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COMPARING METHODOLOGIES FOR THE CHARACTERIZATION

OF WATER DROPS EMITTED BY AN IRRIGATION SPRINKLER

by

C. Bautista-Capetillo!*, R. Salvador?, ]. Burguete?, J. Montero3,

J. M. Tarjuelo?, N. Zapata?]. Gonzalez! and E. Playan?

Abstract

A variety of techniques have been proposed for sprinkler drop characterization. Two of
them, the disdrometer method (D) and the low-speed photographic method (P), have
recently been applied in the literature. A statistical method for the improvement of
disdrometer measurements (DM) has been proposed to improve D measurements. The
aims of this study were: 1) to compare the disdrometer and photographic methods
under indoor conditions; 2) to produce a drop characterization data set; 3) to assess the
effect of the statistical treatment of disdrometer data; and 4) to gain insight on the
relationship between drop variables. The drops resulting from an impact sprinkler
operating at 200, 300 and 400 kPa were characterized at distances of 3, 6, 9 and 12 m
from the sprinkler. In each method, diameters responded to operating pressure and
distance from the sprinkler according to the expected trends. The difference in
volumetric diameter estimation between P and D amounted to -4% of the average P
volumetric diameter. The application of DM to this data set increased the difference in
volumetric diameter with method P to 15%. Drop velocity and angle could be
measured with the P method, and showed clear relationships with drop diameter.
Finally, regression equations were presented relating the most relevant experimental

variables. The disdrometer resulted in fast measurements of drop diameter, while the
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photographic method provided additional variables but required intense work at the

laboratory and particularly at the office.

Keywords: low-speed photography, disdrometer, drop diameter, velocity, angle,

indoor, sprinkler irrigation.
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Introduction

A sprinkler irrigation system distributes water as discrete drops traveling through the
air. Drop characterization (variables such as diameter, velocity and trajectory) is
required to design and evaluate a sprinkler irrigation system and to assess the
relationship between the irrigation system, the soil and the crop. An adequate
characterization of the drops emitted by a sprinkler irrigation system permits us to
evaluate issues such as evaporation losses and kinetic energy. Sprinkler evaporation
losses have been found to depend on the distribution of drop diameters. Under high
vapor pressure deficit conditions, small drops are subjected to large evaporation losses
(Thompson et al., 1993). However, when drop evaporation is controlled by air friction,
large drops can account for most evaporation losses (Lorenzini and Wrachien, 2005).
The kinetic energy with which drops impact on the soil is of particular concern when
drop diameters are large (Kincaid et al., 1996). Finally, the frequency of different drop
sizes has a significant effect on water distribution on the field and therefore on the
uniformity of water application (Sudheer and Panda, 2000). Non-agricultural sprinkler
applications, such as indoor fire protection, have based design and management

procedures on relevant drop characterization efforts (Wu et al., 2007).

Drop diameter, velocity and trajectory from the nozzle to the soil surface depend on a
number of factors. The most relevant are the type of sprinkler and nozzle, the
operational hydraulic parameters and the environmental conditions at the particular
location where the sprinkler system is or will be located. The ballistic theory constitutes
the most common modeling approach to sprinkler irrigation, particularly with respect
to solid-set systems (Fukui et al., 1980; Vories et al., 1987). Ballistic theory explains that
the velocity of sprinkler drops approaching the soil surface is higher for large drops
than for small drops. This is due to the effect of drop diameter on aerodynamic drag.
An increase in sprinkler operating pressure results in smaller average drop diameter,
and consequently in reduced average drop velocity. This discussion on drop diameter
and velocity applies to calm wind conditions. In the presence of strong winds, the
horizontal component of drop velocity may be more affected by the wind than by the

initial drop velocity.

Despite recent analytical developments in sprinkler irrigation (De Wrachien and
Lorenzini, 2006), a general ballistic model for impact sprinkler irrigation in the

presence of wind is not currently available: existing models must be calibrated for
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specific conditions. As a consequence, intense experimental work is required for the
applicability of ballistic models for a particular combination of irrigation hardware and
experimental conditions (Montero et al., 2001; Playan et al., 2006). This situation can be
compared to that of surface irrigation. Numerical surface irrigation models can be
calibrated using as little as one irrigation evaluation. The calibrated model can only be
applied to the experimental soil conditions which, strictly speaking, only existed on the
day of the experiment. Current ballistic sprinkler irrigation models require a number of
experiments for their complete calibration. However, the calibrated model can be
applied to a wide range of environmental conditions for the experimental irrigation

hardware and operating conditions.

Different experimental methods to evaluate drop characteristics were reported in the
literature during the 20th century and even before (Wiesner, 1895). Sudheer and Panda
(2000) described a variety of techniques, proposed by different researchers, to
determine sprinkler and rainfall drop diameter. According to these authors, the most
common techniques include stain, photographic, flour pellet, momentum and oil-
immersion. In a number of these methods photography was used to support diameter
estimation. In some cases, digital image techniques have been introduced to accelerate
data processing. In recent years, optical techniques, based on laser beams (Kincaid,
1996) or on the attenuation of a luminous flow - such as the disdrometer technique -

(Montero et al., 2003) have been developed to evaluate sprinkler drop diameter.

