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ABSTRACT

Sprinklér Performance Prediction‘When
Operated in Unsteady Wind
by
Thomas J. Young, Master of Science
Utah State University, 1973
Major Professor and Thesis Director: Dr. Jack Keller
Department: Agricultural and Irrigation Engineering
A method was suggested and demonstrated for predicting the field
performance of sprinklers operated in unsteady wind conditions from
a limited number of single sprinkler tests and a limited amount of
wind dota. The usefulness of a single sprinkler test is increased
by rotating it to any angle, thus enabling it to depict the effects
of wind from any direction and resulting in a reduction of the number
of tests needed. Wind data is grouped into 45° angle segments and
averaged within five mile per hour wind cpeed intervals.
The method involves synthesizing the effect of unsteady wind

on sprinkler water distribution by utilizing a computer to ;tack a
series of sprinkler tes;s éo;ducted in steady wind. The resulting
total stacked test pattérn representing the influence of unateady
wind is utilized for predicting the uniformity of water distribution

for a lpr#nkler operated in the wind conditions nodeled.

(95 pages)



INTRODUCTION

The use of sprinklers to apply irrigation water is a popular
irrigation practicg. Interest in using sprinkler irrigation systems
continues to grow as the efficient use of water becomes more impor-
tant for profitable crop production. An efficient irrigation system
must be capable of applying the water where and when it is needed
in order to maximize crop yield and quality.

The evenness of water application over a crop area is defined as
distribution uniformity. It is an important aspect of sprinkler
system design which should be known in advance. Researchers have
conducted many investigations to determine the uniformity of distribu-
tion. Results indicate it to be affected by many factors (Redditt,

1965). They are as follows:

(1) wind speed (5) riser height

(2) wind direction (6) sprinkler head design
(3) spray loss (7) pressure

(4) spacing . (8) set time

Uniformity can be improved by proper selection of the controllable
factors. Of the above list, spacing, riser height, sprinkler head
design, pressure, and set time are controllable aspects of a sprinkler
irrigation system and can be selected to produce uniform water distri-
bution in no wind conditions. Spray losses can be partially controlled
by proper nozzle design and use of correct pressure.

The effect of wind speed and direction on uniformity has been
studied uging constant winds. Hoyﬁahan (1972) preseqted a method for
a variety of steady state winds. Branscheid and Barf (1968) have done

| work on predicting uniformity by superimposition. However, sprinklers



operated in environmental conditions are subject to winds variable in
speed and direction. At present, no reliable method exists for
predicting the field performance of . sprinkler system that is to be

operated in variable wind conditions.
Objectives

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

Can a practical procedure be developed where standard test site
sprinkler performance data and wind direction-speed profiles are uscd
to synthesize field performance of sprinklers operated under variable
wind conditions?

What effect does unsteady wind direction or speed have on sprink-
ler water distribution uniformity as compared to performance in
steady winds? |

Can the shift in center of mass of the can catch data of a single
sprinkler provide a useful single parameter to define an unsteady
wind? 1If center of mass is not sufficient, can another parameter
be found?

It is hoped that understanding the effect variable wind has on
sprinkler performance may lead to improving uniformity with better

designs and selective management practices.



REVIEW OF LITERATURE

Analysis of Sprinkler Distribution Uniformity

A uniformly distributing sprinkler system would apply the same
depth of water over the.entire area irrigated. A system supplying |
a perfectly uniform distribution could be operated to apply the exact
aqount of water needed by the crop. This situation can never be
fully achieved, however, because some of the factors affecting
distribution uniformity cannot be controlled. Investigations have
been made to determine which factors affect distribution uniformity.
Conclusions indicate they can be grouped into the categories of design

factors, environmental conditions, and management practices.

Design factore

Certain elements of a sprinkling system are variable but once

" a selection for the system design has been made, they become constant.
These elements have an effect on distribution and will be considered
as follows: physical sprinkler design, nozzle size, rate and uni-
formity of rotation, riser height, and spacing along and between
laterals (constant for solid set systems).

Physical sprinkler design. Investigations have been made to
determine the effect of sprinkler head design on uniformity. Seginer
(1963) found differences in oscillating arm length and nozzle shape
ahd-length cauged slight differences in distribution charactorietica.
These differences were found to be small from a praétical point of

- view. Results from studies such as Wiersma (1950) have shown uniformity



in Gind conditions 1s affected by the angle between the nozzle and
horizontal. A low trajectory of 21° 1s generally accepted to provide
maximm wind’%esistange and uniform coverage. Also, a single nozzle
usually givea better uniformity in winds above eight miles per hour
than a sprinkler lead equipped with two nozzles.

Nozzle size. For any specific spacing the larger nozzle sizes
have higher distribution uniformity for any given opefating pressure
and sprinkler head. An increase in nozzle diametér tends to produce
larger drops which are influenced less by wind than smaller drops
(Wiersma, 1950). Also, Bilanski and Kidder (1958) found as fhe nozzle
size is increased, the nozzle approaches a tube which gives a more
desirable distribution than a tapered nozzle.

Rate and uniformity of rotation. The sprinkler head of most

interest in irrigation system design is the oscillating arm or impact
type. The head rotates through a small angle each time “he spring-
loaded arm strikes the sprinkler body. Christiansen (1941) reported
the high rate and nonuniformity of sprinkler head rotation were the
majorifactors causing poor distribution uniformity. Recent advances
in soring and bearing materials have significantly improved the uni-
formity of rotation until it no longer stands as a major problem. The
rate of rotation influences the diameter covered by the sprinkler.
Bilanski and Kidder (1958) observed an increase in rate of rotation
vas accompanied by a decrease in distance the water traveled. Water
drop size is smaller for faster rotation resulting in greater wind
influence and generally lower uniformity.

Riser height. Investigators such as Wiersma (1950) and Hart

(1959) report riger height above the crop to be ingignificant at wind



. speeds less than four miles per hour. However, in winds of higher
upe§ds riser height has an influence on uniformity. Wiersma (1950)
found a greater difference in uniformity between 6 inch and 12 inch
risers than between 24 inch and 48 inch risers. Air turbuleace near
the crop surface distorts the sprinkler pattern more than steady air
flow which occurs.at increased riser heights (Keller et al., 1967).
Hart (1959) concluded from his investigations that water losses re~
suiting from wind drift increased as riser height increased.

Spacing along and between laterals. Distribution uniformity
generally decreases as the spacing is increased. The effect of wind
on water distribution is more pronounced as the spacing between laterals
increases (Seginer, 1969). It 1s possible to have a spacing where
‘the pﬁints of heavy application for one sprinkler fill in points of
| light application from an adjacent sprinkler. This spacing would
result in the best uniformity. Alternate spacing of sprinklers on
the lateral is one attempt to achieve this best uniformity when the
wind pattern is similar in speed and direction from irrigation to

-irrigation.

Environmental conditions

The environmental conditions during the time of sprinkler system
operation have an important effect upon the uniformity of water
‘distribution. In the system design attention must be given to wind
speed and direction, wind histories, and water losses.

Wind sﬁeed and diréction. Certain éoncluaions about the effect
6f wind speed and direction can be drawn from research such as that

. done by‘Chriatiansen (1941), Allison and Hesse (1969), and Seginer



(1969). It is known the wiformity of distribution test pattern§
gets worse the higher the wind speed aud also, the effect of wind
speed‘is small at very close sprinkler spacinge. -

Lower uniformity of water distribution at high wind speeds is
primarily the result of quicker bre;kup of the jet. This produces
a shorter cross wind range from the nozzle of the sprinkler. The
jet range reduction on the upwind side is usually matched by a
corresponding range increase downwind of the sprinkier. This causes
a high concentraticn of water near the sprinkler on the upwind side
and a deficiency on the downwind side. The result is lower uniformity
(Redditt, 1965).

Christiansen (1941) concludes from his research that the effect
of wind on the distribution uniformity over a large area can largely
be overcome by proper spacing of the spriﬁkler. Closely spaced
sprinklers provide adequate overlap which makes unevenness less serious
because the local areas of high and low concentration always occur at
the same relative position with reépect to the sprinklers and do not
overlap on themselves to prodiuce an exaggerated effect (Christiansen,
1941, p. 85). This conclusion is Justified only in areas where the
winds occur in patterns and the sprinklers are moved after each operation.

The amsint of variability in wind velocity (both speed and
direction) has an important effect on the distribution of water, especi-
ally with solid set systems; If the wind velocity changes, an area
which received a heavy application one time might get a light appli-
cation the next. Usually the greater the wind variation the more

smoothing effect there is (Redditt, 1965).



Efforts have heen made to use the direction of the brevailing
wind as a basis for system lateral layout selection. Seginer (1969)
aﬁd Keller et al. (1967) recommended the lateral be placed perpendi-
cular to the wind direction. Hart (1959) concluded from his research
that when laterals are pafallel to the wind a greater uniformity
re;ulta than when the wind angle is perpendicular to the lateral
direction. Wiersma (1950) and Ptacek (1972) performed studies which
~revealed there is no single wind orientation which provides a superior
ﬁniformity for all sprinkler spacings and wind conditions. In practi-
calyfield design the common practice is to place the laterals at right
angles to the prevailing wind.

Wind speed and direction affect the sprinkler spacings that can
be used without loss of uniformity. It is a general practice for the
maximum spacing under no wind conditions to not exceed 70 percent of
the diameter of coverage for one sprinkler. The higher the average
wind'condition, the nearer the spacing should approach 30 percent of
the diameter. For winds above eight miles per hour the spacing
should remain at 30 percent (Fry, 1969).

Moynahan (1972) made a study of wind effects on sprinkler perfor-
mance in which he used the shift in center of mass as an indication
6f wind direction and sprinkler stability in wind. He proposed the
location of the center of mass of the can catch data on a plane
parallel to the soil surface_dépicta the average wind effect on a
single sprinkler pattern test. The center of mass of a single sprink-
ler pattern is defined as the point where the moment of the can catch
values (weighted by the distance from the sprinkler head) sum to zero.

It can be visualized'aa the Salancing point for the mass of water



emitted from a sprinkler during a test. For the concept to be valid
the sprinkler hesd must rotate uniformly to position the center of
mass (Cm) at the sprinkler in zero wind conditions. Any wind would
move Cm away from the sprinkler opposite the direction from which the
wind was blowing. Moynahan (1972) realized it would be possible to
have high wind speeds with direction vectors shifting in such a way
that the center of mass remained 2t the sprinkler. However, by
confining his work to winds with essentially constant directions he
avoided the no shift situationm. |
Wind histories. An unsteady wind may be classified into three
general categories: constant speed--variable direction, variable
speed--constant direction, and variable speed--variable direction.
The third case (variable speed and direction) is the most difficult
to characterize. The following discussion is concerﬂed with an
unsteady wind variable in speed and direction. Wind histories give the
variation of wind speed and direction with time during a sprinkler
operation period. Analysis of the wind histories can give insight into
proper management practices and aid in making better system designs.
Seginer (1969) made a comprehensive studylin which he considered
the effect wind variation had on wniformity. He found the use of one
sprinkler pattern to predict field performance in wind may be satis-
factory for solid set systems; however, e significant error may arise
when the single sprinkler pattern concept ié applied to a system where
laterals are moved and then subjected to different wind conditious.
The direction of lateral movement as related to prevailing wind direc-
tion can result in either convergence or divergence of water distri-

bution patterns. The effect of convergence is an increase in the



average depth of irrigation between two positions of a lateral. This
comes as a result of a reversal in wind direction such that the area
between two adjacent lateral positions is always downwind. Divergence
results if the intermediate area is consistently upwind. Divergence
produces the effect of a decrease in depth of irrigation. Branacheid
and Hart (1968) found wind histories Euat be considered when predict-
ing field system distribution from a single sprinkler pattern. Analy-
sis has shown that performance of a solid set system can be predicted
by a single sprinkler'pattern subject to one wind history. However,
predicting the performance of a portable system requires a combination
of several single sprinkler patterns each having a different wind his~
tory (Branscheid and Hart, 1968).

Allison and Hesse (1969) used wind histories in a portion of their
investigation of.wind effects on sprinkler performance. Although this
study was more concerned with sprinkling operation practices, it also
led to the conclusion the effect on sprinkler performance in wind condi-
tions could be simulated if adequate wind data (wind histories) were
available. Wind effects were simulated by overlapping sprinkler tests
conducted in various steady winds. The sequence of overlapping pat-
terns wag determined by the wind history they modeled.

Water losses. The lose of water due to spray evaporation and
wind drift are of specific concern in sprinkler irrigation. Frost
and Schwalen (1960) studied losses from spray evaporation and drift.

A correlstion between spray losses and Vapor pressure deficit was
found. The losses were found to be approximately proportional to
nozgle pressure and wind speed and inversely proportional to nozzle

dismeter. Kraus (1966) made a comprehensive study which revealed
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total water application losses ranged from 3.4 to 17.0 percent with
an average of 36 percent of these total losses due to wind drift.

Drift losses may be considered negligible for low wind velocities.
However..an increase in wind speed combined with an increase in sprink-
ler riser height can cause significant water losses (Hart, 1959).
Sternberg (1967) has made an analysis of sprinkler irrigation losses
including an evaluation of day versus night sprinkling. He concluded
daytime and nighttime sprinkler irrigation have similar losses under

low wind velocities.

