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Abstract: Sprinkler irrigation is promoted due to its remarkable advantages in water conservation,
but the high energy consumption limits its development in a situation of energy scarcity. In order
to determine the energy consumption of a fixed spray-plate sprinkler (FSPS), its discharge and
initial trajectory velocity were investigated using a particle image velocimetry (PIV) technique and
computational fluid dynamics (CFD) analyses. A nozzle diameter of 4.76 mm was used under
windless conditions. Overall, good agreement between simulation results and experimental values
was obtained. On the premise that the simulation method produced high accuracy, a series of
simulations was performed with different nozzle diameters. The water distribution pattern, stream
trajectory velocity and kinetic energy dissipation were analyzed. The results show that the jet
produced at the nozzle is split by grooves after it hits the plate, with separation occurring earlier with
decreasing nozzle diameter. The area of the flow cross-section of the outlet is mainly influenced by
nozzle diameter rather than working pressure. The initial trajectory velocity of the grooves increases
logarithmically with increasing working pressure. A high working pressure may not cause large
kinetic energy dissipation. The dissipation rate of the FSPS ranged from 28.01-50.97%, i.e., a large
kinetic energy rate was observed. To reduce this energy dissipation and improve water use efficiency,
the structure of the FSPS should be optimized in further research.
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1. Introduction

Agricultural production consumes enormous amounts of water, which is a threat to water
resources [1]. Sprinkler irrigation is characterized by high levels of water conservation [2-5].
Commonly, linear-move and center-pivot irrigation machines are widely used for their high degree of
automation [6]. The earlier sprinklers equipped in these machines were high-pressure impact, and
in recent years, increasing energy costs have shifted the focus to increasing the energy efficiency of
agricultural sprinkler applications and led to the development of various low-pressure sprinklers.
The two main low-pressure spray-plate sprinklers are the rotating spray-plate sprinkler (RSPS) and
fixed spray-plate sprinkler (FSPS) [7]. Compared with RSPS, the fixed spray-plate sprinkler (FSPS)
offers the advantages of a relatively low working pressure, high wind resistance and low cost [2,8-10].
The working principle of the FSPS is simple: a jet of water from a nozzle strikes a refraction cone and
forms a series of nappe adherences in the spray-plate grooves. The water distribution pattern from a
single FSPS resembles a wetted circular crown [11]. However, as the water strikes the refraction cone,
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the energy lost at the plate is extremely large, creating uncertainty about the initial velocity of the
drops [12]. The initial trajectory velocity across the grooves is less than the jet velocity from the nozzle.
This results in a reduction in the wetted width and control area during the irrigation with a liner-move
irrigation machine [13]. In order to evaluate energy utilization efficiency, research on kinetic energy
dissipation is required.

The kinetic energy is mainly influenced by the velocity and discharge of the liquid. In general, the
outlet flux of each groove and nozzle can be obtained using a weighing method. The calculation of
initial jet velocity from the nozzle requires a measurement of flux, which is then divided by the nozzle
area. However, the FSPSs used in pivot and linear movement irrigation systems are different from
impact sprinklers [6], i.e., the jet produced at the nozzle undergoes an inelastic shock after it hits the
plate, causing a large reduction in trajectory velocity [12]. Therefore, the main problem in calculating
kinetic energy dissipation is in obtaining the initial trajectory velocity.

Considering the handicap in estimating the initial trajectory velocity of FSPS, an experimental
measurement was performed by Sanchez-Burillo et al. [12] using the photographic method. The
instantaneous drop velocity vector at a bounded region close to the sprinkler was measured.
Furthermore, a large head loss at the spray-plate was attained. By using the technique of low speed
photography, Ouazaa et al. [14] determined drop velocity at a measurement point just after the plate,
and the results showed that kinetic energy losses decreased with nozzle diameter increments. It is
important to note that photographic method is available to acquire the initial trajectory velocity of FSPS.
Besides, as one of photographic methods, the technique of particle image velocimetry (PIV) [15-17]
can also be used in the measurement of jet velocity. The fundamental PIV is simple: once the fluid
motion is received by the CCD camera, the positions of the droplet can be recorded at two instances of
time, i.e., the droplet displacement, so it is realizable to calculate the trajectory velocity [18,19].

