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ABSTRACT
" The Use of Sprinkler Profiles to Predict
Field Performance
by
Michael D. Moynahan, Master of Science

Utah State University, 1972

Major Professor and Thesis Director: Dr. Jack Keller
Department: Agricultural and Irrigation Engineering

A method was developed and successfully tested for pre-
dicting the field performance of sprinklers for a variety of steady
state wind conditions from a limited number of single sprinkler
tests. Threce basic geometric P;‘ofile shapes were investigated.

The method utilizes the shift in the center of mass of the
single sprinkler pattern to characterize wind speed. Values of UC
versus sracing along the main as a percentage of the effective dia-
meter, 100 Sm/De, were plotted for a sprinkler spacing on the
lateral of 3% cf De' From these plots, called ''basic UC curves, "
functional relationships were developed to predict the field perfor-
mance of a particular sprinkler nozzle pressure combix;xation under
a varicty of steady state wind conditions from a knowledge of the
zero wind basic UC curve for that combination.

(88 pages)
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INTRODUCTION

Sprinkler irrigation, in recent years, has developed into a
highly sophisticated method of irrigation. The ultimate goal of
sprinkler system design is to optimize the potential returns from a
particular irrigated area. This requires considering the interaction
of the concept of system capacity, crop production versus water
applied, operating costs with optimized fixed costs, spray losses,
water quality, and water application distribution.

There have been procedurcs, such as presented by Keller
(1965), developed for optimizing fixed and operational costs in the
hydraulic networks of sprinkler irrigation systems.

Several investigators, such as Culver and Sirker (1966),
Howell (1964), Liang and Wu (1970), and Norum (1966) have studied
the interaction between these factors. The major controlling fac-
tors needed to begin the optimization precess for system design
are water application distribution and crop production versus water
application for given system capacities and climatic conditions.

Much of the data available at the present tiﬁe concerning
the crop production function, that is, the relationship between crop
yield and the amount of water applied is hard to interpret and not

accurate. Some studies in this area have been conducted by Hogg,



.

and Chang (1969), Musick and Dusek (1971) and Yaron
(1971), however, many researchers are active in this area and it
is hoped that more adequate information will be available in the
near future,

As a first step in optimizing a system design, the field per-
formance of cach sprinkler-pressure-nozzle-spacing combination
selected under the anticipated field environlmental conditions must
be predicted. At the preseat time, no reliable method exists to
predict field performance of a particular sprinkler design combina-
tion without actually testing the combination under similar environ-

mental conditions.

Objectives

The objectives of this research are to answer the following
questions:

What is the ‘effect of sprinkler nozzle-pressure interaction,
on the profile shape and stability under steady state winds?

Can a technique be developed for predicting the field perfor-
mance of a sprinkler nozzle-pressure-spacing combination from
single sprinkler test data taken under a limited number of steady
state wind conditions? It is hoped that the technique will contribute
to the optimization of the overall development objectives, as well as
be useful in the design of less sophisticated sprinkler irrigation

systems.



REVIEW OF LITERATURE

Factors Affecting Distribution Uniformity

There have been many studies made investigating the factors
which affect the distribution uniformity of sprinklerirrigation sys-
tems, such as Christiansen (1942), Molenarr et al. (1954), Pair
(1968), Pair et al. (1969), Wiersma (1950), and Redditt (1965).
They can be grouped into three categories: Environmental factors
(mainly wind); mechanical operating conditions of the sprinkler;

and spacing along the lateral and between the lateral.

Environmental factors

When considering the environmental cffects on system dis-
tribution uniformity one must consider the wind speed and direc-
tion; wind histories as related to set time; and spray losses.

Wind speed and direction. Christiansen (1941), one of the

pioneers in sprinkler irrigation research, states that the influence
of wind on the distribution pattern of a single sprinkler is quite
pronognced. There is generally a high concentration of water near
the sprinkler on the up wind side, normal to the direction of wind,
and a deficiency on the down wind side. Christiansen concludes,

however, that the effect of wind on the distribution uniformity over



a large arca can largely be overcome.by proper spacing of the
sprinkler to provide an adequate overlap, because "with wind the
local areas of high and low concentrations always occur at the

same relative position with respect to the sprinkler and do not over-
lap on themselves and produce an exaggerated effect' (Christiansen,
1941, p. 85).

It has generally been concluded by investigators such as
Allison and Hesse (1969), Christiansen (1941}, Culver and Sinker
(1966}, Scott and Corry (1954); and sprinkler manufacturers such
as Rain Bird and Buckner that a reduction in spacing can adequately
compensate for distortions of the distribution pattern due to wind.

The general recommendation for a medium pressure rotat-
ing sprinkler is that the maximum spacing under no wind conditions
should not exceed 65% of the effective diameter and as wind speed
increases the spacing as a percent of the effective diameter.should
be reduced to a maximum of 30% of the effective diameter. How-
ever, there seems to be some confusion as to the specific amount
of reduction required for a given wind speed. The confusion arises
because there are several distinct profile patterns produced by
sprinklers and each reacts differently to wind. Strong (1961) utiliz-
ing results from the early work of Christiansen (1941) and actual
test data, has presented a performance table for selecting the pro-
per spacing of various sprinkler profiles representing single and

double nozzle sprinkler patterns under different wind conditions.



The results of studies by Hart (1959) show that the preferred
wind angle is parallel to the lateral or perpendicular to the long
dimension of a rectangular spacing. Fry (1969) and Seginer (1969)
recommend the lateral be placed perpendicular to the wind dircc-
tion. Wiersma (1950) concluded from a comprchensive study of
factors effecting distribution uniformity that in no case was there
found to be a significant difference in distribution uniformity due to
angle of wind approach. Howev.er, he states that the trend indicates
the best results arc obtained when the angle of wind with respect
to the lateral is between 15° and 45°. It can be concluded from
these studies that there is no single wind orientation which provides
a superior uniformity for all sprinkler spacings and wind conditions.
This is the conclusion reached by Ptacek (1972) in a study made in
conjuﬁction with the present one.

Branscheid (1971)l proposed using the shift in the center of
mass of the wind effected single sprinkler pattern as a good indica-
tion of the integrated wind velocity and directional parameters. If
the direction were stable, there would be a maximum shift in the
center of mass for a given wind velocity. However, even under
very high winds, it would be possible for the velocify vectors to
shift direction in such a mannecr that the center of mass would

remain at the sprinkler.

1
Verbal communications.



Wind histories. There have been studies made to investigate

the effect on uniformity of varying wind histories during the set, from
one set to the next and the net uniformity resulting from variations in
wind histories over a complele irrigation season. Intuitively, it would
appear that wind variations during a single set would improve uniform-
ity. This has been shown to be true, however, the increase is net
large and may not be important in practice (Seginer, 1969).

Seginer (1969) used the concept of convergence and divergence
of patterns to describe the effect of diurnal wind changes on day and
night sets. He also investigated the effect on uniformity of relative
direction of lateral move to the component of wind. Convergence will
cause an increase in the average depth between the two lateral posi-
tions as well as an increase in uniformity. Divergence has the oppo-
site cffect. With day and night sets, alternating convergence and
divergence will occur. Both Branschied and Hart (1968), and Seginer
(1969) conclude that errors result when wind histories are ignored
and a move system is evaluated as if it were a solid set system. In
no case will wind variation between sets improve distribution uni-
formity {Branschied and Hart, 1968).

Allison and Hesse (1969), and Pair (1968) shbw from their
investigations that the net seasonal uniformity will be higher than
most of the individual irrigations. Keller, et al. (1967) and Merriam

(1968) suggest management techniques, such as alternate sets, to



overcome variations in uniformity between two irrigations in order
to improve the net seasonal uniformity.

Spray losses. The cffect of spray losses on distribution uni-

formity has not been fully investigated. Sternberg (1967) has con-
ducted a comprechensive study concerning the effect wind has on the
amount of spray loss occurring during sprinkler irrigation and an

evaluation of day versus night irrigation.

Mechanical operating conditions of the sprinkler

Physical sprinkler design, Theoretical investigations such as

Bilanski and Kidder (1958) and Seginer (1963) have been conducted to
analyze the effect physical sprinkler design has on water distribution.
Seginer (1963) concludes that ‘small differences in sprinkler con-
struction, such as in the shape of the sprinkler body or nozzle, do

not cause méjor differences in sprinkler performance. A knowledge
of the aerodynamic aspects of sprinkler jets may be useful in mechan-
ical design, however, it has not proven successful in predicting ficld
performance.

Nozzle sizec and discharge. It has been found that as the noz-

zle size increases for a given pressure and sprinkler spacing, the
distribution uniformity also incrcases for conditions of moderate to
high winds (Wiersrna, 1950). The larger nozzles tend to produce

large drops which are less subject to wind drift than smaller



droplets. However, the intake characteristics of the soil usually
limit the size of the nozzle which can be utilized.

Rate and uniformity of rotation. Christiansen (1941) de-

monstrated that high rate and non-uniformity of rotation were major
contributors to the poor performance of some sprinklers. His
crite'ria of 1-2 rpm for medium pressure sprinklers still applies
today, however, new innovations in bearing materials have elimi-
nated non-uniformity of rotation as a major factor. Bilanski ard
Kidder (1958) reported thét an increase in the speed of rotation of
sprinklers resulted in a decreased range. One explanation is thal
the Jrops use energy to accelerate air particles around them by
means of friction. A change in the direction of the jet requires some
additional energy to start the movement of the air in the new direc-
tion. As a result, the kinetic energy of the drops and therefore,

the range decreases (Ohler, 1949).

Riser height. The findings of Wiersma (1950), later con-

firmed by Hart (1959) indicate that in winds of less than 4 mph riser
height above the crop has littie cffect on uniformity, but in moderate
to high winds, riser height >ecomes highly significan.t. The dif-
ference in uniformities between 6 inch and 24 inch risers is much
greater than between 24 inch and 48 inch risers. This is true be-
cause a turbulent air layer exists near the surface of the crop due

to crop roughness. Once the sprinkler head has reached the {ringes



of this layer, an increase in height has little more effect (Keller et al.,
1967). Hart (1959), however, found that as riser height increascd
excessive water losses from wind drift increasecd.

Opcrating pressure, It is generally agreed that an optimuin

pressurc range existis {or a given nozzle size where satistactory jet
breakup and desirable pattern cross-section occur., Distribution uni-
formity increases with an incrcase in pressure until the optimum
pressure range is rcached, after which the uniformity may begin to
decrease (Christianscn, 1941 Scginer, 1963; and Wiersma, 1950).
According to Seginer (1963) operating pressure is the most important
factor contributing to satisfactory sprinkler performance. The hipher
the pressure, the longer the range of the dreps, the finer the drops

and the more even the distribution of the water on the ground.

Spacing along the lateral and between the laterals

It can génerally be said that as spacing between sprinklers
increases, the distribution uniformity will decrease (Hart, 1959).
Many factors must be considered when selecting sprinkler spacing,
such as operating pressure, nozzle size, sprinkler geometric profile
and wind parameters. A more comprehensive look at sprinkler spac-
ing can be found in the portion of the Review of Literature entitled

"Predicting Field Distribution Uniformity, "
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Distribution Uniformity

Distribution uniformity can be defined as the evenness with
which watér is applied over the area irrigated. The area of cover-
age of most sprinklers is circular and the spacing configuration rec-
tangular. Therefore, a perfectly uniform water application is im-
possible.

