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ABSTRACT

The effect of the winds commonly occurring in the
Bekaa on the performance of sprinklers was evaluated first in
terms of its influence on the uniformity coefficient and
water application efficiency, and second in terms of water,
labor, and equipment requirements. Reductions in uniformity
coefficient and water application efficiency were produced
under high winds. To attain higher uniformity coefficients
under high wind conditions closer spacings should be selected.
A 12 x 12 meter spacing was found best suited under the
typical average low wihd conditions, while an 8 x 10 meter
spacing was found best suited under the typical high wind
conditions.

A water application efficiency of 62.5% was attained

under low winds while 55.10% was attained under high winds.

The equipment, labor, and water requirements of the
four possible ulternative practices for reducing the effect
of wind while using the same type of sprinkler head and
operating pressure were determined. These were compared with
the requirements under conditions of no wind. These comparisons
showed an inecrease of 10 to 20% in equipment requirements and
a decrease of 6.6 to 9.1% in efficiency. Labor requirements
showed an increase of 20% for one alternative only. The

hours of daily operation showed a reduction ranging from 17



to 9%0

A comprehensive economical evaluation of the

above alternatives is recommended.
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INTRODUCTION

Sprinkler irrigation is one of the important methods
of irrigation used all over the world. It has been recently
developed, but it is rapidly growing especially in areas of
limited water supply, or where land grading for surface
methods is not practical. The main characteristics of
sprinkler irrigationm which are often considered as advan-
tages, are high efficiency and uniforamity of water applica-
tion(9). However, in many cases it has been found difficult
to achieve these. The main factor that limits the achieve-
ment of high efficiency and uniforam water distribution, and
which has not yet been overcome,6 is the presence of daily
wind variations. There has been little work done on the
effect of this variation on the uniformity coefficient of
sprinklers.

In the Bekaa FPlain of Lebanomn, sprinkler irrigation
was introduced during the last tem years but mainly for
experimental work. Extensive use of sprinklers by the
farmers in the Bekaa can be expected if it can be proven
that sprinkler irrigation is more efficient and more econo-
mical than other methods of irrigation. The achievement of
high efficiency and uniform water application by sprinklers
is limited by the presence of a wind problem in the area.
The daily wind variatioms in the Bekaa are considered as a



major factor affecting the possibility of sprinkler expan-
sion. Occurrence of irregular strong winds distorts the
uniformity of water application and may increase the drift
losses appreciably.

To solve the problem of high wind, it has been
recommended by few workers - especially sprinkler manufac-
turers - that the spacing between sprinklers should be
reduced and the laterals should be placed across the path
of the wind. However to determine to what extent farmers
can decrease these spacings and retain a high efficiency of
distribution as reflected by suitable economic measures is
& problem that has not been solved yet. Nor is it reason-
able to expect a senéral solution that could be applied under
all circumstances. A complete study of each specific situa-
tion is necessary to evaluate the wvind effect and to draw
practical conclusions.

The present work has been conducted as an attempt
to evaluate the effect of winds commonly occurting in the
Bekaa on the performance of sprinklers. The main concern
in this study is the physical effect of wind on the water
application efficiency and uniformity coefficient of
sprinklers. Poseible engineering designs to meet the wind
conditions in the Bekaa Plain will be presented and eval-
uated, The ultimate purpose this study would serve would
be to determine the increased cost in sprinkler irrigation
caused by the daily wind variations commonly occurring in

the Bekaa.



REVIEW OF LITERATURE

Evaluation of the performance of sprinkler irriga-
tion depends mainly upon the determination of the uniformity
coefficient, and of the water application efficiency(10).
Lack of uniformity of water distribution is the first major
problem to be solved. If the distribution is not uniform
it means the soil is wetted in an irregular manner, and
therefore the efficiency of water application is impaired.
The normal procedure for insuring high efficiency and high
uniformity coefficient is the proper design of the sprink-
ler irrigation system. One of the most important prelimi-
nary design factors is the wind., It is the purpose of this
section to review the available information pertaining to
the effect of wind on the uniformity coefficient and water
application efficiency of sprinklers and the measures recom-
mended for reducing such effects.

Uniformity Coefficient

The distribution of water from a single rotating
sprinkler is not uniform over the entire wetted circle.
Under low or no wind conditions, the greatest depth of
application occurs around the sprinkler and docr#anos with
distance radially outwards. Thereforc,iﬁ is necessary to
space sprinklers closer than the diameter of their wetted
¢circles in order to give an overlapping pattern resulting

3
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with aspproximately the same amount of water applied all
over the irrigated area(l8).

McCulloch(l7) stated in a design procedure for
sprinkler irrigation that for each type of sprinkler head
operating under a fixed pressure, there is a characteristic
distribution pattern with a certain diameter of coverage.
This pattern is completely changed by high wind movement.
He concluded that in windy areas, it is important to allow
for this change by reducing the lateral spacing, or by using
triangular rather than rectangular spacing arrangements.

Lewis(15) found in his study on sprinkler and other
methods of irrigatiqn that the main factor that causes non
uniform water application by sprinklers, and which changes
the sprinkler distribution pattern,is high wind movement.

Powers and Bertrameon(23) presented the results of
a study on low pressure sprinkler systems including the
RainBird sprinkler. At little or no wind, they found that,
for these low pressure sprinklers, a 60-by 60-foot square
or triangular spacing applied the water more uniformly than
the 40-by 60 -foot rectangular spacing.

Scott(26) stated that one of the biggest difficul-
ties in obtaining a uniform water distridbution from the
sprinklers is wind. Upder high wind, parts of the area
irrigated by sprinklers may be dry. He reported that in
some cases operations of sprinklers have been shut down
when wind conditions created serious distortions. To over-

come the wind effect, he suggested changes in sprinkler
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nozzles, in the spacing of sprinklers and laterals, and in

arrangements. However these changes, he added, mean addi-

tional equipment and labor, thus, extra cost. He concluded
that if wind conditions are a problem, they should be con-

gidered in the original design of the sprinkler system, and
a closer spacing should be provided.

Bauzil(3) reported that a triangular spacing equal
to 55 to 60 percent of the wetted diameter of the sprinkler
would generally give a superior uniformity of distribution
over that of a square spacing. Also Selim and Nicola(27)
reported that equilateral triangular spacing equal to 60
percent of the wetted diameter was used to overcome the
wind effect.

Quackenbush and Shockley(25) listed wind as one of
the main limitations for sprinkler use, They reported that
wind distorts the sprinkler patterns and causes an uneven
distribution of water. They recommended an adjustment of
sprinkler and lateral spacings to solve the problem of high
wind. Also Thorne and Peterson(30), and Israeison(l2) con-
gidered wind as a limiting factor affecting the uniform
water distribution from the sprinkler and recommended the
use of closer spacings to relieve such effect.

Abd El-Samie(l) reported from a study on the effi-
ciency of sprinkler irrigation in the Desert B8oil Reclama-
tion Project at Inchass , Egypt that ome of the purposes
of establishing wind breaks was to elimipate the effect of
wind on tpo uniformity of water distribution from the



sprinklers.

Christiansen(l3), from 1940-1942, made an extensive
study on the uniformity of water application by several
commercial sprinklers. He developed the formula known by
his name for calculating the uniformity coefficient. Ex-

pressed as a percentage, it is:

UCc-lOO[l-%_’x-_l.]

in which UCc is the Christiansen uniformity coefficient,

lxi = %] is the sum of the absolute deviations of indivi-
dual observations (xi) from the average of all observa-
tions(X), and n is the mumber of observations. Using this
formula, he studied the effect of wind, speed of rotation,
and spacing of sprinklers upom the water distribution. His
conclusion on the effect of wind was that, although the
distribution patterns appeared very uneven, the effect of
wind on the uniformity of distribution was reduced over a
larger area, and with sprinklers close enough together to
provide an adequate overlap.

In 1947, Wilcox and Swailes(3l) reported the re-
sults of a study on the uniformity of water distribution by
some undertree orchard sprinklers. The purpose of their
study was to compare the distribution pattern of the common
sprinklers at various pressures and spacings. They con-
ducted all their experimental trials at little or no wind.
They calculated the uniformity coefficient in a siailar

manner to that used by Christiansen, except that the
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squares of the deviations from the mean were used rather
than the deviations themselves. The equation used was as
follows:

U = 100 -~ 1008D

in which U = uniformity coefficient, 8D = the standard dev-
iation of the total depths of water, and M = the mean of
these depths. This modified equation of Christiansen lays
special stress on extreme values. The uniformity coeffi-«
cients obtained by this equation are not as high as those
obtained when deviations from the mean are used as a basis.
A value of 100 represents perfect uniformity, snd a value
lower than this means lese uniformity. By using this
method of calculation, very low or even below zero values
might result, which is not convenient for evaluation. They
concluded from their results that at high pressures and
with spacing kept constant, the distribution was much more
uniform, but there was a tendency for the water to be
thrown higher in the air as the pressure was increased.
With an increase of pressure, alsoy, the water drops became
smaller. For both of these reasons, the spray was more
easily blown aside by the wind at the higher pressures. An
increase of distance of spacing was accompanied by a general
decrease in the uniformity coefficient in almost every case.
The square spacing was found to produce higher uniforamity
than rectangular spacing, when similar areas were compared.

