LASER PRECIPITATION MONITOR FOR MEASUREMENT OF DROP
SIZE AND VELOCITY OF MOVING SPRAY‐PLATE SPRINKLERS
B. A. King, T. W. Winward, D. L. Bjorneberg
ABSTRACT. Sprinkler drop size distribution and associated drop velocities have a major influence on sprinkler performance
in regards to kinetic energy transferred to the soil surface. A laser instrument commercially marketed for real‐time rainfall
measurements as a Laser Precipitation Monitor (LPM) was used to measure drop size and velocity from 10 moving spray‐plate
type sprinklers. Measured drop size and velocity were used to determine sprinkler drop size distribution and kinetic energy
applied to the soil by sprinkler discharge. Drop size distributions measured by the LPM were compared to drop size
distributions measured in earlier studies using the traditional flour pellet method. Eight of the ten measured drop size
distributions were not significantly different between measurement methods. However, the operating conditions when the two
methods did not compare well were outside sprinkler manufacturer specifications. Based on this limited study, the results from
the two drop size measurement methods can be vastly different for sprinklers under operating conditions that produce
relatively compact streams of water drops; which method is more accurate for this condition remains unknown. Kinetic energy
values calculated using measured drop size and velocity data were not significantly different from values determined using
flour pellet drop size data and a ballistic model for estimating sprinkler droplet tangential velocity. The laser instrument used
in this study provided a relatively easy means to obtain reliable estimates of sprinkler kinetic energy per unit volume of applied
water for various moving spray‐plate sprinkler types and operating conditions. Measured drop size distribution and computed
kinetic energy applied by sprinkler discharge is sufficient for practical field application purposes.
Keywords. Sprinkler, Moving spray‐plate, Drop size, Drop velocity, Kinetic energy, Center pivot.

S

prinkler drop size distribution and associated
velocities have a major influence on sprinkler
performance in regards to kinetic energy transferred
to the soil surface. When application intensity
exceeds water infiltration rate, runoff and soil erosion can
ensue. Kinetic energy of sprinkler drops impacting a bare soil
surface can induce soil surface sealing and lead to a reduction
in water infiltration rate (Thompson and James, 1985;
Mohammed and Kohl, 1987) exacerbating runoff and erosion
hazard.
Studies involving the measurement of drop size
distributions from agricultural sprinklers have been
conducted on a relatively limited basis over the past 50 years.
Three methods have primarily been used to measure drop
sizes from agricultural sprinklers. They are:
S Paper stain method in which drops are caught on treated
paper and allowed to dry (Hall, 1970; Solomon et al.,
1985; Kincaid et al., 1996). The resulting stains are
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measured and converted using a calibration equation
which relates stain size to drop size.
S Flour pellet method in which drops are caught in a pan of
sifted flour, the flour dried, and dried flour pellets sieved
into different size categories (Kohl, 1974; Kohl and
DeBoer, 1984; Chen and Wallender, 1985; Kohl and
DeBoer, 1990; Li et al., 1994; DeBoer et al., 2001). A
calibration equation relates pellet mass to drop size.
S Laser particle measuring system where the shadow of a
drop passing through a horizontal laser beam is projected
onto a linear array of photodiodes (Kohl et al., 1985;
Solomon et al., 1991; Kincaid et al., 1996). The width of
the shadow on the photodiode array is a measure of drop
size.
A second type of laser instrument exists for drop size and
velocity measurement, which has been used almost
exclusively in natural rainfall studies (Donnadieu 1980;
Hauser et al., 1984; Salles et al., 1998; Salles and Poesen,
1999). The laser is referred to as a disdrometer, optical
spectropluviometer, or laser precipitation monitor (LPM),
depending upon the scientific discipline and application. The
LPM is similar in principle to the laser particle measuring
system but somewhat simpler in design. The electronics and