Christiansen (1941) proposed a means of cvaluating sprinkier
distribution uniformity with a single parameter, which he called the
"uniformity coefficient.'" The uniformity coefficient expressed as
a percentage is defined by the equation,

uc = 1001 - =2 (1)
mn

where d is the deviation of individual observations from the mean
value, m; and n is the number of observations.

Numerous investigators, such as Beale and Howell (1966),
Benami and Hore (1964), Dabbous (1962), Hart (1961), Howell (1964),
and Wilcox and MacDougald (1954) have compared various means pf
evaluating sprinkler uniformity and have attempted to develop better
indices to describe the degree of pattern uniformity. It has been
generally concluded that for relatively high UC values, Christiansen's

uniformity coefficient provides a good estimate of water distribution,
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The lack of a clear cut relationship between the uniformity
coefficient and irrigation cfficiency has been a limitation in its use
as an index in sprinkler system desipn (Allison and Hesse, 1969). A
UC value of 80 is generally considered adequate or acceptable, how-
ever, it is difficult to intevpret this value in a physical sense.

Hart (1961) shows that the water application distribution from
closely spaced stationary sprinklers nearly approximatcs a normal
or Gaussian distribution. Seniwongse, Wu and Reynolds (1970) sup-
ported Hart for UC values greater than 75. Hart and Reynolds (1965),
assuming a normal distribution, presented a means of predicting the
entire distribution function for any UC value greater than 75. 1In
other words, for a given value of UC and average depth of water ap-
plied, the percentage of area receiving any given depth of water can
be predicted.

Allison and Hesse (1969) present a method for graphically
obtaining the relationships between the coefficient of uniformity and
the effective use of water. The reasoning is similar to Hart's, that
is, it is based on the assumption that a sprinkler pattern approaches

a normal distribution.

Predicting Field Distribution Uniformity

The purpose of most sprinkler testing is to predict the field

distribution which can be anticipated under actual operating conditions.

7 4



12

The common practice has been to run a single sprinkler test, and
by a process of superimpoesition, simulate various sprinkler spac-
ings to predict the field performance of the sprinkler. Branscheid
and Hart (1968) comparcd test results from single sprinkler tests
with test data from sprinkler laterals running simultanesusly and
concluded the superimposition process produced reliable results.

In order to predict the field performance of a given sprink-
ler, it is necessary to know the expected field environmental con-
ditions {mainly wind spced and direction) and test stand performance
of the sprinkler under similar environmental conditions. Assuming
the field conditions can be anticipated, a major obstacle to design
is the general shortage of sprinkler test data, since such a large
number of tests are necessary in order to categorize each sprink-
"ler-nozzle-pressure combination under all possible environmental
conditions.

In order to simplify sprinkler sclection and anticipate per-
formance at various spacings, Christiansen (1941) presented the
geometric sprinkler profile concept. (The gecometric profile is the
plct of distance from the sprinkler versus depth of application.) _
He explored the possi})iiity of analyzing the gconuetri;: profiles in an
effort to predict UC for various sprinkler spacing situations.

In his study, Christiansen worked with six basic sprinkler

gcometric profiles, some of which approximated actual sprinklers,
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as shown in Figure 1,
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Cocfficients of uniformity were determined

for various profiles with different spacing along the main and with a

spacing of 5 percent of the diameter along the lateral line.

Figure 1

shows Christianscen's dimensionless curves of UC plotted against

spacing along the main for cach of the basic profiles.
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Figure 1. Christiansen's basic UC curves.

1
In the early

stages of the research an attempt was made to cate-

gorize sprinkler gecometric profiles by a single dimensionless

paramecter.

The parameter was not used in this analysis, how-

ever, it is presented in Appendix C,
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Strong (1961) realized the usefulness of Figure 1 was limited
if it could only be used to predict the performance for sprinklers
spaced at 5 percent of the wetted diameter along the lateral. He pro-
posed extending the usability of the graph to include various spacings
along the lateral, Sl’,' as well as along the main, Sm. He assumed
the 'UC for a given spacing combination could be approximated by

~dividing 100 into the product of the UC values obtained by entering
Figure 1 with both Sm and Sg' Further details of this method are
presented by Keller et al. (1967).

Strong (1961) indicated that he had conducted numerous tests
with actual data and iound the above method to be reliable and capa-
ble of producing results within 3 percent of what would be obtained
through superimposition and the utilization of Equation 1, As pre-

: viously} mentioned, he presented a perforinance table for selecting
the proper spacing of various single and double nozzle sprinklers
under different wind conditions. He assumed that double nozzle
sprinklers would fall somewhere between Christiansen's B and C
profile, and the single nozzle sprinklers would produce the D pro-
file. In developing these tables he reduced the diameter for wind
prior to entering Figure 1. The reduction factor uséd was 2 per-
écnt for each 1 mph average wind vclocity over 5 mph, i.e., 10 per-

cent reduction in diameter was applied for 2 5 to 15 mph wind.
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METHODS AND MATERIALS

Facililies were made available for testing in El Salvador,
Central America., It was decided to set up a prelirninary test site
ncar Logan, Utah, in order to perfect the test procedure. This
would then allow data to Le gathered in a complete and systematic
manncr, The {inal test sitc was located in the Zopatitan Valley of
El Salvador on the federally operated agricultural farm.

The test site nearly complied with Recommendation ASAE
R330, entitled '""Procedurcs for Sprinkler Testing for Research Pur-
poses, ' (see Appendix A for the complete Recommendation). The
test site deviated from the recommended as follows: (1) the collec-
. tors were only 6 inches above the ground instead of 12 inches; (2)
the rims of the collectors were only 3 inches above the crop of grass
instead of 6 inches; (3) at times only 40 to 60 collectors in the grid
configuration rcceived water instcad of a minimum of 80; (4) the
sprinkler was located at a collector point on the grid instecad of mid-

way between the four collectors at the center.

A pparatus

Single nozzle sprinklers, both with and without stream

straightening vanes, and double nozzle sprinklers without straightening
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vanes were utilized. The sprinklers had 3/4 inch inlets and range
nozzle sizes from 9/64 inches to 7/32 inches. The sprinklers se-
lected for the tests were of the model 30 series produced by Rain
Bird Manufacturing Corporation and were equipped with teflon-neco-
prene washers. Six sprinklers of cach configuration (plane single,
vane single, aind double nozzle) were selected 'off the shelf'" at a
retail outlet. It was felt that these particular sprinklers were re-
presentative of medium pressure agricultural sprinklers in use
throughout the world and were capable of producing a variety of
geometric sprinkler profiles.

Each sprinkler was tested for uniformity of rotation and dis-
charge with a 11/64 inch range nozzle at 40 psi. The rotation rates
varied between 0.75 rpm and 1.8 rpm, and the discharges varied
approximately + 2 percent. The sprinklers having the rotation
rate and discharge closest to the average for each configuration
were selected for the test program.

Two pressure gages with dial indicators reading from 0-100
psi were utilized during the tests. One gage was located at the base
of the riser. The other, equipped with a pitot tube, was used to
measurce pressure at the nozzle. The accuracy of thé gages was
+ 2 percent.

A bypass valve system was provided between the pumping

plant and the sprinkler being tested so that a variety of sprinkler
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pressure-discharge combinations could be achieved by throttling

the engine and/or regulating the bypass valve. The sprinkler

beiné tested was mounted on a 3/4 inch diameter steel riser 2 feet,

3 inches in length, held in a vertical position by a tripod. This
riser length was chosen in order that the sprinkler would be approxi-
mately 2 feet above the tops of the ncarest four collectors,

White styrefoam cups were sclected for the collectors. The
cups had tapered sides so they could be nested and were 5.5 inches
deep with a top diameter.of 4. 4 inches. The white styrefoam pro-
vided insulation capacity and repelled water which should have mini-
mized container related losses. Smooth stones were placed in the
collectors to stabilize them and prevent them from blowing over.
Graduated cylinders werec used to measure the precipitation caught
in the collectors,

The collectors were placed on the grcund in a ten foot grid
pattern with the sprinkler located on a grid point. Four collectors
were placed around the sprinkler at a distance of three feet in order
to estimate the catch at the sprinkler. In addition to the grid layout,
collectors at ten foot spacings along four additional radial legs at
45 degree angles to the grid were utilized, With the .sprinkler placed
on a grid point and the additional radial legs at 45 degrees, it was
possible to obtain the geometric profiles for eight radial legs at in-

tervals of 45° and with the collector points at ten foot intervals,
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Figure 2 is a plan view of the test site showing the collector configu-

ratiun.

Test Procedure

The rcason for testing was to gather data for a variety of
geometric sprinkler patterns under different steady state wind con-
ditions. Therefore, it was necessary to determine the approximate
wind speed, and any variability in wind speed and/or direction be-
fore beginning each test. By this.procedure, it was hoped that
duplication of data and collection of non-steady state data could be
kept to a minimum.

A {ive gallon can was placed over the sprinkler before the
pump was started to preveni water from entering the collectors.
The engine throttle and pump bypass valve were adjusted vntil the
desired pressure at the base of the riser was reached. The opera-
ting pressure measured at the nozzle jet ''vena contracta' was
determined using the pressurc gage equipped with the pitot tube.
The diséharge from both the range and spreader nozzles was then
measured by placing a two inch plastic hosc over the nozzle and de-
termining the time required to fill a five gallon bucket. (The rela-
‘tively large diameter hose allows aeration of the jet, preventing a
"Venturi effect'" from occurring. If the hose fits tightly around the
nozzle, an area of negative pressure may be created causing the

measurcd discharge to be greater than the true discharge.)
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Figure 2, Catch-can configuration used in El Salvador.
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A collector containing 30 mililiters of water was placed at
.the edge of the test area in order to evaluate evaporation losses
during the test. The sprinkler was then allowed to begin rotating
and the anometer reading, wind direction, riser base pressure and
the wet and dry bulb temperatures were recorded initially and at
fifteen minute intervals during the test. At least once during the
test, the average rotation rate of the sprinkler was recorded for a
fifteen minute interval. Sample data collection sheets are presented
| in Appendix A.

At the termination of the test, the diséharge rate and nozzle
pressure were again measured. Another collector containing 30
mililiters of water was placed near the edge of the test area in
order to evaluate the evaporation losses that occurred while the
precipitation in the ‘collectors was measured. The precipitation
caught was measured to the nearest 0.5 mililiter using a graduated
cylinder. When all the collectors had been read, the evaporation
readings were recorded,

Test durations were either thirty minutes or eixty minutes
depending on wind conditions and sprinkler discharge. The smaller
the amount of precipitation caught in a collector, the lesser the
accuracy of measurement. Therefore, it was necessary to run the
low discharge sprinklers for a longer period of time than the higher

discharge sprinklers to achieve an equivalent degree of accuracy.
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Computer Program

A computer program was developed to aid in analyzing the
data. The program first calculated the direction and magnitude of
the shift in center of mass, C, of the wind aficcted single sprinkler
pattern. The relative direction of C from the sprinkler location

was taken as the effective wind direction, W _, of the test. The

d
cemputer program rotated the test data to a new grid configuration
so that the columns of the grid were parallel and the rows perpen-
dicular to the effective wind direction; this direction, parallel to

the lateral, was then considered to be a 0° wind angle. A W  per-

d
pendicular to the lateral would then be a 90° wind angle. At this
point in the program, the pattern could be rotated to any desired
Wd and superimposed to generate any desired rectangular spacing.

