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Foreword

The design text, Sprinkle and Trickle Irrigation, opens up a new and clear
window through which to view the physics, economics, design, and manage-
ment of pressurized irrigation systems. A broad array of system types and ap-
plications have been covered in detail to provide for complete understanding of
systems design. Topics include soil-water-plant relations, general planning con-
cepts, hydraulics, economics, sizing, operation, maintenance, and special uses.
Pressurized irrigation system types covered include hand-line, wheel-line, solid-
set, traveler, center-pivot, linear-moving and big-gun-sprinkler systems, pump-
ing systems, and a broad array of trickle system components.

The work in this text culminates earlier major works by Jack Keller on the
W. R. Ames Company Irrigation Handbook (1967), Rain Bird Sprinkler Man-
ufacturing Corp.’s Trickle Irrigation Design (1975), and the USDA-Soil Con-
servation Service’s National Engineering Handbook, Section 15: Irrigation—
Chapter 11: Sprinkle Irrigation (1983) and Chapter 15: Trickle Irrigation
(1984). These earlier works form the foundation upon which the majority of
currently used design texts are based. The years of design and troubleshooting
experiences of the authors and wide ranges of environments and design appli-
cations in which they have worked have resulted in the substance and robustness
of this text in stated relationships and procedures.

The text takes a very good and direct approach in combining environmental
demands (evapotranspiration, leaching and irrigation water requirements) with
moisture and infiltration characteristics of the soil and various hydraulic, eco-
nomic, and physical constraints and requirements of pressurized systems. The
text gives good thought to day-to-day operations of the various types of systems
and to their maintenance requirements.

Because Sprinkle and Trickle Irrigation covers only sprinkle and trickle de-
sign, it provides much more depth and detail than do general irrigation texts.
The chapters on economic mainline design and center-pivot design are espe-
cially thorough. The chapters on trickle design address the wide array of prob-
lems which have led to the premature demises of a large number of installed
trickle irrigation systems worldwide.

Sprinkle and Trickle Irrigation is full of information. Procedures are direct
and toward the target. There is no ‘‘“filler’’ in this book. As an engineer and
designer, Jack Keller has had the rare ability to peer inside many processes
which have been opaque to many designers, and to decompose these processes
to add form and structure. Relationships developed combine theory, rationale,
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viii FOREWORD

and empiricism in a balanced and thoughtful manner. The approaches to design
of a number of sprinkle system types and components are often new, refreshing,
and illuminating. One example of this is the text’s decoupling of water appli-
cation efficiency into the components of spray evaporation and wide drift, sys-
tem leakage, and distribution uniformity in the soil. Distribution uniformity is
further statistically decomposed into the two factors of spatial uniformity and
percent adequacy of water application. This ‘‘decoupling’” allows both the de-
signer and student to identify and better understand the individual mechanisms
governing various processes, and to better modify designs and estimates for
different field conditions. Sections of the book which describe underlying theory
are simply stated and easy to understand. They often have the feel of roomside
‘‘chats.”

The text is liberally infused with equations, tables, and graphics. The graph-
ics help to show the ‘‘form’’ of physics and design procedures. The equations
and tables provide for proper accuracy in detailing of designs and lend them-
selves to computer applications.

The design concepts presented in this text are more than sufficient for edu-
cation and training, yet the approaches are direct for ease of application and to
ensure a high probability of a successful design. The authors present concepts
and theories of irrigation and pressurized design, but fortunately, do not stop
there. They push on through with empirical (when necessary) and thoughtful
relationships, equations, and tables which provide the ‘‘numbers’’ necessary to
complete well-engineered irrigation designs. Procedures presented are a healthy
combination of common sense and sound theory.

The text includes numerous sections concerning operation and management
of irrigation systems after installation, which are important parts of designs that
are often neglected by designers. Sufficient information is presented in Sprinkle
and Trickle Irrigation to allow the designer to present ‘‘operations guides’ to
irrigators/owners which detail proper lateral placement, scheduling, and oper-
ation.

I have used drafts of this text in undergraduate and graduate level courses in
sprinkle and trickle irrigation at Utah State University for the past five years.
The text has also served as a valuable reference and source of information for
private work in systems design, troubleshooting, and in court cases. I whole-
heartedly endorse the use of Sprinkle and Trickle Irrigation both in design and
in education.

