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ABSTRACT

ENERGY SAVINGS AND IRRIGATION PERFORMANCE OF A MODIFIED
CENTER PIVOT IRRIGATION SYSTEM

By

Sagar Raj Pandey

The goal of any modern irrgation system should be to apply water
with the maximum uniformity and minimal labor and energy costs, while
increasing both the quality and quantity of food production for maximum
economic benefit. Proper irrigation system design is important to

achieve maximum possible application uniformity and energy savings.

The demand for energy in center pivot irrigation system changes
with the change in the operating point of the pump curve because of the
opening and closing of the end gun sprinkler. The primary objective of
this research was to determine the possible energy savings of a modified
center pivot irrigation system in which the operating point of the pump
curve is fixed. Computer programs were written to simulate the design
modifications that included auxiliary sprinklers in the system which

open with the closing of the end gun sprinkler.

The results showed that there are time and energy savings after the
modification in the design of the system. The amount of energy savings

was the function of the steepness of the pump curve, with high values



for systems with steep pump curve. In addition, it was found that the

capacity of the pump could also be reduced with the modified design.

The application uniformity of irrigation improved significanlty
with the modified system. The increase in application uniformity was
between 7% and 16% in systems with steep pump curve as compared with the
values between 3% and 8% in system with flat pump curves. This increase
in application uniformity increased the potential yield of crop by
3% to 17%.

Approved

Ma jor Professor

ld .
Approved {L%U‘LUO QM\Q__

4 Depa\xjn@lt C@irperson




Dedicated
to the Memory of my Grandfather

Sardar Rudra Raj Pandey

iv



ACKNOWLEDGEMENTS

My special thanks to my major professor, Dr. Vincent F. Bralts. I
greatly appreciate his support, guidance, and patience in helping me to
complete this research. I have very high esteem for him as a teacher,

advisor, friend, and individual.

I thank the other members of my committee, Dr. L. J. Segerlind
from Agricultural Engineering Department, Dr. David Wiggert from the
Civil Engineering Department, and Mr. Austin Miller, P.E., for their
helpful comments. Special thanks to Mr. Miller for his thoughts, advise,
and encouragement during the analysis of the results. In addition,
thanks to the graduate students of the Agricultural Engineering
Department for their help and support when things did not look

encouraging in those frantic hours.

My special appreciation to Mr. Jerold Bement for allowing me to use
his center pivot irrigation system in Dowagaic, MI. Special thanks also
to Mr. John Smith, MECP Irrigation Scheduling Technician in Cassapolis,

MI, for helping to collect field data.

Special thanks to my wife, Shashi, for her understanding,
encouragement, patience, and support because of which this work became

possible.



LIST OF TABLES......cevevieanccannas

TABLE OF CONTENT

LIST OF FIGURES.......................---o-.c...................o-.

I. INTRODU”ION..........QI.!.l....‘.........l.......l......‘l

A. Scope and objectives.....ccoceeceretcictonctcrsccsccncns

I1. REVIEW OF LITERATURE AND THEORY.....cceocvevevcesccosscscces
A. Hydraulics....ccceceeeceececesccocvscceccssosccocconcnce

B. Uniformity and Application EffiCiency........oceceeceses

1. Hydraulic Uniformity....ccccccveccecccccncccccccccees

2. Application Efficiency..ccccecccccrccccccoccsccoccsne

3. Application Uniformity....ccccceceeeee ceeccessnssssanse

E. Hydraulic Network Analysis........ccececeeeccscccccnccns

F. ENergy US@...ccceveesesescococcsososososssasncsossancone

G. Summary and Discussion........ceceecierincncccccccccncns

IIIO METHOMLWY..D‘..'....O...00...00“.....'b.".."O..'Ol..'l
A. Research Approach......cceceeececccveenes ceseccsesesasee

B. Theoritical Development....... ceseans teeccesseasassssevne

IV. RESULT AND ANALYSIS.....ivvtervecccnccccccccssrsvscccosonss

A. Hydraulic AnalysSis .....ccoceeeeeccecccecccscccecccccnce

vi

sSese0csreses 0000000000 00000 viil

ix

1
[}

7
7
19

24
30
33
42
52

56
56
58

68
68



B. Field Performance Evaluation .....ccccvvevveeenccccccns .
C. Energy and time savings ........cciviieiiinncncnnnses ceee

D. Summary .....e.eceeevecncnccencs cessesscccs cesesesssenass

.

V. CONCLUSION AND RECOMMENDATION.......... Ceesenes cececersanns

APPENDIX A. Center pivot hydraulic network analysis model "SYSTEM"
APPENDIX B. Simulation output from network analysis model "NETWORK"
APPENDIX C. System curve simulation model "SYSTEM" .....ccecocenees
APPENDIX D. Auxillary sprinklers simulation model "AUXISPR" .......
APPENDIX E. Field performance evaluation model "FIELD" ...cevveanne
APPENDIX F. Simulation output from field performance model "FIELD"

APPENDIX G. Irrigation system layout plan .......ceocesseeesscecccss

LIST OF REFERENCE........'O'I...Dl.l...D..'..O0....'.00..0'...'....

vii

107
115

17

119
136
145
147
149
155
167

168



10.

11,

LIST OF TABLES

Page

Exampie sprinkler discharge-head relationships as given
by the manufacturer .....cccceeeoeees tecesesssesesesssesenss 13

Component loss coefficient for a few components ............ 19

Numerical methods and the number of iterations
required for CONVErgenCe .....ccccceccesscessscsccssscrsacnse 38

Discharge from different pumps with the end gun turned off .. 80
Change in the yield of corn with the improvement in the

irrigation application uniformity after the modification
of the design of the center pivot system ......ccecccccecvccs 106

. Electrical power required to operate different pumps for

the end gun on, end gun off, and modified end gun
Off CONAALION +uvvvevoneesonssncnnseacnsessassssssasssasasaes 108

Power and time required for pumps to apply varying amount
of water in the field without modification in the design of
the center PivOot SYSLEM ......ccccceessecesscssssenassnsssccs 109

Power and time required for pumps to apply varying amount
of water in the field with modification in the design of
the center pivot SyStem .....ccccccececcecocsansssscscsssccnscs . 110

. Change in energy and time requirements with the

modification in the design of the center pivot
irrigation system ............ cecens teeeesscssessssennanse o 1N

Change in energy and time requirements for different pumps .. 113

The total energy and time changes to irrigate three

"crops for the whole season M veseseseessesenseasnessscsesess 1Y

viil



LIST OF FIGURES

Figure
1. Example layout of a center pivot irrigation system ........ .
2. Discharge in a conduit with varying x-sectional area .......
3. Discharge thru a nozzle ........... cesessesessessrsssscseces
4., Moody's Diagram showing the relationship between friction
factor f, relative roughness of the pipe e/D, and
Reynolds number Re based on the Coolbrook equation
for commercial PiPE .iiececierieccscencstrserssesossessessns
5. Distribﬁtion pattern from the center pivot irrigation system
with increasing discharge away from the pivot point ........
6. Distribution pattern in the center pivot irrigation
system with uniform discharge from all sprinklers cceccas .
7. (a)Distribution of discharge along the lateral line of
the center pivot SySteM .....coeeeccccccosccccscscnscccss
7. (b)Distribution factor of pressure head loss along the
center pPivot SYSteM .....ceceeecescsersscnssssrsscenssnce
8. The relationship between the area of the field and the
lateral line distance that irrigates it for a 125 acres field.
G. A typical application pattern from a single sprinkler
with varying pressure .........coss. cesessesssssesnescscas .o
10. Surface storage curve for 0.3 intake family soil ...........
11. Surface storage curve for 0.5 intake family soil and
Pullamn soil .......ccccvnievnenss tessentssenssesseses cesecesee
12. Illustration of the solution using the Newton Raphson method .

ix

8
10

16
21
21
a3
23
26

27
31

31
36



Figure

13.
W,
150

16.
17.
. 18.

19.
20.

21.
22,
23.
24,

25.

26.

27.

28.

29.

30.

Elements considered in the Finite Element method ............
Sequence of the nodes and elements of a riser element .......
Example power norograph to be used to determine the horsepower
required to pump water when the total head, discharge,

and pump efficiency are knoWwn .....ccecceececccccccsccscences
Example pump characteristic curve ....ccesececcercccececncace

The plot of the operating point of the pump .....ccceececncee

The change in the operating point of the pump when
the end gun 18 ON  ....iivveveescocsccotossascscccsscccecnases

A network consisting of a pipe, a component, and a sprinkler .

(a) Sequence of nodes and elements for the center pivot
simulation model ......ccce00e00000000000000cccsserenns

(b) The experimental network of a center pivot irrigation

SYSLeM ...icoreccscassssrsecssccssoccssassosssssessasracns
Experimental pump curve with constant head ........cccoe0veee
Experimental pump curve with constant discharge .............
Experimental pump curve of a pump used in the field .........

Data for the hydraulic network analysis of the center
pivot irrigation system ........cccc0000000rcrcccccccnscnccns

Results obtained from the computer simulation model
'NETWORK' for the end gun on, end gun off, and modified
end gun off condition .........ccciiieiiniccccisecericecansene

Graph showing the discharge-pressure relationships at the
center pivot point for the end gun on condition .........c0..

Graph showing the discharge-pressure relationships at the
center pivot point for the end gun off condition ............

Discharge-pressure relationships of the center pivot
system at the pump for the end gun on, end gun off, and
modified end gun off condition ......cccececeecencncncccccacs

System curves of the center pivot irrigation system for
the end gun on and end gun off condition ...cceeeccccccecnees

Pump curve for pump 'V' plotted with the system curve
to determine the operating point of the pump ....c.coccvcveee

Page
40

43

46
47
49

51
59

65

65
66
66
67

69

n
72

74

75
76

77



Figure : Page

31. Pump curve for pump 'H' plotted with the system curve
to determine the operating point of the pump .....cececesesss 18

32. Pump curve for pump 'J' plotted with the system curve
) to determine the operating point of the pump ...ccceeveeseses 719

33. Auxillary sprinklers models and nozzle sizes used for the
modification of the center pivot irrigation system .......... 82

34. Sprinkler characteristics showing the pressure (P), radius
of coverage (R), and discharge (Q) for the regular and
auxilla“y sprinkler’ ...'..Il............'..'.......l’....'.’ 8“

35. Data for the hydraulic analysis of the center pivot system
after the auxillary sprinklers are included in the design ... 85

36. Discharge-pressure relationship at the center pivot point
for the modified end gun off condition ......ecececsceecessss 86

37. System curve for the modified end gun off condition with
respect to the end gun on ana end gun off conditions ........ 87

38. System curves and pump curves for the example operating
conditions and pmps .l..‘Oolll.'.0."0..0....‘.....’..ll.... 88

39. Field performance evaluation data obtained from the
simulation model 'NETWORK' for the end gun on conditions .... 90

40, Field performance evaluation data obtained from the
simulation model 'NETWORK' for the end gun off with
pumchonditions ....00'.0.0.'.l.'.l’....Ol.l.l...l'....".l 91

41. Field performance evaluation data obtained from the
simulation model 'NETWORK' for the end gun off with
pumpvconditions O......0..0'..'........0"0l.'.lll...’l..l. 92

42, Field performance evaluation data obtained from the
simulation model 'NETWORK' for the end gun off with
pmpHconditions ’..l'..‘.l.........'...DQ'I.........O.."D. 93

43. Field performance evaluation data obtained from the
simulation model 'NETWORK' for the end gun off with
the modification in the design......cc.eevceiercccoocrecacrsess oy

44, Graph showing the relationship of the depth of application
to the percentage of timer Setting .......ccecesccvccvconccne 96

45, Graph showing the application depth along the lateral .
line in the field for 50% timer Setting .....ceeceeecsesccces 97

xi




Figure Page

46.
47.

