Chapter 2 )
Optimization of the Fluidic Component i
of Complete Fluidic Sprinkler

and Testing of the New Design Sprinkler

Abstract A newly designed dynamic fluidic sprinkler was developed to improve
hydraulic performance of the existing complete fluidic sprinkler under low-pressure
conditions. This study presents the orthogonal test of the newly designed dynamic
fluidic sprinkler with different types of nozzles at different operating pressures. The
following conclusions were made: These experiments confirmed the optimal values
of the dynamic fluidic sprinkler structural parameters.
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2.1 Introduction

Sprinkler irrigation technology has been widely used especially in agriculture to
save water. It has great potential for improving the water use efficiency of crops.
Furthermore, the irrigation engineer can control the amount of water applied, and
it is more easily scheduled, which can increase water productivity per the unit of
water consumed [1, 2]. The sprinkler irrigation system distributes water in the form
of discrete drops travelling through the air [3]. Sprinkler irrigation can play a signifi-
cant role in irrigation development in third world countries, if the system is properly
selected, designed and operated. Sprinkler systems have accelerated and been revo-
lutionized with the development of irrigated agriculture in several parts of the world.
It is therefore not surprising that the utilization of sprinkler irrigation systems has
recently increased [4, 5].

According to [6, 7], the performance of a sprinkler is determined by its discharge,
wetted radius, distribution pattern, application rate and droplet sizes. Water appli-
cation rate can be defined as the depth of water applied to the area per unit time. It
determines which sprinkler should be assigned to a particular soil, crop and terrain on
which it operates. The application rate depends on the operating pressures, the nozzle
size and distance between sprinklers [8]. However, the effect of operating pressure
on application rate is minimal compared to the effect of the sprinkler nozzle on the
application rate [3]. For most sprinklers, when the operating pressure is increased,
the discharge tends to balance the increase in wetted area. It has been found that a
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sprinkler nozzle that produces little droplets covers a smaller wetted area, which also
has the highest average application rate. Increasing the nozzle diameter increases the
average application rate, since the sprinkler discharge tends to increase more rapidly
than wetted area [9]. According to [10, 11], the application uniformity of a sprinkler
is an important performance criterion for the design and evaluation of sprinklers,
which is primarily influenced by operating pressure, sprinkler size and spacing.

Several studies have been conducted to analyze the droplet size distribution with
different types of sprinklers over the years. The work in [12] showed that drop
size distributions have a direct effect on irrigation water kinetics energy and wind
drift. The work in [13] analyzed the droplet size characteristics of a complete fluidic
sprinkle and concluded that about 50% of the droplets had a diameter of less 0.5 mm
and that 50% of the water volume consisted of droplets with a diameter less than
2 mm at most distances. The work in [14] reported that nozzle size and pressure
configurations have an influence on droplet formation. Similarly, [15, 16] reported
that drop sizes can also influence the design, uniformity and efficiency of irrigation
systems. According to [17], wind speed has been found to affect fine drops more than
large drops. The work in [ 18] showed that small drops are subject to large evaporation
losses under high vapor pressure. However, when drop evaporation is controlled by
air friction, large drops can account for most evaporation losses [19]. The work in
[20] reported that drops produced by a sprinkler are subject to several factors; such as
the type of sprinkler and nozzle, operating parameters and environmental conditions.

Other researchers have proposed equations to express the coefficient of uniformity
[21, 22]. The different equations available to express the coefficient of uniformity
(CU) are based on some measures of variation in water distribution. The work in [23,
24] considered a coefficient of uniformity value of less than 85% as “low” and a CU
of 85% or above as “desirable”. According to [25, 26], Christiansen’s coefficient of
uniformity is the most widely used for water distribution uniformity assessment in
sprinkler irrigation.

Over the years, extensive research works have been carried out to improve the
structure and efficiency of the fluidic sprinkler for crop production. The work in
[27] conducted experiments on drop size distributions and droplet characterization
of a complete fluidic sprinkler with different nozzle dimensions. The work in [28]
performed a numerical simulation and experimental study on a new type of variable-
rate fluidic sprinkler. The work in [29] researched the field performance character-
istics of a fluidic sprinkler. The work in [30] compared fluidic and impact sprin-
klers based on hydraulic performance. The work in [31] analyzed smoothed particle
hydrodynamics and its applications in fluid—structure interactions. The work in [32]
concluded that variations in quadrant completion times were small for both fluidic
and impact sprinklers. However, deviations in water application rate were higher
with the fluidic sprinkler. The work in [29] studied the relationship between rota-
tion speed and operating pressure and pointed out that the inner angle of a fluidic
sprinkler varied in quite a range among geometrical parameters. Subsequently, the
authors concluded that further study needed to be carried out on the design features
of the fluidic component. Similarly, Liu et al. [28] carried out a study on the fluidic
sprinkler and confirmed the need to optimize the structure.
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Only a few studies have focused on improving the rotation of the fluidic sprinkler.
However, the rotation instability remains a major difficulty, resulting in the variation
of the water application rates. Optimization can enhance the rotation stability and
minimize the inconsistency in the water application rates. Therefore, the aim of this
paper was to evaluate the hydraulic performance of the newly designed dynamic
fluidic sprinkler with different types of nozzles at different operating pressures.

2.2 Complete Fluidic and Outside Signal Sprinklers

Figure 2.1a and b, show the schematic diagram of complete fluidic and outside signal
sprinklers, respectively. In the figures, the main differences between the outside signal
and a complete fluidic sprinkler are the working principle. The outside signal receives
a signal when the jet flows impact on the signal device, located outside of the nozzle
in the flow direction. But the complete fluidic sprinkler obtains a signal from the
fluidic component, found in the inside of the working area. In previous studies, the
authors made efforts to improve the performance of the fluidic sprinkler. However,
the rotation instability remains a major difficulty, resulting in variations of the water
application rates. Therefore, it is necessary to redesign the fluidic structure of the
fluidic sprinkler by considering the contraction angle, the shape, and the size of
the signal air hole. The aforementioned parameters used by previous are shown in
Table 2.1.

