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ARSTRATT
DETERMINATION CF WATER DROP CHARACTEPISTICS
FROM A MEDIUM PRESSURE ROTARY
TARISATION SPRINKLER

by Charles Carsten Muelley

With the information gained from water drop energy
investigations a more informed basis for irrigation system
design is gained, This 1s of particular interest when
working with fragile plants, easily eroded soils, or soils
which tend to form impermeable crusts,

The objective of this project was to develop a method
that Qoulj allow measurem2nt of a water drop's kinetic
energyv as it approached the ground surface,

After reviewing past efforts to measure drop
characteristics it was concluded that photographic
techniques provided the advantage of drop size and velocity
measurements of individual drops in one operation,

By taking short-interval double-exposure photographs
of the drops as they approached the ground the drop
energies were determined, Thru varying the sprinkler's
operating characteristics and measuring drop energies at
several distances from the sprinkler the better operating
pressures and nozzle sizes can be selacted,

Using the techniques developed. one single-nozzle

rotary sprinkl r was investiga‘'~i for variation in drop
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characteristics using combinations of three nozzle sizes
(1/16, 3/32 and 1/8 1nch diameter) and three operatiag
pressures (30, 50 and 70 psi). The manufacturer's
recommended pressures for these nozzles in the sprinkler
tested was 35-40 psi,

It was concluded that:

(1), The use of photographic techniques for drop
energy investigations is feasible,

(2), The accuracy of measurements made with photo-
graphic methods is good, The reliability of these measure-
ments is dependent on the number of observations made,

(3), For the sprinkler tested an increase of
operating pressure resulted in: (a) a more even distribu-
tion of water, and (b) a general decrease in the energy

applied to the soil per unit depth of water applied,
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INTRODUCTION

Knowledge of the sizes, velocities, and energies of
water drops that strike the ground from a sprinkler could
provide manufacturers with a basis for sprinkler design
and evaluation, By comparing the water drop character-
istics and the resulting undesirable effect on soil, an
irrigation system designer would be able to more readily
select sprinklers and operating pressures that would
minimize structural changes and erosive damage to a soil,

This project was conducted in an effort to develop a
system which can be used to evaluate water drop character-
istics, Methods were developed which enabled accurate
measurement of drop sizes, velocities, and direction of
travel as these drops approached the ground, Using the
techniques developed for these measurements, one single-
nozzle rotary sprinkler was investigated for drop charac-
teristics using combinations of three nozzle sizes and

three operating pressures,



REVILW OF LITERATURE

As early as 1877, wollny described the effect of a
beating rain in breaking down the soil, washing of the
fine particles into tiny crevices and pores, in sealing
the soil surface and thereby decreasing porosity, and the
effect of a cover crop in decreasing just such tendencies,

Cook (1936) concluded that water drop velocity 1s omne
of the variables in the ‘water erosion process, Ellison
and Slater (1945) determined that low infiltration rates
are associated with a high splash soil content, This was
substantiated by Free's (1052) finding that soil crusts
resulting from water drop impact had a volume weight of
about 30 percent more than the soil immediately below the
crusts, Duley and Kelly's (1939) work in this area
included the study of the formation of a compact surface
layer which greatly reduced infiltration rates, and showed
the effect of mulches in preventing a crusted surface,
They regarded the surface condition as having a greater
influence on infiltration than the combined effects ot
soil type, initial moisture content and rainfall intensity,

Robert Horton (1940) considered the energy per inch
depth of rain as the important property of rainfall that
effects infiltration, Laws (1940) came to a similiar

conclusion, in that a decrease in infiltration rate
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fcllowed an increase of drop kinentic energy per unit area
of surface, Working with drop sizes of 1 to 5 mm, Laws
showed that as drop size increased, infiltration decreased
up to 70 percent and the amount of soil in the runoff
water increased up to 1200 percent,

In the study of erosion processes of water, Ellison
(1944a) grouped the effecting factors into four areas:

(1) variables of rainfall, (2) slope of the land, (3) soil
characteristics, and (4) protection of the soil against,
or its exposure to rainfall impact, In his experiments,
Ellison showed that in samples of splash and runoff water,
the weight of particle sizes of less than 0,05 mm exceeded
that of the original soil, while larger particles were
usually not less than in the original soil, Evidence of
aggregate breakdown was also found, [llison disclosed
that more soil was splashed when a film of water was on
the soil, This was believed to be due to decreased
cohesion of the soil particles,

Bilanski and Kidder (1958), Strong (1955), and Wilcox
and McDougald (1955) all studied various aspects of
sprinkler operation as effected by nozzle size, operating
pressure, oscillating arm action, wind, and/or spacinyg,
A1l showed that large changes in distribution patterns
were made by variations in operating procedures or
sprinkler characteristics, In regard to water distribution

VorPogrell et al, (1959) stated that two different models



of sprinklers perform nearly the same if equipped with the
same nozzle sizes and operated at similiar pressures and
rotation speeds, Both VonPogrell and Christiansen (1941)
noted the zone of luw prec:ipitation in a normal distribu-

tion pattern resulting in a *'doughnut® shaped distribution,

Measurement of Drop Sizes

Two methods of determining drop sizes required the
use of blotter paper or flour as a media for measurement,
When blotter paper was used the drop size was determined
by the area of the wetted portion of the paper where a drop
had landed, Anderson (1948), Blanchard (1953), Levine
(1952), and Shanks and Paterson (1948) used this method in
their investigations, The second method, involving flour,
was used by Chapman (1948) and Bentley (1904), Here a
tray of smoothed, uniform flour was exposed to the fallaing
drops, The resultaing flour and water *'pellets' were then
dried and their sizes measured to determine drop sizes,

Several other unique methods for drop size analysis
have also been developed, Taylor and Harman (1954) froze
their drop samples in a hexane bath cooled to =200 ¢,
Drop sizes were then determined by timing the fall of the
frozen pellets through the t1luid onto a scale pan and
applying Stokes Law for falling bodies,

Smith (1951) allowed drops to fall between two plates

and measured the resulting change in capacitance to



determine drop size, Cunningham (1951) allowed drops to
pass between a light source and a photo tube to determine
drop size, the results being read from an oscilloscope,
Cunnaingham also measured the electrical impulses produced
by drops impacting on a microphone diaphragm to tind drop
sizes,

Gardiner (10¢4) devised a direct measurement rethod
of measuring drep sizes, based on the princinrle that when
a drep of liquid touches an electrically charged body it
draws an amount of charge proportional to the size of the
drop, His apparatus has a ¢,5 mm diameter wire probe, as
the charged body, connected to a potential source and an
impulse scrting and ccunting circuit, With this equipment

the analysis cf 200,000 drops per minute has been recorded,

Measurement of Drcp Velccities

To measar-: the velccity of drops Gunn and Kirzey
(1919) electronically mcasured the tim? required for a
drooy carrving an electrical chirge to pass through twe
inducing rinrs, Drop sizes were determined by weight or
by direct measurement with a low-power microscope, Their
data provided termiral velccities for drop sizes of ,078 to
5.76 mm in diameter,

Green (1952a) studied and evaluated lLaws' (1941) data
of drop terminal velocities and formulated an emperical

equation for determining the terminal velccities of falling



drops: V¢ = 820 Mgd, where M = drop mass in grams, g =
force of gravity, and d = the equivalent spherical

diameter in mm,

Measurement of Drop Energies

Several researchers have used one of the above
mentioned methods for determining drop sizes and then
assumed terminal velocities to find drop energies,
Another method to measure drop energies was developed by
Neal and Baver (1937), They modified a beam talance,
allowing drops to strike one pan which moved a pen across
a recording cylinder,

Schleusener (1960) used a styrofoam target mounted
on a cantilever beam to measure drop impact energies,
Strain gages on the beam detected deflection which was
recorded on an oscillograph, However, Brazee's (1963)
mathematical analysis of the use of a damped oscillating
transducer as a method of measuring random impact energies
opened question as to the ralidity o«f snch rnrgredures,