Korven(l3), in 1951, conducted a study on the effect
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of wind on the uniformity of water distribution by some
rotary sprinklers. He reported that the irregular patterns
that were shown by drawing depth of water application con-
tours depicted the erratic water distribution when sprink-
ling during periods of high winds. The calculated coeffi-
cient of uniformity decreased as the wind speed increased.
The average uniformity coefficient at a wind speed of O to 4
miles per hour and a spacing of 50 x 50 foot was about 82,
and at 17 miles per hour and the same spacing was about 33.
Iv was also noted that during calm periods all the sprink-
lers investigated gave very similar coefficients at the re-
commended spacings. He found out that a relatively high
degree of uniformity was produced when the sprinkler lines
were placed across the path of the wind.

Tests of various sprinkler spacings under different
wind conditions, and the drawing of distribution curves
together with field observation were carried out by the
RainBird Sprinkler Manufacturing Corporation(8). The
following spacings between sprinklersand laterals, accor-
ding to wind velocities, were recommended:

Recommended spacing in

Average wind speed percent of wetted diameter
No wind ©5
Up to G I.P-H. 60

Up to 8 M.P.H. 50
Above 8 M.P.H. 30
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Water application Efficiencx

Water application efficiency has been defined by the
Committee on Irrigation of the American Society of Agricul-
tural Engineers as the percentage of the water applied that
can be accounted for as an increase in soil moisture in the
80il occupied by the principal rooting system of the crop.
It is expressed in the following formula:

Ea =( Ws )100
Wi

where Ea is the water application efficiency, Ws is the
amount of water stored im the root zone during the irriga-
tion, and Wf is the amount of water delivered from the
sprinkler nozzles in case of sprinkler irrigation(28).

liyers and Haise(20) and Kruse, et. al.,(14) consi-
dered water application efficiency as a basis for evaluating
both sprinkler and surface methods of irrigation. They
defined water application efficiency as the percentage ratio
between the quantity of water stored in the soil in the crop
rootzone and the gquantity of water applied to the field. In
case of sprinkler irrigation the water application effi-
ciency is actually determined by that percentage of the
applied water which is lost through evaporation and drift
from the spray, through percolation beyond the rootzone, and
through runoff from the irrigated field.

Frost and Schwalen(6) conducted a study on spray

losses in sprinkler irrigation to determine the percent of



10

water reaching the ground during application. It is re-
ported by them that results of previous work on the deter-
mination of evaporation losses from sprinkler spray indi-
cate that application efficiencies would be extremely low at
high wind velocities, high temperature, and low humidity.
Some of their tests were run at 8 to 10 miles per hour wind
velocity for comparison with those at O to 5 miles per hour.
The spray losses were considerably higher at the high wind
velocity as much of the fine spray was carried out of the
collecting area. Doubling the wind velocity approximately
doubled the losses. They concluded that the losses occuring
to the water drops when they leave the sprinkler nozzles
until they hit the ground surface are:

1. Evaporation losses

2. Drift losses which are small droplets carried
by the wind.

Higﬁ wind was found to increase both losses.

Somerhalder(18) reported that sprinkler tests in
Arizona showed that losses due to evaporation of the spray
on a hot day, and due to wind drift, reached 30% of the
applied water. Consequently the water application effi-
ciency was reduced by 30%.

From the above review, it is ciearly shown that all
the work carried out om wind effect om sprinklers treated
the problem in a general way. In order to solve the problem

of wind effect, investigation of each specific condition
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should be done. Peikert(22) stated that "in order to uti-
lize sprinkler irrigation to the fullest advantage, research
programs should be established on spacings of spripklers,

wind velocity effect, and evaporation losses.”



MATERI.LG AND METHCDS

The field tests for this study were conducted at the
igricul wural Research and Zducational Center, between Sep-
tember 21 and October 2, 1962. The Center is located in the
Bekaa Plain of Lebanon, about 1000 meters above sea level.
The Plain is considered the most important sgricultural area
in Lebanon.

The experimental design was based on operating a
single sprinkler, under a fixed pressure, during periods of
varying wind conditions, that exist in the Bekaa. The
effect of wind was evaluated through the determination of
the actual water distribution pattern under different wind
conditions. B8pray cans were distributed over a square grid
system laid around the sprinkler. The water distribution
patterns were used to express the effect of wind in terus of
its influence on the uniformity coefficient and water appli-
cation efficiency.

The experimental layout is shown in figure 1. Water
was pumped from a surface reservoir with a centrifugal pump
driven by an electric motor. A pressure gage, reading from
0 to 100 pounds per square inch, was attached to the system.
Another pressure gage with a pitot tube attachment was used

to measure the pressure at the sprinkler nczzle. Valves A

12 -
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and B were designed to control the pressure at the pressure
gage and the sprinkler head. Valve A was fixed to a return
pPipe to regulate the flow of excess water coming back to the
reservoir. Valve B was attached to the main line to regulate
the flow toward the sprinkler head. The main pPipe line and
the return-pipe were aluminum pipes with rubber gasket
couplings. No change in layout was introduced during the
time the experiments were run.

A slow revolving sprinkler was used in the experiment
with the following specifications:

Fame . of manufacturer: RainBird Sprinkler Manufacturing
Corporation, Glendora, California
20 :

Model :

Number of nozzles :! & o
Kozzle siges 3/16" agd 3/32" angle 7°..
Rated discharge i+ 8.07 gpm at 40 pei

8pray cens, 7.5 cums. in dismeter and 5.5 cas. deep,
were distributed in a 2 meter square grid pattern. The
sprinkler was placed in the center. The cans were set level
and firmed in the soil so as not to overturn. The cans were
distributed over an area larger than that covered by the
spripkler under all wind conditions.

During the summer months om the ARTECeften, daily
wind variations were studied and the following general
pattern was observed. Low winds with velocities ranging
from O to 10 kilometers per hour prevail from early morning
till noomn. Around noon strong winds with varying intensi-
ties start blowing until 5 or 6 P.-m. and occasionally con~-
tinue into the early hours of the night. Based om thie
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pattern or trend of wind variation the experimental trials
were divided into two groups, one carried out during the low
wind period which was during the mornings, and the other
during high wind period which was during the after noons.
The duration of each trial was not the same. It varied
between 2 and 4 hours.

The sprinkler was operated at & constant pressure of
40 pounds per square inch(psi) at the sprinkler nozzles,
measured by a pressure gage with a pitot-tube attachment.
This pressure was maintained as such through maintaining
the pressure at the pressure gage, near the pump, at 40.8
pounds per square inch. The loss of 0.8 pounds pressure
between the pressure gage and the sprinkler head was due to
friction in the pipe. Whenever an increase of pressure was
noticed at the pressure gage the flow toward the sprinkler
was reduced while that toward the reservoir was increased by
means of valves A and B until the pressure was retained
constant.

Before running the experimenta2l trials the sprinkler
was operated for checking. The flow was regulated, and the
pressure at the pressure gage, and at the sprinkler head,
was manipulated and fixed at the previous values.

Test runs were started in September 21. The time
at the start of each test was recorded. OSimultaneously, with
the operation of the sprinkler, wind velocity measurements

were recorded as follows. The readings of a 4-cup rota-
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tional anemometer placed £ meters above ground level were
taken every 2 minutes for 14 or 16 minutes, after which
ancther 14 or 16 minutes were egpent checking the pressure
eand the whole operation ¢f the experiment. Later, the aver-
age wind speed in kilometers per hour was calculated for
each 2 minutes interval by dividing the difference between
eadh two successive readings over 2 minutes, and multiplying
by ©C.

4t the end of each experimental trial, water was
cut-off, and the time the sprinkler stopped operating was
reccrded. find speed observation was ended too. The water
caught in the spray cans during the test run was measured by
a graduatedcylinder. Any amount less than 10 cubic centi-
meters was neglected. The figures obtained were in cubic
centimeters per period of run. Later these figures were
converted into depth of water in millimeters per hour by
dividing them over the base area of the tin can and the
number of hours the experimental test was run, and multip-
lyipng by 10 to change to millimeters.

The pumber of experimental trials carried out during
the period from September 21 to Cctober 2, 1962, were 16
trials. A teble was made for each triasl showing the amount
of water received by each can within the area of wetting and
at the relatiye position to the sprinkler. The average wind
speed for each experimental trial was calculated by averag-

ing all the wind speeds recorded during the time of run.
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The variation of wind speed under each test was stated in a
range form by taxing the minimum and maximum wind veloci-
ties occuring while the experiment was running.

¥easurements of the sprinkler discharge at the
nozzles was recorded for the calculatiocn of the water appli-
cation efficiency. The volumetric measurement of this dis-
charye was taken by placing two rubber hoses over the
nozzles ard directing the flow into a graduated container.
The time for filling the container to a certain amount was
recorded using a stop watch. The discharge was calculated

as liters per hour.



