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Abstract: Heat transfer coefficients between shower water and human skin could significantly
impact occupants” thermal sensation and energy consumption during showering. A recent study
found that heat transfer coefficients varied considerably among showerhead patterns. However, the
specific effects of the showering heat transfer process on the showerhead patterns have yet to be
determined. Two experiments were conducted to quantify the spray patterns during showering,
and the impacts of the patterns’ parameters on the heat transfer coefficient were examined using
different statistical methods. Five showerheads with 18 spray patterns were tested in this study. The
resistance factor, water supply pressure, and nozzle area ratio of these patterns were measured to
qualify their shower performance. The results indicated that all the tested parameters significantly
impacted the heat transfer coefficient in general, and using resistance factor and nozzle area ratio
could accurately predict the heat transfer performance of the showerhead pattern. Additionally, this
study demonstrated that changing to a showerhead with a higher heat transfer coefficient could
save considerable energy while maintaining the same thermal sensation during showering. The
influence of water spray patterns on the heat transfer coefficient could provide residents with scientific
references when selecting showerheads in their bathrooms.

Keywords: showering; showerhead; heat transfer coefficient; water spray pattern

1. Introduction

With improving living standards and developing health consciousness, showering
has become a necessary part of modern people’s daily lives. Regular showering could
maintain personal hygiene and provide a refreshing experience [1]. However, showering
also consumes a significant amount of energy and water. According to the International
Energy Agency, domestic water heating accounted for around 16% of household energy
consumption [2,3]. Carbon reduction or energy saving has attracted much more attention
in recent years because of climate change. As the second largest energy consumer in
residential buildings, domestic water heating (or showering) has great potential for energy
conservation [4]. Many previous studies demonstrated the possible ways to save energy
during showering, such as enhancing heat pump efficiency [5], recovering heat from
wastewater [6,7], using clean energy [8], etc. However, most of these studies focused on
water heating or recycling techniques. Hardly any of them studied how to use water
effectively.

Although many studies have investigated user behaviors” impact on water and energy
consumption in the past decades, most have focused on socioeconomic factors, ethical
responsibilities, or social norms [9-11]. Saving water is more like a slogan of a social
campaign rather than a permanent approach. My residential water-saving devices have
been invented and proven efficient in water saving [12]. However, they seem difficult to
spread and popularize without government subsidies [13]. According to prior research,
two reasons might impede the acceptance of these devices: the incomprehension of the
characteristics of the devices and the dissatisfaction that these devices might cause [14,15].

Water 2024, 16, 928. https:/ /doi.org/10.3390/w16070928

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16070928
https://doi.org/10.3390/w16070928
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-1293-0542
https://orcid.org/0000-0001-8449-4973
https://doi.org/10.3390/w16070928
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16070928?type=check_update&version=1

Water 2024, 16, 928

2 of 15

Earlier studies indicated that choosing optimal showerheads (i.e., low-flow shower-
heads in most cases) and using them wisely could improve residents” health and thermal
comfort during showering. Moreover, it could save water and energy [16-18]. It is not hard
to understand that using a low water flow showerhead could reduce water and energy
consumption. However, according to Wong et al. [19], people usually turn up the water
temperature when the water flow rate is low to maintain thermal comfort. This operation,
in turn, would increase the water heater’s energy consumption. Therefore, the best shower-
head does not mean having the lowest water flow rate. Thermal comfort also cannot be
ignored. The heat transfer between hot water and human skin is vital in determining users’
thermal sensations and energy consumption. For a hot water shower, the higher the heat
transfer efficiency, the less water and energy are consumed to maintain a thermally neutral
skin temperature (namely, a comfortable showering environment). For this reason, the heat
transfer coefficient, as the principal influence factor of the heat transfer process, should
be given more attention when analyzing thermal comfort and energy efficiency during
showering.

