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ABSTRACT

A new prototype of fluidic sprinkler (PXH) is proposed and its working theory is reported. The hydraulic performance of four
different types of sprinkler head (PXH, PY, Toro S 800 and RainBird S 3504) was compared at the same operating pressure.
Meanwhile, PXHs with nozzle diameters of 4, 6 and 8 mm were tested to establish a mathematical model of water distribution
and droplet diameter. The results show that the PXH produces the longest wetted radius, potentially due to its unique working
principles. The PXH exhibits optimal water distribution performance because the air in the nozzle destroys the fluid structure of
the water jet. The PXH results in the smallest droplet diameter, which transfers less kinetic energy to the soil. The results from
the empirical equations of a distribution model from the PXH were plotted against actual values to obtain regressions, with
coefficients of determination ranging from 95.1 to 98.8%. The droplet size model was determined by fitting the experimental
results obtained using different operating pressures and nozzle diameters. The model was verified using the experimental
results of six cases with different droplet diameters. The average relative error between the predicted and measured droplet
diameters was 4.6%. Copyright © 2016 John Wiley & Sons, Ltd.
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RÉSUMÉ

Un nouveau prototype de gicleur fluidique (PXH) est. proposé et la théorie de son fonctionnement est. rapportée. Les perfor-
mances hydrauliques de quatre différents types de têtes de gicleurs (PX, PY, Toro S 800 et S RainBird 3504) ont été comparées
à la même pression de fonctionnement. Pendant ce temps, des PXHs avec des diamètres de buse de 4, 6 et 8 mm ont été testés
pour établir un modèle mathématique de distribution d’eau et de diamètre des gouttelettes. Les résultats montrent que le PXH
produit le rayon le plus long rayon mouillé, potentiellement en raison de ses principes de fonctionnement uniques. Le PXH
présente une performance optimale de la distribution de l’eau parce que l’air dans la buse détruit la structure fluidique du jet
d’eau. Il en résulte des gouttelettes de petit diamètre, qui transfèrent moins d’énergie cinétique au sol. Les résultats des
équations empiriques d’un modèle de distribution de PXH ont été tracés en fonction des valeurs réelles pour obtenir des régres-
sions avec des coefficients de détermination allant de 95.1 à 98.8%. Le modèle de la taille des gouttelettes a été déterminé par
ajustement aux résultats expérimentaux obtenus en utilisant différentes pressions de fonctionnement diamètres de buse. Le
modèle a été vérifié en utilisant les résultats expérimentaux de six cas avec différents diamètres de gouttelettes. L’erreur relative
moyenne entre les diamètres des gouttelettes prédites et mesurées était de 4.6%. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

As water supplies become limited, agricultural water use
should become more efficient so that current productivity

levels can be maintained. Sprinkler irrigation technology
has existed for many years. Recently, sprinkler irrigation
has become widely used in agricultural production and
covers an area of 2.5 million ha in China (Yan, 2010). The
sprinkler head is an important component of sprinkler irriga-
tion systems. The performance of the sprinkler head plays a
significant role in irrigation quality.
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Sprinkler heads are commonly used in modern irrigation
practices worldwide (Branscheid et al., 1986). Conse-
quently, characterizing the relevance of several designs
and managing the factors that affect the efficiency and
uniformity of sprinklers are important (Li et al., 2003).
Some parameters, such as wetted radius, water distribution,
uniformity coefficient and droplet size, are usually regarded
as important aspects of performance.

Several modelling approaches for sprinkler irrigation
have been developed to predict sprinkler irrigation perfor-
mance. The sprinkler performance model has been the
subject of a series of research efforts since the 1990s
(Delirhasannia et al., 2010). Fukui et al. (1980) presented
basic equations and procedures for the ballistic simulation
of sprinkler irrigation. The Christiansen coefficient of
uniformity and the water application pattern have been
predicted using a ballistic simulation model (Vories et al.,
1987; Seginer et al., 1991; Burt et al., 1997; Carrion
et al., 2001; Montero et al., 2001; Dechmi et al., 2004a,
2004b; Playan et al., 2006). Smith et al. (2008) developed
a computer model (TRAVGUN) to simulate irrigation
applications using travelling gun machines under different
wind conditions. The sprinkler pattern model has been
selected as the basis of the decision support system
TRAVGUN, which was created by Richards and
Weatherhead (1993) and modified by Al-Naeem (1993).
A third-order polynomial was used to describe the radial,
and Delirhasannia et al. (2010) developed a model to sim-
ulate the application of water in a centre-pivot-irrigated
field. Li et al. (1995) proposed an empirical model to fit
the drop diameter distribution curve. Yan et al. (2010)
modified the mathematical model of droplet ballistics and
evaporation for sprinkler irrigation, and droplet size
distribution models have been developed over several years
(Solomon et al., 1985). The aforementioned models
indicated the water jet trajectory when the nozzles were full
of water.