An alternative procedure consists of using a ballistic model to simulate the landing
distance of different drop diameters resulting from a given sprinkler and nozzle model,
nozzle elevation, operating pressure and wind velocity (Fukui et al., 1980; Vories et al.,
1987; Carrioén et al., 2001; Playan et al., 2006). By this inverse procedure the drop
diameter distribution reproducing the radial application pattern of a given sprinkler is
identified. The resulting drop diameter data can be used to run scenario simulations
using the ballistic model (Carrion et al., 2001; Playén et al., 2006). However, these data
can only be compared with drop diameter measurements if the model uses an
adequate representation of the physical processes involved. Since a number of concerns
have been expressed in the literature about the underlying ballistic hypotheses
(particularly in the presence of wind), data sets containing reliable measurements of
drop diameter, velocity and trajectory are currently required to contribute to further

model refinements.
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This paper reports on the characterization of the drops emitted by an irrigation
sprinkler in the absence of wind (indoor conditions). These variables were measured
using two methods based on low-speed photography (Salvador et al., 2009) and on the
use of a disdrometer (Montero et al., 2006; Burguete et al., 2007). The aims of this study
were: 1) to compare different techniques of drop characterization in order to assess
their reliability; 2) to produce and disseminate a drop characterization data set for
further use in ballistic model refinements; 3) to assess the effects of the statistical
treatment of disdrometer data; and 4) to gain insight on the relationship between

variables such as drop diameter, velocity and angle.
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Materials and Methods

Experimental procedure

The experiments were performed at the indoor facilities of the Irrigation Material
Laboratory of the Department of Agriculture, Government of Castilla La Mancha, and
University of Castilla La Mancha at Albacete, Spain. The experimental sprinkler was a
VYR35 model (VYRSA, Burgos, Spain), equipped with a 4.8 mm nozzle. According to

the catalogue, the sprinkler jet forms an angle of 26° with respect to the horizontal.
Determination of the radial sprinkler application pattern

In order to characterize the sprinkler, experiments were performed to determine the
radial application pattern. The ISO 15886-3 norm (Anonymous, 2004) was followed in
the design of the experimental set up and in the experiment itself. The pluviometers
where cylindrical in shape, had a diameter of 0.16 m, and were spaced at 0.60 m
intervals, to a distance of 18 m. The nozzle elevation over the top of the pluviometers
was 0.50 m. Three experimental pressures were considered throughout this work: 200,
300 and 400 kPa. The radial application pattern from a rotating sprinkler was
determined for each experimental pressure. The experiments had durations of 60, 58
and 61 min for pressures of 200, 300 and 400 kPa, respectively. Air and water
temperature was 10°C. Before performing the experiments, the sprinkler was run for a

few minutes in order to standardize environmental conditions.
Drop characterization experiments

The experiment was designed to characterize drops at distances of 3, 6, 9 and 12 m
from the sprinkler nozzle at the three experimental pressures (Fig. 1a). The
experimental sprinkler was enclosed in a metal cylinder as described by Chen and
Wallender (1985) and Tarjuelo et al. (1999), with a lateral slit that permitted to obtain a
wedge shaped portion of the circular wetted area. Four observation points were
arranged at the abovementioned distances. The nozzle was located 0.50 m above the
drop characterization points. Drops emitted by the main jet and those created by the
oscillations of the impact arm were analysed together at the distance of 3 m. At 6 m
both groups of drops arrived separately at the observation point, and only drops
emitted by the main jet were characterized. At further distances, only drops resulting

from the main jet were present. At each observation point, drops were characterized
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using two alternative methods: the photographic method (Salvador et al., 2009) and the

optical disdrometer (Montero et al., 2006).

The photographic method for drop characterization proposed by Salvador et al. (2009)
is based on low-speed photography of the drops emitted by the sprinkler (Fig. 1b). A
reflex digital camera manufactured by Nikon (model D80) was used in this work. A
screen was located at a distance of 0.80 m from the camera objective, and the camera
was focused at a distance of 0.55 m, where a millimetric ruler attached to the screen
was located to serve as an internal length reference. In low-speed photographs, drops
were depicted as transparent cylinders (Fig. 1c). After a digital treatment of the
photographs, drops were manually characterized by measuring the drop diameter
(d, mm), the cylinder length (L) and the angle respect to the horizontal (&, °). The drop
angle was estimated in the vertical plane depicted by the photograph, and the 0° angle
was set in the horizontal direction from the drop to the sprinkler. An angle of 90°
represents a vertical falling drop. Angles below 90° are expected in the experimental
set-up. Drop velocity (V , m s) was estimated from cylinder length and camera shutter
speed (Fig. 1c). The indoor laboratory conditions required artificial lightning and
modifications in the camera settings with respect to those optimised by Salvador et al.
(2009). After a series of prospective experiments, we decided to locate a 200 W
spotlight adjacent to the screen, illuminating it at 90° angle. The camera was set at a
diaphragm opening of F5 and at a shutter speed of 100 (0.01 s). Photographs were
taken in continuous mode (9 photos in the first 3.1 seconds, one photo each 1.13
seconds later on). A total of 1,263 photographs were taken at different distances and
pressures, although only 413 contained valid drops. A total of 1,229 drops were
characterized in these pictures. Only in-focus drops were considered valid for the
purposes of this work. If only a portion of the drop was contained in the picture, its

diameter and angle were recorded, but its velocity could not be estimated.