A recently conducted experiment indicated that the showerhead’s water spray pattern
significantly impacted the heat transfer coefficient between hot water and human skin
during showering [20]. However, no specific effects for overall showerhead patterns were
concluded since only one characteristic parameter of the water flow pattern—the nozzle
area ratio—was considered in their study. Although the influence of spray patterns on
the heat transfer coefficient was rarely studied during showering, it was investigated
by many studies for the industrial spray cooling process [21,22]. Several parameters of
spray patterns (such as spray pressure, water flux, and distribution of drop diameter)
were examined to quantify their impacts on the heat transfer coefficient between water
and metal surfaces [23,24]. Water pressure was one of the most studied parameters, and
specific effects have been identified. Specifically, Cebo-Rudnicka et al. [21] observed an
increased heat transfer coefficient when the water pressure increased from 0.5 to 1 Mpa.
However, an inverse effect was reported by Hou et al. [25]. The result might be caused by
the different liquid and surface temperatures tested in these two studies. Considering the
other conditions between showering and spray cooling, the impact of spray patterns might
be even more different.

Therefore, the current study conducted a series of experiments to determine the heat
transfer coefficient for showering under different spray patterns of some showerheads.
Additionally, to quantify the performance of each spray pattern, three parameters were
examined: resistance factor, water supply pressure, and nozzle area ratio. The findings of
this study could assist manufacturers and users in better understanding their showerheads.
Moreover, based on the analyses of the experiment data, the impact of spray patterns on
the heat transfer coefficient can be calculated, which could help the manufacturers optimize
product design. Overall, these influences could lead to cumulative improvements in the
efficiency of water use and a reduction in the carbon emissions associated with processes
such as water treatment and distribution.

2. Methodology

The methodology consists of three parts, as shown in Figure 1. The first part was the
measurement of the heat transfer coefficient. Five relatively popular showerheads (according
to the online shopping website used in Hong Kong) with different surface areas and nozzle
layouts were tested under six conditions: three water temperatures (35, 38, and 41 °C) x two
water flow rates (6 L/min and 7.2 L/min). The tested conditions were selected based on
previous studies on similar topics [15] and the water flow rate recommended by the water
supplies department of Hong Kong [26]. A skin model (consisting of a Styrofoam board
and a thin aluminum board) and five platinum resistance thermometers were applied in this
measurement. The detailed measurement procedure was introduced in a previous study [20].
In total, 108 results of heat transfer coefficient were obtained. The second part described
in Section 2.1 was the experimental study on showerhead characterization. The third part,
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as described in Section 2.2, was the data analysis to identify the relationships between the
showerhead patterns and the heat transfer coefficients, which could help to determine the
optimal showerhead pattern.

Exp.1: heat transfer Exp.2: showerhead

coefficients characterization

v

Data analysis: relationships between heat transfer coefficients and

showerhead patterns

v

Determine the optimal showerhead pattern

Figure 1. The research process of this study.

2.1. Experiment Setup

This study’s main experiment was measuring the water pressure of the 18 showerhead
patterns. As shown in Figure 2, a pressure transmitter (WIKA A-10, WIKA Alexander
Wiegand SE & Co., Ltd., KG, Klingenberg, Germany) installed between the water supply
tube and the showerhead was used to measure the water pressure, and a data acquisition
solution (DA200, © B&K Precision Corp., Yorba Linda, CA, USA) was connected to the
pressure transmitter to show the signal and record the results. Then, the signal was
converted to pressure according to the specification of the pressure transmitter.

Figure 2. The experiment setup.

Five showerheads, including 18 spray patterns, were tested in this study (see Figure 3).
Showerheads A and B have five patterns, showerhead C has one pattern, showerhead D has
three, and showerhead E has four. Three parameters were measured to quantify the shower
performance of these patterns: nozzle area ratio (& 4), water pressure (P), and resistance
factor (K). The nozzle area ratio can be calculated using Equation (1). The water pressure
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can be converted from the measurement data. The resistance factor can be calculated using
Equation (2) [16].

As
g4== (1)
A Af
P
K= @)

where A; is the total area of the working nozzles (m?); A is the area of the whole faceplate
of the showerhead (m?); Q is the water flow rate (L/min).

(B)

Figure 3. Tested showerheads (A-E) (from left to right in order).

(D)

2.2. Data Analysis

The parameters obtained from the two experiments, namely, water temperature, water
flow rate, heat transfer coefficient, showerhead pattern, nozzle area ratio, water pressure,
and resistance factor, were imported into IBM SPSS statistics 27.0 (SPSS Inc., Chicago,
IL, USA) for the data analysis. Then, the imported data was screened based on Z-scores
of the heat transfer coefficient and the water pressure, where all the cases with Z-scores
higher than two or lower than minus two were considered outliers and eliminated. After
that, a series of Pearson correlation analyses were conducted to examine the relationships
between the parameters of the showerhead pattern (i.e., nozzle area ratio, water pressure,
and resistance factor) and heat transfer coefficient. Lastly, a two-way ANOVA analysis was
carried out to investigate the interactive effect of the parameters of the showerhead pattern
on the heat transfer coefficient.