RiCHARD G. ALLEN, P.E., PH.D.

Associate Professor

Agricultural and Irrigation
Engineering Department

Utah State University

Logan



Preface

The need for more careful husbandry of our planet’s agricultural resources is
quickening. This results from two clashing realities: the growing numbers of
fellow humans with their increasing expectations for a more bountiful life, and
the limitations of the planet’s natural resources and ability to absorb environ-
mental abuse. Irrigated agriculture is necessary to meet the food quantity and
quality expectations of the expanding population. Improving its performance is
essential in order to live within the earth’s soil and water resource limitations.

Basic engineering and agronomic sciences are dominant in the curricula of
practitioners in the specialized area of agro-irrigation system design and man-
agement. The academic concentration is on analysis, not on design, which re-
quires synthesis of the analytical steps. Obtaining the specialized skills of en-
gineering practice is left to post-graduate experience. To be effective this
requires having internship opportunities. In their absence well-articulated strat-
egies codified into bodies of knowledge or texts for selecting and designing
various types of irrigation systems are needed. Neither sufficient internships or
texts are available so novices are left to invent their own design procedures.

This book addresses the need for more comprehensive texts on the design
process. It covers the selection and design of both sprinkle and trickle irrigation
systems taking advantage of the many aspects they have in common. Together
they represent the broad class of ‘‘pressurized’’ systems which potentially are
very efficient because they discharge the irrigation water close to the plants
where it will be consumed.

The major purpose of this book is to convey a system of thought patterns
leading to the efficient selection, design, management, and operation of pres-
surized irrigation systems for agriculture. This requires being able to select and
develop assemblages of individual components that will fit together to make a
workable and optimized irrigation system for a given site.

To achieve this goal, the chapters are presented in the sequence used to de-
sign systems. Furthermore, most of the analytical material is presented in a brief
form with limited attention given to the derivation of the standard formulas
presented. This has been done in an effort to focus on the synthesis of the entire
design process rather than concentrating on the analysis of the individual steps
along the way.

Sequential sample calculations that involve the steps in system selection and

ix



x PREFACE

design are extensively used. They form part of the verbal text, as an explanation
is given of the logic of each step of the process. As the text progresses these
calculations become more comprehensive and are linked to form complete de-
sign packages for the various types of pressurized systems.

First and foremost, this is a book for designers not researchers or students
mainly interested in analytical detail. Its objective is to present and convey
powerful design methodologies in a systematic way. Therefore, the emphasis
is on approaches for conceptualizing, applying, and synthesizing the basic un-
derlying system design principles and concepts. In this regard the text is unique
when compared to other manuscripts on agro-irrigation. Typically a codification
of important and relevant facts and analytical details about irrigation systems is
presented without a systematic design approach.

For the convenience of both teachers and students there is a brief review of
basic soil-plant-water relationships and other pertinent material. In addition,
some very useful tables have been organized to summarize important design
information. These are included to increase the value of the book as a reference
for irrigation practitioners. They also provide a convenient source of data for
developing practical student exercises.

This book is written from the perspective of authors with balanced profes-
sional careers which have earned them recognition in consultation and practice
as well as in education and research. Most of the material represents the original
thinking and formulations of the authors. They have presented parts of it in
other texts such as the Sprinkle and Trickle Irrigation chapters of the SCS Na-
tional Engineering Handbook, but not as elegantly as herein. The genesis of
the text has involved a lifetime effort of grappling with how best to improve
irrigated agricultural development worldwide.
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Approaching Agro-Irrigation System
Design

A major purpose of the text is to convey a system of thought patterns leading
to the comprehensive selection and design of various types of sprinkle and
trickle irrigation systems for agriculture. To achieve this goal, the chapters are
presented in the sequence used to design systems. Most of the analytical ma-
terial is presented in a brief form; only limited attention is given to the deri-
vation of the standard formulas presented. This has been done in an effort to
focus on the synthesis of the entire design process, rather than concentrating on
the analysis of the individual steps along the way. It is assumed that students
and practitioners are already familiar with basic soil-plant-water, economic, and
hydraulic principles.

The text is not entirely devoid of analytical detail, as some derivations and
details are presented for two types of situations. One is for material that is not
common to the standard hydraulic, agronomic, or economic perceptions. The
other is for situations where a detailed analysis is needed to link the steps in the
synthesis process.