the sensor optics are not sophisticated making the instrument
easy to calibrate, reliable, movable, and robust (Salles and
Poesen, 1999). An infrared light (900‐nm wavelength) source
from a light emitting diode is shaped into a rectangular beam
of parallel light by a pair of converging lenses and rectangular
masks. The total light intensity of the beam is monitored by
a single receiving photodiode that produces a voltage signal
proportional to the received light intensity. When a drop
passes through the light beam, light intensity received by the
photodiode decreases, which in turn decreases voltage output
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from the photodiode. The magnitude and duration of the
change in voltage from the photodiode is proportional to the
cross‐section of the drop and to its residence time (time the
drop shadows photodiode) in the light beam. The square of
the voltage change is proportional to equivalent drop
diameter (Hauser et al., 1984). The integral of the square of
the voltage change over the residence time is proportional to
drop diameter squared multiplied by total residence time.
The total residence time can be estimated from the measured
duration of the voltage change. Drop velocity can then be
determined if drop diameter is known. This provides an
unbiased estimate of drop velocity (Hauser et al., 1984), but
not independent of drop diameter. Alternately, drop velocity
can be estimated from total residence time, the light beam
physical dimensions, drop size, and assuming the drop
crosses the two parallel faces of the light beam (Salles et al.,
1999). The geometry of the light beam limits estimation of
drop velocity to the component of velocity normal to the light
beam.
The major disadvantages of the LPM have been signal
processing limitations and dependency of photodiode output
on where the drop passes through the light beam due to
imperfections in lenses, diffraction effects, and incomplete
optical alignment (Salles et al., 1999). Limitations with
signal processing have largely been resolved by the current
state of commercial signal processing electronics. The issue
of where the drop passes through the light beam has not been
resolved. However, collecting a large sample of drops to
average out variability in drop size measurement has been
used to overcome this issue. Salles et al. (1999) found that
drop size distributions of simulated and natural rainfall can
be measured with an accuracy of 3% or less with a minimum
sample size of 10,000 drops. Salles and Poesen (1999)
compared measured drop size distributions of simulated and
natural rainfall using a LPM and the paper stain method.
They concluded that given the uncertainties associated with
the two methods, there was good agreement in derived drop
size distributions between the two methods. They also
concluded the errors in computed rainfall erosivity indices,
kinetic energy, and momentum are less than 4%.
Laser instruments used to measure drop size are subject to
two major sources of measurement error; coincidence and
edge effect. Coincidence errors occur when two drops pass
through the laser beam simultaneously and project
overlapping shadows on the photo detector(s). Kohl et al.
(1985) studied coincidence error and developed a model to
estimate the probability of coincidence for uniformly sized
drops at terminal velocity as a function of laser beam length
and width and drop diameter. The model demonstrated that
coincidence error cannot be eliminated but can be controlled
by restricting the length of the laser beam for drop passage.
Edge effect errors occur when only a fraction of a drop passes
through the laser beam along one of the edges. When this
happens the laser detects a smaller drop than actually existed.
Edge effect errors cannot be eliminated but can be reduced
by making the laser beam wider, which increases the
probability of coincidence error. For laser instruments that
also measure drop velocity, one approach to control
coincidence and edge effect errors is to validate each drop
measurement based on measured drop velocity. In the case of
rainfall, drop velocity can be assumed to be at terminal
velocity for the measured drop size. Comparing measured
drop velocity with terminal velocity based on measured drop