3. Results and Discussions
3.1. General Results

The results obtained from the two experiments are shown in Table 1. The average
heat transfer coefficients of these showerheads were similar (80-100 W /(m?-°C)), except
for showerhead E. Moreover, it can be seen that the heat transfer coefficient of the tested
showerheads varied largely with different shower conditions and different patterns. The
impacts of shower conditions (i.e., water flow rate and water temperature) were reported
in a previous paper [20]. Namely, the water flow rate positively impacts the heat transfer
coefficient between the hot water and human skin during showering, while no significant
effect of water temperature was identified. Considering the significant impact of the
water flow rate, the analyses were conducted separately for different water flow rates in
the current study. The present study only focuses on the impacts of showerhead-related
parameters, i.e., nozzle area ratio, water pressure, and resistance factor, on the heat transfer
coefficient.
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Table 1. Results obtained from the two experiments.
Water Flow Heat Transfer Coefficient (W/(m?-°C)) Nozzle Area Pressure P Resistance Factor
Showerhead Pattern . . . 22
Rate (L/min) Tw =35 Tw = 38 Tw =41 Ratio @4 () (kPa) K (kPa-min®/L?)

6 62.2 91.8 71.9 0.012 53.2 15
1 7.2 65.4 88.6 68.3 0.012 119.0 2.3
6 86.4 87.4 147.2 0.022 91.0 2.5
2 7.2 111.9 72.9 85.7 0.022 123.6 2.4
6 46.9 36.2 123.4 0.014 52.5 15
A 3 7.2 138 77.3 85.9 0.014 154.0 3.0
6 82.3 101.7 91.6 0.017 105.0 2.9
4 7.2 69.6 74.3 90.8 0.017 94.5 1.8
6 63.6 44.6 10.7 0.010 35.0 1.0
5 7.2 122.1 98.1 55.5 0.010 115.5 2.2

Mean (S.D.) 81.9 (23.5) 0.015 (0.004)  94.3 (35.4) 2.1 (0.6)
6 101.8 85.1 98.1 0.004 73.5 2.0
1 7.2 122.6 140.1 67 0.004 161.0 3.1
6 147.3 96.4 112.7 0.008 77.0 2.1
2 7.2 1171 115.8 147.1 0.008 168.0 3.2
6 119.6 129.6 79.2 0.005 87.5 2.4
B 3 7.2 72 86 97.4 0.005 126.0 2.4
6 104.5 114.7 55.3 0.007 71.8 2.0
4 7.2 69.2 130.9 100.3 0.007 150.5 2.9
6 164.1 73.6 55.5 0.002 65.8 1.8
5 7.2 78.7 73.7 65.2 0.002 1239 2.4

Mean (S.D.) 94.9 (23.8) 0.005 (0.002) 1105 (37.9) 2.5(0.5)
6 66 102.7 83.5 0.006 68.8 19
C 1 7.2 744 103.2 101.4 0.006 186.0 36

Mean (S.D.) 88.5 (14.8) 0.006 (0.000) 1274 (66.7) 2.80 (1.1)
6 70.3 81.7 32.3 0.012 52.5 15
1 7.2 94.7 57.6 65.4 0.012 122.5 2.4
6 95.6 113.5 115 0.025 63.0 1.8
D 2 7.2 148.4 77.6 142.8 0.025 147.0 2.8
6 105.9 65.4 81.9 0.023 56.0 1.6
3 7.2 109.9 104.5 83.3 0.023 136.5 2.6

Mean (S.D.) 88.1 (25.6) 0.020 (0.006) 963 (39.8) 2.1 (0.5)
6 59.0 50.2 47.7 0.004 52.5 15
1 7.2 50.0 74.1 55.5 0.004 168.0 3.2
6 50.3 55.5 67.0 0.008 87.5 2.4
2 7.2 60.2 67.5 80.2 0.008 212.8 4.1
E 6 41.2 47.6 63.6 0.006 49.0 14
3 7.2 53.0 64.1 80.3 0.006 140.0 2.7
6 44.5 45.7 37.4 0.003 35.0 1.0
4 7.2 46.6 54.0 54.0 0.003 129.5 2.5

Mean (S.D.) 56.2 (11.3) 0.005 (0.002)  109.3 (59.5) 2.3 (1.0)

Note: The outliers were marked in italics and eliminated from the database.