The UC was then determined for the particular spacing combina-

tion. A listing of the computer program is presented in Appendix B.
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RESULTS AND DISCUSSION

Data Collected

-

Approximately onc-haif of the data utilized in the analysis .
was prcdried ai the test site in El Salvador. The rest of the data
was provided through the courtesy of Rain Bird Manufacturing
Company, Glendora, California. Ten foot grid spacings were uti-
lized for collection of data in El Salvador. The data obtained from
Rain Bird was collected on a five foot grid spacing with the sprink-
ler placed midway between four collectors., The sprinklers tested
and the physical and environmental conditions under which they
were tested can be found in Tables 1, 2 and 3. (The fact that the
two scts of data were similar in overlapping areas was encouraging.)

An attempt was made to collect data for three basic geo-

metric profiles. (A geometric profile is the plot of distance from

the sprinkler versus depth of application. A sprinkler pattern will

refer to the depths of catch for the entire single sprinkler test.)
The double nozzle sprinklers produced a profile falling somewhere
between Christiansen's B and C profile (Figure 1). The single noz-
zle sprinklers without vanes produced profiles similar to the D

profile. The single and double nozzle sprinklers were operated at



23

Table 1. Sprinkler environmental test conditions for single nozzle
sprinklers without stream straightening vancs.

Single Nozzle Sprinklers - W/O Vanes

Nozzle Effective Wind Speced
Size Pressure Radius C C/Ro x 100 MPH
g/64 40 39 4, 81 12.3 2.6
9/64 40 39 8. 88 22.8 4.6
9/64 40 39 10. 15 26.0 7.8
9/64 40 39 15,24 39.1 12,2
9/64 45 40 3.55 8.9 2.2
9/64 45 40 5.20 15,0 2.6
9/64 45 40 12. 89 32.2 5.9
9/64 50 40 3.82 9.6 2.1
9/64 50 40 6. 77 16..9 4.8
9/64 50 40 11, 64 29,2 5.8
9/64 60 4] 5.68 13.9 2.0
9/64 60 41 7.59 18.5 4,1
9/64 60 41 12. 68 31.0 7.5
11/64 45 45 2.22 4.8 2.1
11/64 45 45 8.33 19.0 3.4
11/64 45 45 16, 14 35.2 8.6
11/64 50 45 2.33 5.2 1.7
11/64 50 45 7. 06 15,7 3.7
11/64 50 45 6.51 14,5 4.2
11/64 50 45 9. 77 21.7 5.¢
11/64 50 45 12.57 28.0 6.7
11/64 50 45 11, 06 24. 6 6.7
3/16 40 45 1.12 2.5 2.0
3/16 40 45 5. 84 13,0 4.1
3/16 40 45 13.15 29.2 7.9
3/16 40 45 1,13 2.4 0.9
3/16 50 47 7. 52 16,0 4.0
3/16 50 47 13. 80 29.4 7.7
3/16 50 47 11.79 25.0 8.3
3/16 50 47 18. 67 40.0 11.6
3/16 60 48 2.39 5.0 1.2
3/16 60 48 5.75 12,0 4.1
3/16 60 48 14. 95 31.2 7.8
3/16 60 48 13.68 28.6 8.1
3/16 60 48 19, 46 40. 6 11.3
7/32 45 50 2.67 5.4 2.3
7/32 45 50 11.93 23.0 3.5
7/32 45 50 20, 68 41.5 12.1
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Table 2. Sprinkler environmental test conditions for single nozzle
sprinklers with stream straightening vanes,
Single Nozzle Sprinklers - W/Vanes
Nozzle Effective Wind Speed
Size Pressure Radius C C/Rg x 100 MPH
9/64 33 42 3.60 8.6 2.5
9/64 3¢ 42 10. 35 24.6 6.2
11/64 35 44 2.96 6.7 2. 1t
11/64 37 44 12,54 28.5 4.7
7/32 35 50 4.10 8.2 2.2
7/32 35 50 8.51 17.0 4.0
7/32 36 50 17.02 34.0 9.5
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Table 3. Sprinkler environmental test conditions for double nozzle
sprinklers without stream straightening vanes.

Double Nozzle Sprinklers W/O Vanes

Nozzle Effective Wind Speed

Size Pressurc Radius C C/Ke x 100 MPII
9/64 x 3/32 50 40 3.88 9.7 2.4
9/64 x 3/32 46 40 8.19 20.5 5.7
9/64 x 3/32 46 40 14.39 36.0 8.6
11/64 x 3/32 40 44 6.87 15,7 3.9
11/64 x 3/32 47 45 11.20 25.0 6.8
11/64 x 3/32 52 45 4. 84 10.7 1.9
11/64 x 3/32 50 45 4,35 9.7 3.0
11/64 x 3/32 50 45 5.28 11.8 3.6
11/64 x 3/32 50 45 6.40 14.2 3.8
11/64 x 3/32 50 45 6.30 14.0 5.0
11/64 v 3/32 50 45 9.72 21.6 5.7
11/64 x 3/32 50 45 11.34 25.2 6.4
11/64 x 3/32 50 45 13.41 29.8 7.5
11/64 x 3/32 50 45 17.10 38.0 11.4
11/64 x 3/32 50 45 17.20 38.2 12.0
7/32 x 1/8 44 49 8.12 16,6 4.5
7/32 x1/8 47 50 5.29 10. 6 2.6
7/32 x 1/8 47 50 3.36 6.7 2.4
7/32 x 1/8 46 49 14,34 29.4 8.6
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or above recommended minimum pressures when possible. The
vaned single nozzle sprinklars were operated below the recom-
mended operating pressure to produce a profile similar to
Christiansen's E profile or ""doushnut' profile.

One: of the objectives in data collection was to obtain infor-
mation on the stability of the profile under steady state wind condi-
tions. Therefore, only sprinkler test data where the wind speed
and dircction did not vary significantly during the period of the test

were utilized in the analysis.,

Wind and Profile Analysis

Wind speed

It was felt that in order to compare the relative effect wind
speed had on the stability of the various sprinkler profiles pro-
duced, it would be necessary to make the comparison on a dimen-
sionless basis. The dimensionless parameter, Cr’ was then de-
veloped utilizing the ratio of the magnitude of the shift in center of
mass, C, of the test paitern and the average effective radius (not
trace radius), Rc, of the sprinkler under 0 to 3 mph winds; where
Cr = 100 (C/Re). An integrated effect of nozzle sizc and pressure
is reflected in the average effective radius, Re, measured in low
wind éonditions. The shift in center of mass, C, gives an indica-

tion of the sprinkler stability in wind., The value of Cr was
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computed for cach of the 65 test patterns utilized in the study (see
Tables 1, 2, and 3).

Figure 3 is a plot of Cr versus the average wind velocity, We,
(i.e., total wind passing divided by the test duration) during a test.
All of the data in Figure 3 was fit by a sccond degrece quadratic
function using a regression analysis which forced the funiction
through the origin. (The analysis was performed on the IBM 360
using a statistical regression program obtained from the Applied
Statistics and Computer Science Department, Utah State University.)
Theoretically, under zero wind conditions, the center of mass of
the sprinkler pattern should be at the sprinkler, therefore, the
regression curve should pass through the origin,

The high degree of corrclation (R2 = 0.897) demonstrates
that Cr is a recasonable indicator of the magnitude of the integrated
wind vector irrespective of the variations in the spriniler-nozzle-
pressure combination tested, (However, this conclusion must be
qualified, because only data from 65 sprinkler tests representing
a limited number of sprinkler-nozzle-pressure combinations were
utilized in the analysis.) An intcresting trend can be obgerved in
the data plotted for wind speeds greater than 11 mph. It appears
that for an increase in wind specd, there is not an increase in Cr'
It is speculated that at some wind speed, Cr may even possibly

begin to decrease for increasing wind speeds. One possible
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explanation is as follows: It has been obscrved that in high winds,
the sprinkler jet when passing upwind tends to curl down depositing
water ncar the sprinkler. When the jet pa.sscs downwind, large
quantitics of water tend to be carried out of the test arca completely,
thus decreasing the relative magnitude of the shift in center of
mass.

Because there was a high degrec of correlation hetween Cr
and wind speed for the tests utilized, it was decided, for the subse-
quent analysis, to usc the wind speed represented by the regres-

sion curve in Figure 3 for the computed Cr of each test.

Wind direction

The effect of wind anglc on distribution uniformity was ana-
lyzed in detail in a study madec in conjunction with the present one
(Ptacek, 1972). It was thereforc decided to conduct this entire

study using Wd = 45,

Profile analysis

A number of efforts were made to develop sprinkler profile
indices which would be useful for design purposes. The most usc-
ful concept evolved was similar to Christiansen's suggestion (Figure
1) of plotting UC versus Sm for a small SE value (where SZ is the

sprinkler spacing on the lateral, and Sm is the lateral spacing

along the main).
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The test data was organized into groups. IEach group con-
sisted of a series of tests of a particular sprinkler model and nozzle
size, operated at a specific pressure, under a raige of wind velo-
cities. Values of UC versus the spacing along the main as a percen-
tage of the effective diameter, 100 Sm/De’ (where Dc = effective
diameter), were computed for S, = 0.03 Dc. Plots were drawn up

L

for each individual group. These plots or curves will be referrcd

' The three most complete and accurate

te as ''basic UC curves.'
basic UC curves obtained were chosen to represent the basic geo-
metric profiles that werec analyzed.

Figure 4 represents a series of tests using 2 3/16 inch
single nozzle sprinkler without a vane opcrated at 50 psi with effec-
tive wind speeds of 0, 0.6, 3.9, 7.7, and 11.0 mph at Wd = 450.
The actual sprinkler profile based on an evaluation of the average
depth of application along the 8 radial legs at low wind is also de-
picted on Figure 4. The 0 mph wiand basic UC curve was synthesized
by graphically determining the sprinkler pattern using the no wind
profile and computing values for the basic UC curve by the method
mentionecd above. Tigure 4 demonstrates the effect a steady wind
has on the UC versus Sm spacing relationship for a specific sprink-
ler-nozzle—plressure combination. (This particular sprinkler had
a De of approximately 100 fect, so any actual synthesized spacing

selected would be equal to 3 fcet by Sm feet, i.e. the graph can be

tered with 100 (S - -
entered wi 00 ( m/De) 100 (Sm/IOO) Sm.)
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Some interesting concepts concerning the effect of wind on
‘spacing can be observed in Figure 4. For example, when Sm =
80 feet and We = 0.6 mph, UC = 95, as the wind is increased
to 7.7 mph, the UC is decreased to 65. On the other hand, if the
spacing were only Srr. = 60 {fcet at a wind of 0.6 mph, UC = 82,
and when the wind is increased to 7. 7 mph the uniformity is in-
creased to 94.