However, the measurement of velocity using the photographic method is inconvenient due to
the requirement of a suitable experimental apparatus; in addition, the analysis of a large amount of
samples is time consuming. With the development of computer technology and computational fluid
dynamics (CFD) in recent years, numerical simulation has been widely used, as it offers the advantage
of high efficiency [20,21]. Research on the initial trajectory velocity of a water jet has mainly focused
on the free surface between the air and water. The interface tracking method, volume of fluid (VOF),
which was proposed by Hirt and Nichols [22], providing insight into the underlying processes critical
for primary and secondary atomization, is suitable in this regard [23-25]. In recent years, a coupled
VOF with the level set method (LS-VOF) proposed by Osher and Sethian [26] has been tested by
comparison against a standard VOF solver and experimental observation [27], and the result indicated
that the LS-VOF model can improve surface tension implementation and provide a smooth variation
of the physical properties across the interface between two fluids. Moreover, Jiang et al. [17] and
Meredith et al. [28] have shown that the multiphase LS-VOF model can be successfully applied to
simulate the performance of sprinklers.

Several articles have been published describing the kinetic energy losses of FSPS [12,14,29];
unfortunately, these data were collected using the experimental method. Considering that a limited
number of studies have been carried out on the simulation of the initial trajectory velocity and kinetic
energy dissipation rate of a FSPS, the objectives of this study are as follows: (1) use a PIV technique
to determine the stream jet velocity from the grooves at different working pressures with a nozzle
diameter of 4.76 mm; (2) investigate the flux and jet velocity of each groove using the numerical
simulation method, and estimate the validity of numerical simulation results; (3) based on these
simulation results of different nozzle diameters, analyze the water distribution pattern, jet velocity of
the stream and kinetic energy dissipation of FSPS.
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2. Experimental Setup

The selected FSPS was a Nelson D3000 (Nelson Irrigation Co., Walla Walla, WA 99362-2271,
USA). The FSPS was equipped with a 4.76 mm diameter nozzle and a deflector plate with 36 grooves
(Figure 1). The diameter of the spray-plate was 31 mm and had a cone with a height of 2.8 mm at its
center. The nozzle was installed 12.5 mm above the spray-plate. During operation, the water jet from
the nozzle hits the deflector, dividing the flow into 36 streams.

Figure 1. Fixed spray-plate sprinkler (FSPS) used in the investigation.

An experimental test (Figure 2) to evaluate the velocity of the stream was set up at the Irrigation
Hydraulics Experiment Station at Northwest Agriculture and Forestry University, Yangling, China.
It consisted of a water jet system and PIV system. The water jet system was comprised of: (1) a booster
pump of 2.2 kW, which was controlled by a frequency conversion cabinet; (2) a water tank with a
capacity of 0.5 m3; (3) a Nelson D3000 sprinkler coupled with a deflector plate with 36 grooves; and
(4) a 32 mm diameter flow pipe and pressure sensor. The PIV system used to obtain the jet velocity
consisted of: (1) a digital high-speed video camera (hotshot 512 sc); (2) a computer to collect data; and
(3) analysis display software (MOVIAS Pro) for image processing. The experiment was performed
using PIV visualization technology, i.e., PIV technology based on high-speed photography. As such,
when the water stream jetted from the groove, the CCD camera recorded the scattered light distribution
of the droplets at short intervals. The travel length over a fixed time was then processed using the
MOVIAS Pro software and the velocity of the water jet calculated.
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Figure 2. Experimental setup for velocity observation using particle image velocimetry (PIV).
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In general, the operating pressure could be adjusted between 34 and 413 kPa; accordingly, the
working pressures were set to 50, 100, 150, 200 and 250 kPa. As the deflector plate had a tri-sectional
structure and the grooves in each tri-section zone were symmetrical, the number of experimental
grooves could be reduced to six. All experimental measurements were performed under windless
conditions. As each stream jetting from a groove was relatively independent [30], each coherent jet
emitted by the groove could be measured. In order to achieve high resolution images, the area of
interest was set to 1280 x 800 pixels and the frames per second to 1000. Each measurement lasted for
2 min, and more than 20 drops for every combination were analyzed.

