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Abstract

:

Eco-friendly showers aim to lower energy and water consumption by generating smaller water droplets than those produced by traditional systems. To evaluate the risk of users inhaling the contaminants associated with such water droplets—namely, chemical components or opportunistic bacterial pathogens such as Legionella—we modeled the behavior of water droplets aerosolized by water-atomization technology at a flow rate of 2.2 L/min and compared the results obtained using this model with those determined experimentally in a typical shower stall. Additionally, we monitored the number and mass of inhalable water droplets emitted by twelve showerheads—eight using water-atomization technology and four using continuous-flow technology—which have distinct characteristics in terms of water flow rate, water pressure, spray angle, and number of and diameter of nozzles. The water-atomizing showers tested not only had lower flow rates, but also larger spray angles, less nozzles, and larger nozzle diameters than those of the continuous-flow showerheads. We observed a difference in the behavior of inhalable water droplets between the two technologies, both unobstructed and with the presence of a mannequin. The evaporation of inhalable water droplets emitted by the water-atomization showers favored a homogenous distribution in the shower stall. In the presence of the mannequin, the number and mass of inhalable droplets increased for the continuous-flow showerheads and decreased for the water-atomization showerheads. The water-atomization showerheads emitted less inhalable water mass than the continuous-flow showerheads did per unit of time; however, they generally emitted a slightly higher number of inhalable droplets (1.6 times more), including those large enough to carry a bacterium each—only one model performed as well as the continuous-flow showerheads in this regard. Further experiments are needed to assess whether this slight increase in the number of inhalable water droplets increases the biological risk.
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1. Introduction


Showering represents the largest inhalation exposure to volatile and aerosolized components of water—bioaerosols, metals, and chemical contaminants, e.g., disinfection by-products (DPBs)—in daily life [1,2]. Depending on the nature and concentration of contaminants, both acute and chronic effects of their inhalation have been reported. Long-term daily exposure to high levels of DPBs (e.g., trihalomethanes (THM)) is known to increase the risk of developing cancer [3], and such levels are regularly reported in the literature [4,5]. Consequently, the level of these contaminants in tap water needs to be controlled via regulation, and particular attention must be paid in places where inhalation exposure is significant, e.g., places with low ventilation rates and high shower frequency. Other water contaminants can affect health after short-term exposure alone. Thus, while endotoxins commonly aerosolized in showers are rarely of sufficient concentration to impact human health [6], the inhalation of water aerosols containing opportunistic bacterial pathogens (OBPs)—including, among others, Legionella pneumophila, nontuberculous Mycobacteria, and Pseudomonas aeruginosa—during routine showering has been regularly implicated in life-threatening respiratory infections [7,8,9]. Legionella pneumophila in particular can cause the serious and life-threatening pneumonia Legionnaires’ disease (LD), which often requires hospitalization and is fatal in 5% to 10% of patients, despite antibiotic treatment. The incidence of LD has continuously increased worldwide since 1996 [10,11,12,13], which warns of the potentially mundane origin of this phenomenon. While the microorganisms responsible are naturally present in almost all aqueous media, they prefer to install and form biofilms in water pipe systems in which water stagnates, particularly where the water temperature is between 20° and 45 °C. Under such conditions, they can reach sufficiently high numbers that—when detached from biofilm, carried by the water flow, and aerosolized, e.g., during showering—they represent a risk of infection to the user.