Salvador et al. (2009) performed a validation experiment of the photographic method.
When drop measurements were compared to real diameters (using metal spheres) and
simulated velocities (using the free fall equation), the resulting errors were -0.45 % for
diameter (small underestimation), and 0.31 % for velocity (small overestimation).
These authors concluded that the most relevant source of error was the fact that all
drops passing at a distance of +0.04 m from the target (marked with a dashed line in

Fig. 1b) would appear as focused. Consequently, these drops would appear bigger or
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smaller than they really are. Salvador et al. (2009) bounded this error as +2.45 % for
drop diameter and +1.23 % for drop velocity. When analysing a set of drops, these
errors compensate in the estimation of average diameters and velocities. However, the

errors in the distribution of these variables may not compensate.

The office procedures for photographic drop characterization were very time
consuming. Fig. 1c presents an example of the determinations performed for each
drop. Salvador et al. (2009) reported a process time of 7 min drop, a rate that also
applied to this work. Consequently, 143 hours of office work were required to produce

the resulting photographic drop data set.

An optical disdrometer model ODM 470, manufactured by Eigenbrodt (Kénigsmoor,
Germany), was used for automatic drop characterization. The device is based on the
attenuation of an infrared beam as drops pass through an optical window (Montero et
al., 2006). The beam detector was circular in shape and had a diameter of 20 mm. The
disdrometer performed continuous measurements as the drops emitted by the
sprinkler fell. Each drop resulted in an attenuation of the signal. Signal analysis
produced estimates of drop diameter and time of passage. The measurement principle
of the disdrometer did not permit the measurement of drop angle. In the twelve
experiments reported in this paper, the disdrometer characterized 13,254 drops. These

drops constitute twelve sets of type D in the following analyses.

Montero et al. (2006) reported two experimental problems which affect the quality of
disdrometer measurements. These problems are related to drop overlapping and drop
passing through the side of the detector. In the first case, following the simultaneous
passage of two drops, the detector will measure a larger-than-real drop. In the second
case, a side-passing drop (partially detected by the device) will be measured as a
smaller-than-real drop. Burguete et al. (2007) presented and validated a statistical
procedure for the detection of these errors, based on the discrepancies between drop
diameter and time of passage. This technique permits the identification of faulty drops
which can be removed from the data set. For a given operational pressure and
observation point, a disdrometer data set of size n was obtained. The average drop

time of passage was obtained as:

n
T=13T, 1]
i
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where T; is the time of passage for drop i and T is the average drop time of passage in
the set. Geometric considerations on the detector radius R (10 mm in this case) and
drop radius r; led to the formulation of maximum and minimum times of passage for
each drop (Burguete et al., 2007). Drop i is rejected if its T; exceeds the maximum value

or is lower than the minimum value:

4 _
T.>(1+1)—T [2]
JT
8 er‘f
T, <(1-7)— T 3
<0 §

The process is governed by a tolerance 7, and is formulated in an iterative way. The
improved method for erroneous drop removal, described by Burguete et al. (2007) was
used in this paper. This method automatically adjusts the value of 7. When the drop
rejection procedure was applied to the twelve disdrometer data sets, the total number
of drops was reduced to 6,530 (the average percentage of drop removal was 51%). The
remaining drops in each set constitute the twelve sets of type DM in the following

analyses.

The estimation of drop velocity (V) from disdrometer time of passage required specific
considerations. Drops can pass through the central or lateral side of the detector. As a
consequence, velocities should be obtained from the time of passage and the length of

the drop trajectory projected on the detector. This trajectory ideally ranges between 0
and twice the detector radius, R. Burguete et al. (2007) derived a ratio of % between

the maximum and average drop times of passage. This ratio can be used to estimate

velocity from drop time of passage:

AR [4]

Since the ratio is a statistical approximation, the proposed equation should be applied
to a group of drops in order to determine their average velocity. As a consequence,
drop velocity estimates derived from disdrometer data are presented in this paper for

complete experimental data sets or for subsets corresponding to diameter ranges.
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Basic drop statistics: centrality and dispersion

Managing the large data sets obtained from the photographic and disdrometer
methods required a statistical approach. While it is convenient to represent the sets by
a reduced 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 the arithmetic mean diameter (¢,, mm), the volumetric mean
diameter (¢, , mm) the volume median diameter (¢5,, mm), the standard deviation
(Sp, mm) and the coefficient of variation (CVp, %). The volumetric mean, proposed by

Seginer (1963), was determined as:

2

. 4
d;
¢V _ i=1
< 3
d;
i=1

g
2

Where d; is the diameter of each drop in the set (mm), i is an ordinal extending from 1

to n, the number of drops in the set. Parameter ¢, corresponds to the volume weighted
average drop diameter. Parameter ¢s, can be obtained by sorting all drops in the set by

diameter and selecting the drop diameter that represents 50% of the cumulative drop

volume.

