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Abstract: - The paper deals with nozzle valve characteristics used in modern portable device, named handy
shower, dedicated for personal hygiene. Such device significantly reduces water consumption and can be easily
and quickly changed into a shower, sink or bidet. Importance of such device continuously rises as some regions
and cities face water shortages. The aim of the paper is to measure and analyse characteristics of nozzle valves
in portable handy shower for different hight of hydrostatic pressure, different number of holes in the nozzle and
different level of valve opening. Experiments required measurements of volumetric flow rate and pressure
drops. The pressure drops on the nozzle valve were measured using differential pressure transducer with
accuracy of 1 Pa, while the water flow rate at the outlet of the nozzle was measured using the time-volume
method with accuracy for volume and time 1ml and 0.1s, respectively. Experiments confirmed substantial
influence of hight of hydrostatic pressure, number of holes in the nozzle, and the level of valve opening on
outlet water flow rate from the device. It is demonstrated that for chosen height of hydrostatic pressure and for
filled water tank it is possible to calculate duration of the use of handy shower for specific hygiene purpose by
choosing appropriate level of valve opening and the right nozzle valve with a certain number of holes. Authors
discussed possible reason that some of measured points are scattered at low level of valve opening. Results of
experience were presented as graphs and conclusions.
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1 Introduction satisfied. However, in countries facing water

Researches indicate that 97% of the water on the
Earth is salt water and only 3% is freshwater, which
is found mainly as groundwater. Humanity is facing
a water crisis, due to industrial development,
droughts, lack of rainfall, pollution or climate
changes. Water crisis is manifested by economic
competition for water quantity and quality,
irreversible depletion of groundwater, and negative
impacts on the environment. About 4 billion people
live under conditions of severe water scarcity at
least 1 month of the year. Additionally, half a billion
people in the world face severe water scarcity all
year round and half of the world's largest cities
experience water shortages [1].

For above reasons, it is extremely important to
respect water by implementing modern devices for
personal hygiene that reduce water consumption,
such as portable handy shower. Unfortunately, the
popularity of such type of devices is still not fully
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shortages there are increasingly used.

The handy shower is a portable device which
contains water tank, valve and nozzle. It can be
easily and quickly changed into a shower, sink or
bidet. The valve and nozzle are built as one piece;
therefore, it is named as nozzle valve. The nozzle
valve is major component of handy shower and
possess several holes around circuit of nozzle.
Therefore, the number of wholes on the nozzle and
level of valve opening are crucial factors affecting
flow rate in the handy shower. Such relation, i.e.,
relationship between valve opening and flow rate is
called the valve characteristics.

Based on the analysis of the literature, it can be
concluded that the results of researches on the
valves characteristics are available, however, they
concern industrial valves applications [2], [3], [4],
[5], [6], [7]. Among them there are some
experiments on valve characteristics dedicated to
successful operation of process plant and systems
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involves the highest level of control performance
(81, [91, [10], [11], [12].

If valves for personal hygiene are considered,
like this which exists in handy shower, it should be
noted that manufacturers do not supply valve
characteristics. Even in scientific literature there is
lack of experiments that would provide valve
characteristics used in portable devices for personal
hygiene. Therefore, the paper is focused on
measurements of nozzle valve characteristics in
portable device, named handy shower.

A fluid flow through a pipe or valves causes
energy loss due to shear stress counteracting
movement. In order to determine energy losses, the
hydraulic resistance should be defined, i.e., the
resistance caused by the wall of a pipe in which the
liquid flows [13], [14], [15]. The pressure drops
between the inlet and outlet of a pipe or any
obstacle, determining the pressure loss and depends
on flow velocity, density and viscosity of flowing
fluid, the length of a pipe, arcs or narrowing, pipe
diameter and the level difference between inlet and
outlet [16], [17]. Pressure drops can be measured or
calculated using the Darcy-Weisbach algebraic
equation or by solving the Navier-Stokes equations
[18], [19].

The subject of the experiments presented in the
paper is focused on nozzle valve characteristics,
which deals with frictional losses, or more precisely
with local pressure losses, occurring in the nozzle
valve of handy shower set. The losses depend on the
physical properties of flowing liquid, the level of
valve opening, the number of holes in the nozzle
and the flow rate, which depends on the height of
the hydrostatic pressure and the diameter and length
of the flexible hose. The flexible hose connects
water tank with the nozzle valve.