Over recent years, drastic changes in shower spray patterns have also been shown to save water, potentiating energy savings by decreasing the need for water heating and thus reducing carbon emissions [14,15,16]. Showerheads with water-atomization technology—capable of flow rates of less than 3 L/min—have been proposed to replace traditional continuous-flow showerheads. These new technologies reduce the water droplets emitted to a size which, when coupled with the evaporation rate induced by the ambient air temperature and humidity, may increase the risk of inhaling bioaerosols and other contaminants associated with water droplets. Nevertheless, while the main parameters usually correlated with droplet size—jet velocity, jet size (through the jet Weber number, We), and the half-jet impingement angle—were described previously [17], scarce data on those which may affect the inhalable fraction have been reported, making it difficult to predict which type of spray poses the greatest risk to human health. An large decrease in water droplet size was shown to occur until We~100–150 [18]. For larger We values, the average droplet size stabilizes at around 1 mm, regardless of the impingement angle and the number of jets. Thus, when the evaporation rate of drops is considered, the number of inhalable droplets (≥10 μm) is expected to increase with We value. Consequently, evaporation droplet dynamics might change the distribution of the inhalable water droplets within the shower stall when compared with that predicted for continuous-flow technology, which may impact the user’s exposure. Therefore, there is a need to assess the risk of showering with water-efficient showerheads by taking into account the specificities of this technology. The accumulated knowledge on continuous-flow technology greatly assists in the targeting of features that are comparable between the two technologies. Indeed, the number of inhalable droplets emitted while showering with a continuous-flow showerhead was shown to increase with the water flow rate [19]. It is of interest to determine what impacts fluctuations in the flow rate of water-atomizing showerheads—which can vary between 2.2 and 5.5 L/min—have on aerosol emissions. Another factor that was predicted to influence the number of particles emitted was the presence or absence of a mannequin to mimic the user’s presence. For the continuous-flow showerheads, the presence of a mannequin increased the number of inhalable droplets reaching the user’s nose by shattering the water droplets into smaller secondary droplets via splashing [20]. This phenomenon may be limited with water-atomizing showerheads, which are hypothesized to emit droplets too small to be shattered.



The purposes of the present study were first, to model the behavior of water droplets emitted by water-efficient shower systems with respect to the volume of the shower cabin; second, to compare the results obtained using this model with those determined experimentally in a typical shower stall; and third, to identify which water-atomizing showerhead characteristics struck the best balance among energy use, water consumption, and human health.




2. Materials and Methods


2.1. The Model of Water Droplet Dynamics in a Volume Considered in the Present Study


The process of spherical droplet evaporation is widely documented. The model applied here [21] took into consideration both evaporation and condensation—the two main processes that influence droplet size after their emission by a source such as a showerhead—but neglected inter-droplet interactions. The mathematical model written in Equation (1) [22] illustrates the dependence of the droplets’ evaporation rate on the relative humidity, the particle density, and the droplets’ temperature:


   I i  =  (  1 − φ  )     N i  4 π  r i  D  m ˜    R T   ×  P v  ″      



(1)




where φ is the relative humidity, Ni is the number of droplets with aerodynamic diameter ri, and Pv″ is the vapor pressure.



Since the evaporation process can be interrupted when droplets reach a wall, we applied the one-box model to determine the evolution over time of the temperature and humidity in a particular volume. Reinke and Keil [23] provided an overview of the model, presenting its assumptions and limitations. The one-box model is described by the equation:


    d c   d t   V o l +  D  o u t   c = S  (  T , φ  )  +      D  i n    c  i n    ⏞    ≈ 0      



(2)




in which Din and Dout are, respectively, the incoming and outgoing airflow rate of the cabin, c is the concentration of the vapor, and Vol is the volume of the cabin.



The one-box model simply states that the source term equals the loss term of the ventilation system. The concentration (i.e., the relative humidity) will be equal for shower cabins of different volumes only if S/Dout is the same. Thus, the volume does not explicitly influence the steady state concentration, but does change the transient conditions.



To determine the outflow rate, the source term must be determined separately for systems with different volumes. This can be achieved either mathematically or experimentally. Mathematically, the source term for the vapor depends on the relative humidity, the particle density, and on the droplets’ temperature according to the equation:


  S ( T , φ )   =     ∑   i = 1   i m a x    N i   I i  =  (  1 − φ  )    ∑   i = 1   i m a x      N i  4 π  r i  D  m ˜    R T   ×  P v  ″      



(3)







If the air temperature and relative humidity are the same for systems of different volumes, the source term depends only on the number and size distribution of droplets. The distribution and density of droplets depend on the shower system (geometry, pressure, and flow rate), but also on the size of the droplet cone produced. Indeed, a larger cone (i.e., a larger spray angle) implies a higher total number of droplets and a longer time required for evaporation. Additionally, the airflow might change due to a larger momentum transfer from droplets to the air. These considerations led us to develop a system in which the spatial profile of the droplet density could be determined.