264

size provides a basis for validating drop size measurement.
Drops with a measured velocity differing substantially from
terminal velocity for the measured drop size could be the
result of coincidence or edge effect error and eliminated from
the data set. In the case of irrigation sprinklers, drops may not
be traveling at terminal velocity. However, the velocity of
sprinkler drops at a specific location relative to the sprinkler
nozzle may be assumed to be relatively constant for a given
drop size if flight trajectory and droplet formation processes
are assumed to be constant with time. Based on these
assumptions, Solomon et al. (1991) used measured velocity
of sprinkler drops exceeding ±2 standard deviations from
mean measured velocity as criteria to eliminate drop size
measurements from a data set. This approach reduces
measurement errors but does not eliminate them.
Kincaid et al. (1996) measured drop size distributions for
a wide range of sprinkler types, nozzles sizes, and pressures
using a laser particle measuring system (model GBPP‐100S,
Particle Measuring System, Boulder, Colo.). The
measurements were conducted by the Center for Irrigation
Technology (California State University, Fresno, Calif.)
hereafter referred to as the CIT laser. Measured drop sizes
ranged from 0.2 to 13.0 mm in 0.02‐mm increments.
Sprinkler height was 3 m and length of the laser beam was
restricted to 100 mm. Drop size measurements were
collected at 1 m radial distance intervals over the wetted
radius of the sprinkler. A total of 10,000 drops were collected
at each radial location with exception of the farthest distance
were 4,000 drops were collected to save time. Drop size
measurements were filtered based on measured drop velocity
within ±2 standard deviations of mean measured velocity
(Solomon et al., 1991, 1996). Kincaid et al. (1996) found that
the CIT laser indicated a few large drops in the 7‐ to 9‐mm
range, which appeared to distort the drop size distribution
toward the larger drops as compared to other measurement
methods. Based on rainfall studies that show drops larger
than 5.5 mm are unstable and breakup, Kincaid et al. (1996)
rationalized that drop distortion in flight was responsible for
the larger measured drops sizes. They applied a correction
factor to measured drop size to account for distortion. The
final drop size distribution was obtained by discarding drops
greater than 7 mm and adjusting drop sizes between 1 and
7 mm to account for distortion. The resulting drop size
distributions compared well with drop size distributions
measured using the flour pellet method.
DeBoer and Monnens (2001) measured drop size
distributions for several moving spray‐plate sprinklers for a
range of nozzle sizes and operating pressures. They measured
drop sizes from 0.33 to 5.95 mm in 0.08‐mm increments for
the smallest drops to 1.01‐mm increments for the largest
drops. Sprinkler height was 2.5 m above the flour pans. Drop
size measurements were collected at 1‐m intervals to the edge
of the wetted area. Smaller distance intervals were used at the
outer edge of the wetted area where water application rate
change with distance was large. Composite drop size
distributions were weighted by the fraction of sprinkler
volume applied within each radial measurement interval.
Drop size measurements were repeated once at each distance
interval.
Determination of kinetic energy transferred to the soil by
sprinkler drops requires knowledge of droplet mass (or size)
and velocity. Models of sprinkler droplet flight trajectory
based on laws of motion for rigid bodies have been developed
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over the past 50 years (Seginer, 1965; Stillmunkes and James,
1982; von Bernuth and Gilley, 1984; Edling, 1985; Vories
et al., 1987; Seginer et al., 1991; Hinkle, 1991; Kincaid,
1996; Carrion et al., 2001; Montero et al., 2001; Lorenzini,
2004; De Wrachien and Lorenzini, 2006) to investigate and
predict sprinkler operating characteristics. These models are
often referred to as ballistic models and use assumptions and
simplifications to formulate a numerical model of droplet
trajectory. The major simplifying assumptions in ballistic
models include: 1) drops form at the sprinkler nozzle,
2) droplet volume is constant during flight, 3) droplet shape
is spherical and does not deform, 4) forces acting on a drop
during flight are gravity and friction, 5) friction is in the
opposite direction of velocity during flight, and 6) droplet
initial velocity and direction is known (an input to model).
These simplifications all affect the ability of a ballistic model
to accurately predict sprinkler operating characteristics.
Ballistic models perform reasonably well given an initial
tangential velocity (magnitude and direction) and size of
drop.
Using high speed photography, McCreery and Stoots
(1996) found that the jet of water from the sprinkler nozzle
forms a water film on the splash plate that flows radially
outward on the splash plate, flows from the splash plate
outward as a sheet, and breaks into drops after the water
detaches from the splash plate. They concluded sprinkler
drop size distribution is determined by a balance between
shear forces with air and flow instabilities and turbulence in
the liquid flow sheet, which tend to fracture the liquid sheet
and drops; and surface tension forces, which tend to hold the
liquid sheet and drops together. Drops are actually formed
some distance from the edge of the splash plate. Sprinkler
droplet formation processes are not included in ballistic
models and therefore these models cannot predict drop size
distribution.
Kincaid (1996) and DeBoer (2002) combined sprinkler
drop size measurements with ballistic models to calculate
kinetic energy per unit drop volume for a single sprinkler.
Kincaid (1996) used the CIT laser for drop size
measurements and DeBoer (2002) used the flour pellet
method. DeBoer (2002) used the Seginer (1965) ballistic
model to estimate tangential velocity. Kincaid (1996)
developed a ballistic model and adjusted the drag coefficient
to account for drops traveling as a larger mass of water after
leaving the splash plate. The adjustment was empirically
determined for each sprinkler by adjusting the drag
coefficient to get the flight distance from ballistic model for
the largest few drop sizes to match measured wetted radius
of each sprinkler. This approach results in a ballistic model
calibrated to a specific method of drop size measurement.
Tangential velocity predicted by the ballistic model was then
used to compute kinetic energy per unit drop volume. The
drag coefficient adjustment factor was not critical for
calculating kinetic energy.
Studies using an LPM to measure drop size distributions
of irrigation sprinklers are very limited. Montero et al. (2003)
used an LPM to measure drop size distribution of selected
impact sprinklers. They measured 200 drops at different
radial distances from the sprinkler and compared volume
mean diameter (d50) size with predictions from a ballistic
model (Montero et al., 2001). They found good agreement
between the two methods. Measurement of drop size
distributions from moving spray‐plate sprinklers or
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calculation of kinetic energy using an LPM has not been
investigated. An automated and robust instrument such as the
LPM to measure drop size and velocity of moving spray‐plate
type sprinklers would be useful in evaluating runoff and
erosion hazard of center pivot sprinklers and potential aid in
center pivot sprinkler irrigation system design.
The objective of this study was to evaluate applicability
of an LPM for measuring drop size and velocity of moving
spray‐plate sprinklers used on center pivot sprinkler
irrigation systems. This was accomplished by comparing
measured drop size distributions of selected sprinklers with
published drop size distributions obtained using other
methods of measurement. Drop size and velocity measured
by the LPM were used to compute kinetic energy per unit
drop volume which was compared to published values to
assess applicability of an LPM for determining kinetic energy
of moving spray‐plate sprinklers.