Management practices

Sprinkler systems may be properly managed to produce a signifi-
cant increase in distribution uniformity. Preferred management
practices are likely to improve uniformity if comsideration is given
to time of operation, direction of lateral movement and use of alter-
nate sets.

Allison and Hesse (1969) conducted a study to evaluate the effect
of selective ~prinkler operation on distribution uniformity for a port-
able system. A comparison of uniformity was made between operations
where sprinkling was stopped for six hours daily during high winds and
operations where sprinkling was continuous throughout the entire
season. They observed the average overall water distribution wmifor-
mities obtained from both operations were not significantly different.
They concluded the additicnal costs and operational problems created
by sprinkling system shut down during high winds could not be justified
on the basis of increased uniformity.

Many areas are known to experience cyclic winds where a definite

wind pattern is repeated once daily. This is common in coastal areas



vhere the sea breeze-land breeze effect can completely reverse the -
wind directiba from day to night. If the wind history at a particular
field was carefully characterized, successive irrigations could be
scheduled at different times of the day so different wind conditions
prevailed. Each individual application would have its owm uniformity,
but an improved seasonal uniformity could be expected as the stacking
of different patterns usually results in a better uniformity than any
of the individual patterns (Redditt, 1965). This management practice
is especially applicable to x solid set system.

Seginer (1969) made extensive tests which revealed the direction
of lateral movement can have a significant effect on distribution of
water from sprinklers subject to wind variations. A more even appli-
cation of water may be obtained if wind changes, which may cause con-
vergence or divergence of the distribution patterns, are considered
when selecting operation practices. Keller et al. (1967) auggests
alternate sets (staggered spacing) to smooth out variations in uni-
formity between two irrigationa in order to improve the overall sea-
sonal uniformity. This management technique can be applied to

portable and mechanical move systems.

Methods of Characterizing Distribution Uniformity

The evenness with which water is applied over the area covered
by sprinklers is defined as the distribution uniformity. A perfectly
uniform application of water would require an equal depth be received
by all the area being irrigated. This situation never exists i: the
field bccause-of the factors previously listed. Additionally,

sprinklers distribute water in circular patterns which by necessity

11
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must overlap on each other resulting in nonuniform application
depths.

Christiansen (1942) felt it essential to compare sprinkler pat-
terns and to determine how various spacings affect the resulting
distribution of water. To do this, a numerical expression was needed
to serve as an index of the uniformity. For this purpose the follow-

ing expression for the uniformity coefficient {(UC) was adopted,
UC = 100 (1 - £X) 160
 mn

in which x is the deviation of individual observations from the mean
value m, and n is the number of observations. It is apparent an
absolutely uniform application would have a uniformity coefficient
of 100 percent, and that a less wniform application would result in
a lower percentage.

Wilcox and Swailes (1947), noting that Christiansen's uniformity
coefficient gave no added w ight to extreme values, proposed the

following coefficient,
U=100 (1 -2) (2)
x

where s 18 the standard deviation of the readings and % 18 the mean
of the readings.

Benami and Hore (1964) developed a coefficient based on consider-
ation of the deviation of readings from the means of the group of
readings above and below the general mean. Their coefficient was

the following:
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A= z—l- 3)
2
where
c, =M - xl:" (4)
a
£lx|,

C,=M - K (5)

. where Ha is the mean of the group of readings above the general mean,
Mb is the mean of the group of readings below the general mean, Na and
Nb are the number of readings above and below the mean, and lea and
leb are the absolute deviation from Ha and Hb respectively. This
coefficient reflects the influence of large deviations below the mean.

Extensive work has been done by Wilcox and McDougald (1955),
Dabbouas (1962), and Beale and Howell (1966) to evaluate and compare
the relationships of sprinkler uniformity measures in attempts to find
better indexes. Conclusions indicate regression lines relating mea-
sures of uniformity coefficients can be approximated quite well by line
equations derived as if precipitation were normslly distributed.

Hert (1961) realized in conjunction with evaluating the distribu-
tion uniformity, it was important to compute the cost of wasting
wvater in the areas of excess ond the cost of losing yield in the de~
ficit areas. He observed the distribution patterns variation could
be depicted by a Gaussian or normal distribution curve. Assuming a
normal curve the following equation for uniformity coefficient was

developed:
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UG = 100 (1 - 0.798 £ ) | (6)

where s is the standard deviation and X is the mean jpplication.
With this equation, the uniformity coefficient was shown to have &
physical interpretation useful in predicting the performance of a
sprinkler system. Using a table of solutions of the equation for the
required range of UCH values simplifies the operation. For any
specified UCH value and mean application depth, the table can be
entered to find the depth of water equaled or exceeded over various
percents of the irrigated area. The Hart and Reynolds (1965) approach
lent itself to development of relationships between watei: distribution,
water availability, and water storage efficiency. These relationships
are presenﬁed in tabular form in the above referenced literature.
Allison and Hesse (1969) made use of Hart's equation in develop-
ing a graphical relationship between coefficient of uniformity and
effective use of water. For any particular percent of area to be
adequately irrigated, and any coefficient of uniformity, the fraction
of the applied water effectively used could be found. It was con~-
cluded the effectively used water taken as a percentage of the nominal
application depth would be a measure of the overall efficiency of

water use.

Predicting Distribution Uniformity from Sprinkler Tests

The value of sprinkler tests is they give an indication of the
distribution of water which can be expected to occur in field operation.
It is important to have advanced knowledge of the water distribution

uniformity in producing effective sprinkler system designs.
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Three main types of sprinkler tests are used in finding uni-
formity to predict field performence. All methodp involve measuring
the volume of water intercepted in equally spaced catch cans. The
three test methods are the following:

(1) Simultaneously operated sprinkl~-r tesat. The test area lies
between four sprinklers situated at the corners. All sprinkler heads
which would contribute to the test area are operated simultaneously.
The uniformity calculated from the can catch results is good only
for the particular spacing tested.

(2) The single sprinkier lateral test. The entire lateral with
the sprinklers spaced along the line at the desired distance is
operated. The fest area is parallel to the lateral between two
adjacenu sprinklers. The can catch measurements must be summed with
corresponding measurements from an adjacent lateral. This is accomp-
lighed by assuming the adjacent lateral would perform the same as the
test lateral and then superimposing the can catch pattern upon itself
offset by the amount of lateral spacing. This test is useful for
simulating any lateral spacing with spacing along the lateral remain-
ing constant.

(3) The single sprinkler test. One sprinkler is operated and
measurements of applicution representing the total area receiving
water are made. The resulting pattern is assumed to represent the
pattern that would be obtained from each sprinkler in the field.

By a process of superimposition the pattern is overlapped upon itself
to give a distribution pattern between four adjacent sprinkler posi-
tions typifying the overall water application. Branscheid and Hart

(1968) conducted reseérch to compare test results of the overlapped
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single sprinkler pattern and the single sprinkler lateral pattern.
They concluded the overlapping process produced reliable results.
The single sprinkler test is the most versatile, i.e., any spacing
can be simulated by overlapping at the desired distances.
Christiansen (1941) realized the necessity of a simple method
to pradict sprinkler performance at various spacings. He approached
the problem using the geometric sprinkler profile which is a plot
of distance from the sprinkler versus depth of application. The con-
cept he presented became very popular because it eliminated much of
the tedious work in making a good spacing selection.
Christiansen worked with six basic sprinkler geometric profiles

as shown in Figure 1. The coefficients of uniformity for each of the
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Figure 1. Christiansen's basic UC curves.
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profiles was given by the dimensionless curves plotted against spacing
along the main. The curves, as shown in Figure 1, were developed
using a spacing of 5 percent of the diameter covered along the lateral
line.

Strong (1961) presented a method to increase the usefulness of
Christiansen's graph. It was essential to determine the proper
spacing both on the lateral S1 and on the main Sm. The theoretical
aniformity coefficient (UC) was obtained by dividing 100 into the
product of the UC values obtained from Figure 1 for both S1 and Sm.
This method was tested by comparing results with those found through
overlapping sprinkler test data and calculating UC using Christiansen's
equatior. The two methods compared within 3 percent. A more detailed
explanation of Strong's method was given by Keller et .al. (1967).

Strong continued on with this method to present a performance
table for selecting the proper spacing of various sprinklers'under
different wind conditions. The double nozzle sprinklers was assumed
to produce a profile between Christisnsen's B and C profile, and the
single nozzle sprinklers would produce the D profile. The general
practice for representing wind effects was to reduce the effective
diameter of cover 1 percent for each mile per hour of wind speed prior
to using Christiansen’s UC curves (Keller, et al., 1967).

Keller, Moynahan, and Ptacgk (1971) presented a graphical method
for estimating UC from basic UC curves. The curves were developed
from data taken in essentially zero wind speed conditions. A shift
ratio was developed to relate the amouut various wind speeds shift the

UC curves. A wind speed may be represented by reducing the diameter
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by the shift ratio before entering the basic zero wind UC curves. The
UC curves are entered with a value of spacing along the main divided
by the reduced diameter.

Keller, Moynahan, and Ptacek (1971) indicated tests with actual
data found the above method to be reliable. The estimated UC values

compared within + 5 percent of the calculated UC values.

Classifying Sprinkler Tests Taken in Steady Wind

Moynahan (1972) found it necessary to classify sprinkler tests
taken in steady wind before making an analysis of wind effects on
sprinkler water distribution. It was important for each test to be
assigned some index which gave information about the wind speed, wind
direction, and wind variation that transpired during the test period.
With this index, the capability of a test to represent a certain wind
speed was determined. The location of the center of mass (Cm) of a
sprinkler test pattern has been suggested by Moynahan (1972) to be a
good index. Intuitively, Cm seems to be a valid index to represent
the wind history of a single sprinkler test.

The elementary case of Cm shift is the drift of a vertically
falling water drop caused by a horizontal wind velocity. A falling
water drop is acted on by gravity and air resistance forces. Umback
and Lembke (1965) conducted a wind tunnel study to establish a relation-
ship between the wind drift of falling drops and wind velocity, drop
diameter, and vertical distance through which the drops fell while in

the wind tunnel. Their work resulted in the following equation:

Drift = (0.0198u183 y1-21y , ,0.69 %)
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vhere H 1s the fall distance in the tunnel (feet), V is the wind
velocity (feet per second), and b is the drop diameter (millimeters).
The H and D in the equation may be treated as constants for a sprinkler
situation in essentially steady wind; assigning H is equal to the
maximum height of water jet trajectory and D is equal to the average
drop diameter. Thus the drift is approximately equal to a constant
multiplied by Vl'21.

In general, air resistance can be considered proportional to the
first power of the velocity (Synge and Griffith, 1959). Bilanski
and Kidder (1956) used this premise to compute the distance a drop of
water would travel when trajected from a sprinkler nozzle. Their
theoretical estimates concurred fairly well with actual test results
indicatiﬁg the use of air resistance proportional to the first power
of velocity when the water jet has an initial velocity gives reliable
results. Therefore, it seems justifiable to suggest the shift in Cm
for a sprinkler test pattern is a reasonable measure of the average
speed of the influencing wind during the test period.

Moynahan (1972) used the direction of Cm shift to give an indica-
tion of the average wind direction when the variation in direction was
small. He limited his work to tests made in winds with very little
direction variation. The object of considering the Cm shift of a
sprinkler test pattern was to categorize the test as to the type of
wind it was capable of representing.

Keller, Moynahan, and Ptacek (1971) introduced a dimensionless
parameter, Cr’ to compare the reiative effect wind speed had on the

stability of various sprinkler pattern profiles. The dimensionless
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parameter, Cr, was the ratio of shift in center of mass, Cm' of the
sprinkler test pattern and the average effective radius, Ré, of the
gprinkler under 0 to 3 mile pe} hour winds. The value of R.e was
taken as the sprinkler radius averaged over the eight radial legs.
The equation is,
Cm
C_=100 (=) . (8)
r R
e
Figure 2 was made as a plot of the Cr values versus effective average

wind speed, We, for several tests.
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ANALYTICAL METHOD AND PROCEDURE

Hodeiing Theory

The following assumptions used in this analysis are based upon
the results of other workers as presented in the Review of Literature.
(1) The process of stacking sprinkler patterns to represent

various winds 18 a valid process.

(2) The location of the center of mass (Cm) of a single sprinkler
test pattern taken in steady wind reflects the wind conditions encoum-
tered during the test.

(3) Por a test in steady wind, the shift in Cm can give a measure
of average wind speed. The amount of shift is nearly proportional to
the first power of wind speed.

(4) The Cm shift direction gives an indication of the average
wind direction.

The purpose of this investigation is to propose and demonstrate
& practical procedure to synthesize the influence of a wind history
on a single sprinkler test pattern. The analytical technique relied
on the following hypotheses:

(1) The shift of Cm in a wind of constant speed and variable
direction compared with the Cm shift for steady wind gives an indica-
tion of the amount of wind direction variation. The maximum amount
of Cm shift will occur when the wind direction is constent. Anything
less than the maximum shift for an average speed indicates some

variation_in wind direction occurred during the sprinkler test period.
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The degree of unsteadiness in wind direction can be depicted by a
ratio H./Ue wvhere H; is the average wind speed measured during a test.
H; is the effective wind speed as estimated by the magnitude of shift
in center of mass (Cm). He can be found using the curve developed by
Keller, Moynahan, and Ptacek (1971) as shown in Figure 2. The numerical
value of the W;/Hé«tatio will be equal to one for a pure wind blowing
from a constant direction. When a variation of direction has occurred,
the ratio will be some value greater than one. A check of the magni-
tude of wind direction variation using the Wa/we ratio indicates the
Pattern is udequate for representing a steady wind. Only test results
exhibiting a steady wind influence (w;/we = 1) are selected for use

in stacking to represent a conglomerate total wind history.