Signal flow

(a) Complete fluidic (b) Outside signal

Fig. 2.1 Complete fluidic and outside signal sprinklers. 1. Swivel connection block; 2. Hollow
shaft; 3. Limiting ring; 4. Reverse mechanism; 5. Signals water into faucets; 6. Sprinkler tubing; 7.
Reversing plastic tube; 8. Fluidic element
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Table 2?1 D651gn parameters oo Dimension
for outside signal and — —
complete fluidic sprinklers Outside signal | Complete fluidic
Contraction angle () 10° 20°
Diameter of base hole (M) | 20 mm 8 mm
Offset length (S) 2.4 mm 2.8 mm
Working area (L) 43 mm 28 mm

2.3 Design of Newly Dynamic Fluidic Sprinkler Head
and Working Principle

2.3.1 Working Principle

Figure 2.2 presents the structure of dynamic fluidic sprinkler. The profile of the
fluidic element was defined by the inner contraction angles, the offset length, and
the working area. A prototype of the dynamic fluidic sprinkler was self-designed
and locally machined by using a wire-cut electric discharge machining process. The
manufacturing tolerance for the size was +0.02 mm as shown in Fig. 2.2. The working
theory of (DFS) is based on the theory of the Coanda effect. The dynamic fluidic
sprinkler receives an air signal from a signal tank. The working principle of the fluidic
sprinkler is as follows: as water is ejected from the nozzle of the main tube into the
signal thank, a region of low-pressure forms on both sides at the entry into the main
jet flow. Fluid flow from the reversing plastic tubing (left) into the right side, forces
the jet to deflect towards the right boundary of the signal thank where it eventually
attaches. The air gap between the exit at the right side of the element and the water
jet is filled by air, such that the pressures on both sides of the main jet are equal.
At the same time, the nozzle receives the signal water on the left edge of the water
jet, then the signal water flows in the tube to the inlet signal. Taking out the water
from the contact signal into the inlet, the small gap is eventually blocked, forming a
low-pressure region. When the pressure difference reaches a certain value, the main
jet flows to the right-side attachment wall, Water flows from the diameter into the
action zone, and the main jet is ejected from the central circular hole. Under the wall
attached condition, due to the bending of the main jet, the signal water nozzle is void
and no signal water is received, only air is received. After the signal water in the tube
is pumped out, the air enters the water inlet through the tube. The pressures on both
sides become equal. Alternate air movement from the signal nozzles and the plate
cover account for the stepwise rotation [32].
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Fig. 2.2 Schematic,
pictorial view of the newly
fluidic sprinkler head. 1.
Water signal tank. 2. First,
lock nut. 3. Pipe sprayer 4.
Spray body. 5. Second lock
nut. 6. Body of the fluidic
element. 7. Jet element body.
8. Water inlet. 9. Air hole.
10. Outlet cover plate. 11.
Water dividing hole. 12. a
degree. 13. Signal nozzle. 14.
Third lock nut. 15. Conduit

2.3.2 Design of the Nozzles

The equipment and design factors in the sprinkler irrigation system include the nozzle
characteristics which are composed of nozzle size, nozzle type, discharge angle, jet
straightening vane inside the main nozzle, the number of nozzles and operating
pressure. Most sprinklers have two nozzles, the main nozzle and an auxiliary nozzle
that discharge water in the form of a jet into the air. Nozzles convert the pressure within
the piping system into velocity upon exist from the sprinkler. The wetted coverage
area and the application pattern are determined by the nozzle design and the type of
sprinkler. Other researchers have studied the influence and measurement of nozzle
shape on sprinkler droplet size and water application. Several types of nozzles have
been developed for fluidic sprinkler including constant- diameter, and diffuse-jet.
Table 2.2 presents nozzles size and corresponding pressures for the previous study,
looking at the increasing cost of energy and the growing demand to saving water for
optimum crop production, it is more convenient to design new nozzles size for the
study. Therefore, the test nozzles were self-designed and locally machined using a
wire-cut electric discharge machining (EDM) process. The prototypes of the nozzles
are shown in Fig. 2.3. The inlet diameter of the nozzle was set as 15 mm, while the
outlet diameters were chosen as 3, 4, 5, 6, and 7 mm.

Table 2.2 N ozzles size and Sprinkler type Nozzle diameter (mm) Pressure/kPa
corresponding pressures for
the previous study 10PXH 4 250

15PXH 6 300

20PXH 8 350

30PXH 10 400

40PXH 14 450

S0PXH 18 500
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¥

(a) DFS sprinkler head (b) Plate cover

Fig. 2.3 Prototype of the dynamic fluidic sprinkler and nozzle sizes

Table 2.3 Factors and levels

Level | Factors
A B C D
length of tube, / (mm) | Pressure h, (mm) | diameter of tube, m | Nozzle diameter, n
(mm) (mm)
15 150 2 5
2 20 200 3 6
25 250 4 7

2.3.3 Experimental Setup and Procedure

The hydraulic performances of structural parameters of the dynamic fluidic sprinkler
were studied using an orthogonal test to determine influencing factors, the order of
importance and optimal combination of the factors. The structural parameters of the
sprinkler used for the study were the length of the tube (L), pressure (H), the diameter
of the tube (M), nozzle diameter (N), and are represented by Factors A, B, C, and D,
respectively. An orthogonal array with four factors and three levels was selected for
the test as shown in Table 2.3. The tests were conducted in the sprinkler laboratory
of the Research Center of Fluid Machinery Technology and Engineering, Jiangsu
University in China. The laboratory is circular-shaped with a diameter of 44 m. The
materials used for the experiment include; centrifugal pump, electromagnetic flow
meter, and piezometer, valve and the impact sprinkler. The sprinkler was installed
at a height of 2 m from the ground level with nozzle an elevation angle of 23°. The
riser was at an angle of 90° to the horizontal from which the top of the catch cans
was 0.9 m above the ground. Water was pumped from the reservoir through the main
pipe and sprayed out from the nozzle. The working pressure was measured by a
pressure gauge at the base of the sprinkler had an accuracy of 0.4%. The sprinkler
was run for 30 min to standardize the environment conditions before the experiment
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Table 2.4 Scheme used in the orthogonal test
Test A B

Ol || ||~ |W|[N|—
W W W N | NN ===
W N | =W || =W
N»—w»—iwl\Jwa—‘Q
— W NN =W W =Y

was carried out. Different inlet pressures were tested during the investigation and
these include 150, 200 and 250 kPa. The corresponding flow rate was 1.47, 1.57 and
1.66 m3/h for 150, 200 and 250, respectively. ASAE approach was used to determine
the application of water depth measurements. The catch cans were used to collect
water in an hourly base and measured with a graduated cylinder (Table 2.4).