A few investigators have used photcgraphy as a means
of studying water drop phenomena, Worthington (1894)
used high speed photography to study turbulance created
bv drop impacts, Green (1952b) worked with photo
techniques to measure drop sizes and velocities, He
obtained drop sizes from a photo image of a drop made with

a short duration flash and measured the drop velocity from



the streak length made during the time the camera shutter
was open, Green also tried recording velocities by
multiple flash exposures, but was limited by his flash
unit's maximum flash rate of 20 {lashes per second, This
allowed drop travel of 1,5 feet or more between successive
flashes, With several drops in one picture the successive
drop images could not be selected, while taking photcs of
drops alcng their travel axis, Green found that drop
oscillation was of negligable effect as the drop images
were always near perfect circles,

After reviewing past experiences in measuring water
drop characteristics it was concluded that photographic
techniques offrred the advantage of both size and velocity

measurements for any given drop in one opcration,

Drop Formation

Baron (1047) studied the atomization of ligquid jets
and droplets, le '"treats the deformation of a moving drop
as forced vibration with viscous damping, 1In order to be
able to oscillate and still not oppose the drag and interia
forces the drop must rotate, The (resulting) centrifugal
forces drive the liquid toward the periphery producing a
ring having a thin center membrane which will ultimately
be blown out, thus disintegrating the drop into particles
or greatly differing sizes,"

Several ideas have been brought forth on the process
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of jet break up, Hinze (1046) studied surface disturbances
of a jet which developed into ligaments and eventual drop
formation, 1In photographs taken by Haenlein (1031) th-
waviness of a liquid jet prior to actual break up are
shown, Most of the investigators have cnnsidered several
of the following factors in jet break up: change in
potential energy due to surface tension, change in kinetic
energy due to the liquids motion, turbulance, nozzle
dimensions, liquid viscosity, jet velocity, air viscosity
and density, capillary ripples on the liquid surface, and

air friction,



DESIGN CF EXPERIMENT

Following Green's (1952b) work | exrerimenis were
conducted using the Strobtolux and Strobotac flash units
for multiple e>posure pictures, Even with a ma»imrum flash
rate of 100 flashes per second it was questionable if
successive drop images could consistantly be determined,

Tests with a high speed motion picture camera also
meet with poor results, While drop velocities could easily
be determined, individual film images of drops were not
defined enough to permit confident measurement of drocp
sizes, Perhaps the use of a 35 mm movie camera instead of
the 16 mm tested would enable drop size measurements from
the film image,

Returning to the multiple flash concept, a keying
system was developed which allowed consecutive short-
interval firing of two separate flash units, By firiﬁg the
two flash units at a short time interval a double exposure
of individual drops was recorded by the camera, Later
proiection of the film allowed measurement of drop diameter
and distance traveled during the flash interval, By
comparing the computed drop energy values at various points
along a sprinkler radius, a basis for evaluating the soil
erosion pcotential of a sprinkler was established,

Nire combinations ot three nozzle sizes (1/16, 3/32

Q



and 1/8 inch diameter) and three pressure levels (30, 50
and 70 psi) were selected for a sprinkler drop energy
evaluation, (The manufacturer's recommended pressure tor
the selected nozzle sizes was 35-40 psi,)

Preliminary tests were conducted to determine the
natural rotation speed for the sprinkler with the oscilla~
ting arm when operated with the three nozzle sizes and with
the three water pressures selected for testing, While
rotation rate varied for both nozzle size and operating
pressure changes, the effect of nozzle size was dominant,
Variation of rotation rate for each nozzle size only was
therefore deemed sufficient for the tests, Rotation speeds
of 70, 50 and 30 spr (seconds per revolution) were used for
nozzle sizes of 1/16, 3/32 and 1/8 inch diameter, respect-

ively,



APPARATUS

The sprinkler tested was mounted in a 55 gallon barrel
with an adjustable width slot cut in the side, The slot
allowed the stream of water from the sprinkler to emerge
in one direction fer sampling turposes, A vertical shaft
ran from the sprinkler through the barrel top to the
sprinkler rotating mechanism, This mechanism consisted ot
a variable speed motor and speed reduction devices and
allowed the sprinkler rotation rate to be varied between
15 spr and several hundred spr, For drcp energy and
distribution tests the sprinkler was operated without its
oscillating arm,