A new type of fluidic sprinkler (PXH) has been developed
at Jiangsu University, China. The working theory for a
fluidic sprinkler mainly depends on differential pressure
control (Zhu et al., 2009; Li et al., 2011; Liu et al., 2013).
The nozzle of a fluidic sprinkler has two phases, gas and
liquid. Limited work has been undertaken to compare the
hydraulic parameters of PXH and other types of sprinkler.
This study was designed to investigate the hydraulic
performance of the newly developed PXH relative to other
well-known and widely used sprinklers, and to establish a
mathematical model of the PXH water distribution and
droplet diameter. The main objectives of this research were
to compare the hydraulic performance of individual PXHs
and other types of sprinkler in indoor conditions and to
introduce several empirical equations for use with the newly
developed sprinkler.

MATERIALS AND METHODS

Four types of sprinkler heads were used in this study. The
PXH was manufactured by Shanghai Watex Water-
economizer Technology Co. Ltd., China, PY was
manufactured by Shanghai Huawei Water Saving Irrigation
Technology Co. Ltd., China, Toro S 800 was obtained from
Toro Company, USA and RainBird S 3504 was obtained
from RainBird Company, USA. The main differences
between the PXH and the other sprinklers are their working
principles. The working theory of the PXH primarily
depends on the pressure difference between its left and right
sides, which has not frequently been reported in the
literature.

Working theory of the fluidic sprinkler

Fluidic sprinkler nozzles are filled with water and gas. A
pressure differential can be created using a signal tube, and
the water flow can be bent to provide the driving force.
The cross section of the nozzle outlet is elliptical. An image
of a fluidic sprinkler is shown in Figure 1.

The working process of the fluidic sprinkler is shown in
Figure 2. Operation of the fluidic sprinkler includes statio-
nary and rotating step-by-step modes that depend on the
pressure differential between the left and right sides. First,
air flows into the left side from Signal 3 while air enters
the right side from Clearance C. The main flow jet is straight
and the sprinkler remains stationary if the pressures are
equal on both sides, as shown in Figure 2 (a). The signal
water received from Signal 1 will fill up Signal 2 to induce
a low-pressure eddy on the right side. Clearance C gradually
decreases and eventually disappears. The main flow jet is
bent towards and eventually attaches to the boundary
because the left pressure is higher than the right pressure.
Consequently, the sprinkler is driven to rotate, as shown in
Figure 2 (b). When the main jet flow bends to the right,
Signal 1 cannot receive any water. Next, the negative
pressure between the left and right sides disappears as the
water in the signal tube is sucked out. Thus, the main flow
jet becomes straight, and the sprinkler becomes stationary.
This process is repeated and self-controlled.

Experimental set-up and procedure

Performing experiments in an indoor facility ensures radial
water distribution and avoids water drift and loss (Sourell
et al., 2003; Dukes, 2006). Any radial water distribution
around the sprinkler can be represented by one radial under
indoor laboratory conditions. In this work, an indoor expe-
riment apparatus was set up in the experimental hall of the
Research Centre of Fluid Machinery Engineering and Tech-
nology at Jiangsu University, China. The laboratory has a
diameter of 44 m and a height of 18 m. No obstacles were
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present in the laboratory, and wind interference was
eliminated. A schematic of the sprinkler set-up is shown in
Figure 3. The sprinkler was placed in the centre of the
laboratory. The sprinkler heads were mounted on a 1.5 m

riser at a 90o angle to the horizontal and were placed
approximately 0.9 m above the top of the catch-cans.

The sprinkler system included a centrifugal pump (model
IS80–50-250, manufactured by Foshan Pump Factory Co.

Figure 1. Image of a fluidic sprinkler.

Figure 2. Geometrical elements of the fluidic sprinkler nozzle and its working process.