The discharge coefficients of each nozzle were determined for the observed
pressure-discharge data using Eq. (1.1).

Matrix Laboratory (MATLAB) program was used to compute the combined CU
values according to the radial water distribution. Radial data of water distribution
from the fixed water dispersion devices were modified into net data. The final calcu-
lated average radial water distribution data was the same in all directions from the
Al,B1, Cl1, A2, B2, and C2. The available data points were distributed like a spider
web. A grid of data points was converted to calculate the combined CU. The depth
of the net point depends on the distance away from the sprinkler. The water depth of
every interpolating point, assumed to be a continuous variable value, were calculated
using a mathematical model of interpolating cubic splines. The uniformity of water
application rate was evaluated using the Christiansen coefficient of uniformity (CU)
in Eq. (1.5).

The direct analysis technique was used to analyze our test results. This technique
can identify influencing factors in decreasing order of importance, and the optimal
combination of factors can be forecasted. The calculation formula is as follow:

Y1X (Y2X, Y3Z) = Sum of corresponding data 1(2, 3) for

ColumnX j(X= A, B, C, D;j=1,2,3) (2.1)
YIX (Y2X, Y3X) = Average of Y1X (Y2X, Y3X) 2.2)

RX = Maximal YJX minus the minimal YJX (2.3)
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Table 2.5 Discharge coefficient for different types of nozzles

Discharge
Nozzle size (mm) Pressure (kPa) 150 200 250 Standard deviation
5 0.75 0.77 0.79 0.0163
6 0.85 0.76 0.66 0.077
7 0.70 0.56 0.59 0.060

2.3.4 Results and Analysis of Orthogonal Tests

2.3.4.1 Comparison of Operating Pressure and Discharge

Table 2.5 presents the results of measured flow rates of sprinkler irrigation nozzles
used in this study under different operating pressures. Analysis of the measured data
was performed to find the influence of the geometrical parameters as well as the
operating pressure on the discharge of the sprinkler. As shown in Table 2.5, when
using the sprinkler, the measured nozzle flow rates ranged from 1.4to 1.47 m*/h with
a mean value of 1.435, 1.5 to 1.57 m3/h with a mean value of 1.535, and 1.59 to
1.66 m3/h with a mean value of 1.625, for 150, 200 and 250 kPa, respectively. The
coefficient of discharge for 5 mm nozzle ranged from 0.75 ~ 0.79 with an average
value of 0.77, while that from the 6 and 7 mm was from 0.66 ~ 0.85, 0.56 ~ 0.59
with an average of 0.756 and 0.62, respectively. From the analysis, it was established
that the coefficients of discharge fluctuated within a small acceptable range under the
same operating pressures. The coefficients of discharge obtained using 4 mm nozzle
were higher than those obtained using the 5 and 6 mm nozzles, which means that
the 4 mm nozzle had the advantages of higher irrigation intensities. These can be
attributed to fewer restrictions within the inner flow movement. It can be confirmed
that the discharge coefficient does not depend on the operating pressure. Similar
results were published by.

2.3.4.2 Summary Results of the Orthogonal Test

Tables 2.6 and 2.7 and present the results of factors influencing the CUs and the
spray range. From the study, the relatively ideal results should be higher uniformity
coefficient and spray range. It was revealed that test 2 (A1 B1 C1 DI), test 6 (A2
B3 C1 D2), and test 7 (A3 B1 C3 D2), had the highest uniformity coefficient. This
could be attributed to the fact that flow rate at same pressure was much higher and
turbulence flow was less uniform resulting in better distribution. Test 1 (Al B1 C1
DD1), test 2 (A1 A2 C2 A2), and test 7 (A3 B1 C3 D2) also had the highest spray
range. Test 3 (A1 B3 C3 D3), test 4 (A2 B1 C2 D3) and test (A2 B2 C3 D1) were
normal. Test 8 (A3 B2 C1 D3), and test 9 (A3 B3 C2 D1) were not effective because
low uniformity and spray range were observed. As shown in Table 2.6, a higher
R-value shows that the factor had a strong effect on the test results, which means that
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Table 2.6 Test scheme and results

33

Test number A B C D CU (%) Range(m)
1 1 1 1 1 85 12
2 1 2 2 2 86.5 12
3 1 3 3 3 85.5 8
4 2 1 2 3 85.5
5 2 2 3 1 83.9 11
6 2 3 1 2 86 8
7 3 1 3 2 91 13
8 3 2 1 3 85
9 3 3 2 1 83.4
Table 2.7 Results of structural parameter combination
A B C D
CU Yjl 240.00 242.50 241.20 236.35
Yj2 239.60 239.40 240.45 244.70
Yj3 240.45 140.15 240.40 241.00
Yjl 80.67 80.83 80.40 78.78
Yj2 79.87 79.80 80.15 81.57
Yj3 80.15 80.05 80.13 80.33
R 0.80 1.03 0.27 2.78
Range Yjl 31.00 31.00 27.00 32.00
Yj2 25.00 29.00 26.00 32.00
Yj3 29.00 35.00 22.00 32.00
Yjl 10.30 10.30 9.00 10.67
Yj2 8.33 9.67 8.67 10.67
Yj3 9.67 10.33 10.67 7.00
R 2.00 2.00 2.00 3.67

the factor is significant, a lower R-value indicates that the factor had a weak effect
on the test results, which means that it is not significant. The following observations

can be drawn from the results shown in Table 2.6 and Fig. 2.4.