The objective of paper is to determine the flow
characteristics of the nozzle valves in the handy
shower set for different heights of hydrostatic
pressure, and for a different number of holes in the
nozzle, and for different level of valve opening.
Such experiments, which are presented as graphs are
very useful for conscious users of handy shower set.

2 Description of the portable handy

shower

Handy shower is a lightweight, portable and easy to
use personal shower. The set allows to reduce water
consumption in everyday hygiene activities. The
outflow can be personalized for specific needs using
interchangeable nozzle valve, which allows to
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choose both the right amount of water and the right
size of the water stream. Weight of the full set is
less than 0.4 kg, making it convenient to transport,
set up, store pack and unpack. The set consists of a
flexible water tank of capacity 2 litters with a large
handy water filler on the top with a tight lid. At the
bottom of the tank there is a fitting to attach a
flexible hose. The water tank is equipped with
mounting holes, located in the upper part, intended
for mounting to any object or surface. The user has
the ability to regulate the water flow by adjusting
the level of valve opening, as well as switching
between the nozzles themselves appropriate to the
needs of personal hygiene at a time.

The handy shower has possibility of manually
controlling the device by holding the nozzle valve in
a hand and thanks to the special grips included in
the set, it is possible to attach the valve with a
nozzle to any object and by means of a cord
controlling water stream with any part of the body
or permanently set the desired amount of outflowing
water. As an alternative to controlling the valve by a
hand, a lever included in the set gives an option to
do it using a foot. Combined with the mentioned
cord, the lightweight lever takes a form of pedal,
suitable for placing it on the ground. After setting up
the shower that way, contactless hygiene is possible.
This affects high hygiene, because it reduces the
risk of contact with viruses and bacteria, in case if
several people use the device, which is especially
important in days of Covid-19 spreading. Easily
replaceable nozzle valve and a variety of nozzle
valves contribute to the comfort of use. It is possible
to quickly change the handy shower into a sink,
shower or bidet.

The handy shower was mainly developed to
people with limited access to water. This mainly
applies to residents of developing countries, but also
tourists, people working in the field or victims of
disasters.

3 Description of the test rig

Experiments of flow characteristics of the nozzle
valves in the handy shower were carried out at the
Rheoflow Lab at the Department of Production
Engineering at the Kielce University of Technology.
General view of the test rig is presented in Fig. 1.
The water tank of the handy shower (A) was
mounted on a stand (B), performed for this purpose.
The water tank was placed above the sink (C) and
was connected with a flexible hose ended with a
nozzle valve (C and D). The stand (B) was equipped
by numerous hangers allowing adjustment of
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mounting height of water tank. In order to ensure
constant hydrostatic pressure, the water was
continuously supplied to the tank through inflow
hose (F) which is presented as scheme in Fig. 2.
Excess of the water supplied to the tank by hose (F)
was drained to the sink. The valve (C) was equipped
with pressure measuring hole located at inlet to the
valve.

Figure 1. General view of the test rig. A — water tank;
B — stand; C — sink. Own source

B
G

¢ D

E

A

Figure 2. Scheme of the test rig.

A — water tank; B — outflow hose; C — valve; D — nozzle;
E — glass container; F — inflow hose; G — differential
pressure transducer. Source: Authors own elaboration

In order to measure pressure drops on the nozzle
valve the differential pressure transducer has been
used. The differential pressure transducer measured
pressure difference between inlet to the valve and
the outlet from the nozzle (D). Of course, the
pressure at the outlet of the nozzle was the
atmospheric pressure. The pressure drops on the
nozzle valve were measured using a differential
pressure transducer with an accuracy of 1 Pa. The
valve has the ability to adjust the opening level in
the range from 0 to 12 mm. Several types of nozzle
valves have been used. Each of the nozzle valve had
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different number of holes distributed around circuit
of nozzle.

In order to measure the flow rate at the outlet
from the nozzle (D) the time-volume method was
used. The nozzle (D) was placed right above a glass
container (E). By measuring the volume of water
flowing into the glass container (E) over time, it was
possible to determine the rate of water outflow. The
volume of water was measured with an accuracy of
1 ml, while the time with an accuracy of 0.1 s.

