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Abstract: The fluidic sprinkler, a relatively new type of rotating sprinkler, has been the subject of quite a
lot of research about its structural parameters, hydraulic characteristics, and water distribution profile,
albeit under indoor conditions. The fluidic sprinkler’s performance in terms of water distribution
profile and droplet size distribution pattern in wind has seen little investigation. To obtain information
about its droplet size distribution in wind, the Thiess Clima Laser Precipitation Monitor was employed.
Drop diameter, drop velocity, and the number of drops at varying distances from the fluidic sprinkler
were measured in both wind and no wind at three operating pressures of 250, 300, and 350 kPa.
The logistic model was adopted to fit a relationship between the drop diameter and the cumulative
numeric frequency (CNF) and the cumulative volumetric frequency (CVF) values resulting in very
high correlation coefficient (R?) values of above 0.99 for all conditions. At 250, 300, and 350 kPa,
drops traveled 0.6, 1.0, and 1.3 m, respectively, farther in wind than in no wind along the direction of
throw. Drops exhibited a spectrum of velocities and diameters at a given radial distance from the
sprinkler. Up to two-thirds of the radius of throw, the proportion of drops with diameters ranging
from 0.125 mm to 1.00 mm were above 80% at 300 and 350 kPa.

Keywords: fluidic sprinkler; droplets distribution pattern in wind; spectrum of diameters; cumulative
numeric frequency

1. Introduction

The fluidic sprinkler is a new type of rotating sprinkler with the prospect of having significant
advantages. It has been the subject of quite a number of studies about its structural characteristics,
water distribution pattern, and droplet distribution performance, albeit under indoor (no wind)
conditions [1-3]. Studies on its water distribution performance and droplet size distribution in the
field (in wind) still remain scanty [4].

Meanwhile, water droplet distribution in the field under the influence of wind is one of the
important performance indicators of sprinkler water application quality [5]. Water droplet distribution
has several implications that account for the efficiency and uniformity of sprinkler irrigation systems.
Soil infiltration rate, run-off, distortion of spray pattern, wind drift, and evaporation losses are directly
linked to the characteristics of the droplet size distribution of a given sprinkler irrigation system [6-10].
Droplet size distribution is therefore an essential characteristic of the performance of the sprinkler
system that can influence sprinkler selection [11].
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Several factors, including the nozzle configuration, operating pressure, jet break up mechanisms
as well as wind characteristics (in terms of wind speed and direction) account for drop size distribution.
Many studies have been done to describe droplet size distribution from different types of irrigation
sprinklers using a variety of techniques such as the pellet, stain, and photographic methods with
varying degrees of accuracy [9,12-14]. These methods, though simple, are quite time-consuming.
The advent of laser equipment, have made it possible for high-speed data collection with high
accuracy in comparison to earlier methods. Laser equipment has been used in several studies for drop
diameter measurements [8,15,16] using several known sprinklers and their data reported under indoor
conditions. These data aid in drop size distribution modeling and analysis of fundamental transport
phenomena that affect the efficiency of sprinkler systems.

The laser method has its own problems. Two major sources of measurement errors have been
identified; coincidence and edge effects [11,17,18]. Studies have shown that coincidence error could be
minimized by using movable shields or splash guards [19]. However, the use of movable shields to
minimize the occurrences of coincidence errors also introduces a high probability of the occurrence of
edge effect errors. Error reduction methods used by [15] and [18] are usually employed to minimize
errors in data sets.

The fluidic sprinkler’s droplet distribution pattern under the influence of wind is necessary to
ascertain its performance, at varying operating pressures for a holistic description. This is highly
essential especially as the fluidic sprinkler is still undergoing several studies to improve its performance.
The objective of this study, therefore, was to analyze the drop size distribution of the fluidic sprinkler
under wind situations in the field and to compare it with the drop size distribution pattern under no
wind situations. The study also sought to compare results with already established findings from
previous works as part of efforts to ascertain its quality of performance.