The arithmetic mean, standard deviation and coefficient of variation were also used for

drop velocity (V4 and Sy, ms?; CVy,, %) and drop angle (6, and Sy, % CVy, %).
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Results and Discussion

Radial application pattern

Figure 2 presents the radial application pattern for the experimental sprinkler setup
operating at 200, 300 and 400 kPa. The maximum irrigation distance increased with
pressure at an approximate rate of 0.01 m kPa?. The three radial curves showed a
doughnut pattern which was previously described by several authors (Chen and
Wallender, 1985; Li et al. 1994). The maximum value of precipitation rate was obtained
at a distance of 0.60 m from the sprinkler for the three analyzed pressures (4.52 mm h-
for 200 kPa; 5.20 mm h- for 300 kPa; and 5.93 mm h for 400 kPa). Starting from this
distance, the precipitation rate decreased to reach local minima. For 200 kPa, the
minimum value was 1.06 mm h- at distances of 7.2 and 7.8 m from the sprinkler; for
300 and 400 kPa, local minimum values of precipitation rate of 1.56 mm h and 1.68
mm h? were obtained at 3.6 m and 4.2 m from the sprinkler, respectively. At further
distances precipitation rate increased to reach local maxima of 3.17 mm h at 12 m for
200 kPa, 2.65 mm h-1 at 11.4 m for 300 kPa, and 2.72 mm h-! between 10.2 and 11.4 m for
400 kPa.

Salvador et al. (2009) presented the radial application pattern for the same sprinkler
and nozzle operating at 200 kPa under outdoor conditions. The outdoor pattern
showed lower precipitation rate near the sprinkler (2.3 vs. 3.0 mm hr at a distance of
1.5 m) and at the local maximum (2.75 mm hr! at 11 m outdoor vs. 3.17 mm hr! at 12 m
indoor). These differences can be attributed to two factors: first, the vertical distance
separating the sprinkler and the pluviometers was different in both cases, with 0.50 m
in this work and 1.35 m in Salvador et al. (2009); and second, indoor experiments are
subjected to very low evaporation losses, due to the complete absence of wind and to
the humidification of the air before running the experiments. The maximum reach was
larger for the indoor experiment (15.0 m vs. 14.4 m), although a larger reach would be

expected outdoor because of the higher sprinkler elevation.
Drop characterization: basic statistics

Table 1 presents a number of statistical parameters for each combination of operating
pressure and distance from the nozzle to the observation point. Results are presented
for the photographic (P) method and the optical disdrometer method. In this last case,

results are presented for the original data (D) and for the modifications introduced by
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Burguete et al. (2007) (DM). As previously discussed, the drop angle could only be
measured by the photographic method. The complete data set, including individual

drop characteristics (P, D and DM) can be downloaded from www.eead.csic.es/drops.

For a given distance from the sprinkler, the mean drop diameter (arithmetic,
volumetric and median) usually decreased with an increase in operating pressure.
Between 200 and 400 kPa the volumetric drop diameter decreased by 4, 30, 34 and 43 %
(respect to the average values of P and D) for observation distances of 3, 6, 9 and 12 m,
respectively. The effect of pressure on drop diameter resulted more evident for large
distances to the sprinkler, as previously reported by Hills and Gu (1989). Additionally,
small drops concentrated in the vicinity of the sprinkler, leading to mean volumetric
and median diameters of about 1 mm, while volumetric and median diameters
exceeding 3 mm could be observed at a distance of 12 m for a pressure of 200 kPa.
Similar findings were previously reported by a number of authors. Recently Montero
et al. (2003) and Salvador et al. (2009) presented cumulative frequency charts and
histograms based on the disdrometer and the photographic method (respectively).
These frequency charts describe the distribution of drop diameters at each observation
point. Both authors reported a large variability of drop diameters, with average values
similar to those reported in this paper. In general, the standard deviation of drop
diameter increased with distance from the sprinkler and decreased with an increase in

operating pressure. The coefficients of diameter variation (determined from Sp and ¢, )

showed averages of 31.8, 44.0 and 36.3% for P, D and DM. In the case of P, no trend
could be detected for the coefficient of variation with distance or pressure. In the case
of D and DM the relationship of the coefficient of variation with distance from the
sprinkler was clear (from 19.1 to 67.6% for D and from 13.6 to 65.0% for DM, for

distances of 3 and 12 m, respectively).