2.2. Estimating Exposure with the Evaporation Model


The evaporation model was applied to determine the evolution of inhalable droplets that were emitted by for a showerhead using the water-atomization technology at a water flow rate of 2.2 L/min, according to a relative temperature of 300 K (26.85 °C) and a falling distance of 2 m (distance between the showerhead and the ground). The droplets were predicted to evaporate completely or partially depending on their size, the distance to the closest wall (assuming no evaporation occurs thereafter), the relative humidity, and the temperatures of both the air and the water exiting the showerhead. The droplet size distribution by volume was assumed to be log-normal with a mode at 80 µm and a GSD of 2. The volume associated with a particular droplet size corresponded to the total volume of water occupied by all droplets of that size. To determine the corresponding number of droplets, this total volume was divided by the volume of a droplet of diameter D, assuming a spherical shape. To obtain realistic numbers, the distribution was multiplied by a normalizing factor determined by equating the total mass rate of water droplets to the water mass flow rate. As each droplet travels a certain distance before either being evaporated completely or reaching a wall, the duration of this travel or fall time was calculated considering its initial velocity upon exiting the nozzle and assuming viscous drag and gravity as the only forces acting on the droplet. The initial velocity was calculated using the mass conservation equation and the flow rate of the shower system.



According to this fall time, the amount of water evaporated and the heat transferred to the surrounding gas were computed for each droplet size. The total amount of water vapor and the heat transferred for all droplets of a certain diameter were then obtained by multiplying these figures by the number of droplets in that size interval. The overall vapor and heat source were then computed by summing the contributions from all droplet sizes.



Experimentally, spatial variations in the density of droplets were determined in an experimental shower stall, which allowed restriction of the total volume of the shower and varying the placement of the showerhead, either vertically or horizontally.




2.3. The Shower Stall


The shower stall—of maximum dimensions 2.1 m long × 1.5 m wide × 2.5 m high—was equipped with a mechanical extraction ventilation system and connected to a drinking water supply system, and to the building’s water-heating system. The hardness of the water ranged between 1.8 and 2.0 mmol/L CaCO3. The front opening was fully closed with an acrylic door. To protect the air monitoring instruments from splashing and to maintain the air moisture low enough for their proper functioning (i.e., below 80%), a 1 m × 2 m Plexiglas separator with a nose-shaped opening was built between the bathroom extraction fan and the shower arm, reducing the experimental shower stall volume to 5.6 m3 (1.5 m × 1.5 m × 2.5 m). A regular mannequin (1.7 m high) could be placed within (Figure 1). The water was aimed at the top of its head from a distance of 0.2 m.




2.4. Experimental Design


The number and mass of inhalable water droplets generated during showering were monitored for eight distinct showerheads using water-atomization technology, and four using continuous-flow technology. All of these showerheads differed in at least one of the following characteristics: flow rate, spray angle, nozzle diameter, number of nozzles, or water pressure. They were chosen in order to cover the diverse characteristics of showerheads either available or soon to be available on the market. Indeed, the design of water-efficient showerheads must make compromises between the characteristics needed to save water (a low water flow rate) and those that provide user satisfaction (the force of impact of water on the skin, body coverage, and rinsing efficiency for the removal of soap). Thus, poor spray distribution, intensity, and heat retention must be avoided in order to guarantee the quality of the showering experience [24]. If users are not satisfied, they may turn away from water-atomizing technology and return to continuous-flow showerheads. Water-atomization technology meets these expectations by using a water flow of between 2.2 and 5.5 L/min and a water pressure of 1.8 to 10.0 bars; and it provides the ability to adjust the spray angle and the number of nozzles and their diameter. The specifications of each showerhead used in the present study are indicated in Table 1.



The aerosols were sampled with a GRIMM 1.109 real-time particle monitor (GRIMM Aerosol Technik GmbH & Co. KG, Ainring, Germany) placed 45 cm from the water-atomization showerheads and 65 cm from the continuous-flow showerheads. When a mannequin was placed below the showerhead, the distance between the mannequin’s nose and the showerhead was the same as that between the sampler and the showerhead. Five showering events were systematically performed for each experimental condition studied. The sampling instruments were switched on 5 min before each showering event. Each showering event ran for 10 min with a controlled hot water temperature of 40 °C to achieve a temperature on the mannequin’s torso of 37 °C. A 10-min delay was respected between showering events to allow the room temperature and relative humidity to return to baseline values. The air temperature and relative humidity were measured with a Testo type 174H.




