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Abstract Walter K, Bilanski
1

In 1946 less than 250,000 acres were irrigated by
means of sprinkler irrigation; by the latter part of 1954
an estiﬁated 3,000,000 acres were being irrigated by this
method and the acreage is 1ncreasing at an estimated
500,000 acres per year. Nearly all of the sprinklers in-
stalled in the past ten years have utilized the revolving
head sprinkler.,

Desirable distribution patterns from sprinklers range
from a triangular-shaped pattern in which the fall-out is a
maximum near the sprinkler and gradually tapers off to zero
at the maximum trajectory distance, to a pattern in which
the amount of fall-cut is uniform along the greater portion
of the radius and then decreases gradually for the remainder
of the trajectory distance. Because many sprinklers presently
in use do not give either of the above aistribution patterns
of water, and since to date to the author's knowledge no de-
tailed analysis has been made to determine what factors af-
fect the distribution pattern, the objective of this study
was to make such an analysis.

This study was conducted indoors to eliminate weather
variables. Only medlum-pressure sprinklers were studied
because this size was the most popular with irrigators and
because it lent itself to study in a laboratory. Only one
factor from one sprinkler with one nozzle was studied at
a time; all other factors were in so far as possible, held

constant.
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The fallowing factors were investigated and evaluated:
oscillating arm, operating pressure, orifice diameter,
length of the cylindrical part of the nozzle, angle of taper
in the sprinkler nozzle, angle of inclination of the nozzle,
rat6 of rotation of the sprinkler, roughness in the cyline
drical part of the nozzle, length of the tube between the
body of the sprinkler and the nozzle, non-circular orifices
in the sprinkler nogzzle, and use of cylindricel discharge
tubes in place of nozzles.

It was found that the factors discussed below had the
greatest influence in approaching the desired distribution
of water. The oscillating arm accentuated the fall-cut of
water near the sprinkler. A decrease in rate of rotation,
an Iincrease in the angle of inclination of the sprinkler
nozzle from the horizontal and an.ingrease in the operating
pressure all resulted in falle-cut of the water approaching
the desired distribution pattern. In general, the use of non=-
circular orifices or of short cylindrical tubes in place of
conventional sprinkler nozzles resulted in a more desirable
distribution pattern of water. The equilateral-triangular
orifices in which the triangular'shape extended for a con-
siderable depth into the nozzle resulted in a distribution
pattern approaching the ideal. The most desirable pattern

was obtained from tube lengths ranging from 2 to L diameters.
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Turbulence, distribution of velocities and amount of
secondary motion affect the dispersion of the jet of water

as it emerges from the sprinkler orifice.
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INTRODUCTION

Presentation of the Problem

Since 1946, when less than 250,000 acres were irrigated
by means of sprinkler irrigation, this method has spread
from a few areas in the United States to the entire country.
By the latter part of 1954 an estimated 3,000,000 acres were
being irrigated with sprinklers, and the acreage is increasing
at an estimated rate of 500,000 acres per year. (1)

Due to this increase in the use of irrigation sprinklers,
and recognizing their ever-increasing importance, Secretary
of Agriculture Ezra T. Benson in a letter to Mr. Joseph T.
King, Secretary of the Sprinkler Irrigation Association,
stated (1):

The results achieved by the proper use and applica-

tion of portable sprinkler irrigation equipment con-

tribute to better management of our water supplies

and are further testimony of industry's contribution

in opening new agricultural frontiers. The tremen-

dous growth in this method of irrigation has created

a pressing demand for technical end general informa-

ticn on the engineering, design, layout, use and

application of sprinkler irrigation equipment.

Nearly all of the sprinkler systems installed in the past
ten years have utilized the revolving head sprinkler. These

sprinklers range from the small, low volume, low pressure,

single nozzle type to the giant, high pressure, large volume,



multiple nozzle sprinklers. The most widely used are the
medium pressure (30 to 60 pounds per square inch) sprinklers
(1). These may be either the single or the double nozzle
type.

Ideally water should be distributed uniformly over
the entire area to be irrigated. However, as yet a
sprinkler which will do this has not been developed.

Since rotating sprinklers cover circular areas, some
over-lapping will be necessary for complete coverage of the
area to be irrigated, and even then one can only hope to
approach ideal distribution. How closely the ideal is ap-
proached will depend upon the geometric distribution pattern
characteristic of the sprinkler employed and upon the spacing
of the sprinklers. Under field conditions sprinklers placed
on lateral lines are set out in some simple geometric design;
hence, it is necessary for the distribution pattern from the
sprinkler to be adaptable to a simple layout. There are two
distribution patterns which lend themselves to both over-
lapping and to a simple arrangement of the sprinklers:

l. A triangular-shaped pattern in which the fall-out
is a maximum near the sprinkler and gradually
tapers off to zero at the maximum trajectory
distance.

2. A pattern in which the amount of fall-out is

uniform along the greater portion of the radius



and then decreases gradually for the remainder

of the trajectory distance.
The former pattern lends itself to either a rectangular or
triangular spacing of sprinklers while the latter 1s more
suited to triangular spacing.

Because many sprinklers presently in use do not‘give
either of the above two patterns, especially at lower pres-
sures, and since to date to the author's knowledge no de=~
talled analysis has been made to determine what factors af-
fect the distribution pattern, it was the objective of this
study to determine how the various factors influence the

distribution pattern and how they could be improved.

Approhch to the Problem

This study was conducted indoors to eliminate weather
variables. Only the medium-pressure sprinklers were studied
because this size was the most popular with irrigators and
because it lent itself to study in a laboratory. Trends
found in the study may be applicable to both high-pressure
and low=pressure sprinklers.

Only one factor from one sprinkler with one nozzle was
Sstudied at one time; in so far as was possible, all other
factors were held constant. Only factors which affect the
distribution pattern were studied; hydraulic losses were

not determined.



The following factors were investigated and evaluated:

1.
2.
3.
L.
5e
6o
7.
8.
9.

10.
11,

Oscillating arm.

Operating pressure,

Orifice diameter,

Length of the cylindrical partl of the nozzle,
Angle of taper in the sprinkler nozzle.

Angle of inclination of the nozzle.

Rate of rotation of the sprinkler.

Roughness in the cylindrical part of the nozzle,
Length of the tube between the body of:-the
sprinkler and the nozzle.

Non-circular orifices in the sprinkler nozzle,

Cylindrical discharge tubes.




REVIEW OF LITERATURE

Christiansen (2) states that sprinkling as a method of
irrigation has been practiced in California and elsewhere
for about forty years. Before 1920 it was limited primarily
to truck crops, nurseries and small frults, and was practiced
mainly as supplemental irrigation in the more humid regions.
The type generally known as a portable sprinkler system orige
inated in about 1930. Slow-revolving sprinklers are most
satisfactory for these portable systems.

A conslderable amount of work has been done on deter-
mination of the size of water drops both from sprinklers
and from natural precipitation. McCulloch and Schrunk (3)
report that the average water drop size from three differ-
ent sizes of nozzles was approximately the same at a given
pressure and distance from the sprinkler, and that the
higher pressures ylelded smaller drops at any given dis-
tance. '

Levine (L) found that the diameter of the drops was
fairly small at a distance of 25 to 30 feet from the
Sprinkler; whereas, from 30 to 50 feet from the sprinkler

the drops were larger in diameter and were a result of the

main jet of water.



Hall and Boving (5) tested triasngular-shaped sprinkler
orifices (0.015 inch thick) with different height-to-base
ratios. They found that considerable variation in distribu-
tion could be produced by changing the height-to-base ratio
of the triangle. As this ratio was increased, the first
effect seemed to be the placement of a greater quantity of
water at larger radii. After a ratio of 3 to 1 was reached,
the amount of water caught near the nozzle increased. This
was attributed to the creation of finer droplets as the
width of the orifice became the controlling dimension for
dynamic similarity.

The slit orifice was observed to place nearly all of
the water near the maximum trajectory radius. One distribu-
tion defect noted in all of the above tests was that almost
no water fell out over approximately the first one-quarter
of the radius.

Prandtl and Nikuradse (6) determined point velocities
and carried out studies of flow patterns in non-circular
shaped conduits. Some of the velocity data which they ob-
tained for water flowing in non-circular conduits is shown
in Figure 1. (The experimentally determined velocities are
Plotted on the cross section). They also found that there
was flow toward the corners of and away from the side of
the conduit. This motion was superimposed on the longitudinal
motion of the fluid particles. The pattern of this secondary



motion is shown in Figure 1. The effect of the secondary
flow on the lines of constant velocity is to transpose
these lines in the direction of the secondary flow. Hence,
in the corners these lines are pushed toward the corner;

and in the vicinity of the wall, they are pushed away from

the wall.

Point Velacsticy mo/ec ScCO“AQYJ Flow
Equ.“afcro\ Tv‘\uy\qlg

Fig. 1. Point velocities and secondary flow
in nonecircular conduits after Prandtl

and Nikuradse.

Adams (7) points out that if a jet of water issues
from an orifice which is not circular, the surface tension
commences to rectify the departure from a circular section
in the jet, and the momentum of the liquid causes the jet
to become unsymmetrical sgain after passing through a cir-
cular form. Nodes and swellings appear periodically on
the jet when it 1s observed from one side. If a spherical
drop is deformed, the surface tension tends to restore the

spherical form and oscillations are set upe.



APPARATUS AND METHODOLOGY

Apparatus

Location. This study was conducted in the Land Develop-
ment laboratory in the basement of the Agricultural Engineering
building of Michigan State University. The room dimensions
were 95 by 20 by 10 feet and it had adequate drainage outlets

in the floor.

Source of water.,. Water was obtained from a concrete

storage tank having a capacity of about 2500 gallons. The

storage tank was refilled from the university water system.

Pump. A horizontal centrifugal pump capable of a rate
orf delivery of 150 gallons per minute at 160 feet of head
and 3450 rotations per minute was used to deliver the water
Trom the storage tank to the sprinkler. The pump was driven
by a ten horsepower electric motor. The pump and motor unit

were situated on top of the storage tank (Figure 2).

Delivery of water to sprinkler. A five foot length

of 1-1/2 inch diameter pipe connected the pump to a 55-
€allon pressure surge tank. A globe valve was placed in
this line to control the pressure., A one-inch rubber hose

three feet long made a flexible connector from the tank to



Fig. 2. Storage tank, pump unit and pressure
tank.
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a one-inch iron pipe eight feet long (Figure 2). The eight-
f oot pipe sloped from the pressure tank to the floor where a
90 degree elbow joined it to a one-inch pipe 3=1/2 feet in
length. This pipe was connected to the sprinkler riser by
a 90 degree elbow. A pressure gage was located in this pipe
one foot fram the sprinkler riser. A second globe valve was

dlocated near the elbow.

Sprinkler shield. To prevent water from the sprinkler

from getting the walls of the laboratory wet and still ob-
tain an uninterrupted jet of water, a 55 gallon oil barrel
with one end cut out was placed over the sprinkler (Figure 3).
A s8lot six inches wide and twenty inches high was cut out
near the bottom of the barrel. A one-inch sheet metal,
right-angle flange was boltec along the sides and top at

the inside edge of the slot. When a sprinkler was rotating,
this flange prevented the barrel-deflected water from coming
out through the slot opening by re-deflecting it back into

the barrel.

Anti-splash device. Wire window screening was used to

minimize the ricocheting of the water droplets as they struck
the concrete floor. The screen was mounted on a wooden
frame two feet wide, fifty feet long and two inches high
(Figuro 3). Cross braces were placed at two-foot intervals
to provide ample rigidity. They also served as reference

Pointsg for the placement of measuring cans.
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Laboratory where tests were conducted
with sprinkler slotted barrel shield
in the background.
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Water measurement. Unless otherwise stipulated, all

runs were made for one hour. One quart oil cans with the
tops cut out were used to catch the water fall-out from

the discharging sprinkler. The tops of the oil cans were
approximately level with the sprinkler riser connection.

The water 1n each can was measured in a graduated volumetric
cylinder. 01l cans were satisfactory catchment containers
since one milliliter in the o0il can was equal to a depth of
0.0050 inch of water, thus facilitating the conversion from

11111l1iters to inches of water,

Sprinkler rotating mechanism. The sprinklers that were

tested had a self-rotating mechanism which was actuated by
the jet of water issuilng from the sprinkler. It was necessary
for certain tests to inactivate this mechanism and rotate
the sprinkler mechanically. - A variable-speed hydraulic re-
ducer driven by a one-fourth horse power electric motor of
1725 rotations per minute was used for this purpose (Figure
;). By moving a lever arm on the hydraulic reducer, the
rate of rotation could be varied from "zero" to six hundred
xrotations per minute. Since this reducer was not able to
hold the lower rates of rotation constant, a second reducer
was added. The rate of rotation could be varied from zero
to fifteen rotations per minute with negligible drift.