Table 1 permits us to observe numerically the differences in the estimation of drop
diameter due to the selected method for drop characterization. Differences were small
in most cases, and relevant in some cases, with the previously discussed trends holding
for the photographic and disdrometer methods. A comparison was performed between
P on one hand and D and DM on the other, with the objective of assessing the effects of
the statistical method for drop rejection. The average differences (all pressures and
distances) in volumetric diameter between P and the disdrometer amounted to

-0.06 mm for D and 0.25 mm for DM. These differences represented -4% and 15% of the
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average P volumetric diameter. The drop rejection method decreased the average
volumetric diameter by 0.31 mm. Consequently, the method rejected more volume of
large drops than of fine drops. When these differences were expressed in terms of
volume median diameter, the resulting values were 0.06 mm for P-D and 0.30 mm for
P-DM, corresponding to 4% and 18% of average P volume median diameter,

respectively.

Figure 3 presents a scatter plot of the photographic and disdrometer (D and DM) 4,

measurements. Results are presented for the twelve combinations of distance from the
sprinkler and operating pressure. Regression lines are presented for D and DM, with
respective coefficients of determination of 0.900 and 0.941. The corresponding standard
errors were 0.258 and 0.202 mm. With a probability level of 0.95, the slope of both
regression lines was not statistically different from 1. Regarding the regression
intercept, the value for D was not statistically different from 0, while the value for DM
was. While DM explained a larger part of the variance in P than D did, variable D
could not be statistically distinguished from variable P (regression line with zero
intercept and unit slope). Both D and DM compared very well with P in terms of
volumetric diameter, but clear improvements could not be attributed in this

experiment to the statistical method for drop rejection.

Regarding drop velocity, relevant differences could be observed between the
photographic method on one side and the disdrometer and modified disdrometer on
the other (Table 1). Velocities were smaller when measured from photographs than
when estimated from disdrometer time of passage. The average difference between P
and D velocity estimates was -2.24 m s (corresponding to 49% of average P velocity).
Regarding DM, the difference with P increased to -4.58 m s (corresponding to 77% of
P velocity). Photographic velocity increased with distance and decreased with
operating pressure. The relationship between velocity and distance was previously
analyzed by Salvador et al. (2009) using the photographic method. These authors
reported velocities below 3 m s for distances up to 3 m, and velocities of 4-6 m s for
distances exceeding 10 m. The differences in velocity were attributed to differences in

drop diameter and consequently in aerodynamic drag.

When using velocity estimates from D or DM, a general trend in velocity could not be
deciphered with distance or pressure. This reflects the fact that the instrument was not

specifically designed to provide velocity estimates. As a consequence, the disdrometer
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time of passage can be said to produce an approximation to average drop velocity. The
standard deviation of P velocity increased with distance from the sprinkler. The
average coefficient of P velocity variation was 16.5%, ranging from 11.0% at 3 m from
the sprinkler to 18.3% at 12 m from the sprinkler. Although estimates of drop velocity
are presented for D and DM, the standard deviation is not presented. This is due to the
statistical approach used to estimate disdrometer drop velocity, which incorporates
variability due to the length of the drop trajectory shadow on the detector. This

variability cannot be differentiated from the variability in drop velocity.

The results for drop angle obtained with the P method were in agreement with the
previous findings by Salvador et al. (2009) with respect to the relationship with
distance. Our results confirm that at the largest distance (12 m), the angle and its
variability decrease with respect to distances 3-9 m. The coefficient of variation did not
show a clear trend with distance or pressure, and reached an average value of 8.1%.
Small drops saw their trajectory more affected by air turbulences than larger drops. As
a consequence, the conditions that favor small drops (small observation distances and
high operating pressures) resulted in larger standard deviations. Small drops reached
the observation points with a low horizontal velocity, and therefore showed large
vertical angles, in the vicinity of 90°. Large drops reached the observation points with a

smaller horizontal angle, and showed a smaller standard deviation.

The results presented in Table 1 and Figure 3 led us to the conclusion that the DM
procedure did not result in statistically better diameter measurements than the D
procedure for the reported set of experimental values. Additionally, disdrometer
velocity estimates were poor in all cases. As a consequence, the rest of the analyses in
this paper were restricted to the P and D drop characterization methods for drop

diameter, and to the P method for the characterization of drop velocity and angle.
Distribution of drop diameters

Drops landing at a certain distance cover a wide range of diameters. The range
becomes wider as the distance from the sprinkler grows (Fig. 4). The disdrometer
produced wider diameter ranges than the photographic method. Figure 4 further
supports the idea that not all drops are formed at the nozzle (von Bernuth and Gilley,
1984; Seginer et al., 1991), since very small drops could be found at large distances from

the sprinkler with the photographic and the disdrometer methods.
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Figure 5 presents histographs of drop diameter for P and D, and for the twelve
combinations of pressure and distance from the sprinkler. The D method showed
presence of small drops (with diameter <1 mm) at all four distances from the sprinkler
and in frequencies which usually exceeded 30%. The P method usually assigned lower
frequencies to small drops than the D method. As a consequence, drops exceeding
1 mm were more frequent in the photographic than in the disdrometer method. In an
extreme case, for a distance of 12 m and a pressure of 200 kPa, according to the
photographic method the smallest drops were 1.5 mm in diameter. Under the same
conditions, according to the D method, drops under 1 mm had a cumulative frequency

of 82.0%.