For distribution tests, screen covered frames were
laid on the laboratory floor on the radius in line with the
sprinkler and barrel slot, Sampling cans were placed along
the screening at one meter intervals, The wire window
screening eliminated the tendency ot dreps to ricochet from
the concrete floor into the cans,

A 35 mm Leica, Model IIIf, camera with a telephoto
lens was used to photograph the drops for velocity, size
and travel direction determinations, The 200 mm Telyt
camera lens was fitted to a reflex housing and a bellows
unit to permit close focusing, Camera-to-subject distance

was 1,5 meters (5 ft) and the Jdrop sampling arca was

11
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approximately .2 by 15 centimeters (9 x 6 in.),

The flash units used for drep illumination were the
Strobolume and the Strobolux, manufactured by General Radio
Corperation, which provided an intense short-duration flash
on the order of 30 microseconds, Each flash unit was keyed
by a SPST relay which in turn was operated by a single DPST
relay, The single DPST relay was contrclled by a micro-
switch at the sprankler rotating mechanism, The time
interval between flashes was varied by adjusting the opera-
ting voltages of the SPST flash control relays, Two
variable DC power supplies were used as a power source,
Possible flash time intervals were zero to 0,010 second,
Most photos were taken with a flash interval ot about
0,0025 second,

An adjustable cam on the vertical sprinkler shatt
closed the miacroswitch which in turn activated the flash
control caircuit, The cam adjustment allowed the flashes to
be fired as any portion of the water stream passed the
photographic field,

In the photo subject area background a small motor
rotated a disk on which a short radial line was inscraibed,
The flash time interval was computed from the measured
angle formed by the double image ot the line and the motors
speed,

To allow easy sampling of the water stream along its

axis the photographic and flash equipment were mounted on a



wheeled plattform, The platform was covered with splash and
light shields except for a 2 inch slot thréugh whach the
drop stream entered the phato subject area,

This shielding kept the equaipment dry and eliminated
the variable of ambient lighting cornditions, The 2 inch
slot in the splash shield alsn cvontrolled the Jepth ot
field for drops in the photo area, A double row of
galvanized sheet metal straips attached to the sides of the
opening at 1/2 inch spacing and bent toward the sprainkler
at a 459 angle largely eliminated splash from ent-ring
the photographic tield,

A five horsepower centrifugal pump was used to boost
the line water pressure, Fluctuations ia the water
pressure at the sprinkler were minimized by including a
surge tank in the high pressure portion of the system,

Needle control valves were used for fine adjustment ot the

operating pressure,
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Pigure 1, Slotted barrel Figure 2, Flash timing
shield and sprinkler rota- microswitch and adjustable
ting mechanism, cam,

Figure 3, Laboratory where tests
were conducted, Sprinkler barrel
in background with distribution
test equipment in place,
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Figure 4, From top, clockwise, Strobolume
and Strobolux flash units, camera, flash

control relay unit, and variable DC power
supplies,

Figure 5, Photo and flash equipment in
position for drop energy tests, Most of
the light shields have been removed,
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Rigure 6, Background of photo
sampling field with motor-rota-
ted disk for time interval
measurements,

Figure 7, Example of drop data
photographs,



EXPERIMENTAL PROCEDURE

Three isitvidual tests were cenducted, one for each
nozzle size, At the start of each test the wheeled
sampling platform holding the photo and flash equipment
was placed four meters (13,1 ft) from the sprinkler, The
flash timing cam was set so that the flashes were fired
just before any drops from the stream entered the photo
sampling fielld, \Water pressure was adjusted to 30 psi,
with these initial conditions the testing cycles were
started,

For each set of conditions threc photographs were
taken, followed by a Strobotac check on the timing motor
rotation sreed, After each set of three photos, the water
pressure was adjusted to the next higher test pressurve,
After nine photos were taken - 3 for each of 3 pressures -
the water pressure was adjusted to 30 psi and the adjust-
able flash timing cam was advanced one degree, Again ©
photos were taken followed by another degree ot cam
advancemont, When i1t was obvious that no wiater drops were
loft in the photo fiell when the flashes fired, the initial
conditions were established once again, and the sampling
platform was moved away from the sprinkler one meter (3.3 ft)
to the next szmpling station,