2. Materials and Methods

2.1. Experimental Set-Up

The set-up of the experiment consisted of the 20PXH model of the fluidic sprinkler (The 20PXH fluidic
sprinkler used was manufactured by Shanghai Watex Water-economizer Technology Co. Ltd, China.
The specifications of the 20PXH sprinkler used are shown in Table 1). The design features and the
operating principles of the fluidic sprinkler have been captured in detail by [1-4,20]. The Thiess Clima
Laser Precipitation Monitor (TCLPM) manufactured by Adolf Thiess GMBH and Co. KG, Gottingen,
Germany [18], flow meter, pressure gauge, and connecting pipes to the source of water were used.
Drop size measurements were performed using the TCLPM in both no wind conditions inside a
circular building facility of 44 m diameter, shown in Figure 1c and in wind conditions, shown in
Figure 1b,d [21,22], for comparison purposes. The TCLPM works such that a laser-optical beaming
source produces a parallel light-beam (infrared, 785 nm). When a water drop falls through the
measuring area, the receiving signal is reduced. The diameter of the drop is calculated from the
amplitude of the reduction, while the drop velocity is calculated from the duration of the reduced
signal. Error reduction techniques used in this experiment have been highlighted by [15,17,18,23].

Table 1. Design specifications of the fluidic sprinkler used.

S/N  Characteristic Features Symbols PXH20

1 Inner Contraction angle O ([0) 20
2 Offset lengths S (mm) 2.8
3 Working area Length L (mm) 28
4 Basic Hole diameter D (mm) 8

5 Wetted Radius R (m) 17-20
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Figure 1. Schematic and pictorial views of fluidic sprinkler and experimental set-up. (a) Schematic view
of the fluidic sprinkler. 1-Swivel connection; 2-Connecting sleeve; 3-Limiting mechanism; 4-Reversing
mechanism; 5-Body sprayer; 6-Pipe sprayer; 7-Plastic tube; 8-fluidic component; (b) Campbell
Scientific-WxPRO Research Grade Entry Level -Weather Station; (c) Measurement in no wind [24];
(d) Measurement in wind.

The nozzle height of the sprinkler above the TCLPM was 0.8 m and the height of the TCLPM above
ground level was 0.7 m. Drop size and velocity measurements were performed for three operating
pressure conditions; 250, 300, and 350 kPa. The operating pressures were within +5 KPa of the nominal
pressure configuration. Discharge from the pump through the connecting tubes to the sprinkler was
measured by means of a flow meter (accuracy tolerance of 0.5%). For each operating pressure, the drop
size distributions were measured at 2 m intervals along a radial transect starting at 2 m from the
sprinkler and ending at the farthest possible distance droplets could be collected. The sprinkler was
allowed to rotate over the TCLPM five times (approximately 3 min) to ensure a sufficient number
of drops passed through the measuring area. However, at the distal end of the range, beyond 90%
of maximum throw distance, due to the difficulty in getting enough samples for measurements,
ten rotations (approximately 5 min) were allowed over the measuring area to ensure enough samples
were captured. By means of an RS 485/422 interface, the measured data were accessed on a computer.
The data were ordered into cells according to the number of drops collected, drop diameter, and their
corresponding measured velocity at each radial transect.
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2.2. Modeling Cumulative Numeric Frequency and Cumulative Volumetric Frequency Curves

To fit a model to the droplet size distribution curves generated with the PXH20 along the radial
transect, the logistic model was found to fit the experimental data very well. The logistic model is of
the form;

P(Dy) = A; + (1)

where; A1, Ay, Dy, Dsp and A are parameters. Dsg is the median drop diameter size. P(Dy) is the
cumulative percentage representing a drop diameter less than Dy(mm). Using the software ORIGIN
Pro 2018, the logistic model was used to fit the cumulative numeric frequency (CNF) and the cumulative
volumetric frequency (CVF) curves generated at the three operating pressures.

3. Results and Discussion

3.1. Velocity, Number of Drops and Drop Diameter Relationship

Figure 2 shows the graphical relationship between the number of drops collected, drop velocity,
and drop diameter along the radial transect in wind at selected distances of 2 m, 8 m, 12 m, and 16 m,
respectively, from the sprinkler nozzle at operating pressure of 300 kPa. Figure 2 shows quite significant
differences in the distribution of the drop diameters, number of drops collected, and the velocity of the
drops at different distances from the sprinkler. In general, a greater number of drops were collected
near the sprinkler than further away from the sprinkler nozzle. This agrees with the results of [14,24,25]
that the density of drops decreased with increasing radial distances.
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Figure 2. Graphical representation of the relationship between the number, diameter, and velocities of
drops collected with the Thiess Clima Laser Precipitation Monitor (TLCPM) at different distances from
the sprinkler nozzle... (a) Measured at 2 m, (b) measured at 8 m, (c) measured at 12 m and (d) measured
at 16m respectively from the sprinkler at operating pressure of 300 kPa.