MATERIALS AND METHODS
Drop size and velocity discharged from selected moving
spray‐plate sprinklers were measured using a Thies Clima
Laser Precipitation Monitor (TCLPM) (Adolf Thies GmbH
& Co. KG, Göttingen, Germany). The laser diode wave
length was 785 nm and the nominal measuring area of the
laser beam was 4460 mm2 (223 mm long, 20 mm wide) with
a thickness of 0.75 mm. The TCLPM drop size and velocity
measurement ranges were 0.16 to 8.0 mm and 0.2 to 20 m/s,
respectively. The TCLPM was attached to a 3.8‐cm diameter
metal pipe supported by a tripod base (fig. 1). A mounting
bracket was constructed that allowed the TCLPM to be
angled rather than fixed horizontally. The TCLPM firmware
was operated in “particle event” mode to output drop size and
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Figure 1. Laboratory setup of Thies Clima Laser Precipitation Monitor
used to measure drop size and velocity of sprinkler drops in the
laboratory. Moveable shields were used to restrict the length of the laser
beam drops pass through. Splash guards were used to minimize splash
from sprinkler drops striking structural elements entering laser beam.
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velocity whenever a drop passed through the laser beam.
Serial communication protocol of the TCLPM was set to a
baud rate of 115,200, 8‐data bits, no parity, and 1‐stop bit.
Output for each particle event was logged using a serial
communication capture program on a notebook computer. A
minimum of 10,000 particle events were collected from the
TCLPM at a given distance from the sprinkler, except at the
largest distance from the sprinkler where a minimum of 4,000
drops were collected to save time.
Drop size and velocity measurements were collected at
1‐m increments from the sprinkler. The TCLPM was angled
to allow the drop to pass through the laser beam
approximately normal to its face. The angle was set visually
at each measurement location and recorded. The TCLPM
output includes two values of drop diameter and velocity for
each particle event. One value is the diameter measured by
the TCLPM and the second is an adjusted diameter for an
equivalent spherical drop. The diameter adjustment is to
account for deformation of a spherical drop traveling at
terminal velocity due to air drag forces. The drop size
measured by the TCLPM and the corresponding velocity
were used in this study rather than the adjusted values since
most of the drops were less than terminal velocity when they
passed through the laser beam (based on ballistic model
simulation).
The length of the TCLPM laser beam for drops to pass was
physically restricted to minimize the range in photodiode
response over the sample area for a given drop size and
reduce the probability of multiple drops in the laser beam or
coincidence error (Kohl et al., 1985). The laser beam length
for drops to pass was restricted to the center portion using
metal shields (fig. 1). For measurements within 4 m of the
sprinkler, laser beam length was restricted to 50 mm and for
greater distances it was restricted to 100 mm. Based on the
model of Kohl et al. (1985) for probability of coincidence,
restricting the laser beam length to 100 mm from 2230 mm
for 0.2‐mm diameter drops with an application intensity of 25
mm/h reduced the probability of coincidence from 192% to
9%. Further restricting the laser beam length to 50 mm
reduces the probability of coincidence to 4%. For 1‐mm
diameter drops with an application intensity of 50 mm/h and
100‐mm laser beam length, the probability of coincidence is
0.3%.
Aluminum honeycomb‐type material, 38 mm thick, was
fixed on top of the TCLPM structural elements to minimize
splash from drops striking structural elements passing
through the laser beam (fig. 1). The honeycomb material was
effective in reducing splash but did not completely eliminate
it.
Moving spray‐plate sprinklers included in this study were
the ROTATORR (model R30) and SPINNER (model S30)
models manufactured by Nelson Irrigation Corp. (Walla
Walla, Wash.) with four groove green and six groove red
spray plates. Current production ROTATORR (model
R3000) and SPINNER (model S3000) sprinklers are
hydraulically similar and can use the same spray plates.
Pressure and nozzle sizes for the sprinklers are listed in
table 1. The tests were conducted in the laboratory and
represent a no wind condition. Sprinklers were positioned on
the end of a drop tube with nozzle discharge directed
vertically downward 2.5 m above the laser beam of the
TCLPM. Pressure regulators with nominal pressure ratings
for the test condition were used to control pressure at the base
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Table 1. Sprinklers and operating conditions used in study.
Sprinkler
Test ID[a]
Sprinkler
1
2
3
4
5
6
7
8
9
10
[a]

R41064
R61064
R61348
R61379
R62048
R62064
S41064
S61064
S61379
S62048

Rotator
Rotator
Rotator
Rotator
Rotator
Rotator
Spinner
Spinner
Spinner
Spinner

Spray
Plate

Nominal
Pressure (kPa)