3. Numerical Simulation

3.1. Description of the Model

According to the actual size of the sprinkler, a three-dimensional flow region model was developed
using the software Pro/Engineer. Considering the geometric symmetry of the FSPS, a symmetrical
boundary condition was applied along a symmetry plane, i.e., only half of the domain was modeled.
An unstructured mesh was used for the simulation domain using ANSYS ICEM software. Based on
the experimental model, the boundaries of the numerical model were set as (i) the walls, (ii) the water
inlet, (iii) the outlet, (iv) the air inlet and (v) symmetry (Figure 3). The Number 1 groove is located
in the beginning of the tri-section; the Number 6 groove is near the symmetry axis of the trisection.
A no-slip condition was applied to the walls; a velocity inlet condition was applied to the water and
air inlets, and a pressure outlet condition was applied to the outlet. For mesh roughness to have a
significant influence on the sharpness of the interface between air and water, a grid refinement of the
groove outlet was performed. The calculation of initial jet velocity requires discharge to be measured,
which is then divided by the nozzle area. The initial velocities for the water inlet at different working
pressures are presented in Table 1.

Wall

Water inlet (velocity i
/ir inlet (velocity inlet)
Symmetry Outlet (pressure outlet)

Outlet (pressure outlet)
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(5)( )

Wall )
' m @

Figure 3. 3D modeling of FSPS.

Table 1. Inlet velocities (m/s) of four nozzle diameters for the simulations.

Nozzle Diameter (mm)

Working Pressure (kPa)

2.98 3.97 4.76 7.14
50 9.80 9.95 9.87 9.92
100 13.43 13.87 13.69 13.76
150 16.39 17.03 16.75 16.88
200 18.54 19.23 19.42 19.40

250 21.22 21.38 21.65 21.51
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3.2. Governing Equations

The numerical simulations were carried out using the CFD software ANSYS FLUENT 17.0. The
mass conservation equation and Navier-Stokes equations for incompressible, viscous flow are given
by Equations (1) and (2) [31,32]:

X 4 _
T +div(pu) =0 1)
% + div(puu) = —g—z +div(p grad u) + F, (2a)
9(po) + div(pvu) = _op +div(y grad v) + F, (2b)
ot ay
(pw) + div(pwu) = —g—z +div(p grad w) + F; (20)

where p is fluid density (kg/ m3 ); t is time; u is the flow velocity vector (m/s); p is pressure; u, v, w are
averaged flow velocity components in the Cartesian coordinates x, i, and z, respectively (m/s); Fy,
Fy, F- are body forces, Fx =0, F, =0, F> = —pg(N); and y is dynamic viscosity (N s/m?). The concepts
of div (divergence) and grad (gradient) are introduced as: div(u) = 0u,/dx + duy/dy + du,/9z
grad() =9()/0x+9()/dy +9()/oz.

In order to close the Navier-Stokes equations, the standard k-¢ turbulence model was chosen to
solve the unsteady calculation. The standard k-¢ three-dimensional turbulence model is obtained from
the following transport equations:

d 0 B ou; au ou; d ok

a(ﬁk)‘kafxi(Pk“z) *Plt(afxi‘k e )ax] 87] (}H‘Vt)axj] —pe 3)
) 9 ou;  ouj 9 e €2
g(ﬁf) 8 — (peu;) = 2PCsls(ax] + 5= x; ) + aTc] (n+ Vt/Ue)axj] —PCS2W 4)

where k is turbulence kinetic energy (m2 / 52); ¢ is turbulence dissipation (kg-m2 /s3 ); i and j are vectors;
and C,1, C¢1 and o are correcting coefficients.

The multiphase LS-VOF model was adopted for this study, offering the advantages of fewer
iterative steps and lower computation time. Standard wall functions were applied as the near-wall
treatment. The SIMPLE algorithm (semi-implicit method for the pressure-linked equations) was chosen
to solve mass conservation and the Navier-Stokes equations. A second-order upwind scheme for the
discretization of momentum, turbulent kinetic energy and turbulent dissipation rate was selected. The
gravity and operating air pressure were set to 9.81 m/s? and 101,325 Pa, respectively. The time step
size (t) was set to 0.001 s, and the convergence precision was set to 0.0001 for all equations.