Table 2 shows the general relationships among the nozzle area ratio, water pressure,
and resistance factor of the showerhead patterns and the heat transfer coefficient. As can be
seen, all the parameters of the showerhead pattern had significantly positive impacts on the
heat transfer coefficient between the water flow and human skin (p < 0.05). Additionally,
a strong positive correlation was identified between water pressure and resistance factor,
which might explain the similar impacts of water pressure and resistance factor on the heat
transfer coefficient.

Table 2. Correlations between the heat transfer coefficient and the showerhead performance

parameters.
Nozzle Area Ratio @4 Water Pressure P Resistance Factor K
Heat transfer coefficient 0.283 (0.004) 0.321 (0.001) 0.395 (<0.001)
Nozzle area ratio —0.024 (0.811) —0.013 (0.893)
Water pressure 0.941 (<0.001)

Note: Results were obtained from Pearson correlation analyses; p-values were shown in parentheses; p < 0.05 was
considered statistically significant and marked in bold.
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Additionally, significant differences in the heat transfer coefficients were observed
between the five showerheads (F(4, 97) = 11.10, p < 0.001) and between the 18 spray
patterns (F(17, 84) = 4.56, p < 0.001). Figure 4 illustrates the quartiles and mean values
(i.e., the “x” marks) of the heat transfer coefficient of the 18 tested patterns (five show-
erheads) under different shower conditions. In general, showerhead B had the highest
average heat transfer coefficient (about 95 W/ (m? °C)), showerheads C and D had similar
average values (about 88 W/(m?2-°C)), followed by showerhead A (about 82 W/(m?-°C)),
and showerhead E had the lowest average heat transfer coefficient (about 56 W/(m?2-°C)).

W, . .
! .

ié.ﬁl .l..liﬂ.!aﬁﬁ,

60 1

40 1

20 1

Heat transfer coefficient (W/(m?-°C))

A-1A-2A-3A4 A-SIB-l B-2 B-3 B4 B-5|C-1|D-1 D-2 D-3|E-1 E-2 E-3 E4
A | B lc] b | E

Showerhead mode

Note: the x-axis represents different showerhead patterns.

Figure 4. Heat transfer coefficients of different showerhead patterns.

3.2. Impacts of Spray Patterns on the Heat Transfer Coefficient for the Same Showerhead

Since showerhead C has only one spray pattern and performs similarly (in terms
of the average heat transfer coefficient) to showerhead D, showerheads C, and D were
considered one showerhead with four spray patterns in this section. Figure 5 shows the
relationships between the nozzle area ratio and the heat transfer coefficient for each tested
showerhead. The Pearson correlation coefficients are mentioned in the figures. It can be
seen that showerhead E’s nozzle area ratios were relatively small, and they were positively
correlated with the heat transfer coefficient (r = 0.493, p = 0.014). However, there was no
such correlation for the other showerheads, even though the nozzle area ratio significantly
positively impacted the heat transfer coefficient when considering the tested showerheads
as a whole (see Table 2).

Figure 6 shows the relationships between the tested showerheads” water pressure
and the heat transfer coefficient. Significantly positive correlations were identified for
showerheads A and D. In addition, it can be seen that the water pressure was positively
correlated with the water flow rate. The larger the water flow rate was set, the higher the
water pressure was detected.
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Figure 5. Relationships between the nozzle area ratio and the heat transfer coefficient.
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Figure 6. Relationships between the pressure and the heat transfer coefficient.

Since the resistant factor was calculated based on water pressure, its impact on the
heat transfer coefficient was similar to water pressure (as shown in Figures 6 and 7).
However, the correlations between the resistant factor and heat transfer coefficient were
more substantial than those between the water pressure and heat transfer coefficient
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(see the Pearson correlation coefficients). The impacts of the resistant factor were signifi-
cant for almost all the tested showerheads (see Figure 7).
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Resistance factor K (kPa'min?/L?) Resistance factor K (kPa-min%/L?)
(c) Showerheads C&D (d) Showerhead E

Figure 7. Relationships between the resistant factor and the heat transfer coefficient.