It is important to highlight that even though the prevailing wind condition had a wind direction
of 10° to 300° (Figure 3), it was ensured that measurements were taken only when the wind direction
was parallel to and not contrary to the direction of the throw of water. The rationale behind that was to
study the impact of wind on increasing the radius of throw.
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Figure 3. Wind characteristics during the field experiment.

For a particular drop diameter, different velocities were measured at the same radial distance.
For example, at a radial distance of 4m from the sprinkler, for a drop diameter of 0.25 mm at
operating pressure of 300 kPa, the following drop velocities: 0.4 m/s, 0.8 m/s, 1.0 m/s, 1.4 m/s and their
corresponding number of drops: 41, 152, 557, 365 were recorded with the TLCPM, respectively.

Additionally, at 10 m radial distance from the sprinkler drops with a diameter of 0.75 mm at
operating pressure of 250 kPa, recorded velocities of 0.2 m/s, 0.6 m/s, 1.8 m/s, 3.0 m/s, 3.4 m/s and their
corresponding number of drops of 28, 131, 126, 305, and 358, respectively were measured. A similar
trend was observed at an operating pressure of 350 kPa. These observations show that drops exhibit
a spectrum of velocity at the same radial distance and also at varying radial distances from the
sprinkler [11,21]. The variability of velocity for a particular drop diameter along the radial transect can
be related to the phenomenon that drop break up is a continuous process aided by aerodynamic drag
and perturbations on the water jet as it exits from the sprinkler nozzle [25,26].

Figure 2 shows clearly a strong relationship between drop diameter and velocity at each point
along the radial transect. From Figure 2, it is evident that fine drops had smaller velocities than drops
with larger diameters. This phenomenon has been clearly collaborated by earlier researchers who
used other types of rotating sprinklers [27,28]. This situation has implications on the evaporation of
smaller drops as they are more likely to stay in the air for a longer duration than larger diameter drops
and, therefore, are more prone to evaporation and wind drift. According to [29], for droplets to drift,
the drifting droplets should have velocities much less than the prevailing average wind speed and,
as a rule of thumb, drops having velocities less than 10% of the average wind speed can be considered
wind drift-prone. On the other hand, comparatively larger drops with high velocities also have
negative implications with regard to the kinetic energy of impact [30]. It has already been established
by [31] that increasing operating pressure leads to increasing the production of smaller droplets in
the sprinkler droplet spectrum. The reverse is also true. Optimization of the operating pressure is
therefore important to ensure the production of an appreciable spectrum of drops of different diameters
along the radial transect to reduce the negative effects of wind drift, evaporation, and kinetic energy of
impact of drops, in agreement with [32,33].

3.2. Analysis of the Cumulative Distribution Curves

Figure 4 shows the variation of cumulative numeric frequency (CNF) curves and the cumulative
volumetric frequency (CVF) curves with drop diameter measured at increasing radial distance from
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the sprinkler for 250 kPa, 300 kPa, and 350 kPa operating pressures in wind with prevailing conditions
as shown in Figure 3. However, measurements were taken only when the wind was along the direction
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Figure 4. Plot of cumulative numeric frequency (CNF) (%) and cumulative volumetric frequency
(CVF) (%) against the diameter of drops (mm) at 250 kPa, 300 kPa, and 350 kPa respectively. Where (a) is
CNF vs. Drop diameter at 250 kPa; (b) CVF vs. Drop diameter at 250 kPa; (c) CNF vs. Drop diameter
at 300 kPa; (d) CVF vs. Drop diameter at 300kPa; (e) CNF vs. Drop diameter at 350 kPa; (f) CVF vs.