Factor A: When the length of the tube was varied from 20 to 25 mm, the CUs
varied from 85% to 86.5% with an average value of 85.6 (A = 15 mm), from 83.9%
to 87% with an average of 85.3 (A = 20), and from 83.4% to 91% with an average
of 86.46% (A = 25 mm). The range also varied from 8 to 12 m with an average of
10.3 m (A = 15 mm), from 6 mm to12mm with an average of 8.3 m (A = 20 mm),
and from 7 to 13 mm with an average of 9.6 m (A = 25 mm). The sprinkler worked
perfectively at a length of 25 mm, but when the nozzle was 6 mm regardless of
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Fig. 2.4 Factors influencing CUs and range

structure parameter changes, the sprinkler was not effective when the length of the
tube was less than 20 mm or greater than 25 mm.

Factor B: When operating pressure was varied from150 to 250 kPa, the CUs
increased from 85 to 91% with an average of 87.16% (B = 150 kPa), from 85.5%
to 86.5% with an average of 85.7% (B = 200 kPa), and from 83.2% to 86.2% with
an average of 84.9% (B = 250 kPa). The spray range varied from 6 to 13 m with
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an average of 10.3 m (B = 150 kPa), from 7 to 11 m with an average of 8§ m (B =
200 kPa), and from 8 to 9 m with an average value of 8.33 m (B = 250 kPa). The
CUs and spray were significantly reduced with increasing working pressure. These
can be attributed to restriction of the flow of water within the sprinkler resulting in
a low amount of water application.

Factor C: When the diameter of the tube was varied from 2 to 4 mm, the CUs
changed from 85 to 87% with an average of 85.66% (C =2 mm), from 83.4% 86.5%
with an average of 85.0% (C = 3 mm), and from 83.91% to 91% with an average
of 86.8% (C = 4 mm). The spray range varied from 7 to 12 m with an average of
9 m (C =2 mm), from 6 m tol 1m with an average of 8.67 m (C = 3), and from 8§ to
13 m with an average of 10.7 m (C = 4 mm). The CU was highest at 3 mm because
the overlaps were higher and the water distribution was more uniform when the tube
was narrow.

Factor D: The nozzle diameter was varied from 4 to 6 mm. The CUs changed
from 83.9% to 85% with an average of 84.1% (D = 4 mm), from 86.5% to 91% with
an average value of 88.16% (D = 5 mm), and from 80% to 80.5% with an average
value of (D = 6 mm). The range varied from 9 to 12 m with an average of 10.66 m
(D =4 mm), from 11 to 13 m with an average of 10.7 m (D = 5 mm), and from 6
to 8 m with an average of 7 m (D = 6 mm). The CUs and spray range decreased as
the diameter of the nozzle was increased because a larger part of the jet flow was
uninterrupted particularly in the case of the nozzles with the diameters of 6 mm.
The optimal nozzle diameter was found to be 5 mm. The comparison of the test
scheme indicated that CUs exceeded 85% in 5 tests, and the range exceeded 10 m
in 4 tests. Tests 7 and 2 were ideal. Test 7 (A1B1C1D2) had the highest uniformity
coefficient and the longest range. Test 5 was not effective because B was too small
when D was a lager. Test 9 was also ineffective because B was too large when D
was small. The optimal combination of structural parameters was achieved with the
factor combination of A3B1C3DI.

2.3.4.3 Simulation of Water Distribution

Figure 2.5 presents the plots of water distribution for all the 9 tests. It can be observed
that variations in the contour and color maps around the sprinkler had different
application rates. Rings that have similar color indicate uniform water distribution
pattern, whiles different colors in the ring represent non-uniform water distribution
patterns.

Comparison of water distribution for the various tests showed that test 7 and test
2 produced a high uniformity for a given operating pressure which corresponds to
the orthogonal results. However, test 7 was slightly higher compared to test 2. It
is possible that after interruption with the alignment signal nozzle the flow became
less uniform, leaving more water applied near the sprinkler. This means that test 7
can improve the uneven distribution of water and save water for crop production. As
a consequence, differences in water distribution can be seen in most areas around
the sprinkler in the case of the other tests, which is in agreement with [33] reported
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Fig. 2.5 An illustrative example of water distribution maps for tests 1 through 9
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Fig. 2.5 (continued)

similar results in their experiments using fluidic sprinkler results of variations in
rotations speed with respect to the quadrants.

2.3.5 Brief Summary

This study presents the orthogonal test of the newly designed dynamic fluidic sprin-
kler with different types of nozzles at different operating pressures. The following
conclusions were made: These experiments confirmed the optimal values of the
dynamic fluidic sprinkler structural parameters. The length of the tube is 25 mm, the
working pressure is 150 kPa, the diameter of the length of the tube is 3 mm, and the
nozzle diameter is 5 mm. The factors influencing the CU and range in decreasing
order of importance were nozzle diameter, pressure, length of the tube and the diam-
eter of the tube. The optimal combination of structural parameters was achieved with
the factor combination of A3B1C3D1.