48.

50.

51.

Example average application depth in the field for the
end gun on and end gun off condition .....cceieiieiiiieeeo.. 98

Example pattern of the portion of the field irrigated
with the end gun on and end gun Off ....ccceerneccacsncseeaas 99

Application uniformity and time required to irrigate
the field using pump V without the modification in the
design of the SySteM .......vececceccccecscccsscsccscsssssess 100

Application uniformity and time required to irrigate
the field using pump J without the modification in the
design of the SYSteM .......seeeccesnscsccccssscsssssssssssse 101

Application uniformity and time required to irrigate
the field using pump H without the modification in the
design Of the SYSLeM ...ceecveccnecsssncccsssssccssccssssness 102

Application uniformity and time required to irrigate
the field with the modification in the design of
the system 9 0 0 0 00 00 PP PO OO 0P PO 0 0000 00ROV R0SCPPNOORLOSENEBAENDOOESETOTS 103

xii



I INTRODUCTION

Irrigated agriculture has been practiced in various locations
around the world for over 4000 years in the world. Most great
civilizations started in river valleys of famous rivers such as the
Tigris and Euphrates (Middle East), Nile (Egypt), Indus and Ganges
(India), Hyuang-Ho (China). Over the years, great wars have been fought
for the privilege of using water for irrigation. Worldwide 1in
1985, over one-third of the world food was grown on only 18% of

cropland which was irrigated ( Postel, 1985).

The most common form of irrigation worldwide has always been
surface irrigation in its various forms (furrow, border, basin). The
average irrigation efficiency of the surface (gravity) irrigation system
is usually low. Worldwide average irrigation efficiency of surface

irrigation is less than 37% (Postel, 1985).

Sprinkler irrigation and drip irrigation were developed in the more
industrialized nations with the advent of plastic and aluminum pipes
after World War II. These system of irrigation are capital intensive,
less labor intensive, and have a greater energy demand than surface
irrigation. Sprinkler and drip irrigation systems, however, allow for

greater control of water delivery and thus have a greater water use



efficiencies than comparable surface irrigation systems. Sprinkler and
drip irrigation systems also tend to irrigate more uniformly than
gravity systems. Water efficiencies typically average 70% or greater

(Postel, 1985).

Irrigation in the United States has experienced unprecedent
growth in the last few decades. In most cases the land was brought
into irrigation using a variety of high-pressure sprinklers designs. In
some areas, farmers have used these systems to irrigate hilly and
marginal lands unsuitable for gravity methods. Overall, sprinkler
irrigation accounts for virtually all of the net increase in irrigated
area in the United States between 1960 and early eighties. In 1980, 32%
of irrigated land was under sprinkler irrigation (Jensen, 1982). Today
sprinkler irrigation are used on about 35-U40 percent of U.S. irrigated

land with drip irrigation on only 2-3 percent.

One of most common sprinkler irrigation system is the center pivot
system. A single center pivot system irrigates about 150 acres, and is
now used in much of the U.S. High Plains. In addition, over 12000 center
pivots have been installed in the desert nation of Saudi Arabia over the

last several years ( Postel, 1985).

The center pivot irrigation system , figure 1, consists of a
lateral arm which rotates around the central pivot point. The water is
supplied to the lateral under high pressure through the central pivot
point. The lateral line sections are usually suspended on towers with
the help of simple truss structures and consists of openings for
sprinklers, through which water is discharged to the field. The

sprinklers are spaced and designed to supply uniform depth of water in
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the field being irrigated.

The most important advantage of the center pivot system when
compared with other forms of sprinkler irrigation is that it requlre$
minimal labor. Energy costs, however, are also an important parameter
that could determine the viability of a center pivot irrigation system.
Rising energy prices, especially when combined with falling water
tables, can increase irrigation cost to prohibitive levels. Therefore
the need to operate the center pivot system with maximum application and
energy efficiency is becoming more and more important for the success

of the irrigation systems.

A. SCOPE AND OBJECTIVES

The important factors that determine whether a center pivot
irrigation system is properly designed are (1) Energy use,
(2) Application rate, (3) Uniformity of application, (4).Instantaneous
application rate. Any improvement that can be made in the design of the
center pivot irrigation system will require the improvement in one or
more of the above mentioned factors, but not at the cost of compromising

the other remaining factor(s).

Many researchers (Bermuth, 1982; Solomon and Kodoma, 1978;
Heermann and Hein, 1368) studied and developed methods that improved
the performaince of the center pivot irrigation systems with regard to
energy use, application rate, and/or application uniformity. Bermuth
(1982), Solomon and Kodoma (1978) pointed out that the operating point
of the pump shifts when the end sprinkler of the lateral (end gun) is

switched on and off. The switching on of the end gun decreases the
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discharge and increases the pressure of the system. This in turn can
change the application rate, application uniformity, and energy
efficiency in the system. Therefore it is best to keep the discharge and
pressure in the system constant such that the system will perform with

maximum efficiency throughout the period of irrigation.

Some researchers have suggested using the booster pump which
is operated when the end gun is on. Pressure compensating sprinklers
can also be used to keep the application rate and uniformity
constant. But this does not help in operating the pump with maximum

efficiency when the end gun is off.

The possibility of using auxiliary sprinklers to keep the pumping
rate and pressure constant throughout the period of irrigation has not
been studied by any researcher. The auxiliary sprinklers would operate
along the lateral when the end gun is switched off. As soon as the end
gun is switched on, the auxiliary sprinklers would stop operating. This
method would help to operate the pump with max imum efficiency throughout

the irrigation period, thus saving energy.

The overall goal of this research is to investigate the possible
conservation of energy by modifying the design of a center pivot
irrigation system. The effect on the application rate and application
uniformity as a result of the proposed modification will be studied.

The specific objectives are

1) Determine the relationship between energy saving and addition of

auxiliary sprinklers in the center pivot irrigation system.

2) Make a comparative study of the application uniformity with and



without the introduction of auxiliary sprinklers in the center

pivot irrigation systea.

3) Study the effect of the introduction of auxiliary sprinklers
on the water application rate on the field and the'saving'of

time that is possible.



II. REVIEW OF LITERATURE AND THEORY

Any modification in the design of the center pivot irrigation
system such as the introduction of auxillary sprinklers will call for a
thorough look at the hydraulics, field uniformity, network analysis,
and energy use in the system. Therefore, a literature review of the
above aspects of center pivot irrigation system was undertaken. The
following is a review of the literature related to the design aspects of

a center pivot irrigation system :

A. GENERAL HYDRAULICS
1. General

The hydraulic principles of fluid mechanics are based on the
classical equations of continuity and energy. A theoritical development
on fluid hydraulics has been given by Garde and Mirajoakar (1977) and
others. The continuity equation is based on the conservation

of mass principle. Refering to Figure 2, the flow in the pipe is

Q=Vy Ay =Vy Ay = constant (1)
where Q = discharge,
V = velocity of flow,
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Figure 2. The discharge in the conduit with varying x-sectional area.



A = cross sectional area of the pipe, and

the subscript 1 and 2 are the positions where Q, V, and A are measured.

The energy equation in fluid mechanics is commonly known as
Burnoulli's equation. Again refering to Figure 2, the energy balance

equation can be written as

Py/y + 29 + (V1)2/28 = Pa/y + 2o + (V2)2/2g + AH (2]
or
[C Pa-Py )/y ] + ( 22-29 ) = [( (V1)2=(v2)2 )/ 2g ] + AH (3]
where P = pressure in the pipe,
Y.= specific density of water,
V = velocity of flow,
AH= hydraulic head loss between positios 1 and 2, and

the subscripts again represent the positicns where the values are

evaluated.

The hydraulic design of sprinkler irrigation systems based upon
the above two equations has been presented by several researchers

including James (1988), Wood and Charles (1972), Perold (1977).

2. Center pivot system hydraulics

Hvdraulics of a Sprinkler: When a fluid is discharged from a
conduit into the athmosphere through an opening of any form, the
pressure intensity along the issuing jet surface is athmospheric (Garde
et al, 1977). In sprinkler‘irrigation, the opening is a nozzle. Nozzles
are employed when a high velocity jet is desired from a pipe.

Considering a nozzle as shown in Figure 3 (Carde et al, 1977):
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vena contracta

Figure 3. Discharge through the nozzle.



n

If section 1 is located in the undisturbed flow, while section

2 is located at the vena contracta, Bernoulli's equation glves

Pi/y + (V1)2/2g = Pa/y + (V2)%/2g (4]

The potential head AZ has been neglected in the above equation.

Solving the above equation with the continuity equation gives

Q
or
Q
where Cq4
H
Ce
d
D

[Cc//(1 - (C)%(a/m™)) [(nd?/4)(/28)]1 (/EBP7Y] (51
Cq ( md2/k ) (2g)0-5 WO-5 (6]

coefficient of discharge,

static head,

coefficient of contraction,

diameter at the mouth of the outlet, and

diameter at section 1.

Perrold (1977), Karmeli(1977), and Bralts(1983) have written the

equation of flow thru the sprinkler or emitter in the form of

where q

x
"

It can be

q = kh¥% (7]

sprinkler or emitter discharge,
constant of proportionality,
pressure head at the sprinkler or emitter, and

sprinkler or emitter discharge exponent.

seen by comparing (6] and (7] that the constant of

proportionality, K, contains variables such as the coefficient of
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contraction, geometry of the nozzle, and gravitaional acceleration.