The above example demonstrates that the effect of wind on
uniformity is dependent on sprinkler spacing. The dip in each
curve represents spacings where the sprinklers overlap in such

a manner than a poor UC results due to over-watering midway be-

tween the laterals, (Wind decreases the effectiveness of the dia-
meter and, thus, can reduce overlap and increase UC where spac-
ings are selected in the dip of low wind curves and the wind
increases.)

As the spacing is decreased, the applications from adjacent
-lateral lines completely overlaps and the UC begins to approach
100. However, as the spacing increases the excess wate‘ring cre-
ated by the intermediate overlap condition is eliminated, and the
uniformi'ty also in.creasAes. Further increases in spacing result in

insufficient overlap, and a poor UC results due to under-watering

midway between the laterals. Since winds decrease the effective-

ness of the diameter, the UC of spacings past the peak decrease
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rapidly as wind velocity increases., Therefore, extreme caution
should be exercised when selecting such spacing.s based on no wind
conditions.

The curves in Figure 4 indicate that as the effective wind
speed increases the curves are shifted inward, with the peaks re-
maining approximately at the same elevation until a We = 11.0 mph
is reached. The peak for the 11.0 mph wind curve has dropped
from a UC = 95toa UC = 90. This indicates that Sm > 0.3 De
could be used in winds up to approximately 11.0 mph before an
appreciable decrease in distribution uniformity occurred. (Pro-
vided the proper spac‘ing was chosed for the wind conditions en-
countered. )

Figure 5 represents a series of tests using a vaned sprink-
ler with a 7/32 inch single nozzle operated at 36 psi with effective
wind speeds of 0, 2.2, 4.0, and 9.5 mph at W, = 45°, This par-
ticular combination approximates an E or ''doughnut' profile.

As wind increases, the pcaks shown in Figure 5, for the E
profile immediately begin to drop, indicating that this particular
sprinkler combination is not very stable in wind. The sprinkler was
operated considerably below the minimum recommended pressure
of 65 psi in order to produce the '"doughnut" effect. At a pressure
of 36 psi fairly large drops were formed, however, because of the

low pressure the large drops were traveling at a relatively low
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velocity and were unable to resist the force of the wind adequately.
Caution would have to be exercised when selecting spacings
for this particuiar sprinkler combination.

Figure 6 represents a series of tests using a double nozzie
sprinkler with a 7/32 inch range nozzle and 1/8 inch 20 spreader
nozzle operated at 47 psi with effective wind spceds of 0, 2.4, 4.5,
and 8.6 mph at Wd = 45°, This double nozzle sprinkler produced
a profile between Christiansen's B and C profiles.

When analyzing the effect wind has on the basic UC curves of
a double nozzle sprinkler, shown in Figure 6, it is apparent that
again the curves shift inward and the peaks tend to drop. The func-
tion of a spreader nozzle is to {ill in the area near the sprinkler.
The result is a more or less triangular profile shape. Due to the
nature of the construction of a spreader nozzle and its relatively
small nozzle size for the operating pressures used, the spray
formed contains small drops. These small drops are easily affected
by the wind and therefore the apparent profile breaks down fairly
rapidly. However, the range nozzle, which has the same charac-
teristics as the single nozzle sprinkler without vane, is able to resist
the wind effectively and the net result is that the pattern holds up
fairly well. Because of the triangular nature of the profile pro-
duced, the maximum spacing that can be used, while maintaining
a high uniformity, is less than the maximum for the two single noz-

zle sprinklers tested.
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Predicting Field Performance

A major objective of this investigation is to develop a means
of organizing the limited test data in a manner uscful for predicting

field performancec.

Predictions from actual tests

The above analysis dealing with basic UC curves for Wd =

450, S = 0.03D , and various values of W is also useful for the

£ e e
design of traveling sprinklers., There is little differcnce between
plots with Sﬂ = 0,03 De and the infinitesimally small Sﬁ, which re-
presenis a traveling sprinkler (i.e., for a traveling sprinkler SE
).

is 0; however, this can be simulated by a very small 52
In order to utilize the analysis for predicting the UC of rela-
tively wide spacings in both directions, the approach suggested by
Strong (1961) was utilized. The plots were entered with both the
S£ and Sm spacing values and the UC of the expanded spacing was
assumed equal to the product of the individual UC value divided by
100. To evaluate the reliability of this procedure, the computer
program was designed to compute UC values using Christiansen's

equation for a large number of S by S spacing combinations.
m

J/
The calculated UC values using the graphical method were then com-

pared with the UC values computed numerically by the computer

as shown in Figure 7.
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A perfect correlation between the graphically obtained UC
values and the computed UC values is represented by the 45° dia-
gonal (solid line passing throuzh 100 and 100) in Figure 7. The
reliability of the method is demonstrated by the closeness of the
points to the solid line. With few exceptions the graphical method
tends to slightly underestimate the computed UC values as indicated
by the density of points between the solid line (perfect correlation)
and 5 UC points under prediction (lower dotted) line in Figure 7.

All of the data for the double nozzle sprinkler tests falls
between these two lines in Figure 7. Most of the points fulling out-
side of this envelope represent single nozzle sprinklers at square
spacings where the percent of De cf the epacing fell in the dip
(causing greater underestimation) or on the outside peak (causing
overestimation) of the basic UC curves like Figure 4. A tendency
to overestimate UC also occurred whenever the spacing was past
the peak and on the steep drop-off portion of the basic UC curve.

The reason the graphical method underestimates UC for a

square spacing where S, and Sm both fall in the dip and overesti-

y4
mates when they fall on the outer peak of the basic UC curves can
be visualized as follows, The overwatering caused by an interme-
diate overlap is not necessarily accumulative on the diagonal as

would be indicated by the product of UC values. However, when

the overlap is insufficient, the effect is greatly exaggerated on the
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diagonal (dry areas may occur) and not sufficiently accounted for by
the product of UC values.

No analyses were conducted with triangular spacings; how-
ever, it is proposed that (a) when the spacing approaches an equi-
lateral triangle where 0.8 SE < Sm < Sg the calculated UC will
normally fall 5 to 10 points below the value obtained by entering
the basic UC curves with Sm (deducted from Christiansen (1942));

and (b) when Sm is much greater than S, proceed as for rectangu-

L
lar spacings.

From the foregoing analysis it appears that this graphical
method for estimating UC from the basic UC curves is valid., How-
ever, it is felt that a better functional relationship could probably
be developed utilizing the diagonal length along with the lengths of
the two perpendicular legs. The new function, containing three
variables, would then hopefully be able to handle square spacings,

as well as spacings past the peaks,

Wind effects. By studying Figures 4, 5, and 6 it is evident

that as the effective wind velocity, We’ increases, the UC curx)es
are shifted inward. A closer study of Figure 4 shows that the shift
is relative, with the outside peak being shifted about twice as far
as the inside slope of the dip. In order to analyze the shift of the
curves relative to the effective wind velocit); a parameter called

the relative shift ratio,- Ss’ was developed. The values of Ss for
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the single nozzle sprinklers were obtained by dividing the Sm/l)e
values at the peaks for the curves representing each effective wind
value by the Sm/D(- value at the peak for the zero wind curve de-
veloped for each sprinkler test profile. Becausc the basic UC
curves for the double nozzle sprinklers, I'igure 6, do not have
definite peaks, it was decided to use the value of Snx of the point
obtained by the intersection of a line drawn tangent to the outside
of the curve and a UC value of 100, then proceed as above,

Figure 8 shows a plot of Ss vs Wc for all the available test
data. The shift in the center of mass versus wind speed data for
all tests was closely correlated as shown in Figure 2. However,
as can be seen in Iigure 8, the apparcnt relative shift appeare to
be dependent on the sprinkler geometric profile. Therefore, a
different first order regression curve was required for each of
three general profiles studied, i.e. , double nozzle sprinklers, NZ'
single nozzle sprinklers, Nl’ and single nozzle sprinklers with
vanes, Nv' Under zero wind conditions no shift should occur,
therefore the curves were forced through the point (We = 0;

Ss = 1,0).
The results of this analysis shows a good correlation of S8

(R® =

vs We for the single nozzle sprinklers without vanes, Nl'

0.87). Twenty-four points were utilized in the regression analysis

for the N1 sprinklers. The single nozzle sprinklers with vanes,

Nv’ also showed a fairly high correlation (R2 = 0.89), however
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only 5 points were used in the analysis, The double nozzle sprink-

lers, N_, using 1l points in the analysis, gave the poorest corre-

2!

2
lation (R~ = 0.75). The scatier in the points for the N sprinklers

2

could be attributed partly to the method utilized in choosging the par-
ticular S values used to compute S versus W,
m 5 ¢
The functional relationships devcloped for Ss shown in Figure
8 arc one-dimensional and do not account for vertical deterioration
of the basic UC curves with increasing wind. The peaks for the

single nozzle sprinklers without vanes, N , do not appecar to drop

ll
significantly with increased WP, and therefore the method can be
considered valid for these sprinkler combinations. However, the
peaks for the Nv sprinklers do drop significantly, The basic UC

curves for the double nozzle sprinklers, N_, have a lesser tendency

2’
to drop with increcased We' Because of the lack of sufficient test

data, no attempt was made to develop the functional relationship to

account for the vertical shift of the basic UC curves.

Synthesized predictions

To extend the usefulness of a limited amount of test data, it
is necessary to predict sprinkler performance for environmental
conditions for which the sprinkler has not been tested. Procedures
referred to in the literature have been developed for estimating
spray losses under different sprinkler mechanical and environ-

mental operating conditions. A means for estimating sprinkler
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performance at any wind speed from a knowledge of performax;ce
from a limited number of tests at different wind speeds is also
neceded,

Strong (1961) uscd the concept of a reduced diameter to {ake
wind speced into account before entering the basic UC curves which
were developed for symmetrical patterns at no wind. Keller, et al.
(1967) also suggested using the concept. However, there is confu-
sion over the amount the diameter should be reduced for any given
wind speed. The regression curves in Figure 8 give the ratio Ss
for any We for the three general sprinkler profiles studied. By
multiplying the Sm/De values from a basic (zero wind) UC curve,
by the SS for a given We, the basic (zero wind) UC curve can be
shifted to represent the wind speed in question. The relative shift
ratio is similar to a reduced diameter concept.

Figure 9 shows basic (zero wind) UC curves representing
the three general sprinkler profiles which were analyzed. These
zero wind curves were computed from the pattern profiles which are
also presented in Figure 9. As previously mentioned, the profiles
were obtained by averaging the profiles of the 8 radial legs obtained
during a typica'l sprinkler test at the lowest wind speed encountered.