DESIGNS AND EVALUATIONS

Distribution Patterns

The experimental tests, as mentioned before in
materials and methods, were carried out under different
wind conditions selected on the basis of the observed
pattern of wind variation in the Bekaa Flain during the
irrigation season. The‘16 tests performed during the ex-
perimental period depicted the actual water distribution
patterns under wind conditions with velocities ranging from
O to 37 kilometers per hour. None of the tests showed a
distribution pattern of water under a fixed wind velocity,
but it was apparent that most of the tesfs revealed the
water distribution pattern under either one of two distinct
wind conditions. The first was a low wind condition occuring
in the mornings, and did not seem to affect the uniformity
of water application from the sprinkler head. The second
was a relatively high wind condition occuring in the after-
noons which distorted the water distribution pattern. Out
of the 16 experimental tests, 8 were selected to represent
these two dominant or typical wind conditions in the Bekaa.
The other 8 tests, actually, represented water distribution
under a transitional wind condition - from low wind to high

wind. It would have been very difficult to consider all

18
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possible wind variations because of the time limitation,
and the infinite possibilities of wind fluctuations. So,
stress waes laid on the average wind velocities, and only
the two dominant wind conditions are considered in this
work. To estimate the water distribution patterns for wind
velocities between low and high winds, interpolation could
be used with reassonable precision.

The 4 tests selected to represent the actual water
distribution obtained under low wind condition are presented
in figures 2 to 5 inclusive. The figures shown are depth
of application in millimeters per hour received at each
catch recording can. The relative positions of the cans
with respect to the sprinkler are shown according to the
four points of the compass N, 8, W, E., In order to illus-
trate the effect of wind on the water distribution, the 5,
and 3 millimeters water application contour lines were
drawn. The distribution patterns with the resultant water
application contour lines in figures 2, 3, 4, and 5 depict
. the uriform water application expected from the RainRird
sprinkler under no wind or average low wind conditions.

The depth of water applied is greatest around the sprinkler
and starts decreasing uniformly with distance from the
sprinkler in all directions. The resultant water contour
lines in all the figures 2, 3, 4, and 5 are more or less

circular. They resemble circles with enlarging diameters,
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N
T
1.23 1,68 1,79(1.90 1.46 1.23

1.79 2.02 2,13 2.24/2,02 2.13 1,79 1,79 1.46
1.79 2,35 2,58 2,80-7.2%

1.68 2,24 2,58 3.36 4.82-5776

2,02 2,69 3,14 4,14 5.15 6.05 5.26\5.Q4 32 2,35 2,24 2,13

A
2,02 2,69 3.47 4.26 ‘5.15 6.271 5,38 5.49 3.36 2,24 2,13 1.68

— E

1.90 2,46 2.58 3.70 4.48 4.48[4.82 4.70 3.25 2.46 2.02 1.68
1.57 1.79 2,13 2‘69\§<Ei~i;ii 4,03 3.1472.58 1,90 1.68 1,34
1.46 1,79 2,02 1,79 1.79 2.35"§T€;d27;4 2,02 1,79 1,34

1.46 1.79 1.68 1.57 1,79/1.90 2.02 1.90 1.57 1.34

1.68 1.68 1.79 1.79(1.90 1.90 1,46 1.23

1.68 1.68(1.90 1.46 1.23

Figure 2, Water distribution pattern - Test No, 1, 7:00 AM
to 9:00 AM, September 24, 1962,
Figures shown are depth of application in millimeters per hour,
X = position of sprinkler
The 3 and 5 millimeter water contours were superimposed,
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Teble 1. Cbserved wind velocities for Test Ko. 1.

Average Average
Uperating wind Uperating wind
time velocity time velocity
min. km./hr. min, km./hr.
15 74
©.0 2.1
17 76
Sett 1.8
19 78
5.1 3¢5
21 80
6.3 2.1
23 82
5.4 2e7
25 Bk
6.0 0.9
27 86
4,8 2l
29 88
4.8
31 Interval
average 2.1
Interval
average 5.5 102
3.9
46 104
1.8 5‘9
48 106
549 3.3
50 108
5-6 500
52 110
3.0 0.9
o4 112
4.5 006
26 114
3.9 1.2
58 116
3.0 3.6
e0 118
Interval interval
average 2.4 average 2.6

Period average wind velocity = 3.4 km./hr.
Range = 0.6 to 6.3 km./hr.
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M

P

1.46

1.34 1.46 2,13

1.23 1.68 2,13 2,58

1.68 2,13 2,80 3,92

1.68 1.34 1.46 1.12

2.35 2,24 2,13 2,13 1.46

2.80 2,80 2,46 2.24 2,13 1.79

4.03 3.47 %ifQ 2,352.131.79 1.46

5.37 3.82 3.26 2.46 2,13 1,90 1,57

1.34 2,02 j?91 4/i3/€’_*"‘f

6.17 5,

3.70\2.24 2,02 1,79 1,57

1.57 2.13 3 47 7 ‘15 5.26
1.46 2.24 3 36 5.15 5.26
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The 3 and 5 millimeter water contours were superimposed,
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Water distribution pattern - Test No. 2, 7:45 AM to
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Table 2. Cbserved wind velocities for Test No. 2.

Lverage Lverage
Uperating wird Uperating wind
time velocity time velocity
min. km./nr. min. km./hr.
15 75
3.0 1.5
17 77
3.6 4.8
19 79
3.6 2el
21 81
1.5 2.7
23 83
5.0 0.6
25 85
1.5 5.1
27 87
2.7 4.2
29 89
3.9 2ol
31 91
Interval Interval
average 2.8 average 2.9
45 102
5.1 72
48 104
408 ?.5
50 106
5'5 5.1
52 108
2.1 2.7
4 110
4.2 3.0
56 112
3.9 7.2
o8 114
2.7 7.2
©0 116
Interval Interval
average 3.7 average 5.7

Period average wind velocity = 3.8 km./hr.
Ranse = 0-6 tO ?.5 Km./h!‘.
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Figure 4, Water distribution pattern - Test No. 3, 7:00 AM to

11: 00 AM, September 26, 1962,

Figures shown are depth of application in millimeters per hour.
The 3 and 5 millimeter water contours were superimposed.
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Table 3. Observed wind velocities for Test lio. A

Upera- Aiverage Opera- ' Average Opera- Average Upera- Average
ting wind ting wind ting wind ting wind
time velocity time velocity time velocity time velocity
min. km./hr. min. km./hr, min. km,/br. _min. km./hr.

15 75 135 195
0.3 240 2.4 2.1
17 77 137 197
0.0 4.2 5.1 0.3
19 79 139 _ 199
0.3 5.4 3.6 3.9
2l 8l 141 201
C.0 4.5 1.8 7.2
23 83 143 203
0.0 6.6 4.2 9.6
25 85 145 205
C.0 0.3 0.6 5.4
27 87 147 207
0.0 5.4 1.8 6.6
29 &9 149 209
0.0 4.8 1.5 4.2
31 91 151 211
Interval Interval Interval Interval
average C.1 average 5.0 average 2.6 average 4.
46 106 166 226
0.9 S.1 0.3 1.8
48 108 168 228
006 5‘4 0-0 ll2
50 110 170 230
1.2 5.4 5.7 3.3
52 112 172 232
1.2 ©.0 2.7 3.0
54 114 174 234
1.8 5.1 1.8 3.0
%6 116 176 236
2.7 0.6 =% | 2.7
58 118 178 238
0.6 5.1 1.8 3.0
60 120 180 240
Interval Interval Interval Interval
average 1.3 average 4.7 average 2.1 average 2.6

Feriod average wind velocity = 2.9 km./hr.
Rﬂnge = 0.0 tO 9.6 km-/hr.



W ¢

N
e
0.56| 0.67 0.67 0.56
0.67 1.12 1.681.57 1,57 1,34 1.12 0,84
1.011.79 2,02 2,08/ 2,13 2,02 1,68 1.57 1.46 0.78

0.95 1.79 2,41 2,58 2.63/2.58 2,46 1,79 1.68 1.62 1.46 0,73

PR N

£

5 %
1.29 2,13 2.fi9 4.03 5‘.10 5,37/ 5.

0.67 1.57 2,24 2.8073.25 3,92 3.81\g<33\:.oa 1.90 1.68 1.63 1.23
1.12 2,02 2.i?/§{:; ?;04'3735“ 4,59°2,69 2,24 1.95 1.90 1.34

60 35\04 3.1\\2.52 2,08 1,57 1.46
1.29 2,13 2.60 3.92 skgi\f.eo 5.60 5.37 3.81 2,69 2.02 1.79 1.41
N /
1.29 2,02 2,35\3.14 3.92 493/5.21_4.82 2(91 2,63 1.68 1.63 0,90

5
0.90 1.68 1.95 2.58 Z‘Q%*3;1i 4,03 3.47,2,80 2,02 1.95 1.40
1,01 1.68 1.79 1.90 2.35'ET?ET'ET:;/2.24 1.90 1,51 0.90
1,01 1.34 1.46 1.68(1.73 1.68 1.51 1.23 1.01

0.78 0.90 1.12{1.23 1,12 0.95 0.73

0.56 0.67[0.56

S

Figure 5, Water distribution pattern - Test No. 4, 6:30 AM

to 10:30 AM, October 1, 1962,
Figures shown are depth of application in millimeters per hour,
The 3 and 5 millimeter water contours were superimposed,
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Table 4. (Observed wind velocities for Test No. 4.