2.5. Validation of Aerosol Monitoring


The GRIMM 1.109 can count particles ranging from 0.25 to 32.00 µm in environments with a relative humidity of up to 60%. Relative humidity of 90–100%, as can be observed in a shower stall after a few minutes of showering, could induce condensation on the optical system of such a monitor. To avoid such an effect, the aerosols were sampled through a tubing system and diluted by half with air from outdoors. To validate that such a modification did not affect the number of droplets detected, we compared the results obtained in this way with the GRIMM 1.109 to those obtained with two other sampling instruments—a Coriolis μ (Bertin Instruments) and an 8-stage Andersen Cascade Impactor—for one model of water-saving showerhead (2.2 L/min) using water spiked with 40 g/L of NaCl. The Coriolis μ is a cyclonic system capable of collecting particles of size 0.5 to 20 μm from large air volumes (300 L/min in the present study) and concentrating them in a liquid sample (10 mL of Milli-Q deionized water here). The 8-stage Andersen is a cascade impactor that collected particles depending on their size in 8 distinct stages on nylon filters of 47 mm diameter at a rate of 28 L/min, which were subsequently rinsed with 5 mL of Milli-Q deionized water. All samples were analyzed by ionic chromatography (ICS-5000 + DP, Thermo Fisher, Basel, Switzerland) for their Cl– ion content. The limit of detection of the method was 6 µg/L, and the limit of quantification was 20 µg/L. Considering the different collection efficiencies of these instruments, the results obtained (Coriolis 0.78 g/m3, Andersen: 1.14 g/m3, and GRIMM: 2.58 g/m3) can be considered as similar. Thus, this method of use for the GRIMM sampler in a wet environment was validated for further monitoring.




2.6. Experimental Data Analysis


The GRIMM 1.109 gives data in particles/L for 31 size channels (between 0.25 and 32 μm) and in μg/m3 for PM10, PM2.5, and PM1. As the penetration efficiency of particles in human lung depends on their aerodynamic diameter, those smaller than 10 μm in diameter are usually considered to be inhalable. Thus, we considered the PM10 in μg/m3 to compare the water volume that might be inhaled during showering under different showerheads. To determine the number of particles/L inhaled, we pooled the data provided by the instrument for the channels between 0.25 and 10.00 μm and called this range PM10 (particles/L). Based on current knowledge of the aerodynamic sizes of airborne bacteria [25], we considered particles with an aerodynamic diameter of between 1 and 10 μm as large enough to carry bacteria, and small enough to penetrate the airways. To calculate their number, we pooled the data provided by the instrument for the channels between 1 and 10 μm and called this range PM1–PM10 (particles/L).



Descriptive statistics (means with standard deviations (SD)) were used to describe the inhalable fractions (particles or mass) in the presence or absence of the mannequin. The non-parametric Wilcoxon Mann–Whitney U test was performed to compare outcomes between two independent groups (e.g., in the presence/absence of the mannequin). Multivariate regression analysis was used to determine the contribution of each showerhead characteristic—the water technology (water-atomizing or continuous-flow), the water flow rate, the nozzle diameter, the number of nozzles, the spray angle, and the water pressure—to the emission of inhalable water droplets. The real-time variations in the number and mass of inhalable particles PM10 or PM1–PM10 are illustrated with box plots. All analyses were carried out using STATA 14 software (StataCorp LLC., College Station, TX, USA).





3. Results


3.1. Model Prediction for the Effect of Evaporation on the Number of Inhalable Droplets


Considering the diversity of shower use cases and shower cabin characteristics (e.g., the shower duration, the distance between the showerhead and the user’s nose, air temperature and humidity, cabin size, and ventilation) the question arises as to how exposure to inhalable particles and droplets can be influenced. The computation predicted that a water-atomizing showerhead with a flow rate of 2.2 L/min generates 211.8 × 106 inhalable water droplets per second. This number increased with the distance traveled by droplets and doubled at the maximum distance considered of 2 m when the relative humidity (RH) was 90%. It increased further when the RH was below 90%. There was one extreme result of 909.6 × 106 inhalable water droplets per second for an RH of 40%. Nevertheless, in all cases considered, a large proportion of inhalable droplets were smaller than 1 µm (63% for an RH of 90% and 98% for an RH of 40%).