Values of UCe were estimated utilizing a number of spacings
and We combinations for each of the basic (zero wind) UC curves

presented in Figure 9. An example of the computation of these



Uniformity Coefficient, UC

100

95—

90—

85

80

15

70

7/32 x 7/8" 30 @ 50 psi

7/32" 30EW @ 35 psi

h:&/w" 30W @ 50 psi

3/16" 30W @ 50 pai'\

]
1
]
- = X .
7/32" x 1/8 30 @ 50 pst ! \
A
! !
1 I
e ! A
7/32" 30EW @ 35 psi |
1 1 \
| |
1 1 ] 1 | ] I 1 \ i ]
10 20 30 40 50 60 70 80 90 100

p.-—.-

H - - o
Spacing Along Main (Sm) 7 of De

Figure 9. Basic (zero wind} UC curves calculated from the sprinkler profiles shown.
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values is as follows. Given a 3/16" single nozzle sprinkler opc;rat-
ing at 50 psi having a catalog diameter of 100' and De = 94' with
,We = 7.7 mph. The estimated UCe for a 30' x 50' spacing is
found by entering Figure 8 with Wc = 7.7 mph which gives S8 =

0.69. The reduced diameter, Dr’ can be calculated by
D =8 - De = 0.69 (94') = 65'

The lateral spacing value, S , for entering Figure 9 is

J/

S£ = 100 (Sg/Dr) = 100 (30'/65') = 46% -

which gives a UCz = 93, The spacing along the main value, Sm’

for entering Figure 9 is
S = 100(S /D ) = 100 (50'/65') = 77%
m m r

which gives a UCm = 92. The estimated UCe for the 30' x 50'

spacing is

uc -
uc = J/ Ucm - 93 . 92 - 85
e 100 100

The UC numerically computed from the test data for these exact
given operating conditions is 83.
Values of UCe estimated by the above method, compared to

UC values which were numerically computed from the test data using



47

Christiansen's equation are shown in Figure 10, A perfect correla-
tion between estimated and computed UC values is represented by
the diagonal (solid) line which passes through 100 and 100. The
correlation is not quite as good as in Figure 7 where the actual
basic UC curves were used directly to estimate UC values; how-
ever, the correlation is suprisingly good with most all of the esti-
mated data within + 5 UC points of the actual numerically com-
puted values.,

The data presenied in Figure 10 does not include square
spacings which were found difficult to predict by the graphical me-
thod as demonstrated in Figure 7. The few points which fall outside
of the envelope in Figure 10 can generally be associated with We
values represented by points which showed a poor correlation with

the regression lines on Figure 8.
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SUMMARY AND CONCLUSIONS

A method was presented and successfully tested for pre-
dicting the field performance of sprinklers for a variety of steady
state wind conditions from a limited number of single sprinkler
tests. Three basic geometric profile categories were investigated,

The method utilizes the concept of the shift in center of
mass, C, of the test pattern to characterize the cffective wind
speed. A functional relationship was developed for the relative
shift of the center of mass, Cr’ versus the average wind speed of
the test, where Cr = 100 C/Re. The high degrce of correlation
demonstrated that Cr is a reasonable indicator of the magnitude
of the ;mtegratcd wind vector irrespective of the variations in the
sprinkler-nozzle-pressure combination. The effective wind speed,
We, for all the tests was then assumed equal to the value corres-
ponding to the computed Cr of the test represented on the regres-
sion curve in Figure 3,

Values of UC versus the spacing along the main as a per-
centage of the effective diameter, 100 Sm/De were plotted for
S"e = 0.03 De' These '"basic UC curves' were plotted for a parti-

cular sprinkler-nozzle-pressure combination under a range of wind

velocities (Figures 4, 5, and 6). UC values were estimated for
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various spacings from the basic UC curves by entering the plots
with both the SE and Sm spacing as a percentage of De' UC of the
spacing was assumed equal to the product of the individual UC
values divided by 100. DBy this method it was possible to estimate
the uniformity coefficient within 5 UC points of the UC values ob-
tained using Christiansen's cquation. Almost without exception the
estimated UC values were lower than the computed UUC values as
shown in Figure 7.

In order to extend the usefulness of a limited amount of
test data, a means for estimating sprinkler performance at any
wind speed was developed. A functional relationship was developed
for the relative shift of the basic UC curves versus effective wind,
We, for the threec geometric profiles studied, see Figure 8. By
multiplying the Sm/De values from a basic (zero wind) UC curve,
by the Ss for a given We' the basic (zero wind) UC curve can be
shifted to represent the wind speed in question. Synthesized UC
values were then obtained from the basic (zero wind) UC curve by
the method mentioned above. The synthesized UC values show a
good correlation with the computed UC values with almost all of the
syntﬁesized data within + 5 UC points of the numerically computed
UC values, see Figure 10,

The above methods for dealing with the effects of steady
state winds when predicting the field performance of sprinklers

should prove useful for sprinkler system design. These methods
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should prove equally useful for organizing sprinkler test programs
and developing sprinkler performance tables from limited test
data.

The data utilized in the analysis was limited to stcady wind
speeds which never excceded an average velocity of 12 mph over
the duration of the tesi period. Additional work is recommended
to extend the analysis to include: (a) wind speeds greater than
12 mph, (b) very small (less than 7/64 inch) and large (grecater
than 1/2 inch) nozzles, and (c) sprinklers having mechanical
operating characteristics which greatly differ {rom the tested

sprinklers.



52

LITERATURE CITED

Allison, S. V. and Hesse, V. L. 1969. Simulation of Wind Effects
on Sprinkler Uniformity. Journal of the Irrigation and Drain-
age Division, ASCII, 90(IR4):537-550. December.

Beale, J. G. and Howell, D. T. 1966. Relationships Among Sprink-
ler Uniformity Measure. Journal of the Irrigation and Drain-
age Nivision, ASCE. 92(IR1):41-48. March.

Benami, A. and Hore, F. R. 1964. A New Irrigation Sprinkler Dis-
tribution Coefficient. Transactions of the American Society
of Agricultural Engineers, 7(2):157-158.

Bilanski, W. K. and Kidder, E. H. 1958. Factors that Effect the
Distribution of Water from a Medium- Pressure Rotary Irriga-
tion Sprinkler., Transactions of the American Society of
Agricultural Enginecers. 1(1):19-28.

Branscheid, V. O. and Hart, W. E. 1968. Predicting Field Distri-
bution of Sprinkler Systems. Transactions of the American
Society of Agricultural Enginecers. 11(6):801-803, 808.

Christiancen, J. E. 1941. The Uniformity of Application of Water
by Sprinkler Systems. Agricultural Engineering. 22(3):89-92,

Christiansen, J. E. 1972, Irrigation by Sprinkling. University of
California Agricultural Experimental Station. Bulletin 670,

Culver, R. and Sinker, R. F. 1966. Rapid Assessment of Sprinkler
Performance. Journal of the Irrigation and Drainage Divi-
sion, ASCE. 92(IR1):1-17. March.

Dabbous, Baha J. 1962. A Study of Sprinkler Uniformity Evaluation
Methods. Unpublished M. S. Thesis, Utah State University.

Fry, A. W. 1969. Sprinkler Irrigation Handbook. Published by
Rain Bird Sprinkler Manufacturing, Inc. 43 p.

Hart, W. E. 1959. Distribution Tests on Small Sprinklers,
Hawaiian Sugar Planters Association. Paper No. FE 7F-4.



Hart, W, E. 1961. Cverhead Irrigation Pattern Parameters. Agri-
cultural Engincering. 42(7):354-355,

Hart, W. E. and Reynolds, W. N. 1965. Analytical Design of Sprink-
ler Systems. Transactions of the American Society of Agri-
cultural Engineers., 8(1):83-85, 89,

Hogg, H. C.; Davidson, J. R. and Chang, J. 1969Y. Iconomics of
2 Water-Yicld Function for Sugar Cane. Journal of Irrigation
and Drainage Division, ASCE. 95(IR1):127-138., March.

Howell, D. T. 1964. Nonuniformity and Sprinkler Application Effi-
ciency. Journal of the Irrigation and Drainage Division, ASCE,
90(IR3):41-53, September.

Howell, D. T. 1964. Sprinkler Non-uniformity and Yield. Journal of
the Irrigation and Drainage Division, ASCE. 90(IR3):55-67.
September.

Keller, Jack. 1965. Selection of Economical Pipe Sizes for Sprinkler
Irrigation Systems. Transactions of the American Society of
Agricultural Engineers. 8(2):18(-189,

Keller, J.; McCulloch, A. W.; Sherman, R. M., ; Mueller, R. C. and
Jackson, G. R. 1967, Ames Irrigation Handbook. ublished
by W. R. Ames Company, Milpitas, Ca. 195 p.

Liang, T. and Wu, I. P. 1970. Systems Approach to Design of Sprink-
ler Irrigation. Transactions of the American Society of Agricul-
tural Engineers. 13(5):618-620,

Merriam, John L. 1968. Irrigation System Evaluation and Improve-
ment. Blake Printery, San Luis Obispo, Ca.

Molenaar, A.; Unbewust, J. S.; Hoisveen, M. W. and Jensen, M, C.
1954. Factors Affecting Distribution of Water from Rotating
Sprinklers. Washington Agricultural Experiment Station,
Circular 248,

Musick, J. T. and Dusek, J. T. 1971. Grain Sorghum Response to
Number, Timing, and Size of Irrigations in the Southern High
Plains. Transactions of the American Society of Agricultural
Engineers., 14(3):401-404, 410.



54

Norum, E. M. 1966. A Method of Evaluating Adequacy and Efficiency
of Overhead Irrigation. Transactions of the American Society
of Agricultural Engincers. 9(2):218-220.

Ohler, T. 1949, Grundlagen der Wasserverteilung durch Bere-
penungscjeracte. Berichte ueber Landtechnik, Verlag Helmut
Neurecuter, Walfratshausen Muenchen,

Pair, C. H. 1968, Water Distribution Under Sprinkler Irrigation.
Transactions of the American Socicty of Agricultural Ingi-
neers. 11(5):648-651,

Pair, C. H.; Hing, W. W.; Reid, C. and Frost, K. R. 1969. Sprink-
ler Irrigation. Published by the Sprinkler Irrigation Associa-
tion, Washington, D. C. 444 p.

Ptacek, L. R. 1972. Evaluation of Wind Effects on Sprinkler Pattern
Stability and Spacing Criteria. Unpublished M. S. Thesis, Utah
State University, Logan, Utah.

Redditt, W. M. 1965. Factors Affecting Sprinkler Uniformity. Sprink-
ler Irrigation Engineering Manual, Experiment Station of the
Hawaiian Sugar Planterg' Assoc,

Scott, V. H. and Corry, J. A. 1954, Sprinkler and Lateral Spacing.
California Agriculture. pp. 31-32. April.

Seginér, Ido. 1963, Water Distribution from Medium Pressure Sprink-
lers. Journal of the Irrigation and Drainage Division, ASCE.
89(IR2):13-28. June.

Seginer, Ido. 1969. Wind Variation and Sprinkler Water Distribution.
Journal of the Irrigation and Drainage Divieion, ASCE. 95(IR2):
261-274. June.

Seniwongse, C.; Wu, I. P. and Reynolds, W. N. 1970. The Effects
of Skewness and Kurtosis on the Uniformity Coefficient and

Their Application to Sprinkler Irrigation Design. ASAE paper
No. 70-223. July.

Sternburg, Y. M. 1967. Analysis of Sprinkler Irrigation Losses.
Journal of Irrigation and Drainage Division, ASCE. 93(IR4):
111-125, December.



55

Strong, W. C. 1961. Advanced Irrigation Design., "Africa and Irri-
gation.'' Proc. of an Internal Irrigation Symposium. Sponsored
by Wright Rain, Ltd. Held at Salisbury, Southern Rhodesia,
pp. 242-246.