(2) The Cm shift magnitude gives a measure of average wind speed
in a pattern experiencing unsteady wind.

(3) A limited set of independent sprinkler test data can be
manipulated and stacked to synthesize the effects of a wind history.
This manipulation involves both rotation of test data to reflect any
desired wind direction and the stacking of data from tests conducted
at several wind speeds. Each pattern can be assigned any deaired
proportion of the wirnd histery.

(4) Expected sprinkler performance can be synthesized from a
limited amount of suitable test data, i.e., the wind history can be
sufficiently characteri:'d with a limited number of direction and speed

readings.
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Test Procedure

Center of mass parameter
The validity of using Cm as a parameter to define wind direction

in unsteady wind will first be analyzed. A stacked pattern will be made
to represent an unsteady wind's influence on a test pattern, The angle
of Cln shift for the stacked pattern will be compared with the resultant
angle obtained by vector addition of the individual contributing pattern
shifts, This will indicate the reliability of using the Cm shift angle
to define the average wind direction in an unsteady wind,

The hypothesis of using the Cm shift magnitude as an index of aveir-
age wind speed will be checked, A stacked pattern will again be made
to represent unsteady wind effects on a test pattern.‘ The magnitude of
the cm shift of the stacked pattern will be compared with the expected
Cm shift obtained by vector addition of the contributing pattern shifts.
This will aid in determining the reliability of using the magnitude of
Cm shift as a measure of average wind speed in an unsteedy m.

The value of utilizing the Ha/He ratio will subsequently be analyzed.,
The wa/u o Tatio will be evaluated for a stacked pattern representing
unsteady wind effects and compared with an analytical value obtained by

vector addition,

Characterizing wind history

Various methods can be used to synthesige a wind history, The
most appropriate method should be selected based on the type of sprinkler
system of interest., When a single sprinkler pattern is overlapped upon
itself at a specified spacing, the performance of a solid set system is
synthesized, This synthesized performance pattern is only representative
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of the wind history experienced during the single sprinkler performence
test.

Mcdeling a portable system to predict field performance requires
the use of several single sprinkler test patterns each representing a
wind history expected to occur in the field, Care must be taken to
overlap the patterns in the order which the wind histories take place
in the field. Branscheid and Hart (1968) found that when the proper
sequence of overlapping was employed, the actual and predicted perfor—
mance values agreed within allowable tolerances.,

The method used in this work is the stacking process to create a
single sprinkler pattern representative of a wind history. The effect
of the wind history of interest is synthesized by stacking various
patterns on top of each other. Each of the contributing patterns are
assigned a relative weight proportional to the amount of influence
they are to exert on the conglomerate pattern. The relative influence
given by a contributing pattern is determined by the percent of time
the particular wind (this contributing test pattern represents) is
present in the wind history being modeled.

An unsteady wind can be fully described by a continuous record of
wind speed and wind direction. For practical field analysis of wind
effects on sprinkler distribution the wind history can be broken into
a series of wind spscds from different directions. To use the concept
of a series of average speed and direction components a selection must
be made of the allowable range over which the wind speed and direction
may be averaged, Accepting the premise that the cm shift is a measure
of the steady wind during a sprinkler test provides a tool to evaluate
the allowable wind angle range over which an average direction can be

used to represent all the wind occurring within the angle segment,
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More specifically, it can be seen how appl&ing an average wind dimction
effects the C m shift, This would help in evaluating the error intro-
duced by averaging.

As discussed previously it is desirable to si‘mplify the wind
history data as much as is practical prior to the modeling process.
- For modeling purposes it was decided any wind direction could be assigned
to one of eight principle directions ordinarily utilized. The eight
angles or segments normally utilized are the compass directions N, NE,
E, SE, S, SW, W, and NW. The clockwise measured angles for these direc-
tions will be 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315° respectively.
Any wind angle occurring within + 22,5° of these principle directions
will be thought of as acting in the principle direction. In effect
the circle of possible wind diregtions is divided in eight segments
each comprised of 45°. The wind occurring within a segment is considered
to act at the center of the segment. Such a segmented circle is illus~

trated by Figure 3.

AY Z

Figure 3., Compass circle divided into h5° angle segments indicating
the grouping of wind directions,
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The convention for assigning wind direction is the same as used by the
United States Weather Bureau, i.e., the wind direction is taken as the
direction the wind is coming from for an observer standing at the
center of the compass circle.

...... \K"‘cert.ain amount of error may be caused by assuming the wind as
acting in one of eight possible directions for a specific interval of
time., The amount of error introduced can be estimated by using the Cm
shift, an index to wind effects on a sprinkler test psttern. Consider

a 45° angle segment as shown in Figure 4.

. B
A .
15>
. g
fo = ga(cos 22.5°)
fle = fga(0.52)
go - fo = 0,08(fa)

a+Actual C; location
¢ b —~——Assumed C_ location
- Figure 4, A 4,5° angle wind segment showing maximum error caused by
using the median angle to represent wind direction.

The suggested method is to find the average wind speed in the segment
AgC and represent it as acting in direction Bf, The maximum error in
this procedure would occur when all the wind was concentrated at a
segment boundary such as A, For any other condition the average wind
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should lie nearer @B and the error diminished. When all the wind of a
specific time increment occurred at Ag the C,, would be located at point
a, Assuming the wind came from BY would position the cm at point b
where distance fa = fb. To be anslytically exact the component of fa
in the @b direction should be fa( cos 22.5° ) or C,, should be located
at point e. The error between points e and b is Fa(l ~ cos 22.5°)
or 0.08ffa (an 8 percent error).

The more logical situation is when wind occurs within the segment.,
The error in using the median angle would be less if the wind was acting
at 7.5%, 15°, and 22,5° from @b for equel time intervals. The error
then would be fa[ (1 - cos 7.5%) + (1 = cos 15°) + (1 - cos 22,5°)1/3
or fa[ 0,039 ] which is less than 4 percent error and probably not
significant for practical conditions. The validity of using eight
h5° segments to categorize the wind direction was tested and the result
is given later.

The sensitivity of a sprinkler pattern to wind direction change
will be evaluated. Uniformity coefficient values of a stacked pattern
will be compared with the UC values of a median angle pattern to deter-
mine the range where the median angle pattern no longer depicts the
stacked pattern. The amount of wind direction variation in the stacked
pattern will be increased in increments until the median angle pattern
UC values no longer compare satisfactorily with the stacked pattern
UC values,

The sprinkler pattern sensitivity to wind speed change will be
evaluated in a simular analysis. The wind speed interval over which an
average satisfactorily depicts the distribution uniformity will be
determined. This will aid in understanding the allowable amount of



averaging in the wind speed possible before a significant error is
introduced.

Sprinkler testing procedure

A major portion of th‘e sprinkler test data utiligzed in this work

was supplied courtesy of Rain Bird Manufacturing Company, Glendora,
- California. The rest of the data was collected at the Utah State
University Farm, Vernal, Utah, These tests were made to evaluate
shift in the center of mass as & index to define unsteady wind and
check the effect the stacking process has on the shift of cm.

The test installation was made to comply with ASAE Recommendation:
ASAE R330 "Procedure for Sprinkler Testing for Research Purposes",
(see Appendix A for complete recommendations) except for the following
deviations: (1) the collectors were 8 inches avove the ground instead
of 12 inches; (2) the rims of the collectors were from 1 to 2 inches
above the crop of vegetative growth instead of 6 inches; (3) the
wind measuring equipment was at a height of 9 feet instead of 13 feet.,

One single nozzle sprinkler head was utilized for all the tests.
The sprinkler had a 3/4 inch inlet and a 9/64 inch range noszzle. A
new model 30 series sprinkler produced by Rain Bird Manufacturing
Company with teflon—neoprene bearings was selected for the tests.

Duriig the test the sprinkler head was teasted for uniformif,y of
rotation. The rates at 57 pounds per square inch (psi) varied betwsen
0.75 revolutions per minute (rpm) and 0.80 rpm, and the discharge
varied less than 1 percent.

Pressure gauges with dial indicators reading from O to 100 psi
were used during the test. A gauge was inserted into the sprinkler

29
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riser to measure base pressure. Another gauge equipped with a pitot
tube vas used to measure pressure at the nozzle outlet.

The sprinkler head was mounted on a 3/4 inch diameter steel riser
27 inches in length. This riser height placed the sprinkler head 2
feet above the rims of the four collectors nearest the sprinkler.

The collectors were clear plastic quart size freezer containers
8 inches deep with a square open surface area 4 inches by 4 inches.
The problem of having water splash out of the collectors was avoided
by using these deep containers. Fifty milliliter graduated cylinders
were utilized to measure the precipitation intercepted by the collectors
(catch cans). The collectors were placed on the ground five feet apart
in a grid measuring 95 feet on each side. The sprinkler was located at
the center of the grid square 47.5 feet from the edges of the grid area.
This test installation was utilized for all the single sprinkler pattern
tests. It was decided using this unchanged test site for tests with
severa) different winds would allow the summation of test data to
vrepresent a test of long duration with a composite wind history.

The discharge of the tested sprinkler head was measured before
the test started. A plastic hose was placed over the nozzle and the
time required to £111 the 3.5 gallon bucket was determined. This mea-
Surement was repeated twice and the average value recorded. The nogzle
pPressure was measured with the pitot tube equipped gauge just prior to
the beginning of the test.

As the sprinkler test began, the rotating-cup.totalizing anemome-
ter reading was takén and recorded in conjunction with wind direction
and wet and dry bulb temperatures. These readings were taken at 15

minute intervals during the test. The average rotation rate of the
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sprinkler head was recorded for a 10 minute interval during each of
the tests. The test duration was 60 minutes.

At the end of the test period the dischavge rate and the nozzle
pressure were again measured. The precipitatior. in the collectors was
measured using a graduated cylinder capable of measuring to the nearest

0.5 milliliter.

Computer Program

A computer program was prepared to facilitate in making the evalu-
ations and calculations performed in this investigation. The developed
program is capable of rotating sprinkler pattern can catch data, stack-
ing the data (summing point on point) of any number of sprinkler test
pattemns, overlapping sprinkler patterns for any number of desired
spacing combinations, and computing the uniformity (UC) values for
each of the respective spacings. See Appendix B for a listing of the
computer program along with the necessary operating instructions.

Prior to utilizing a sprinkler test in the main program, all tests
must undergo a preliminary analysis to locate the center of mass (Cm)
of the test pattern. The center of mass of a single sprinkler test
pattern is defined as the point where the moment of the can catch values
(weighted by the distance from the sprinkler head) sum to zero. The
CIII location can be vi;ualized as the balancing point of the mass of
water emitted from the sprinkler during a test period. The calculation
for Cm is made using a small program which 18 also listed in Appendix
B. Each test is categorized by the shift in Cm for the specific wind

speed the data is capable of representing.
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The process of modeling wind influence on a sprinkler test pattern
is achieved with the aid of the computer in the following sequence: .

(1) A selection of wind speed to be modeled 1is made based on the
wind history of interest.

(2) A set of sprinkler can catch data is salected (from patterns
categorized by the amount of Cm shift) to represent the wind speed
influence.

(3) The effect of each increment of wind direction, as prescribed
by the wind history, is achieved by rotation of the sprinkler test
data such that the Cm shift direction is exactly opposite the required
wind direction. The pattern rotation is accomplished by rotating the
test pattern grid such that the "during test" wind direction corresponds
to the required wind direction. The points on the rotated grid are
calculated by linear interpolation which, using the four surrounding
points, eliminates the idea of a defined surface for the can catch
test data. A comparison has been made between linear interpolation
and interpolation utilizing a defined curved surface equation as
presented by Seginer (1969). Results indicate the two methods give
nearly identical answeré.

(4) The rotated sprinkler pattern is assigned a relative weight
equivalent to the percent of time this particular wind speed and
direction occurs in the wind history being modeled.

(5) Utilizing the wind history as a basis, another set of sprinkler
data is selected and the above four steps are repeated to obtain a
representation of the next wind speed. The resulting pattern data is

then stacked point for point upon the previously obtained pattern.
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(6) The sbove five steps are repeated until each part of the
modeled wind history is represeated by a corresponding element in the
total stacked pattern.

(7) Given this conglomerate sprinkler test pﬁttern-representing
a complete wind history and the spacing combinations of interest,
the computer overlaps the pattern upon itself offset by the proper
spacing an& calculates the wniformity coefficient values (using

Christiansen's equation) for each of the respective spacing combinations.
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RESULTS AND DISCUSSION
Center of Mass Shift Parameter in Uhsteagx Wind
S E DA LL fArameter in Ur

To test quantitatively the effect of variable wind on spriﬁkler
water distribution, a significant amount of test data must be available,
A major restriction in this work was the lack of pure steady wind tests,
It is essential the tests utilized in the‘analysis have as little in~
herent wind variation as possible. Tests are compatable and can be
properly stécked in a modeling process only when all test conditions
(except wind) are equal. A list of sprinklers for which ter: data
was used and the wind conditions during the respective tests can be
found in Table 1. The wind speed given is the average wind speed mea- .
sured during the test using a totalizing anemometer. The wind difec—

tion is taken as opposite the direction of center of mass shift,

Determination of wind direction in unsteady wind

One objective of this work is to test the validity of using center
of mass (Cm) shift as a parameter to define average wind directisn of
a variable wind, It is accepted the Cm shift direction is adequate
for depicting wind direction of essentiélly constant wind patterns.