Figure 6 presents cumulative drop diameter frequencies as a function of drop diameter
for the different methodologies, distances and pressures. Figure 7 follows a similar
scheme, but for cumulative volume. When both Figures were compared, the slope of
the cumulative volume lines was less steep, indicating that this approach gives much
more relevance to larger drops, even if they appear at a very low frequency. Regarding
drop frequencies, the photographic method always showed more variability in drop
diameters than the disdrometer. This wider variability can be seen for a given pressure
and distance from the sprinkler (curves are less steep), but also among distances to the
sprinkler. When analyzing the methods in terms of cumulative volume, results are
more comparable, although large differences exist. In any case, at short distances from
the sprinkler, small drops were very significant for the D method. Additionally, small
drops accounted for about 10% of the volume at 12 m from the sprinkler in D (for all
pressures), while in the P method these drops had a negligible contribution to the

irrigation volume.
Relationship between drop diameter, velocity and angle

Figure 8 presents scatter plots of drop velocity vs. diameter for the photographic
method, and for the twelve combinations of pressure and distance. As previously
discussed, velocity estimates obtained from disdrometer time of passage (both D and
DM) only served the purpose of providing average drop velocity estimates. Plots in
Fig. 8 present individual drop data, and show a clear potential relationship between
diameter and velocity. The main difference between pressures is that at large pressures
drops larger than 3 mm are not present, and therefore the scatter plot shows drops

concentrated on the left side of the chart. The P method results in a relationship which
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is readily comparable to the classical work of Laws (1941), cited by Cruvinel et al.
(1999). This agreement further supports the adequacy of photographic measurements

of drop velocity and diameter.

The results in Fig. 8 encouraged us to develop a diameter-velocity relationship for
individual drops (pooling all pressures and distances to the sprinkler). The resulting
scatter plot is presented in Fig. 9. The validity of a regression equation on these data
would be restricted to the experimental range in drop diameters and pressures, and
particularly to the difference in elevation between the sprinkler and the camera
(0.50 m). In order to address this limitation, a new data series was added to Figure 9,
corresponding to the experiments by Salvador et al. (2009). The latter data set was
obtained in outdoor conditions and with a difference in elevation sprinkler-camera of
1.35 m. A logarithmic regression equation was obtained for the combination of both

data series:

V =2.281n(d)+3.25 [11]

with a coefficient of determination of 0.885 (probability level 0.999). The statistical
strength of the resulting model suggests that in the experimental range of conditions
drops reach a terminal velocity, independent of the difference in elevation between the
sprinkler and the camera. As a consequence, Eq. [11] is proposed to estimate individual
drop velocity from drop diameter (with a standard error of 0.431 m s). This equation
could be applied to revise the statistical method for drop rejection proposed by

Burguete et al. (2007).

Regarding drop angle, results were only available for the P method (Fig. 10). Scatter
plots are presented for each distance from the sprinkler, and include a dashed line
located at an angle of 90°, which the drops should not exceed given the relative
position of the sprinkler and the camera. Although a number of research works have
been devoted to drop characterization under sprinkler irrigation, the work by Salvador
et al. (2009) is the only known precedent to the analysis of drop angle. As previously
discussed, these authors researched on the same sprinkler, nozzle and a pressure of
200 kPa. The most relevant difference between both experiments is the vertical distance
between the sprinkler and the camera (1.35 m in the reference and 0.50 m in this work).
This difference anticipates smaller angles in this work than in Salvador et al. (2009). For
each experimental pressure, Figure 10 shows a decrease in the average drop angle with

the distance from the sprinkler. A large amplitude in drop angle could be appreciated
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for small drops (<1 mm), apparently due to the erratic drop trajectory of these very fine
drops. Salvador et al. (2009) identified this trait in their outdoor experiment.
Considering the same distances to the sprinkler analyzed in this work, and referring to
the 200 kPa pressure, Salvador et al (2009) reported that drop angle fluctuated in the
range 40-90° for drops under 1 mm in diameter. In the indoor experiments reported in
this article (excluding two drops at the distance of 3 m), the range in drop angle was
65-95°. The amplitude of the range was therefore reduced from 50° outdoor to 30°
indoor. Figure 10 shows interesting differences between the experimental pressures,
particularly at the distance of 12 m. For median and large drops the drop angle clearly
increased with pressure, indicating a more vertical trajectory (by about 10° for 2 mm

drops in the pressure range of 200-400 kPa).
Prediction of drop diameter, velocity and angle

The encouraging results obtained for the disdrometer method (drop diameter) and the
photographic method (drop diameter, velocity and angle) led us to the development of
predictive equations oriented to practical irrigation system design and management

applications (Table 2). These included the estimation of volumetric mean diameter (¢, )
and volume median diameter (¢5,) from distance from the sprinkler (x), and the
estimation of drop velocity and angle from ¢, and ¢5,. Exponential, logarithmic, and

linear regression equations were proposed in Table 2 for different pressures and for the
average pressure. The coefficients of determination ranged from 0.730 and 0.999. These
equations can be considered representative of indoor, windless operation of the

specified sprinkler and nozzle model at 0.50 m elevation over the soil surface.
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Summary and conclusions

This paper presents the comparison of two drop characterization methods: the
photographic method (P) and the disdrometer method (D and DM). The P method
sampled a relatively small number of drops (1,229). The original disdrometer method
(D) measured all drops passing through the device in a given time (13,254 drops in the
experimental conditions). Finally, the modified disdrometer procedure resulted in a
reduced data set (6,530 drops). Increasing the number of drops in the set would
require virtually no effort in the case of D and DM, while in the case of method P, drop

characterization is particularly costly in terms of processing time.