The exponent x may be assumed to be 0.5 for fully turbulent flow
from nozzle or orifice (Perrold, 1977). The nozzle with an x value of
less than.O.S would be pressure compensating in nature. A zero value for
x would make the sprinkler fully pressure compensating (Bralts, 1983).
All irrigation sprinkler manufacturers give the relation between

discharge, q, and head, h, in tabuler form (Table 1).

Lateral line hydraulics: Water flow in a center pivot lateral line

is considered to be hydraulically steady, spatially varied pipe flow
with the flow being along the streamline. The total flow thru the
lateral line decreases every time it passes a sprinkler nozzle. Taking

into account the conservation of mass principle,
Q=VA

and the fact that A will remain constant, the velocity then decreases

along the lateral line.

A large share of the energy loss is due to the friction in the

pipe. In general, heac¢ loss due to friction can be written as
he = RQT (8]

where he = head loss due to friction,

R = constant depending upon the relation used,
Q = flow thru the pipe, and
m = discharge exponent.

Christensian (1942) used a generalized formula to calculate the
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Table 1. Example sprinkler discharge-head relationships given by the
manufacturers (Rain Bird; 1986).
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head loss due to friction. This relation is commonly used in hydraulic

design and analysis (Anon 2,1983; James, 1988 )
he = KLQR / p2m*D (9)

where K =coefficient depending upon the formulation and unit used,

m,n = exponents depending upon the formulatior used,

L = length of the pipe (m, ft),
D = diameter of the pipe (mm,in), and
Q = flow rate (liters/min, gpm).

Comparing [8) and [9] gives

R = KL / D2U*D (10)

Many semi-empirical equations are in use to calculate friction
loss (hg) in the pipe. Some of the more common equations are Darcy-

Weisbach, Hazen-William, and Scobey.

The Darcy-Weisbach's equation for friction loss is

hy = FLVZ/2gD : (11)
and
2 s
R=8fL/gnd
where f = friction factor,

c
"

length of the pipe,

V =z velocity of flow, and

o
"

diameter of the pipe.

The friction factor, f, in [11) depends upon the Reynold's nuxber,

Re, and the relative roughness of the pipe, K = e/D (Garde et al, 1977;
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Jeppson, 1982; Swamee and Jain,1978)

For commercial pipe, the Coolbrook equation can be used to determine

the value of f (Carde et al, 1977). This equation is

1//T - 2 log1o Re/K = 1.74 - 2log1ol1+18.7(Re/K)/(Re/T)]

or
1//T = 1.14 - 2 logyp (e/D + 9.35/(Re/T) (12)

Equation (12] has to be solved implicitely to determine f. Moody's
diagram (Figure 4) is a plot of Equation 12. The drawback of the Moody's

diagram is the difficulty of using in computer programming.

Swamee and Jain (1978) developed equations which could be solved

for f explicitely. One of their equations is
£ = 1.325 [1n(0.27(e/D) + 5.72 (1/Re)0-91-2 [13]
which is valid for a e/D range of

0.01 > e/D > 10

and a Reynolds number range of
]
10 > Re > 5000

Equation 13 has been shown to accurately represent the Coolbrook formula

(Swamee et al,1978).

The other popular expressions to determine pipe frictional loss
are the Hazen-Williams and Scobey formulas. For the Hazen-Williams
formula, K =(0.285 €)~1-852 5 - 1.85, and n =1.17 in eq.15. In

conventional units,
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he = L Q@ / (0.285 c)!-852p2men (14)
where C = Hazen-William's constant.

Similarly for Scobey's equation, n=1.10, m=1.90, and K=Kg/348.
Scobey's equation was given in conventional unit in the following form

by Anon 2 (1983)
he = ks v1-9/ p!-! (15]

where Ks = Scobey's constant, and

he = head loss per 1000 ft of pipe.

Jeppson (1983) wrote that the values of Hazen-William's C and
Scobey's Kg values should clearly be depended upon Reynold number. The
limitation of these two equations is that their coefficients are weakly
related to the diameter of the pipe. Besides this, they are not

functions of the Reynolds number (Wiggert and Potter, 1989).

Since the flow in the lateral line is spatially varied with
decreasing discharge, the energy grade line is an exponential curve

rather than a straight line (Bralts,1983).

Component loss: Besides friction, there is energy loss due to the

presence of components in tue system. This can include tees, connectors,
elbows, valves, contraction and expansion joints. Component loss is
generally denoted as minor loss and accounts for less than 10% of the
total friction loss (James, 1988). It is a general practice to assume
that minor losses are 10% of the friction loss iﬁ the network ( James,

1988; Anon 2, 1983)
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Though component losses are generally considered as minor losses,
they can have a value more than what would be comfortably called a minor
loss. The many outlets on the lateral line can increase the component loss
in the system until it is substantial ( Villemonte, 1977; Haghighi and

Bralts, 1987; Saldivia, Bralts, and Segerlind, 1987)

Component head loss in the lateral line can be given by a

generalized equation

hg = K (V2/2g) (16)
where K = loss coefficient, and
hpy = component head loss.

The value of loss coefficient for some components are given in Table 2

as given by James (1988), and Jeppson (1983):

Table 2. Component loss coefficient for a few components.

Standard Components K
Standard tee; Entrance to minor line 1.8
Gradual contraction 0.04
Abrupt Contraction 0.50

Kincaid and Heermann (1970) reported that with a diameter ratio
dp/D < 0.2 and q / Q <0.3, the head loss in feet for the flow into

the riser is given approximately by

hp = V2 / 2g e(9-24/Q) (17]
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where hpr = riser entrance head loss,

branch discharge,

0
"

discharge in upstream mainline section,

O
"

diameter of riser, and

Q.
©
"

diameter of main line.

o
n

B. UNIFORMITY AND APPLICATION EFFICIENCY
1.Hydraulic Uniformity

To obtain desired discharge and application patterns from center
pivot irrigation, an adequate pressure must be maintained throughout the

lateral of the center pivot system.

In thg center pivot system, the water is introduced at the pivot
point and flows outward thru the line, supplying each of the individual
sprinkler heads. Since the water flows outward from the pivot, the
pressure at the pivot point is higher than at the outer end of the
lateral line. This is not the desired pressure distribution since the
larger sprinklers at the outer end normally require higher operating
pressures than the smaller sprinkler near the pivot point (Kincaid et
al, 1970). To maintain adequate working pressure in the larger sprinkler,
the pivot pressure must exceed the outer-end pressure by the amount

of pressure drop in the lateral line ( Kincaid et al, 1970).

Heermann and Hein (1968) reported that for practical purpose, the
uniform distribution of depth of application is achieved by limiting the
pressure drop on the lateral line to 20% of the higher pressure. The

American Society of Agricultural Engineers (ASAE) also



20

recommends the pressure drop to be no more than 20% of the higher

pressure in the system (Anon 1, 1986).

Because of the design of a center pivot system, the discharge of
individual sprinkler heads must be increased in proportion to the area
each sprinkler irrigates in order to obtain a uniform depth of water
distribution over the entire field (Figure 5). If the sizes of the
sprinklers are the same, the spacing of the sprinklers farther away from

the pivot must be closer than the sprinklers near the pivot(Figure 6).

With approximately constant spacing of the sprinklers, the discharge
of the sprinklers farther away from the pivot should be greater than that

closer to it. Chu and Moe (1972) showed that
Q = Qo (1-r2/R%) (18)
where Q = discharge from the sprinkler located at a distance of r from
the pivot,

Qo = total discharge excluding that from the end gun,

r = distance from the pivot to the sprinkler which is under
consideration, and

R = distance from the pivot to the end of the system.

Chu et al (1972) showed that the distribution of discharge in the
lateral line according to the above equation closely resembles

experimental field discharge in the center pivot system (Figure 7a).

They also analytically derived an equation to determine the total

pressure head loss in the system as

ho = hp = hp B(ms1,0.5)/2 -(Vo)2/2g (19]

where hy = pressure head at the pivot point,
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hp = pressure head ata distance r from the pivot,

the friction head loss of the main line operating as a
supply line,

hp

B(n+1,0.5) = beta function, and
m,n = exponents from the Christensian general formula for head
loss.
The above equation is also written as

(ho - hr) / hm H B(m+1,0.5)/2 [20]

The above relation [20] does not include the potential head in the
system. Taking into account the potential head in the system, [18] can

be written as
ho - hr = ( hm B(n01, 0.5)/2 ) - AZ [21]
where AZ = potential head.

Using [20], Chu et al (1972) showed that there is approximately a

50% pressure drop in the first 25% of the lateral line (Figure 7b).

There is a limiting factor as to the acreage that can be covered
by a single center pivot system because of the the hydraulic uniformity.
The total acreage covered by a system can be increased substantially by
increasing the length of the pipe line and the total system discharge to
maintain a constant discharge per acre. However, the total head loss
will be larger because the extra discharge must be pumped thru the
entire lateral. Kincaid et al (1970) showed that the 30% increase in
area (from 140 acres to 180 acres) and discharge increased losses nearly
100%. This relatively high head loss may cause higher than necessary

pumping costs and it also provides higher pressures than required for the
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Figure 7a. Distribution of discharge in the lateral line.
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Figure 7b. Distribution factor of pressure head loss.
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smaller sprinklers and lower than required for larger sprinklers. Besides
this, the application uniformity can be drastically effected because of

the high pressure loss in the lateral line (Kincaid et al,1970) .

2. APPLICATION EFFICIENCY

The water application rate to a point on the soil surface
varies continuously with time during application by any moving sprinkler
system (Kincaid, Heermann, and Kruse; 1969). In the center pivot system,
the application rate must vary along the 1ate;a1 length from a low value
near the pivot to higher values at the outer end. Figure 8 illustrates
why the application rate must increase toward the outer end of the
lateral. The discharge and linear rate of travel of the sprinkler heads

rust increase in proportion to the area irrigated.

The water is thought to be applied in an elliptical or triangular
pattern from the sprinkler to the field. Bittenger and Longenbaugh (1962)
found that the triangular pattern with a spacing equal to the radius of
the pattern itself will produce a more uniform distribution of water
than the elliptical pattern when moved at a constant speed. But Kincaid
et al (1969) conducted experiments and found that the assumption of
elliptical rather than triangular-pattern sprinklers produced the
accumulated application curve that agreed more closely with the
experimentally determined curve. This means that the elliptical pattern
has to be considered in obtaining the application rate and application
depth in a center pivot system. Bittenger et al (1962) found that the
20st even distribution for the elliptical pattern exists at a spacing

of about 1.4 times the radius of the pattern (r).
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WATER APPLICATION ALONG LATERAL

25% of Areo

25% of Areq

25% of Area

28% of Areq

PER CENT OF AREA LATERAL LENGTH ACRES

100 1320' 125.66
75 1143' 94.24
S0 933’ 62.83
25 660’ 31.42

Figure 8. The relationship between the area of the field and the lateral
line distance that irrigates it for a 125 acres field.
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The water distribution pattern from individual sprinklers greatly
depends upon the pressure available at the nozzle. The distribution of
water can vary a lot when the pressure is greater or less than the
design pressure (Anon 2, 1983). When the end gun is switched off, the
pressure in the lateral rises as a result of which the water distribution
from a sprinkler can change to give a different application pattern in

the field (Figure 9).