By taking photographs before the sprinkler had
17



rotited oncoy for the drop stecam 1o 2nter the sampiisg
area, and continuing to take phatos un*il after the stream
had passed beyend the sampling area, 1t was insured that
there was an equal opportunity for sampling all porticns

of the stream,

The above set of cvcles was repeated until 1t was
cbvious that the sampliing platform had been moved beyond
the range of the water stream, Then initial conditions
were once again established with the sampling platform at
the four meter station, and a new nozﬁle size was installed
for the next test,

At the start of each new roll of film a millimeter
scale was mounted in the center of the water drop path
photo sampling fiell and photographed to establish a known
dimension and the horicontal plane on each roll of film,
A1l photographs were taken with the camera shutter hell
open, allowing the flashes to determine the actual instant
the drops were recorded,

The exposed film (Kodak Tri~X) was then developed in
Kodak D-76 developer with a 100 percent increase in
recommended development time to increase drop image
contrast,

The resulting negatives were projected onto a smooth
surface from which measurements were made of: drop
diameter, droj: travel distance between flashes, the

direction of drop travel with respect to the horizontal,



and the angle Hf the two imapges of the line on the motor-
rotated disk,

Following the photo tests, standard distribution
tests were completed for each nozzle size and pressure

setting used,



STSTUSSION o RESULTS

Using the data measured from the photo negatives,
mean values were determined for the drop diameter, mass,
velocity and kinetic energy at each sampling station for
each nozzle size and pressure tested,

Bv applying the effect of the application rate to the
mean drop energies found, a time factor was introduced into
the water drop energv data, This was done by finding the
time required, for each nozzle and pressure setting, to
apply an average of one centimeter depth of water over the
circular area normally covered by the sprinkler,

Tabl= 1, Time required for an average accumulation of

one centimeter depth of water over the area covered by one
sprinkler for nozzles and pressures tested,
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nozzle pressure time per
diameter cm ave, depth

inch psi hours
1/16 3¢ 27.2
5C 22.5
70 16,4
3/32 30 12,8
50 9.1
70 7.5
1/8 30 6.5
50 5.0
70 4.1
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From the nean Jrop mass the namber of drops per cubic
centimeter (s ¢cm areca x c¢m deptu) and the energy per cmd
was determined, The numerical values are given in the
Appendix, The followin; three pages of curves show the
energy per cm2 area per cm ave, depth for the conditions
tested, The same data is shown on page 25 in the threo-

dimensional sketch which can help to visualize the

relationships,

Limitations of Testing Method

A 0.5 mm diameter drop was recorded on the film as a
0,067 mm diameter image, DNue to this small image size,
the optical perfection on the projection system used to
read the film, and the inherent grain size in the film,
measurement of drops smaller than 0,5 mm in Jdiameter was
not attempted, Nearly all of the drops C,4 mm or smaller
in diameter that were observed were at the 4 and S reter
sambling stations with the 1/16 inch nozzle, Thouzh the
omission of th se drop energic: created a slightly hicher
enercy value a: these stations the eni eftect is thouoht
to e of small difterence,

Bv comparing the curves for energv/cm?/cm and the
distribution for a single nozzle size and operatiung
pressure it will be noted that no energy values are given
tor the furthest distant sampling station while an

application rate is given for that station, Although manv
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photographs were taken at these stations no drops were
recorded, As relatively few drops were landing in these
areas it can be assumed that it was cnly by coaincadence
that no drops were in the sample field when the flashes
were fired,

Another rap in the energv data occurs with the 1/%
inch nozzle wlen operated at 39 psi pressure, At the o
meter station ro drops were recorded, Althougk to the eve
it appearcd that dreps were fallirg in the area this would
seem to inlicate ancther region of licht precipitation,
However, this is not substantiated by any relatively light
application rate at that point during the Jdistribtution
tests, It is thought that this lack of data was caused
bv an experimental! procedure error, but the exdact reason

has not been determined,

Accuracy of NData

To estimrate the accuracy of the encergy computatiors
the prcpagation of error method of combiring inderendent
errors was utilized, This method gives an estirate of the
approxirate maximum error,