To better understand the effect of evaporation on the droplet size distribution, we provide an example in Figure 2 which illustrates that droplets smaller than 40 µm completely evaporated before they reach ground (2 m) at relative humidities of up to 90%. Droplets larger than 40 µm fell 2 m before complete evaporation. Thus, the evaporation effect has an important consequence on the number of inhalable droplets that might carry bacteria. Droplets each caring a bacterium whose size is initially too large to be inhaled might evaporate to an inhalable size, thus making the bacterium itself potentially inhalable.




3.2. Distributions of Inhalable Droplets in the Shower Stall


The distribution of the aerodynamic size of the inhalable water droplets emitted by a water-atomizing showerhead in a stall of known volume predicted by the mathematical model was validated experimentally.



While the one-box model under a well-mixed assumption predicted an increase in the relative humidity of 47% and an increase in the air temperature of approximately 1 °C, we observed experimentally that the relative humidity rose by 32% and the air temperature rose by 1.2 °C. Thus, our model seems to have correctly predicted the global evolution of the air humidity and temperature inside the shower stall. The overvaluation of the relative humidity by the one-box model indicates an overall overvaluation of the source term. This could be explained by the choice of the droplet size distribution and/or the contribution of the splashing on the mannequin, which were neglected in the mathematical model. In spite of this exception, the model predicted the evaporation effect reasonably well, resulting in droplets of an inhalable size.



The experiments run with water-atomizing showerheads also demonstrated a reasonably homogenous distribution of inhalable droplets in the stall, at least to a vertical distance of 59 cm and a radial distance of 8 cm from the emission source (Figure A1). Differences in the distribution of the water droplets were noticed only at very close proximity to the showerhead (less than 5 cm; Figure A1).




3.3. Influences of Showerhead Characteristics on the Number of Inhalable Droplets


There are major differences between the water-atomizing and continuous-flow showerheads. Water-atomizing showers require a larger spray angle and higher water pressure than continuous-flow showers do to provide the same showering experience to users. Moreover, to reduce water flow, they must decrease the number of nozzles and increase the nozzle diameter. In light of this, we first confirmed that these differences were well represented by the models tested in the present study. We found a negative correlation between nozzle diameter and flow rate (Coef = −0.10) and a positive correlation between the number of nozzles and the flow rate (Coef = 17.40), as expected.



Next, we determined the contribution of each showerhead characteristic to the emission of inhalable water droplets (Table 2). An increase in the spray angle and a reduction in the flow rate were the shower characteristics that best explained increases in PM10 mass emission during a showering event. In contrast, a reduction in the flow rate and an increase in water pressure were the characteristics that best explained an increase in the number of inhalable droplets (PM10 (particles/L)). Interestingly, the number of nozzles seems to be a major contributor to increasing the emission of inhalable particles large enough to carry bacteria (PM1–PM10 (particles/L)).



The presence of a mannequin in the shower stall drastically modified the number and mass of the inhalable droplets emitted by both shower technologies, but in different ways. While the mass of inhalable droplets increased in the presence of the mannequin during showering events with a continuous-flow showerhead, it decreased when a water-atomizing showerhead was used. Similarly, the number of inhalable droplets increased when a continuous-flow showerhead was used in the presence of the mannequin, although no significant modification was observed when a water-atomization showerhead was used (Table 3).



Nonetheless, even in the presence of the mannequin, the water-atomization showerheads still emitted, on average, more inhalable particles than the continuous-flow showerheads did, including those large enough to carry a bacterium. In the presence of the mannequin, the inhaled water mass was reasonably consistent among the water-atomization showers (Table 3, Figure 3); however, the number of inhalable particles—in particular those that may carry bacteria—varied depending on the flow rate and the number of nozzles (Figure 3). The water-atomization shower that emitted the fewest particles and lowest water mass in the presence of the mannequin was that with a flow rate of 4.7 L/min, 16 nozzles, and a spray angle of 30 degrees.