Cpera~ Average Opera- Average Cpera- Average Opera- Average

ting wind ting wind ting wind ting wind
time velocity time velocity time velocity time velocity
min. km./hr. min., km./hr. _min. km./hr. min., km./hr.
15 75 135 195
3.0 1.5 1.2 75
17 77 137 197
3.6 1.2 2.1 6.6
19 79 , 139 159
3.3 0.6 2.1 6.0
21 81 141 201
3.0 1.8 4.5 5.7
23 83 143 203
2.4 1.6 53 6.3
25 85 145 205
1.8 2.7 2.4 8.4
27 87 147 207
2.1 3.6 2.l 4,5
29 89 149 209
3.9 4.5 1,8 3.3
21 91 151 211
Interval 3.0 Interval 2.2 interval 2.4 Interval 6.0
average average average average
46 106 166 223
4.2 2.4 5.4 6.3
48 108 168 225
4.5 2.7 3.9 643
50 110 170 227
4,2 1.5 4,2 4.5
52 112 172 229
4.2 0.3 6.3 7.8
54 114 174 231
4,5 0.9 4.8 6.0
56 116 176 233
4e5 1.5 6.3 5.1
58 118 178 235
3.9 3.0 4,8 5.4
60 120 180 237
Interval 4.3 Interval 1.8 Interval 5.1 Interval 5.9
average average average average

Period average wind velocity = 3.8 kam./hr.
Range = 0,3 to 8.4 km./hr.
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and the sprinkler is the common center. The area between
each two successive wetted circles or comtour lines receives
an average depth of water equal to the average of the two
depths received at the wetted circles.

Tables 1, 2, 3, and 4 show the recorded wind veloci-
ties for experimental tests 1, 2, 3, and 4, respectively.

The velocities are in kilometers per hour averaged for each
2 minutes. These velocities were averaged to give an average
wind velocity for each 14 or 16 minutes interval of wind
observation. The average wind speed during the whole test
period was calculated by averaging the interval average wind
velocities.

The period average wind velocities for tests 1, 2,
3, and 4 were 3.4, 3.8, 2.9, and 3.8 kilome ters per hour,
respectively. In all these tests the range of wind veloci-
ties was between O and 10 kilometers per hour.

Experimental tests 5, 6, 7, and 8 were selected to
represent the actual water distribution under the dominant
high winds which occur in the aftermoons. The distribufion
patterns of these tests are presented in figures 6, 7, 8,
and 9 respectively. It is clearly shown that these distrib-
ution patterns are typical of the non-uniform water applica-
tion obtained when sprinklers are operated under high winds.
The direct effect of high winds on the water distribution is
manifested through the irregular water application contour

lines drawn on figures 6 to 9 and representing the 5 and 3
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millireter levels. The contcur lines, which are lines of
equsl wetting, are no more circular under hign wind. The
sprinkler is nolongerthe center of water distribution. The
highest concentration of water applied was shifted to a
north-east position. In general, the spray was transferred
to the leeward side because the general direction of wind
was south-west.

Tables 5, ©, 7, and 8 show the recorded wind veloci-
ties for tests 5, 6, 7, and 8 in kilometers per hour. The
period average wind velocities for tests 5, 6, 7, and 8 were
16.6, 22.0, 16.4, and 17.0 kilometers per hour respectively.
The range was from 3 to 37 kilometers per hour.

A comparison of the distribution patterns obtained
under low wind (figures 1 to 4) with those obtained under
high wind (figures 5 to 8) shows the following:

l. Uniform and regular water distribution was achieved
when sprinkling in the mornings under low wind movement.

2. Non-uniform and distorted water distribution was
achieved when sprinkling in the afternoons under high wind
movement.

3. The wetted area under low wind was larger than that
under high wind, while the average depth of water applied to
the wetted area under high wind was more than that under low
wind. This is attributed to the effect of high wind causing
a shift of spray towards the north-east side of the sprinkler.

The fine spray carried by the strong wirnd . beyord the wetted
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Figure 6. Water distribution pattern - Test No. 5, 2:00 PM

to 5:

00 PM, September 25, 1962,

Figures shown are depth of application in millimeters per hour,
The 3 and 5 millimeter water contours were supérimposed.
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Table 5. Observed wind velocity for Test No. 5.

average Average AvVerage
Operating wind Operating wind Operating wind
time velocity time velocity time velocity
min. km./hr. min. km./hr. min. km./hr.
15 D 135
16.2 19.8 20.1
17 77 137
18.0 22.2 18.3
19 79 139
11.7 16.8 21.0
21 81 141
14.7 17.7 19.5
25 83 143
16.5 21.0 14.1
25 85 145
15.3 19.2 14.4
27 87 147
13.8 19.5 18.3
29 89 149
6.3 17.7 18.3
31 91 151
Interval Interval Interval
avefage 14.1 average 19.2 average 18.0
46 106 164
11.1 21.9 10.8
48 108 166
17.7 21.3 13.2
50 110 168
19.2 20.7 8.4
52 112 170
18.0 18.6 6.6
S4 114 172
15.9 16.8 10.8
56 116 174
2l.6 18.0 13.5
58 118 176
20.4 15.9 15.6
60 120 178
Interval Interval Interval
average 17.7 average 19.0 average 11.3

Feriod average wind velocity = lo.6 km./hr.
Range = 6.5 to 22-2 km-/hr-
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Figure 7, Water distribution pattern - Test No. 6, 1:00 PM

to 5:00 PM, September 26, 1962,
Figures shown are depth of application in millimeters per hour,
The 3 and 5 millimeter water contours were superimposed.
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Table 6. Observed wind velocity for Test No. 6.

Opera- Average Opera- Average Opera- Average Upera— Average

ting wind ting wind ting wind ting wind
time velocity time velocity time velocity time velocity
min. km./br. min. km./hr. min. km./hr. min. ka./hr.
15 75 135 195
18.9 2.3 24.6 24.6
17 77 137 197
171 27.9 27.9 23.4
19 79 139 199
13.8 18.9 27.9 22.5
2l 81 141 201
19.8 22.2 27.9 22.2
23 83 143 203
27.3 21.5 29.1 24.3
25 85 145 205
24.9 26.1 27.6 19.8
27 87 147 207
18.9 25.8 22.2 19.5
29 89 149 209
12.6 21.9 24.3 17.7
31 91 151 211
Interval Interval Interval Interval
average 12.6 average 24.4 avecrage 26.4 average 21.8
46 106 le6 226
11.4 16.5 31.5 19.2
48 108 168 228
19.5 11.1 23.7 21.6
50 110 170 230
21.0 15.3 35.9 19.4
52 112 172 232
15.3 20.4 28.8 21.0
54 114 174 234
10.2 2e.> 28.2 19.2
56 116 176 236
10.5 27.6 28.2 18.0
58 118 178 238
18.6 27.9 25.8 21.0
60 120 180 240
Interval Interval Interval Interval

average 15.2 average 20.2 average 29.0 average 19.9

Feriod average wind velocity = 22.0 km./hr.
Range = 10.2 to 36.9 km./hr.
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Figure 8, Water distribution pattern - Test No., 7, 1:30 PM to
5:30 PM, September 29, 1962,

Figures shown are depth of application in millimeters ger hour,
The 3 and 5 millimeter water contours were superimposed.
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Figure 8, Water distribution pattern - Test No. 7, 1:30 PM to
5:30 PM, September 29, 1962.

Figures shown are depth of application in millimeters ser hour,
The 3 and 5 millimeter water contours were superimposed.
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Table 7. Observed wind velocities for Test [Ro. 7

Cpera- Average Opera- Average Cpera- Average Upera- Average

ting wind ting wind ting wind ting wind
time velocity time velocity time velocity time velocity
mipn. km./hr. min. km./hr. _min. kwm./hr. min. km./hr.
15 75 135 195
17.7 3.9 18.0 171
17 77 137 197
17.1 5.9 2l.53 21.0
19 79 139 199
21.0 7.2 19.8 19.5
21 81 141 201
21.9 14.7 17.1 15.0
23 83 143 203
20.4 18.3 15.0 23.1
25 85 145 205
18.6 16.5 22.5% 19.2
27 87 147 207
18.9 14.1 20.4 19.2
29 89 149 209
18.9 8.1 20.4 17.1
31 91 151 211
Interval Interval Interval Interval
average 19.3 average 10.8 average 19.4 average 18.9
46 106 166 223
19.2 10.5 13.2 2l1.9
48 108 168 225
16.5 9.6 14.7 21.0
50 110 170 227
14.1 9.9 20.1 20.4
52 112 172 229
14.7 8.1 19.2 19.5
o4 114 174 231
15.0 7«2 21.9 22.2
56 lle 176 233
15.3 5.4 20.4 22.5
58 118 178 235
13.8 3.3 18.9 18.9
0 120 180 237
Interval Interval Interval Interval

average 15.5 average 7.7 average 18.35 average 20.9

Feriod average wind velocity = 16.4 km./hr.
Range = 3.3 to 23.1 km./hr.