2.4 Evaluation of Hydraulic Performance Characteristics
of a Newly Designed Dynamic Fluidic Sprinkler

2.4.1 Design of New Dynamic Fluidic Sprinkler Head

In this research, a newly designed dynamic fluidic sprinkler head was manufactured.
The following parameters are key factors when it comes to the design of the fluidic
structure: the diameter of the main nozzle, the inner contraction angle, the offset
length and the working area. The dynamic fluidic sprinkler was developed by Jiangsu
University. It is schematically shown in Fig. 2.6. The manufacturing tolerance for
the size was £0.02 mm. The main differences between the newly designed dynamic
fluidic sprinkler (DFS) and complete fluidic sprinkler (CFS) is the working principle.
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Fig. 2.6 Schematic, pictorial view of the new fluidic sprinkler head. 1. Water signal tank. 2. First
lock nut. 3. Pipe sprayer 4. Spray body. 5. Second lock nut. 6. Body of the fluidic element. 7. Jet
element body. 8. Water inlet. 9. First air hole. 10. Outlet cover plate. 11. Water dividing hole. 12. a
main flow.13. Signal nozzle. 14. Third lock nut. 15. Conduit. 16. Water storage capacity. 17. Signal
hole. 18. p contraction angle. 19. Second air hole

The newly designed dynamic fluidic sprinkler receives an air signal from a signal
tank, but the complete fluidic sprinkler obtains the signal from the fluidic component,
found in the working area. When they are operating under a low pressure condition
(such as 100 kPa), it is difficult to get the signal flow for the complete fluidic sprinkler.
This leads to disappearance of the pressure difference between the two sides of the
wall. Therefore, the CFS rotation could not be guaranteed. For the DFS, the air signal
flow could be received continuously once the signal tank is filled with water.

2.4.2 Working Principle

The principle of operation of the fluidic sprinkler is based on [34] to perform the
function of rotation. Water is ejected from the main nozzle to the working area. A
region of low-pressure eddy is formed on both sides of the working area. Air flows
into the left side from the reverse blow down nozzle and into the right side from
the signal nozzle. The main flow jet is straight because the pressure on both sides is
equal and the sprinkler remains stationary, as shown in Fig. 2.7a,b, respectively. The
signal flow received from Signal Nozzle 1 fills up Signal Nozzle 2 to transform the
right side into a low-pressure eddy. The main flow jet is bent toward the boundary
and eventually attached to it because the left pressure is much larger than the right
pressure. The phenomenon is repeated step by step, and the sprinkler achieves a
stepwise rotation in sequence by self-control. The main flow jet is reattached to the
left plane, and the sprinkler rotates to the opposite direction because the right pressure
is much larger than the left pressure. The reverse blow down nozzle opens, and air
flows into the left side to equalize the pressure again when the sprinkler rotates to
the other side.



2.4 Evaluation of Hydraulic Performance Characteristics of a Newly ... 39

[ LR}

)/ A Signal flow

LY = Signal flow
Ll

(a) T (b

Fig. 2.7 a Straight main flow jet. b Main flow jet reattached to the right

2.4.3 Experimental Procedures

The experiments were conducted at the indoor facilities of the Research Center
of Fluid Machinery Engineering and Technology, Jiangsu University (Jiangsu
province). The diameter of the circular-shaped indoor laboratory was 44 m. A
centrifugal pump was used to supply water from a constant level reservoir. The sprin-
kler head was mounted on a 1.5 m riser at a 90° angle to the horizontal. Catch cans
used in performing the experiments were cylindrical in shape, 200 mm in diameter
and 600 mm in height. The catch cans were arranged in two legs around the sprinkler
as shown in Fig. 2.8. Each leg contained 14 catch cans placed 1 m apart constituting
28 catch cans in total. The sprinkler was run for some minutes to standardize the
environment conditions before the experiment was carried out. The sprinkler flow
rate was 4.75 m3/h for an operating pressure of 250 kPa, which was controlled by
pressure regulation. The operating pressure at the base of the sprinkle head was
regulated and maintained by a valve with the aid of a pressure gauge with an accu-
racy of & 1%.The corresponding operating pressures were 100, 150, 200, 250 and
300 kPa, respectively. The application of water depth measurements was carried out
in accordance with [31].

The experiment lasted for an hour, and the water depth in the catch cans was
measured with a graduated measuring cylinder. Droplet sizes were determined using
a Thies Clima Laser Precipitation Monitor (TCLPM). It has the following specifica-
tion: the drop diameter measurement ranges from 0.125 to 8.5 mm in increments of
0.125 mm, and the measuring area is 228 mm long, 200 mm wide with a thickness
of 0.75 mm, manufactured by Adolf Thies GMBH & CO. KG, Gottingen, Germany.
The principle of operation is such that a beam of light is produced from a laser-
optical source in the form of infrared, 785 nm. A photo-diode with a lens is located
on the receiver side to determine the optical intensity after transformation into elec-
trical signals. The receiving signal reduces when the water droplet falls through the
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Fig. 2.8 Experimental setup in the indoor laboratory

measuring area. The diameter of the droplet is estimated from the amplitude of the
reduction, the droplet velocity of which is calculated from the duration of the reduced
signal. For each operating pressure, the droplet size distributions were determined at
an interval of 2 m along a radial transect at a distance of 2 m from the sprinkler. For
each droplet measurement, the sprinkler was allowed to rotate over the TCLPM at
least five times to ensure a sufficient number of drops passed through the measured
area. At each pressure, a minimum of three replication assessments were made, and
the averaged data were used for the final experiments. Data were ordered according
to the drop diameter.

2.4.4 Computed Coefficient of Uniformity

Matrix Laboratory (MATLAB R2014a) software manufactured by Mathwork Incop-
eration, Springfield, MA, USA was employed to establish a computational program
for the CU. The work in [25, 26] reported that Christiansen’s coefficient of uniformity
is the most widely used and accepted uniformity criterion. Therefore Christiansen’s
equation was utilized to determine CU.

"X —
cU = (1 _ M) 100% (2.4)
Zi:l Xi
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where n = number of catch cans; x; = measured application depth, mm; u = mean
average depth, mm; and CU = coefficient off uniformity, %.