Heermann et al (1968) showed that the total depth Dg of water
at a distance s from the pivot for one pass of the system for the

elliptical pattern is
Ds = (4/ W)Y hi(1-my) /2 [ [ 1- (4nj(nj+mg) sin & / (1-my 2)))°2 d¢ [22)
i=1 0

total depth of application from a sprinkler at a distance
s from the center of rotation,

where Dg

W = angular velocity of sprinkler lateral,
h = rate of application at center of sprinkler pattern,

ratio of distance from sprinkler to point P, measured along
sprinkler lineto pattern radius (s-R)/r,

T = time required for one-half a single sprinkler pattern to pass
point P,

n = ratio of radius of rotation to pattern radius, R/r,

©
"

angle of integration, equal to (®/2 - a/2),

Q
[1]

angle of rotation about pivot,
8 = distance from pivot to point P,
R = distance from pivot to sprinkler,

r = radius of sprinkler pattern, and

-
(1]

subscript referring to the ith sprinkler on the system.

The numerical solution of [22) requires a considerable amount of
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Figure 9. A typical application pattern from a single sprinkler with
the change in pressure.
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computer time. Heermann et al (1968) and Bittenger et al (1972)
reported that the skewness for the circular path was less than 0.01
inches of water from the inner to the outer radius for a sprinkler at a
radius of more than 650 feet. Therefore, when the radius of circular
sprinkler motion is greater than 650 feet, the application pattern are
essentially equivalent to those of linear motion and the depth of
application can be found from
N
Dg = n / 2w zLi(hi ri)/RL * (1-mg) (23]
The maximum application rate which occurs at the center of the

pattern was given by Dillon,Hilel,and Vittetoe (1972) as
hy =2q) / nr) (24)

where hy = peak application rate at the center of the elliptical

path, ,
q) = flow per one foot wide band in gpm, and
r} = distance along the center line of the band from the

center of the pattern.

Dillon, et al (1972) also gave the relation between the
distribution of uater.by a sprinkler along the lateral and the percent
of area covered. The water applie@ to a one foot band of land which
encircles the pivot is proportional to the area of the band divided by

the total area irrigated by the system. This was expressed as
qu=2LQ/R? [25]

where L = distance from the pivot to the middle of the foot wide
band in feet,

O
"

flow at the pivot in gpm, and
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R = radius of coverage of the system in feet

By substituting (24] into (25] and correcting for units, the

following expression was obtained
hy = 122.5 QL / Rr) - (26)

Since the maximum application rate occurs at the end of the
system, Dillon, et al (1972) approximated the maximum application

rate in the system as a whole from the following relation
h=1225Q/Rr (27]
where h = maximum application rate at the last few sprinklers, and

radius of coverage of the last few sprinklers on the system
excluding the end gun-type sprinklers.

-
"

The intake rate and the storage capacity of the soil are important
parameters that determines the maximum application rate that is possible
without runoff from the soil. It is possible to use one center-pivot
system to irrigate two fields if the intake rate of the soil is
relatively high, provided the discharge and the pressure in the lateral

line is sufficient.

Potential runoff begins when the surface storage of the soil is
satisfied. The surface storage is equal to the amount of water applied
faster then the soil intake rate which eventually infiltrates into the
soil. If surface storage is not considered, the feasibility of center

pivot systems is limited (Dillon et al (1972).

The minimum speed of travel of the end tower v ,such that there is

no runoff from the field , in feet per minute, is determined from the
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expression

v =r /30t (28]

where v = minimum speed of travel of the end gun, .

the radius of coverage of the last few sprinklers on the
system excluding the radius of the end gun-type sprinklers,
and

r

t = maximum time in hours for an elliptical pattern to pass a
point before the surface storage is exceeded.

Dillon, et al (1972) determined the surface storage curves for 0.5
and 0.3 intake family soils (Figures 10 and 11). The value of t in (28]
can be determined from these curves based on the surface storage and

intake characteristic of the soil.

3. FIELD UNIFORMITY:

Karmeli (1978) estimated the sprinkler distribution pattern
using linear regression. He noted that the use of linear regression,
based upon the dimensionless cumulative frequency curve of the
infiltration depth Y and the fraction of area (X) represented by Y= A +
Bx, is an accurate method for describing sprinkler distribution pattern.
This approximation proved to produce good estimates for both high and

low quality distributions.

Christensian was the first to introduce a uniformity coefficient

(Ug) to a sprinkler system (Karmeli, 1978).

Ug =(1 - (2 | Y5 - ¥|) 7 0 ¥]100 [29)

or

Ue = [1-4Y /7 Y]100
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where A Y = mean deviation about the mean.

Hart(1961) and Hart and Reynold (1965) developed a uniformity
coefficient (Up) with the assumption that water distribution from
commonly used sprinklers, under regular spacing conditions, may be

described and approximated by the Gaussian distribution
Up = [1 - (s /27 7/ Y)100 (30]

where s = standard deviation, and

Y

mean of the sample.

Karmeli (1978) pointed out that, with a normal distribution, the
mean of the absolute values of deviation equal 0.789s, and the

uniformity coefficient can be written as
Up =[1- 0.789s / Y]100 (31]

Wilcox and Swailes (1947) first presented the statistical concept
for the evaluation of sprinkler irrigation systems (Bralts, 1983). This
statistical uniformity coefficient was based on the coefficient of

variation, Vy, and is defined by the equation

Uy = 1-Vy
or
U, = [1-(S 7/ ¥)]100 (32)
where Uy, = coefficient of uniformity,
Vy = coefficient of variation,
S = standard deviation, and
Y = mean of the sample.
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Heermann and Hein (1968) have developed a method to calculate the
uniformity coefficient for center pivot system based on the "coefficient

of uniformity " concept proposed hy Christensian.

This uniformity concept considers the ratio of a summation of the
absolute deviation of the mean volume from observed volumes for sub
areas to the total volume applied and is expressed as

(ZSg |Dg - (EDgSs / £Ss)|}

Ug =100 [ 1 - ] (331
{ZDgSg}}

z
-3
o
3
o
(=]
(]
1]

Heermann and Hein uniformity coefficient,

Dg = Total depth at a distance S from the center,

S = Distance from the pivot to the collector,
s = subscript denoting a point at a distance S from the center,
and

I = summation of the total number of catch containers.

The ASAE standard (Anon 1, 1986) ) on the test procedure for
determining the uniformity of water distribution of center pivot
uses the above Heermann and Hein uniformity equation. The above
equation is more commonly known as the Heermann and Hein modified

equation,

E. NETWORK ANALYSIS:

The solution of the energy gradient in the irrigation lateral can

be determined by approximation method or by iterative procedures.

1. Hardy-Cross Method:

One of the first and probably the most widely used method of
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analysis is the Hardy-Cross technique (Wood and Charles, 1972).

This method was popular in the pre-computer days as a hand worked
solution. This method has been incorpdrated into numerous computer
algorithms for the solution of hydraulic network problem (Wood, 1972).
The méthod énalyses the network by using the (i) head balance technique

in the loops and (ii)flow balance technique at the nodes.

The energy equation of flow is used to write the head balance

equation in each loop of the network, and it is written as
Zhy = ZRQ® = 0 (34]

The continuity equation is used in the flow balance technique. In

equation form, the relation at each node can be written as
EQin = LQoyt =0 (35]

The Hardy Cross method uses the combination of an assumed flow (Qp)
and a corrective flow (AQ) to solve the loop equations. The head loss

equation around a loop that includes corrective flow is
Zhy = IR ( Qp +AQ)" (36]

Once the corrective flow is established, a new assumed flow is determined

by using
Qf+1 = Qf + AQg (37)
where i = jteration number.

The use of the Hardy Cross method was also described by Chenoweth

and Crawford (1974) and Jeppson (1982). Using [8] to write discharge
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in terms of head loss, [35] is written as
Sthe/R)V/R 0 - I(he/R)VB yp = 0 (38)

Jeppson (1978) reported that the number of simultaneous equation that

must be solved is greatly reduced by using [38) instead of (35].
After substituting the junction pressure,
2[(HJ-1 - HJ) / R ]Vn in = x[(HJ - HJ+1) / R ]1/III out (39]

where HJ-, = junction pressure at the upstream node,
HJ = Jjunction pressure as the present node, and

HJ,1 = Junction pressure as the downstream node.

The Hardy Cross solution for the corrective pressure AH at a node

can be determined by using [8) and [36] to yield
AH= [ {(he 7/ B)V®) /7 { (1/m)(he/R)V/R - 1)) (40)

Equation 40 is non-linear and iterative. As the calculation of AH
procced over the network, the value of AH should be calculated at each
node and correction should then be applied to the energy and hydrauliec

grade line elevetion (Chenoweth et al , 1974).

The number of iterations required in the Hardy Cross method is
dependent upon the accuracy of the initial guess. In some cases, Wood

(1972) found that convergence was very slow and not at all.

2. Newton-Raphson Method:

This method overcomes the drawback of the Hardy Cross method by

quadratic convergence. The development of the equation below is based
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£f(x)

Figure 12. Illustration of solutions using the Newton Raphson Method
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upon the method given by Shamir and Howard (1968).

Referring to Figure 12, the value Xg is sought for the solution such

that
£( X5) = 0
At the kD iteration, the approximation for X, is denoted by Xg.
The next approximation is given by

Xket1 = Xk + AXg = Xg - £(Xg) 7 ( df(Xyg) / dx} [41)

The equation for the kth improvement AXy can be written as

AXg = £(X) + (3f/3xX)AX = O [42]

in which both f(X) and 3f/9X are evaluated using the present value of X.

Because this method adjusts the flow rates in all the loops

simultaneously, convergence using the Newton-Raphson approach is much
quicker than using the Hardy Cross approach. However, both methods of
analysis require initial guesses for the flow distribution and a very

bad estimate of these values can lead to slow convergence or no

convergence at all.