Nozzle
Diameter (mm)

4 groove
6 groove
6 groove
6 groove
6 groove
6 groove
4 groove
6 groove
6 groove
6 groove

103
103
138
138
207
207
103
103
138
207

6.4
6.4
4.8
7.9
4.8
6.4
6.4
6.4
7.9
4.8

R = Rotator or S = Spinner; 4 = 4‐groove or 6 = 6‐groove;
10 = 103 kPa, 13 = 138 kPa or 20 = 207 kPa; and 48 = 4.8 mm,
64 = 6.4 mm or 79 = 7.9 mm.

of the sprinkler. A pressure gauge located between the
pressure regulator and sprinkler base was used to monitor
pressure during a test. Pressure values were within ±7 kPa of
the nominal pressure rating.
Radial application rate distributions for the sprinklers
were also tested in the laboratory. Catch cans, 15 cm in
diameter and 18 cm tall spaced at 0.6‐m increments from the
sprinkler in one radial direction, were used to collect water.
The duration of each test was 30 to 60 min. Water collected
in each can was measured using a graduated cylinder.
Application rate was calculated based on the diameter of the
catch cans and duration of the each test. The average radial
application distribution from two consecutive laboratory
tests was used in this study.
Data collected by the TCLPM were filtered to reduce the
occurrence of measured particle events due to splash,
coincidence error, and edge effect error. Drop size
measurements were grouped into 0.1‐mm increments for
analysis starting with 0.25 mm continuing to 7.95 mm.
Measured drops less than 0.2 mm in diameter were discarded
as they represented less than 0.01% of total volume of drops
measured. Drops having a velocity exceeding ±2 standard
deviations of the mean measured velocity for a given drop
size at a given radial location were eliminated from the data
set (Solomon et al., 1991, 1996). Drop size groups with less
than 15 drops before filtering were discarded as the computed
mean drop velocity was highly variable between adjacent
size groupings and the computed standard deviation was
erratic indicating drop size values were due to measurement
errors. This only occurred for the largest few size groupings
at radial distances greater than 4 m and represented less than
0.5% total volume of drops measured at a radial location.
Drop size distributions at each radial location were
calculated based on total volume of measured drops at the
location. These subdistributions were then combined into an
overall distribution for each sprinkler by weighting them
according to the fraction of the total water volume applied
within each radial distance interval. The fraction of total
water volume applied within each 1‐m interval was
determined from the measured radial application rate
distribution for each sprinkler.
The drop ballistic model of Kincaid (1996) was used to
estimate the tangential velocity of drops discharged from a
sprinkler. Initial drop tangential velocity was calculated from
nozzle jet velocity assuming 100% energy transfer efficiency
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from the water jet exiting the sprinkler to the drops (i.e. no
energy loss due to flow on plate or to move the plate) and
initial drop trajectory angle was taken as the manufacture's
published value for spray‐plate angle. The model was applied
without adjustment to the air drag force coefficient values.
The model of Kincaid (1996) was solved using the
fourth‐order Runge‐Kutta fixed‐step method in Mathcad
(ver. 13, Parametric Technology Corp., Needham, Mass.).
The kinetic energy for each measured drop size and
velocity was calculated for each radial measurement
location. Kinetic energy per unit volume of applied water
(J/L) was calculated at each measurement location by
dividing the cumulative kinetic energy of the measured drops
by the volume of measured drops. The mean kinetic energy
of the sprinkler was computed by weighting the kinetic
energy per unit volume at each measurement location by the
fraction of wetted area within each 1‐m measurement
interval. The resulting value represents the total kinetic
energy per liter of discharged water applied over the wetted
area (DeBoer, 2002). Evaluation of kinetic energy variation
with distance was beyond the scope of this study.
A limited number of drop size measurements used by
Kincaid et al. (1996) were also used for comparison purposes.
Modification of measured drop size to account for drop
deformation at terminal velocity as described by Kincaid
et al. (1996) was not used in this study because the objective
of this study is to compare applicability of measurement

techniques and not data analysis techniques. The data
presented in this study are based on the raw data collected by
the CIT laser.