The experiments consisted in specifying the
height of the hydrostatic pressure, denoted as H, and
then measuring the pressure drops on the nozzle
valve and determining the water flow rate for given
nozzle valve. The height of hydrostatic pressure (H)
was determined in [cm] as the vertical difference
between the water surface in the water tank and the
level of symmetry axis of outflow from the nozzle.
Based on the measurements made, the flow
characteristics for each of the nozzle valves were
obtained. The level of valve opening (n) ranged
from 0 to 12 mm. If n=0 mm the valve is fully
closed. If n=12 mm the valve is fully opened.

Individual nozzle valve can be recognized not
only by the number of holes, but also by a hole size.
For example, the diameter of a hole in the nozzle
with one hole was equal to 3 mm, while nozzle with
6 holes have a diameter of 1.5 mm each. However,
each nozzle has identical diameters no matter how
many holes it has.

The following nozzle valves included in the
considered handy shower set were selected to
experiments:

e nozzle with one hole with diameter of 3.0 mm,;

e nozzle with six holes with diameter of 1.5 mm
each;

e nozzle with twelve holes with diameter of 1.7
mm each;

Taking into account time-volume method used
for measurements of water flow rate it was
necessary to estimate error of measurements.
Considering volumetric flow rate, expressed as

%4
0="1 (1)

it was possible to obtain absolute error of measured
volumetric flow rate, as follows:

8 = 5| av +|-5] ac )
where:
Q - volumetric flow rate, m’/s
t  — outflow time of the measured water volume, s
V  —measured volume of water, m?

AQ — absolute error of volumetric flow rate, m*/s
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At — absolute error of water outflow time, s
AV — absolute error of water volume, m?

Assuming the least favourable character
arrangement in equation (2), one can write absolute
error of measured volumetric flow rate, as follows:

AQ = VAt:ZAVt 3)

The absolute error, expressed by equation (3),
does not allow the accuracy of the measurement to
be assessed. Therefore, instead of absolute error the
relative error was applied, which can be written as
follows:

AQ _ (VAt+AVE)t _ At | AV
°- T ar S tw ®
Percentage relative error of measured volumetric
flow rates were calculated for each of selected
nozzle valves depending on the nozzle valve
opening (n) and height of hydrostatic pressure (H).
These values were shown in Table 1. It is seen from
Table 1 that highest relative errors of volumetric
flow rates exist for lowest height of hydrostatic
pressure equals to H=50cm. The highest relative
error was 1% for the nozzle with 1 hole and for the
opening level n=1.

Table 1. Percentage relative error of volumetric flow
rate, denoted as (AQ/Q) 100%, depending on the height
of hydrostatic pressure (H=50, 100, 175 cm) and the level
of opening of the nozzle valve (n=1, 5, 12 mm) and
number of nozzle holes (1, 6, 12 holes)

H [am] n [mm] 1 5 12

nozzle [DQ/Q 100% | DQ/Q 100% | DQ/Q 100%

1 hole 0.87% 0.24% 0.24%

175 6 holes 0.38% 0.23% 0.23%
12 holes 0.35% 0.22% 0.20%

1 hole 0.99% 0.27% 0.26%

100 6 holes 0.41% 0.24% 0.24%
12 holes 0.35% 0.22% 0.21%

1 hole 0.99% 0.29% 0.29%

50 6 holes 0.53% 0.27% 0.26%
12 holes 0.41% 0.24% 0.24%

4 Results of measurements

The measurements were made for three different
heights of hydrostatic pressure, respectively:
H=50cm, 100cm and 175cm and for each of three
selected nozzles, which contain 1, 6 and 12 holes,
and for nozzle valve opening, respectively: n= 1, 2,
3, 4, 5, 12 mm. Influence of the nozzle valve
opening (n) on the water volumetric flow rate of the
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handy shower set for constant height of hydrostatic
pressure equals to H=50 ¢cm and for nozzles with 1,
6 and 12 holes is shown in Fig. 3. Points marked on
the Fig. 3 are obtained from measurements, while
solid lines demonstrate  interpolation  of
experimental data.

H=50 cm
1.60
—
1.40
1.20
£ 1.00 »>
£
= —
g 080
-1
e 0.60
3
2 040 —#-1hole
—o—6 holes
0.20 —g=12 holes
0.00
0 2 4 6 8 10 12

Nozzle valve openning n, mm
Figure 3. Nozzle valve characteristics depending on the
nozzle valve opening for nozzles with 1, 6 and 12 holes
and for H=50cm. Source: Authors own elaboration

In accordance with Fig. 3, as the nozzle valve
opening increases the water flow rate increases too.
However, when a nozzle valve opening is equal or
higher than n=5 the flow rate is almost the same. It
follows that the valve design provides almost 100%
of opening for n=5. There is significant influence of
number of holes on water flow rate.