3. The Linear Theory Method:

This method was first proposed by Wood and Charles in 1972. Some
of the special features of this method are that it is not necessary to
estimate initial flow rates, convergence is extremely fast, programming

is easier, and it can be used for optimization analysis.

The basic principle of this method is to transfer the loop
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equations into linear equations by approximating head loss by using the

following equation:
h1i = R{Qijm = RjQjom-1Qj = R{'Qj (43]

where Qjo = approximate discharge in line i, and

Ri{' = modified pipeline constant.

Reasonably accurate initial flow rate is calculated by assuming
that the wmcdified pipe line constant is independent of flow rate and, as

a first approximation, is given by
Ri' = Ry | (4]

The solution of nodal equations obtained by applying this theory
was highly accurate with fast convergence (Wood and Rayes, 1981). But in

some cases convergence was never obtained.

The linear theory method was used by Wood et al (1972) to solve
network consisting of 58 pipes. The comparision of this method with
Hardy Cross and Newton-Raphson methods showed that the number of

iterations in this method is the least (Table 3).

Table 3. Numerical methods and the number of iterations
required for convergence.

Method No of iterations
Hardy-Cross 635
Newton-Raphson 24

Linear Theory y
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4, Finite Element Method:

 Bralts and Segerlind (1985) reported that the finite element
method could be used for hydraulic network analysis if the head loss
equation can be written in a linear form. Considering the pipe segment

shown in Figure 13,
Zj + Hy = ZJ#HJ+RQ" (45]

where Z = elevation,

H

static pressure head,
RQ® = head loss due to friction, and
i and j are subscripts denoting upstream and downstream end of the pipe

element.
Equation 45 can be rearranged to give

RV/D 2 [(24 + Hy) - (g + HJ)]Vm (46}
or

Q = Cp [(Hy - Hy) + (24 - 24)] (47])
where Cp = [((23 + Hy) - (ZJ + HJ)] / R'/M {5 known as the pipe

coefficient.

For the simple network in Figure 13, the nodal equations for element

(e) can be written as
-Qg(e-1) + Qg(e) = 0 (48]
and -Qe(e) + Qelesl) =0 (49}

where Qg = flow to node s, and

Qr = flow to node t.
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Figure 13. Element considered in the finite element method.
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Based on the definition giver by Segerlind (1984), the contribution
of element (e) to equations to the global stiffness matrix are simply Qg

and Qg where

Qt;(e) s "cp(Ps - Pt) - cp(zs - zt) (50]

where Hg = static pressure head at node s,

static pressure head at node t,

X
c
"

lg = elevation at node s, and

elevation at node t.

N
v
n

Equations 49 and 50 can be written in the finite element form as

Qs(e) Cp -C Ps Cp A2
s + (51)

o

Qt(e) °CP c

o

where AZ = Z¢ - Zg.
Equation 51 has the standard finite element form
(r(®)}) = [ k(e)) ple)) - (rle)y (52]

where [k(€))

element stiffness matrix,

(£(@)} = element force vector,
(r{®)} = residual vector, and
(H(®)} = pressure head vector.

Haghighi and Bralts (1987) extended the above concept to include
the component loss as a result of an elbow, a knee joint, a valve joint,
an expansion/contraction joint, and a booster pump in the network.

Saldivia, Bralts, and Segerlind (1987) showed that the hydraulic design
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of the sprinkler irrigation system could be done using the finite
element approach. The sprinkler element and a pump was also considered
in their analysis. The sequence of nodes and elements at the riser was

considered as shown in Figure 14,

The major advantage of the finite element approach for the analysis
of pipe network is that the matrix is banded and symetric which

minimizes the computer storage requirement (Segerlind, 1984).

F. ENERGY USE

Irrigation is a major energy user in production agricultural,
accounting fo 13% of all energy used on farms ( USDA-ERS, 1977). In the
Southern Plains of the U.S., irrigation pumping account for about 50% of

the energy used on irrigated farm (Clark and Schneider, 1980)

4

Energy used in irrigation depends upon the method of irrigation.
Keller and Bliesner (1983) have shown that center pivot irrigation
system consumes less energy than the handmove sprinkler and traditional
surface irrigation system when the water is pumped from a well of 500 ft
deep. The main factor that makes the center pivot system compete with
other methods of irrigation is that it requires minimal labour energy.
The demand for the center pivot system increases with the increase in

the cost of labor energy (Heermann and Hein, 1968).

Massey, Skaggs, and Sneed (1983) suggested that the energy
requirements for irrigation may be reduced by (i) improving pumping plant
efficiency, (1i) increasing irrigation efficiency so that less water is

required, and (iii) lowering the pressure head of the system.
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(e)

(e-1) (e+l1)

Figure 14, Sequence of the nodes and elements of a riser element.
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Energy in irrigation is used to lift water from one elevation to a
higher level, to overcome friction loss during conveyance, and to provide
pressure for sprinkleq operation. Energy requirement in center pivot
irrigation is normally supplied by a pumb that either runs with

electricity, diesel, or gas.

Capacity, head, power, efficiency, required net positive suction
head, and specific speed are parameters that describe the performance of
a pump. The power imparted to the water by the pump is called water

power. Water power is (James, 1988)
WHP = QH / K (53]

where WHP = water horse power (hp, KW ),

s
discharge (gpm, m /sec),

T O
" (1]

head (ft, m), and

=
"

constant depending upon the unit used (K = 3960 for
conventional unit; K = 0.102 for SI unit).

Pump efficiency (np) is the ratio of the energy delivered by the
pump to the energy supplied to the pump shaft; that is, the ratio of the

water horsepower to the brake horsepower(BHP), or,
np = WHP / BHP [54]

Overall efficiency (ng) is the ratio of the energy delivered by the
pump to the energy supplied to the input side of the pump driver; for
' example, the overall efficiency of a motor driven pump is the ratio of
the liquid horsepower to the electrical horsepower (EHP) (Anon 3,1987),
or, '

No = WHP / EHP [55]
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Anon 2 (1983) gave the nomograph developed by Kenneth Frost that

shows power requierments with other factors known (Figure 15).

The required net positive suction head (NPSH;) is the amount of
energy required to prevent the formation of vapor-filled cavities of

fluid within the eye of the single-and-first stage impellers. Continued

cavition can severely damage pumps.

James (1988) wrote that the net positive suction head required to
prevent cavitation is a function of pump design and is usually determined
experimentally for each type of pump. Cavitation is prevented when heads
within the eye of single-and-first stage impellers wxceeds the required

NPSH (NPSHp) values published by manufacturers.

A well designed irrigation system have pumps that operate with
maximum efficiency for the design discharge and head. This pump

efficiency is constant when the discharge and head are constant.

Curves relating head, efficiency, power, required net positive
suction head to pump capacity are utilized to describe the operating
properties (characteristic) of the pump. This set of four curves is

known as the pump characteristic curves (Figure 16).

An operating irrigation system has water flowing thru the pipes.
The head under which the system operates is dynamic. The dynamic head is

made up of several heads and is given by James (1988) as
Hg = SL + DL + DD + H} + M) + Ho + VH (56)

where Hg = dynamic head,

SL = suction side 1ift,
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Figure 15 A power nomograph to be used to determine the horsepower

required to pump water when the total head, discharge, and
pump efficiency are known (Anon 2, 1983).
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DL

discharge side lift,

DD = water source drawdown,

H) = Head loss due to pipe friction,
M) = component head loss,

Ho = operating head, and

VH = velocity head.

Except for the suction side lift and the dynamic side 1ift, all the
other heads are dependent upon the Q-H value in the system (James, 1988).
Therefore any ;hange in Q-H value will change the prevented when heads
~within the eye of single-and first stage impellers exceeds the required

NPSH (NPSHp) values published by manufacturers.

A well designed irrigation system will have pumps that operate at
the optimum point of the pump curve. An example of the optimum operating

point of the pump is shown in Figure 17.

Changing the diameter and/or speed of an impeller alters its
characteristic curve (Anon 3, 1987). The changes in impeller performance

resulting from changes in pump speed can be estimated using the following

equations
Q2 = Q1 (No/Ny) , [571]
Ha = Hy (Na/Ny)2 (58]
BP2 = BPy (Na/Nq)3 (59]

where 1 and 2 are the subscripts denoting two different pump conditions.

There are two center pivot irrigation design philosophies (a)
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design assuming that the end gun is in operation and (b) design assuming
that the end gun is not in operation. Bermuth (1982) used a field
verified computer computational technique and studied the effect of
cycling an end gun on and off for a typical center pivot condition for
consideration in selecting sprinkler nozzles for flow uniformity. Based
on the flow uniformity concept, he found that the superior nozzling
philosophy was to nozzle interior sprinklers assuming that the big gun
is not in operation. But the difference between the flow uniformities
for ;he two philosophies was extremely small. Besides this,

the error induced as a result of the second philosophy was toward under
irrigation. Bermuth did not consider the change in the performance

characteristic of the pump in his study.

Most design engineers use the second design philosophy when
considering the pump that is to be installed. The main reason for using
the second philosophy is to make sure that there is no cavitation when

the converse fashion of operation is used.

The end gun in the center pivot system is turned on when the
corners of the field are irrigated. This will increase the discharge and
decrease the head in the pump according to the performance curve
(characteristics) of the pump. This means that the operating point of
the pump will change. The change in operating point means a possible

change in the efficiency of the pump (Figure 18).

Many researchers (Bermuth, 1983; Solomon and Kodoma, 1978) have
written about the change in operating point in the pump curve as.a
result of turning the end gun on and off during irrigation. But no

one has looked at the possibility of using auxillary sprinklers that
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Figure 18. The change in the operating point of the pump with the change
in the operating head.
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turn on when the end gun is off end gun discharge. The sizing of these
auxillary sprinklers can be such that their total discharge is equal to
the end gun discharge. The use of auxillary sprinklers can keep the
operating point of the pump constant so as to operate it with maximum

efficiency throughout the irrigation period.

SUMMARY AND DISCUSSION:

The review of the literature related to hydraulics indicates that
the Hazen;william and Scobey equations are widely used to calculate the
friction head loss in a piée even though it is knmown that the Hazen-
William constant C and Scobey constant Kg does not accurately
represent the friction factor in the pipe. The main reason for using
these equations instead of the Darcy-Weisbach equation is because of
the requirement to solve friction factor f implicitely for the later
equation. This difficulty in solving for f can be overcome by using the
Swamee-Jain equation that can be solved for f explicitely. The Swamee-Jain
equation also contains the relative roughness, e/D, and the Reynolds

number terms.

The review of the literature on hydraulics also provides the
theoritical framework for the analysis of the center pivot system

hydraulics.