RESULTS AND DISCUSSION
Drop size distributions for the 10 sprinklers tested are
shown in figures 2 through 4. Drop size distributions
measured using the CIT laser method (Kincaid et al., 1996)
are included where available. In general, measurements
using the TCLPM and flour pellet method produced similar
results. The noted exceptions are the R41064 (fig. 2) and
S41064 sprinklers (fig. 4) which have substantially different
drop size distributions between the two measurement
methods. The CIT laser measurements for the R41064
(fig. 2) were substantially different from the other methods
as well. Which method provided a more accurate estimate of
drop size under these conditions is unknown. The
four‐groove plate is not recommended by the manufacturer
for the SPINNER sprinkler at any pressure or for the
ROTATORR sprinkler at an operating pressure less than
138 kPa. For the remaining eight sprinklers tested,
measurements determined using any of the three methods
were not significantly different (p = 0.05) based on the
Kolmogorov‐Smirnov two‐sample test (Steele and Torrie,
1980) of cumulative drop size distributions. Overall, the
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Figure 2. Comparisons of drop size distribution measured using the TCLPM with flour pellet method data from DeBoer and Monnens (2001) and CIT
laser data from Kincaid et al. (1996) for sprinklers R41064, R61064, R61348, and R61379.
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Figure 3. Comparisons of drop size distribution measured using the TCLPM with flour pellet method data from DeBoer and Monnens (2001) and CIT
laser data from Kincaid et al. (1996) for sprinklers R62048 and R62064.

TCLPM measurements tend to give smaller drop sizes than
the flour pellet method or CIT laser [without Kincaid et al.
(1996) modification].
A summary of drop sizes to the nearest 0.1 mm
corresponding to 10%, 25%, 50%, 75%, and 90% (d10, d25,
d50, d75, and d90, respectively) of sprinkler discharge

volumes for both the TCLPM and flour pellet measurements
are given in table 2 for the 10 sprinklers. Mean differences
between the two measurement methods ranged from ‐0.39 to
‐0.62 mm (a negative means that values for the TCLPM were
less than flour pellet values). Drop size measurements for the
R41064 and S41064 sprinklers had the largest differences
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Figure 4. Comparisons of drop size distribution measured using the TCLPM with flour pellet method data from DeBoer and Monnens (2001) and CIT
laser data from Kincaid et al. (1996) for sprinklers S41064, S61064, S62048, and S61379.
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Table 2. Drop sizes (mm) for 10%, 25%, 50%, 75%, and 90% of sprinkler discharge volumes and differences (D) between two methods.
d10
Sprinkler
R41064
R61064
R61348
R61379
R62048
R62064
S41064
S61064
S61379
S62048
Mean
[a]

TCLPM
0.5
0.5
0.5
0.5
0.4
0.5
0.7
0.6
0.5
0.3

Flour[a]
2.0
0.7
0.7
0.7
0.5
0.6
1.4
0.7
0.7
0.3

d25
Δ
‐2.5
‐0.2
‐0.2
‐0.2
‐0.1
‐0.1
‐0.7
‐0.1
‐0.2
0.0
‐0.43

TCLPM
0.9
0.8
0.7
0.7
0.6
0.6
1.3
0.8
0.7
0.5

d50
Δ
‐3.3
‐0.1
‐0.1
‐0.1
‐0.1
‐0.1
‐1.3
‐0.1
‐0.3
0.0
‐0.54

Flour
4.2
0.9
0.8
0.9
0.7
0.7
2.9
0.9
1.0
0.5

TCLPM
1.9
1.4
1.3
1.3
0.9
1.1
2.1
1.5
1.2
0.7

Δ
‐3.3
‐0.7
‐0.1
‐0.1
‐0.2
0.2
‐1.6
‐0.6
‐0.1
‐0.1
‐0.70

TCLPM
3.3
2.5
2.0
2.3
1.6
1.8
3.3
3.0
1.8
1.1

Flour
5.6
3.7
2.2
2.8
2.0
2.0
4.5
3.0
1.8
1.3

d90
Δ
‐2.3
‐1.2
‐0.2
‐0.5
‐0.4
‐0.2
‐1.2
0.0
0.0
‐0.2
‐0.62

TCLPM
5.2
3.6
2.8
3.9
2.3
3.0
4.1
3.9
2.8
1.4

Flour
5.8
4.1
3.1
4.1
2.9
3.1
5.3
3.4
2.3
1.8

Δ
‐0.6
‐0.5
‐0.3
‐0.2
‐0.6
‐0.1
‐1.2
‐0.5
0.5
‐0.4
‐0.39

Flour pellet drop size data is from DeBoer and Monnens (2001).