A chain drive was used to transmit power from this

driving mechanism to the sprinkler. This was accomplished
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Fig. L. Sprinkler-rotating mechanism.






by having a one=-fourth inch vertical steel shaft attached
to the top of the sprinkler and extending up through an
opening in the top of the barrel. A sprocket placed at

the end of the steel shaft was driven by the chain from the

reducer.

Pressure measurement. Bourdon pressure gages were

used to measure the pressure. A United States gage with

a 3-1/2 inch diameter dial and a scale ranging from zero

to one hundred pounds per square inch was placed on the
pressure tank. An 8-1/2 inch diameter Certified gage with

a scale ranging from zero to one hundred pounds per square
inch was placed in the delivery line one foot from the sprink-
ler. The gages were checked for accuracy with a dead-welght

gage tester,

Sprinklers, The two models of sprinkler heads used in

this study were made by the same manufacturer., One of the
sprinklers had a three-fourths inch riser outlet; the other
had a one-half inch riser outlet. Both types were self-
turning. The larger sprinkler had outlets for either one
or two nozzles, but the smaller was only a one nézzle
8prinkler. The nozzles used in thls study were manufactured

by the same company.
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Methodology

Oscillating arm. At the present time the most popular

method of rotating an irrigation sprinkler is by means of

a jet driven, spring return oscillating reaction arm. In
order to determine the effect of the oscillating arm upon

the distribution of the fall-out of water from the sprinkler,
tests were conducted both using the oscillating arm to rotate
the sprinkler, and rotating it mechanically with the oscil-
lating arm fastened to the body of the sprinkler so that it
would neither operate nor interfere with the jet of water

issuing from the sprinkler,

These tests were conducted using medium-pressure sprinke
lers with various size nozzles (from one-eighth to one=fourth
inch in diameter) and operating at pressures ranging from 20
to 60 pounds per square inch. When rotated mechanically,
the rate of rotation was set to approximate that of the os-

cillating arm under the same conditions.

Operating pressure and size of orifice. In this study

it was decided that in order to make an adequate analysis

of the effect of the size of the orifice in a nozzle, various
s1zes should be tested at various pressures. Conversely, it
was decided that an adequate analysis of the effect of various
Pressures would entail the use of various orifice sizes for

each pressure tested. Since this caused a considerable
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amount of repetition and many of the runs were applicable
to both analyses, they will be considered together in this
section, although the results will be discussed separately.

Tests were made using a sprinkler with a three-fourths
inch riser and one with a one-half inch riser connection.
The range of pressures tested when using the larger sprinkler
was limited by the laboratory ceiling. In some of the tests
the sprinklers were operated using the oscillating arm to
rotate them; in others they were rotated mechanically with-
out using the oscillating arm.

When the sprinklers were rotated by means of the oscil-
lating arm, a change in pressure did not appreciably alter
the rate of rotation. However, when the size of the orifice
was changed, the rate of rotation of the sprinkler was
altered quite radically in many instances. For this reason,
only those tests in which the rate of rotation was relatively
unchanged were compared. To verify the trend established
with the oscillating arm, the tests were repeated rotating
the sprinklers mechanically at the rate of one rotation
every 60 seconds. This eliminated any effect a change in
the rate of rotation might have had. All of the tests were
run in triplicate.

The sprinkler with the one-half inch riser connection
was tested: 1) using a three-sixteenths inch diameter nozzle

&nd operating at pressures of 20, 30, L4LO, 50 and 60 pounds
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per square inch, 2) using & one-eighth inch and a nine-
sixteenths inch diameter nozzle, and operating at pressures
of 30 end L0 pounds per square inch, 3) using a thirteen-
sixty fourths inch diameter nozzle, and operating at 30 pounds
per square inch, and }) with a one-fourth inch diemeter nozzle
at [0 pounds per square inch. The sprinkler with the three-
fourths inch riser connection was tested using a one-eighth
inch and a three-sixteenths inch diameter nozzle at pressures

of 30 and 40 pounds per square inch.

Angle of inclination of the sprinkler nozzle. A majority

of the medium-pressure sprinklers have the nozzle inclined

sSo that the jet of water is discharged at 25 + 3 degrees from
the horizontal. To test the effect of a change in this angle
1t was necessary to find some means of varylng the angle and
yYyet keep the other variables constant. The 1deal way to

vary the angle of inclination of the jet of water would be

to cast the body of the sprinkler with the desired angle.
However, because of the expense and time that would be involved
in doing this, it was found impractical for this study.

At first 1t appeared that the angle of inclination of
the jet of water could be varied by tilting the sprinkler.
This, however, proved unsatisfactory since the height of the
end of the nozzle was altered with each change of angle.
Another difficulty presented by this method was that the

@ngle of inclination of the jet varied as the sprinkler rotated;
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hence, any given angle would be constant only at one point
around the axls of the sprinkler,

To avoid the above shortcomings, a sprinkler with a
one-half inch riser connection was used, and a copper tube
four inches long with a 7/16 inch inside diameter was placed
between the body of the sprinkler and the nozzle. This tube
was threaded at both ends. One of the threaded ends was
screwed into the body of the sprinkler and the other end into
& plipe coupling. The nozzle was screwed into the other end
of the coupling. Care was taken to have the nozzle touching
the copper tube in the coupling in order to minimize as much
of the turbulence as possible which might result from a sud-
den expansion of the water in the coupling. The copper
tube, being pliable, could be bent to vary the angle of in-
clination,

For the tests conducted at a pressure of 20 pounds per
square inch, the angle of inclination was varied from 10
degrees to 35 degrees from the horizontal in 5 degree in-
Crements. At 30 pounds per square inch the angle was varied
from 10 degrees to 30 degrees, and at 35 pounds per square
inch it was varied from 15 degrees to 30 degrees from the
horizontal. The maximum angle of inclination that could be
Studied here, even at the low pressure of 20 pounds per
Square inch, was 35 degrees from the horizontal; any angle

8reater then this caused the jet of water to hit the celiling.
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Te st s were conducted at the higher pressures to verify the
trend established at 20 pounds per square inch.

All of the tests were made using a one-eighth inch
diameter nozzle, as a larger orifice would have further
1lim3i ted the testing of the higher angles of inclination.
The oscillating arm was not used to rotate the sprinkler
because the length of the extension tube prevented the opera-
tion of the oscillating arm. The sprinkler was mechanically
rotated at the rate of one revolution per minute.

The angle of inclination was measured along the jet
of water as it issued from the nozzle, the vertex being at
the point where the water left the orifice. The height of
the nozzle above the floor was kept constant by changing the

®levation of the sprinkler.

Roughness in the cylinder of the sprinkler nozzle. In

roughening the cylinder of the sprinkler nozzle care had to
be taken not to change the cross-sectional area of the ori-
fice, as any change in this area would affect the total dis-
°h&rge. Two different methods of accomplishing this were
Used, One method involved the use of a round, tapered file.
The end of the file was inserted into the cylinder of the noz-
2le gas far as it would go without exerting pressure. The
flle was then forced in a little farther by twisting it.
Thi s twisting of the file while in the cylinder of the nozzle
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resulted in a roughening of the inside of the cylinder without
changing the cross-sectional area. The second method of
roughening the nozzle was through the use of a tap of the
proper size so as not to enlarge the dlameter.

The sprinkler with the one-half inch riser connection
was used for these tests. It was rotated both with and with-
out the oscillating amm, the rates of rotation being one ro-
tation per minute without the oscillating arm and about one
rotation every two minutes with the oscillating arm.

Nozzle diameters of 0.125 and 0.1590 inch were used.
One set of the above nozzle diameters was roughened with the
file; another set was threaded using a 6-32 tap on the smaller
nozzle and a 10-32 tap on the larger one, A third set was
lert unroughened. All runs were made in duplicate. A com-
Parison was then made between the distribution patterns of
the roughened and the unroughened nozzles to determine what

change had resulted.

Angle of taper in the sprinkler nozzle. In order to

Ade termine the effect of the angle of taper in a sprinkler
Nozzle on the distribution of water, various angles of taper
Were tested. A sprinkler with a three-fourths inch riser
Connection and nozzles with one-eighth and three-sixteenths
inch diameter orifices were used. The larger sprinkler was

Q8ed in this study in preference to the smaller because the
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nozzles used in the former had larger outside dimensions
and therefore lent themselves more readily to modification,
After attempting several different methods of varying
the angle of taper in the nozzle, it was found that this-
could most readily be accomplished by sharpening a drill to
the desired taper and drilling it into the nozzle. Thus
the desired angles of taper (©) were obtained in the sprink-

ler nozzles (Figure 5).

Fige 5, Angle of taper in a sprinkler
nozzle.

The values for the angle © that were tested were 12, 20,
30, 40, 50, 60 and 80 degrees. These angles provided an
A s gortment of nozzles ranging from one with a considerable
length of taper (the 12 degree angle) to one with very little
taper, hence approaching a sharp-edgéd orifice (the 80-degree
angle). As indicated in Figure 5, the cylindrical part at
the discharge end of each nozzle was only one-th.irty second

Of an inch long, since a longer cylinder would tend to
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minimize the flow characteristics due to the angle of taper
in the noz:zle.

Since the total length of the nozzle was kept constant
although the angle of taper in the nozzle was varied, the
result was that when 0 was 12 degrees the taper extended to
almost the entire length of the nozzle, whereas in the others
a cylindrical portion preceeding the taper resulted (Figure
S). The length of this cylindrical portion increased as ©
increased. A three-eighth inch drill was used to make the
taper. Extreme care had to be taken in sharpening the drill
and in centering it within the nozzle, so that the jet of
water would emerge parallel to the longltudinal axis of the
nozzle,

Two series of runs were conducted with each of the dif-
Terent nozzles. In the first set the nozzle was screwed
directly into theAsprinkler; in the second set a three-inch
@ xtension tube with a three-eighths inch inside diameter
Wag placed between the body of the sprinkler and the nozzle.
The second series of runs was made to see whether any varie
Ation occurred when the nozzle was farther away from the
influence of any turbulence that might occur due to the
bend between the body and the tube of the sprinkler. The
8prinkler was rotated mechanically at the rate of one rota-

tion every 60 seconds, and all runs were made in duplicate.
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Length of the cylindrical part of the nozzle. In deter-

mining the effect of the length of the cylindrical part of the
nozzle, both a sprinkler with a three-fourths inch riser con-
nection and one with a one-half inch riser connection were
used., Since the cylindrical part of the nozzle usually varied
from two to five dlametersl depending upon the diameter of
the orifice, it was necessary to add an additional cylindrical
portion to the nozzle in order to test lengths greater than
five diameters. This was accomplished by braze welding the
desired length of brass of the same diameter as the sprinkler
nozzle to the discharge end of the nozzle. A drill of the
desired dimensiona2 was then used to bore out the cylinder,
beginning at the tapered end, A reamer was used to smooth
the inside of the cylinder.

Using a sprinkler with a one-half inch riser connection
and a one-eighth inch diameter nozzle, and operating at a
Pressure of 40 pounds per square inch without the oscillating
arm, the cylinder length was decreased from 1l to L diameters
in increments of two diameters and from L to zero diameters
in increments of one diameter. Using the same size sprinkler
a&nd nozzle and operating at pressures of 30 to 4O pounds per

8qQuare inch, two replications were made decreasing the

———

lLength of the cylinder is given here in terms of the
inside diameter of said cylinder,

ZIn order to keep the diameter of the cylinder constant
throughout its length, a drill one size smaller than the
required diameter was used to make the initial bore.



cylinder length from 5 to zero diameters in 1ncromenfs of
one diameter.

Using the same size sprinkler with a 9/64 inch diameter
nozzle, and operating without the oscillating arm at pres-
sures of 30, 40 and 50 pounds per square inch, the cylinder
length was decreased from 17 to 4 diameters in increments of
two diameters and from l4 to zero diameters in increments of
one diameter. Three replications were made using the above
81z2e sprinkler and nozzle and operating at pressures of 30
and 40 pounds per scuare inch with the oscillating arm to
compare the effect of the conventional nczzle (which has a
cylinder length of slightly more than two diameters) with that
of a nozzle with no cylinder 1length. This test .was repeated
at pressures of 30 and 40O pounds per square inch using the
same diameter nozzle and a sprinkler with a three-fourths
inch riser connection.