The need to calculate the component head loss instead of assuming
its value to be 10% of the total friction head loss is reflected in this

section of the review.

The review of literature related to hydraulic uniformity indicates
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the difficulty and importance of achieving uniformity of pressure in the
center pivot lateral line. Though the best pressure distribution is to
have higher pressure at the end of the lateral line, this can not be
achieved. Therefore a standard has been set by the American Society of
Agricultural Engineers (ASAE) limit the pressure drop in the lateral
line to no more than 20% of the preséure at the pivot. This limitation
in the pressure drop will allow a better water uniformity in the field.
It will also limit the pumping cost per field area to a reasonable

value.

The main focus of any irrigation system is the application of water
to the field. Since the elliptical application pattern from the
sprinkler produced the accumulated application curve that agreed more
closely with experimental values, it is relevent to consider elliptical

application pattern from the sprinkler.

The intake rate and the storage capacity of the soil determine
the maximum application rate of water in the field. It is possible
to use one center pivot system to irrigate two fields if the intake
rate of the soil is relatively high. The addition of auxillary
sprinklers, which operate when the end gun is shutoff, and the increase
in the angular speed of the lateral line can increase the application
rate as a result of which the total time required to irrigate the fleld

is reduced.

The literature review of field uniformity was motivated by the need
to know which field uniformity coefficient equation was the most valid

for the center pivot irrigation system.
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Heer=ann and Hein (1968) uniformity coefficient concept was
developed from the basis Christensian uniformity concept. It takes into
account the fact that the application rate in the center pivot

‘irrisation system increases farther away from the pivot. Any change in
the systea design concept should not reduce the field uniformity

significantly or below the minimum appraved level.

The literature review on the network analysis was required to
incorporate the most efficient and accurate network analysis method in
the development of the model. The linear theory model is an excellent
tool for the analysis of pressure drop in a loop. But this method does
not always give convergence in the flow calculation at a node. The
Newton Raphson method is also a good technique to analysis networks. The
Hardy Cross method requires the most iterations to solve the equations,
though this does not necessary mean that it requires maximum computer

time for the analysis.

The finite element method for network analysis is gaining in
popularity. Basic research for its use in sprinkler irrigation has been
cczpleted by researchers.‘The major advantage cf this method is in
cozputer network analysis. This method cannot be used easily for

analysis with the hand calculator.

The literature review on energy use is an important aspect in the
cevelopment of the objectives that is to follow. Though many researchers
have noted the fact that there is a change in the operating point of the
puzp with the switching of the end gun on and off, no one has looked
into the pcssibility of providing auxillary sprinklers in the lateral

line such that thes sprinklers operate only when the end gun is off.
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This can keep the operating point of the pump constant so that it is
possible to have maximum pump efflciency throughout the irrigation
period. The energy saving with this design concept of the center pivot
system may be substantial, especially if the pump characteristic curve

is steep.
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I111. METHODOLOGY

The review of the literature on the center pivot system in the
previous chapter revealed that no one has looked into the possibility
of energy conservation in the center pivot irrigation system by
modifying its design to include auxillary sprinklers. There is a
possibility of energy conservation by keeping the pump operating point
constant throughout the period of irrigation. Thq application depth and
application rate are also important parameters that are to be considered
in any modification of the center pivot system. The following is a

summary of the research approach to be followed in this study.

A. Research approach

The research approach that will be followed to achieve the major

research objectives is proposed to be the following:

Objective 1. To determine the relationship between energy savings
and the addition of auxillary sprinklers in the center

pivot irrigation systea.

The approach to be followed to achieve the above objective will be

the development of computer simulation models. The hydraulic network

56
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analysis model will be based on the finite element approach. This model
will be used to simulate the best positions and specifications of the
auxillary sprinklers in the modified design of.the center pivot system.
This simulation will be done to get the constant discharge and préssure
head throughout the period of irrigation so as to operate the pump with
constant maximum efficiency. Simulation will also be done to determine
the water power (WP) for varyiﬁg amount of end gun discharge that will
be passed thru the auxillary sprinklers when the end gun is off. Some
model results will be compared to fleld data collected on existing

modified center pivot s}stem.

Objective 2. To make a comparative study of the application
uniformity and depth with and without the addition of

auxillary sprinklers in the center pivot systea.

It is proposed that the above objective will be achieved by using
the Heermann and Hein theoritical concept on the depth of application on
the field. The application depth for the following conditions will be
studied (i) the end gun is on (ii) the end gun is off, and (iii) the end
gun is off with the modification in the design to include auxillary
sprinklers. The study of the application uniformity will be based on

this simulated total application depth of water.

Objective 3. To study the effect of the introduction of
auxillary sprinklers on the water application depth
in the field and the speed of the lateral arms

movement.

The approach to be followed to achieve objective 3 will be to
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the relationship between the addition of the sprinklers and the
application rate for different speed of the lateral in the model. The
model will simulate the condition when the application rate after the
design modification will be the same as without the change in the
design. The calculation of the irrigaéion time that can be saved with

the modification of the design will be studied with the help of the

model.

B. Theoritical Development

The theoritical development section covers the (a) hydraulie
analysis and irrigation performance evaluation section, (b) energy

evaluation section, and (c) an example implementation section.

The hydraulic network analysis of the center pivot irrigation
system network is based on the finite element approach. The pressure
head difference between two sections of the network is the result of the
friction head loss, the components head loss, and sprinkler head loss.

Applying the energy balance between two points in the network, figure 19,

gives
(Zg+Hy) - (ZJ#hJ) = AH (60]

where the subscripts i and j denote the upstream and downstream

conditions respectively and all the other variables are as previously

defined.

The nead loss term, AH, of [60) can be further divided into three

equations

AH = RQ® pipe head loss (61)
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Figure 19. Network cosisting of a pipe, a component, and a sprinkler.
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AH

K,:Qk2 / 2gA% component head loss (62]

AH

KspQ® sprinkler head loss (63]
Equation (61] can also be written as
Q =Cp (Hy +21) - Cp (Hy + 23) (64]
where  Cp ={ [(Hy+2q) - (Hye2y))'-®/® ) / RV/E,
S;milary [62) and [63] can be rearranged to give
Q = Cpe(Hy - Hy) + Cpe(Zy - Zy) (65]

where  Cpe= w2gD" / 8Ky jQ,

D diameter of the pipe,

Kijz component loss for the ij element, and

Q

Csp (Hy - Hy) (66]
where Csp= (Hi-HJ)(a") * Ksp.

The elevation differences in the sprinkler element and the component

element are neglected in [65] and [66].

The calculation of the head loss due to friction will be based on
the Darcy Weisbach equation. The frictibn factor f will be calculated
using the Swamee-Jain equation, [13], which has been explained in the

literature review section.

The sprinkler head loss depends upon the sprinkler coefficient k

and the exponent 'x' which is given by (7] as

q:kl’lx
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The values of q and h in [7] are given in the pressure-discharge
chart provided by the sprinkler manufacturer (e.g. Table 1). The value
of the exponent, x, is usually taken as 0.5 for a non pressure
compensating sprinkler. The exponential value, x, and the éoefficient,

k, of [7] can be determined by linear regression.of the known discharge-

pressure relationship between q and h.

The pressure along the length of the pipe line of the center pivot
irrigation system will be initialized using the model deyeloped by Chu
and Moe (1972). The initialized estimated pressure along the center pivot
system pipe length using the Chu and Moe model is determined by using the

beta function and is written as
ho - hp = (hypB(m+1,0.5)/2) - AZ (67]

where the variables are as explained in the literature review section. The

distribution factor H is given by

x
]

(he-hg)/(ho-HR)
or

1-Bx(m+1,0.5)/B(m+1,0.5) (68]

=
(1]

where x = r/R, and

Bx(m+1,0.05) = the incomplete gamma function.

The value of m in [68] is 2 when using the Darcy Waisbach's equation
to determine the head loss in the pipe line. Therefore the distribution
factor H in [68] can be estimated using the following equation (Cho and

Moe, 1972)

H= 1 - (15/8)(x-2x3/3+x7/5) (69]
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where x = r/R
Considering [60), [61], and ([62], the discharge thru any element is
Q = (Cp+Cgp+Cep) [AH]-CpAZ (70]

The global stiffness matrix can be built for the network of the
center pivot system to solve the pressure head loss at the nodes on the

basis of [70]).

The Caussian Elimination method will be used to determine the

solution to the global stiffness matrix.

The irrigation depth in the field will be determined using the
Heer=ann et al (1968) equations [22] and [23]. The irrigation
application uniformity is estimated using equation [33] developed by
Heerzann et al (1968). The Arerican Society of Agricultural Engineers
(ASAE) also recommends using equation [33] to estimate the irriagtion

application uniformity for the center pivot irrigation system.

A part or whole of the end gun discharge will pass thru the
auxillary sprinklers when the end gun is turned off. This distributed
discharge required at different segments of the lateral line will be

calculated using the Cho et al (1972) relationship given as
q = Q(1-(r?/8%)) (71]
where q = extra discharge in the lateral line at a distance r from the

pivot point,

Q = discharge from the end gun that is to be distributed along the
lateral line, and

R = the distance from the pivot point to the radius of coverage of
the system.
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The auxillary sprinklers sizes and spacings will be determined based
on the discharge required to pass thru it for the expected pressure in
it. Once the auxillary sprinklers are included in the model, the
pressure distribution along the pipe line will be calculated for the

modified system.

Field performance evaluation will be done for cases when 33%, 50%,

and 66% of the circle is covered with the end gun on.

. The calculation of the power imparted to the water by the pump,

i.e. water power (WP), is done using the following relation
WP = QH/K

where the variables are as defined in [52]. The total discharge, Q, and
the total pressure head, H, in [52] are the values calculated by
hydraulic analysis. The discharge and the pressure at the pump will be
determined by plotting the system curve and the pump curve. The point of
intersection of the system curve and pump curve is the operating point

of the pump.

The pump efficiency np is determined using the pump curve
(e.g. Figure 20).The pump efficiency is determined by plotting the
efficiency curve. The efficiency curve that passes thru the operating
point of the pump gives the efficiency of the pump. It is possible to
determine the brake power of the pump by using equation [53] once the
pump efficiency and water power are determined. The total energy

required will be given by

Total energy required = (BP/n)®*time of operation of the system
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where n = electrical efficiency.