Drop diameter at 350 kPa.
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From Figure 4, at each radial distance from the sprinkler, the curves increased steadily until it
began to plateau. The CNF and CVF curves show the diameters of the drops varied at the same radial
distance. For instance, at 350 kPa and at 2 m radial distance, 96% of the drops had a diameter less than
0.75 mm and out of that, 11.8% had a diameter less than 0.125 mm, which is classified as within the
extremely fine and fine range according to ASABE S572.1 Droplet Size Classification [34,35]. At19 m
radial distance, 99.9% of the measured drops had a diameter less than 4 mm and out of that, 21.3% had
a diameter less than 0.125 mm.

Similar observations were also made for the 250 kPa and 300 kPa operating pressures. The curves
indicate a spectrum of droplet sizes at any given radial distance, which is in agreement with conclusions
drawn by earlier researchers [21,36]. Therefore, it becomes simplistic to assign a definite droplet
diameter to respective distances from the sprinkler as it is usually the case for the ballistic model.

Careful consideration of the drop distribution on the radial transect (Figure 4), showed a relatively
higher frequency of smaller (fine) drops near the sprinkler and an increasing frequency of larger drops
away from the sprinkler. For instance, from Figure 4 at 350 kPa, and radial distances of 2 m, 6 m, 10 m,
and 16 m, CNF value of 96.07% correspond to drops with diameters less than 0.75 mm, 99.85% had
diameters less than 2.5 mm, 99.32% had diameters less than 3 mm, and 99.87% had diameters less than
3.5 mm, respectively. This also supports the fact that fine drops begin to split from the surface of the
jet immediately after the water leaves the exit of the nozzle and continuously disintegrate along its
path [11,31]. Comparing the droplet size distribution of the 20PXH fluidic sprinkler obtained with data
detailed in [37,38] for the impact sprinkler and also data from [18], the shape of the profiles are similar,
however, the diameter of the drops obtained with the fluidic sprinkler are much smaller. Specifically,
at 250 kPa at radial distances of 2 m, 6 m, 10 m, and 12 m from the sprinkler nozzle, ds; values of 0.465,
1.423,1.670, and 2.051 mm, respectively, were obtained with the 20PXH fluidic sprinkler compared
to dsg values of 1.05, 1.40, 1.92, and 3.59 mm, at radial distances of 3, 6, 9, and 12 m, respectively,
at 200 kPa with the impact sprinkler (VYRSA with a straightening vane, 4.8 mm nozzle) [38].

3.3. Drop Diameter Distribution

The regression parameters as well as the adjusted R? values of CNF at different radial distances
from the sprinkler for operating pressure of 250, 300, and 350 kPa are given in Table 2.

The drop diameters under size D5 are also shown in Table 2. The adjusted R? values for the
model at different radial transects for the three operating pressures were very high ranging between
0.99338 to 0.99898 and 0.99681 to 0.99884 at radial distances of 10 m and 16 m respectively for CNF at
300 kPa. Table 3 shows the results of the model for CVF with the adjusted R? values ranging from
0.98813 to 0.99884 at radial distances of 14 m and 6 m respectively at 300 kPa.

Similarly high adjusted R? values were recorded at 250 kPa and 350 kPa operating pressures for
CVF as shown in Table 3. Generally the D5y drop diameter sizes for CNF were less than 0.6 mm for all
the operating pressures. Specifically at 350 kPa, the D5y drop diameter sizes ranged from 0.168 mm to
0.417 mm. At 300 kPa the D5y drop diameter values ranged between 0.1761 mm to 0.5912 mm and at
operating pressure of 250 kPa, the D5y drop diameter sizes ranged from 0.1913 to 0.447 mm.

A comparative assessment of the Median (Dsj) of CNF and CVF of Tables 2 and 3 shows that
at distances near the sprinkler from 2 to 6 m, where the distribution of smaller diameter drops are
high, the ratio of D5y of CVF to D5y of CNF ranged from 1.2 to 3.6 at 250 kPa, 0.6 to 1.26 at 300 kPa,
and 0.98 to 1.66 at 350 kPa, respectively. However, from the middle of the radial transect to the farthest
distance from the sprinkler from 10-18 m, where the frequency of larger drops increases, the ratio of
the median (Dsp) CNF to CVF at 250, 300, and 350 kPa ranged from 4.12 to 12.6, 4.48 to 11.88, and 5.7 to
10.56, respectively. The above analyses indicate that the relationship between CNF and CVF along the
radial transect is strongly affected by the distribution of the number of drops and the different sizes of
the drops. This is in agreement with the deductions by [39] who used the Nelson F32 sprinkler with a
3.18 mm nozzle diameter at 400 kPa and concluded that the volume median diameter is three times
greater than the numeric median diameter.
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Table 2. Regression parameters Aj, Ay, A, D5g and R? for the model equation using the CNF at 250, 300,

and 350 kPa operating pressures along the radial transect.