Figure 3. Experimental system.
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Ltd., China), a pipeline, Valve 1, a flow meter (model
E-mag E, manufactured by Kaifeng Instrument Co. Ltd.,
China), Valve 2, a pressure sensor (model MPM482,
manufactured by Micro Sensor Co. Ltd., China), and
sprinklers. The water was pumped through valve 1 before
travelling through the flow meter, valve 2, and the sprinkler
into the air. Valve 1 controlled the pump outlet pressure and
the flow rate. The discharge was measured using a flow
meter with an accuracy tolerance of 0.5%. The operating
pressure of the sprinkler was measured using a pressure
sensor with an accuracy tolerance of 0.4%. An operating
pressure of 250 kPa was used to compare the PXH, PY,
Toro S 800 and RainBird S 3504 sprinklers. The following
four operating pressures were tested for the PXHs with
nozzle diameters of 4, 6 and 8 mm: 200, 250, 300 and
350 kPa. All of these operating pressures are within the
manufacturer’s recommendations. The sprinkler was run
for a few minutes to standardize the environmental condi-
tions before performing the experiments. The experiment
lasted for 1 h, and the flow rate and pressure from the
nozzles used for the tests were measured three times under
the same conditions. The collectors (manufactured by the
Shanghai Meteorological Instrument Factory Co. Ltd.,
China) used in this study were 0.2 m in diameter and
0.6 m tall. Fifteen collector locations were distributed with
1 m spacing between the units along the radial. The point
application rate was tested using a collector mould in an
auto-testing system (Faci et al., 2001; Hills and Barragan,
1998; Zhu et al., 2009). The droplet diameter was measured
at the observation point using the stain method (Zhu et al.,
2012). The experiments followed the standards of the
American Society of Agricultural and Biological Engineers
(2007: S398.1).

EXPERIMENTAL RESULTS AND ANALYSES

Although the operating conditions were controlled, they
differed slightly between each measurement (in particular,
operating pressures varied slightly), and the droplets
measured on each occasion were different.

Water distribution

The working parameters and hydraulic parameters of the
different types of sprinklers are shown in Table I. The water
distributions of the sprinklers are shown in Figure 4.

Figure 4(a) presents the experimental observations from
applying water using the different types of sprinkler.
Comparing the water distributions from the four types of
sprinkler heads under the same conditions showed that the
PXH produced a lower average application rate than the
PY and RainBird S 3504 sprinklers and a higher average
application rate than the Toro S 800 sprinkler. These

differences can be attributed to the flow rate factor. At the
same operating pressure, the flow rates of the PY and
RainBird S 3504 sprinklers were much higher and the flow
rate of the Toro S 800 much lower than the PXH. The
wetted radii were 12.5, 12.3, 11.8 and 11.5 m for the
PXH, PY, RainBird S 3504 and Toro S 800 sprinklers,
respectively. This comparison shows that the PXH produced
the largest wetted radius under the test conditions, which
may be attributed to the unique working principles of the
PXH. When the PXH fulfilled its stationary and rotating
step-by-step modes without any other interference, the main
flow from the nozzle was thrown the furthest.

Figure 4(b) presents the radial application rate distribu-
tion profiles for the PXH with a nozzle diameter of 4 mm
at 200, 250, 300 and 350 kPa. As the distance from the
sprinkler increased, the water application rate increased to
a maximum value before slowly decreasing. The application
rates of PXH varied from 0 to 5.1 mm h�1 under different
operating pressures. The maximum application rate was
obtained for the four analysed pressures (2.6 mm h�1 at
4 m for 200 kPa, 3.2 mm h�1 at 4 m for 250 kPa, 4.2 mm h�1

at 5 m for 300 kPa, and 5.1 mm h�1 at 6 m for 350 kPa).
Starting from this distance, the application rate decreased
slowly until reaching a minimum. For 200 kPa at 11 m,
250 kPa at 12 m, 300 kPa at 13 m and 350 kPa at 13 m,
the minimum values were 0.5, 0.6, 0.4 and 0.5 mm h�1,
respectively. The water distribution patterns from the PXH
were similar under different operating pressures. Moreover,
the water application rates were maintained at a distance
between 0 and 6 m, and the range of the PXH working
pressure was large enough to prevent the patterns from
significantly changing. These advantages can be attributed
to the mixing of air with water in the nozzle when the water
is emitted from the PXH nozzle. The air in the nozzle
destroys the structure of the water jet, improving the
sprinkler performance.