It is important to determine how the C, of a test pattern shifts with
direction variation of an unsteady wind. Several patterns from the
sprinﬁler with the same nozgle sige and présaure were superimposed
upon each other to obtain a conglomerate single sprinkler test pattern
depicting unsteady wind effects, The direction of shift in C,, was then
calculated for this stacked pattern: The direction of Cm shift was



Table 1. List of sprinkler tests conducted in several stétdy winds,

-
Hind

Test Nogzle  Pressure Cq shift Speed  Relative
No.®  size (PsI) (FT) (MPH)  direction®
2608 9/64 LO L.8 2.6 -1.8
1677 9/64 40 10.2 7.8 36.5
227  9/&, 40 15.2 12,2 24.2
111" 9/64, 57 642 3.4 27.7
112" 9/6i, 57 8.1 3.6 37.7
113" 9/64 57 o8 3.1 80.3
1" 9/64 57 3.2 2.4 90,8
115" 9/6L 57 5 3.3 40,7
1297 5/32 40 2.0 1.2 110.7
1294 5/32 L0 1.5 2.0 -127.7
1290 5/32 40 3.3 2.3 93.1
1303 5/32 4O 2,2 2,5 40.2
1542 5/32 L0 3.1 . 2,8 19.8
1298 5/32 40 440 3.5 36.9
1543 5/32 40 6.5 3.7 <1392
1287 5/32 40 6.9 L5 33.8
1295 5/32 40 L7 ) 12,2
1292 5/32 40 7.5 501 40,2
1649 5/32 4O 8.0 5.5 -91.0
1300 5/32 Lo 8.7 6.9 3hels
1296 5/32 L0 9.4 7.6 22,4

1302 5/32 L0 9.7 8.1 40,6



Table 1,

Continued
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M

Wind

Test Nozzle Pressure Cm shift 55533--7§;i33355__-

No.8 size (PSI) (PT) (MPH)  directionb
16133 11/64 50 2.3 1.7 146.3
24,20 11/64 50 7.1 3.7 26,9
2418 11/64 50 9.8 5.9 27.9
24,22 11/64 50 12,6 6.7 37.6
1663 3/16 50 7.5 4.0 78.8
1667 3/16 50 13.8 7.7 52,8
2559 3/16 50 18.7 11.6 55.3
1657 3/16 60 2.4 1,2 -6.8
2586 3/16 60 15.0 7.8 60.7
2,83 3/16 60 15.7 8.1 84.1
2585 3/16 60 19.5 11.3 77.0
29 7/32 35 hel 2. =39.4
9 7/32 35 8.5 4.0 ~103.3
33 7/32 36 17.0 9.5 152,8
2569 11/64 x 3/32 50 A 3.8 39.7
2567 11/64 x 3/32 50 9.7 5.7 48.8
2570 11/64 x 3/32 50 11.3 6oLy 1646
2582 11/64 x 3/32 50 17.1 11.4 775
11/6L x 3/32 50 17.2 12,0 69.7

257

8Rain Bird HAnufactuting Co. test data and n

where indicated.

bw:l.nd direction i1s referenced from north.

minus (-) angle measured counterclockwise.

umber designation except

Plus (+) angle clockwise,

*
Test conducted at Utah State University Farm, Vernal, Utah.
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compared with the expected C'Il shift direction which was the vector sum
of the Cn'a for each of the contributing elements. The results, as
shown in Pigure 5, indicate a good correlation between the stacked pat-
tern Cm shift direction and the resultant vector direction. A perfect
correlation is repregented by the diagonal line which passes through
the origia and through 60° and 60°. The results indicate the Cm shift
direction of a sprinkler pattern is a useful parameter depicting the
resultant angle of contributing wind direction vectors. When the pat-
terns are stacked upon each other each test exerts a proportional

influence on the conglomerate pattern.

Determination of average wind speed in unsteady wind

Another objective of this analysis was to check the validity of
using the magnitude of cm shift as a parameter to define the average
wind speed experienced during a single sprinkler test in unsteady wind.
Keller; Moynahan, and Ptacek (1971) indicated if wind direction was
constant there was essentially a straight line relationship between
average wind cpeed and the magnitude of Cm shift in a steady wind. (See
Figure 2.) It was decided to stack data from several tests using
progressive summation to synthesize an unsteady wind situation. Tests
similar in every respect except wind direction were summed or stacked
together. The process began with one test where ﬁind direction equaled
0°; another test with wind direction greater than 0° was then stacked
on top of it. The next tests were added in order of increasing wind
direction angle. As the patterns were stacked the extent of wind
direction variation increased. After each pattern was added the cn

shift for the total pattern was found. This shift was compared with



C, shift direction of stacked pattern (degrees)

0 ‘ . . . . \ J
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C, shift direction by vector addition (degrees)

Figure 5. Plot of the Cp shift direction for a stacked pattern versus
the resultant vector direction of the contributing pattern
shifts,
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the vector sum of the individual C. shift of the contributing patterns.
Results of the progressive sumpation analysis are given in Table 2. The
wind direction difference i1s the magnitude of the wind angle over which
the contributing patterns varied. The difference between the CIn shift
magnitude does not significantly increase with increased wind direction
difference. The close corgelation of the Cm stacked pattern and Pm
vector sum is encouraging. If each of the contributing patterns are
thought of as representing a portion of a wind history then the stacked
pattern represents a total wind history and the location of the center
of mass depicts the average wind speed of the wind history. This value
is equivalent to the resultant of the vector sum of the contributing

winds.

Determination of wind variation

In the preceding section it was suggested the Cm shift gives an
indication of wind direction variation during a test period. It was
shown in Table 2 the magnitude of Cm shift depicts the average
effective wind speed, we, occurring during the test period. The aver-
age wind speed, Wa, for the test is given by the anemometer readings.
The difference between He and Wa should give a measure of direction
variation.

The effects of wind direction variation were achieved by rotatiﬁg
a test pattern in 10° intervals (0°, 10°, 20°, etc.) and stacking
these rotated patterns to get one total test pattern. The location
of CIn was then found for the total pattern. One pattern was used;
therefore, the average wind speed of the single pattern must be the

same as the average wind speed of the stacked pattern, H;. The
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Table 2, Center of mass shift of a stacked pattern compared with the
vector sum of the individual contributing test pattern shifts,

Wind direction Center of mass shift (feet)
range (degrees) Stacked pattern Vector resultant  Difference

20 6.2 6.2 0.0
10 3.8 3.9 0.1
10 5.0 5.7 0.7
20 5.6 6.1 0.5
20 6.1 6.6 0.5
20 5.6 6.2 0.6
30 5.9 6.3 Ouls
30 6.2 6.7 0.5
30 5.7 6.2 0.5
50 5.9 6.0 0.1
80 5.1 5.8 0.7
100 L6 503 0.7
170 3.5 3.5 0.0
210 3.5 Le3 0.8
220 3.0 3.9 0.9

260 2.4 3.3 0.9
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effective wind, "e' calculated by using cn shift and Figure 2 would be
equal to H; 1f no direction variation occurred. The ratio “;/"e glves
an indication of the amount of direction variation occurring in the
stacked sprinkler test pattern. Table 3 gives results and values of
the H;/We ratio. Any ratio value grgater than oge indicates the center
of mass shift 1s less than expected at'the average wind speed. The
results show the ratio increased in value as the wind direction vari-v
ation increases. The secpnd ratio was arrived at analytically by
vector summation. The two ratios closely agree indicating the He value
is the resultant of the contributing winds. If He i8 less than the
average wind speed the wind direction varied during the sprinkler

test and the pattern in question does not represent the effects of a
pure steady wind. This wind ratio test can be applied to any sprinkler
test pattern where thg sprinkler rotates uniformly so cn is at the

sprinkler head in no wind conditioas.

Sprinkler Pattern Sensitivity to Wind Direction Change

Several simplifying assumptions, if made properly, can signifi-
cantly reduce the amount of work involved in modeling unsteady wind
effects on sprinkler performance. The object of this phase of the
study is to gain an understanding of how sensitive a sprinkler distri-
bution pattern is to wind direction variation. It has been suggested
a median angle be used for depicting the wind direction of all wind
occurring within a 45° angle segment. The validity of this suggested
method can be checked by comparing uniformity (UC) values of an average
wind angle pattern with those of a stacked variable direction patternm.

The stacked pattern was created by repetitive summation of a test
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Table 3, The effects of wind direction variation on the W /'H ratio,
W_ is the average test period wind speed, and H 8is%the effec-
tive test pattern wind speed.

——

m——————

C W W Group Analytical
Wind direction of m a e Ratio average value
contributing tests (FT) (MPH) (MPH) wa/we | /H W a/We
3.7 2.3 2.3 1,00
8.43 Le2 42 1.00
0,10,20 11,51 6.8 6.6  1.02 1,02  1.01
| 133 7.7 Tk 104
19,20 11.3 11.0 1,03
""""""" 3.69 2.3 22 105
8.28 L2 41 1.03
0,10,20,30,40 11,20 6.8 6.5 1.05 1,05 1.03

0, 10,20, 30,
. 10.80 6.8 6.2 1.10 1.08 1.07
LO' 50'60
12,63 7.7 7.0 1,10
18,27 11.3 10.4 1.09
3.“& 2.3 2.1 .10
7.73 L2 3.8 1.11
0,10, 20, 30,40, »
10,33 6.8 5.9 1,15 1,13 1,11
50,60, 70,80 |

' 12019 T.7 607 1.15
17.54 11.3 9.9 1.1

*Wind direction given in degrees measured clockwise from north.
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pattern rotated in 10° increments up to 90°, e.g. 10°, 20°, 30°, etc.
The average angle pattern is simply test data rotated so the wind comes
from the average direction. Table 4 gives the resulting UC values for
both the stacked pattern and the median angle pattern in a 3.7 mph
wind speed. The difference in the UC values increases as the included
angle increases. As expected the technique of using the median
direction to represent the entire segment produces a greater error as
the segment size increases. Data for several other wind speeds can

be found in Appendix C.

A conparisbn of the uniformity values was made to estimate the
error caused by using an average direction to represent all the wind
occurring within the 45° segments. The difference between the uniform-
ity coefficient qf the stacked pattern, chp’ and the uniformity
coefficient of the median angle pattern, Ucnnp’ was found. Results
are listed in Table 5 and plotted against the wind speed values as
shown in Figure 6. The UC values are for a 30 x 40 and 30 x 50 foot
sprinkler spacing. This plot is valid only for these particular
spacings but it does give an indication of the error introduced by using a
median direction. The amount of error increases rapidly at wind speeds
greater than 7.0 mph. However, since UC is accurate only to + 3 per-
cent (Fry et al., 1969), a median wind direction can be used witheut
introducing significant error. At wind speeds greater than 8.0 mph the
error may be as great as + 5 percent for using the one direction to
represent all the wind within the 45° angle segment. The tendency is
for the single pattern uniformity values to be lesa.than.the actual
values. This conservative error is not as critical as an over

predicting error. The use of 45° angle segments to describe wind
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Table 4. Values of uniformity coefficient for stacked patterns and
median angle patterns under a 3.7 mph wind speed,

Angle of Uniformity coefficient values Ave,

:;:gril:;xging Stacked Egttom Median le pattern :;lliefgr-
0 and 10 9R.L 85,5 8.3 92.3 8.5 8.0 0.1
0to 20 9.4,  85.0 82,7 2.2 84,8 8,1 0.3
0 to 30 92.3  84.3 82,7 92,2 84,6 82,6 0.2
0 to 40 92.5 84,0 82,9 92,0 83,6 8.7 0.4
0 to 50 92.8 83.7 83.1 9.2 8,1 81.3 1.7
0to 60 93,2 83.5 83.3 91.4 81.6 81.3 1,9
Oto 70 93.3 83,2 83.4 91.6 81,7 81.6 1.7
0 to 80 93.5 83.0 83.5 91.7 8l1.4  80.8 2,0
0to 90 93.7 83.1 83.6 92.5 81,0 81,2 1.9

8The range of pattern rotation is given, i.e., O to 30 is a stacked

ttern containing 0, 10, 20, and 30 degree rotated patterns.
The absolute difference between the stacked pattern and the median
angle pattern uniformity coefficients is given,
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Table 5. Uniformity coefficient values at 30 x 40 and 30 x 50 foot
spacings for stacked patterns (UC,,) and the median angle
patterns (UC.‘p) in a 45° angle segment at several wind

speeds.
Wind Speed Uniformity Coefficient Values
30 x 40 foot spacing 30 x 50 foot spacing
chp UCmap Difference chp ucmap Difference
2.0 90.9 91.0 0.1 88.6 88.2 0.4
2.1 95.8 95.1 0.7 91.1 91.3 0.2
3.7 92.7 91.6 0.9 83.9 82.9 1.0
3.8 94.7 94.1 0.6 91.6 90.7 0.9
4.0 93.7  92.8 0.9 88.6  87.8 0.8
5.7 92.0  91.5 0.5 90.5  90.0 0.5
5.9 91.6 90.6 1.0 88.1 87.4 0.7
6.4 89.8 88.6 1.2 87.9 86.9 1.0
7.7 85.6 83.6 2.0 87.4 85.0 2.4
7.8 86.4 83.1 3.3 85.9 83.5 2.4
8.1 89.7 87.9 1.8 91.3 88.7 2.6
9.4 92.7 90.2 2.5 83.1 81.7 1.4
11.3 87.2 8l.7 5.5 83.9 78.3 5.6

12.0 86.3 81.9 4.4 75.4 72.6 2.8
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Figure 6. Difference betwesn stacged péttern UC value and median angle
pattern UC value for L5  angle segment for 30x40 and 30x50
foot spacings.
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direction is adequate for practical field conditions. However, it
must be remembered that significant error can be introduced when deal-

ing with high wind speeds.