4. Results

Experimental data for flow rates and jet velocities were collected to compare with the simulation
results. In general, the average velocities of water jetting from the grooves could not be obtained
directly through the simulations; however, they could be calculated since the parameters of flow
cross-section and mass flow rate were obtained. In order to obtain the cross-sectional area, the outlet
flow pattern of each groove was observed through simulation with a 4.76 mm nozzle at the working
pressure of 200 kPa, and Auto-CAD software was used to analyze the cross-sectional area. Cooperating
with the simulation results of flux, the velocity with different volume fractions of water could be
calculated. Figure 4 illustrates the calculated velocity of each groove with different water volume
fractions. The velocity showed a large range of variation as the volume fraction changed from 0.3-0.8.
The measured velocities, which ranged from 14.51 m/s-16.02 m/s, were used to calibrate the flow
cross-section. In Figure 4, almost all the calculate velocities with a volume fraction of 0.5 and 0.6 were
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embraced in that region. Consequently, the shape of the free surface was determined from the water
volume fraction using the ratio 0.55:1.
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Figure 4. Calculated velocity with different volume fractions of water.

4.1. Comparison of Experimental Results and Simulated Values

Figure 5 illustrates the discharge of the 1st-6th groove, showing numerical simulation values
(SVs) and experimental values (EVs). As shown, for the EVs at different working pressures, the flow
rates increased when the groove number was increased from 1-6. The SVs showed a tendency to
decrease slightly at the second groove and then increase, i.e., the minimum flow rate appeared at
the second groove. Figure 5 also shows the phenomenon that all the SVs for the first groove were
larger than the EVs, with relative errors of 2.60, 2.30, 3.15, 3.91 and 3.40%, respectively, for working
pressures from 50-250 kPa. Conversely, the SVs were smaller than the EVs in the second groove, with a
maximum relative error smaller than 1.94%. The primary reason for this was that a symmetry boundary
condition was applied, meaning that scalar flux across this boundary was zero, and circumferential
water movement to the boundary was ignored. The maximum relative error was no larger than 3.91%
for all working conditions, implying that the SVs were close to the experimental results. In addition,
when the working pressure was fixed, the maximum and minimum EVs for the six grooves showed a
large difference (the same was true for the SVs). For example, when the working pressure was 50 kPa,
the maximum and minimum flow rate EVs were 0.0165 m3/h and 0.0202 m3 /h, respectively, i.e., a 20%
difference (under the same conditions, the difference in the SVs was about 19.22%).
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Figure 5. Jet flow rates for various numbers of grooves. SV, simulation value; EV, experimental value.

Velocity is an important parameter for evaluating the difference between the simulated and
experimental results. The reported velocity of each stream was the average velocity calculated from
flow rate divided by flow cross-section, as mentioned above. The free surface of the water outlet profile
was determined in the calibration process. Numerical jet velocity results for the different working
pressures were compared with the experimental results. Table 2 presents the data for six grooves at
five working pressures. It shows that the relative deviation (RD) of each working pressure was smaller
than 10%. When the working pressure was increased from 50-250 kPa, the maximum RD was 3.28,
—4.07,3.71%, 5.81 and 9.44% respectively, i.e., a generally increasing trend. The reason for this is that
a higher working pressure yields a higher jet velocity as a large measurement error exists when the
experimental jet velocity is high, and the simulation process neglected this factor. However, a good
agreement between the simulation results and experimental values was obtained, which indicates that
both PIV measurement and CFD simulation with the LS-VOF method could be used to analyze the jet
velocity and discharge of the stream.

Table 2. Initial trajectory velocity (m/s) with various numbers of grooves corresponding to a 4.98-mm
nozzle at different working pressures.

Working Pressure (kPa)

Groove 50 100 150 200 250
Number
EV SV RD EV SV RD EV SV RD EV A% RD EV SV RD
ms~' ms! 100% ms™! ms™! 100% ms~! ms! 100% ms™! ms™! 100% ms~! ms~! 100%

Groove 1 7.90 7.84 —0.71 11.40 1122 —1.66 13.02 1325 172 1451 15.18 441 1578 1647 417
Groove 2 7.71 7.48 -3.10 11.21 10.78  —4.07 1275 1258 133 15.30 1456  —5.08 14.55 1573 750
Groove 3 7.69 7.79 1.28 11.61 1129  —2.83 1342 1310 —242 1525 1506 —125 1572 1635 3.84
Groove 4 7.67 7.93 328 11.28 1137 075 1292 1338 341 16.02 1536  —4.32 16.79 16.65 —0.81
Groove 5 7.90 7.98 1.07 1152 1143  —0.82 12.89 1339 371 1632 1550 =528 15.19 16.77  9.44
Groove 6 7.75 7.78 031 1092 1113 186 12.84 13.08 187 1599 1511 —-5.81 1553 1640 5.32

EV: experimental value; SV: simulation value; RD: relative deviation.