36

0.5 0,78 0,83 0.78

0.83/1,12 1.95 2,02 2,08 2,08 1,79 1,68

T

0.78 1. 57(3{14 3.81 .69 2,13 1,95 1.84 0,90

w

¥19 2
\
2

0.56 1. 35 3. 47(5{25 4\4 08 2,91 2,35 2,02 1.79 1.12

1,01 2 .

U\

8 .50(8.63 7,96 3,70 3,14 2.24 1,84 1,90 1.18

-

12 .47 8.41{8.74 7.73 5,31 3.36 3708 2,80 2,02 1,12

1.01 .14 6. 39|7 .84 7.28 6. ;\\\\3 0 3. 9;\\\36 2.24 1.41

/
y
=

0.56 1. 6 \\\37 6 39 9,30 8,80 6.83 4.14 3.14 2,02

0.83 2.69(5.83 6.72 5.99 5.6074,14 2,63 0.56
0.83 2.13 3.74 3.4 zfsﬁ'IT;;/o.ss

S

Figure 9, Water distribution pattern - Test No. 8, 1:30 PM

to 5:30 FM, September 30, 1962,
Figures shown are depth of application in millimeters per hour.
The 3 and 5 millimeter water contours were superimposed.
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Table 8. Observed wind velocities for Test No. &.

Opera- Average Upera- Average Opera- average Opera-~ Average

ting wind ting wind ting wind ting wind
time velocity time velocity time velocity time velocity
win. km./hr. min. km./hr. min. km./hpr. min. km./hr.
15 75 135 195
lo.8 19.8 20.4 1%3.%
17 77 137 197
15.6 18.6 21.0 12.6
19 79 139 199
e1l.3 20.4 19.2 14.1
21 81 141 201
2L 3 15.9 lo.8 14.7
23 83 143 203
15:3 16.8 22.5 120
25 85 145 205
11.5 14.7 25.4 10.8
27 87 147 207
10.6 22.8 21.6 12.6
29 89 149 209
15.0 18.3 21.6 12.5
31 91 151 211
Interval Interval Interval Interval
average 15.9 average 18.4 average 20.8 average 12.8
46 106 166 224
18.3 17.1 19.8 11.1
48 108 le8 226
14.7 22.5 22+5 10.5
50 110 170 228
20.4 21.0 19.8 10.5
52 112 172 230
19.2 19.2 16.2 11.4
54 114 174 232
19.8 21.0 16.2 11.4
56 116 176 254
20.4 18.3 18.0 10.8
58 118 178 236
17.7 18.6 18.6 10.2
60 120 180 238
Interval Interval Interval Interval

average 18.6 avergge 19.7 average 18.7 average 10.8

Periocd average wind velocity = 170 km./hr.
Range = 10.2 to 23.4 km./hr.
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area, reached the ground in non significant amounts. GO
lese area was irrigated under high wind but with an average
depth higher than that under low wind. This will be more

fully discussed under water application efficiency.

Generalized Distribution Patterns

In order to analyze the distortion caused by wind
variations on the sprinkler performance, it was necessary to
have an ideal distribution pattern under theoretically no
wind conditions. This is practically considered similar to
the average low wind condition. Then by keeping this as a
check, the effect of high wind on the distribution pattern
could be evaluated. On this basis, the first group of 4
tests - Tests No.s 1, 2, 3, and 4 - which were carried out
under low wind were synthesized to produce a standard water
distribution pattern. This pattern is shown in figure 10
and can be considered as a typical distribution under
theoretically no wind conditions but actually low wind con-
ditions. Each figure represents the depth of water in milli-
meters per hour synthesized by averaging the correspondent
depths obtained from the 4 tests. Resultant water applica-
tion contour lines were drawn. The average wind velocity
for this new pattern was calculated by averaging the period
average velocities for the 4 tests. This was equal to 3.5
kilometers per hour.

The same was done for the second group of 4 tests -
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Figure 10, Water distribution pattern - Average of the 4 low wind
tests, 1, 2, 3, and 4.
Figures shown are depth of application in millimeters per hour.
The 3 and 5 millimeter water contours were superimposed.
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Figure 11, Water distribution pattern - Average of the 4 high
wind tests, 5, 6, 7, and 8.

Figures shown are depth of application in millimeters per hour.

The 3 and 5 millimeter water contours were superimposed.
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Tests No.s 5, 6, 7, and 8 - and a water distribution pattern
was synthesized to represent an average distribution under
high wind. This pattern with its irrfgular resultant water
application contour lines is shown in figure 11. The average
wind velocity for this pattern was equal to 18.0 kilometers
per hour.

To illustrate more fully the water distribution under
high wind and low wind conditions, the distribution curves
were drawn from data obtained from figures 10 and 11, using
values lying adjacent to the W-E axis. Figure 12 shows the
distribution curve under low wind. It may be observed that
the distribution of water was regularly decreasing along both
sides of the sprinkler and the highest depth was centered
around the sprinkler. A similar curve was obtained from the
values lying adjacent to NS axis, but is not shown. Figure 12
shows the distribution curve under high wind. It is clearly
shown that the distribution was shifted to the east side of
the sprinkler but not in a regular manner. The highest con-
centration was about 3 meters to the east and > meters to the

north sides of the sprinkler as shown in figure 11,
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Uniformity Coefficient

The effect of varying wind conditions om the distrib-
ution pattern of am existing sprimkler system was evaluated
through the determinatiom of the resulting variations im the
uniformity coefficient, First, a suitable layout for low
wind conditions was determined. BSuitability was based om the
attainment of a high uniformity coefficient. Then the effect
of high wind conditions on this uniformity coefficient was
evaluated. Similarly, a suitable layout for high wind condi-
tions was determined on the same basis, and its performance
under low wind conditions was evaluated.

l. Selection of a suitable layout for low wind conditionms.

The data used in this analysis are those values ob-
tained in the standard distribution pattern synthesized for
low wind(figure 10)., The distribution from the sprinkler, as
stated before, starts with a high concentration or depth of
application around the sprinkler and decreases uniformly with
distance from the sprinkler towards the margins of the wetted
area. Therefore, it was mnecessary to overlap the wetted
areas so that a uniform depth of water would be applied all
over the irrigated area. Otherwise parts of the land would
be overirrigated and parts underirrigated. By overlapping is
meant a selection of spacings between sprinmklers and laterals
80 that emough sprinklers would apply water to each umit area
to give a uniform depth over all the wetted area. To test

the uniformity of water application from a certain spacing of
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sprinklers and laterals, the uniformity coefficient was cal-
culated. The layout - spacing between sprinklers and between
laterals - that givee the highest uniforaity coefficient is
considered to be the best layout from a theoretical point of
view. However there are some other limitimg factors for
using a certain layout besides the uniformity coefficient.
The most important of these are:

A. The infiltration capacity of the soil in gquestion.
If the average application rate in depth per hour exceeds the
goil infiltration capacity, runoff losses will be unavoidable.
Therefore it is necessary that the depth applied be equal to
or less than the infiltration capacity, even though the uni-
formity coefficient would not be the highest.

B. Equipment availability and labor facilities. The
farmer cannot set his sprinklers and laterals close enough to
get the highest uniformity coefficient if he does not have
enough equipment. Or he cannot provide the required labor in
order to irrigate his land im the proper time schedule.

C. Ecomomical justificatiom. This actually should be
the basic consideration in selecting the layout amnd should
compare the advantages of a higher umiformity coefficient
with the extra expemses required for its execution.

In order to find out the best layout between sprink-
lers and laterals for the sprimkler distribution under low
wind comditions different spacings were tested by the unifor-
mity coefficient. The range of spacings %o be tested was
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obtained by overlapping different distribution curves similar
to that shown in figure 12. Assuming the sprinklers would be
pPlaced at a given spacing and each would give the same dig-
tribution curve as that shown, accumulated application rates
were obtained by adding the depths contributed from each
sprinkler. GSpacings resulting in an approximate uniform or
straight line distribution curve were considered worthy of
further testing.

The detailed procedure for calculating the uniformity
coefficient is shown only for the 12 x 12 meter spacings. A
plan showing the proposed layout for the 12 x 12 meter
spacing for low wind is presemted in figure 14. Each sprink-
ler was assumed to give a water distribution exactly the same
as the ome synthesized im figure 10. The area bounded by the
4 sprinmklers Nos. 1, 2, 3, and 4 was considered to be the test
area. Any amount of water that would fall im the test ares
from any of the sprinklers was recorded at the appropriate
position. This was done by.nuporinposins the sprinkler dis-
tribution of figure 10 at each of the proposed positioms in
figure 14, then the data in figure 10 that would be comtrib-
uted from each sprinkler were inmserted inm the test area at
the appropriate positions. The values contributed from each
sprinkler were placed in the order of sprinkler numbering.
The detailed data obtained are shown in figure 15. The first
value in each position was contributed from sprinkler mumber

1, the second from sprimkler No, 2 and so on. The 9 values
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were contributed from 9 sprinklers. It may be observed that
most of the depths are applied from the 4 spripklers surround-
ing the test plot. All the collected depths or values applied
at each position were added. The figures shown are depth of
application in millimeters per hour, that would be obtained
under low wind condition, arnd by using the 12 x 12 meter
spacing.