For further verification of the trend established by
the previous tests, the sprinkler with the three-fourths
inch riser connection was operated using a one-fourth inch
dAiameter nozzle at pressures of 30, 4O and 60 pounds per
Square incn, and decreasing the cylinder length from 12 to U4
dlameters in increments of two diameters and from L to zero
diameters in increments of one diameter. In this last series
Of tests the angle of elevation of the sprinkler nozzle was

lowered to prevent the jet of water from striking the celling.,
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Length of the tube between the body of the sprinkler

and the nozzle. Since an ektension tube was inserted between

the body of the sprinkler and the nozzle, it was not possible
to use the oscillating arm to rotate the sprinkler; therefore,
1t was rotated mechanically at the rate of one rotation every
60 seconds. A sprinkler with a three-fourths inch riser con-
nection and a one-eighth inch nozzle were used. As the tube
was shortened, the entire sprinkler had to be raised in order
to keep the end of the nozzle at a constant height.

A brass tube which had a three-eighth inch inside diameter
and was threaded at both ends was placed between the body of
the sprinkler and the nozzle (Figure 22). One of the threaded
eonds was screwed into the body of the abrinkler and the other
end into a pipe coupling. The nozzle was screwed into the
Other end of the coupling. Care was taken to have the nozzle
touching the brass tube in the coupling in order to minimize
as mich of the turbulence as possible which would result
Trom a sudden expansion of the water in the coupling.

The lengths of tube which were tested were 17 diameters,
12-1/2 diameters, 6 diameters, 2 diameters, and "zero diameters,
Which wags merely the conventional method of screwing the noz-

Zle directly into the body of the sprinkler. All of the tests

Were made in duplicate.
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Rate of rotation of the sprinkler. In this series of

tests a sprinkler with a one-half inch riser connection
was used. All of the tests were made at & pressure
of 30 pounds per square inch and using a three-sixteenths
inch diameter nozzle. The oscillating arm was not used for
rotating the sprinkler since the rate of rotation cannot be
Precisely controlled when using the oscillating arm. The
sprinkler was mechanically rotated at the rate of 3, 16, 23,
30, 45, 60, 150 and 540 seconds per rotation. Three separate
tests were made using each rate of rotation and the results
averaged. This range of rates of rotation seemed sufficient
to establish any effects which may be due to the rotating
motion.

The maximum trajectory distance was measured when the
8prinkler was stationary in order to determine how slowly
the sprinkler should be rotated to obtain a trajectory dis-

tance that approaches the stationary condition.

Nonecircular orifices. In order to find the effect that

Sprinkler nozzles with non-circular orifices have upon the
distribution of water from a sprinkler, and also which geo-
Mmetric shape of orifice gives the best results, various shapes
Of orifices were tested. In some orifices different depths
Tthrough the non-circular orifice and two types of approaches

to the nozzle were also tested. One of the types of approach
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was a gradual convergence in the nozzle up to the non-circular
orifice (Figure 6a); the other was an abrupt entrance leading

directly from a cyiinder to the orifice (Figure 6b).

-

\ | .
— —_—

(2) (8)

Fig. 6. Two types of entrances to the
orifice in a nozzle.

Some of the non=-circular orifices which were tested
a&re shown in Figure 7; other shapes tested were the pentagon,
semi-circle, and various shapes, angles and sizes of slits
cut into the main orifices. All of these orifices were
shaped by using drills and tool-and-die-maker files.

Tests were conducted using the oscillating arm for
x‘otating the sprinkler and without the oscillating arm,
where the sprinkler was rotated mechanically. In this series
Of tests no attempt was made to keep the various rates of
Xrotation constant when using the oscillating arm, or to
keep the cross-sectional areas of different shapes of orifices
the same since only a qualitative analysis of the distribution
Obtained from a particular shape was desired, and no direct

Comparison between the different shapes was to be made.



Pige 7.

Top view of nozzles with various shaped
orifices.

28
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Cylindrical discharge tubes. In order to determine the

type of distribution obtained from a tube, and the effect of
various tube lengths upon the distribution pattern, copper
tubes of various diameters and lengths were tested. The
tubes which were 5/16 and 7/16 inch in diameter were varied
in length from six inches to one-fourth inch; the tubes
which were 5/32 inch in diameter were varied in length from
four inches to one-fourth inch. The lengths were varied
from six to three inches in increments of one inch, from
three (four in the one case) to one inch in increments of
one-half inch, and from one‘to one=fourth inch in increments
of one-fourth inch (except the 7/16 inch diemeter tube which
was reduced to & length of'zerdvinches; that is, cut coff
directly at the sprinkler).

The 5/32 inch and the 5/16 inch diameter tubes were
soldered into the sprinklers as shown in Figure Wl4. The
7/16 inch diameter tube was screwed into the body of the
sprinkler as shown in Figure 38.

Tests were also conducted in which lengths of copper
tubing 5/16 and 5/32 inch in diameter were bent and attached
to the bearing nipple of the sprinkler to determine the
effect on the distribution pattern when the vertical and
the diagonal portions of the sprinkler were the same dlam-

eter (Figure LO). In these tests the length of the diagonal
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portion of the tube was varied as in the previously discussed
tests.

All of the lengths of tube were tested without the os-
cillating arm at the rate of one rotation per minute and
at a pressure of 4O pounds per square inch. Wherever tube
length permitted, tests were also conducted using the os-
cillating arm to rotate the sprinkler. The 5/32 inch diameter
tube at a length of one-=half 1lnch was also tested at pressures

of 20, 30 and 50 pounds per square inch.
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DISCUSSION OF RESULTS

Effect of the Oscillating Arm

The action of the oscillating arm csused the sprinkler
to rotaste and also increased the amount of water which fell
out near the sprinkler. When a jet of water issuing from
a circular orifice was not interrupted by an oscillating
arm, the minimum fall-out of water occurred near the sprink-
ler, From this point the fall-out of water increased until
1t reached a maximum toward the outer portion of the trajec-
tory distance. The rate of fall-out then decreased very
rapidly to the outer limit of the trajectory radius of the
Jet of water.

The action of the oscillating arm was to frequently
Interrupt the jet of water issuing from the sprinkler.
This regular interruption of the jet of water resulted in
& considerable increase in the fall-out of water near the
Sprinkler., The amount of fall-ocut decreased as the distance
Tfrom the sprinkler increased until a minimum point was
"e ached somewhere around the first one-fourth point of the
total trajectory distance of the jet of water. From this
minimum point the rate of fall-ocut again began to increase,

reached a maximum approximately three-fourths of the
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distance along the trajectory radius and then sharply de-
creased to the maximum trajectory distance as did the jet
of water not interrupted by an oscillating arm.

Figure 8 shows disgrammatically the distribution of
water along the trajectory radius of a jet of water issuing
from a sprinkler nozzle with a circular orifice and operated
both with and without the oscillating arm. Since the in-
Tluence of an oscillating arm on the distribution of water
from a sprinkler is dependent upon the operating pressure,
s8ize of nozzle, rate of rotation of the sprinkler, fre-
Quency of interruption of the jet by the oscillating arm,
angle at which the oscillating arm strikes the jet of water,
&nd several other factors, it was felt that the use of any
one particular distribution as an example might be misleading,.
Hence, Figure 8 depicts a general distribution pattern which
mi ght be expected (to a greater or lesser degree) from most
me dium=-pressure sprinklers. ’

As indicated in Figure 8 the distribution curve for a
Sprinkler operated with the oscillating arm did not rise as
high as that for a sprinkler operated without the oscillating
&rm. This was mainly due to the fact that the oscillating
&rm deflected part of the jet of water so that it fell near
the sprinkler; consequently less water was trajected to

that part of the radius where the maximum fall-out of water

Occurred.
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As mentioned previously the two desirable types of
di stribution curves are (1) a right triangular shaped ocne
in which a maximum amount of fall-out of water occurs at
the sprinkler and then graduall.y diminishes to zero at the
maximum trajectory radius of the jet of water, and (2) a
trapezoidal-shaped curve in which the amount of fall-éut of
water is constant from the sprinkler to a point some distance
along the trajectory radius and then gradually diminishes to
Zero at the maximum trajectory radius. It may be seen from
Filgure 8 that neither of the two desired distribution curves
was obtalned regardless of whether the oscillating arm was
used to rotate the sprinkler or it was rotated mechanically.

In general the above distribution curves may be expressed
mathexhatically. For this purpose the distribution curve will
be broken up into two parts (Figure 9). The first part of
the curve will extend in a straight line with a constant
S8lope "m" from the "y" axis to a point where there is a
Change 1in slope. From this point the second part of the
Curve will extend in a straight line with a constant nega-
tive slope until it reaches the "x" axis at point "R",
Which is the maximum trajectory radius of the Jet of water
from the sprinkler,

Let % be the point along the trajectory radius where
the siopo of the distribution curve changes and "H" amount

°f fall-out of wster occurs. If slope "m" is equal to or



35

le ss than zero, a desirable distribution will result; if "m"

i1s greater than zero, a poor distribution will result.

£(x) = mx +H-nd  ofxf]

£f(x) = =PHx__ , PH Rg <
~ R(P-1) P-1 P xR
N Let PH = C
RS P-1
o~ £(x) = =36 4 ¢
— - - - - — - == = N . R
7 - x = any distance along
P - trajectory radius R
o / + ——4. ¥ = depth of water at any
R X R point along R, trajec-
P tory radius

Fige 9 General distribution curve from an irrigation
. sprinkler,

Effect of Operating Pressure

For the pressures tested in this study, it was found
that the higher the pressure, the more desirable the distri-
bution. A higher pressure caused a greater break-up of the
Stream of water as it left the nozzle. This breaking-up ef-
fect of the jet was apparent for the range of nozzle sizes
Studied. Also, as the pressure was increased, a greater
traJectory“distance was obtained. The drops of water appeared
8ma)ler at the higher presgsures.

Figure 10 shows that the difference between the maximum

&nd minimum points of accumulation of water were very
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pronounced when using a sprinkler with a one-half inch riser
and a three-sixteenths inch diameter nozzle, and operating

at a pressure of 30 pounds per square inch both with and
without the oscillating arm. When operating the sprinkler
with the oscillating arm, the decrease was L5 percent; with-
out the oscillating arm, the decrease was 82 percent. When
the sprinkler was operdted with the same nozzle but at a
pressure of 60 pounds per square inch, the percent of decrease
with the oscillating arm was 15 percent, and without the os-
cillating arm 1t was 60 percent.l

When opereating the sprink}er at a pressure of 60 pounds
per square inch with the oaciilating arm, the maximum fall-
out instead of occurring in a very short distance in the
redius (in other words, coming to a peak as in the previous
test) extended from 20 feet to 32 feet from the sprinkler,

It then dropped to almost zero inches of water in the next 10
feet, The rate of decrease was about 0,0l inch of water per
foot, The minimum occurred at about 1l feet with the total
low exténding from 10 feet to 20 feet from the sprinkler.

In the distribution curve for the sprinkler with an os-
cillating arm operating at a pressure of 30 pounds per square
inch, no flat portion existed at the maximum. The minimum
extended from & point 8 feet from the aprinkler'to about 24

feet from the sprinkler. The fall-out of water then increased

1The rates of rotation for 60 and 30 psi with the oscil-
lating arm were 2, and 25 seconds per rotation respectively;
without the oscillating arm, the rate of rotation was 1 rpm.
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quite rapidly, reaching a peak 30 feet from the sprinkler.
AL ter the peak was reached, there was a rapid decrease (about
0. 0175 inch of water per foot) in the rate of fall-cut.

When operating the sprinkler without the oscillating arm,
the peak for the higher pressure was 0.145 inch of water; for
the lower pressure it was 0,180 inch of water. This was a
very significant increase since there was over LO percent
more water discharged at a pressure of 60 pounds per square
inch than at 30 pounds per square inch.