Sprinkler Pattern Sensitivity to Wind Speed Change

The relationship between uniformity coefficient and wind speed
is not linear. However, the possibility of finding an interval where
the relationship is close to linear should not be overlooked. It is
felt there is a wind speed interval in which assuming a straight line
relationship between wind speed and distribution uniformity produces
reliable results. This phase of the work is essentially an effort
to find that wind speed interval which should result in a better
understanding of a sprinkler pattern sensitivity to wind speed changes.

In the interval where ﬁind speed and UC have a linear relationship,
it would be poaéible to predict the test pattern and ultimately the
UC values of an intermediate wind speed if the maximum and minimum
wind sprinkler test patterns were available. To restate the concept,
given the interval of linear relationship and the upper and lower
boundary wind patterns, any interior wind speed pattern could be
modeled by linear interpolation. This approach was taken for various
wind speed intervals. The uniformity values of the synthesized wind
speed test pattern (chyn) were compared with the UC values of an
actual test made at the wind speced being modeled (Ucpure)' These
average UC values, as lisped in Table 6, were obtained using six differ-
ent spacings, i.e., 30 x 40, 30 x 50, 40 x 40, 40 x 50, 40 x 60, and
60 x 60 foot spacing combinations. The average of the absolute differ-

ence between the two values was plotted against the interval between
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Table 6. Uniformity coefficlent values of a synthesized wind speed
test, UCgyn, compared with the UC values of an actual test
made at tzg specified wind speed, Ucpure’ averaged over
8ix spacings.

A :

Wind speed Average Uniformity Coefficient Values
Interval Synthesized Pattern Pure Pattern Difference

(MPH)

0.3 87.2 84.6 2.6
1.0 86.6 85.5 1.1
1.2 87.0 85.2 1.8
1.4 88.4 86.9 1;5
2.2 89.9 87.1 2.8
2.5 88.5 87.8 0.7
2.6 82.1 80,5 1.8
3.3 87.7 87.4 0.3
3.3 90.6 87.4 3.2
3.9 89.0 88.3 0.7
4.3 88.2 87.5 0.7
4.3 - 88.1 86.7 1.4
4.3 89.3 86.9 2.4
5.7 81.6 76.5 5.1
6.3 68.5 . 64.8 3.7
7.3 89.7 86.9 2.8
7.6 87.8 81.9 5.9
7.6 : 80.8 74.5 6.3
7.6 83.2 76.5 6.7

8.2 88.6 81.6 7.0
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the upper and lower wind speeds utilized in the modeling process.
luuj.t: of the comparison are given in Pigure 7. A large amount of
scatter can be observed in the data points; however, it is noted that
vhen the interval is less than 5 mph, the error does not exceed +30C
percentage points. From Figure 7 it can be suggested that the error is
+ 3 percent or less when a J mph wind speed interval is utilized. This
indicates a sprinkler psttetn can be modeled for a specific wind speed
given test data collected in wind speeds greater and smaller than the
nmodel speed and differing by 5 mph or less. Implications are that a
pattern for any low wind speed can be synthesized 3iven data for 0,

5, and 10 mph wind speeds. It must be reuenbered the lack of suffi-
cient data resulted in the analysis being restricted to tests with wind

speeds not greater than 12 mph.

Predicting Field Performance in Variable Wind
Suggested method for modeling wind influence

The basic goal of this work is to suggest z method for modeling
the wvind influence on sprinkler water distribution and to ultimately
ptedict sprinkler field performance in variable wind. In summarizing
the previous analysis, a relatively simple modeling process can be
suggested. Implicit in this process is for the following to be
available:

(1) Sprinkler test patterns for the nozzle of interest conducted
in steady winds differing by 5 mph (or less) increments, c¢.g., 0, S,
10 mph wind speeds.

(2) Knowledge of the probable wind conditions anticipated during
the time of sprinkling, i.e., a reliable wind history.



50

10¢
| Largest wind speed used

~~ T | Y 5 mph
Sg. gl O > 5 mph <10 mph
I @® > 10 mph

7% ®
ss °
= [
P )
; 51 ¢
5 L4
9 o
5 a
g 5l
) [ ] o
i °

2% )
o o
d ° o
& 4,1 O
< . o0

. ' i 4 'y - |
o 1 ' 9§ A £

0 1 2 3 L 5 6 7 8 9 10
Interval between upper and lower wind speeds (MPH)

Figure 7, Average difference in uniformity coefficient values versus
interval between upper and lower wind spseds used in the
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(3) Computer program as contained in Appendix B and use of a
digital computer.

With this 1nf6tnation it becomes a simple process to arrive at
an expected sprinkler water distribution pattern and consequently a
prediction of sprinkler performance:

(1) Divide wind data into eight 45° angle segments.

(2) Aésign each segment the appropriate relative weight based
on percent of time wind occurs within the segment.

(3) Within each segment, group wind speed into 5 mph intervals
and find the average wind speed for each interval.

(4) Assign each wind speed the appropriate relative weight based
on percent of time wind occurs in each 5 mph interval.

(5) Synthesize the wind speed patterns, rotate to the center of
the appropriate segments, and stack together using the computer program.

The resulting pattern reflects the unsteady wind described by the
modeled wind history. The computer overlaps the pattern for any de-
sired spacing combination and calculates the resulting uniformity

coefficients.

Performance prediction in actual wind
Actual wind data collected at Salt Lake City, Utah, was utilized

as an example of applying the procedure for predicting distribution
unifornity. ‘The 1list of percentages in Table 7 is a summary of hourly
wind observations during Julyvfron 1951 through 1960. The wind direc-
tions can be grouped as indicated by the dashed lines and the percentage
frequencies combined within the groups. For this case, the wind speed

groups are not equal but the groups are small so the median value of
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Table 7. Summary of percentage frequencies of wind direction and speed
fgzo month of July at Salt Lake City, Utah from 1951 through
1960,
—
Hourly observations of wind speed

|

Segment Compass in miles per hour Ave,
number direct. - Total speed
1 N T 2.7 3.4 5 7.3 7.8

NNE o2 1.4 1.6 o2 3.5 7.9
2 NE o5 1.3 o9 ) .1- ) o 2..-8- ) Z.; )
ENE o2 o5 o3 o1 1,0 6.4
3 E o2 o9 ok o2 + 1.9 8.3
FSE ol} 1.6 2.1 07 ho9 806
I SE 6 L7 9.2 2.4 + 17.1 9.3
SSE o7 Lol 11.6 L.k + 22,5 10.4
5 S o7 3.2 6.1 3.3 + 4.6 15.8
SSW . 07 8 oh + 2.3 9.8
6 SW o3 o7 6 o3 + 1.9 8.5
WSW o1 6 2 o2 1,2 8.2
7 W o1 o7 5 o3 1.7 8.4
WNW 02 .6 1.1 o 2.4 9.0
8 NW 3 24 3.0 1.1 6.5 9.1
NNW o2 2,0 2.8 o7 5.7 8.8
Ccam 28 T TTTTTToS 2.8
Total 8.5 28.4 bl 7 15.0 100,0 91

Plus (+) indicates more than O but less than U.5,
Source: Reichelderfer, F.W. Climatography of the United States No.
82 - 42, U.S. Dept. of Commerce, Weather Bureau, p 9, 1963,
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each will be used to represent the interval. This median value is
then modeled utilizing the pure lteady wind patterns. These median
values are 1.5, 5.5, 10.0, and 15.0 mph wind speeds.

The sprinkler head and pressure of interest is the 11/64 x 3/32
inch nozzle at 50 psi. In Table 1 we see there are test data for this
sprinkler available for five wind speeds, i.e., 3.8, 5.7, 6.4, 11.4,
and 12.0 mph. The wind data in Table 7 requires 1.5, 5.5, 10.0, and
15.0 mph wind test patterns to sufficiently synthesize the wind his-
tory. In this example the.loweet wind speed test (3.8 mph) will be
used to represent the low wind speed group and the 12.0 mph will be
utilized to represent the highest wind speed group. The required wind

speed will be synthesized by interpolation using the following pro-

portions:
0- 3 mph = 3.8(1.0)
4- 7 mph = 5.7(1.0)
8-12 mph = 6.4(0.28) + 11.4(0.72)
13-18 mph = 12.0(1.0)

The resulting patterns are then assigned a percentage value taken
from Table 7 and subsequently rotated to have the wind direction act
through the center of the respective segments. This step 18 repeated
until each percentage in Table 7 is represented by an element in the
stacked pattern. It is important to remember the percentage frequen-
clies are essentially the percent of the time the various wind conditions
occur. The stacking of the percentage weighted patterns results in a
single pattern representing the total wind history with all of the time

represented by a specific wind situation.
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Table 9. UC values for average wind speed--direction pattern and a
complete modeled wind history pattern at six spacings using
a 11/64 x 3/32 inch nozzle at 50 psi.

“

UC Values

Spacing Average speed~- Modeled wind

(Feet) direction pattern history pattern UC difference
30 x 40 89.1 | 97.7 8.6

30 x 50 84.5 92.7 8.2

40 x 40 85.4 96.8 11.4

40 x 50 80.0 92.3 12.3

40 x 60 67.7 81.2 13.5

60 x 60 59.9 76.1 16.2

Both patterns have the same average wind speed and prevailing wind
direction. Table 9 shows the modeling process creates a pattern with
uniformity values at least 8 UC percentage points higher than the ave~
rage speed-direction pattern for thesg spacings. The higher UC values
can be explained by the changes in speed and direction which creates a
smoothing effect improving distribution evenness. This effect is total-
ly ignored in using the average wind speed and the prevailing wind direc-
tion to depict wind influence on sprinkler water distribution. |

The higher UC values for the overall wind history are similar in
magnitude to the results of Pair (1968). He compared individual
irrigation UC values and found they were lower than the accumulated
seasonal UC values. This suggests the individual irrigétiona had slight
variaticns in wind di:ection but the accumulated or st@cked irrigationq

exhibit the effect of a total seasonal wind history.
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CONCLUSIONS

A method was suggested to model unsteady wind effects on a sprink-
ler test pattern utilized in bredicting water distribution uniformity.
The wind effects are modeled based on time percentage of occurrence
for wind speed and direction. Wind speeds ranging from O to 1Z miles
per hour were investigated.

The method rgquires a simplifying assumption, i.e., wind speed is
averaged within 5 mph intervals and assigned to act at the center of a
45° angle segment to represent that segment. It was found this assump-
tion did not significantly reduce the accuracy of umiformity predictions.

| The concept of using the location of the center of mass to define
unsteady wind was investigated. (Center of mass is located at the
balancing point of the mass of water emitted from a sprinkler during a
test. In_zero wind Cn is lbcated at the aprinkler.) Work involving
the Cn shift concept resulted in the following conclusions: |

(¢)) CIn shift depicts wind direction experienced during a sprinkler
test. |
| (2) CIn shift in a test pattern is e;sentially the weighted
resultant of wind speed during the test.

(3) Any desired Cm shift can be achieved by stacking compatible
patterns with proportional weights based on their réapective Cn shifts.

4) C‘ shift does not directly describe uniformity coefficient

values for a test pattern.



(5) The ratio Walﬂe gives a measure of wind direction variation
within a test. It is essential to remember the value of the CIll
parameter comes in categorizing a single sprinkler test pattern prior
to using it for modeling.

The usefulness of the suggested procedure comes as a result of
the relatively small amount of data requ:l.redf The influence of any
low wind speed can be synthesized by a limited amount of patterns
conducted for a particular sprinkler nozzle-press#te combination. The
primary requirements for wind test pattern data are they have little
or no wind variation occurring during the test and they cover the
necessary range of wind speeds with a 5 mph or smaller interval be-
tween successive speeds. This pfedicting technique is_particularly
good for areas which receive repetitive cyclic winds as the wind in
these areas can be sufficiently characterized and a reliable wind
pattern found with a limited amount of testing.

A major restriction of this study was the lack of pure steady
wind test pat*erns. The method.proposed should be helpful in organiz-
ing sprinkler test programs to include only the test conditions re-
quired to give data for a few reliable pure steady wind patterns. It
also brovides a basis for eliminating the less important tests which'
add little to the knowledge of sprinkler performance in wind.

Sprinkler tests utilized in this analysis were limited to wind
speeds of 12 mph or less. It is recommended single‘sprinkler test
data be collected for higher wind speeds while concurrently operating
an adjacent system in a test of long duration. The correlation be-
tween the suggested procedure and the actual field results could then

be evaluated.
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PROCEDURE FOR SPRINKLER DISTRIBUTION TESTING FOR IIS_EAICH PURPOSES

Developed by the Sprinkler lnigmmmnm: -.:w’:’m by ASAR Soil and Wikt Divisien

Standards Commutice, sdupied

SECTION 1—PURPOSE AND SCOPB

1.3 This kecommendation has the following two purposes:

1.1.1 To peovide a basis for the sccumulation of dats ca

the distribution characteristics of sprinklers.