4. Discussion


Water-atomization showerheads are the most prevalent water-efficient showerheads on the market. To assess the risk of exposure during their usage, we applied the evaporation model to the most economical water-atomization showerhead to estimate the number of water droplets of inhalable size emitted by this showerhead. We predicted that this number increased by a factor of two or four depending on whether the RH was 90% or 40%, respectively. The evaporation model also predicted huge increases in the RH and temperature in the experimental shower stall, which was validated experimentally. These findings support the hypothesis that the RH in a shower stall with a water-atomization showerhead can rapidly reach a value of between 80% and 90%, which limits the evaporation rate of the droplets emitted, and therefore, the number of inhalable droplets that can reach the user’s nose. The fact that the relative humidity rapidly reached 90% when an eco-friendly showerhead was used in a shower stall of regular volume might have been due to the homogenous distribution of water droplets in the stall. The larger size of water droplets emitted by continuous-flow showerheads might avoid a similarly homogenous pattern over such a short time. Limiting the water droplet evaporation rate might not limit the emission of volatile components such as DBPs [3]. Only further studies on this particular aspect can shed light on which strategy will be the best to avoid chemical exposure to volatile contaminants while showering with eco-friendly showerheads.



The testing of different water-atomizing systems allowed us to identify those that emit the lowest numbers of inhalable droplets. Interestingly, showerheads employing water-atomization technology emitted less water mass in the presence of a mannequin than those employing continuous-flow technology did. This can be explained by the increase in the number of water droplets emitted by the continuous-flow showerheads due to the formation of secondary droplets via splashing on the mannequin, as previously suggested [19]. Interestingly, the water-atomization technology did not seem to generate a consistent number of secondary droplets by this mechanism. Nevertheless, only one of the water-atomization showerheads emitted a number of particles capable of carrying bacteria similar to that of the continuous-flow showerheads. These results are encouraging and call for a quantitative microbial risk assessment (QMRA) that integrates information regarding pathogen occurrence and infectivity, in addition to the exposure limits to determine the health implications of microbial hazards [26]. Following such a QMRA, the designers of eco-friendly showerheads must be made aware of any potential health risks. Thereby, they will be able to take into consideration the characteristics of showerheads that limit the risk of infection by pathogenic bacteria, in addition to those that correspond to ecological objectives and the user experience. Of note, for the continuous-flow showerheads, we obtained water mass emission rates similar to those found by Cowen et al. [20] (2.7–41.3 μg/m3) but lower than those found by Zhou et al. [19] (300 µg/m3–14,000 µg/m3). Indeed, we used a similar water temperature and a shower stall with a similar air exchange rate as that used in the Cowen et al. study (39 °C and 6/h, respectively).




5. Conclusions


The risks associated with use of water-atomization showerheads need to be investigated further, particularly with regard to possible exposure to infectious bacteria and volatile contaminants. The slight increase in inhalable water droplets associated with water-atomization technology suggests an increase in exposure during their use. Nevertheless, further research is needed to determine the impacts of this new water technology on the survival of pathogenic bacteria in the output water, and on the rate of bacterial release from biofilms in pipes. More data are needed regarding the occurrence and infectivity of such pathogens for a quantitative microbial risk assessment (QMRA).
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Figure A1. Distribution of inhalable water droplets in the shower volume: (a) during the radial movement of the sampler; (b) during the vertical movement of the sampler. 