As may be seen in Figure 10, the trajectory distance was
increased only five feet by raising the pressure from 30 to
60O pounds per square inch when operating the sprinkier without
the oscillating arm. The higher pressure caused a greater
41 spersion and break-up of the discharged stream of water re=-
sulting in smaller drops. Because the dlstance of travel of
& drop of water 1s proportional to the size of the dr-op,1
vexry small drops travel negligible distances. At high pres-
Sures which cause an excessive break-up of the Jjet of weater,
8 further increase in the pressure may result in a decrease
Of total trajectory distance. However, the smaller drops

e sulting from the higher pressures tend to have a less dele-

tereocus effect upon the soil due to thelr smaller impact.

———

1see equation (1) under Effect of Rate of Rotation.
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Effect of Orifice Diameter

There is a correspondingly greater quantity of fall-out
of water along the trajectory distance from a larger diameter
nozzle than from one with a smaller diameter operated at the
same pressure, Hence, it would not be correct to make a
direct comparison between the points of maximum and minimum
& ccumulation of water from the different diameter nozzles.
It seems much more reasonable to compare instead the maximum
and minimum points for each particular diameter.

When a sprinkler with a one-half inch riser connection
wasg operated with a one-eighth inch nozzle at a pressure of
Lo pounds per square inch and was rotated by means of the
oscillating arm at the rate of 103 seconds per rotation for
one hour, the maximum fall-out was 0,075 inch of water at
36 feet from the sprinkler and the minimum accumulation was
was 0,04 inch of water at 16 feet from the sprinkler (Figure
11)., This was a decrease of about forty-seven percent.

Using the three-sixteenths inch nozzle and operating the
Sprinkler for one hour at a pressure of [0 pounds per square
inch with the oscillating arm and at a rate of 92 seconds
PeOr rotation, the maximum accumulation of water was 0.145
inch at 30 feet from the sprinkler and the minimum accumula-
tion was 0.11 inch at 20 feet; a decrease of about twenty=-four

Pe€rcent. From this it may be seen that use of the nozzle
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with the larger diameter orifice resulted in a more desirable
distribution.

When the same two nozzles (one-eighth and three-sixteenths
inch diameter) were compared at a pressure of 30 pounds per
square inch and without the oscillating arm, the nozzle with
the three-sixteenths inch diameter again gave the better dis-
tribution when the percentage of decrease of the minimum
from the maximum accumulation is considered. The decrease
here was eighty-five percent for the larger and ninety per-
cent for the smaller size nozzle. It should be pointed out
that the larger diemeter nozzle was operated in what 1is cone
sldered by sprinkler manufacturers to be an unfavorable pres-
sSure range.

When a one-fourth inch diameter orifice was drilled into
& nozzle for a one-half inch riser connection sprinkler, the
distribution was improved still further (Figure 12). At a
pPressure of 40 pounds per square inch and operating with an
Osclllating arm at the rate of 124 seconds per rotation, the
decrease of the minimum from the maximum accumulation of

Water was only fifteen percent. The trsjectory distance in
this instance was 42 feet.

Tests run on the sprinkler with the three-fourths inch

riser connection showed the ssme trend; however, it was not
88 pronounced (Figure 23). This size of sprinkler used a

Nozzle with larger outside dimensions than those of the
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Fig. 12, Jet of water issuing at 4O psi from
a 1/14 inch diameter circular orifice
(using sprinkler with 1/2 inch riser
connection).
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nozzle used by the smeller sprinkler. This resulted in a
much greater length of taper in the nozzle of the larger

sprinkler. The angle1

of taper for both nozzles, however,
was the seme; but, since there was much more taper length
in the nozzle with the greater outside diameter, there was
more guidance for the water through this nozzle when the
same diameter orifice was used in both nozzles. Another point
worth considering is that in the larger sprinkler the bend
was more gradual and the distance between the bend and the
nozzle greater than in the smaller sprinkler. These three
factors, amount of taper, bend of sprinkler and distance
between the bend and the nozzle,2 overshadowed the desirable
characteristics of the higher angle of inclination of the
nozzle of the larger sprinkler and resulted in a poorer dis-
tribution of the water,

The reason that a larger dlameter opening in a given
nozzle gave a more desirable distribution can best be des~
cribed in this way: as the size of the orifice is increased,
the length of the taper in the nozzle decreases until the
nozzle approaches a tube., Since the sprinkler with the
larger nozzle had a longer taper or cone leading toward the

cylindrical opening, a much larger opening was required in

it than would be in a smaller sprinkler nozzle in order to

lah-degree angle.

2These factors are discussed in more detall in another
part of this study.



approach a tube. It was found in another part of this study
that a tube gives a more desirable distribution than a nozzle,
especially when the discharge end of the tube is near the
bend of the main body of the sprinkler.

Effect of the Angle of Inclination of a Nozzle

The angle of inclination of a sprinkler nozzle from
the horizontal had a significant effect on the distribution
of water. In Figure 13 a sprinkler with a one-half inch
1 ser connection and a one-eighth inch nozzle was operated
Without the oscillating arm at a pressure of 1t,h:l.r'c.y pounds
Per square inch and at the rate of one rotation per minute
Tor one hour. The angle of elevation was altered from 15
degrees to 30 degrees from the horizontal in increments of
T31ve degrees.

At 15 degrees the maximum trajectory distance was about
30 feet with a maximum of ’0.25 inch of water at 28 feet.
With the sprinkler nozzle at a 20 degree angle of inclina-
tion, the maximum trajectory distance was 34 feet with a
maximum of 0.175 inch of water at 32 feet. When the angle
Of inclination was 25 degrees from the horizontal, the maxi-

MmMuam trajectory distance became 38 feet with a maximum of
O« 126 inch of water occurring at 35 feet. A 30 degree angle

O©Ff 1inclination of the sprinkler nozzle resulted in a maximum
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trajectory distance of L0 feet with a maximum accumulation
of 0.12 inch of water occurring at about 36.5 feet.

The rate of decrease from the point of maximum accumu-
lation of water to the maximum trajectory distance was 0.12,
O.08, 0.04 and 0,03 inch of water per foot at an angle of
Inclination of 15, 20, 25 and 30 degrees respectively.

It is significant to notice that the maximum accumula-
tilon of water decreased as the angle of inclination of the
Sprinkler nozzle increased. The same trend is shown in
Figure 1. The tests depicted here were run at a pressure
Oof 20 pounds per square inch. At this low pressure it was
Posslible to raise the angle of inclination of the sprinkler
Nozzle to 35 degrees from the horizontal without the jet
Of water hitting the ceiling.

As indicated in Figure 1l a 35 degree angle of inclina-
tion gave a more desirable distribution than a 30 degree
angle. As stated previously it was not possible at the loce-
tion in which the tests were conducted to test a larger angle
Of inclination because of the ceiling limitation,

It should also be noted that as the angle of inclina-
tilon increased, the rate of decrease was diminished. That
18, the difference between the points of maximum accumula-
tion of water is not as pronounced between 25 degrees and

30 degrees as it is between 20 degrees and 25 degrees.

From the tests that were conducted it could be deduced

that a }O degree angle of inclination would given an even
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morxre desirable distribution than the 35 degree angle. How=-
®ver, it should be remembered that according to the pattern
© s tablished above, this rise of five degrees in the angle
of 1inclination will have a less pronounced effect on the
di stribution than the five degree difference between a 30
degree and a 35 degree angle of inclination.

It was also found that pressure modified the effect of
the angle of inclination. That is, at 35 pounds per square
inch the difference between a 30 degree and & 25 degree
angle of inclination from the horizontal was not as pronounced
as it was at 30 pounds per sguare inch. When Figures 13 and
12y are compared, the same differences may be seen between the
tests run at 20 and at 30 pounds per square inch, but the
angle of inclination was much more critical at the lower pres-
sure than it was at the higher pressure. The tests.also in-
A1 cated that the first 16 to 20 feet from the sprinkler were
Nnot appreciably affected by the change in angle of inclina-
tion of the sprinkler,

Under field conditions the higher the trajectory angle,
the more opportunity the wind would have to affect the distri-
bution of the water, There are two reasons for this:

1. The higher the angle of inclination, the longer
the droplét of water is in the air, thus affording the wind
MOore time to influence it.

2. The higher the angle of inclination, the greater
the trajectory height; and since the wind velocity increases
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wi th height, this higher velocity would have a greater effect
on the distribution pattern.,

Hence, it would appear that if wind conditions are taken
into account, the optimum angle of inclination of the
sprinkler nozzle might be about 35 degrees from the horizon-
tal., However, before any definite conclusions are reached,
these tests should be conducted under field conditions.

In order to explain the difference in distribution and
trajeétory distance at various angles of inclination, it
Would be desirable to consider the kinematics of a projectile
in flight. Consider the water leaving the sprinkler nozzle
as a series of projectiles, These projectiles will have
Vvarious masses and velocities. The angle of inclination of
the sprinkler nozzle from the horizontal will be designated
as 6, Hence, the water leaving the nozzle will have an
ang'le © from the horizontal. Neglecting the effect of air
re sistance, the equation of trajectory, the range "R" on
& horizontal plane and the maximum altitudes "h" (in feet)
Teached in flight by any drop of water will be determined.

Solution: With the air resistance being ngglected,
the only force acting upon the water droplet is its weight;
hence, the acceleration at all times is due to gravity "g"

directed vertically downward (Figure 15). Thus, a, = 0 and

a, = _g,
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Fig. 15, Interrelationship of velocity head
and jet elevation. y
The resulting motion, then, is a superposition of two
rectilinear motions with constant acceleration. With zero
s cceleration in the "x"-direction, the horizontal distance
traveled equals the constant horizontal component of velocity
rmaltiplied by the time., Thus,
x = ut cos ©
The "y"-coordinate of the projectile may be stated as
¥ = ut sin & - 1/2 gt
The equation of the trajectory is obtained by eliminating the
"™t" petween the two expressions and is
¥y = X tan € = __Bi_
2u2cos2e
The range "R" is obtained by equating the above expression

Tor "y" to zero; hence,

0=x(tane-_7_E2.T)
2

u-cos
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The above has two solutions:

x = 0, which is of no concern; and
x =R = 2u®s1n6cos® - uZsin2e (1)

g g

The maximum range occurs for sine26 = 1, or 6 = 5 degrees,

and 1is 2

The time of flight for the range "R" is obtained by letting

y =0 = t(u sin6 - 1/2 gt)
t = 2u sin € (2)
g
The maximum altitude is
2 2 2 2 2
h=y=u® sin“e - u® 8in°e _ y° sin%e (3)
g % 2 = 2g

g

From equation (1) it is apparent that for any water droplet
leaving with velécity "u", the maximum distance "R"™ will be
o btained when © is 45 degrees. Any angle smaller or greater
than 45 degrees will decrease the distance.

Equation (2) indicates that as the trajectory angle
18 1increased, the time "t" that the drop will be in the air
W11l be increasing until e is equal to 90 degrees, at which
Point the time will be a maximum.

The altitude "h" for any angle © is indicated by equa-
tion (3). The maximum altitude will be attained when € is

®qQual to 90 degrees.
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The decrease in the accumulation of water toward the
perxriphery of the trajectory distance with an increase of the
angle of inclination can be attributed mainly to the follow-
ing factor: regardless of what the angle of inclination of
the sprinkler is, the quantity of water will be the same if
a1l other factors are kept constant. Hence, as seen by
equation (1), if the trajectory distance "R" is increased
with an increase of the angle of inclination,' the water that
does come out of the sprinkler will have to be spread out
along a greater radius.

Accurate calculations for trajectories must take into
consideration the effect of alr resistance, which is appre-
ciable for the high-velocity water droplets. However, the
ma thematical analyses presented here do give an insight into
the basic reasons for the differences which occurred. A
mathematical analysis which does take the effect of air re-

s1 gstance into consideration will be presented elsewhereé in

this study.

Effect of Roughness in the Cylinder of the Nozzle

In this study it was found that roughening the inside
©L the cylinder of the nozzle impaired the distribution char-
Bcteristics of the sprinkler. The same trend resulted
Whe ther the cylinder was roughened with a round file or

thl:‘eaded with a National Coarse or a National Fine thread.
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Figure 16 shows the distribution pattern of a sprinkler
wilth a one-half inch riser and a 0.1590 inch diameter nozzle
operated at a pressure of 40 pounds per square inch and at
the rate of one rotation every 60 and 105 seconds with and
w1 thout the oscillating arm respectively for both the
roughened and unroughened nozzles., There was a larger fall=-
out near the sprinkler from the nozzle that was roughenedl
than from the one that was not roughened. This occurred re-
gardless of whether the sprinkler was operated with or without
the oscillating arm. Toward the center of the trajectory
radius (at 24 feet from the sprinkler), the fall-out for the
roughened nozzle was less than for thé unroughened one, the
difference being about 0.01 inch,

It is also significant to note that the nozzles that
were roughened had a greater total fall-out at the point of
maximum accumulation than did the unroughened ones, The dif-
Lference here was 0,010 and 0.015 inch of water with and
W1 thout the oscillating arm respectively. Roughening the
Nozzles caused a slight shortening (about two feet) of the
total trajectory distance.