Wiersmaua, J. L. 1950. Effects of Wind Variation on Distribution Pat-
tern of Slow Revolving Sprinkler Heads, Unpublished M. S.
Thesis, South Dakota Statc University.

Wilcox, J. C. and McDhougald, J. C. 1954, Water Distribution Pat-
terns from Rotary Sprinklers. Canadian Journal of Agricultural
Science. Vol. 35, pp. 28-33.

Yaron, Dan. 197)}. Estimation and Use of Water Production Functions
in Crops. Journal of the Irrigation and Drainage Division,
ASCE, 97(IR2):291-303. June.



APPENDICES

Appendix A

ASAE Recommendations and Data Forms

56



ASAE Recommendation: ASAE R330

57

PROCEDURE FOR SPRINNLER DISTRICUTION TESTING FORQ RESEARCH PURPOSES

Dreseloped by the Spondbe Tericstom Com:
Sundards Comnnttee,

SECTION 1—PURPOSE AND SCOPE

11 Thic Recommenatin has the followin s v purposes:

L To provide a baus for dhe acceeutation of data on

the distriburen chnceensties of sprnt s,

10,2 To provide woentenn madiod for the presentation of

the dana descilied i parageaph 111
1.2 The data caticaed are o be of such ostent and arcuracy
as 1o awist sprnlice syaem doienens in mabans ragonal decisions
reparding the water dutnbonen patcn of sponbicrs,
1.3 This Recomiienianan doesaibes the ypes and methad, of
obuining and rceordiv: pentinent dimane daz There muse Le
a seilcient amount of daa sa that apyarent conflicss between
results of diticrent investi=aors caa be resolveld.
1.4 No atteniptis made here o defing analysis procedures.

SLCTION 2--SPRINKLTR DILSCRIPTION AND SELECTION

2,1 Number of spranbicrs. Sinzle sprinkler tests only are covered
in these procedural recommendations. It s pencrally desitable
10 peeform ranre than vaz ot undor estensibly the same sprinller
operating and dimie conditisns. Fach wost shall be reported
sepasately and not combindd with others in any way,
2,2 Sclectien of sprinklers. Any sprintlor uwsed in these 1csts
shall be chnten at raedem froum normal peoduction suns,
2.3 Description of sprinkler, The sprinhicr shall be described
in such a way that 3 complerely unambizcous reference can be
made to it at # futere date. This description shall include, but
not neceesatily b o, the following:

Mazke

Madel namie and number .

Serial number or oiher identifying mark

Nozzle diameter (s) an? description (s)

Lnttance fitting desenpion (size, type, etc.)

Type of bearing

Other identifying information (c.g., straightening vanes, type

of drive, ctc.)

SECTION 3--TTSTING INSTALLATION

3.1 Sprinkler Jocation and installation,
3.1 The sprinkler shall be located in an area which has
cither a bare surface or less than 3 in. (8 mm) of vepetative
growth, The Jand shall have a maximum slope of V percent
for sprinklers discharging less than 3% ppm (2,21 licers per
sec) and 2 percent for other sprinltiers. The site shall be
Jocated such that theee is 2 minimem clear distance upwind
of the pattern arca of 6 heiphes for cach mile per hour (0495
meter pes sce) of wind speed up 1w 2 mavimum of 30 heights
for winds of 5 mph (2.23 meters per see) ot greater, and a
minimum clear distance downwind of the pattern ares egqual
to 5 heights of any downwind windbraak. A map showning
location and heizht of windbreaks shall be included on the
Standard Data Prcsentation Yorm. Tests shall not be run when
these conditions ate not satisficd.
3.0.2 The center of the main norzle of the sprinkler shall
be 2 ft (0.0m) above the averaze clevation of the taps of e
4 ncarcst collectors en land slopes of 1 percent or Jess, or 2 {t
(0.6m) hipher thun the top of the highest collector on land
slopes pseawer than 1 pereent.
$.1.3 The sprnbler ser shall be vertical within 1 deg.

3.2 Collector desuriptiva and location.
3.2.1 All colleanns usd to measure dhitteibution shall be the
same. They shall be dosiencd «udh that the water dins not
splash oyt and such that evapotation v kept 0 & minimum.
The cotlector shall be complewdy  desended on the dara
sheet, T aa cvapnaration suppressant s used, its type and nicthod
of apphicanon shall be reported.
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3.2.2 A squate pad pattern of collecrors shall be wsed, with
the spaani boween collectars buinz any whole avmber. The
sprinkler shall by located in the conter of 3 grid square (mid.
way botween § adccat collectarsy. A mimimum of 80 collee.
tors shall reccive varer Junag a2t Cthe positien of he
collectors shall be mamiained such thar the entrance . eiion
is horizontal, as Guoueed by visual mcans.
3.2 he aveniie shovecemnd horhe of the tops of the
4 collcaos noatcse the sprinkloe bl by athe: 3 {0 (09 m)
above the wround, o1, av an alicrnstvg, 100 (0.3 m) abose the
rround. This diaana shall be reparecd o “callectar height”
For land slopes of 1 pereent or loss, the collectars shatl be
0 2 horizonnl plane. For land slepes vreater than 1 percent,
the collectors shall be in a planc paralic e the averaze land
slope. .

3.3 Climatic memuring equipment and fucation.
33,0 The wind movement during the test period shall be
measured  with a rontingcup  aalizing ancimometer, of a
device of equal or beter accuracy, Hanung ball rype deviers
are nat o satisfactery, The wind discetica shall be measured
with 3 wind vane on the basis of & pane of the compass.
3.3.2 Wind meacuring equipment shall be Jocated wilun the
clear agea as dosenlad in paragraph 3.1 but owtside the sprink.
ler pawern, and at a haght of 13 ft (vim).
3.3.3 Dry and wet bull semperature “mesurements shall be
made 3t a location where the micraclimate is essentiaily une
afiected by the operation of the sprinkicr. This will normally
be upwind of the putera arca.

SECTION 4—MEASUREMENTS

4.1 Sprinkler pressure,
4.1.1 The nozzle pressure is defined as the pitot-static pressure
at the vena-contracta of the jet from the main (largest) norzle.
It shall be measuted with a pitor-tobe and 2 pressurceindicating
device accurate to within 22 percent (at the sprinkler pres
sure) and reported.
4.1.2 The base pressure is defined as the pressute head ac the
sprinkler. Thiv shall be measured at 3 paint on the nser at
least 2 riser dlamcters from zny change of direction of flow
or change in pipe cross-scctional arca, Pusition shall Le re-
cotded, The base pressute shall vary not more than 223 percent
during a test.
4.2 Sprinkler flow. The flow through the sprinkler shall be
measuizd and reporied to an accuracy of 3 percent. Volumernie
measurements under the test pressure, made with & sronowanch
and a container, or with a aiibrated water cter, are satsiactory.
4.3 Sprinkler rotation, The rate of totation of the sprinkler shatl
be measured and repored. The unifanmity of rotation thivugh
the 4 quadrants shall be mcasured #nd 1eported,
4.4 Climatic data,
4.4.1 Wind moeasurements shall be uken at 19 maximum
intervals of minutes. Distance shall Le recurdad 1o the nearest
0.1 mile (0.16 Kdametery of movement and ditcctions to the
ncarest octant, Ihircoon shall be hoyad o ane of the principal
sxes of the Standand Duwa Prascananion Tarm,
4.4.2 Wer and dry bulb temperateres shall bz mezasured ot
maximum intennals of 15 minutes.
4.3 Depth of apphcation. Vhe depth of application in cach ol
lector shall be detarmind 10 a0 accuracy of 22 porcent of the
averape apphication depth and geporad in a table showine the
locanion of the collector gelative o the sprinkles (sce Standard
Data Presentation Forin),

1971 ¢ AGRICULTURAL [NGINEERS YEARBOOK


http:Clinol.rc
http:RESEA.CH

3.1 Test duration, The prefersble wnt Muranon is 1 hour, Odhes
test dursnions may be usdd, bur the orconntanies anud e must
be cearly sratcd on che et shoce Spombices shall be searead and

SLCTION 5=1157 DURATION

stopped at the samce position and true sl tme reorded.
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SECTION 6—RLPORTING

6.1 Information to be recorded: The duta oudined in Scetiony
2, 3, 4 and % shall be reconded on furms suanar o those showsg,
in Figs. b oand 20 A separate st of shicets shall be proepared for
cach sprind o e,

6.2 Decviations from recommended procedure, Deviations from
the recomoiended procedure shall be sdicated oa the Standard
Data Preseannuon Form for Spoakier Discabuuon Tests.

6.3 Additional daca. Addiona] dan oa the conduct of a test
should be sncluded of 10 will benchie the system designer or help
explain vagatics in results,

Test Conditions

Testing Ajency.__ Date “Test Mo.
Sprinkles Specitiations (Par, 2.3) .
Test Locwtion ____ Weathes

1.
2
3
4.
3
€
?

Cleaide doanmter of e,
o Cotloctor beight, fro (e 323y

v Spasbior beght, fro (. 3.1.2)
. Flaw tate, gpm (Par, 4.2y
. Dxacription of collector (Par. 3.2.1)

Veetical distince liom riscr gace to noarle, in. (Par, 4.1.2) .

Collectar enttance dract-r, tn, (Par, 3.2.1)

\'nlun—wl(ollrclur

B. Lvaporation suppressant uved
9. Data duting test:
I
| Wind Terp, ‘P Rotation rate, sec per full rev Pres. psi
Time Mt Duis. 1S W RH, G Full ht O 2nd Q 3rd Q 4th Q Noz Basc
10, Map of test ares. Give the following:
2. Jocston ol sprnkicr, .
b. Location of chinistic mcasurement equipment.
€. Wind ditection danng tet jeniod, .
d. Distance from spnskles to wil wiadbeeaks (upwind, downwind,
and 1o side),
e. Heights of all windbrcals

;::.'::‘,l:;._’:,;,’jﬁ:ﬁ.“:':;;.'in";“,;;,'.'“'"" not meet the eniteria for sprnkles teating set forth in ASAF. 330, Procedure for Sprinkler Distrit.ution

FIG. 1—STANDARD DATA PRESENTATION TFORM, Tese Conditions
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Testing Avency Date Fest. No.