in drop size parameters which was expected given the
significant differences shown in figures 2 and 4 for these two
sprinklers. If these two sprinklers are omitted from the
comparison summary, mean differences between the two
measurement methods for d10, d25, d50, d75, and d90 drop
sizes are ‐0.11, ‐0.10, ‐0.21, ‐0.27, and ‐0.21 mm, respective‐
ly. These mean differences are similar to the mean differ‐
ences reported by DeBoer et al. (2001) when comparing the
CIT laser (drop size modified by Kincaid et al., 1996) and
flour pellet methods.
Mean velocity measured by the TCLPM over the range of
measured drop sizes for distances of 1 to 9 m from the R62064
sprinkler are shown in figure 5. Computed tangential drop
velocity 2.5 m below the sprinkler using the drop ballistic
model of Kincaid (1996) is also shown in figure 5 for
comparison. The measured and computed velocities were
similar but not equal. This outcome was expected as the
ballistic model is based on the assumption that drops form at
the edge of the spray plate and travel as individual spherical
objects in still air. Mean measured drop velocities for 0.3 to
0.9 mm size drops at distances greater than 2m from the
sprinkler were greater than that predicted by the ballistic
model. This is likely due to drop formation from the breakup
of larger drops in flight rather than at the edge of the spray
plate. When formed, these smaller drops are traveling at the

10

8

Drop Velocity (m/sec)

Flour
5.2
2.1
1.4
1.4
1.1
0.9
3.7
2.1
1.3
0.8

d75

6
1meter
2 meter
3 meter
4 meter
5 meter
6 meter
7 meter
8 meter
9 meter
Ballistic Model

4

2

0
0

1

2

3

4

5

6

7

Drop Diameter (mm)

Figure 5. Comparison of drop velocity measured by the TCLPM at 1‐ to
9‐m distances from the R62064 sprinkler with velocity calculated using
the ballistic model of Kincaid (1996) for a range drop sizes.
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velocity of the parent drop and immediately begin to
decelerate but pass through the TCLPM laser beam at a
higher velocity than predicted by the ballistic model.
Measured drop sizes greater than 4.0 mm (fig. 5) also had
a higher mean measured velocity than predicted by the
ballistic model. This was likely due to large drops being
formed from the breakup of a larger mass of water (liquid
flow sheet) some distance from the sprinkler plate, and thus
experienced less overall drag force than predicted by the
ballistic model for individual drops formed at the edge of the
spray plate.
Mean measured velocities of drop sizes between 0.9 and
4.0 mm (fig. 5) were less than predicted by the ballistic model
with a maximum difference of about 1 m/s for a 2.0‐mm drop
size. This difference between measured and predicted drop
velocities may be the result of measurement error, ballistic
model error, or both. The TCLPM measured velocity is the
velocity component normal to the face of the laser beam. The
angle of the TCLPM was visually set normal to the trajectory
of the drops at a given distance from the sprinkler. This was
not difficult for distances less than 3 m or greater than 7 m
from the sprinkler as the majority of the drops were of the
same trajectory angle. However, between these radial
distances drop trajectory was highly variable, which made
setting the angle difficult and also means that not all drops
passed through the laser beam normal to its face. Thus, the
measured velocity of some drops was less than actual
tangential velocity. This measurement error is likely part of
the reason for measured velocity less than predicted velocity
based on the ballistic model.
Application of the ballistic model requires specification of
drop initial velocity and trajectory angle. These values
estimated from mean jet velocity from the sprinkler nozzle
and spray‐plate angle could be incorrect. Since most of the
water leaves the spray plate as a relatively large mass of
water, initial drop trajectory may not be equal to the angle of
the spray‐plate. Turbulence within the liquid flow sheet may
alter the trajectory angle as the drops form. A lower trajectory
angle would reduce sprinkler drop tangential velocity. The
efficiency of energy transfer from the water exiting the
nozzle to the mass of water exiting the spray‐plate is also
unknown. An efficiency of 100% was assumed. Lower
energy transfer efficiency would result in a lower calculated
tangential velocity. Consequently, the ballistic model
calculation of tangential drop velocity presents a tangential
velocity under ideal assumed conditions for drops formed at
the edge of the spray‐plate. Drops in the 0.9‐ to 4‐mm size
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range could experience drag forces greater than assumed in
the ballistic model (Vories et al., 1987; Hinkle, 1991).
Detailed analysis of the mechanics of water exiting the
nozzle, energy transfer to water mass leaving the sprinkler
spray‐plate, and drop drag forces was beyond the scope of this
study.
Kinetic energy per unit volume applied water (J/L) from
each sprinkler, calculated from TCLPM measured drop size
and velocity is listed in table 3. Values calculated using the
model developed by Kincaid (1996) and the method of
DeBoer (2002) are also given in table 3 for comparison.
Kinetic energy predicted by the Kincaid (1996) model
consistently resulted in higher values than those calculated
from TCLPM measured drop size and velocity, on average
3.9 J/L greater. This difference was likely the result of
Kincaid (1996) reduction in drag coefficient to account for
water drops leaving the sprinkler plate as a liquid sheet rather
than individual drops. Kinetic energy values calculated using
the method of DeBoer (2002) using four pellet method drop
size data and his ballistic model ranged from ‐1.3 to 3.4 J/L
greater than values calculated from TCLPM data, with an
average difference of ‐0.4 J/L. Based on a paired t‐test, there
was no significant difference (pv0.05) between kinetic
energy values calculated using TCLPM drop size and
velocity data and method of DeBoer (2002) for the
10 sprinklers used in this study.
Practical field application of drop size information for
moving spray‐plate sprinklers is the qualitative or
quantitative comparison of potential runoff and erosion
hazard of center pivot sprinklers for irrigation system design.
In this study, use of the TCLPM to measure drop size
distribution did not provide significantly different results
from the flour pellet method or the CIT laser method for 8 of
the 10 sprinklers tested. Based on this limited study, the
results from the drop size measurement methods can be
vastly different for sprinklers under operating conditions that
produce relatively compact streams of water drops. Which
method is more accurate for this condition remains unknown.
However, the operating conditions when the methods did not
compare well were outside sprinkler manufacturer
recommendations.
Table 3. Comparison of kinetic energy per unit volume (J/L) of
sprinkler discharge determined using three methods
and differences (D) in calculated energy using
TCLPM measured drop diameter and velocity.