The important effect to note is that roughening the
Nozzle of the sprinkler tended to accentuate the fall-out
Where it was least desirable and to minimize it where it was

des ired. This was especially true when the sprinkler was

—————

10-32 tap.
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rotated by means of the oscillating arm, where an excess of
water due to the action of this arm usually occurs near the
sprinkler,

Roughening tnhe inside of the nozzle changed the drop
sl ze distribution. The drops of a size that normally would
fall out in the center portion of the trajectory radius were
fewer and hence the fall-out in this portion of the trajec-
tory radius was less than in the unroughened nozzle. How=-
ever, a greater amount of falle-out both near the sprinkler
and toward the outer trajectory radius resulted. Roughening
the nozzle changed the velocity distribution of the water
through the nozzle. This change was reflected in the distri-

bution pattern,

Effect of the Angle of Taper in the Sprinkler Nozzle

All of the tests in this part of the study were con-
du cted using a sprinkler with a three-fourths inch riser
CoOnnection and nozzles one-eighth and three-sixteenths
inch in diameter both with and without an extension tube
8nd operating at a pressure of LO pounds per square inch
W1 thout the oscillating arm at the rate of one rotation
Per minute,

It was found that as the angle of taper was increased

(that is, approached a sharp-edged orifice) the total
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tra jectory distance decreased. The amount of this decrease
between 12 degrees and 80 degrees was about two feet,

When the one-eighth inch diameter nozzle was used without
the extensio'n tube, there was little difference in the amount
of fall-out of water in the first 16 feet from the sprinkler
between the various angles of taper in the nozzles tested
(Figure 17). Beyond this point, the fall-out of water in-
Creased as the angle of taper in the nozzle was decreased;
that is, at the point of maximum accumulation of water,
wWhich was between 34 and 36 feet, the amount of fall=-out
from fhe nozzle with the 80 degree taper was about 0,07
inch, while from the nozzle with the 12 degree taper the
amount of fall-out was almost 0,09 inch. The same general
Pattern of distribution of water resulted when the three-
81xteenths inch nozzle was used.

When the extension tube was used, the same trend re-
Sulted; however, the total trajectory distance of each of
the angles of taper tested was increased by about two feet.

As the angle of taper 1in the nozzle was decreased, since
the distribution curve rose to a higher position and the
tl‘ajectory distance increased, more water was being dis-
°harged. This agrees with the known fact that the coefficient
Of discharge must increase as the angle of taper is decreased.
Hence, although the nozzles with the larger angle of taper

lmproved the distribution of water, this improvement was
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not justified in view of the resulting lower coefficient

of discharge.,

Effect of the Length of the Cylindrical Part of the Nozzle

It was found by varying the length of the cylindrical
part of the nozzle that the shorter cylinder yields a more -
desirable distribution of water. Figures 18 and 19 give a
representative 1llustration of the effect of shortening the
Cylindrical part cf the nozzle., These figures contain data
from only four different cylinder lengths for a 9/64 inch
nozzle. However, as discussed in the Method of Procedure,
tests were 2lso conducted using a one-quarter inch diameter
Nozzle and a one-eighth inch diameter nozzle. All of the
tests indicated the same trend shown in Figures 18 and 19
in which a 9/6lL inch diameter nozzle was used. In these
tests the sprinkler was operated for one hour wifhout an
Oscillating arm at the rate of one rotation per minute and
&t g pressure of 30 and 50 pounds per square inch respec-
tively. 1In all the tests conducted, the nozzle with the
10ngest cylinder gave the poorest distribution.

The greatest improvement in the distribution resulting
Crom the decrease in the length of the cylinder occurred in
8 bout the first two-thirds of the total trajectory distance
(Figures 18 and 19). When using the nozzle with the cylin-
der three diameters long, a fall-out of about 0.03 inch
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of water occurred 18 feet from the sprinkler; while from the
nozzle with the cylinder zero diameters long, the fall-out
af the same distance was 0.045 inch of water--an increase of
about fifty percent, There was an increase of thirty percent
in the amount of fall-out from the nozzle with the cylinder
zero diameters long over that from the cylinder one diameter
long (Figures 18 and 19). The curves for the cylinder lengths
not shown in Figures 18 and 19 fit into the pattern estabe
lished for the plotted cylinder lengths.

The accumulation of the water toward the maximum tra-
jectory distance was minimized by shortening the length of
the cylinder. As indicated by Figures 18 and 19, the total
trajectory distance for the nozzles with no cylinder as com-
pared with those with a cylinder was shortened by one to two
feet. Nozzles with cylinders 17 diameters long shortened
the total trejectery distance by two feet from that produced
by nozzles without a cylinder. This shortening of the trajec-
tory distance was due principally to the high friction losses
resulting from the high velocity1 of flow through the long
cylinder.,

The increased amount of fall-out of water along the
trajectory radius as the cylindrical part of the nozzle was

shortened can be explained by considering the flow of water

lapproximately 65 and 85 feet per second through the 9/6l
inch diameter nozzle at pressures of 30 and 50 pounds per
square inch respectively, with a pressure drop of about 1 foot
head of water at 30 psi and 17 diameters length.
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through the nozzle, The stream lines converge through the
tapered part of the nozzle toward the center. If the cylin-
drical part of the nozzle is of considerable length, the
kinetic energy of the resulting excess turbulence will be
dissipated through viscous shear and the effects of the
transition upon the velocity and pressure distribution no
longer will be noted, and the stream lines will become
parallel, Hence, the water coming out of the nozzle will
be in a direct line with the cylinder walls. I1f, however,
the nozzle consists of only the converging taper and no
cylindrical portion to straighten out the converging stream
lines, the jet of water emerges from the nozzle in a conical
rather than a cylindrical shape; that is, the water fans out
from the orifice. This cone is minimized by the surface
tension of the water, yet much unsteadiness does exist with
a breaking away of some of the drops. These drops fall nearer
to the sprinkler than they would if the jet of water was not
as turbulent,

Figures 20 and 23 show the contrast in the greakup of
a Jet of water leaving a nozzle with and without a cylindri-
cal tube. Both nozzles hed an orifice opening one-fourth
inch in diameter and both were operated at a pressure of 4O
pounds per square inch.

The hydraulic losses through a nozzle without a cylin-
drical tube will be less than through a nozzle with a cylin-

drical tube. PFriction losses will be increased by the
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L s

Pig. 20, Jet of water issuing at 4O psi from
a 1/h inch diameter circular orifice
with cylindrical portion of nozzle
removed at the end of the taper section.
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additional length of tube and by the dissipation of the
kinetic energy of the excessive turbulence in a confined

space.,

Effect of the Length of the Tube Between the
Body of the Sprinkler and the Nozzle

The effect of the length of the tube between the body
of the sprinkler and the nozzle upon the distribution of
water is shown in Figure 21. A sprinkler with a three-fourths
inch diameter riser connection was operated without the os-
cillating arm at one rotation per minute and at a pressure
of 35 pounds per square inch using a nozzle one-eighth inch
in diameter. The diameter of the inside of the tube was
seven-sixteenths of an inch. This resulted in a mean velocity
of the water through the tube of about seven feet per second
and a Reynolds number of about 18,000,1 indicating that the
flow was in the turbulent range.,

For a tube length of 17 diameters, no measurable fall-
out of water occurred in the first ten feet from the sprinke-
ler. After operating for one hour, 0,010 inch of water was
measured 20 feet from the sprinkler and 0,02 inch of water

[}
26 feet from the sprinkler.

181xty degrees F., tempersture of water.
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In testing the sprinkler with no tube length1 the
readings were 0.015 and 0,03 inch of water at 20 and 26 feet
respectively after a one-hour run. This represented an in-
créase of fifty percent in the amount of water measured at
both of these distances over the amount measured at the same
distance from the 17 diameter tube.

The major difference between the longer tube and the
shorter one was the lengthening of the total trajectory
distance by two feet when using the 17 diameter tube as com=
pared to no tube. This lengthening of the trajectory
radius also resulted in moving the point of maximum accumu-

lation of the water about two feet farther from the sprinkler.

It 1is evident from Figure 21 that there was very little
difference in the distribution curves for the tube lengths
between the 17 diameter and the six diasmeter tubes; however,
there was a significant difference between the curves for
the sprinkler Qith the six diameter tube and the two diameter
tube., The distribution curve for the sprinkler with the six
diameter tube began to drop away from the curve for the
sprinkler with the two diameter tube at a radius of 22 feet
Trom the sprinkler. This points out that any extension tube
longer than six diameters has little additional effect in
Changing the distribution pattern for the conditions under

which this sprinkler was tested.

e ————

1The nozzle was screwed into the body of the sprinkler
ltself as is conventionally done.
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The increase in the trajectory distance and the decrease
in the amount of fall-out of water near the sprinkler re-
sulting from the addition of the extension tube were due to
& decrease in the turbulence and secondery motion: of the water.
This turbulence and secondary motion of the water were caused
by the bend in the main body of the sprinkler. The water
le aving the bend moves in a double spiral1 which gradually
diminishes in intensity as the water passes out through the
tube.

The turbulent effect caused by the spiralling will be
diminished by increasing the distance the water has to flow
in the confined area after it makes the bend from the sprink-
ler riser toward the free air. Hence, for a larger diameter
nozzle and/or a higher pressure, a longer length of tube of
the same diameter would be required than that used for the
Pressure and size of nozzle discussed in this study in order
to decrease the turbulence to the same degree. In addition,
the more gradual the bend in the sprinkler is, the less tur-
bulence will be caused. The difference in the break-up of
the jet of water from a sprinkler with an extension tube and
Oone without may be seen from Figures 22 and 23.

On a two-nozzle sprinklef the nozzle that actuates the
O8cillating arm usually deposits an excess of water near the

8prinkler., Therefore, it would be desirable to have the

S tt——

1The cause of the double spiralling of the water was
discussed in another section of this study.
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Pig. 22. Jet of water issuing at 4O psi from
a 1/l inch diameter circular orifice
with a 6 diameter extension tube.
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Pig. 23. Jet of water issuing from a 1/4 inch
diameter circular orifice, pressure
4O psi (using sprinkler with 3/4 inch
riser connection).
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other nozzle apply a minimum amount of water near the sprinkler
iIn order not to increase the overabundance of water already
being deposited there. Hence, by keeping this nozzle an ade=-
qguate distance from the bend in the sprinkler, the distribution

of the water can be improved somewhat.,

Effect of Rate of Rotation of Sprinkler

All of the tests conducted in this part of the study
were made using a one-half inch riser sprinkler and a three-
sixteenths inch diameter nozzle and operating at a pressure
of 30 pounds per square inch for one hour without an oscil-
lating arm. The rate of rotation was varied from three
Seconds per rotation to 540 seconds per rotation. The effect
Of the various rates of rotation upon the points and amounts
Of maximum and minimum accumulation of water and upon the
maximum trajectory distance are shown in Table 1,

As seen in Table I, at the rate of one rotation every
three seconds, the minimum accumulation of water occurred
at gix feet and was 0.085 inch; the maximum accumulation
Occurred at 2, feet and was 0.26 inch of water. The maximum
tr&_‘]ectory distance was 30 feet. When the rate was decreased
to one rotation every sixty seconds, the minimum accumulation
Of water occurred at 10 feet and wes 0.030 inch; the maximum
OCcurred at 36 feet and was 0.175 inch of water; and the

maximum trajectory distance was 41 feet. At the rate of one
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EFFECT OF RATE OF ROTATION OF SPRINKLER ON

THE DISTRIBUTION PATTERN

Ratse of rotation
in seconds 3 15 30 60

Point of minimun "
fall-out of water 6 ft. 7 ft. 9 ft. 10 ft.

Minimum fall-out 0,085 0,050 0,030 0,030
of water inch inch inch inch

Point of maximum
fall-out of water 24 ft. 30 ft. 33 ft. 36 ft.