P(kPa) R (m) Aq A, A Dso R?
2 435074  101.13699 536928  0.36946  0.98428
4 2.88752  99.94652  3.85044  0.44777  0.99335
6 1.69551  104.99942  1.7467 039513  0.99516
8 2.5024 99.02599 298966  0.44008  0.99227
250 10 1.86698  100.20939  2.52046  0.40547  0.99278
12 —-0.85133  104.69056  1.31335  0.32243  0.99564
14 -0.1407  97.6805 245775 01912 0.99825
16 -0.32141 97.52474 201172  0.18659  0.99563
2 -0.8763  104.28791  5.59177  0.59115  0.99379
4 2.0104 99.55765  4.76936  0.4573  0.99593
6 1.30004 10096095  2.85829  0.54546  0.99614
8 023674 10559931  1.4126  0.42248  0.99686
300 10 -0.98784 10427079 121641 031175  0.99338
12 —-0.88509 10198693  1.30446  0.25463  0.99452
14 —-0.03001 103.90991  1.41498  0.35347  0.99797
16 -0.1027  98.99158 252459  0.17618  0.99898
18 0.1686 99.3514 229874  0.19175  0.99883
2 6.05989  100.59838  5.34356  0.37972  0.98388
4 295144  100.89556  2.81991  0.32918  0.99261
6 43256  100.52678  3.41895  0.41152  0.99063
8 2.05796  100.21004 2.81285 041711  0.99433
350 10 -1.1916  106.69928  1.09705  0.32141  0.98744
12 221099  100.60703  2.52162  0.39871  0.99447
14 -0.19118  97.81052 23766  0.15883  0.99656
16 -0.99357 9859122 151007  0.19818  0.98673
18 —-0.31208  96.87356 22641 016788  0.99237

Table 3. Regression parameters Aj, Ay, A, D5 and R? for the model equation using the CVF at 250, 300,

350 kPa operating pressure along the radial transect

P (kPa) R (m) Aq Ay A Dsgo R?
2 0.08856  96.848411  7.26594  0.46555  0.99421
4 —-0.42105 10441339  3.44243  0.88705  0.99881
6 0.05231 11111761 299371  1.42368  0.99676
8 —-1.59095 238.02521  1.67524  1.65432  0.99741
250 10 045277  122.62697 270279  1.67021  0.99554
12 1.06059 12293157 3.95813  2.05172  0.99721
14 395472  6.72054E5  4.18789  2.09845  0.97431
16 151554 17242044 3.68582  2.35884  0.99669
18 311196  2.32762E6  1.51411 245469  0.97306
2 —-0.01509  97.40207  4.66525  0.37324  0.99804
4 —1.27027 107.78744 216983  0.68425  0.99804
6 —1.54117 10575077  2.59613  0.64925  0.99884
8 -0.28941 113.47855 220843  1.11596  0.99681
300 10 1.41597  105.89393  4.44662  1.79166  0.99804
12 059313  110.80845 2.36416  1.16741  0.99731
14 0.38831 23247864 2.57067  1.58233  0.98813
16 0.80295  103.08389  4.25144  2.09048  0.99804
18 1.06507 10526508  5.26081  2.43845  0.99407
2 —-0.01509  97.40207  4.66525  0.37324  0.99651
4 —1.27027 107.78744  2.16983  0.68425  0.99661
6 —1.54117 10575077  2.59613  0.64925  0.99621
8 -0.28941 11347855 220843 111596  0.99681
350 10 1.41597  105.89393  4.44662  1.79166  0.99611
12 059313  110.80845 2.36416  1.16741  0.99407
14 0.38831 23247864 2.57067  1.58233  0.98813
16 0.80295  103.08389  4.25144  2.09048  0.99572
18 1.06507 10526508  5.26082  2.43845  0.99731
20 143634  129.69815  4.93339  3.10043  0.99791
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3.4. Comparison Between Droplet Distribution in Wind and No Wind Conditions