The umiformity coefficient was calculated by using
Christiansen formula(8):

CU = 100 [1 - 35X
mn

in which CU

coefficient of uniformity
Y = difference between individual observations and
the mean of observations.
2Y = Sum of all of the Y differences for the test
area.
mn = total of all observationms.
m = mean of observations.
n = number of observationms.

Applying this formula to the data in figure 15,
table 9 was prepared which shows a uniformity coefficient of
93.90% for the 12 x 12 meter spacing under low wind. The
same procedure was followed for determining the uniformity
coefficients for all other spacings.

-
Observation refers to collected depth at each
position.
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Figure 15. Chart showing depth of water contributed by sprinklers

in order of their numbers as shown by figure 14, The
values are obtained from figure 10. Spaciang 12 x 12
meters - low wind.
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Table 10 shows the different square and rectangular
spacings tested and their corresponding uniformity coeffi-
cients. The range of spacings was from 8 to 16 meters. The
nature of the field data obtaineddidnot allow an exact
testing of triangular spacings. To be able to carry out such
a test the field location of catching cans should have been
altered. This alteration would not have allowed a testing of
rectangular and square spacings. Field tests covering both
arrangements would have taken more field time than was avail-
able, and since triangular spacings are not commonly uti-
lized, it was deemed advisable to follow the presented data.

Table 10. Calculated uniformity coefficients for different
spacings under low wind condition.

Spacings tested Uniformity coefficient
peters %
between eprinklers  Dbetween laterals
14 16 8545
14 14 91.3
12 14 92.6
12 12
10 12 .
8 10 91.6

The resulte in table 10 show that the uniformity co-
efficient increases as the spacing between sprinklers and/or
laterals decreases but up to a certaim point where, there-

after the relation is reversed. The spucing between sprink-
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lers and lsterals that produced the highest uniforaity co-

efficient was selected as the optimum theoretical desig or
layout. This spacing was 12 x 12 meter square resutigina
uniformity coefficient of 93.90%.

Assuming the average low wind conditions would pre-
vail during the sprinkler operatiom period, the 12112 meter
layout would be considered the most suitable, as it wuld
give the highest uniformity distribution coefficient, Hov-
ever, if the winde increase im stremngth a reduced unifomity
coefficient will result, and a new design should be [ormuls-
ted to meet the effect of high wind. The effect of high vind
and the new design to overcome such effect are the tw itens
studied im the following sections.

2. Effect of high wind on the suitable layout designed
for low wind conditionms.

Applying the same technique utilized for deteraining
the uniformity coefficient under low wind conditions tut
using the distribution dats synthesized for high wind (figure
11), the data in figure 16 were obtained. The uniforaity ct-
efficient, determined similarly, for the 12 x 12 mefer layout
under high wind amounted to 80.39%. This 80.39% uniforaity
coefficient obtained under high wind is less than the o
obtained under low wind by 13.51%.

Another demonstration of the effect of highwind
water distribution is shown by the variability of depths of

water received at the test areas. In the case of lorviud,
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2.71 10.10 10.01 7.67 7.61 8.73

9.60 9.98 8.13 6.82 5.96 7 « 54

8.82 7.72 6.10 4,82 5.21 ©.54

10.91 8.52 3,99 4.67 6.61  9.62
10.08 8.30 5.4  5.26  8.12 11.53

9.06 9.24 7.88 774 8.81 10.60X

P4

Total of all observations, mn = 287.45 mm/hr.
Number of observationms, n = 36

Mean of observations, m 7.98 am/hr.

Sum of all deviatioms from meamn, Y = 56.33 mm/hr.

CU = 100 [1 % 5,4};] = 100 - 19.61

= 80.39%

Figure 16. Determination of uniformity coefficient
from collected depths of application im
millimeters per hour. BSpacing 12 x 12
meter - high wind,
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the highest depth is equal to 9.66 mm/hr., and the lovest
7.42 mm/hr., with a difference of 2.24 mm/hr. Whileinthe
case of high wind, the highest depth is equal to 11,5 m/n,
and the lowest 3,99 ma/hr., with a difference of 7.% m/hr,
This inadequacy of water distribution under high win ill
result in parts of the irrigated area being underirrigted
and parts overirrigated.

A comparison of the two means or averages of vier
application at the two test areas, under low and high nind,
showe that the mean application under low wind is equl to
8.55 mm/hr. while that under high wind is 7.98 mm/hr, The
difference is equal to 0.57 mm/hr., This difference isdue o
more eveporation and drift losses occuring under hig visd,
A more detailed explanation and evaluation of this effect s
presented under water spplication efficiency.

3, Selection of a suitable layout for high wind conditions,

The same logic and order of deductions used in selec-
ting a suitable layout for low wind comditions were usd here,
However, closer spacings were tested im order to overcose the
distorting effect of high winde. The data used were ihe
values obtained in figure 1l. Figure 17 shows the pla of
the layout of 8 x 10 meters, and figure 18 shows the details
of the determimation of the uniformity coefficient [or this
layout. The same procedure was followed for all ofher

spacings.
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X I
15.22 16.07 107 112

14.40 14.14 LB 18l
15.44 12.95 L0 L.
13.99 12.82 1 1482

14,69 15.52 1% 164l
X ' 1
Total of all observations, mns 28045 m/br,
Number of observatioms, n e
liean of observatioms, m ¢ 14,32 m/hr,

Sum of all deviutions from theseas, s 21.19 an/br,

CU = 100 [ 1-_21. ] = 100 - W
[ o8l
- 92.60%
Figure 18. Determinatiom of uaiforaity coefficient from

collected depths of yplication in nillineters
per hour. Spacing 8110 seter - high wind,
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Table 1) shows the different square and rectangular

arrangennts testel ud thelr corresponding uniformity co-
efficients, The renlts shov that the layout having 8 meters
between srisklers ud 10 seters detween laterals gave the
highest uifomity welticient, This layout is comsidered to
be the suitsble design {n oxder to overcome the effect of
high wist af profuce u bigh uiforaity coefficient.

Table 1. Culculsted usilforaity coefficients for different
spaciags under high wind conditionms.

Gpaciags ested Uniformity coefficient
- hgtert
b rial i
10 14 75.00
12 12 80,39
10 12 84,57
10 10 88.70
§ 10
§ § .

&, Bffect of lov visds on the suitable layout designed

for bigh vind mdmgu.

The previous deterainations of the umiformity coeffi-
cients for lov visd spaciags, presented in teble 10, showed
that the b x10 ster layout gave 91.60% uniformity coeffi-
cient. Mo detailed deteraination of this is shown in
figure U

The 6 x 10 meber layout gave 92.60% uniformity co-
efficient e big visd, Bo, as far as uniformity coeffi-
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X i
15.99 16.66 15% 1329

15.71  15.57 135 LR.2
16.03 14.89 129 1L»W
15.88 15.13 139 13.00

15.86 15.72 14,22 13,08
X I
Total of all observations, ma = 1.9 ma/hr,
Number of observatioms, n =
Mean of observations, m = 14,60 ma/hr,

Sum of all deviations from the mean, Y« 24,60 ma/hr,

CU = 100 [1 - igz{_,_gg]- 100 - 8.4

21.60%

Figure 19. Determination of unifomity coefficient fron
collected depths of application in millizeters
per hour. Bpacing 8 x 10 seters - low wind,



b
cients are concerned, the 8 x 10 meter layout works good
under both conditioms - low and high winds - occuring in
Bekaa. The main limitations to the use of this close spacing
are the extra labor and equipment required to cover a certain

area.
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Water Application Efficiency
The water application efficiency of a sprinkler

system has been defined as the ratio between the amount of
water stored in the root zone, and the amount of water deliv-
ered from the sprinkler nozzles. In percentage form(28):

Ba =( %% ) x 100

where, ®a is the water application efficiency, We is the
amount of water stored in the root zone, and Wf is the amount
of water delivered from the sprinkler nozzles.

The sprimkler discharge, or the volume of water deliv-
ered from the sprinkler nozzles was measured during the ex-
perimental test, as explained under materials and methods.
A1l the volumetric measurements of the sprinkler discharge
gave a constant value due to the fact that all the factors
affecting the discharge from the nozzles were kept constant.
The sprinkler type, the nozzle size, and the operating
pressure were kept the same during the whole experimental
period. Wind has no effect on the amount of water that comes
out from the sprimkler nozzles, but is effective after the
water droplets leave the nozzles. The discharge from the
sprinkler nozzles under the 40 pounds pressure was equal to
2080 liters per hour.

The depth of water received at the catch recording
cans waes assumed egual to the amount of water stored in the
root zone. This assumption was based on two considerations.