1.t:2 To provide & uniform method for the presentstion of

the data described in paragraph 1.1.1.
1.2 The data collected are to be of such extent and sccurscy
a3 ¢0 assist speinkler system designers in making rational decisions
segarding the water distribution pattern of sprinklers.
1,3 This Recommendation dexcribes the types and methods of
obusining and recording pertinent climatic dats. There mus: be
s sufficient amount of data 50 that spparent conflicte between
resules of different investigacors can be resolved.
1.4 No snempt is mede here to define saalysis procedures.

SECTION 2—SPRINKLER DESCRIPTION AND SELECTION

3.1 Number ol oprinklers. Single spriakler tests caly are covered
in thes2 procedursl recommendations. It is generslly desirable
20 pesform more than one test undes ostensibly the same speinkler
operating and climatic conditions. Each test shall be repormd
separately and ot combined with ochers in any way,

3.2 Selecrion of oprinklers. Any sprinkler used in these tess
shall be chosen st random from normal production russ,

2.3 Descrigtion of speinkler. The aprinkler shall be described
in such & way thet a completely unambiguous reference can be
made t0 it st & furure dase, This descripton shall include, but
80t necemarily be limived w0, the followiag:

Make

Model name sad number

Scrial aumber or other identifying mark

Nossle dismeter (5) and description(s)

mmd m description (siae, type, exc.)

Onher isformation (eg., strsightening vases, type
of drive, esx.)

SECTION 3—TESTING INSTALLATION

3.1 Spriakler Jocation and installation.
3.1.1 The sprinkler shall be located in au ares which has
chhtahnndmorludnnﬂ'n. (8 mm) of

i

other sprinkiers. The sie shall be
there is & minimum clesr distance wpwind
6 heighn for each mile per bour (0.43
of wind speed up t0 a maximum of 30 heights
mph (2.23 meters per sec) of greater, and 8
downwind of the patrern area equal
y downwind windbresk. A map showing
of windbresks shall be included om the
Preseaustioa Form. Tosts shall not be rus whea
these condidons are ot xstished,
3.1.2 The cenwer of the main noxsle of the sprinkler il
be 2 fc (0.6m) above the average clevation of the wops of the
4 nesresz collectors on land slopes of 1 percent or less, of 2 ft
{0.6m) higher thas the 0p of the highest collecror on laad
slopes arester than 1 percent.
9.1.3 The sprinkler riser shall be vertical within I deg.
3,2 Callestor description and lecation.
3.2.1 All collectors used to messure distsibution shall be the
same. They shali be designed such that the water does not
splash out and such that cvaporstion is kept to & minimum.
The collector shell be completel; dexcribed on the dsa
sheet. H an evaporation suppressant is used, its type and method
of spplication sha!l be reported.

3.2.2 A square grid patcern of collectors shall be used, with
the spacing berween collectors being any whole number. The
sprinkler shall be located in the center of a grid square (mid-
way between 4 sdjacent collectors). A minimum of 80 collee-
tors shall receive water during & test. The position of the
collectors shall be msinuined such that the entrance portion
is horizontal, as estimsted by visual eaeans.

3.2.3 The aversge sbove-ground height of the tops of the
4 collecrors nearest the sprinkler shall be cither 3 fr {09 m)
above the ground, os, as an alternative, 1 ft (0.3 m) above the
ground. This distance shall be reported a3 “collector heighe”
For lsnd slopes of 1 percent or less, the collectors shall be
in s horisoatsl plane. For land slopes greater then 1 percent,
:lhe collecrors shall be in a plane pansilel o the averags land

ope.

3.3 Climatic ing oquip and §
3.3.1 The wind movement during the test pericd shall be
messured with & romtingcup toaliring snemometer, oz s
device of equal or better accuracy. Floating ball type devices
are not satisfaciory. The wind direction shall be messured
with 8 wind vane on the basis of 8 points of the compess.
3.3.1 Wind messuring equipment shall be locared within the
clear ares as described in paragraph 3.1 but oymside the sprink-
ler patern, and ot s height of 13 fr (4m).

3.3.3 Dry and wet bulb cemperature messurements shall be
made at 3 jon where the microclimase is essentially un-

the operation of the sprinkler. This will norssally
be upwied of the patse~n aren.

SBCTION 4~-MEASUREMENTS
4.1 Spciaklor

Precure.
4.L.1 The nozle presure is defined as the pirorsratic pressure
st the vesa-coatracts of the jet from the main (larpest) pomale.
Te shall be measured with & pitot rube and & pressure-indicating
devioe accurare w0 within 2 percest (at the sprinkier pees-
sure) and reporeed,
41.2 The base pressure is defined a5 the pressure hesd ot the
sprinkles. This shall be measured at s point oa the riser at
Jeast 2 riser diameters from any change of direction of flow
or chaape in pipe cross-sections! ares. Position shall be re-
corded. The base pressure shall vary not more than 3 percent
during a wst. : )
42 Sprinkler few. The flow through the sprinkler shall be
messured snd seported 10 an accuracy of %3 percent. Volumetric
messurements under the test pressure, made with s stop-watch
sad a containet, or with a calibrated warer meter, are satisfacory.
4.3 Sprinkler retation. The mate of roution of the sprinkles shall
be measured and reported. The uniformity of romtion through |
the 4 quadraats shell be measursd sad reporsed.
44 Chimatic date.
4.4.1 Wind messurements shall be wken at 13 maximum
intervals of minutes. Distance shall be recorded to the pesrest
0.1 mile (0.16 kilometer) of movement and directions to the
nesrest octant. Direction shall be keyed to one of the principel
axes of the Standard Dats Presentarion Form.
4.4.2 Wet and dry bulb semperstures shall be messured at
maximum intervals of 13 minutes.
4.3 Depth of application. The depth of application in esch col-
lector shall be Jetermined to an sccuracy of 2 percent of the
average spplication depth and reported in & 1sble showing the
location of the collector relative o the sprinkler (see Standard
Data Presentation Form).
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SECTION 3—TEST DURATION sncnous—urbmm
3.1 Test durstion. The preferable sex ‘duration is 1 hour. Other 6.1 Jal = dod. The dam outlined in Sections
st durstions mey be wsed, but the cisccumsiances sad time must Z.S.OMSMhmMm(mmhnMMu
- be clesrly stanrd on the sest sheet. Sprinklers shall be sarsed and ia Figs. | sad 2. A scpareae set of sheens shall be peepared for

sopped ot the same positios snd truc total time recorded. oach sprinkice st
pe 6.3 Devistiens frem ded d Devistions fram

MMMRwllhuﬂMumwd
Dets Peescncation Form for Sprinkler Distribution Tests,

43 Additional data. Additions] dsta on the conduct of o west
should be included if it will benefic the sysem desigaer or help

explaia vagaries ia resuln,
. Tot Condiilons

Testing Agracy : Oste Test Ne.
Speinkier Specifications (Pas. 2.3)
Tent Lacatien Westher

1, Ventical distsace from riser asae to ncuzle, ia, (Paz, 4.1.2)

2. Imside dissncser of riser, in.

I.C.llu\- height, ll (Pu 5.2.3)

4. C in, (Par. 9.2.1)

9. Sprinkler beight, ft. (Pus. 3.1.2)

6. Flow rsts, gpm (Par. 4.2)

7. Description of collector (Par. 5.2.1)

0. Evaperati »» woed Velusae/collsctor

9. Dets duting teat:

Wiad ‘Temp, °p . Rotstion rate, sec pet full rev Pros. psl
T [ Wik e, Db W] RH, % TSl MQ | Q] dQ | wQ Nes Bace

ia for sprinkler tasting set forth in ABAE R330, Procedure for Epriniivs Distribution

does not meet Lhe

does
‘huhc for Restarch Purposss.

FIG, 1-STANDARD DATA PRESENTATION FORM, Test Conditions
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‘. Ne.

¢

Terting Agsncy .
Sgeinkier Speciboath

Tent Location Westher
— — — — —— ——— — —— o— a—— ———— g —— —— ——— o—
— o—— — — —— —— —— — — —— om— e— A—— — —— ——

?
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FiG. 2—8TANDARD DATA PRESENTATION PORM, Msp'
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Shift in Center of Mass Calculation

Input Procedure
Data Cards

First Card:

Column
1- 5 ‘ Test Number
6-10 Number of rows and columns of cans
in the sprinkler test. The cans
must be symmetrical about the
sprinkler and the cans per row must
equal the cans per column.
11-15 Catch~can spacing.

Second Card:
The actual can-catch values are read in, beginning
with this card, using a F4.1 format, 20 values per
card. Each can must be allowed a location on the data
card. The field may be left blank for zero values.
Any number of sprinkler tests can be read in by repeating the
data card setup as outlined above, i.e. the first card of each test

set must contain the test number, number of rows and columns, and the

catch-can spacing.

Output

‘The program computes the magnitude (in feet) and the direction
of the shift in the center of mass of the wind affected single sprink-
ler test pattern. The shift angle is referenced from North (plus
angle clockwise). |

The input catch-can values are printed out for each test.



ann

101

12
‘102

103

2041

2043

2039
1ns

106

70

CENTER OF MASS CALCULATION PROGRAM

DIMENSION CR(2&.28)

READ(Se 1IBI.END=3) IIT *N.SPACE
IIT = TEST NO.

ANGLE = SHIFT ANGLE

‘N = NO CF COLLECTOR ROWS

FORMAT( 2I5+FSe0¢2FSel)"
1 =0

J=0

IT = N/2+2-N

READ (5¢102) ((CRETIeJ)ed=L1eNDIeIZloN)
FORMAT( 20Fa.1):

WRITE(610%) IIT

FORMAT(SXe® TEST NOo *»XI7)

SHIFT IN CENTER OF MASS
XS<=0.

XM=0.

YS=0.

YH=0.

00 1 I=1eN

D0 1 J=ie N

€C = CR{XI. N )
XM=XMeSPACESFLOAT(Y ) oCC
YHN=YMeSPACESFLOATII )eCC
XS=XS+CC '
YSzvSeCC

XC=XMN/72S’

YCx=Yynus7vys

IF (IT LT . 0O) XG=FLOATIN/2¢1)eSPACE
IF (IT7 <EQe O) XG=(FLOAT(IN/2)SD.5))eSPACE
YG=XG6

X0=xG-%C

YD=Y6-YC
ALPHAZATAN2(YDoXD)
ALPHAZALPHA®57.296-9).
D=SORT(XDs*2¢YDe 2+ 2)

‘00 2039 I=1.N

HRITEC(R«10S) (CR (TIoJ)ed=1eN)

FORMAT(./v5X e20FS.1)

WRITE(G 1060 ALPHA o D

;gﬂ"lf‘SloII' SHIFT ANGLE= *eFT7.1¢8X¢° CG SHIFT=F7.1):
0 70 2 o

3 sSTOP

NO DIRAGNOSTICS.
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Computer Program to Model Wind Effects

Input Procedure
Data Cards
First Card:
Colum

1-5

Second Card:
Column

1-4

5-8

Number of spacing combinations to
be investigated.

Spacing on the lateral as a

71

proportion of the effective diameter.

Spacing of the mainline as a pro-
portion of the effective diameter.

There must be the same number of spacing combinations read in

as indicated in the first data card. The spacing combinations are

read in consecutively starting at the beginning of the second card

vusing 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

Number of cans in the rows and
columns of the sprinkler test. The
cans must be symmetrical about the
sprinkler. When the sprinkler is
midway between four cans the number
of cans i3 even. If the sprinkler
is located on a grid point the
number of cans in a row or colum
will be odd.

Catch~can spacing.



11-15

16-20

21-25

26-31
Fourth Card:
Column
1-5

6-13

14-21

22-29

30-37

38-45

46-53

54-61

72

Number of different wind speed test
patterna. This must be equal to the
nunber of test patterns read in to
be included in the stacking process.

Number of different wind directions
each wind speed test pattern is
rotated to prior to stacking. Each
wind speed test pattern is rotated
to the required angles before the
computer continues on to the next
speed.

Test pressure (in PSI) for the
sprinkler test.

Test nozzle size.

Test number.
Shift in center of mass.

Initjal wind angle of the test pat-
tern (opposite Cp shift direction)
referenced from North (plus angle
clockwise).

Effective diameter. The effective
diameter can be set at 100 so the
proportion used on the Znd card can
be multiplied by 100 to equal the
sprinkler spacing.

Desired grid spacing after inter-
polation for intermediate grid
points. This spacing must be
divisionable evenly into the can
spacing aund nwist not be equal to
the can spacing.

?irst required wind direction
(angle to which test grid is
rotated) .

Relative weight the test pattarn is
given for this wind speed and
direction.

Average wind speed of the test.
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62~-69 The variable used to combine two
test patterns prior to rotation and
stacking. A (2.0) is placed in this
field for the first test of the
combination and a (1.0) is placed
in this field for the second test
of the combination. Por all other
times this fieid is blank.

Fifth Card:

The actual can catch values are read in beginning with

this card using a F4.1 format, 20 values per card. Each

can must be allowed a location on the data card. The

field may be left blank for zero values.

Remaining Cards:(When more than one wind direction is
required for each wind speed test.)

One angle and one relative weight is read in per card
until the number of required wind directions are
satisfied.
Additional Sets of Test Data:
Additional sets of test data are read in by repeating the card
setup order beginning with the fourth card. The number of sets of

test data must be equal to the number of wind speeds punched on the

Third Card (Column 11-15).