Figure 5 shows the comparison of the CNF curves for no wind and wind conditions at different
distances on the sprinkler radial transect from the nozzle at an operating pressure of 300 kPa.
According to [11,40], most droplet diameters in sprinkler irrigation are in the range of 0.3-3 mm.
Figure 5 shows that for the fluidic sprinkler in both wind and no-wind conditions, more than 95% of

the measured drops were between 0.125 to 3 mm.
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Figure 5. Comparison between the cumulative numeric frequency (CNF) droplet distribution curves in
wind (wind speed: ranged between 0 to 2 m/s, average wind speed at 1.25 m/s with wind direction
along the direction of throw) and in no-wind at different distances from the sprinkler at 300 kPa.
Where (a) is CNF vs. Drop diameter at 2 m; (b) CNF vs. Drop diameter at 12 m; (c) CNF vs. Drop
diameter at 4 m (d) CNF vs. Drop diameter at 4 m (e) CNF vs. Drop diameter at 6 m (f) CNF vs. Drop
diameter at 16 m; (g) CNF vs. Drop diameter at 8 m; (h) CNF vs. Drop diameter at 17 m; (i) CNF vs.
Drop diameter at 10 m; (j) CNF vs. Drop diameter at 18 m.
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In general, as shown in Figure 5, at each distance along the radial transect up to 12 m, the CNF
values of no wind were higher than the wind situation. Specifically, at 2, 4, 6, 8, and 10 m along the
radial transect, the CNF values recorded for the 0.5 mm droplet diameter were 72.54% against 97.3%,
65.5% against 88.8%, 50.1% against 82.9%, 60.6% against 80.1%, and 70.4% against 75.89% for the wind
and no wind conditions, respectively. However, at 12 m up to the distal end on the radial transect,
the reverse was observed as the CNF values for wind were generally higher than the no wind condition.

This can be attributed to the fact that up to 12 m distance from the sprinkler, the proportion of
drops with a smaller diameter (0.125-1.00 mm) were higher (mostly above 80% of the spectrum) and,
therefore, are wind drift-prone. However, drop break up had not been completed and therefore the
larger drops traveled along the radial transect due to their high momentum in the wind direction.

The radius of throw for the PXH 20 at 300 kPa ranges between 16 to 17 m from the sprinkler
depending on the discharge. A substantial number of drops were measured up to 17 m from the
sprinkler for the no wind condition (Figure 5). However, in wind, a substantial number of drops were
measured up to 18 m distance from the sprinkler. This observation might be attributed to the wind
drift of the droplets as the percentage of drop diameters between 0.125 to 0.5 mm were more than
90% of the spectrum of drops measured at the distal end. The effects of wind on the droplets’ travel
distance at 250, 300, and 350 kPa were significant as drops traveled 0.6, 1.0, and 1.3 m, respectively,
farther in wind than the indoor situation along the direction of throw.

4. Conclusions

Analysis of the droplet distribution characteristics of the fluidic sprinkler in wind has been
established. Droplet distribution profiles in wind and in no wind at the same operating pressures were
compared to ascertain the effect of wind on the distribution.

Under average wind speed of 1.25 m/s with the wind along the direction of throw at 250, 300,
and 350 kPa, droplets traveled 0.6, 1.0, and 1.3 m farther in wind than the indoor situation, respectively.

Up to 12 m, which is two-thirds of the distance from the fluidic sprinkler nozzle, the proportion of
drops with diameters ranging from 0.125 mm to 1.00 mm were above 80% of the spectrum at operating
pressures of 300 and 350 kPa.

Drops exhibited a spectrum of velocities as well as a spectrum of diameters at a given radial
distance and along the radial transect. The logistic model was adopted to fit the relationship between
drop diameter and CNF and CVF using the ORIGIN Pro 2018 version with very high correlation
coefficient (R?) values of above 0.99 for all operating conditions along the radial transect.

The relationship between CNF and CVF along the radial transect is affected by the distribution of
the number of drops, the different sizes of the drops, and the distance from the sprinkler nozzle.
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