Generally, the parameters of the showerhead pattern significantly positively impact
the heat transfer coefficient between water and skin during showering. However, if these
impacts are analyzed per showerhead, only the impact of resistant factors was significant
for most showerheads. Therefore, more attention should be paid to the resistance factor
when selecting a showerhead. In winter, the showerhead pattern with a higher resistant
factor is suggested to be chosen to increase skin temperature quickly at the beginning of
showering. In contrast, in summer, the showerhead pattern with a lower resistance factor
is suggested to be selected to avoid overheating the body.

3.3. Interactive Impacts of the Parameters of Showerhead Pattern on the Heat Transfer Coefficient

Three parameters of showerhead pattern were investigated in the current study. Since
water pressure was closely related to the resistance factor and the resistance factor had a
relatively more significant impact on the heat transfer coefficient, the resistance factor can
represent water pressure; hence, it was not separately considered in this section. Therefore,
only the interaction between the resistance factor and nozzle area ratio was examined. As
seen in Table 3, the two-way ANOVA results were similar for different water flow rates.
Specifically, no statistically significant interaction was identified between the effects of the
resistance factor and nozzle area ratio on the heat transfer coefficient. The simple main
effects analysis showed that only the resistance factor had a statistically significant effect on
the heat transfer coefficient. In contrast, no significant effect was identified for the nozzle
area ratio.
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Table 3. Interactive impact of nozzle area ratio and resistance factor on the heat transfer coefficient.

Water Flow Mean

Rate Parameters df Square F p
1213.759 2.685 0.079
8289.777  18.340 <0.001

148.029 0.327 0.722

Nozzle area ratio 1188.027 1.991 0.149
7.2 L/min Resistance factor 2665.309 4.467 0.040
Nozzle area ratio x Resistance factor 2 477.769 0.801 0.456

Note: Results were obtained from two-way ANOVA analyses; p < 0.05 was considered statistically significant and
marked in bold.

Nozzle area ratio
6 L/min Resistance factor
Nozzle area ratio x Resistance factor

NN RPR,DN

Figure 8 illustrates the detailed interactive impacts of the resistance factor and nozzle
area ratio on the heat transfer coefficient. For the showerhead patterns with similar nozzle
area ratios, the ones with higher resistance factors always result in higher heat transfer
coefficients (see Figure 8a,c). However, the relationships between the nozzle area ratio
and the heat transfer coefficient were only positive for the showerhead patterns with
relatively small resistant factors. Moreover, it also can be seen that the resistance factors
were higher when the water flow rate was more significant. Specifically, when the water
flow rate was 6 L/min, the resistance factors of all the showerhead patterns were less than
3.0 kPa-min? /L2, while when the water flow rate was 7.2 L/min, all the resistance factors
were larger than 1.5 kPa-min?/L2. The heat transfer coefficient was the highest when the
nozzle area ratio was between 0.0075 and 0.015 and the resistance factor was larger than
3.0 kPa-min? /L2,
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Figure 8. Interactive impacts of nozzle area ratio and resistance factor on the heat transfer coefficient
when the water flow rate was 6 L/min (a,b) and 7.2 L/min (c,d).
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3.4. Integrated Impacts of the Parameters of Showerhead Pattern on the Heat Transfer Coefficient

Since there is no correlation between the nozzle area ratio and the resistance factor
(see Table 2) nor interactive effect between them on the heat transfer coefficient (see Table 3),
a multivariate regression was conducted to identify further the integrated impact of
these two parameters of showerhead on the heat transfer coefficient between the hot
water and human skin. The results indicate that nozzle area ratio and resistance factor
of the showerhead pattern could statistically significantly predict heat transfer coeffi-
cient (water flow rate = 6 L/min: F(2,51) = 14.73, p < 0.001; water flow rate = 7.2 L /min:
F(2,48) = 88.64, p < 0.001). In other words, the regression models were good fits for the
data. The detailed information on the models is shown in Table 4. When the water flow
rate was 6 and 7.2 L/min, the impacts of the nozzle area ratio and resistance factor on
the heat transfer coefficient (¢.) can be expressed by Equations (3) and (4), respectively.
When the water flow rate was low, only the resistance factor significantly impacted the heat
transfer coefficient (p < 0.001). Thus, its contribution to the prediction was more significant
than the nozzle area ratio. When the water flow rate was high, both parameters of the
showerhead pattern significantly impacted the heat transfer coefficient, and the nozzle
area ratio played a more decisive role in predicting the heat transfer coefficient (i.e., the
standardized coefficients of both parameters were 0.4).