Output
The program takes each set of test data and rotates it to the

required angle and reduces each can-catch value by the desired frac-
tion (relative weight). The test number, wind speed, wind direction,
and relative weight are printed out. The weighted tests are stacked
together and the resulting total pattern is printed out. The center
of mass is located for this pattern and the uniformity coefficieant is
computed for each spacing combination. The location of the center of
mass is printed out. Next the uniformity values for each spacing is

printed out showing the spacing (in feet) along the lateral and the main.
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COMPUTER PROGRAM LISTING

¢ PROGRAM TO ROTATE AND STACK SPRINKLER TEST GRIDS

DIMENSION Ci36eT6)e CRIZE 936D WINNTI20VMTCCE36+36) AL200,60)00
SCE(10Hs 1UGY s TLSIEO) ¢ INS(ED)e SLUIED) o SHIED) +B(BO+60) +CSNI36e36)
WRITE(G «99)
99 FOPMATI 1HL?
READ(S. 1DQ) NSR
c NSR=NUMRER OF SPACING CCMBINATIONS VO BE INVESTIGATED
100 FORMAT(SIS)
READN (Se908) (SL (M) SMIM)oNZ loNSR'
SL(MIZSPACING ON THE LATERAL AS PERCENT OF EFFECTIVE
DIANETER
SHIM)=SPACING ON THE MAIN AS PERCENT OF EFFECTIVE
ODIAMETER
908 FORMATI2uF4.2)
2 READ(Se 101+END=3) NoSPACE oNWINeNDIR/NPRES oNOZ

anOon

(o N=DIMENSION OF THE SPRINKLER PATTERN TO BE READ IN
[ o (NOTF=MUST BF SYMETRICAL ABOUT THE SPRINKLER)
c IF ¥ IS EVEN THE SPRINKLER IS MIDVAY BETHEEN & ADJACENT
C COLLECTORS
[ o IF N IS 00D THC SPRINKLER IS LOCATED ON COLLECTOR POINTY
C SPACE=SPACING RETWEEN COLLFCTOR POINTS
C NWIN = NO, OF WIND SPEEDC PATTERNS
 of NDIR=NO. OF DIRECTIONS TO WHICH PATTERNS ARF ROTATED
[ NPRES=NOZ2ZLE PPESSURE
[ o NO? = NOZZLE SIZE
101 FORMATLIISeFSele SIS AG)
XCOR = 0,
YCOR = 0.
IT=N/ 20 2-N
NN=N
ISPACE=SPACE

WRITE(6+2080) NOZ oNPRES
7080 FOPMAT(//+* SPRINKLER TEST PATTERN SYNTHESIZED RY A CONBINATION OF
S THE FOLLOWING PATTERNS?®/SXe *NOZZLE SIZE® ¢ ARs SX o *PRESSURE *+ I6)
00 1220 I=1+36
0 1220 J=1¢36
12206 CLEeJ) = 0.0
00 2088 IKE = 1o NWIN
ICOUNT = O
777 REAN(Ss 10M1) ITEST.CGoANGLEsDIA¢S2.REQDIR+WINWT ( IKE D s UNSPEDS SYN
€  ITESTZTEST NUMAER OF DATA (FOR IDENTIFICATION PURPOSES)



OO ONOOODON

12

ool

8s

102

103
108

106

CG=SHIFT IN CENTER OF MASS
ANGLE-OIRECTION FROM WHICH WIND IS ALOWING:PLUS ANGLE IS
CLOCKUWISF MEASURED FROM NORTH

DIAZEFFECTYIVE OIAMETER OF SPRINXKLER (2ERO WIND)

S2=DESIRED GRIOD SPACING AFTER INTERPOLATION FOR
INTERMEDIATE POINTS

REONIR= DESIRFEND DIRECTION OF WIND

WINYUT = THE RFLATIVE AMOUNT THIS WINC SPEED AND DIRECTION MILL
INFLUENCE THE SYNTHESIZEDN PATTERN '

WNSPED = THE WIND SPEED REPRESENTED BY THE TEST

SYN=2 IF NEXT 2 PATTERNS ARF TO BE COMBINED
TO SYNTHESI?F AN INTERMFDIATE WIND SPEED
PRIOR TO BEING WE IGHTED AND STACKED

FORMAT(ISAF8,.3)

00 85 I=1eNSR

ASPMZSM(I)eN]1A/S2

ASPL=SL(IV)eDIA/S2

ISPL=ASPL

ISPMTASPM

ASPL2=TISPL

ASON2ZISPN

RM=ASPH-ASPN2

RL=ASPL~-ASPL2

IFIRN ,GEe MNaS) ISPHCISPNel

IF (RL GE. 0«5) ISPL=ISPLL

ILSUIN=ISPL

INSEIVZISPH

READIS, IN2) ((CLTIeJ)eJ=1eN)e IZ] e N)

C{I+JI=SINGLE SPRINKLER TEST PATTERN DATA

FORMAT(20F8.1)

GO 70 106

READ(Se ING) RENDIRsWINUT(INKE )

FORMATI 2F8.2)

ICOUNTY = ICOUNT o 1t

CONTINUE

DIR = REQGDIR/S7.29578

XCOR={ COSI(NIAISUNSPED VoW INWTL IKED +XCOR

YCOR=( SINIDIR)*UNSPEDI*W INUT(IKE) +YCOR

ANGL = REOCDIR

ALPHA = ANG) - ANGLE

NO=N7 2¢1

IF(ITEQ.0) RADZ(FLOAT (N/2)-De5)eSPACE

IF(IT LT LU) RANZI(N/2)eSPACE

ALPHAZALPHA/ST7.29578

N1zNe}

00 & I=1.N

N0 & J=1.N

IFIIT.EQ.O0) GO YO 12

IF(T.EQ.ND «ANDJEN.ND) GO TO 6

XSFLOAT (J=1) sSPACE-RAD .

YZRAD=-FLOAT( I-1)eSPACE

XL=SORT(XexeYeV)

IF(IT.EQ,0) GO TO 9

IF (J «MNE. NO) GO 70 9

IF (Y GTe ND) BETAZ~-1.57079%

IF (1 .LTe ND) RETAZ1.57079S

G0 70 10
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0

71

72

73

9
10

39

BETAZATAN2(Y, X)
SASSINIRETACALPHA)
CA-COS(BETACALPHA)
X=XLeCA*RAD
Y=PAD-XLeSA
IF (ABS(X-RAD) .LE. “01 Y GO TO 13 .
IFiX.GF.0.) GO TO 70
Ix=x )
XTFLOAT{IX/ISPACE-1)eSPACE
GO T0 71
Ix=x
XT=FLOATIEIX/ISPACE)*SPACE
IFtY.GE.D.) GO TO 72
1v=y
YTFLOAT{IYZISPACE-1)eSPACE
GO T0 73
Ivzy »
YT=FLOAT(IYZISPACE)eSPACE
ATO=XTeSPACE
YTOZYTeSPACE
1I=n
TS(RAD-Y)Z(X-RAN)
IF (ABSIT) JLE. “NN0OOL) 60 TO 27
YL=RAD-YTY
xe=vyL/svy
YL=RAD-YL
SLSRADO XL
J1=21
IFEEXT=XL) oLEcONDT AND. (XL-XTP) LLE. 0001)

$60 Y0 25

26

YL2RAB~YTP

XL=YL/7Y -

YLERADYL

XLz=?A0eXL

J1=2

IFls X"’L’ eLE +oDO0Y < AND. (XL-XTP) .LF. .0001)

w¢n Y0 28

27 AL=XT=-RAD

YLEXLeT

XL=XLeRAD

YL=RAD-YL

Ji=3

!' “"'NL, dEe .Oﬂol .AND. "L-"P’ .LE. .OMI)

$60 70 25

28 XL=XTP-RAD

YL=XLeY .
XL-XLeRAD

“YLZRAD~-YL

Jis=s
IF CIYT=YL) AL E. DOOL <AND. (YL-YTP) LLE. .DOO1)

$GO Y0 2%
37
xzn FORMAT( 10K+ "PROGRAM FATLURE AT I=0ISsSXe vU=® ¢ 150 3X

WRITE (6e120) JoJosALPHAGX oY

SoYALPHAZ®eF 6020 SX NS *oF6a205K0 Y2 *9FGe2)
STNP ‘

28 1I=11e+}

IF (J1.LEe 2) GO TO 3»
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T12%XLe .02
11211 71SPACE+])
I0=vLe 02
IN=107ISPACE+]
I13=11
12=10¢)
0zyL-Y¥Y

GO 10 3§

I8 T1zXLea 02

T1=ST)1/7ISPACE+}
I10=YLs .02
INZIN/ISPACE+}
73=1t1e1

12=1n
ND=xL~-XT

35 GO YO (29+3M 11

29 X 1=XL
Y L=YL
01=0
181D
I8-11
1612
17=13

36 GO TO (26¢27028:37)4J1

30 X 2=AL
y2=YL
02:=0 :
!F (lBS(!l-!?l .GEO .ﬂl .OR ° lﬂSlVl-'!i .SE. ..D‘.

$GO 70 31
I11=11-1
GO 70 36
3t Fi1z0.
F22zn,
ouYT = =-S.0
IFIX LE, OUT ORe Y «LE. OUT) GO TO &2
IF CUINGLE . NoAND. I8eGEs 1) JANDe (IS oLESN AND,
SIS oGEe¢ 1)) FQ=ClIn,IS) '
IF ((T6eLEe NodND. T6eCEa 1) «ANDe (I7 oLECN AND.

92 VISF)1+(D)1/SPACE)e(F2-F1)

Fl=n.

F?2=0. -

JFIX <LE. OUT ORe Y oLEe OUT) GO TO &3

IF C(INelEs NedNDe INeGE. 1) oANDe (I] <LEJN JAND.
SI1 GE. 1)) FiI=C(IO.IN)

IF ((J24LE . NoAND. T2.GEe 1) oAND, (13 JLEN AND,
SIS «GE. 1)) F22C(I2.13)

8% VISF1+(02/SPACF)e(F2-F1)
D=SORTC(X=-X1)eeDelY-Y]1)002)
DY=SORTLIXP-X1)002¢(V2-Y] )00 2)

88 CRIT,JIZVL+(D/0TIetV2-V1)

GO 70 &

6 CRITeJIZCLTIN

. 8010 &

11 JYZY/SPACE

N=Y-FLOAT(JY)oSPACE

JYSJYe}
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JY1SJvel
CRITWJI=CINDJY) ¢D/SPACE(CINDsJY 1 - CINNeJY))
CONTYINUE

20100 CONTINUE

2038

WRITE(F «+20838) ITESTWNSPEDREFDIRWINNTLIKEY

FORMAT(BX+*TEST NOo's ISeSXe *WIND SPEED= s FSel ¢ *HPHe *
Sy SY e *WIND ANGLE®¢F7.20¢5Xe "RFLATIVE WEIGHT *»F6.3/)

D0 72049 1 = 1. N

DO 2088 JU = 1N

IFISYN (LT. 02) GO TO 2046

CSNUTeJd) = CRUTeJISUWINUTIIKE) ¢ CSNUIoJ}

Cl{TeJd) = CSN(I.J)

IF {SYN . 6T. 1.9) ICOUNTZ -1

IFLISYN GTo' Na9)oAND., {ICOUNT ,EQ. -1)1GO TO 2068

IFUISYN 6Te 0e9)eAND. (ICOUNT .GE. G)) GO TO 2046

JIF(SYN ,GTa 1.1) GO TO 20648

72046 UTCC(IeJ) = CREIeJI*WINNT(IKE) +WTCCUTod)

CRIIsJ) = NTCCII.J)

2N88 CONTINUE

IFI(SYN .GT. L.1) GO TO 777

IF1({ ICOUNT ¢ 1).LT.NDIR) GO TO 103
CONTINUE

OUTOUT OF ROTATED STACKED PATTERN
nNo 2039 I=1.N

WRITE(R+105) (CR (IsJ)eJd=1leN)
FORMAT(/e5X 024F S.1)

SHIFT IN CFNTER OF MASS AND RESULT ANT VELOCITY
VECTOR CALCULATION

XS=Ne
AN=N.
¥YS=N.
YHz0.
00 1 I=1.N
00 1 J=1eN

2083 CC = CRUI.J)

XM=XM>SPACEFLOAT(J ) eoCC
YP-YMeSPACESFLOATI(T )eoCC

XS=xSeCC

yYS=YS+CC

xXC=xnsxS

YC=YN/YS

IF (IT LT. O) XG=FLOAT{N/2+1)eSPACE
IF (1T oE0e D) XG=(FLOATL(N/2)%N.5)) eSPACE
Y6=XG

XD=xG6-%C

YPzv6-vYC ,

ALPHAZATAM? (YDoXD)
ALPHAZALPKHAS5T7.296~9%,

D=SARTIXNDee PeYNee 2)
RESANG=ATAN2(YCORXCOR )
RESANG=RESANGe57.29578
RFSVEL=SORT(YCONes+2¢XCOR®02)

CALCULATION OF INTERMEOIATE GRID POINTS AY LINFAR
INTERPOLATION
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ANl
ano

L1t
sus

2Bz Bala]