The field data is obtained for the verification of the model from
Mr. Jerry Bemeant's farm in Cass county of Michigan. This farm has the
option of operating the system with the auxillary sprinklers attached to
the pipe line so a part of the the end gun discharge is passed thru
these sprinklers when the end gun is turned off. This system is 787 feet
long from the pivot point to the end gun sprinkler. It has 28 primary
sprinklers manufactured by Nelson Irrigation Corporation. The pivot
pressure and the spacing of the sprinklers are noted. The lateral speed
of the end tower is also noted. The system is set up as shown in flgure

20.

The model will be run to determine energy savings for three
different pumps (i.e. three different types of pump curves). The two
extreme cases will have horizontal and vertical pump curves as shown in
figure 21 and figure 22. The pump with horizonatl pump curve as shown in
figure 21 will have the operating pressure head always constant. The
pump with verticalhpump as shown in figure 22 will always give almost a
constant discharge. The pump with the pump curve as shown in figure 23

was being used in Mr. Bemeant's farm in Cass county of Michigan.

Pumps with horizontal and vertical pump curves are included in the
study to show thé maximum possible energy and time savings that is
possible for different type of pumps. The comparision of the results
obtained for these three different pumps will give the range of energy

savings that may be possible.
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Figure 21. Pump curve to operate the pump at constant pressure.
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Figure 22. Pump curve to give a constant discharge for all pressures.
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IV RESULTS AND DISCUSSION

The results and discussion section consists of the analysis of the
data generated by the four computer models, NETWORK, SYSTEM, AUXISPR,
and FIELD. The results are ﬁresented for the hydraulic network analysis,
field performance evaluation, and energy and time savings. The

discussion follows the result of each section.

A. Hydraulic Analysis
1. Center Pivot NETWORK Simulation

As presented in the methodology section, a computer program NETWORK
(Appendix A) was written based on the finite element method to simulate
the discharge from the center pivot system when the end gun is on and
when the end gun is off. The input data for the example system is given
in Figure 24. In general, the center pivot system has a 787 feet long
lateral line on which there are 28 sprinklers. The distance from the
center pivot point to the last tower (not the end of lateral line) is
765 feet (Figure 20). The discharge-head equations for the sprinklers
were obtained by regression analysis of the discharge-head relationship
given by the marufacturer (Anon 4, 1986). Twenty five of the sprinklers

have the exponent of pressure head between 0.49 and 0.51 which compares

68
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DATA AND RESWL.TS
o of sorinklers 1N the syetses 28
Total length of¢ laterele 787 ¢%
Distance to last towere 743 ¢t
Raxiaus Allomesle error In caltulating preseure hease .3 ¢
SPR ESPACING DISTANCE FROM CALORATED REGREISION
NO (éR) PIVOT (4%) xC [ EQUATION
) <8.0 <8.0 0.2802 0.S0% S®  0,27(Mee0.S1)
- <3a.s c&.3 0, 38463 C.4902 a®  0,39(Hee0.4")
3 =8.3 83.0 Q.4343 0.3032 C®  0,46(Hee0.20)
4 28.3 113.3 0. 9140 0. 4348 C= 0,91 (HeeO,86)
3 32.3 146.0 1.20086 0.4428 Qe 1.20(Hee0,84)
& 28.3 174.8 1.017¢ 0.3007 C= 1,02(Hee0,30)
? 28.3 <03.0 1.017¢ 0.8007 Ce 1,02(Hee0.50)
-8 8.3 231.3 1.4833 0.4973 C® 1.49(Hee0,.30)
L4 28.38 280.0 1.46193 0.3014 0w  1.42(He00.30)
10 28.3 288.3 1.3012 0.3003 0= 1,.30(Hee0.30)
13 32.3 21.0 1.6318 0.4887 O» 1.43(H0e0.49)
12 28.3 349.3 1.6193 0.3014 o= 1,42(Hee0,30)
13 28.3 378.0 1.6193 0.3014 Oe 1.462(He0e0,.S0)
14 28.3 404.3 1.4380 Q. 3009 Ce 1,44 (Hee0.30)
1S 28.3 433.0 1.9722 0.3014 O® §,97(Hee0.30)
16 32.3 447.3 2.1248 0.S039: Q= 2,13(Hee0.30)
1?7 28.3 496.0 2.1268 0.3039 Os 2,13(Hee0.30)
18 <R.3S S24.3 2.126% 0.303% Qe 2,13{Nee0,S80)
19 28.3 ss3.0 2. 4429 0. 4893 Cs 2,484 (He00,.8®)
20 28.3 S81.3 2.6199 0.4912 Ss  2,42(ne0e0.49)
23 2.3 614.0 2.8733 0,4993 Qe 2,88(He00.30)
2 28.3 642.3 2. 2332 0.33187 Qe  2,.24(H4ee0.22)
= =8.3 6?71.0 2.8733 0. 4993 Ge 2.88tHee0.20)
a8 =8.3 499.3 2.87=3 0.4993 Ce 2,88(Nee0.30)
- °8.3 728.0 3.1984 0.497Y Qe 3,20(Nee0,.S0)
2b =8.3 728.3 3. 1906 0.4971 G 3,30 (Hee0.20)
27 2b.8 7e3.3 3.0314 0.3064 G=s 3,03(Hee0.31)
28 5 4 7.0 13. 9973 0. 4990 Qe 14.00(40e0,.30)
DIATER DISTANCE FROM PIVOT(#)
(Lncnee) FROM )
——
=. ° 7.’.°
2.78 743.0 787.0
PIPE RTLIOMNESS=0. 00046001 nenes
SLLPE CF T™=E FIELD 1S NEGLIGINE
RISER DIAMETER = 11,0000 incnes
END GUN RISER DIAMETER =« 2,.0000 i1ncnes
< FOR TEE ~ND EL30W CCMPONENTS o §.CO

Figure 2U4. Data for the hydraulic network analysis of the center pivot
irrigation system network.
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DATA AND RESWL.TS
o of sorinklers iNn the systees 28
Total length o¢ laterels 787 ¢§
Distance to last towere 743 $R
Raxiaus Allowasle error 1N calCulating pressure heaee .3 4
SPR SPACING 0DISTANCE FRON CALOLATED REGAREISION
NO (¢2) PIVOT (#%) | { a EQUATION
3 -8.0 <8.0 0.2802 0.50%s S va?(MHee0,.S1)
2 <3a.s <b6.3 Q. SBH3 C.4%902 e 0,J9(Hee0,.4W)
3 -8.3 83.0 0.4343 0.303¢ Ge  0,46(Hee0,.20)
. 8.3 113.3 C. 7148 0.4348 Cm 0,91 (Hee0,48)
-] S2.3 146.0 1.2008 0.4428 Ge 1.20thee0,84)
) 28.3 174.3 1.0171 0.3007 Ces 1,02t(H0e0.30)
7 28.3 <03.0 1.017¢ 0.8007 Ce 1,02(Hee0.20)
i 28.3 31.3 1. 4833 0.4973 C® 1,49(Hee0.30)
o 28.38 280.0 1.46193 0.3014 Qw 1.42({Hee0.20)
10 28.3 283.3 1.3012 0.85003 Q= 1,30(Hee0.30)
13 32.3 21.0 1.6318 0.4887 O» 1.43(H0e0.40)
12 28.3 349.3 1.6193 0.3014 o= 1.42(Hee0,.80)
13 28.3 378.0 1.6193 0.30184 O= 1.42(H0e0.30)
14 28.3 406.3 1.4380 0.S009 Qe {,44(Hee0.30)
13 28.3 433.0 1.9722 0.5014 O® 1,97(Hee0.30)
16 32.3 447.3 2.12468 G.S039: Qe 2,13(Hee0.30)
iy 4 283.3 496.0 2.125% 0.3039 O= 2,13(H#ee0.30)
18 23.3 S26.3 2.1263% 0.3039 Qe 2,13(Hee0,30)
19 28.3 s=3.0 2. 4429 0.4893 Q= 2.44(MH000,89)
20 8.3 S8l.3 2:.6199 0.4912 C® 2.42(Hee0,.49)
22 2.3 614,.0 2.87S3 0. 4993 Gs 2,88 (Hee0.30)
-3 28.3 642,.3 2. 2332 0.3187 Oe 2,24(KHee0.32)
= =8.38 71,0 2.878 0. 4993 Go 2.88(Hee0.20)
<4 =8.3 699.3 2.87=3 0.,4993 Ce 2,88(Nee0.30)
= 8.3 728.0 3.19846 0,497 Qe 3,20(Hee0.30)
= 8.3 7.3 3. 1906 0.4971 G 3.20(Mee0.20)
14 25.8 783.3 3.0814 0.3064 Qe 3I.03(Hee0.31)
28 Se 787.0 13. 9973 04990 Qe 14.00(Mee0,.30)
DIAMETER DISTANCE FROM PIVOT(SR)
(Lnenes) FRON 70
<. (-] 743.C
2.78 743.0 78%7.0
PIPE ROLIMNESS®0. 0004001 nenes
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END GUN RISER DIANETER = 32,8000 :i1nenes
< FOR TEE ~ND EL30W CCMPONENTS » .00

Figure 24. Data for the hydraulic network analysisof the center pivot
irrigation system network.
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well with the usual turbulent flow equation
Q= kﬂo‘s (7]

As a pre;ininary test, the program NETWORK was run ten times each
with given center.pivot pressure. This pressure was increased from 80
psi to 125 psi in 5 psi increments with the end gun on, end gun off,
and the modified center pivot system conditions. Figures 25a and
25b are the output from these runs for the end gun on and end gun off
conditions. The reason for these preliminary runs was to establish the
discharge-head relationship of the system at the center pivot point,
making it possible to determine the pivot pressure for any given

discharge thru the system.

The allowable error for the runs were 0.5 feet of head. The
pressure drop along the lateral line with the end gun off is about
half of what it is when the end gun is on. These results indicate that
the pressure along the line increases when the end gun is off. It can
also be seen that fegardless of the pressure at the pivot point, the
percentage of total flow passing thru the end sprinkler (end gun) when
the end gun is on is constant (22.42%) for all the runs. In addition,
the discharge ,Q , and the pressure head , H, at the pivot point
illustrated a very strong association (R2:0.99999) as shown in Figure
26. Thus it can be shown that the total of all flows passing thru the
Qprinklers (Q) (discharge thru the pivot) is related to the pivot

pressure (H) by

Q = 57.007 HO-502798 (72]

The Q-H relationship equation for the end gun off condition was
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Qe $5.833(%°°0.30370%)

THE Q VS M RELATIONSHI? AT OHE ?I1VOT 1S GIVIM
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OND GUN ON

)

AUN  Feivet meivet Pone mene Perep worep Osivets Gene Sene ITER

0 (P83  (FT) (P81) FT) P31 oM ICPM)  (BPF) (3 @¢ Cetwver) L}
l 80.00 184,91 9.8 160.3 10.3% s4.02 T86.7 176.3 =2.42 [
2 83.00 19s.4? 73.8 170.8 11.22 22.94 010.9 181.9 23.43 .
3 90.00 208.03 78.2 120.7 11.88 27.37 e34.6 187.2 .42 .
. 3.00 219.38 2.3 1v0.8 13.66 30.81 esS7.6 172.4 3.02 I
3 100.00 23t.36 8.8 200.7 13-38 30.43 o7e.% 1773 2.42 ?
o  103.09 242.70 1.2 210.8 13.88 31.89 e01.8 202.2 2.42 4
7 110.00 234.23 3.4 9.9 14,4} 33,32 23.2 297.0 .42 ?
[ ] 113.00 243.81 100.0 1.1 13.63 34.73 944.0 211.? 2.42 ?
® 120,00 277.3? 104.3 261.2 13.43 34.is %e.3 218.2 2,42 ?
10 133.00 238,92 108.7 31.3 18.37 37.04 904.8 220.7 =2.42 ?