e = 52.40 x @003 x K092 (R2 = 0.37) 3)

te = 106.91 x 40191 x K0-691 (R2 - 0.27) 4)

Table 4. Integrated impact of nozzle area ratio and resistance factor of showerhead on the heat
transfer coefficient.

Water Flow Rate Parameters Unstandardized 3  Standardized 3 (Clgze,) p
Constant 3.959 /

6 L/min Ln(2,) 0.039 0.06 (—0.11-0.19) 0.598
Ln(K) 0.926 0.59 (0.57-1.28) <0.001
Constant 4.672 /

7.2 L/min Ln(@4) 0.191 0.46 (0.08-0.30) <0.001
Ln(K) 0.691 0.37 (0.21-1.17) 0.005

Note: Results were obtained from two-way ANOVA analyses; p < 0.05 was considered statistically significant and
marked in bold.

Detailed information on the models is shown in Table 4. Both resistance factor
(p = 0.008) and nozzle area ratio (p < 0.001) were significant predictors in this model.

4. Discussions
4.1. Impacts of Showerhead Patterns on the Heat Transfer Coefficient

Three parameters (i.e., nozzle area ratio, water pressure, and resistance factor) of
the showerhead pattern were examined in the current study. The results indicated that
they all positively impact the heat transfer coefficient between the hot water and human
skin. Regarding the impacts of nozzle area ratios and water pressure on the heat transfer
coefficient, similar effects were reported before by Wong et al. [20] and Cebo-Rudnicka
et al. [21]. The impact of the nozzle area ratio is easy to understand since the larger the
nozzle area, the larger the contact area between the water and the skin. Thus, more heat
could be transferred through the conduction and convection [27]. In terms of the impact of
water pressure, as explained by Cebo-Rudnicka et al. [21] in their study, higher pressure
could increase the water dispersion and velocity, resulting in more heat transfer between
the water and skin. Similarly, Zhang et al. [17] also observed that the showerhead with
smaller holes, which lead to high spraying force and water pressure, could result in a
more significant temperature drop, i.e., more heat transfer. Considering that the resistance
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factor was calculated based on water pressure and they are closely related to each other
(see Table 2), the same explanation should also work for the impact of the resistance factor
on the heat transfer coefficient.

Additionally, the integrated impacts of resistance factor and nozzle area ratio on heat
transfer coefficient were analyzed in this study under two different water flow rates. Two
multivariate regression models were established, and both fit the data well. When the
water flow rate was low, the impact of the nozzle area ratio on the heat transfer coefficient
was insignificant, and only the resistance factor played a vital role in determining the heat
transfer coefficient. With the increase in water flow rate, the impact of the nozzle area
ratio increased. When the water flow rate was 7.2 L/min, its impact on the heat transfer
coefficient was even more significant than the impact of the resistance factor.

Apart from that, it is worth noting that although there were statistically significant
relationships between the predictors (i.e., nozzle area ratio and resistance factor) and the
dependent variable (i.e., heat transfer coefficient) (p < 0.001), the R? values were relatively
low, suggesting moderate levels of explanatory power. In other words, only 27% or 37%
of the variability in the heat transfer coefficient can be accounted for by the nozzle area
ratio and the resistance factor, and the remaining 73% and 63% of the variances were
unexplained. More predictors would be required in future studies. For example, Adeyeye
et al. [15] found that spray distribution is an essential indicator of showerhead performance.
Therefore, more variables are suggested for future research.