Droplet size

Three metres from the sprinkler, the water droplets were
small and travelled at a low-medium velocity. As the

Table I. Working parameters and hydraulic parameters of the
different types of sprinklers

Spray
sprinkler type

Nozzle
diameter (mm)

Operating
pressure (kPa)

Flow rate
(m3 h�1)

PXH 4 250 1.26
PY 4 250 1.36
Toro S800 4 250 1.03
RainBird S3504 4 250 1.41
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distance increased from 3 m, the velocity gradually
increased with distance. Finally, at the furthest point from
the sprinkler, the velocities were medium-high and the
largest drops appeared. The diameters of the experimental
droplets are shown in Figure 5. Figure 5(a) presents the
experimental observations for the droplet diameters from
different types of sprinkler at an operating pressure of
250 kPa and measured at the position furthest from the
sprinkler. Figure 5(b) presents the droplet diameter profiles
versus their distance from the sprinkler for the PXH with a
nozzle diameter of 4 mm at pressures of 200, 250, 300 and
350 kPa. The distances of the testing points from the
sprinkler were 3, 5, 8 m, and at the end of the wetted radius.

As shown in Figure 5(a), PXH resulted in the smallest
droplet diameters among all of the sprinkler types operating
under the same conditions. The diameters of the droplets
from the PXH were 20.3, 8.4 and 3.1% less than those from
the PY, RainBird S 3504 and Toro S 800 sprinklers, respec-
tively. The PXH had the smallest droplet diameter (Figure 5
(a)) and the longest wetted radius (Figure 4(a)). This finding
does not completely agree with those obtained from ballistic
models (Solomon et al., 1985). These differences may be
attributed to the dispersion of the water jet by the two-phase
flow in the nozzle of the fluidic sprinkler, which transfers
much less kinetic energy to the soil.

From Figure 5(b), it was observed that the data are similar
at different operating pressures when the distance from the
sprinkler is between 3 and 5 m. When the distance is greater
than 5 m from the sprinkler, the droplet diameters were

different at different operating pressures. The droplet
diameter increased with distance, reaching a minimum of
0.25 mm at 3.0 m and a maximum of 3.45 mm at the end
of the spray radius. For a given distance from the sprinkler,
the droplet size generally decreased as the operating pres-
sure increased. For example, when the distance from the
sprinkler was 8 m, the droplet diameters were 2.81, 2.63,
2.38 and 2.20 mm at 200, 250, 300 and 350 kPa, respec-
tively. The effects of pressure on droplet diameter were
more evident for large distances from the sprinkler.
Compared with an operating pressure of 200 kPa, the
droplet diameter at the end of the wetted radius of the
PXH decreased by 5.8, 10.1 and 15.9% at pressures of
250, 300 and 350 kPa, respectively.

ESTABLISHMENT OF A MATHEMATICAL
MODEL FOR THE PXH

Water distribution model

Special attention was given to the development of empirical
equations for the water distribution model regarding the
distance that water travelled from the PXH sprinkler. In
addition to the regression shown in Figure 4(b), a third-order
polynomial regression line was fitted to the distance from
the sprinkler and the application rate data to estimate the
water distribution. The third-order polynomials used to
describe the radial are shown in Table II, where y is the
application rate and x is the distance from the sprinkler.

Figure 5. Experimental droplet diameter.

Figure 4. Experimental water distribution.
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The coefficient of determination for PXH ranged from 95.1
to 98.8%, with an average of 97.1%.

Droplet size model

Droplet size, which depends on nozzle shape, nozzle
diameter and operating pressure, is an important indicator
of sprinkler irrigation performance and is important relative
to wind resistance. Larger droplets are more resistant to
wind drift. The fluidic sprinkler model used in this study is
given by the following equation:

D ¼ ξdaHb (1)

where D is the mean volume diameter of droplet size at
the bottom of the wetted radius (mm); d is the nozzle
diameter (mm); H is operating pressure head (m); and ξ, a
and b are dimensionless parameters that can be obtained
through regression analysis.

In this study, results were obtained using the stain method
at the edge of the wetted radius. Figure 6 shows the droplet
diameter at different operating pressures. The fluidic
sprinkler nozzle diameters are 4, 6 and 8 mm, and the
operating pressures are 200, 250, 300 and 350 kPa, respec-
tively. As shown in Figure 6, the droplet diameter decreased
as the operating pressure increased, with maximum values
of 3.62, 4.35 and 4.87 mm for nozzle diameters of 4, 6
and 8 mm at 200 kPa, respectively. The minimum values
were 2.71, 3.21 and 3.76 mm for the nozzle diameters of
4, 6 and 8 mm at 350 kPa, respectively. The droplet

diameter for the PXH increased as the nozzle diameter in-
creased. Compared with a nozzle diameter of 4 mm, the
droplet diameters from nozzles with diameters of 6 and
8 mm increased by 20.2 and 34.5% at operating pressures
of 200 kPa, 15.1 and 34.5% at 250 kPa, 21.2 and 36.3% at
300 kPa and 18.5 and 38.7% at 350 kPa, respectively.