If nozzle valve with 6 holes is considered there
would be about 30% of water saving in the same
period of time comparing to nozzle valve with 12
holes, which is seen in Fig. 3.

Influence of the nozzle valve opening (n) on the
water volumetric flow rate outflowing from the
handy shower set for a constant height of
hydrostatic pressure equals to H=100cm and for
nozzles with 1, 6 and 12 holes, is presented in Fig.
4.

H=100 cm
2.50

2.00

1.50

1.00 -

Flow rate Q, I/min

~8—1 hole
~4—6 holes
=a—12 holes

0.50

0.00
0 2 4 6 8 10 12

Nozzle valve openning n, mm
Figure 4. Nozzle valve characteristics depending on the
nozzle valve opening for nozzles with 1, 6 and 12 holes
and for H=100cm. Source: Authors own elaboration
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The valve characteristics presented in Fig. 4 are
qualitatively similar to the characteristics presented
in Fig. 3. It follows again that as the valve opening
level increases, the flow rate of water outflow from
the nozzle valve increases too. If nozzle level
opening is n=5 and number of nozzle holes is equals
to 6, the flow rate is about 35% higher comparing to
flow rate for H=50cm. For valve opening level n>5
only slight increase of the flow rate was observed.
This means again that valve design provides almost
100% opening for n=5.

The wvalve characteristics for H=175cm is
presented in Fig. 5. It is obvious that for constant
nozzle valve opening the volumetric flow rate is
higher comparing to H=50cm and H=100cm, which
was presented in Fig. 3 and Fig. 4, respectively. For
instance, if nozzle valve with 6 holes is considered
and level of valve opening is n=5, the water flow
rate is about 20% higher comparing to H=100cm
and about 65% higher comparing to H=50cm.

H=175 cm

3.00

2.50

2.00

1.50

1.00

Flow rate Q, I/min

~8-1 hole

0.50 —+—6 holes

—&—12 holes

0.00
L] 2 4 6 8 10 12

Nozzle valve openning n, mm

Figure 5. Nozzle valve characteristics depending on the
nozzle valve opening for nozzles with 1, 6 and 12 holes
and for H=175cm. Source: Author’s own elaboration

Fig. 5 shows again that when the nozzle valve
opening (n) is in the range from 0 to 5, the flow rate
significantly increases with the level of nozzle valve
increase. Increasing the opening level for n>5 does
not significantly affect the increase of flow rate.
However, for nozzle with 12-holes, the impact of
the valve opening level on the water flow rate seems
to be significant.

Figures 3, 4 and 5 qualitatively look similar.
However, it is surprising that experimental points do
not lie on smooth curve if n<5. In our opinion it is
due to the fact that quality performance of nozzle
holes is not perfect, which is particularly important
for low Reynolds number, which is the case of this
experiments.

Different approach of the nozzle valve
characteristics is presented in Fig. 6. For the same
hydrostatic pressure H there are collected
experimental data of Ap=f(Q) for each nozzle valve.
For each value of H, we used nozzles with three
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different numbers of holes, equal to 1, 6 and 12, and
for each of them the nozzle valve opening (n) was
changed from 0 to 12 mm.

Dp=f(Q)
160 000
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o0 o o
140 000 . B°
o
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o
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£ 40000
H A, R H H=50cm
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& 20000 -
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0.00 0.50 1.00 1.50 2.00 2.50 3.00

Flow rate Q [I/min]

Figure 6. Nozzle valves characteristics for nozzles with
1, 6 and 12 holes. Source: Authors own elaboration.

Fig. 6 shows that for constant height of
hydrostatic pressure, denoted as H, the valve
characteristics presented as Ap=f(Q) are similar to
the characteristics of a centrifugal pump. The nozzle
valve opening and the number of holes in the nozzle
are reflected in the output flow rate Q. The higher
the level of nozzle valve opening or the larger the
number of holes in the nozzle, the greater the output
flow rate Q exists (for H=const.). The amount of
hydrostatic pressure significantly affects the
characteristics of the nozzle valve presented as
relation Ap=f(Q). Fig. 6 shows as well that the
higher the value of the hight of hydrostatic pressure,
the greater the flow rate Q. For example, for the
height of hydrostatic pressure H=175cm, the
possible range of handling the flow rate Q is from 0
to about 2.75 1/min. On the other hand, for H=50
cm, the scope of operation with the expenditure Q
varies only from 0 to about 1.5 [I/min].