First the water that falls on the ground surface was consi-
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dered to infiltrate into the soil without runoff because the
infiltration capacity of the soil was higher thamn the appli-
cation rate for all the arrangements tested. Second, the
water infiltrating into the soil was considered to stay in
the root zone without deep percolation provided that timing
of the irrigation is proper. Also evaporatiom from cans and
evaporation from soil were considered to be the same.

As reported before, the catch recording cans were
placed 2 meters apart. Therefore the depth of water received
at each can represents the average depth received by an area
of 4 square meters. A general look on the water distribution
patterns under low and high wind (figures 10 and 11) shows
that the wetted area under low wind is more than that under
high wind. This is more confirmed by counting the number of
catching cans under each condition in figures 10 and 1ll.

The number of cans catching water under low wind
counted from figure 10 is equal to 164 and the wetted area
656 square meters. Under high wind the catching cans are 113
ard wetted area is 452 square meters. The difference in
wetted area is attributed to the effect of high wind. The
South-West high winds shifted the water distribution and con-
centrated it in the North-East side.

The total volume of water received by the wetted area
under each condition was calculated by multiplying the depth
received at each can by the area represented by that depth,

and adding all the valuee. The following results were
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obtained:
Total volume of water received by the wetted area under
low wind = 1300 liters per hour.
Total volume of water received by the wetted area under
high wind = 1,146 liters per hour.
Water application efficiency was calculated for the

two conditions as follows:

Under low wind, Ea; = %*gg% x 100 «_62.50%

Under high wind, Eay = é‘%%g x 100 = $5.10%

]

Although actual field measurements were taken, these
efficiencies seem to be less than what is claimed by sprink-
ler nanﬁfacturora, and what is reported by some workers.
Subsequent or repeated imvestigatioms without neglecting amny
received amounts in the catching cams are needed to confirm
these resulte.

The loss of water from the spray from the time it
leaves the sprinkler nozzle until it is stored in the root
zone, under low wind, is due mainly to evaporation losses
from the droplets while they are im the air and from the soil
surface. The drift losses caused by wind, here, might be
considered minor. The total loss of the spray under low wind
is equal to 37.5 percent of the total water applied.

In case of the distribution under high wind, the
losses are attributed to two factors(l):

First is the evaporatiom losses which are the same as those
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under low wind except that more evaporatiom occurs to the
droplets while they are in the air due to the higher wind re-
moving the saturated air faster from around the water drops
and to breaking the large drops imto smaller ones causing
more surface to be subjected to evaporationm.

Second is the drift losses. These are very small sized drop-
lets carried away by the wind in a mist like form. These,
either remaim in suspension or reach the ground beyond the
wetted area and are of no significance.

The total loss under high wind is increased to 44,91
percent of the total water applied. The increase over losses
under low wind is egqual to 7.40%.

The water application efficiemcy under any of the two
wind comditions would remain the same for all the arrangements
or layouts used unﬁer that condition provided that the im-
filtration capacity is mot exceeded by the applicatiom rate
and no deep percolation beyond the root zome occurs. Whether
such assumptions practically hold true and to what extent,

would be analyzed im the following section.
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Evalustion of the Wind Effect on Spripnkler Irrigation

Changes in the uniformity coefficient or application
efficiency, as determined in the previous two sectioms, could
be used to indicate the effect of wind on sprimkler irriga-
tion. However, it would seem more desirable to use as a
measure of such effect criteria that would be more easily
subjected to economic evaluations. One such criterion would
be the amount of water required to do a satisfactory sprink-
ling operation. Another would be the labor regquired for the
movement of laterals and sprinklers and a third would be the
required amount of sprinkler equipment. It is the purpose of
this section to express the effect of wind variations in
terms of increased water waste, labor requirements, and capi-
tal investments, under different sprinkler arrangements and
operation schedules.

To establish a common ground for comparison certain
general principles must be established and adhered to through-
out this analysis. First, the soil moisture deficiemcy in the
root zone of the crop to be sprinkled must be supplied to all
parts of the field. Since the application rate by any sprink-
ler system is not absolutely uniform, this means that parts
of the field would have to receive more than the depth
required, but no part would receive less. Second, the in-
filtration capacity of the soil to be sprinkled is higher
than the highest rate of application encountered under all
possible combinations of layouts and wind comditioms. Third,
amounts of irrigation water received at any spot of the field
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beyond the depth required are assumed as lost, not withstand-
ing the fact that parts of this water might ewentually either
rise by capillary action or find their way to the ground
water body. For the purpose of this study, such amounts are
comsidered as lost. Finpally, the area to be irrigated is
considered as a fixed ome which should be irrigated at a
given interval under all situations, while the volumes of
water to be used, the labor requirements, and the installa-
tions needed will vary from one situation to another.

For a farmer using sprinkler irrigation in the Bekaa
four alternative practices might be followed. 1In the first
he would select the layout (12 x 12 meters) with the highest
uniformity coefficient under low wind conditioms and operate
his sprinklers continuously under both low and high wind con-
ditions. BSince the minimum rate of application during the
period of high winds would be lower tham that during low
winds the setting time that covers the high wind period would
have to be longer im order to obtain uniform water applica-
tionm.

The second alternative would be to plam hie settings
80 that he would use the layout best suited for low winds
(12 x 12 meters) during periods of low winds, and that for
high winds (8 x 10 meters) during periods of high winds.

This would necessitate a change of spacings when the high
wind periods set inm.

The third alternative would be to adopt the layout
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best suited for high winds (& x 10 meters) all through the
day, under both low and high wind conditioms. This, by
applying higher rates of application, would require a shorter
gsetting time than the previous alternatives, but would
require a larger investment in equipment and more labor.

The fourth altermative would be to use the layout
best suited for low wind corditions (12 x 12 meters) but to
irrigate only as long as low winds prevail. The sprinklers
would mot be operated during the high wind periods. Such
periods would be used for moving laterals, resting pumps, and
performing other odd maintenance requirements. Such an al-
ternative would require a larger investment in equipment.

kach of these four altermatives will now be evaluated
in terms of water, labor, and equipment requirements. To
establish the bases for comparison between these four alter-
native practices and a standard or check condition of no
wind, the following assunptions are formulated:

1. The standard wind condition is assumed to be the same
as the typical average low wind condition synthesized. The
wind here is considered tc have no effect on the water dis-
tribution from the sprinkler. The distribution would be the
gsame as shown in figure 10. Such condition woeuld be used as
a check with which other alternatives could be compared and
evaluated.

2. The high wind condition occuring is assumed to be the

same as the typical average high wind condition synthesized.
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The water distribution under this conditliom would be the same
as that shown in figure 1l1. Based on the limited data ob-
tained and for convenience of analysis, these high winds
would be assumed to occur im the afternoon and for a durationm
of 5 hours. The actual determination of the probability of
o¢curance and duration of high winds in the Bekaa requires a
long record of wind velocities and a statistical analysis
both of which fall beyond the scope of this study.

3. The remaining time of the day is esssumed to have
average low winds where the water distribution would be
typically the same as that shown in figure 10.

4, The layouts to be used would be those worked out on
the basis of high uniformity coefficient and considered
suitable for the synthesized typical wind conditions.

5. The crop to be sprinkled is assumed to be sugarbeets
with an average peak comsumptive use of 8 millimeters per day
under Bekaa weather conditions. The actual mimimum amount of
water to be added to the rooct zome per irrigation is thus
assumed 80 millimeters based om am irrigatiom interval of 10
days.

6. The unit area to be irrigated is assumed to be a rec~
tangular field 480 meters by:co 120 meters or 57.6 dunums..
Bach lateral line is assumed to be 120 meters.

7. The sprinkler system used is one wigh portable laterals
and a fixed main.

Design procedures for the four alternatives as well
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as for the check being similar, only the detailed cme for
determining the water requirement, mumber of laterals and
sprinklers, length of setting, and number of lateral amove-
ments for the standard wind ccmdition is shown. Under this
condition where no high winds are assumed to occur, the
12 x 12 meter layout is adopted as the best suited. By using
this layout the water application would be the same as that
shown in figure 15. The minimum rate of application is equal
to 7.42 millimeters per hour. Therefore the length of setting
required to store a minimum of 80 millimeters im the root
zone would be equal %o _ng 2 10.75 hours. This leads to two
7.4
settings per day with 1.25 hours for moving laterals follow-
ing each setting. The length of the field is 480 meters.

Therefore the number of laterals required to cover the field

in the scheduled 10 day interval is equal to Q?g = 2
x x
laterals. Dividing the length of laterals by the spacing

between the sprinklers, the number of sprinklers required is
found to be 20. The total number of lateral movements would
be 40 per complete irrigation, based on having 2 laterals, 2
settings a day, and a 10 day irrigation interval. Under such
an arrangement, the volume of water discharged from the
sprinkler heads per setting is 20 x 2.80 x 10.75 or 448 35,
and the total per field would be 20 x 448 or 8960 35. This

* 2 x 12 x 10 are 2 settings per day, 12 meters
covered by each lateral, 10 days interval.