4.2. Selection of the Optimal Showerhead

Although the overall results indicated that all the investigated showerhead-related
parameters were positively related to the heat transfer coefficient, the results collected
for individual showerheads showed that only the impact of the resistance was significant
for almost all the showerheads. Moreover, the integrated impacts of the resistance factor
and nozzle area ratio implied that the resistance factor was more important to the heat
transfer coefficient when the water flow rate was low. Many countries face water stress, and
water conservation has been set as a global Sustainable Development Goal [28]. Therefore,
low-flow water devices were suggested for use. In this case, showerheads with higher
resistance factors at an elevated water supply pressure in high-rise buildings seem to be a
better choice. Meanwhile, considering the interaction effect between the resistance factor
and nozzle area ratio on the heat transfer coefficient (see Figure 8), showerhead patterns
with resistance factors larger than 3 were suggested to be selected so that a higher heat
transfer coefficient between water and skin can be obtained.

With a higher heat transfer coefficient, thermal comfort can be maintained at a rel-
atively lower water temperature, and a certain amount of energy can be saved during
showering. This result was inconsistent with the findings of Wong et al. [19] that the higher
the resistance factor, the more energy can be saved. Apart from the high resistance factor,
the interaction effect identified by the current study indicated that the optimal showerhead
nozzle area ratio should be between 0.0075 and 0.015 to achieve effective heat transfer
between water and skin. Under this condition, even better performance could be achieved
by reducing the size of the holes and increasing the number of holes since the smaller the
holes, the higher the pressure, so both the resistance factor and the heat transfer coefficient
could increase. This finding aligns with the results of Woolf et al. [29] that reducing the size
of the holes in the showerhead could maintain a good spray profile at lower flow rates.

A comparison between two cases with different showerhead patterns (i.e., B2 and E4)
was conducted to demonstrate better showerhead patterns” impact on energy consumption
during showering. Detailed information about the selected cases is shown in Table 5.
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Table 5. Two demonstration cases.

Parameters Case 1 Case 2
Showerhead patter B2 E4
Nozzle area ratio (/) 0.008 0.003
Resistance factor (kPa-min?/L?) 3.24 2.50
Water flow rate (L/min) 7.2 7.2
Water temperature (°C) 38 41
Heat transfer coefficient (W/(m?-°C)) 115.8 54.0

According to the convective heat transfer theory, the heat transfer on the skin areas
covered by flowing water can be calculated using Equation (5).

C=unc- (Tskin - Twater) (5)

where, a, is the heat transfer coefficient; Ty, and Tyarer are skin temperature (°C) and
water temperature (°C), respectively. Assuming the skin temperature is around 35.4 °C, the
convection heat transfer rates from the hot water to the skin in the selected cases are similar,
i.e., around 302 W/m2. However, since the heat transfer coefficient of showerhead B2 in
case 1 is about twice as much as the value of E4 in case 2, to achieve a similar heat flux, the
water temperature in case 2 must be higher than in case 1. According to the mathematical
energy consumption model (i.e., Equation (6)) developed by Zhang et al. [30] to investigate
the relationship between the showering condition and the energy consumption rate, the
energy consumption will rise by 0.085 kWh per unit increase in water temperature during
a 10-minute shower.

Qtotal =0.19 x Tgir + 0.51 x Twatgr + 62.08 x my + 43.37 x My — 23.85 (6)

where, T,;, is the air temperature (°C); m, is the compartment mass ventilation rate (kg/s);
and m,y is the water flow rate for showering (kg/s). Assuming a normal and comfortable
bathroom environment with T,;, equals 32 °C and m, equals 0.002 kg/s, the energy con-
sumption during a 10-minute shower should be 1.16 kWh and 1.41 kWh in cases 1 and 2,
respectively. In other words, showerhead E4 will consume 22% (0.25 kWh) more energy
than showerhead B2 to maintain thermal comfort (i.e., the same heat transfer rate from hot
water to human skin).

4.3. Suggestions for Manufacturers and Users

According to the analysis results identified by the current study, to maintain a comfort-
able and energy-saving showering experience, the future showerheads could be designed
with more holes but with smaller sizes, and the nozzle area ratio is suggested to be be-
tween 0.0075 and 0.015 kPa-min?/L?. Additionally, to assist users in making a wise choice,
manufacturers should provide more performance indicators of the showerhead, such as
resistance factor and nozzle area ratio. Lastly, similar to the suggestions provided by Orr
et al. [31] to the water companies, showerhead manufacturers could regularly conduct
evaluation studies about their products or elicit information from recent related studies.