The photographic and disdrometer methods produced diameter estimations
responding to operating pressure and distance from the sprinkler according to the

expected trends. The average drop diameters (¢, ) were 1.67 mm for P, 1.74 for D and

1.42 mm for DM. The average differences in volumetric diameter between P and the
disdrometer amounted to -0.06 mm for D and 0.25 mm for DM (corresponding to -4%
and 15% of the average photographic volumetric diameter). The arithmetic mean,
volumetric mean and volume median diameters determined at different distances from

the sprinkler were generally smaller for DM than for D (0.31 mm for ¢, on the average

of all pressures and distances). While DM volumetric diameter explained a larger part
of the variance in P volumetric diameter than D, a regression analysis indicated that D
could not be statistically distinguished from P in terms of volumetric diameter. In the
experimental conditions, the DM data set did not show a clear advantage in

comparison with D data.

Regarding drop velocity, the quality of P measurements was endorsed by their
relationship with drop diameter. P velocities ranged between 2.43 and 6.06 m s, and
averaged 3.66 m s. The estimation of disdrometer drop velocity from time of passage
was attempted, but produced poor results, even for average values. Finally, drop angle
was only measured by the P method, constituting an added value of this methodology.
Although the angle is not a central variable in drop characterization, it could be used to
address a number of pending issues in ballistic model formulation. The average drop
angle was 79.5°, ranging between an average of 81.6° at a distance of 3 m, and an

average of 70.1° at a distance of 12 m.
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Regression equations were presented for the estimation of drop volumetric mean
diameter and volume median diameter from distance from the sprinkler (using P and
D), and for the estimation of drop velocity and drop angle from volumetric mean
diameter and volume median diameter (using P data). These relationships explained
relevant percentages of data variance (73.0 - 99.9%), and can be used to characterize

mean values of the dependent variables under the experimental conditions.

Methods P and D produced drop diameter estimates that showed reasonable
agreement. The P method additionally produced measurements of drop velocity and
angle, which showed adequate relationships with other drop variables. The
photographic method provided valuable additional information as compared to the
disdrometer. However, this method is currently very labor intensive at the office. As a
consequence, the method will not be used in a routine fashion unless image processing
is automated. Data sets such as the one presented in this work are required for
methodology comparison and ballistic analyses. The disdrometer stands as a fast
method to characterize drop diameter. The drop rejection methodology introduced by
Burguete et al. (2007) did not show clear improvements over method D in this
particular case. However, the comprehensive data set presented in this work contains
valuable information for its refinement. For instance, the logarithmic regression
equation relating drop diameter and velocity, obtained from two independent
photographic data sets, could be used as an additional criterion to guide the drop

rejection process.
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List of Tables

Table 1. Statistical parameters for drop diameter, velocity and angle obtained for combinations
of operating pressure and distance from the sprinkler. Parameters include the arithmetic mean,
standard deviation and coefficient of variation (for diameter, velocity and angle), the volumetric

mean and the volume median diameter. Results are presented for methods P, D and DM.

Table 2. Predictive equations for the estimation of volumetric mean diameter ($, ) and volume
median diameter (¢sy) from distance from the sprinkler (x), and for the estimation of drop

velocity (V) and drop angle (6 ) from volumetric mean diameter and volume median diameter.
Regressions were obtained from the P and D data sets as indicated. The value of R? follows each

regression equation.
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List of Figures

Figure 1. Experimental set-up, detailing the location of the drop characterization points, the
arrangement of the camera, the screen and the spot light, and displaying a typical drop
photograph.

Figure 2. Radial application pattern for the experimental sprinkler setup operating at 200, 300
and 400 kPa.

Figure 3. Scatter plot of P volumetric diameter vs. D and DM volumetric diameters for all
pressures and distances to the sprinkler. Regression lines, equations, coefficients of

determination (R2) and standard errors (SE) are presented for both dependent variables.

Figure 4. Drop diameters at distances of 3, 6, 9 and 12 m from the sprinkler for the drop
characterization methods P and D and the three operating pressures (200, 300 and 400 kPa).

Figure 5. Histographs of drop diameter for the P and D drop characterization methods and the

three operating pressures.

Figure 6. Curves of cumulative drop frequency at 3, 6, 9 and 12 m from the sprinkler for the P

and D drop characterization methods and the three operating pressures.

Figure 7. Curves of cumulative application volume at 3, 6, 9 and 12 m from the sprinkler for

the P and D drop characterization methods and the three operating pressures.