69

amounts to an average applicatiom depth of 8960/57600 or 155
millimeters giving an application efficiemcy of 80/155 x 100
or 52%. It should be observed that had the average applica-
tion rate been used rather than the minimum the setting time
would have been reduced to 9.4 hours and the efficiemcy in-
creased to 60%,

Under the first alternative, the high wind period
would have to be included in the day time setting as mornings
and evenings are the convenient normal times for lateral
movements. OSince the minimum rate of application is onmly
3,99 millimeter per hour under high winds, the day time
setting would have to be extended a period of 2.25 hours to
apply the same depth of water as in the check. This results
in having only 0.25 hours for moving the laterals which is
not adequate. Therefore to maintain the same irrigation inm-
terval and apply the same minimum quantity, the sprinkling
equipment should be increased by 10%, resulting in covering
the field in 18 settings instead of 20 settings as in the
check. The water requirement would alsc be increased by 10%
over the check, and the time for moving the laterals would mo
longer be fixed, but would shift by 2.25 hours every day. Onm
those two days when the lateral moving time coimcides with
the high wind period, a saving of 0.75 hours per setting
would be effected.

The second alternative, namely that of using the low

wind layout under low winds and the high wind layout under
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high wirds, is not a practical alternative that could be
evaluated. BSince the high wind period is shorter imn duratiom
tham the length of setting, it would not be possible to effect
a change in both lateral and sprinkler spacings to achieve
the highest uniformity of application under high wind condi-
tions. Even if the time of setting were to be shortemed, to
coincide with the high wind period, this altermative would
remain impractical since it would require serious additiomal
equipment to allow the change of both sprinkler and lateral
spacings in the normal change-over time. Furthermore the
actual setting time, because of the umsimilar overlap condi-
tions under the different settings, could only be determined
by trial amnd error. Such lengthy determination, im the light
of the alternative’s impracticability, was deemed unnecessary.
Third alternative would require a lateral spacing of
10 meters, and sprinklers spaced at 8 meters. To do the same
irrigation job, this would require a setting time of 6.6
hours under high winds and 6.5 hours under low winds. Thus
three settings per day would be used with 19.6 hours of
operation per day or 1.9 hours less than the check. The
length of laterals required to cover the field in 10 days
would thus be reduced by 20% over the check, while the number
of sprinklers would increase from 20 to 24. The volume of
water delivered would be (2 x 6.5 + 6.6) x 2.080 x 24 ¥ 10 =
9600 a’. resulting in an application oftioioncy of 48%. The
labor requirements would be imcreased by 12/10 or 20%. The
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pump capacity would be increased by 20%.

Under the fourth alternative, sprinklers would be
operated daily for 17.75 hours omly, leaving the high wind
period as time for pipe moving and odd maintenance and the
normal 1.25 hours for lateral movement. Due to less daily
hours of operation, the sprinkler equipment would have to be
increased by 20%, including the pump and main line capacity.
Labor and water requirements would remain the same as for the

check.



CORCLUSION

Table 12 shows the summary of the previous analysis
of requirements. Rather tham express requirements in ab-
solute terms or evem om & umit area basis, the figures givenm
are in percent of the check. Although these data were cal-
culated for a givem specific area under certain assumed con-
dition, there is mo reason to believe that the relative values
would differ for changed but reasomable assumptions. From
this table it is possible to get an overall picture of the
effect of wind under each alternative.

Under the first ﬁlternative, where sprinkling is
carried on with no special provisiom for reducing the wind
effect, the efficiency is reduced by 9% ard the equipment
requirements are increased by 10%. The hours of operatiom
per day are increased by omly 1l%.

Under the third alterrnative, where the spacing between
laterals and sprinkler heads is reduced, the efficiency is
reduced by 6.6%. Part of the requirement - the lemgth of
laterals - is reduced by 20% while the other - heads and main
line and pump capacities - is increased by 20%. The hours of
operation are decreased by 7%.

Under the fourth altermative, where sprimkling is
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stopped during periods of high winds, the efficiemcy is
maintained at the standard level, but the equipment reqguire-
ments are increased by 20%. The hours of operatiom are dec-
reased by 17%.

The labor requirements are mot affected for the first
and fourth altermatives but are imcreased by 20% for the
third.

S8ince no altermative shows a defimite apperent ad-
vantage im all aspects of the analysis it would seem necessary
to evaluate each of the requirements in a commom unit of ex-
pression. This evaluation is usually expressed in monetary
units, allowing comparison of the total requirements. It is
hoped that such an evaluation, using actual current prices
and wages, would be executed in the near future. Then it
would become possible to select the most economical alternative.
However it should dlwaya be remembered that the alternatives
evaluated in this study are those possible with a given
sprinkler head operating under, again, a given pressure.
Variations in both sprinkler type and pressures should be
studied and in turn incorporated into similar layout analysis
before a truly final recommendation could be formulated.

This study has, however, set the pattern for such future
studies the results of which would prove to be of significant
value to the Bekaa farmers.



SUMMARY

This study was conducted as an attempt to evaluate
the effect of winds commonly occurring in the Bekaa on the
performance of sprinklers., The two main concerns in this
work were first tc determine the effect of winds on the uni-
formity coefficient and water application efficiency under
defferent lateral and sprinkler spacings, and second to
evaluate such effect iu terms of extra water, labor, and
equipment requirements as reflected under different alterna-
tive practices in the Bekaa.

Field tests were carried out to determine the actual
water distribution patterns of a given sprinkler head under a
fixed pressure and during periods of varying wind conditions,
Bimultaneous observations of wind velocities were recorded.
“wo representative typical wind conditions were selected.

The first is an average low wind condition with an average

wind velocity of 3.5 kilometers per hour. The second is an
average high wind condition with an everage wind velocity of
18,0 kilometers per hour. The water distribution patterns
obtained under each condition were synthesized to produce a
typical average distribution pattern. The two synthesized
distribution patterns were tested by the uniformity coefficient
under different sprinkler and lateral spacings in order to
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select the best suited spacing under each conditin, {12x)2
meter spacing was found to be the best suited under lov wind
condition resulting in a uniformity coefficien o 3.9,
The same spacing, tested under high wind conditin, gine s
uniformity coefficient of 80.39%. The best il §acing
under high wind conditions was found to be 8 110 noters ro-
sulting in a uniformity coefficient of 92.60%, M sane
spacing gave 91.60% as a uniformity coefficien win Iy
wind conditions.

The water application efficiency for th niw dis.
tribution under low and high wind conditions was deterained
as percentage of the total water applied at th grinder
head. A value of 62.50% was attained under lo i ui
55.10% under high wind. The 7.40% difference Mptesenting o
20% increase in losses was attributed to the iuressed o
poration and drift losses caused by high winds,

Evaluation of the wind effect in terms nber,
labor, and equipment requirements was carried ut ude the
different alternative practices that a Bekaa faroer uging
sprinklers might adopt. These alternatives ar fint t up
the low wind 12 x 12 meter layout under both Lov tad high
wind conditions, second to use the low wind 12 112 wte
layout under low winds and the high wind 8 x 0wty lagout
under high winds, third to use the high wind 8 1)) wte
layout under both low and bigh winds, and fourth i uy ty
12 x 12 meter layout under low winds only and sk ntiy
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select the best suited spacing under each condition. A 12 x'12
meter spacing was found to be the best suited under low wind
condition resulting in a uniformity coefficient of 93.90%.
The same spacing, tested under high wind condition, gave a
uniformity coefficient of 80.39%. The best suited spacing
under high wind conditions was found to be 8 x 10 meters re-
sulting in a uniformity coefficient of 92.60%. The same
spacing gave 91.60% as a uniformity coefficient under low
wind conditions.

The water application efficiency for the water dis-
tribution under low and high wind conditions was determined
as percentage of the total water applied at the sprinkler
head. A value of 62.50% was attained under low wind and
55.10% under high wind. The 7.40% difference representing a
20% increase in losses was attributed to the increased eva-
poration and drift losses caused by high winds.

Evaluation of the wind effect in terms of water,
labor, and equipment requirements was carried out under the
different alternative practices that a Bekaa farmer using
sprinklers might adopt. These alternatives are first to use
the low wind 12 x 12 meter layout under both low and high
wind conditions, second to use the low wind 12 x 12 meter
layout under low winds and the high wind 8 x 10 meter layout
under high winds, third to use the high wind 8 x 10 meter
layout under both low and bigh winds, and fourth to use the
12 x 12 meter layout under low winds only and stop operating



77

under high winds. The requirements for each alternative were
related to a standard or check condition where no high winds
are assumed to occur.

The second alternative was found practically unsuitable
because of ite strict limitations. The requirements for the
other alternatives were éxpressed in percent of the check. A
comparison of such requirements showed that the wind varia-
tions caused ean average reduction is efficiency ranging from
6.6 to 9.1%, while the equipment requirements, to do a certain
Job, were increased from 10 to 20%. The labor requirement
was increased 20% under one alternative only. From these
results, however, it was not possible to select the most
eéconomical alternative, because no one showed a definite ad-
vantage in all aspects. To make such a selection possible, an
economical evaluation should be carried out to express all
the requirements in a common monetary unit. It is hoped that
such a study would be forthcoming.
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