Figure A1. Distribution of inhalable water droplets in the shower volume: (a) during the radial movement of the sampler; (b) during the vertical movement of the sampler.
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Figure 1. A schematic representation of the experimental shower stall showing the locations of sampling instruments and the air-extraction system (black hole). 
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Figure 2. An example of the evolution of the droplet size distribution due to evaporation for relative humidity Φ = 0.9, air temperature T = 300 K, and water flow rate = 2.2 L/min. The blue curve illustrates the number of droplets of each size emitted by the showerhead, and the red curve shows the number of droplets of each size that the model predicted at a distance of 2 m from the showerhead. The red rectangle highlights the pronounced evaporation effect on water droplets with a starting diameter of 10 µm. 
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Figure 3. Emission of inhalable particles or water mass in the presence of a mannequin with respect to the spray angle (a); the water flow rate (versus PM10) (b); the water flow rate (versus PM1–PM10) (c); and the number of nozzles (d). The showers using water-atomization technology were those with a water flow rate of 3.8 to 5.5 L/min, a number of nozzles between 6 and 16, and a spray angle of 27 to 36 degrees. The showers using continuous-flow technology were those with a water flow rate of 6.0 to 7.5 L/min, a number of nozzles between 46 and 120, and a spray angle of 1 to 15 degrees. 
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Table 1. Characteristics of the showerheads tested, ranked by water flow rate.
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	Technology
	Flow Rate (L/min)
	Number of Nozzles
	Water Pressure (bars)
	Spray Angle (°)
	Nozzle Diameter (mm)





	 [image: Water 13 02678 i001]
	atomizing
	1.7
	2
	10.0
	12
	1.1



	 [image: Water 13 02678 i002]
	atomizing
	2.2
	5
	1.8
	20
	0.8



	 [image: Water 13 02678 i003]
	atomizing
	2.8
	2
	10.0
	18
	1.3



	 [image: Water 13 02678 i004]
	atomizing
	2.8
	2
	2.4
	18
	1.3



	 [image: Water 13 02678 i005]
	atomizing
	3.8
	10
	2.7
	27
	1.0



	 [image: Water 13 02678 i006]
	atomizing
	4.0
	6
	2.4
	36
	1.1



	 [image: Water 13 02678 i007]
	atomizing
	4.7
	16
	2.0
	30
	2.0



	 [image: Water 13 02678 i008]
	atomizing
	5.5
	6
	2.4
	36
	1.0



	 [image: Water 13 02678 i009]
	continuous flow
	6.0
	50
	1.7
	1
	0.8



	 [image: Water 13 02678 i010]
	continuous flow
	6.7
	46
	2.0
	5
	1.0



	 [image: Water 13 02678 i011]
	continuous flow
	7.5
	120
	1.2
	15
	0.6



	 [image: Water 13 02678 i012]
	continuous flow
	10.2
	51
	1.2
	5
	0.8
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Table 2. Multivariable regression results (Coef; R2) illustrating the influences of major showerhead characteristics on the PM fractions generated during showering in the presence or absence of a mannequin.
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	PM10

(μg/m)
	PM10

(Particles/L)
	PM1–PM10

(Particles/L)





	Flow rate (L/min)
	−3.3 × 10−3; 0.024 ***
	−1.3 × 10−5; 0.149 ***
	−2.7 × 10−4; 0.066 ***



	Nozzle diameter (mm)
	1.6 × 10−4; 0.002 ***
	7.5 × 10−7; 0.022 ***
	1.9 × 10−5; 0.014 ***



	Number of nozzles
	−5.5 × 10−2; 0.013 ***
	−1.9 × 10−4; 0.064 ***
	−5.8 × 10−3; 0.059 ***



	Spray angle (°)
	1.6 × 10−2; 0.026 ***
	1.3 × 10−5; 0.006 ***
	1.0 × 10−3; 0.043 ***



	Water pressure (bars)
	1.3 × 10−3; 0.002 ***
	1.4 × 10−5; 0.085 ***
	2.3 × 10−4; 0.023 ***







*** p < 0.001.
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Table 3. Mass and number of inhalable particles emitted during a showering event in the presence or absence of a mannequin.
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	Mannequin
	Water Technology
	Mean PM10 ± SD [µg/m3]
	Mean PM10 ± SD [Particles/L]
	Mean PM1–PM10 ± SD [Particles/L]





	presence
	atomization
	26.4 ± 27.9
	113,457 ± 47,263
	1765 ± 2326



	absence
	atomization
	70.4 ± 130.4
	113,737 ± 71,403
	1733 ± 2314



	presence
	continuous flow
	63.6 ± 91.3
	76,123 ± 49,810
	1148 ± 1122



	absence
	continuous flow
	12.7 ± 22.7
	66,683 ± 57,705
	254 ± 331
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