The model for converting radial data into the net data’s insert function was estab-
lished as follows: Point A is the net point between two adjacent radial rays, and
(Xk, Yi) is its coordinate. P; P> P; and P, are the four nearest points to Point A on
the adjacent radial rays, and (P; Q1), (P>Q»), (P3Q3) and (P4Q4) are their coordi-
nates. Their positions are therefore x; = Pjcosd,, (i =1,2,3,4) and y;=P;sin@,
(i=1,2,3,4); their water depths are h, h,, h; and hy; and the distances away from
Point A are ry, ry, r3 and ry4, respectively. Thus,

ro= \/(Xi — Xk 4+ (Yi—-Yk( =1,2,3,4) (2.5)
The water depth A can be expressed as:

ha=Ci1h1+C2h2+C3h3+Cshy (2.6)

where:

Ci1=(r2r3 V4)2/R, Cr=(nr3 "4)2/R, Cy=(nn V4)2/R’ Ca=(rn V3)2/R’
2.7)

R = (rirar3)® + (rir3ra)* + (rirarg)> + (rarsra)? (2.8)

According to the actual measurements, the water depth of every point can be calcu-
lated using Eq. (2.5). The combined coefficient of uniformity can then be calculated
for the overlapping of the spray sprinkler with different lateral spacings.

Basic drop statistics: Managing the large dataset obtained from the photographs
required a statistical approach. While it is convenient to represent the sets by areduced
number of parameters, some traits of the drop populations can be obscured by the
choice of statistical parameters. The parameters used in this work for drop diameter
included arithmetic mean diameter (Eq. (2.9)), standard deviation (Eq. (2.11)) and
coefficient of variation (Eq. (2.12)). The following addition parameters were deter-
mined for drop diameter: the volumetric mean (Dy) and average volumetric diameter
(Dso).

-~ " omd;

d= %;1 - (2.9)
i=1 M
A

d, = %,-‘ e (2.10)
i=1%

1 _
SDp= |— > <d,» — d) 2.11)
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CVp = (ﬁ) x 100 (2.12)
d

where d; = the diameter of the droplet in each set (mm), n; = the droplet number, i =

the number of droplets in the set, d = the arithmetic mean droplet, d,, = the volume
weighted average droplet diameter, SDp = the standard deviation and CVp = the
coefficient of variation.

In order to test the difference between the means of the independent samples of
150 and 250 kPa, the study employed an independent sample #-test where variances
were assumed to be equal with the #-test statistics formulated as:

(X1 = X2) — (u1 — p2)
ni n2

where X; and X, are sample means, /|, U, are population means, s12 and s% are
variances and n and n, are the sample sizes for 150 and 250 kPa, respectively.
The above tests were carried out according to the standards of [35].

=

(2.13)

2.4.5 Results and Discussion

As shown in Table 2.8, the smallest radius of throw was obtained when the sprinkler
was operated at the pressure of 100 kPa, and the maximum radius of throw was also
obtained at 250 kPa for five of the six nozzles sizes tested in the present experiment.
The difference between the maximum and the minimum radius of throw was 7.2 m.
For all the nozzle sizes, the distance of throw increased with an increase in operating
pressure until it reached 250 kPa, when it began to decrease. The distance of throw
increased when the diameters of the nozzle sizes were increased, and it began to
decrease for all the nozzle sizes. Similar findings were reported by [36]. This is
possible because at a high pressure condition, the jet breaks up quickly, resulting in
smaller radius of throw. For smaller diameters, the jet flow was restricted, resulting
in a smaller radius of throw. The result from the independent sample ¢-test analysis
(Table 2.9) showed that there was no significant different between radius of throw
for 250 and 150 kPa since (p > 0.05). The obtained results for the radius of throw
were similar to previous findings by Zhu et al. [32].
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Table 2.8 Radius of throw for different types of nozzles and pressures

Nozzle size (mm) | Radius of throw (m) Standard deviation (m)

14

100 150 200 [250 |300 100 | 150 200 |250 |300
6.4 7.4 7.9 8.7 81 |02 (03 |05 |03 |07
8.5 9.7 107 |11.7 |10.7 |12 0.1 06 |02 |04

11.3 | 124 |13.1 |[128 |[11.5 (0.2 0.1 02 0.1 0.2

103 | 133 |135 |136 |125 (03 (02 0.1 0.1 0.2
6.4 6.9 7.5 8.2 7.2 0.1 04 (02 |03 |0.1
53 6.3 74 8.4 7.5 |0.1 02 |04 |05 |04

Qloalu|s|w|o

2.4.5.1 Comparison of Water Distribution Profiles

Figure 2.9 shows the application rate profiles of the newly designed dynamic fluidic
sprinkler with different types of nozzles at 100, 150, 200 250 and 300 kPa, respec-
tively. Generally, the application rates increased with an increase in nozzle diame-
ters for all operating pressures, and these results are in agreement with [30]. As the
distance from the sprinkler increased, the application rate also increased until it got
to the maximum value and decreased for all the pressures. As operating pressure was
increased, the application rates increased until they reached the maximum, when
they started to decrease. The application rate of the 5.5-mm nozzle varied from 5.24
to 7.42 mm h — 1. The maximum value of the application rate was obtained for the
five analyzed pressures (7.6 mm h — 1 at distances of 8 m for 100 kPa, 6.1 mm h —
1 at 10 m for 150 kPa, 6.23 mm h — 1 at 7 m for 200 kPa, 6.53 mm h — 1 at 7 m
for 250 kPa and 7.42 mm h — 1 at 7 m for 300 kPa). Among the pressures, 200 kPa
performed slight better than 150 kPa. The result from independent sample t-test anal-
ysis indicated that there was no significant difference between 250 and 150 kPa (p >
0.05). The comparison of the water distribution profiles at different operating pres-
sures showed that all the different nozzle sizes produced parabola-shaped profiles,
but the 5.5-mm nozzle size was flatter than the other nozzle sizes at a low pressure
of 150 kPa. This could be attributed to the fact that flow rate at the same operating
pressures was much higher and the internal turbulent flow was less uniform from
the nozzle outlet, as well as more water was applied near the sprinkler, resulting in
a more uniform water distribution for the 5.5-mm nozzle compared to the others.
Several studies have shown that [37, 38] a doughnut-shaped water distribution leads
to surface runoff because more water is deposited away from the sprinkler, affecting
the quality of sprinkler irrigation. This implies that a 5.5-mm nozzle size can improve
the non-uniform water distribution and save water for crop production. These results
are better than those obtained by earlier researchers who used a similar sprinkler

type.
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Fig. 2.9 Water distribution profiles for different types of nozzles and pressures