Maximum falleout 0.260 0.215 0,185 0.175
of water inch inch inch inch

Maximum trajectory
radius® 30 ft. 36 ft. 39 ft. 41 ft.

150 540

10 ft. 10 ft,.

0.030 0,030
inch inch

39 ft. 42 ft.

0.150 0.135
inch inch

Ly ft. 46 rt.

#Distance in feet from sprinkler.

I"otation every 540 seconds, the minimum accumulation of water

8gain occurred at 10 feet and was 0.030 inch; the maximum ac-

Cumulation, however, occurred at 42 feet and was 0.135 inch;

&nd the maximum trajectory distance was L6 feet.

If the percent of decrease from the maximum to the mini-

fMum is taken into consideration, disregarding the trajectory

distance, then the rate of one rotation every three seconds

gave g better distribution than either of the other rates

of rotation. The percent of decrease was 63, 83 and 79
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percent for the rates of one rotation every 3, 60 and 540
seconds respectively., It is interesting to note that the
very slow rate of rotation (once every 540 seconds) gave a
better distribution than the commonly used rate of one ro=-
Tt ation every 60 seconds.

As seen from Figures 24 and 25, a very high rate of ro-
T ation increased the depth of accumulation all along the
trajectory radius. This was most noticeable between three
seconds and 15 seconds, and not as pronouncea between 15
and 30 seconds.

For the first 12 feet from the sprinkler, the fall-out
o f water when operating the sprinkler at the rate of one ro-
tation every 30 seconds was almost the same as for the slower
rates; thereafter, however, it increased. The three slower
rates (one rotation every 60, 150 and 540 seconds) had approxi-
mately the same fall out to about 16 feet where the fall out
Increased for the rate of one rotation every 60 seconds, the
150 and 540 remaining identical to 26 feet at which point
the fall out for 150 seconds increased.

When the sprinkler was operated at zero rotations (i.e.,
in o stationary position) the maximum trajectory distance
fluctuated between 46 and 48 feet. Therefore, it is apparent
that a further decrease in the rate of rotation from one
rotation every 540 seconds would not greatly increase the

traJectory distance nor improve the distribution of the water.
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For the medium-pressure sprinkler, it would seem that
the rate of rotation should be less than one rotation per
minute. It would appear that a rate between one rotation
every 120 and every 240 seconds might be the desired range
since between 240 and 550 seconds any change in trajectory
and maximum accumulation will be negligible. For high-pressure
Sprinklers, which are capable of a greater trajectory dis-
tance, the rate of rotation should be slower than for medium-
Dressure sprinklers.

At this point some mention should be made of the
reason that the trajectory distance decreased as the rate
of rotation of the sprinkler increased. Analyzing the
velocity relationship vectorially will show that the decrease
in trajectory distance cannot be accounted for by the tan-
gential component of velocity. The distance from the center
of the sprinkler, or the center of the rotation, to the end
of the nozzle for the sprinkler in Figure 26 was 1.25/12
feet; hence, at the rate of one rotation every three seconds
the tangential velocity at the discharge end of the sprinkler
Nozzle was

Vo = 2mrx li% x% = 0.22 feet per second

The mean radial velocity "Vr" of water was 60 feet per second.
The resultant velocity "V." (Figure 26) will be only a
negligible amount greater than the radial velocity "Vr" since

2 _y 2,y 2
VE = VS e,
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Fig. 26. Velocity components of water from a
rotating sprinkler.

2
and VT

that as the rate of rotation of the sprinkler is increased,

was 0,048 feet per secornd. It is evident from the above

the resultant velocity also increases, and that consequently,
theoretically, the trajectory distance should also be in-
creased. Actually, however, the trajectory distance decreased
as the rate of rotation was increased,

Since an increase in tangential velocity should theoreti-
cally cause an increase in the trajectory distance, there
rmust be another reason why the trajectory distance is short-
ened by rotating the sprinkler. In a solid jet of water,
the maximum air resistance or drag encountered by the water
Occurs at the surface of the jet. The magnitude of the drag
Continues to decrease toward the cehter, at which point it
1s a minimum, since there it may be assumed, there is very
little or no air to offer resistance. However, at the very
Peériphery of the jet, the air completel;v surrounds the jet

and is motionless until the water moving through it causes
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it to move.1 This contact of the moving water with the
stationary air causes a maxlimum amount of drag on the moving
water particles, but at the same time it accelerates the air
in the same direction in which the particles of water are
moving.

It can be further concluded that as a stationary jet
moves’through a medium (in this instance, air) the velocity
of the water and of the air at the outer surface of the jet
come into equilibrium at the face of contact. Once this
equilibrium is attained, a minimum amount of drag on the
Joet of water will ensue.

If, however, the jet is not solid, but is instead a
broken-up mass of water drops, a great éeal of air 1s dis-
persed between the drops, and the surface of each individual
drop 1s acted upon as in the above described solid jet.
Hence, when equilibrium conditions are attained between the
air and the water droplets, the whole mass of air between
the dispersed droplets is caused to move at some velocity
approaching that of the water in the jet. At this time the
resistance of the air to the moving water droplets will be
& minimum and consequently the trajectory distance will be
& maximum.

However, if the jet of water is continually made to

change 1its position in space, it will not be in equilibrium,

~t—

lWhen smoke was introduced into a steady stream of water,
Velocities of about 15 feet per second could be measured with

& stop watch.
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and the drag will no longer be a minimum but will be in-
creasing with the rotational velocity until each drop acts
as if it were moving through relatively stagnant air. Under
this condition, maximum drag will be encountered and the
txrajectory distance shortened.

It 1s possible to compute the theoretical distance
that a drop of water of any given size will travel when
trajected at any angle from the horizontal and taking air
resistance into account. Although the velocity of the
wWater issuing from a sprinkler nozzle often exceeds 100
Tfeet per second, this is still within the range in which
the air resistance can for a close approximation be cone
Sidered to be proportional to the first power of the veloc-
1ty (8)., The distance that a drop of water will travel
in any direction can be found from Newton's second law of
Mo tion as shown below. In these derivatiéns the origin

Wa g considered to be at the orifice (Figure 27).

Fig. 27. Forces acting on a particle trajected
through air,



79

horizontal distance
vertical distance
velocity

mass

time

air resistance
constant

xX=0,y=0,V=V
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"
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x Vo cos eo_

¥ Vo sin 90
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The mathematical development of the equation for the dis-

tance traveled by a particle in the “x " direction is
> .
M = -R cos e
dt2

B
»
L}
]
<[
&

The above constants may be evaluated from the initial

boundary conditions. Hence,

x=m -c
SV, cos @ (1-e "Tt) (l?

The distance traveled in the "y~ direction is

EQ_Q = «R #in 6 -nmg
dt v

R = ¢V
BT+ cgdy=-mg
dat dt

cD)y = -mg
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The above constants may be evaluated from the initial boundary
conditions. Hence,

y=mV_sine (1-07mt) + 8(%)2 (l-e.ﬁt) -m (2)

c o8t
The time 't  can be found from equation (2) by letting y = 0

and solving for A as shown in equation'(3).
- m L J -
mV sin O (1-e ? + 8(3? Sl e m ? Dgt = 0 (3)

Using the above equations, the distance traveled by a
drop of water can be calculated if the ratio of'% i8 known,
since the other fectors can be determined readily.

When the sprinkler was operated at & pressure of 30
pounds per square inch with a three-sixteenths inch diameter
nozzle and rotated at the rate of one rotation every three
seconds, the diameter of the largest drop was found to be
about three millimeters at the maximum trajectory distance
of 30 feet from the sprinkler. The mean velocity of the
water as it left the sprinkler was 60 feet per second under
the above operating conditions. In this instance the angle
of trajection was 2, degrees from the horizontal.

Green (9), using Laws' (10) data on the terminal
velocities of water drbps,'célculated values for the ratio
of % for drops having various diameters. For a water drop

three millimeters in diameter the ratio ofl% was found by.
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Green to be 0.82. Substituting these values in equation (3)
the time 't was found to be 1.2 seconds. Substituting all
of these valued in equation (1), the maximum trajectory dis-
tance "x “ was found to be 34 feet. This concurs fairly well
with the actual distance which was 30 feet.

Green found that as the diameter of a water drop ap-
proached zero, the ratio of1% also approached zero. There-
fore, from an examination of equation (1), it is apparent
that a decrease in the drop size results in a shortening of

the trajectory distance.

Effect of Non-Circular Orifices in the Sprinkler Nozzles

Since all of the non-circular orifices in the nozzles
tested here were shaped manually, it was not possible to
obtain perfect replicas of the desired shapes. This was
especially true in nozzles in which the non-circular shape
extended a considerable depth into the nozzle. Such irregu-
larities in the nozzle usually resulted in the emission of
unsteady jets of water. Where the non=-circular orifice was
nothing more than a sharp4edged orifice (i.e., the irregular
shape did not extend into the nozzle for any depth), precision
of workmanship had a lesser effect, Imperfections‘which the
author believes were due to workmanship will be pointed out.

In this study of the non-circular orifices the nozzles

were not changed so as to deposit the water at any particular
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point along the distribution curve, but rather an attempt
wgs made to make the orifices as symmetrical as possible and
to report the data obtained without making any further changes

i1n the nozzles.

Triangular orifices. Of all the non-=circular orifices

tested, the triangular gave the most desirable distribution
of water. Thls was especially true when the triangular
shape extended some distance into the nozzle; that 1s, when
it was not a sharp-edged orifice. In all of the tests con-
ducted in this part of the study, the nozzle was inclined

so that the jet of water would be issuea at about 25 degrees
from the horizontal.

As may be seen from Figures 28, 29 and 30, the jet of
waterl came out parallel to the walls of the oritice. This
resultec in a trihedroneshaped jet of water, the apex of
which appearec to be back in the orifice c¢f the nozzle. The
size of the base of this jet increased rapicdly with the dis-
tance from the orifice. As can be seen from the above
figures,’this jet of water spread out rather quickly as com=-
pared to Jjets of water issuing from circular orifices. The
walls of the above triangular orifices were made as parallél
as was manually possible.

The top view of the nozzles used in Figures 28, 29 and

3C 1s shown in Figure 7.2 The nozzle used in Figure 28 had

1The operating pressure was 4O pounds per square inch.

2The first, second and third nozzles from the left side
in the bottom row.
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Fig. 28. Jet of water issuing from an
equilateral triangular orifice
at 4O psi.
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Fig. 29.

Jet of water issuing at 4O psi
from an 1sosceles triangular
orifice with one vertex rounded.
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Fig. 30, Jet of water issuing at 4O psi
from an isosceles triangular
orifice with an abrupt entrance
into the orifice.
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an eqpilaferal triangular-shaped orifice in which each side
was one-fourth inch leng. The parallel sides exéended about
three-eighths inch back into the nozzle where they gradually
began to diverge.

Figure 29 shows a jet of water issuing from a nozzle
with an 1sosceles triangular-shaped orifice in which one
of the apexes was rounded out. The two equal sides of the
triangle were 7/32 inch long, and the base was 6/15 inch
long. These sides extended three-eighths inch into the
nozzle and as in the previously described nczzle gradually
diverged. In both of these triangular shaped orifices the
Jet of water formed & solid stream. |

The shape of the orifice used in Figure 30 was &n
unmodified isosceles triangle. The two equal sides of this
triangle were five-sixteenths inch long and the base was
7/32 inch long. The sides extended one-eighth inch into
the nozzle where they met the cylindrical tube of the pozzla,
which was three-eighths inch in diémeter. In this nogzzle
the line from the vertex tapered back into the nozzle instesad
of running parallel to the base. Tﬁe resulting spread can
be seen at the top of the jet of water. It should be noted
that the jet of water from this triangular orifice was not
as 80l1d as that from the other two trieangular orifices
(Figure 29). This was not due to any particular manner of
orientation of the orifice or to the dimensions, but was
mainly due to the entrance conditions into and through the

triangular portion of the nozzle,
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In each of the triangular-shaped orifices tested the
break-up of the water jet appeared to be much grester than
that from circuler orifices. This break-up of the water
resulted in smaller drops and consequently the total trajec-
tory distance was shortened. A greater percentage of the
total amount of water belng discharged was deposited.near
the sprinkler when using a triangular orifice than when
using a circuler orifice when operating the sprinkler without
the oscillating arm. As may be seen in Figure 30, if the
nozzle was turned through 180 degrees, so that the part of
the jet directed up in the figure would be directed down,

a considerably greater amount of water would be deposited
nearer the sprinkler. This difference in the distribution
pattern obtained by varying the position of the apex of the
triangle was small when using the equilateral triangular-
shaped orifice.,

The distribution curve of an equilateral triangular
orifice with three-sixteenths inch sides which gradually
diverged into the inner part of the nozzle which was oper-
ated with the apex of the triangle up is shown in Figure 31.
When the sprinkler was operated without the oscillating arm
at the rate of one rotation per minute and at a pressure
of 40 pounds per square inch, there was a fall-out of water
of 0,095 inch six feet from the sprinkler. The amount of

fallQout increased with the distance from the sprinkler
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until a maximum of 0.125 inch occurred at 16 feet from the
sprinkler. From this point to about 28 feet from the
sprinkler there was a gradual decrease in the amount of
fall=out of water; for the remainder of the trajectory
distance, this decrease became more pronounced.