From k measurements of (x) and (y) one may compute k
values of V:

Vi = V(xq,v1), V, = V(xz,yz), e o o0 s V= V(XL YD),

. L] . ] "rk = ‘i'(-xkn)"‘:)

T

Py

U
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The rean values of the measurements cof (x) and (y) will be:

k k
- z;xn - Z:1Yn
X = n= and y = _n=
k k

And the most probable value of V will be:
vV = V(X,Y)
In general each value of V, differs from our best
estimate of V(x,y) by some amount:
SVn = Vg = V(X,Y)
which is the absolute error, From differential calculus

the approximate maximum error of Vp (§Vp) will be:
oV %!
Vhn = 37 + by
dVn ox dxn y ?¥n
For drop kinetic energy determinations:

3 42 2
KL = l m v = 3rYD2 d¢ pPpm
2 Al

where: mass of drop in grams

drop velocity in cm/sec

water density in gm/cc

drop diameter in cm

drop travel distance during flash interval in cm
timing motor speed in rpm

disk line image angle,

rp

>ZooNX<e3
LI L T (N I 1

From the propagation of error method:

SKE = %SSI) + -g—dEb‘d + -g%sy + 5%—{%81(%‘ + %/E;SA

Solving the partial differentials and simplifying results in:

- 2 2
3wYD3 d2 RPMS[ 8D  ,8d , 8Y . 8RPM | .8A
v D a 7 RPM A

SKE =

Three sources nf error were involved in the linear

reasurements made, The drop diameters and the drop travel
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distances were both measured to within 0,005 cm, The lirear
distance error caused by the drop not being in the same
plane as the reference rule created a possible error of
0,00167 cm, Thus the possible variation in the measurements
and the real values of both the drop diameter (§D) ﬁnd the
drop travel distance (8d) is 0,00667 cm, The Strobotac unit
used to measure the motor speed was accurate to within
5 rpm (§RPM), The angle of the line images on the motor=-
rotated disk was measured to within 0,5 degree (§A), For
computations the density of water was assumed to be 1 gm/cc.
Variation in water temperature caused a change in its
density of up to 0,000268 gm/cc (JY).

Using the above formula and error values the following
maximum errors were computed for typical energy values,

Table 2, Arproximate maximum errors of energy values for
typical drop diameters and velocities,

D d KE SKE error
T T e erg Terg %
.10 1,0 32,9 7.85 24
.15 1,2 160,0 27.1 17
.20 1.4 516, 69,3 13
.25 1.6 1608, 181.9 11

.30 1,8 2880, 285, 10
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The individual error sources were then computed for

small and large energy values,

Table 3, Percent of total error of individual error
sources for small and large energy values,

source percent of total error
large KE small KE
8D 4 1
34 67 84
- 4 8 6
8 RPM 3 1

[
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CONCLUSTONS

Although the manntacturcer's recommended operataing
pressure tor this sprinkler with all the nozzle sizes
tested is 35 to 40 psi it was found that higher pressures
tended to give a more unitorm application rate, From the
Jistribution curves given all three nozzles (1/1o, 3/32

and 1/8 inch) produced the most uniform results when

r———
Noax

operated near 7C psi, —
From the energv/cm2/cm versus distance curves it is

seen that in all casecs an increase in operating pressure

resulted in a small increase in energy near the sprinkler

and a large decrease far from the sprinkler, The decrease

in energy applied is particularly significant with the

1/16 inch nozzle at the O meter station,

t]

r

P
(1

citic conclusions of this project are:
). The use of photographic techniques tor drop
energy investigations 1s feasible,

(2), The accuracy ot measurements made with the
photographic method is good, The reliability of these
measurements is dependent on the number of observations made,

(3), For the sprinkler tested an increcase of operating
pressure resulted in: (a) a more even distribution of water,

and (b) a general decrease in the energy applied to the

soil per unit depth of water applied,
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