4.2. Fluid-Phase Nephogram and Initial Trajectory Velocity

Given the satisfactory agreement between the experimental and simulation results, the simulation
method was used to evaluate the water surface profile and jet velocity with different nozzle types.
Table 3 presents the contours of the water fraction at a pressure of 200 kPa and nozzle diameters of
2.98,3.97,4.76, and 7.12 mm. In this table, the contours of the water distribution pattern of the FSPS



Water 2018, 10, 1365 8of 13

show that when the nozzle diameter is 2.98 mm, the stream is split by the grooves as soon as the water
jetting from the nozzle strikes the cone in the center of the plate. However, separation of the stream
along the groove was not obvious at increased nozzle diameters, e.g., when the nozzle diameter was
increased to 7.12 mm, the stream was divided until the water flows out of the outlet. The water surface
profile in Table 3 indicates that the area of flow cross-section of the third groove increased as the nozzle
diameter increased. The free surfaces present as a convex line when the diameter as 2.98 or 3.97 mm,
but present a concave line when the diameter was 4.76 or 7.12 mm.

Table 3. Contours of the water fraction at 200 kPa of working pressure.

Nozzle Diameter Figure: Contour of Water Subfigure: Water Surface Profile
(mm) Distribution Pattern of Third Groove

Con:ugvsolVolume Fraction(water) ) Area: 2'74 % 1077 m2

2.98

3.97

4.76

Contours of Volume Fraction(water)

10
I 09
08

7.12

Figure 6 shows the water surface profile at different working pressures with a nozzle diameter of
3.97 mm. The area of flow cross-section has a decreasing tendency with increasing working pressure,
although the decline in value is not strong. The maximum and minimum values of the area were
4.71 x 1077 m? and 4.42 x 10~7 m?, respectively. Between the working pressures of 50 and 200 kPa,
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the maximum rate of change was about 6.15%. However, the rates of change were 38.01, 30.06 and
52.12% when the nozzle diameter was increased from 2.98-7.12 mm at 200 kPa of working pressure
(Table 3). This indicates that compared to the nozzle diameter parameter, working pressure had little
impact on the area of flow cross-section.

E——
A:50 kPa B: 100 kPa C: 150 kPa
(Area: 4.71 x 107 m?) (Area: 4.70 x 107 m?) (Area: 4.61 x 107m?)

Contours of Volume Fraction(water)
1.0

l 0.9
08
07

0.6
! 0.5
04

0.3

— 0.2
" B

D: 200 kPa E: 250 kPa
(Area: 4.42 x 107 m?) (Area: 4.52 x 107 m?)

Figure 6. Water surface profile of the third groove with a nozzle diameter of 3.97 mm.

The initial trajectory velocity of each groove was calculated from the simulation results.
Considering the negligible differences in jet velocity among the 36 grooves of the FSPS (Table 2),
nozzle number average velocity was analyzed. As shown in Figure 7, the jet velocity curves present
logarithmic increases with increasing working pressure. The figure also shows that the jet velocity
increased when the nozzle diameter increased at a constant working pressure.

4.3. Kinetic Energy Dissipation

The kinetic energy dissipation is defined as the kinetic energy difference between the water
inlet cross-section and the water outlet cross-section (Figure 4). The kinetic energy dissipation under
different working conditions was calculated. As shown in Figure 8, dissipation decreased as the nozzle
diameter increased at a constant working pressure. For example, when the sprinkler working pressure
was 50 kPa, the energy dissipation was 50.97, 46.47, 37.57 and 28.01% for nozzle diameters of 2.97, 3.98,
4.76 and 7.12 mm respectively. When the working pressure was 200 kPa, the dissipation only very
slightly decreased from 39.48 and 39.33% as the diameter increased from 3.98-4.76 mm. Calculation
error may have caused this phenomenon. In addition, the level of kinetic energy dissipation fluctuated
when the working pressure was changed with a fixed nozzle diameter, although regulation of the
fluctuations affected by working pressure was not obvious.
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Figure 7. Numerical results of initial trajectory velocity at different nozzle diameters.
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Figure 8. Kinetic energy dissipation of FSPS.