Figure 8. Relationship between drop diameter and drop velocity for the photographic method

(P), the four distances to the sprinkler and the three operating pressures.

Figure 9. Relationship between drop diameter and drop velocity obtained with the photographic
method (P). Data are presented corresponding to the results of Salvador et al. (2009) (using a
pressure of 200 kPa and different distances to the sprinkler) and to all the experimental results
reported in this paper (using different pressures and distances to the sprinkler). The logarithmic
regression, coefficient of determination (R?) and standard error (SE) were obtained pooling both

data series.

Figure 10. Relationship between drop diameter and drop angle for the photographic method (P).
Results are presented for the four observation distances and the three operating pressures. The

dashed line represents an angle of 90° (vertical drop trajectory).
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638  Table 2. Predictive equations for the estimation of volumetric mean diameter (¢, ) and volume median diameter ( ¢5y) from distance from the sprinkler (x), and
639 for the estimation of drop velocity (V) and drop angle (8 ) from volumetric mean diameter and volume median diameter. Regressions were obtained from the P and
640 D data sets as indicated. The value of R? follows each regression equation.
641
Operating pressure (kPa)
Drop
Characteristics  Method 200 300 400 All
P Dv=0.752 e0-116x (R2=0.969) Dv=0.794 e0-090x (R2=0.848) Dv=0.997 e0.045x (R2=0.942) Dv=6.462 P-036 ¢0.084x (R2=0.839)
. D50=0.656 %133 (R2=0.961) D50=0.785 e0-088x (R2=(0.836) D50=0.967 %04 (R?=0.901) D50=7.441 P-040 0.089x (R2=().810)
Diameter (mm)
D ©Qv=0.779 e124x (R2=0.939) Dy=0.652 e0115x (R2=0.999) Dy=0.662 e0087x (R2=0.965) Dy=23.903 P-0:62 e0.110x (R2=0.955)
P50=0.625 e0145x (R2=0.927) P50=0.511 e0127x (R?=0.965) D50=0.542 e00%x (R2=0.948) D50=31.094 P-071 e0124x (R2=0.934)
. V=3.247 L +2.098 (R?=0.974) ~ V=2.965 L +2.264 (R?=0.906 V=4.722 L +1.786 (R2=0.966 V=3.196 L +2.197 (R2=0.931
Velocity (m s) P n(@v) (R2=0.974) 965 Ln(Dv) (R2=0.906) n(@v) (R2=0.966) n(@v)+2.197 (R?=0.931)
V=2.830 Ln(Ds0)+2.368 (R2=0.982)  V=3.012 Ln(Ds0)+2.329 (R2=0.896)  V=4.559 Ln(Ds0)+1.990 (R2=0.936)  V=2.945 Ln(Ds0)+2.380 (R2=0.925)
Angle () p  0-941210.020y (R*=0.823) 6=95.18-8.972Q (R2=0.802) 6=98.05-10.410Q (R2=0.730) 6=96.98-10.440Q (R2=0.812)
642 0=91.54-8.534s5 (R2=0.846) 0=95.42-9.218s5 (R2=0.795) 0=98.33-10.9600s5 (R2=0.791) 0=95.22-9.501s5 (R2=0.835)
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Figure 1. Experimental set-up, detailing the location of the drop characterization points, the arrangement of the camera, the screen and the spot light, and

displaying a typical drop photograph.
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648  Figure 2. Radial application pattern for the experimental sprinkler setup operating at 200, 300 and 400 kPa.
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30
652  Figure 3. Scatter plot of P volumetric diameter vs. D and DM volumetric diameters for all pressures and distances to the sprinkler. Regression lines, equations,

653 coefficients of determination (R2) and standard errors (SE) are presented for both dependent variables.
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656  Figure 4. Drop diameters at distances of 3, 6, 9 and 12 m from the sprinkler for the drop characterization methods P and D and the three operating pressures

657 (200, 300 and 400 kPa).
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Figure 5. Histographs of drop diameter for the P and D drop characterization methods and the three operating pressures.
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33
662  Figure 6. Curves of cumulative drop frequency at 3, 6, 9 and 12 m from the sprinkler for the P and D drop characterization methods and the three operating

663  pressures.
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34
666  Figure 7. Curves of cumulative application volume at 3, 6, 9 and 12 m from the sprinkler for the P and D drop characterization methods and the three operating

667  pressures.
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35
670  Figure 8. Relationship between drop diameter and drop velocity for the photographic method (P), the four distances to the sprinkler and the three operating

671  pressures.
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36

Figure 9. Relationship between drop diameter and drop velocity obtained with the photographic method (P). Data are presented corresponding to the results of

Salvador et al. (2009) (using a pressure of 200 kPa and different distances to the sprinkler) and to all the experimental results reported in this paper (using

different pressures and distances to the sprinkler). The logarithmic regression, coefficient of determination (R2) and standard error (SE) were obtained pooling both

data series.
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679  Figure 10. Relationship between drop diameter and drop angle for the photographic method (P). Results are presented for the four observation distances and the

680  three operating pressures. The dashed line represents an angle of 90° (vertical drop trajectory).
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