Sprinkler Spearfications

Test Location Westhet

.
— — — —— — — — — Y — ——— — —— —_— — ———
— — — —— —— —— —— —_— — _— — — — — —— o———
— — — — — —— e — —_— —— —_— — ——— —— —— —
——— —— —— ——n — — —_— —— — — —— ——— — — P —
——— — — — — — ——— — m— — — — —— — ——— P
— —— —— ——— — —— B —— s —— — — o— — — ————
.
——— —— —— — — — e — — —— ———— —— —— — —— e
—ne ——— —— —— — — — — —— —— — ——— — —— —— ———
— — —— — PUSRSIN — [USE, o —— — — — — a—— —— - ——— P
——— — ————a —— — — — —— — — — — — om—e B —
—— — —— —— — s — ——— [ ——— — —— —— — A— ———
-
——— e a—— —_— — — — — — —— — —— — o——— — —
——— — — — —— —— — —— — — —— —— —— — s s
— e — B el — — — —r— — — ——— — — —— — ——
.
— — — — —_— —_— — — —— — —— — — -——— — O——
PSS ———— —— — — — — ———— — — e —— e — P n———
— — e— —— — —— —— — Sm—— — o— —— ——— —— —— o——
—— —— — o ———— —— m— e e —— — — ey — — ———
.
——— — —— — —— s C—— —— — —— G—— P — — ———e S—

Above depths in inches x 100, Mk locations of sprinkler with plus (4) sirn. Indicate prevailing wind direction by an srrow snd give its Teast angle
of devistion from & hine pacallel o one of the punupal axes of thus sheet. Gud spacing 18 I,

FIG. 2—STANDARD DATA PRESENTATION FORM, Map
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1. Test No. 7. Daic
2. Sprinkler No. 8. Time
3. Sprinkler Model 9. Location
4. Nozzle Sizes: Range Spreader 10. Weather
5. Varne 11. Evapcration: Begin Test Encd Test
6. Riser Height Begin Read End Reac
Cum. Wind Temp ©OF] Rotation ¥ Flow Rate | Flow Rate Total [Pressurc |
Test Anem.| Specd . RH,%{ . Range Noz, Spr. Nnz. Psi
) Direct. . DB |WB Time | No.Rev.| RPM — - - Q -
Tim “iRead. | KM/HR ! “1rime 1Gal iQ 1 Time Gall 1 Q ‘Noz.lase !

] i 1 i
i | i i

1} ]
1 : . t

|

09



F L
L T )

Test No.

Spriakler No.
Range Nozzle

|

Spreader Nozzle -

19
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Shift in Center of Mass Calculation

Imput Proc;edure
Data Cards
First Card: A Format
Column
-5
16-21
28-42
51-55

66-72

Second Card: F Format
Column

1-5

6-10

Test Number
Sprinkler Model
Nozzle Size
Nozzle Pressure

Wind Vclocity

Number of cans in the
rows and columns of
the sprinkler test. The
cans must be symetri-
cal about the sprinkler
and the cans per row
must equal the cans

per column.

Catch-can spacing

" The remainder of the cards are the actual catch-can values.

As mentioned the pattern must be symetrical about the sprinkler
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location. The values are read inon an F 4,1, therefore, there are
20 can readings per card. Cans with zero depth must be accounted

for by either putting zero or leaving the field blank.

Output

This program computes the shift in the center of mass of the
wind affected single sprinkler test pattern. The shift is in feet.
The program also computes the angle of the shift measure from
North. Plus (+) angles are clockwise, minus (-) angles are counter-

clockwise,
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SHIFT IN CENTER MASS CALCULATION

DIMENSION C(24.20) HED (20}
WRIVYE(E.101)
ml FORMAT (1H1)
WRITE (64106
M6 FORMAT (INX v TEST NOW*+UXe*SPRINKLER NO & ®oliXe *NOZZLE SIZE®«4X
§NO2ZLE PRESSURE * o4 Xe"WIND VELOCTTY Y olXe*SHIFT OF Co Ge®oliXe
S WIND ANGLET /59X, *PSI* 15X v *KM/HOURY s 13X *FEFT 1 1X¢*DEGREES ¥/ /)
2 READ (Se1084ENDZ3Y (HEDUIY v IZ1e200)
DG FORMAY(2044)
READ (5.103) N+SPACE
NZDEMFHSTON OF THE SPRINKLCR PATTERN TO BE READ 1IN
(NOTL-MUST BE SYMETRICAL ABOUT THL SPRINKLER)
IF N IS EVEN THE SPRINKLER IS MIDWAY BETWEEN & ADJACENT
COLLECTYORS
IF N IS 0DD THE SPRINKLER US LOCATED ON COLLECTYOR POINT
SPACEZSPACING BETWEEN COLLECTOR POINTS
IT=N/2+2-N
i3 FORMAT(IS«F5.1)
READ (S5100)Y ({C(TIsJ)edZ1eN)eIZ1eN)
0 FORMAY (?20F 4. 1)
XS:DO
MzQO.
¥ySz0.
YMz=0.
DO 1 IzZ1eN
DO 1 J-1eN
CC=C(TI.J)}
XM XM+ SPACE*FLOAT(J Y oCC
YM ZYMe SPACECFLOAT(] ) sCC
XS —xs+CC
1 YSZYS+CC
XC =X M/ XS
YCZYMZYS
IF (17 JbLT. OV XG=FLOAT(N/2+1) sSPACE
IF (IT7T .EQ. OV XGZ(FLOAT((N/2)+0.5)) sSPACE
YG =XG
XD =X G- XC
YDzYC-YC
AL PHAZATANZ(YD+XD)
AL PHAZ AL PHA¢S57.296-90.
D=SORT(XD»s22+YDe »2)
WRITE (6¢10%) (HED(I)eIZ1e20)eDeALPHA
065 FORMAT {10X e?”DAlUe SXeFGe2¢10XF7.2)
GO YO 2
3 WRITE (6.200)
2 D FORMAT(//7/720X+'NOTE--PLUS ANGLE IS CLOCKWISE MEASURED FROM NORTH®*)
ST OP
END
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Grid Rotation and Uniformity Coefficient Program

Imput Procedure
Data Cards
First Card:
Column

1-5

Second Card:

Column

1-4

5-8

Number of spacing combina-
tions to be investigated.

Spacing on the Lateral as a
proportion of the effective
diameter.

Spacing of the mainline
as a proportion of the
effective diameter.

There must be the same number of spacing combinations read

in as indicated in the first data card.

The spuacing combinations

are read in consecutively starting at the beginning of the second card

using a 20 F 4.2 format, 10 spacing combinations per card. It

may take more than one card depending on the number of spacing

combinations desired.



Third Card:
Column

1-5

6-10

Fourth Card:
Column
1-5
6-15

16-25

26-35

36-45

67

Number of cans in the rows
and columns of the sprinkler
test. The cans must be syme-
trical about the sprinkler.
When the sprinkler is midway
between four cans the number
of cans is even. If the sprink-
ler is localed on a grid point
the number of cans in a row or
column will be odd.

Catch~can spacing

Test Number
Shift in Center of Mass

Wind angle measures from
North (plus angle clockwise
direction)

Effective Diameter. The
effective diameter can be set
at 100 so the proportion used
on the 2nd card can be multi-
plied by 100 to equal the
sprinkler spacing.

Desired grid spacing after
interpolation for intermediate
grid points. This spacing
must be divisionable evenly
into the can spacing for the
sprinkler test.
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The remainder of the cards are the actual catch-can values.
As mentiorned the pattern must be symetrical about the sprinkler
location. The values are read in on an F 4,1, 20 values to a card.
Cans with zero depth must be accounted for by either putting zero

or leaving the field blank.

Output

The rotated single sprinkler pattern is printed out first.

The uniformity coefficient is computed for each spacing com-
bination and printed out showing the actual spacings in feet and the

spacings as a percentage of the effective diameter,
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CNCULATION OF GRID ROTATION

[ M)

DIMENSION C(24+¢20)y CRE24e2U}+AL10D+60)B(60sRO)»
SCE (100100 TLS{BEN) IMS(60)YSL (60)SMIBD0)
READ (5+100) KNSR
C NS RZNUMBER OF SPACING COMRINATIONS TO BE INVESTIGATED
10 FORMAT (IS)
REED (5¢908) (SL(N) oSHIN)IsNZ1¢NSRY
SL (M)=SPACING ON THE LATERAL AS PERCENT OF EFFECTIVE
DI AMETER
SM (M)=SPACING ON THE MAIN AS PERCENT OF EFFECTIVE
DI AMETER
9 8 FORMAY (21IF L. 2)
READ (Se101+ENDZ=3) NeSPACE
N-DE MENSION CF THE SPRINKLER PATTERN TO BE READ IN
(NOTC=MUST BE SYMETRICAL ABOUT THE SPRINKLER)
IF N IS EVEN THE SPRINKLER IS MIDWAY BETWEEN 4 ADJACENT
COLLECTORS
IF N IS 0DD THE SPRINKLER US LOCATED ON COLLECTOR POINT
SPLCEZSPACING BETWEEN COLLECTOR POINTS
0 FGRMAT(IS«F5.1)
IT=N/2%2-N
NN =N
ISPACE =SPACE
READ (5+1001) TTEST+CG ANGLE +DIACS2
ITEST=TEST NUMBER OF DATA (FOR IDENTIFICAYION PURPOSES)
CG-SHIFT IN CENTER OF MASS
ANGLE=DIRECTION FROM WHICH WIND IS BLOWING+PLUS ANGLE IS
CLOCKWISE MEASURED FROM NORTH
DIA=EFFECTIVE DIAMEYER OF SPRIMNKLER (ZERO WIND)
S?-DESIRED GRID SPACING AFTER INTERPOLATION FOR
INTERMEDIATE POINTS
0Ny FORMATY (IS. 4F 10.0)
DO 85 I-1«NSR
ASPM=SM(I)+DIA/S?2
ASPLZSL(IY«DTA/S2
ISPL ZASPL
IS PM -ASPH
ASPL2=1ISPL
AS PM2-1SPM
RM ZASP M- ASPMZ
RL CASPL-ASPLZ
IF (RM GEe DeS) ISPMZISPMe]
IF (PL «GE <« 08.5) ISPLZISPL+1
ILSCIYZISPL
5 IMS(IYZISPH
READ(5¢102) ((ClIedYedT1leND)eIZ1IsN)
C C(IeJY=SINGLE SPRINKLER TEST PATTERN DATA