Special attention was given to the development of empi-
rical equations to model droplet size. Polynomial regres-
sions were fitted to the operating pressure and to the
distance from the sprinkler versus droplet size. The dimen-
sionless parameters of ξ, a and b in Equation 1 are 14.4,
0.46 and �0.664, respectively. The droplet size model for
PXH was proposed as shown in Equation 2.

D ¼ 14:4 d0:46H�0:664 (2)

Validation of the droplet size model

To verify the droplet size model for fluidic sprinklers, the
predicted droplet diameters were compared with the
measured values from the experiments. The fluidic sprinkler
parameters for the different cases are shown in Table III.

Figure 7 shows a comparison between the predicted and
measured droplet diameter data for the PXH. According to
Figure 7, the predicted results are lower than the measured
ones in four cases (cases 1, 3, 5 and 6) and larger than the

Table II. Regression analysis with third-order polynomials

Operating
pressure
(kPa)

Third-order polynomial Coefficient of
determination

(%)

200 y = 0.0016x3�0.0665x2 + 0.391x + 2.08 96.8
250 y = �0.0012x3 + 0.0061x2�0.0865x + 3.31 95.1
310 y = 0.0023x3�0.018x2 + 0.428x + 3.48 98.8
350 y = �0.0017x3�0.0145x2 + 0.164x + 4.82 97.6

Figure 6. Droplet diameters at different operating pressure and from nozzles
with different diameters.

Figure 7. Comparison between the predicted and measured droplet diameter
data for PXH.

Table III. Fluidic sprinkler parameters for the different cases

Case number Nozzle diameter(mm) Operating pressure (kPa)

1 4 225
2 4 275
3 6 275
4 6 325
5 8 325
6 8 375
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measured results in two cases (cases 2 and 4). These diffe-
rences can be attributed to the random experimental error
for the measured data, which is inevitable and did not affect
the accuracy of the droplet size model. For a given nozzle
diameter, the droplets decreased as the operating pressure
increased, which was proven by the predicted and measured
results. This phenomenon partly confirmed the accuracy of
the droplet size model. For a given increasing operating
pressure (50 kPa in this study), the droplet size model
indicated that the reduction value of the drop size
decreased as the nozzle diameter increased. For example,
the reduction value obtained from Equation 2 was 0.42 mm
at the nozzle with a diameter of 4 mm, 0.39 mm at the nozzle
with a diameter of 6 mm, and 0.34 mm at the nozzle with a
diameter of 8 mm. The measured results present the same
trends of the droplet size model, with a reduction value of
0.71 mm when the nozzle diameter is 4 mm, 0.59 mm when
the nozzle diameter is 6 mm, and 0.19 mm when the nozzle
diameter is 8 mm. This phenomenon again confirmed the
accuracy of the droplet size model. The relative error
between predicted and measured results varied from 0.9 to
8.9% in different cases. Case 6 had the highest relative error
of 8.9%, and Case 3 had the lowest relative error of 0.9%.
The average relative error was 4.6%. This comparison
revealed that the predicted results fit the measured results
well and that the established model accurately predicted the
droplet size of the PXH.

CONCLUSIONS

1. A new fluidic sprinkler (PXH) prototype was
presented. The working principle of the PXH
consisted of two statistical conditions, the straight
main flow jet and the main flow jet reattached to the
right side. This process was repeated automatically
to allow the PXH to rotate without external control;

2. When comparing the four different types of sprinkler,
the PXH resulted in a lower average application rate
than the PY and RainBird S 3504 sprinklers and a
higher average application rate than the Toro S 800
sprinkler. The PXH produced the longest wetted
radius, exhibited optimal water distribution perfor-
mance, and resulted in the smallest droplet diameter.
The water in the nozzle of the PXH was subjected to
two-phase flow. The air in the nozzle destroyed the
water jet fluid structure, improving the PXH’s
performance;

3. Empirical equations for the water distribution
from the PXH were regressed, with coefficients
of determination ranging from 95.1 to 98.8%. An
empirical equation for the droplet size of the
PXH (D = 14.35 d0.46H�0.664) was reported in this
study;

4. The droplet size model was verified based on the
experimental results for six cases with different drop-
let diameters. The average relative error between the
predicted and measured droplet diameters was 4.6%.
The predictions from the model were in good agree-
ment with the measured values.
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