TME 0 V8 M RELATIOMEMIP AT THME PIVOT 18 SIVEN BY
Qe 37,007 teee, SOITIS)

D0 e P

RN Ppives Mpives Pone Mene Pores Werep GOsivet OCane Sane ITER
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—-— e o ) ——
3 80.00 184,91 8.6 172.6 .42 12.32 2.2 0.0 6.00 4
3 €3.CO 1¥5.47 7.4 103.4 3.43 13.03 i 0.0 c.00 3
3 92,60 223,03 04.1  194.3 3.9¢ 13.73 0.8 6.0 ¢.00 3
. 3.CO 219.88 3.8 . 203.3 823 16.38 473.8 c.0 c.00 Y
S 10303 Z"1.34 3.3 234.1 &S1 13.03 9.8 6.0 6.00 '
& 103.CD 3¢32.70 W3 2:4.9 2 13.76 713.? 0.0 0.00 'Y
? 130,00 I38.23  102.9 237.8 .32 16.43 730.6 0.0 6.00 e
®  113.€0 22300 167:4 2¢8.7 7.43 17.13 787.1 .0 c.00 .
9 120,00 TYTP.I7  1312.3¢ T.6 P73 17.88 763.3 ey .00 s
10 123,00 2u3.92 117.0 3IT0.8 8.0 18.30 79.2 0.0 0.00 S
TR 8 V& ¥ ROLATIONONTS AT NI PIVOT 18 SIVEN BY

0. 44,890 01900, SCITER)

Modified end qun off

RUN  Ppives Hpives Pond Nend Mrep Bdrep Qpivet Oené Qend 1758
™) (r82) (r®) (r31) (rM (282) -(r?) (CPM) (GIN) (X of Cpivet) ™
'\ 00.00 104.93 72.0 166.4 8.03 18.56 774.2 0.0 .00 3
2 85.00 196.47 76.6 177.0 8.44 13.51 798.4 0.0 6.00 3
3 90.00 208.03 1.1 187.8 0.90 20.56 m.? 0.0 0.00 3
4 95,00 219.53 5.6 198.0 9.36 21.63 04d.¢ 0.0 0.00 3
S 3100.00 331.14 90.23 208.3 9.78 22.62 866.6 0.0 3.00 .
¢ 108.00 242.70 4.0  219.0 10.28 23.69 TTI8Y 9.0 0.00 4
7 110.00 254.28 99.3 229.8 10.70 24.74 909.1 0.0 0.00 4
§ 118.00 263.81 103.8 240.0 11.16 25.90 929.7 8.0 0.00 ]
9 120.00 277.37 108.4 230.8 13.62 26.87 949.8 8.0 0.00 .
10 125.00 288.32 113.9 261.0 13.07 1217.90 969.8 0.0 3.30 ]

Figure 25a, b, and c. Results obtained from the computer simulation

model 'NETWORK' for the end gun on, end gun off, and modified

end gun off conditions.
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END GUN On
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Qe 37,007 (Heee. SOITIS)
DO 0 orw
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—-—— D SN ——
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4 8. CO 219.88 23.8 . 203.3 e28 16.30 e73.8 c.0 .00 e
L ] 1CTeCI 010800 2.3 286.1 &S1 1313.03 9.8 0.0 0.00 L]
® 1030 342,70 "%.3 28.9 83 13.7 713.?7 0.0 0.00 L}
?  130.00 I34.23 103.9 I37.8 ?.32 16.43 730.6 c.0 .00 )
8 113.€0 27301 167:6 248.7 7.42 17.313 87,3 G.0 0.00 e
° 12300 7737 112:.3 T960 P78 17.81 763.3 0 6.00 |
10 12300 2L3.%2 117.0 ZT0.8 8.0 18.80 7.2 00 0.00 t §
TR @ VB N RDLATIONONETS AT T PIVOT 38 SIVEN BY
O, 44,890 DISeS. 503703
Modified end qun off
RUN  Ppivet Npives Pond Nend Mrep NMdrep QOpivet Oend Qond 1758
-] (r82) (FT) (r33) (MM (282) (1) (CPN) (CIN) (X of Cpiver) "
-y
Y 00.00 104.93 723.0 166.4 8.03 18.5¢ 774.2 0.0 0.00 ]
2 85,09 196.47 7.6 177.0 8.44 13.51 798.4 0.0 0.00 3
} 90.00 208.0) 01.3 187.8 8.90 120.36 21,7 0.0 0.00 b}
4 95.00 219.53 3.6 198.0 9.36 21.6) 044,64 0.0 .00 b}
S $00.00 231.14 90.3 308.9 9.78 22.62 866.6 0.9 3.90 4
¢ 103.00 242.70 4.0 219.0 10.28 .69 [ 1] P9 0.0 0.00 4
7 210.00 2854.23 99.) 329.9 10.70 24.24 909.1 0.0 0.00 4
] 118.00 263.8) 103.9 40,0 11.16 25.%0 929.7 0.0 .00 4
9 120.00 277.37 108.4 230.8 11.62 26.87 949.8 8.0 0.00 e
10 «33.00 288.82 L13.9 361.0 13.07 27.%0 969.3 0.9 3.30 .
THE Q VS N ARELATIONSHI? AT TNET PI1VO?T 1S GIVEN BY

Figure 25a, b, and c. Results obtained from the computer simulation

model 'NETWORK' for the end gun on, end gun off, and modified

end gun off conditions.
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Figure 26. Graph showing the discharge-pressure relationship at the
center pivot point for the end gun on condition.
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similarlydetermined with a ccefficient of determination (R%) of 0.99996

(Figure 27). The regression equation for this condition is

Q = 44.890 HO-503705 (73]

2. System Curve Simulation

Equations [72]) and [73) were used to determine the system curve at
the pump for the given elevation head (20 feet), lift from water level
to the pump (90 feet), diameter of the main line (8 inches), and the
length of the main line (3510 feet) (Figure 20). Program "SYSTEM"
(Appendix C) was used to determine the Q-H relationship at the pump for
the given data. The system curve based on the output results from
"SYSTEM" (Figures 28a and 28b) were used to determine the Q-H
‘relationship at the pump (Figure 29). These are the system curves for

the system.

The energy savings and field performance evaluation were done
for three different pumps : puzp 'H' with the horizontal pump curve,
positive displacement pump 'V' with the vertical pump curve, and the
pump used in the field pump 'J'. Pump curves for pumps H and V are
hypothetical. These are the two extreme cases for pump curves. They are
included in the study to show the range of energy and time savings
depending upon the type of the pump used. Figures 30, 31, and 32 show
the pump curves for the puhps '¥*, 'H', and 'J' and the system curvés
for the end gun on, end gun off, and the modified end gun off conditionms.
The intersection of the pump curve and the system curve is the operating

point of the pump.
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Figure 27. Graph showing the discharge-pressure relationship at the
center pivot point for the end gun off condition.
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Figure 28a, b, and c. Discharge pressure relationship of the center
pivot system at the pump for the end gun on, end gun off, and
modified end gun off condition.
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The data collected from Mr. Jerry Bement's field (Appendix G)
showed the operating head and discharge to be 349 feet (151 psi) and 830
gpm respectively for the end gun on condition. The simulated model
discharge is 825 gpm for ; head of 349 feet when the end gun is on

(Figure 28], which is 0.602% different from the field observation value.

The discharge and head at the pumps when the end gun is turned off
are obtained from Figures 30, 31, and 32 for pumps H, V, and J
respectively. The pressure head at the pump for a given discharge can
also be determined Figure 28. Table U4 gives the discharge from different
pumps for the end gun off conditions as obtained from the Figures 30,
31, 32. It also gives the operating pressure at the pumps.

Table 4. Discharge from example pumps when the
end gun is turned off.

Pump Discharge Pressure
(gpm) (psi)
H 670.5 92.84
v 825.0 140.00
J 730.5 110.00

F:om Figure 30 for the vertical pump curve, it is evident that if the
discharge is constant, the pressure will increase when the end gun is
shut off. This means more power will be required to operate the pump
when the end gun is off. In this case, the time required to apply a

certain depth of water will be less.

With the discharge of 825 gpm when the end gun is on, the pressure

head at center pivot point using [72] is 88 psi. The hydraulic analysis
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of the system from the pivot to the end end gun gave an end gun discharge
of 185.2 gpm. This is 22.42% of the total discharge. Figure 25 gives the
same percentage of discharge as passing thru the end gun. This shows
that a constant percentage of total discharge passes thru the end gun

-sprinkler irrespective of the pivot pressure.

The design of the center pivot irrigatioh system is modified to
distribute this end gun discharge of 185.2 gpm along the lateral line
with the addition of sprinklers which are automatically turned on when
the end gun is turned off. This will keep the total flow passing thru the

system constant when the end gun is on or off.

3. Auxiliary sprinkler simulation

Program "AUXISPR" (Appendix C) was written and used to simulate
the positions of and discharge from these auxiliary sprinklers so as to
distribute the water with maximum uniformity. Figure 33 is the output
obtained from AUXISPR. A total of nine auxiliary sprinklers are required
to discharge a minimum of 164.4 gpm to irrigate the field upto the point
of the last auxiliary sprinkler. When the radius of coverage of the
sprinklers are consideréd, the actual total discharge passing thru the
auxiliary sprinklers will be more than 164.5 gpm. Figure 33 also shows
the auxiliary sprinklers models and nozzle diameter that will be used as
auxiliary sprinklers at the distances shown. The spacings and discharge
of the auxiliary sprinklers are based on their uniform spacing and the
locations of the plugs in the existing system. Figure 34 shows the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>