OoOO0O0

- OOOOOO0ON

=OOOOOO00
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70

n

712

73

70

1'2 FORMAT (2NF4. 1)
00 2010 I=1.6
ANGI Z15
AL PHAZANGLE-FLOAT(I-1) »ANGL
NDON/2+1
IF (IT.EQ.10) RAD=(FLOAY(N/2)-D0.5) *SPACE
IFLITLLTL0) RADZUIN/ 21+ SPACE
AL PHAZ AL PHA/ST.29578
N1 =N +1
DO 4 TzZYeN
DO 4 J=Z1.N
IF(ITLEQ.0)Y GO TO 12 .
IF ( T.EQuND «ANDe J «EGe ND) GO TO 6
X:FLOAT!J-I)‘SPACE—RAD
YZRAD-FLOAT(I-1)=SPACE
X ZSORT(XsXeYeY)
IF(IT.EQ.O04 GO TO 9
IF (J .NE. NDY GO TO 9
IF (I .67. NDY BETAZ-1.570795
IF (T JLT. NDY BETAZ].570795S
GO T0 10
9 BETACATAN2(YsX)
10 SAZSIN(BET A+ALFHA)
CA=COS(BET A+ AL PHA)
X= XL *CA+RAD
YZRAD-XL »SA
IF (ABS(Xx-RAD} .LE. 01 } GO 7O 11
IF(X.GE.0.} GO TO 70
Ix =X
XTZFLOAT (I X/ ISPACE-1)sSPACE
GO TO 71
IX =X
XT=FLOAT(IX/ISPACE)*«SPACE
IF (Y .GE.U.) GO TO 72
Ivcy
YT FLOAT(IY/ISPACE-11)+SPACE
60 TO 73
1Yy
YT-FLOAT (IY/ ISPACE}Y+«SPACE
XYP=-XT+SPACE
YTP-YT+SPACE
II=0
T=(RAD-Y)/ (X-RAD) s
IF (aB8S(T) .LE. .000f1)Y GO TO 27
9 YL ZRAD-YTY
b =2 A WA §
YL SRAD-YL
XL SRAD+XL
J1 =1
IF ({XT-XL) e LE.eDOMNDY1 «ANDe (XL -XTP} JLE. 0001)
$G0 YO 2%
"6 YL CRAOD-YTP
oyt
YL SRAD-YL
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X CRAD XL
Jl =2
IF({XT-XL) +LE..0D0! «AND. (XL -XTP) .LEe. .0D01)
$G0 TC 25
7 XL =XT-RAD
YL =X 1«7
XL =X L+RAD
Y. ZRAD =YL
Jil =3
IF ((YT-YL) JLE. 0001 AND. (WM -YTP) LE. .00O0D1)
$CO YO 25
‘B XL =XTP-RAD
YL oXbLeT
XL =X L+RAD
YL ZRAD-YL
Jl =4
IF (tYT-YL) JLf. 0001 «AND. (VML -YTP) LLE. 0001
$G0 TO 25
"7 WRITE (6+120) JTeJeALPHA XY
PO FORMAT (10X v*PROGRAM FAILURE AT I=*9ISe3Xe*Jz’sIS5s3X
St ALPHAZ " s FB.295X e XZ *9FB.2e5%Xe Y= *¢F6.2)
ST oP
5 II=II+1
IF (J}.LEs 2) GO TO 34
Il =X+ .02
I1 -T2/ ISPACE +}
Io=YL+ .02
I0ZI0/Z ISPACE +1
1371
I2-10+1
D=vyL -YT
GO YO 35
‘Y4 J1ZXLe.D2
I1=TI171ISPACE+]}
IDzYL+ .02
I0=I0/7 ISPACE+]
I3-11+1
I2:=10Q
DXL -XT
S G0 TO (29300011
29 X1:=XL
Yl -yt
D1 =D
I4z10
Is-11
16 =12
I7=13
"6 GO TO (26¢27+28¢37)0J1
0 XZ2:=XL
Y2-YL
D2 =D
IF (ABS(X1-X2) .GE. .01 +OR . ABS(Y1-Y2) .GE. .01)
3CG0O T0O0 31
IT-T1-1
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GO TO 3%
"} F1:=0.
F2:=0.
IF ( (I, LE. NoaANDe TU.GE. 1) oANDe (IS LE.N <AND.
315 «6E. 1Y) FI1=CUlIH «15)
IF ((IGJLE . NeANDe IG.GEe 1) o ANDe (I7 JLE.N AND.
$I7 4GEe 1)) F22CULIGIT)
V1 F14D1/SFACC+(F2-F1)
Fr1zD.
F2-0.
IF ((10eLE . NoAND. TIN.GEe 1) < ANDe (I1 JLELN <AND.
$I1 JCE. 1)) FIZCCID+I1)
JF ((Y2.LE e NoANDe JI2.GFE. 1) <ANDe (I3 JLEN +AND.
$I3 .GE. 1Y) F2=C(IZX3)
V2ZF 1¢D2/SPACEs(F2-F1)
DZSERT((X~X1le s24(Y-YY)asD)
DT ZSORTE(X2-X11en24{Y2-Y1) #e?2)
4 CRI(T «JIZVYI+D/DTe(Y2-V 1)
GO TO &
6 CR(I+J)I=C(I. )
GOTO 4
1 JYZY/SPACE
D=Y-FLOAT(JY)=«SPACE
JYZJvy+l
JrlizJdy+1
CRAT «JIZCUND2JY) sD/SPACE#{CINDeJY 2 )-CI(NDeJY))
4 CONTINUE
WRITE(B.2040)
20 FORMAT(1H1)
DO 2039 I-1eN
2039 UWRITE(B«¢l0%) (CR(IeJYed=1eN)
105 FOPMAT (5Xe2uFS,. 1))
WRITE(B6«2020)
20200 FORMAT (/// v BXe"TEST NO«®o TXe*CG SHIFT®s 7Xe
% 'WIND ANGLE®* 10Xy LS
Jel1OXe*"MS* 10X e "SR 10X e "CU o1 2%Xe *SLY+v1DX»*SM?/)

CALCULATION OF INTERMEDIATE GRID POINTS BY LINEAR
INTERPOLATION

s NeNeNe]

L= (SPACE+.02)/S2
IF (L.EQ.2) GO YO 804
L1t -1
N1 =N -1
DO 300 Iz=1+N
D0 800 J=1sN1
F1=CR(I.J)
F2Z=CR(TIesJsl)
I1 A »(T1-1)+1
JlL»(J-1)+1
CE(IY.J1) = CR{I.)
CE(ILlvJL+L)I=CRI{Ivd+1)
00 801 K=1l.L1

80 1 CE(I1eJL1+KIZF1+FLOATI(K)/FLOAT(L) o(F2-F1)
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80 N

80

IzNeNeNe!

89

88

56
53

54
50

55

51

91

(O

60
67

CONT INUE

NNZLs(N~-1) 091

Ny SNN-L

DO 803 I=1wNU.L

DO 803 J=1sNH

F1z=CE(I+ D)

F2=CL{IeL o)

00 80?2 K=1.L1

CEA(T *X o JI=F1+F LOAT(KI/FLOAT(L) s(F2-F1)
CONT INUE

SUPERIMPOSITION OF SPRINKLER PATTERN AND
CALCATION OF UNIFORMITY COEFFICIENT

NDSNN/72+¢1

DO 64 M=1MNSP

LS ZILS (M)

MS ZIMS (M)

LS1 = LS + ND

D0 S J = NDeLS1

J =y

IF (WJ.LE.NN} GO TO 88
JJJSLS

IF (UJ.GT .NNY GO TO 89
I1uJ

Iz2=0J

I3-U-ND+1

DO S6 I-ieNN
A(I+I3)=CEC(I N
I1Z11+LS

I2-I2-LS

IF{T1.GT .NN) GO T0 SO
DO S4 Iz1.+NN

Al TeY3IZA(TWI3)+CELTVILY
IF(12.LT.1) 6D TO S1)
DO S5 I-1eNN
ACIvIZIZA(TI«I3)I+CE(TI2)
GO TDO 53

CONT INUE

MS 1=MS +ND

LS2zLS+1

DO S7 I=NDsMS]

ITuz-1

IF(I1J.LELNN) GO TO 9D
ITU=II J-MS
IFITIJ.GT.NN) GC TO 9}
Ji=-171J

J2 =1 1J

IZC-I-NDe+1

DO 60 YIZ1eLS2
BCIZCTINZA(ITUNIT)

J1 ZJ1+ WS

J2J2-MS

IF (U1.GT .NN) GO TO S8

73
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00 61 TIZ1.LS?

61 BCIZYIIN=3(I3-II ¢ACJL+ID)
58 IF (U2.LT.1) GC TO S7
DO 63 II=1.LS2
63 BUIZ TN zB(IZcITVeA( U221
G0 TO 67
57 CONT INUE
MSZ2=MS +]
SUMz=0.

D0 65 Iz1eMS?2

DO 65 Jz1.LS2
65 SUHZSUM+B(TI N

AVG ZSUM/FLOAT (LS 2#MS2)

SDz0.

00 A6 Iz1.MS2

DO 66 J=1eLS2

DEV = ABS(B(I«J)-AVG)
66 SD =SD+DEV

CUZ100.+ ()1.—SD/SUM)

AMSZSM (M)«DI A

AL S=SL (M)eDI A

SRZALS /AMS

WRITE(G6+2030) ITEST+CGv ANG] oAL Se AMSe R v CUe SLIMI«SM(M)
20% FORMAT (1H +S5Xol1SvIDX1FBo2¢10XeFBa2s10XvFS5e10e7XeFS.1

S XeFO oo TXeFGo2y TXeFBe2¢6XeFE2)

64 CONT INUE
Zn b CO NT INUE

GO Y0 2
3 ST OP

END
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Profile Factor

75
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Becausc of the varicty of nozzle-pressure combinations
possible for any particular sprinkler model, it is possible to pro-
duce many variations of a single gecometric profile, or even to
produce sevleral distinct profiles by using a wide range of pres-
sures. Therefore, it was felt that in order to categorize a profile
produced by a particular nozzle-pressure combination into one of
the three general geometric profiles being studied, some criteria
must be established. In the early stages of the research, an
attempt was made to describe the shape and stability characteris-

k tics of the three general geometric profiles by a single dimension-
less parameter. However, the parameter was never actually
applied in the final analysis., It is presented in the Appendix section
s§ that it could be used in future research.

Through a more or less trial and error dimensional ana-

lysis the 'profile factor,' P.F. was developed. The profile factor

is defined by the following equation,

P.F, = —/—— ' (2)

Where Gv'is a weighted volume moment, Reis the effective radius,
and dav is the average depth of the sprinkler pattern. These variables

can be defined mathematically using a typical profile as follows.



Mathematical Definitions:

> - AR
¥
d K d <—zero wind profile
1 >
R
< - >

Vertical incremental areca = A

A = dR < d
Area A revolved around the axis = Vol.
Vol = 2wRA

(1) Weighted volume moment, Gv

G = Z(R+ Vol.) - Infinitesimal volume
v % (Vol.) - Total volume
5 € on(d. R%)dR
G - (0]
v R
5 © 2n(d- R)dR
(o]
R
‘So ¢ d- R%) 4R
G =

77

(3)

(4)

(5)
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-(2) Average Depth, dav

d _ Total Volume (6)
av _ Bottom Surface Area S
2n5 © @- R)dR
a = — (7)
av ™R
e
R
2 50 ©(d - R)dR
= 8
dav R 2 (8)
e

By analyzing the variables which made up the profile factor,
it can be seen that many of the parameters contributing to the
general shape and stability of a geometric profile are contai.ned in
the P.F. The greater the distance the .water falls from the sprink-
ler, the more the P.F. is effected by the Gv term. Gv is a function

of several factors.,

Gv = f(Discharge per Unit Time, General Shape, dav’
R )
e

where Discharge = f(szzle, Pressure)
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G = f(Nozzle, Pressure, Unit Time, General Shape, dav'
v

R )

C

The terms R and d v are the function of several factors also,
_ c a

R = {(Nozzle, Pressure, Mechanical Operating Charac-
e
teristics)
dav = {(Nozzle, Pressure, Unit Time, Re)

It can be seen from the above crude analysis that P.F, is a
function of (1) Discharge for a unit time; (2) Nozzle size and pres-
sure; (3) General shape of the profile; and (4) Mechanical operating
characteristics of the sprinkler such as speed of rotation, number
of nozzles and angle of trajectory.

In order to apply the Profile Factor to the variety of geome-
tric profiles encountered, graphical integration must be used to
compute the variables. It is suggested that the profile be di\;ided
into five areas for the graphical integration. The standard unit
time for a test to determine the zero wind profile should be one
hour. If the test duration is not one hour, the depth can be converted

by a simple ratio.
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