2.4.5.2 Comparison of the Computed Uniformity Coefficient

Figure 2.10 presents the computed coefficients of uniformity with different types of
nozzles at 100, 150, 200, 250 and 300 kPa, respectively. The computed coefficients of
uniformity were determined using Eq. (1). The rectangular spacing for lateral radius
timesof 1.0,1.1,1.2,1.3,1.4,1.5,1.6,1.7, 1.8, 1.9 and 2.0 was used for all the nozzle
sizes in the study. Figure 2.6 shows the relationships between the simulated CU and
spacing along the vertical and horizontal axis. As the distance from the sprinkler
increased, the coefficient of uniformity also increased until it got to the maximum
and then decreased for all the pressures and nozzles. The average of the computed
values for the 5.5-mm nozzle size was (at different pressures) as follows; 76, 81,
77, 82 and 77% and 100, 150, 200, 250 and 300 kPa, respectively. Comparatively,
250 kPa performed slightly better than 150 kPa, but 150 kPa was selected as the
optimum operating pressure because of rising energy costs. For all the nozzle sizes.
5.5 mm gave the highest computed uniformity value of 86%, at a low pressure of
150 kPa. This indicates that 5.5 mm produced a better water distribution pattern
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Fig. 2.10 Computed coefficient of uniformity (CU) for different types of nozzles and pressures

than the rest of the nozzles. These results are slightly better than those obtained by
previous researchers for the complete fluidic sprinkler and the outside signals of 82
and 80.88%, respectively [27]. Although 250 kPa gave higher CU than 150, there
was no significant difference (p > 0.05), along with the increasing cost of energy and
growing demand for saving water for optimum crop production. It is appropriate to
use 150 kPa.

The range of computed CU values for the 5.5-mm nozzle size at 150 kPa was
as follows: 77% at a spacing of 1- to 68% at 2.0-times (150 kPa). The highest CU
occurred at 1.6-times spacing uniformity and increased with a spacing of one- to 1.6-
times, ranging from 76% to 86 with an average of 80%; subsequently, the uniformity
decreased with spacing from 1.6- to 2.0-times; the CU value ranged from 84 to 68%
with an average of 79.2% at an operating pressure of 150 kPa.

In general, CU values resulting from the 5.5-mm nozzle size were higher compared
to other nozzles. The explanation could be that the internal turbulent flow was
less uniform from the nozzle outlet and more water was applied near the sprin-
kler, resulting in a higher combined CU. This supports already established results
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from earlier research works [24, 32, 39]. The performance of the tested sprinkler was
better than earlier research for the different types of fluidic sprinklers.

2.4.5.3 Droplet Size Distributions

Figure 2.11 shows the cumulative droplet diameter frequency for different types of
nozzles at different operating pressures. Low operating pressures resulted in larger
droplet diameters, and as operating pressures increased, smaller droplets diameters
were produced. Droplet diameter increased with distance from the sprinkler for the
various nozzle sizes, which is similar to previous results obtained [40].

As can be seen in Fig. 2.11, 5.5 mm gave better results than the rest of the nozzles.
The average droplet diameters ranged from O to 3.2 mm. The cumulative frequencies
were under 1 mm of 87, 67, 86.73 and 99%, under 2 mm of 89, 77, 65, 67 and
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Fig. 2.11 Cumulative droplet diameter frequency
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100% under 3 mm of 88, 90, 67, 88 and 55 at pressures of 100, 150, 200, 250 and
300 kPa, respectively. The mean droplet diameters for the nozzle sizes of 2, 3, 4,
5.5, 6 and 7 mm ranged from O to 4.2, 0 to 3.7, 0 to 3.6, 0 to 3.2,0 to 0.5 and O
to 3.8 mm, respectively The comparison of droplet size distributions showed that
5.5 mm had the narrowest droplet size and smallest maximum droplet diameter of
3.2 mm. The biggest droplet size ranged with the maximum value of 4.2 for a nozzle
size of 2 mm. These results are similar to those obtained by previous researchers
who used different sprinkler types. It can also be noted that at most distances from
the sprinkler, the number of droplets at smaller diameters was greater compared to
that at larger diameters. This goes to support the hypothesis that droplet formation
is a continuous process along the jet trajectory [41-43]. Using a 5.5-mm nozzle
size will produce optimum droplet sizes, which can fight wind drift and evaporation
losses. This is because large droplets possess high kinetic energy, and on impact,
they disrupt the soil surface, especially soils with crustiness problems, leading to
sealing of the soil surface. Dwomoah et al. reported similar results when analyzing
drop diameter measurements performed with the Thies Clima Laser Precipitation
Monitor (TCLPM).

Table 2.10 shows the percentage of droplets with a mean diameter for the various
nozzle sizes at different operating pressures. Diameters d g, d»s, dso, d75 and dg
represent the diameters corresponding to 10, 25, 50, 75 and 90%, respectively, of the
volume of detected water. From the table, it can be observed that for all the nozzle
sizes, droplet size increased with increasing percentage of droplet diameter. In this
experiment, almost 20% of the drops identified at all the distances from the sprinkler
were smaller than the minimum diameter obtained from earlier researchers who used
similar sprinkler types.