Sprinkler
R41064
R61064
R61348
R61379
R62048
R62064
S41064
S61064
S61379
S62048
Mean
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TCLPM Kincaid (1996) Model
Kinetic
Δ
Energy Kinetic Energy
14.2
9.2
12.0
13.5
10.3
12.1
10.7
11.3
10.9
6.9

24.3
18.0
14.8
16.4
12.8
13.5
NA
15.0
14.3
10.7

‐10.1
‐8.8
‐2.8
‐2.9
‐2.5
‐1.4
NA
‐3.7
‐3.4
‐3.8
‐3.9

DeBoer (2002)
Method
Kinetic Energy

Δ

14.2
12.6
11.5
12.5
11
10.8
12.3
10.8
11.2
8.2

0
‐3.4
0.5
1.0
‐0.7
1.3
‐1.6
‐0.5
‐0.3
‐1.3
‐0.4

The TCLPM used in this study cost roughly $6,000 and
allowed the drop size distribution of a moving spray‐plate
sprinkler to be determined in 20 h or less with minimal labor
requirement beyond equipment setup, infrequent observation
of equipment operation, and computerized data analysis.
Besides drop size measurement, the TCLPM allows the
velocity of the drops to be determined and used in calculation
of kinetic energy per unit volume of water applied. Kinetic
energy values calculated using TCLPM measured data were
not significantly different from values determined using the
method of DeBoer (2002) based on flour pellet method drop
size data and ballistic model for estimating sprinkler drop
tangential velocity.
Critical threshold values of sprinkler kinetic energy for
minimizing or eliminating runoff and erosion hazard for
various soil types is unknown. Thus, highly accurate values
of kinetic energy applied by sprinkler discharge are of limited
value, but easy, reliable, and highly reproducible estimates
are of value for practical field application. Center pivot
sprinkler irrigation design decisions such as sprinkler flow
rate and/or spacing along lateral, operating pressure and
sprinkler type could potentially be selected based on relative
comparison of kinetic energy values as a means to
incorporate potential runoff and erosion hazard in system
design. A laser instrument such as the TCLPM used in this
study can be used to obtain reliable estimates of moving
spray‐plate sprinkler kinetic energy per unit volume of
applied water for various sprinkler types and operating
conditions. This information could be provided by sprinkler
manufactures (or independent third party testing
organizations) along with other sprinkler specifications of
nozzle flow rate and wetted diameter. A database of kinetic
energy values could be used to revise the model of Kincaid
(1996) or develop improved models to be incorporated into
center pivot sprinkler irrigation system design guides or
software.

SUMMARY AND CONCLUSIONS
Drop size distributions from moving spray‐plate
sprinklers were determined using a Thies Clima Laser
Precipitation Monitor (TCLPM) for 10 select sprinklers and
compared to drop size distribution data obtained using the
flour pellet method. Measured drop size distributions for 8 of
the 10 sprinklers were not significantly different. However,
the operating conditions when the two methods did not
compare well were outside sprinkler manufacturer
specifications. Based on this limited study the results from
the two drop size measurement methods can be vastly
different for sprinklers under operating conditions that
produce relatively compact streams of water drops; which
method was more accurate for this condition remains
unknown.
Besides drop size measurement, the TCLPM allows the
velocity of the drops to be determined and used in calculation
of kinetic energy per unit volume of water applied. Kinetic
energy values calculated using TCLPM measured data were
not significantly different from values determined using flour
pellet method drop size data and a ballistic model for
estimating sprinkler drop tangential velocity. The laser
instrument used in this study can be a relatively easy means
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to obtain reliable estimates of moving spray‐plate sprinkler
kinetic energy per unit volume of applied water for various
sprinkler types and operating conditions.
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