When the sprinkler was rotated with the oscillating
arm, at the same pressure and at the rate of one rotation
every 160 seconds and using the same nozzle, a grester fall-
out of water occurred near the sprinkler and decreased with
the distance from the sprinkler until about 10 feet from
the sprinkler where the amount cf fall-out was about the
same as that from the sprinkler being rotated mechanically
without the oscillating arm (Figure 31). Beyond 10 feet
from the sprinkler the two distribution curves follow each
other quite closely, the one with the oscillating arm having
a somewhat shorter trajectory distance due to the action of
the oscillating arm.

It is worthy of note that whether the sprinkler was
operated with or without the oscillating arm, the maximum
accumulation peak was not as pronounced when using the above
orifice as when using a circular orifice and operating at
the same pressure,

Figure 32 represents the distribution of water from the
same orifice as Figure 28; however, in this figure the ap-

proach to the triangular orifice was altered. The sides were
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still parallel and three-sixteenths inch in length, but
there was not a gradual divergence from that point inward.
A three-eighths inch drill had been used'to take out the
tapered portion., Essentially this drilling resulted in a
three-eighths inch diameter cylinder leading up to the tri-
angular part of the orifice (Figure 6b).

This figure 1s shown for two reasons. First, to indi-
cate how a change in entrance conditiocns to the triangular
portion of the orifice affects the distribution pattern of
the water. When Figure 31 1s compared with Figure 32
(note, Figure 31 was a one-hour test and Figure 32 was one-
half hour), it is evident that the distribution in Figure 31
is more desirable than that shown in Figure 32. The second
reason is to indicate that the distribution from an equilat-
eral triangular orifice is not greatly affected by the posi=
tion of the apex (apex up or down)e.

In one of the distribution curves in Figure 33 the same
orifice as shown in Figure 30 was used. Here the sprinkler
was rotated by an oscillating arm at the rate of one rotation
every 80 seconds and at a pressure of 40 pounds per square
inch. The parallel sides of this isosceles triangle were
five-sixteenths inch long with a base 7/32 inch long. The
nozzle was operated apex down. If it were not for the
action of the oscillating arm, very little water would have
been deposited near the sprinkler. There was also a consid-

erable accumulation of fall-out of water at 18 feet from
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the sprinkler. From this point to the point of maximum
trajectory (at 4O feet from the sprinkler), the distribution
curve had a constant slope.

The other distribution curve shown in Figure 33 is
for the same orifice shown in Figure 28, It was operated at
a pressure of [0 pounds per square inch with the oscillating
arm at the rate of about one rotation every 180 seconds. In
this instance the apex of the triangular orifice was up. It
is worthy of note that the distribution of the water from
this orifice was good. The oscillating arm caused a consider-
able amount of fall-out in the first seven feet from the
sprinkler. This represented less than 1/30 of the total area
covered by the sprinkler. A low of 0,120 inch of water oc-
curred at 12 feet from the sprinkler and a high of 0,132
inch of water at 20 feet from the sprinkler., From this
point on the amount of fall-out decreased along the trajec-
tory radius until 40 feet from the sprinkler where it was
0,015 inch. This type of distribution of water approached
the desired pattern very closely.

Tests were also conducted using equilateral triangular-
shaped orifices in which there was just a gradual taper into
the triangular-shaped orifice and no depth through the tri-
angular portion. The distribution from this nozzle was not
as desirable as that from the equilateral triangular-shaped

orifices with a gradual taper to the orifice and having
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depth thrcugh the orifice. Over-all it would appear that
the equilateral triangular-shaped orifice with considerable
depth and then a gradual taper inward displayed favorable

distribution characteristics.

Square orifices. The nozzles with the square orifices

gave a more desirable distribution pattern of water than

the nozzles with the circular orifices. Figure 34 shows the
distribution of water from a nczzle with a square orifice.

A sprinkler with a one-inch riser connection was operated

at a pressure of forty pounds per square inch and rotated
by means of the osclllating arm at the rate of about one ro-
tation every 200 seconds. The square orifice had 5/32 inch
sides which extended three-sixteenths inch back into the
nozzle and then gradually diverged into the conical taper.

A fall-out of 0.06 inch of water occurred between 10
and 12 feet from the sprinkler. This increased to a maximum
of 0,105 inch at 26 feet. The rate of fall-out of water
then decreased rather graduélly to 4O feet which was the
point of maximum trajectory. It should be noted here that
there was no sharp accumulation peak,

The discharge of a jet of water from a square orifice
at a pressure of [0 pounds per square inch is shown in
Figure 35. The jet of water issuing from the orifice ap-
peared to be tetrahedral 1in shape, with the apex of the
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Fig. 35.

Jet of water issuing from a
square orifice at 4O psi.
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tetrahedron appearing to be in the nczzle. The base in-
creased very rapldly with the distance from the orifice
untll at about 12 inches from the orifice most of the re-
semblance to a tetrahedron was lost. The jet of water
issuing from this orifice appeared to be much more broken
up and the drops smaller than that from a circular orifice
operated at the same pressure.

It may be seen upon close examination of the jet of
water issuing from this orifice (Figure 35) that one side
of the jet had an irregularity due to an imperfection of
workmanship in shaping the orifice.

Rectangular orifices. The distribution of water from a

rectangular orifice was similar to that from a square orifice.
Likewise, the jet of water issuing from the rectangular ori-
fice bore a close resemblance to that issulng from the square
orifice except that a cross-section of this jet within the
first few inches from the sprinkler weuld appear rectangular
instead of square. The jet of water from the recténgular
orifice also spread out very quickly as it left the orifice.
The orientation of the rectangular orifice in respect
to the vertical and horizontal was found to be pertinent.
When the rectangular orifice was placed lengthwise (that is,
with the width of the rectangle perpendicular to the horizon-
tal), the jet of water would disperse more in the horizontal

plane than in the vertical plane. The converse was true when
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the nozzle was oriented so that the long axis of the rectangle
was perpendicular to the horizontal, It is more desirable to

have the jet of water dispersed in the vertical plane than

in the horizontal since this type of dispersion results in

a lesser concentration of fall-cut of water in any particular

segment along the trajectory radiuse.

Figure 34 shows a distribution curve from a rectangular
orifice. (A top view of this orifice is shown in Figure 7.)
The sprinkler was operated at a pressure of 4O pounds per '
square inch and}rotated by means of the oscillating arm at
a rate of approximately one rotation every 60 seconds. The
rectangular orifice was §/32 inch by 5/32 inch with the long
axis perpendicular to the hcrizontal. The rectangular por-
tion of the orifice extended three-eighths inch into the
nozzle where it began to diverge gradually.

The distribution curve from the rectangular orifice
closely resembled that from the square orifice. However,
the meximum trajectory distance and the total amount of fall-
out of water were greater for the rectangular orifice than
for the square orifice because of the larger cross-sectional

area of the former.

Quatrefoil orifices. Figure 36 shows water being dis-

charged from a nozzle with a quatrefoil orifice at a pressure
of 40 pounds per square inch. The dimensions of this quatre-

foll orifice were such that it could be inscribed in a
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Fig. 36. Jet of water issuing from a
quatrefoil orifice at 4O psi.
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one=-fourth inch square. The walls of this orifice extended
one-fourth inch into the nozzle anc then gradually began to
diverge. As may be seen from Figure 36, the jet of water
as it issued from the nozzle closely resembled a quatrefoll,
with a distinct jet of water issuing from each of the four
foils. Within a few inches after leaving the orifice these
separate jets blended into one another. A top view of the
rozzle with the quatrefoil-shaped orifice is shown in Figure 7.
Figure 34 shcws the distribution obtained from the
above nozzle operated at the same pressure and rotated by
means of an oscillating arm at the rate of one rotation
every 150 seconds. It may be seen by comparing the three
curves that the quatrefoil shaped orifice showed no improve-
ment in distribution cver the square or the rectangular ori-
fices. ©Since the quatrefoil shape is more complicated and
would therefore be more difficult and expensive to manufacture
than either the square or rectangular shapes, there seems

to be no advantage 1n using this particular shape.

Other non-circular orifices. In addition to the various

shaped orifices discussed and shown in Figure 7, there were
others that were tested. However, such shapes as a semi-
circle or a pentagon shows no desirable distribution charac-
teristics over those previously discussed.

The distribution pattern from the circular nozzle with

the "V"-shaped notch extending across it but not deep enough
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to change the cross-sectional area or alter the shape of the
cross-section of the circular orifice (Figure 7)1 was not
materially altered from the distribution pattern of a nozzle
with a circular orifice and without a "V"-shaped notch across
it. When the "V"-shaped notch did change the cross-sectional
area of the orifice, the distribution characteristics were
altered.,

The nozzle wita the slit down one side in Figure 72
gave a very even distribution of water along the greater
portion of the trajectory distance and then gradually de-
creased. The discharge from this nozzle operating at a pres-
sure of 40 pounds per square inch is shown in Figure 37. Tie
break-up of the water from this nozzle appeared to be much
greater than from a standard circular nozzle of the same size,
This resulted in smaller drops3 and a shortening of the total
trajectory distance. The above nozzle was comprised of a
small cylinder discharging into a larger cylinder. The walls
of the larger cylinder were not parallel with those of tne
smaller one but rather were at an angle to them; hence,
part of the jet of water emerging from the smaller cylinder
struck the walls of the larger cylinder resulting in a
break-up of the jet of water, Although the slit extended

1Top row, right-hand corner, Figure 7.

2Top row, left-hand corner, Figure 7; this was a commer-
clally manufactured nozzle.

3visual observation.
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Fig. 37.

Jet of water issuing at 4O psi
from the nozzle with a side slot.
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almost the entire depth of the larger cylinder, water did
not emerge from the slit (Figure 37),

Tests were also conducted on nozzles with a slot or an
auxillary orifice1 at an angle to the main orifice. The
main jet of water issued from the larger orifice andvan
auxillary jet issued from the slot. It was found that by
the proper orientation of the slot, a concentration of
water could be directed almost anywhere along the first
three-rourths ot the trajectory radius. 8Since any variation
in angle, width, depth or orientation of such a slot would
greatly change the distribution characteristics of the noz-
zle, various distribution patterns were obtained; however;
this still did not remedy the”/sharp break-off that occurred

toward the outer trajectory radius.

Jet inversion. Although the Jets of water issuing

from the non-circular orifices showed more instability than
those from the circular orifices, inversion of the jet of
water could not be seen as such when operating the sprinkler
within the range of recommended operating pressures o
However, when the pressure was decreased far below the recom-
mended operating pressures, the inversion could be detected.
In other words, the higher the velocity through the orifice

the less pronounced this phenomenon became.

Ai?irst row, third nozzle from the left in Figure 7.
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Effect of Cylindrical Discharge Tubes

A cylindricsl tube when used in place of a nozzle
showed a great deal of promise in giving a desirable dis-
tribution of water from a sprinkler. In obtailning a desir-
able distribution from such a tube, the length of the tube
was very important. The most desirable pattern was obtained
when the tube length was two to four diameters (of the inside
diameter of the tube). This length was measured from the
ingide radius of the bend in the sprinkler body to the dise
charge end.,

When the tube was shortened beyond the above length,
the distribution became undesirable since it resulted in a
shortened trajectory distance and caused a great deal of
water to fall out next to the sprinkler. The rate of fall-out
of water quickly diminished along the trajectory radius.