2.4.5.4 Droplet Characterization Statistics

Table 2.11 presents statistical parameters for the droplets for different types of nozzle
at different operating pressures. Parameters include the arithmetic mean diameter, the
volumetric mean diameter, the median diameter, the standard deviation and the coeffi-
cient of variation. All the parameters decreased with an increase in operating pressure
for the nozzle sizes. All the parameters increased as the nozzle sizes increased for
all the operating pressures. The mean droplet diameter and volumetric median diam-
eter decreased with operating pressures for the nozzle sizes. Among the nozzles,
5.5 mm performed better than the rest of the nozzles. The standard deviation of the
droplet diameter ranged from 0.69 to 0.86 with a mean of 0.775, and the coefficient
of variation ranged from 91 to 147% with a mean value of 119% [33].
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Table 2.10 Droplet sizes (mm) for 10, 25, 50, 75 and 90% (d 10, d25. ds0, d75 and dg, respectively)
for different types of nozzle

Nozzles size | Pressure (kPa) |djo drs dso d7s doo Standard deviation
(m)
2 mm 100 0.07 |0.18 |045 |046 194 |0.76
150 005 |0.14 |036 [1.09 |1.55 |0.65
200 0.08 |0.15 |0.35 [1.08 |1.56 |0.65
250 0.07 |0.16 |0.27 |1.09 |1.85 |0.7
300 0.09 |0.15 |025 |13 1.87 |0.87
3 mm 100 0.06 |0.13 |036 [047 |2.09 |0.83
150 0.07 |0.14 |027 1079 |24 0.91
200 006 |0.15 |0.25 |0.82 |23 0.93
250 0.06 |0.16 |0.27 |0.5 205 |0.82
300 0.09 |0.18 |0.25 149 |196 |0.87
4 mm 100 0.08 |0.13 |0.27 |04 1.69 |0.65
150 007 |0.15 |0.26 [0.71 |1.88 |0.75
200 0.07 |0.15 |026 (073 |1.86 |0.74
250 008 |0.17 |026 |[1.02 |1.82 |0.74
300 0.09 |0.6 025 |1.18 |1.7 0.65
5.5 mm 100 0.04 |0.11 |0.34 |044 (205 |0.69
150 004 |0.12 [0.24 [0.77 |2.1 0.76
200 004 |0.12 [0.23 [0.79 |2.1 0.75
250 004 |0.13 |023 |048 202 |0.76
300 0.05 |0.14 |0.23 1047 |193 |0.70
6 mm 100 0.04 |0.11 |034 |044 |2.05 |0.83
150 005 |0.12 |0.24 [0.77 |2.1 0.85
200 005 |0.13 |0.23 [0.79 |2.1 0.85
250 005 |0.14 |0.23 |048 |2.02 |0.81
300 007 |0.14 |0.23 |147 193 |0.87
7 mm 100 005 |0.16 |044 |044 192 |0.76
150 005 |0.12 |034 |1.07 |1.53 |0.65
200 0.07 |0.13 |0.33 |1.06 |1.51 |0.63
250 006 |0.14 |025 |1.07 |1.82 |0.76
300 006 |0.13 |0.23 |1.28 |1.84 |0.80

dyo = represents 10% of the cumulative droplet frequency; d»s = represents 25% of the cumulative
droplet frequency; dsg = represents the mean cumulative droplet frequency; d75 = represents 75%

of the cumulative droplet frequency; dgg = represents 90% of the cumulative droplet frequency
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Table 2.11 Droplet statistical parameter for droplet diameters for different types of nozzles

Nozzle size (mm) Pressure (kPa) d d, dso SDp (m) CVp
2 100 0.73 3.12 0.45 0.94 119
150 0.71 2.94 0.36 0.71 87
200 0.70 2.79 0.35 0.81 107
250 0.68 2.68 0.37 0.82 124
3 100 0.67 2.71 0.36 0.85 116
150 0.69 2.09 0.27 0.71 125
200 0.60 1.93 0.25 8.0 120
250 0.59 1.68 0.23 0.84 114
4 100 0.78 2.81 0.27 0.84 107
150 0.76 2.44 0.26 0.68 91
200 0.73 2.0 0.26 0.71 99
250 0.72 1.91 0.25 0.79 120
5 100 0.86 2.81 0.34 0.89 106
150 0.77 2.34 0.24 0.68 91
200 0.69 2.25 0.23 0.77 114
250 0.57 2.20 0.21 0.83 147
6 100 0.89 2.80 0.37 1.02 115
150 0.76 2.79 0.24 0.99 132
200 0.70 2.19 0.23 0.95 136
250 0.68 1.49 0.23 0.87 127
7 100 0.80 2.99 0.44 0.92 119
150 0.79 2.39 0.35 0.67 85
200 0.75 221 0.33 0.71 106
250 0.66 1.92 0.25 0.79 121

d = arithmetic mean droplet; d, = the volume weighted average droplet diameter; SDp = the
standard deviation; CV p = is the coefficient of variation

2.4.6 Conclusion

This study evaluated the hydraulic performance of a newly designed dynamic fluidic
sprinkler using different types of nozzles at different operating pressures. The
following conclusions can be drawn.

The smallest radius of throw was obtained when the sprinkler was operated at
the pressure of 100 kPa, while the maximum radius of throw was obtained when the
sprinkler was operated at the pressure of 250 kPa. The distance of throw increased
with the increase in diameters of nozzle sizes. However, there was no significant
different between the radius of throw for 250 and 150 kPa. With the rising cost of
energy, it is appropriate to operate under 150 kPa in order to save water.
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The comparison of water distribution profiles at different operating pressures
showed that all the different nozzle sizes produced parabola-shaped profiles, while
the 5.5-mm nozzle size was flatter at a low pressure of 150 kPa. This implies that a
5.5-mm nozzle size can improve the non-uniform water distribution and save water
for sprinkler-irrigated fields.

For all the nozzle sizes, 5.5 mm gave the highest computed uniformity value of
86%, at a low pressure of 150 kPa. There was no significant difference between 250
and 150 kPa. Comparatively, the sprinkler with a 5.5-mm nozzle produced a better
uniformity, and the average CU obtained was within the acceptable range.

The mean droplet diameter for the nozzles sizes of 2, 3,4, 5.5, 6 and 7 mm ranged
from 0 to 4.2, 0 to 3.7, 0 to 3.6, 0 to 3.2, 0 to 0.5 and O to 3.8 mm, respectively.
The comparison of the droplet size distribution for the various sizes showed that
5.5 mm had the optimum droplet diameter of 3.2 mm. The largest droplet size had a
maximum value of 4.0 for a 2-mm nozzle size. Hence, using a 5.5 mm nozzle size
can produce the optimum droplet sizes, which can minimize losses caused by wind
drift and evaporation.
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