were operating at the same pressure, the
aerosol generation rates of the WELS labelled Showerheads 3 and 4 were less than those of
Showerheads 1 and 2. Our previous study?? revealed that the optimum pressure of WELS
labelled showerheads was larger than that of conventional showerheads; however, the aerosol
generation rate of a WELS labelled showerhead can still be controlled by the adjustment of

momentum Ms and nozzle area ratio ¢pa as demonstrated by Equation (16).

As shown in Table 2, low flow Showerheads 3 and 4 have less large holes on the showerhead
faceplate compared with Showerhead 1 and 2. It can be seen that the two sample low flow
showerheads in this study were achieved by reducing average hole size. There is also another
type of low flow showerhead which induces air into showerhead,?* that is not included in this
study. This type of low flow showerhead mixes air with water to enlarge water droplet,
corresponding a fine mist may be caused, and further aerosol generation rate may be
increased. Besides the parameters shown in Equation (16) (i.e. water supply pressure at

showerhead P, spray jet momentum Ms and nozzle area ratio ¢a), for future studies,



parameters of induced air flow rate, air volume, and air pressure should be considered when
investigating the aerosol generation rate of low flow showerheads of air-water mixing type.
Moreover, the influence of water hardness and scale formation on aerosol generation of
showerheads is not considered in this study, which may need further investigation in future

research.

Conclusion

Aerosolization of water from discharging water appliances provides a transmission medium
for Legionnaires’ disease. In this study, the aerosol generation rates of four sample
showerheads in a mechanically ventilated test chamber were investigated experimentally,
assisted by CFD simulations. The aerosol mass generation rates and aerosol particle
generation rates determined for the sample showerheads were in the ranges of 1.42x107° to
5.52x107° gs~* and 0.35x10° to 1.35x10° particles s~* respectively. The results showed that
aerosol mass generation rate decreased with the showerhead resistance factor but increased
with the water supply pressure, nozzle area ratio, flow rate, spray jet velocity, momentum
and force. No significant correlation was found between aerosol mass generation rate and
water spray uniformity (p>0.05, t-test). Furthermore, an expression of aerosol mass

generation rate by water supply pressure at showerhead, spray jet momentum and nozzle area



ratio was proposed, which can be used as a referenced guidance for the showerhead design
to limit the aerosol generation rate. It was also reported that the low flow showerheads

generated fewer aerosols while operating at the same pressure as conventional showerheads.
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Table/ Figure legends

Figure 1. Logical diagram of the methodology.

Figure 2. Experimental setup for showerhead aerosol generation study.
Figure 3. Geometric model setup for CFD simulations.

Figure 4. Geometric model setup for CFD simulations (for validation study).
Figure 5. Sample showerheads.

Figure 6. Experimental set-up for measurement of shower spray attributes.
Figure 7. Annular gauge.

Figure 8. Spray spread angle and water distribution patterns.

Figure 9. Measured mass flux densities for 4 sample showerheads.

Figure 10. Ratio of aerosol mass generation rate to water supply pressure at showerhead
Figure 11. Correlations for aerosol mass generation rate.

Figure 12. Aerosol mass generation rate as a function of Ms%3¢a%,

Table 1. Parameters involved in the CFD simulations.

Table 2. Showerhead physical properties, spray attributes and aerosol generation rates.