Figure 8 also shows that the minimum dissipation of the FSPS was 28.01% at a nozzle diameter
of 7.12 mm and working pressure of 50 kPa, i.e., a large kinetic energy rate was observed. This
value was as large as 50.97% with a nozzle diameter of 2.98 mm. This indicates that more than half
of the energy was converted into heat; the low efficiency of the FSPS was a critical factor affecting
energy consumption. To reduce energy dissipation, the structure of the FSPS should be optimized in
further research.
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5. Discussion

This research contributes to the characterization of the energy dissipation of FSPS with an
experimental and numerical simulation method. The discharge and velocity results indicated that the
experimental method led to a larger data uncertainty than the numerical simulation method, and the
instability of working pressure may be the main source of error [12]. In addition, the accuracy of initial
trajectory velocity with the numerical simulation method is mainly influenced by the shape of the
free surface. In this research, the shape of the free surface was calibrated using the measured value.
Despite the fact that PIV is close enough to the outlet of the sprinkler, a 5-10 cm spacing exists between
the measurement point and outlet of the groove, and this may result in a calculation error in the
determination of free surface. However, in our prior research [33], the jet velocity close to the sprinkler
had no significant difference with small spacing, i.e., the calculation of initial trajectory velocity with
numerical simulation method appeared valid.

As the jet produced at the nozzle hit a plate, part of kinetic energy is transformed to heat
energy. In addition, there is a discrepancy in elevation amounting to 12.5 mm between the nozzle
and spray-plate, and part of the potential energy may likewise be transformed to heat energy while
emitting. However, the gravity was taken into consideration in this research, and the calculation error
caused by the minor change in potential energy can be ignored. The energy dissipation ranged from
28.01-50.97%, and a similar result was presented by Sanchez-Burillo et al. [12] with kinetic energy
losses of 33-55%. According to Ouazaa et al. [14], the energy losses are 45% and 34.7% as the nozzle
diameter are larger than 5.1 mm and 6.8 mm, respectively. In this paper, the largest energy dissipations
are 40.59 and 30.14% with a nozzle diameter of 4.76 mm and 7.14 mm. All these results suggest that
numerical simulation method can be applied to test jet velocity and the performance of FSPS.

6. Conclusions

Water scarcity is a serious problem throughout the world, especially in agricultural production.
Sprinkler irrigation is characterized by high levels of water conservation. However, the kinetic energy
dissipation can be very high. In this study, the discharge and jet velocity of an FSPS were investigated
using a PIV technique and CFD analyses. The comparison of experimental and simulated results
shows that the maximum relative error of discharge is no larger than 3.91%; this means that numerical
simulation with the LS-VOF method achieved reliable results at different working pressures. On the
basis that high accuracy was obtained using the simulation method, a series of simulations were
performed. A fluid-phase nephogram shows that the jet produced at the nozzle is split by the grooves
after it hits the plate. However, the separation effect of each stream along the grooves decreases with
increasing nozzle diameter. Comparing working pressures, the nozzle diameter has an appreciable
impact on the area of flow cross-section of the outlet, with the area increasing as nozzle diameter
increased. The initial trajectory velocity of the grooves presents a logarithmic increase with the increase
in working pressure.

Kinetic energy dissipation decreases as the nozzle diameter increases at a constant working
pressure. A high working pressure may not cause large kinetic energy dissipation. In general, the
dissipation rate of the FSPS ranged from 28.01-50.97%, i.e., a large kinetic energy rate was observed,
and the same phenomenon was revealed by Sdnchez-Burillo et al. [12]. In general, the shape, ridges and
curvature of the deflecting plate determine the number of secondary jets, the vertical initial angle and
initial velocity [12,34]; for the purpose of reducing energy dissipation, the structure of the deflecting
plate could be optimized with a numerical simulation method in the future.
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