On the other hand as the tube was lengthened, the dis-
tribution became more like that from the conventional sprinke-
ler nozzles; that is, an increase of trajectory distance
resulted from a lengthening of the discharge tube. Also
less water was deposited near the sprinkler and a build-up of
water at the outer trajectory radius resulted.

Figures 38, 39 and 40 show the effect of the tube
length on the break-up of the jet of water., The operating
preassure was 40O pounds per square }nch for all of these

tests. Pigure 38 shows a 7/16 inch inside diameter copper
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Fig. 38. Sprinkler with 7/16 inch diameter
tube 1 1/2 inches long operating
at 4O psi.
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Fig. 39. Sprinkler with 7/16 inch diameter
tube cut off at body of sprihkler
operating at 4O psi.



Fig. L4O.

Jet of water issuing at 4O psi
from a 5/16 inch diameter tube
with a 3-1/ly inch diagonal
portion.
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tube threaded into the body of a sprinkler so that 1-1/2
inches of the tube extended beyond the body of the pprinkler.
Pigure 39 shows the same tube cut off next to the body of
the sprinkler. In both care was taken not to leave any
rough edges on the inside. It is evident in Pigure 39 that
the jet of water is diverging much more quickly than in
Figure 38,

Although the jet of water became less divergent and
hence went a greater distance, eventually a length was
reached at which the jet no longer converged. Beyond a
given distance (depending on variables) from the bend, the
increased turbulence, secondary motion and distribution
of welocities caused by the bend did become dissipated.

Pigure L1 shows the effects of the tube length on the
distribution of water. A tube 7/16 inch in diameter was
inserted into the body of the sprinkler as shown in Figure
38; The sprinkler was operated at a preasure of 40 pounds
per square 1néh without an oscillating arm. When the length
of the tube was three inches (ﬁeasured from the body of the
sprinkler), the amount of fall-out increased with the dis-
tance from the sprinkler. The maximum amount of fall-out
was 0.2)1 inch and occurred at O feet; the minimum amount
of fall-out occurred near the sprinkler and was about 0.03
inch. When the tube was cut off to zero right at the
sprinkler (Pigure 39), the distribution was almost linear
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with a maximum falleout of O.lL inch of water at 28 feet
and a minimum of 0.125 inch occurring near the sprinkler,
Shortening the tube length from three inches to zero inches
decreasgsed the total trajectory distance by four feet.

Figure 42 shows the distribution from a 5/32 inch inside
diameter tube of varled length and operated at a pressure
of 4O pounds per square inch. The tube was bent as in
Figure L2 so that the vertical height of the tube was one
inch. It was found that the diameter of the vertical tube
was not critical in the type of distribution obtained from
the tube; the‘distribution still depended upon the tube
length. It was found that as the vertical height of the
tube was increased, the total discharge of uatér was decreased,
Prom Pigure 2 it may be seen that a tube length of four
inches resulted in a poor distribution while a length of
one-half inch resulted in a desirable distribution. Had
the oscillating arm been operating, it would have filled
in the depression that occurred in the first 16 feet along
the trajectory radius when using the one-half inch tube
length.

The effect of an oscillating arm on the distribution
of water from a sprinkler with a tube is shown in Figure
43. A tube 5/32 inch in diameter and one-half inch long
was inserted into the sprinkler as shown in Figure Ll.

In this figure the sprinkler was operated at a pressure

of 4O pounds per square inch.



111

*J3938M JO UOJZUGTJIISTP U0 UYzBusl aqny JO 309JJ%

3199J uj JoTHujads woaJ 9ousls}(g

2t *314

ge

-

0¢ 9T

ctl

.........

R e

..........

NI SUPA

S0°0

ot°*o

N

N )// l

eqny3 yout 2€/5

| | ‘wae Buygerrioso ou ‘ysd of

eqn3 Youy /T — %X —

aqn3 Youft 2/1 2 — e —

.....

eqny youg h

1

1

s1°o
sayout uy Je3em Jo yada(g

0c°*0




112

*J9STJL YOUT 2/T U3TM J9Txutads up Buol yduy 2/T pus yodutp 2¢/9 eqni JO 30333F

199 Uy J9Txutads woxJy edouvlsid

¢ *314

43

0¢

91 ct

m T

.....

5070

= i R
B VS I 1 -1 st
. P . . i .
1\ R H R v | ! '
R - R i i . . N
:1..” s ! ! ! : m i ! ; : . ;
k- | : ! . i : :
I A w i “ i _ﬁ : : ! :
o 3K . | . N ! + “ : : X !
N |\ R i B P . m “ :
N iy P bl i | S - : 1 - i
RN v —1 ‘ 1 { { ! _ :
//,Vr ” . ' |k / : i { E .n
NS — i T~ ! m =
~ | I ;
t T T

ot°o

‘ e e

5T°0

!
T
i
|

1 i

18d 02 —e—

¥8d 0f —x—
19d off — —

t8d 09

1

| —
I

'_.-._. [N WS SUSNSIPNS SIS SIS -
.

|

M “ ! N
e ;:w: o :;;fz¢ e 4t

4 | i _ , : _

| _ _ _ ~ | | " -
— ! S ! I T. — H } _— e

| . | | | | |
1 H

deq

SOYOUT U J938M JO U3

0




113

Jet of water issuing at 4O psi
from a 5/32 inch diameter tube
soldered into the sprinkler
body .«



11,

When the sprinkler was operated at a pressure of 4O
or 50 pounds per square inch, a failrly good distribution
of water resulted. Neither one of the distribution curves
at the above pressures had the characteristic low amount
of falle-out of water near the sprinkler or the large fall-
out toward the maximmum trajectory radius. These two curves
show a gradual decrease in the amount of fall-ocut of water
from the sprinkler to the maximem trajectory radius, al=-
though in the last eight feet of the trajectory radius, the
rate of drop-off was slightly sharper than would be desired.
This characteristic would have been improved by increasing
the trajectory angle of the jet of water from the horizontal.1

When the same sprinkler was operated at a pressure of
30 pounds per square inch, there was a slight rise (0,01
inch) in the amount of fall-out of water that occurred be=-
tween 20 and 32 feet from the sprinkler., At a pressure of
20 pounds per square inch the distribution curve shows a
low of 0.075 inch at 20 feet from the sprinkler and a high
of 0.15 inch at 30 feet, which is a considerable increase;
however, this was a notable improvement over the distribution
obtained when using & conventional nozzle.

It appears from the results obtained that the distance
of the outlet of the discharge tube from the bend in the

" 11, these tests the trajectory angle of the jet of
water was 24° from the horizontal.
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sprinkler is very important in the type of distribution
obtained. Increasing the distance between the outlet and
the bend in the body of the sprinkler diminished the secon-
dary motion caused by the bend. A qualitative explanation
of this secondary motion as given by Goldstein (11) 1is pre-
sented below,.

When fluld is flowing along a curved pipe, there must
be a pressure gradient across the plpe to balance the centrifu-
gal force. The pressure must be greatest at the outer wall,
or the wall farther from the center of curvature, and least
at the inner wall, or wall nearer the center of curvature.
The fluid near the top and bottom walls is moving more
slowly, however, than the fluid in the central portions,
end requires a smaller pressure gradient to balance its cen-
trifugal force. Consequently, a secondary flow is set up
in which the fluid near the top and bottom moves inward and
the fluid in the middle moves outward (Figure 45). The pres-
sure at the outer wall is greater at the middle of the pipe
than at the top or the bottom, while at the immer wall it
is less. The secondary flow 1s superimposed on the main
stream so that the resultant flow 13 helical in the top and
the bottom of the pipe. As a result, the region of maximum
velocity is displaced from the center of the pipe toward

the outer wall,



116

o—-
H‘ e~
-0-5 ———{tO.S
AN V;"_ cutside o ek

V7y - \in side 'ozij

-1.0
J.5

Section AB

Pig. 45. Secondary flow and variation in
head at a 90° short-radius bend
(12).
The secondary flow also explains why there is a much
thicker layer of slowly moving fluid at the inside wall of
a curved pipe than at the outside. The faster-moving fluid
at the middle is moving outward, pushing the fluid in the
boundary layer at the outer wall to the top and bottom, and
along the top and bottom walls toward the inner wall., Thus
fresh fluid is continually being brought into the neighborhood
of the outer wall and then forced around toward the inner
wall, being continually retarded. There is thus an ae¢cumu-
lation of retarded fluid at the inner wall,
Goldstein goes on to show that the dynamical similarity
found under such flow conditions depends only on the fol=-

lowing parameter

ko= (7 (Mos)
L v
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where "a” is the radius of the pipe, 'L the radius of the
curvature of the axis of the pipe, “v " the viscosity of the
liquid and “Wo" the mean velocity in flow through a straight
pipe under the same pressure gradient as that along the pipe

axis in the curved pipe. This is true when the ratio of “%"

" "

-

is small and the terms of order
‘\ .

pared with the terms of order % . 1 Thus, it is apparent

are neglected when come

that the dynamic similarity depends on the diameter of the
curved pipe, the radius of curvature of the pipe and the

viscosity and velocity of the fluld flowing through the pipe.

1These limits were stated by Goldsteln since the above
formula is a simplification of one presented in a paper by Dean.
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CONCLUSIONS

When a sprinkler was operated without the oscillating
arm there was very little fall-out of water near the sprinke-
ler. The amount of fall-out gradually increased until a
maximum was reached near the outer limit of the trajectory
distance. When the oscillating arm was used to rotate the
sprinkler, the amount of fall-out of water near the sprink-
ler was considerably greater. This fall-out decreased to &
point about one-fourth of the distence along the trajectory
radius and then began to rise, reaching a maximum toward the
outer limit of the trajectory radius. The depth of maximum
accumulation of water obtained when using the oscillating
arm was lower than that obtained when the oscillating arm
was not used,

Operating the sprinkler at higher pressures resultec
in a more desirable distribution of water, There was also
a decreacse in the mean drop size and an increase in the maxi-
mum trajectory distance.

Increasing the size of the orifice of a sprinkler
nozzle, keeping all other factors constant, resulted in a
better distribution of weter. Increasing the angle of
inclination of a sprinkler nozzle from the horizontal re-

sulted in a marked improvement in the distribution of the water,
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When the cylindrical portion of & sprinkler nozzle
was artificially roughened, the distributlon of water was
poorer than that from an unroughened nozzle,

Changing the angle of taper in a sprinkler nczzle from
a very gradual taper to one approaching a sharpeedged orifice
resulted in little or no change in the amount of fall-cut of
water near the sprinkler; however, the one approaching a
sharp edged orifice caused a lesser amount of fall-out along
the remainder of the trajectory distance than did the other
angles of taper,

Lengthening the cylindrical portion of the nozzle re-
sulted in a poorer distribution of water. The best distrie
bution was obtained using a convergent tube,

When the distance between the nozzle and the main body
of the sprinkler was varled by using extension tubes of dif-
ferent lengths, it was found that the longer extension tube
resulted in an increase in the trajectory distance and les-
sened the amount of fall-out of water near the sprinkler,
However, beyond a certain length, a further increase in the
length of the extension tube did not further affect the tra-
Jectory distance or the amount of fall-out of water near the
sprinkler,

A slow rate of rotation resulted in a more desirable
distribution of water than did a rapid rate of rotation.

As the rate of rotation was increased, the trajectory



distence decreased end thiere was & greater amount cf fsllecut
of water bcth neer the sprinkler end at tne roint of msximum
accumuletion near the cuter trajectory racius,

The use c¢f a shiert cylindrical tuvbe in pluace of a sprinide
ler nozzle resultec in e more aesiravle distributicn of water,
The most desirable cdistributicon pattern was cbtained when the
tube length was two to four dismeters (of the inside cof the
tube) as reasurec freoin the bezinning of the bend in the
sprinkler body to the discharge erd.

In general, the distrlvution patterns from nozzles
with non-circuler orifices were mcre desirsble than from
these with a circuler orifice. The equilsteraletriangular
snhaped orifices in wnich the triangulsr shepe extended for
a considerable cepth into the nczzle gave the mcst deciratle
~istributicn,

In the majority cf the above alscussed factors, the
irprovement in the distributicn pattern was cue to some
charecteristic imparted to the jet by physical changes rnade
in the sprinkler. In this stuay three fgctcrs which cculd
rave affected the flow cheracteristics of the jet of water
&s it emerged from the sprinkler so as to improve the dis-

ribution pettern fcor irrigation purposes stand out. These

nre turbulence, distribution cf veloclitles and the amount

cf secondary moticn in the jet.
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