On the base of presented experimental data, it is
interesting to see dependence of Reynolds number
on frictional coefficient ({) for nozzle valves with
different number of holes (n). Considering
stationary flow and taking into account continuity
equation in algebraic form, expressed as:

A-U=Q = const %)

the cross-section averaged water outflow velocity in
a hose (B) can be determined, as follows:

U=-% (6)

-d?

Finally, the Reynolds number can be described, as
follows:

Re=—= (7)

Volume 16, 2021



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2021.16.1

A — cross section of hose (B), m?

d - inner diameter of hose (B), d=0.005m

Q — volumetric flow rate of water in hose (B),m%/s
Re— Reynolds number

U — averaged velocity across the hose (B), m/s

v — kinematic viscosity of water at 20 °C, m*/s

As all experiments were made for water temperature
equals to 20°C +/-0.5°C, therefore the water
kinematic viscosity used for calculations was equal
to v=10" m?/s.

Taking into account Darcy-Weisbach equation,
dedicated for local losses, one can write

Ap=¢ (8)

Equation (8) allows to calculate frictional
coefficient, as

pU?
2

2 Ap

(=0 ©)
where:
Ap — pressure drop on the nozzle valve, Pa
¢  —frictional coefficient of the nozzle valve

p — water density p=998.2kg/m’

Fig. 7 presents dependence of Reynolds number
(Re) on frictional coefficient ({) for nozzle valve
with 12 holes and for hight of hydrostatic pressure
H=175cm. The characteristics was made for the
range of nozzle valve opening from n=1 to n=12.

H=175cm
700 A
\

_. 600 %
- \
£ 500 Y
dJ
S !
£ 400 L
o \
© \
= 300 S
s .
§ 200 \.
I SN

100 S~

.
0 A A
0 5000 10 000 15 000 20 000

Reynolds number [-]
Figure 7. Frictional coefficient for nozzle valve with 12
holes in range of nozzle valve opening (n) from 1 to 12.
Source: Authors own elaboration

It is seen in Fig. 7 that frictional coefficient is
very high for low nozzle valve opening (n=1) and in
the contrast its value is low for high nozzle valve
opening (n=12). Qualitatively similar results can be
obtained for nozzle valves with 1 and 6 holes and
for other hight of hydrostatic pressure equal to 50
cm and 100 cm.
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5 Conclusions

Conscious user of the handy shower set should

know the characteristics of the nozzle valve,

particular the influence of the level of nozzle valve

opening (n) and the hight of hydrostatic pressure (H)

on the amount of water Q needed for a specific

hygiene purpose.

For the purposes of this experiments three
nozzles of the handy shower set were used, i.e.,
containing: 1, 6 and 12 holes. Based on the
presented graphs, it can be concluded that:

1. Number of holes in the nozzles and the level of
nozzle valve opening significantly affect water
consumption as it is seen on the nozzle valve
characteristics presented by Fig. 3, Fig. 4 and
Fig.5. If greater number of holes in the nozzle
valve, the greater water consumption exists and
showering time is decreasing.

2. Knowing the height of hydrostatic pressure H
and the water resources at our disposal, we can
calculate the duration of the shower by choosing
the right nozzle valve with a certain number of
holes and the appropriate level of valve opening.
For example, if we have a volume of 1 litter of
water, and if the height of hydrostatic pressure is
only H=50cm, and we would like to enjoy a
shower for 1 minute at least, then we should
choose a nozzle valve with 6 holes and set the
level of valve opening to maximum (n>5), as it is
shown in Fig. 3.

3. When level of nozzle valve opening is in the
range from n=0 to n=5, experimental points do
not lie on a smooth curve. The possible reason
could be related to quality of performance of
nozzle holes. Quality of performance of nozzle
holes is particularly important for low Reynolds
number and can course substantial reduction of
water flow rate.

Future research in this area will be focused on
new generation of handy shower in which precision
of nozzle holes will be improved. This probably will
increase handy shower efficiency at low Reynolds
number by decreasing frictional coefficient.
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