19

Sh
93

S8
50

5

51

LotSPACE+.D2)/S2
IFIL.EO.1) GO T) a0
Li1=L~-1

N1=N-1

00 ana I=1eN

DO AnNQg J=1e N1
F1=CRII N
F2=CR(XI,J¢1)
TizLe(I-1)
JIzLe(J-1)e1}
CE€I1eJ2) = CR(LIoJ)
CElILoJIeL)=CR(IsJ*1)
00 POL K=-tel

CE(TLoJLeK DI =F1oFLOATIK)/FLOATIL) o(F2-F1)"

CONTINUE
NNzLe(N-1)e ]
N&=NN-L

D0 A0 I=1leNwm.oL
DO 803 J=1«NN
FI-CE(I N

CF2=CE(TeLeN)

00 ADZ K=1.L1
CELTI*XeJ)I=F LoFLOAT(K)/FLOATI(LY 0 {F2-F) )
CONTIWUE '

SUPERIMPOSITION OF SPRINKLER PATTERN AND
CALCULATION OF UNIFORNITY .COEFFICIENT

ND:=NN/72e])

DO 68 M=) INSR
LS=TILStM)

NS=INSIN)

LSl = LS ¢ NOD

D0 %1 J = NOD.LSH

JJ=Jd

IF{JJJLE LNN) GO TO An
JdsJdJ-LS

TIF(JJ.GT ,NN) GO YO 88
1134

12=J94

T 32J=-NDe]

DO SE& I=1«NN
AM(TeIZN=CEC(T )
T1=TgeLS

12:12-LS

IF(TI1.GT,NN) GO TO Sp
D0 S8 I-1eNN
A(TeIXI=ACLo13)eCELI I
IFEI2.LT.3/ GO Y0 §1)
D0 S5 IZtWNN
AUIeIXI=ALTeI3ICCE(]12)
GO Y0 53

CONT INUE

MSI=MSeND

LES?22L S}

D0 K7 I=ND.MS1
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1tJ21
IF(IIJ.LE.NN) GO TO 90
91 1T4=1LJ=-MS
IFITI1J.GT.NN) GO YO 91
aan J1=711J
J2=114
1 3=I-ND*}
D0 60 “II=1.LS2
(31] RIS IiIzALTIS.II)
R J1=J1+rS
J22J2-NS
IFtJ1.GT .NN) GO 70 S8
D0 61 II=-1.LS2
61 BIIZIII=B(IZIT)eACURIT)
S8 IF(J2.LT.k) GO TC S§7
DO A3 TI=t.LS2
63 8‘l!oll)‘BIISoII!OﬂIJZOIT’
60 Y0 67
87 CONT INUE
NS2=M3+1
SyUM=n.
‘00 &5 I=1.MS2
00 RS J=1.L82
RS SUM=SUNBI(IJ)
AVG =SUM/FLOAT R S29M52)
SN=N.
DO 66 IzZ1.M$2
00 66 J=1.LS82
NEV = ABS{R{I.J!}~AVG)
6h SD=RD+DEY -
CUZ100.2( L ~SD/SUN)D -
AMS=SM(MN)eDIA
ALS=SL(M)eDIA
SRZALS/ZAMS _
NRITELR 20703 SL (M) ,SHIM) +SRCU
IN20 FORMAT(SXo°LAT SOPACE " eFSa2:05X0°M SPACE®,
SFR.Pe SXe'SROFS.245Xe *CU*oFRL1)
s CONTINUE ‘
NRITELR+2021) DeALPHARESVEL+RESANG
2021 FORMATISXe*CENTER OF MASS SHIFT % 10XeFT7e2 ¢
SENs *SHIFT ANGLF®eF7.2/05X ¢ "PESULTANT WIND VFCTOR®
SeAXoFTe2eSX o ANGLE® 96X eFT,2)
GO 70 2
3 sSTOP
€End

NO DJIAGNOSTICS.
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Appendix C

Uniformitx Values for Stacked and Median
Angle Patterns at Several Wind Speeds

81



82

Uniformity values for stacked and median angle patterns under
several wind speseds for three spacings (feet).

Angle of con- _ Uniformity coefficient values Ave,
tributing Stacked pattern Medlan angle pattern diffgr-
elements 30x40 30x50 L4Ox50 30x40 30x50 L4Ox50 ence
------------- Wind speed 2,0mph ~ ~ c v cc e c mc e e e~
- 0 and 10 90.9 89.4 88.3 91.0 89.3 88,3 0.1
0to 20 - 90.9 89.1  8s8.1 91.1 89.0 88.1 0.1
0to 30 90.9 88.8 87.9 91,3 886 88,0 0.3
0 to 40 90,9 88,7 87.7 9.9 88,2 87.6 0.2
0to 50 9.9 88,6 875 91,1 88,2 87.4 0.2
0to 60 91,0 88.5 87.4 9.6 87.8 87.1 0.5
0to 70 9.0 883 8.1 9.9 8.8 8L2 0.2
0to 80 91,0 88,2  86.9 9.9 87.7 87.0 0.2
0to 90 91.1 88,2  86.9 90.9 87.6  86.8 0.3
------------- Wind speed 2.1mph-;-------~--—-
0 and 10 Slyols 91.1 90.0 o2 91,2 90.0 0.1
0 to 20 9.6 91.4 90.1 by 91.0 89.9 0.3
0to 30 95.0 91.4 90.0 9.8 91.7 90.4 0.3
0to 40 9545 91,2 89.8 9%.8 91.4 89.9 0.3
0to 50 95.8  91.0  89.7 95.3 91.2  89.5 0.3
0 to 60 9.1 90,6 89,5 95.8  91.1  89.3 0.3
Oto 70 9.5 90,1 892 96.4  90.8  8s8.8 0.4
0to 80 96.8 89.7 89.1 96.9 90.3 88.4 0.5
0to 90 97.1 894 88,9  96.7 90.1 885 0.5
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Uniformity values for stacked and median angle patterns under
several wind speeds for three spacings (feet).  (Continued)

—_— — —
Angle of con- Uni formity coefficient values Ave,
tributing Stacked pattern Median angle pattern differ-
elementsa 30x40  30x50  40x50 30x40  30x50 L4LOX50 enceb
----------- ~— Wind speed = 3.8 mMph = = = = = = @ o 0 = = &
0 and 10 9%.8 91,8 89,1 9%.8 91.8 89,2 0,0
0 to 20 %7  91.5  89.1 9%e5 91k 88,5 0.3
0to 30 9.6 914  89.3 9%.2 91.0 88.0 0,7
0 to 40 %6  91.5  89.6 9.2  90.7 881 0.9
0to 50 9%.7T 9.7 90,2 9%.0 90.8 88,7 1.1

0to 60 %e?  Ru0  90.7 %ol 909 890 1.1
0to 70 947  92.1 91,2 9%.1 91,2 89,7 1,0
0to 80 M6 R 91.6 93.6 91,0 89,8 1.4
0to 90 heb 2.7 921 9.9 9L5 901 1.3
e, — - - - Wind speed = 4,0 Mph = = = = = = m c o m o = .
0 and 10 91,2 89,8  90.0 90.6 89.8 90,3 0.3
0to 20 92.0  89.4 89,5 91.6 89,3  89.4 0.3
0 to 30 2.7 89,0 891 2.6 88.9 889 0.1
0to 40 93.4 88,6  88.7 9.6 88.0 87.8 0.8
0to 50 9.0  88.6 88,7 93.0  87.6 87.2 1.2
0 to 60 9%.5 88,6 88,7 %1  87.2 874 1.1
0to 70 95.0 88,8 88,8 9%.1 86,8 86,9 1.6
0Oto 80 95.5 88,9  88.8 95.0 86,2 85,9 2,0

0to 90 95.9 89.1 88.8 95.7 86,8 86.1 1.7
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Uniformity values for stacked and median angle patterns under
several wind speeds for three spacing (feet). (Continued)

I

Angle of con- - Uniformity coefficient values Ave,
tributing Stacked pattern Median angle pattern diffgr-
elements@ 30x40 30x50 A40x50 30x40 30x50 L4LOx50 ence

0 and 10 91.0 87.8 83.2 9.0 87.9 83.0 0.1
0to 20 ﬁm 88,7  84.3 90.9 88,4 83.6 0.5
0to 30 91.7 894  85.4 91,1 89,2 844 0.5
0 to 40 91,9 90,1 86,7 91,6 89.8 85.2 0.7
0 to 50 92,1 90.8 88,0 91.4 90,2 86.1 0.9
0 to 60 2.6  91.6 89,3 91.6  90.5 86,7 1.6
O0to 70 93.0 92.3 90.5 91,6 91.0 87.4 1.9
0 to 80 93.3 93.0 91.4 91,0 91.7 88,2 2.3
0to 90 93.7 93.6 92,2 90.6 92.0 88,2 2.9
-----------Q--Hind speed = 5,9 Mph = = = = = c C c e - - - -
0 and 10 91.3 87.2  75.5 91.3 87.0 75.4 0.1
0to 20 91,6  87.4  Tieb 9l.4 869  T5.7 0.6
0to 30 91.5 87.6 %% 91,0 87.0 76,6 0.9
0 to 40 91.6 87.9 73¢9 91,0 87.5 77.3 1,2
0to 50 91,5 88,3  81.5 90.2 87.2 77.9 2.0
0to 60 91,3 88.8  83.1 89.7 87.2 8.6 2.5
0to 70 90.8 89,2  &4.6 89.4  87.4L 80,2 2.5
0Oto 8 90.5 89.7 85.9 88.9 86.9 80,6 3.2

0to 9 90,2 90.3 86.9 87.7 86.3 81.6 3.9
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Uniformity values for stacked and median angle patterns under
several wind speeds for three spacings (faet). (Continued)

w——— —
—————— —

Angle of con- Uniformity coefficient values Ave,

tributing Stacked pattern Median angle pattern differ-
elements® 30x40 30x50 LOx50 30x40 30x50 L40x50 ence

0 and 10 85.6  87.0  T3.4 85.0 86,2 T2.2 0.9
0 to 20 85,6 86,8  173.8 8heb 85,7 T8 1l
0 to 30 85.6  86.9 4.8 8.0 855 7.6 2.1
0 to 40 85.5 87.2 76,2 83.6 850 T4 3.0
0to 50 85,6  87.6  T7.6 83.6 85,0 Tl 3.7
0 to 60 85.8 88,2 1795 83.5 84,7 T2 kT
0to 70 86,2  89.1 81,7 83.0 844 T71.0 6.2
0to 80 86,8 89,9  83.7 83.1 848 713 7.1
0to 90 87.7 90,7  85.8 82,5 85,4 Tl.b6 8.2
------------- Wind speed = 7.9 Mph = = =« = = = = = = = = = =
0 and 10 83.4 81.9 72.9 83.3 8l.9 T4 0.2
0 te 20 83.8 8.5 ThoO 83.6 8.2 T2.7 0.6
0 to 30 84.6 83.7 75.9 83.6 82.5 72.9 1.7
0 to 40 85,7 85.1  78.4 83.9 83.0 74O 2,8
0to 50 87.0 86,7  80.8 84.3 840  T5.4 3.6
0 to 60 88., 88,1 83,2 84,8 854  T7.0 L2
0 to 70 89.9 89.5  85.5 Bheb 86,0 77,6 5.6
0to 80 9.0  90.7 &7 84.9 86,6 782 6.5

0to 90 91.9 91.8 89.0 8Ll 86.3 78.3 7.9
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Uniformity values for stacked and median angle patterns under
several wind speeds for three spacings (feet)., (Continued)

Angle of con- Uniformity coefficient values Ave,
tributing Stacked pattern Median angle pattem'diffgr—
elements® 30x40 30x50 40x50 30x40 30x50 LOx50 ence

------------ Wind speed = Qo4 Mph = = = = = = = = = = = = =

0 and 10 90.7 815 77.8 9.6 82,0 77.9 0.1
0to 20 90.8 81,5 78,7 90.2 81.0 777 0.7
0to 30 91.5 %R,0 80,0 91,2 81.7 787 0.7
0 to 40 9.4, 8,6 813 90.9 81.3 78,9 1.7
0to 50 93.0 83.6 8.8 91,5 82,1 80,0 1.9
0 to 60 93.3  8h.9 843 91,8 81,9 80.5 2.8
0to 70 93.8 86.2 85,8 914  81.5 80,7 kel
0to 80 9.7  87.7  87.3 88,9 80.6 79,9 6.8
0to 90 95.5  89.5 891 885 80,9 797 8.3
_— - — e - — - - - Wind speed = 11,3 mph = + = = = = = = = = = = =
0 and 10 794 76,3  TheO 78.2  75.3 72,7 1.2
0‘to 29 81,1 78,2  75.5 792 76,3  73.0 2.1
0to 30 83.3 80,3 77.8 80.1 77.2 T3.2 3.6
0 to 40 85.9 82,7  80.4 81,5 78.7  Thel L9
0to 50 88.4 85,1 83,1 81,9  79.7  The5 6.8
0to 60 91.0 87.1 85,6 8.9 8l.2 756 8.0
0to 70 93.2 88,5 8%.7 8,,0 82.8 76 8.7
0to 80 95.0 89.6 89,3 85,0 842 76,9 9.3
0to 90 95.8  90.5 90.2 86,1 85,6 774 9.1

8The range of patiern rotation is given, e.g., O to 30 means a stacked

gfg.temcontaining 0, 10, 20, and 30 degree rotated patterns,
is is the average of the absolute difference between the stacked and

median angle pattern UC values,
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