For the users, it is suggested that they pay more attention to the shower performance
of the showerhead besides its appearance. According to the current study, the wise choice
is the one with a higher resistance factor (larger than 3) and medium nozzle area ratio
(0.0075-0.015 kPa-min? /L2). Showerheads processing these attributes facilitate the main-
taining thermally comfortable showering experience using relatively less water at lower
temperatures, which leads to energy and water conservation.

4.4. Limitations and Future Studies

As pioneering experimental research, the current study has several limitations. The
first one is the limited sample size. Only five showerheads with 18 water spray patterns
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were tested in this study, which may affect the generalizability of the results. A larger and
more diverse sample would be needed to validate the findings and explore the effects of
different showerhead characteristics on the heat transfer from hot water to human skin
during showering. A second limitation is the operation error for water flow rate controlling,
which may introduce some variability and bias in the data collection. The water flow rate
was controlled by a gate valve, which may not be accurate or consistent. A more precise
and automated method of controlling the water flow rate would be preferable to reduce
human error and ensure data reliability. The last limitation that should be mentioned is
the lack of prior research studies on the topic, which may affect the validity and reliability
of the results. Since the impact of showerhead patterns on thermal comfort and energy
consumption during showering has rarely been studied before, there are uncertainties in
the existing knowledge. The lack of prior research studies also limits the availability or
quality of the methods and instruments used to experiment.

Based on these limitations, some possible future studies are suggested. First, a larger-
scale study with a more representative showerhead sample could be conducted, and more
characteristic parameters could be considered to confirm and extend the results of this study.
The sample could include showerheads with different faceplate areas, number of nozzles,
water pressure, water distribution, etc. Second, a more accurate study with a more reliable
method of controlling the water flow rate could be carried out to eliminate or minimize
the operation error and ensure the validity of the data. The technique could involve using
a digital device or a sensor to adjust and monitor the water flow rate automatically and
precisely. Lastly, a systematic and uniform evaluation method should be developed to
assess and compare different showerhead patterns regarding heat transfer efficiency and
user satisfaction.

5. Conclusions

Heat transfer coefficients between shower water and human skin are vital in deter-
mining occupants’ thermal comfort and energy consumption during showering. This
study experimented to identify the impacts of three showerhead-related parameters, i.e.,
nozzle area ratio, water pressure, and resistance factor, on the heat transfer coefficient.
Five showerheads with 18 patterns were tested under six showering conditions (two water
temperatures x three water flow rates), and several statistical analyses were conducted to
understand the impacts better and identify the optimal showerhead pattern. The general
results indicated that all the tested parameters positively correlated with the heat transfer
coefficient, among which the resistance factor had the highest coefficient. However, if
each showerhead was examined individually, only the impacts of the resistance factor
were significant for almost all the showerheads. Moreover, the multivariate regression
models showed that the resistance factor was decisive in determining the heat transfer
coefficient when the water flow rate was low. Additionally, the importance of the nozzle
area ratio increased with the water flow rate. When the water flow rate was larger than
7.2 L/min, the nozzle area ratio showed a greater influence on the heat transfer coefficient
than the resistance factor. Furthermore, the two-way ANOVA test result revealed that the
showerhead pattern with a nozzle area ratio of 0.0075-0.015 and a resistance factor of 3.0
or above resulted in the highest heat transfer coefficient between water and human skin
during showering; thus, it was suggested to be selected. The insights gained from this
study could guide manufacturers in designing showerheads and assist residents in wisely
selecting showerheads for comfortable and energy-saving showering.

On top of this, this study demonstrated the energy-saving potential of showerheads
by comparing two showerhead patterns. Specifically, using the showerhead pattern with
higher heat transfer capacity could reduce around 20% of energy without sacrificing
thermal comfort during showering. This study proposed a way to assess the showerhead
performance using a straightforward approach with a relatively small sample. Future
studies should consider more showerhead patterns and develop a more comprehensive
and robust evaluation system that can assist users in choosing the best showerhead. The
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findings of this study could assist manufacturers and users in better understanding their
showerheads. Moreover, based on the analyses of the experiment data, the impact of
spray patterns on the heat transfer coefficient can be calculated, which could help the
manufacturers optimize product design. Overall, these influences could lead to cumulative
improvements in the efficiency of water use and a reduction in the carbon emissions
associated with processes such as water treatment and distribution.
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