Rather than concentrating on analytical detail in an abstract sense, sequential
sample calculations that involve the steps in the design of typical irrigation
systems are extensively used. The sample calculations themselves form part of
the verbal text, as an explanation is given of the logic of each step of the design
process.

Sprinkle and trickle irrigation together represent the broad class of *‘pressur-
ized”’ irrigation methods, in which water is carried through a pipe system to a
point near where it will be consumed. This is in contrast to surface irrigation
methods, in which water must travel over the soil surface for rather long dis-
tances before it reaches the point where it is expected to infiltrate and be con-
sumed. Thus, surface irrigation methods depend on critical uncertainties asso-
ciated with water infiltration into the soil while being conveyed, as well as at
the receiving site.

With sprinkle irrigation, water is jetted through the air to spread it from the
pipe network across the soil surface. This adds a degree of uncertainty to sprin-
kle irrigation, as wind and other atmospheric conditions affect the application
efficiency. The usual goal of sprinkling is uniform watering of an entire field.
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4 1/ INTRODUCTION

With trickle irrigation the distribution of the water after it leaves the pipe
network depends only on localized lateral movement above or on the soil sur-
face or in the soil profile. Thus, water is conveyed through the pipe system
almost directly to each plant, and only the soil immediately surrounding each
plant is wetted. This leads to the potential high application efficiency associated
with trickle irrigation.

The material in this book was developed over many years and represents a
considerable amount of original thinking and formulation by the authors. The
creativity required depended upon and was stimulated by many other irrigation
professionals. However, the exact genesis of much of the material is unknown
(by the authors) or without formal reference, so credit citations are limited ac-
cordingly. Citations are given where the material presented could be uniquely
pinpointed and credited to individual authors and where they would be most
useful for reference and additional study.

CONCEPTUALIZING THE DESIGN PROCESS

Irrigation system design is like putting a puzzle together. Paraphrasing from
Keller (1980), the purpose of system design is to develop assemblages of in-
dividual components that will fit together to make a workable and optimized
irrigation system for a specific site. The components include: hardware items,
such as pipes and emitters; machinery, such as pumps and motors; processes,
such as trenching and assembling; and ideas, such as moving sprinklers and
cleaning filters. The irrigation designer’s art is to know the systems that are
appropriate for a given site and the order in which selected components fit to-
gether to make a system. This takes experience and a multidisciplinary ap-
proach, for there are numerous system variations to select from and the site
includes both the natural and social resources.

The engineering design process involves selecting the size and shape of com-
ponents both to make the system workable and to produce the least cost and
greatest gain. Both the art and engineering of irrigation systems require a clear
mental image of what is to be accomplished and how the end results (i.e., the
system in operation) will appear.

There is not a blueprint for the design process, but the following suggestions
should be helpful in the search for an image of the system and the engineering
solution for achieving it. The final solutions are usually quite simple—after they
have been developed—but developing them may be complicated.

The first order of business is to become acquainted with working irrigation
systems, and it is surprising what can be learned by careful ‘‘looking’’ at both
good and bad systems. Getting acquainted with the systems is important be-
cause of the need for images and the need to not waste time reinventing what
already exists. After getting the picture in mind, one needs to study how each
system works and how its components are related and fitted together. With all
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this in mind, it is time to start thinking about selecting, modifying, and tailoring
systems for various site conditions.

Next comes the site analysis and the necessity of creative data gathering to
understand what pertinent physical and social resources are at hand and decide
what can and should be accomplished. It is here that visualizing what is to
happen and focusing on images of the irrigation systems are important.

At this point, the art of irrigation design comes into play; this involves se-
lecting appropriate systems that will meet acceptable goals and fit the available
resources. The objective is a ‘‘good’’ design. With care and practice designers
should be able to select the good designs from the bad ones until the suitable
ones are found.

One way to explain how this last part is done is through mediation. Para-
phrasing Pirsig (1974), as though he were talking about irrigation system design
instead of motorcycle maintenance: when you first approach a design getting
stuck is normal, but this stuckness and a blank mind precede inventiveness.
Stuckness should not be avoided, because the harder you try to hold on to it,
the faster your mind will naturally and freely move toward finding a good de-
sign. Just concentrate on what you want to accomplish—live with it for a while.
Study it as you study a line when fishing, and before long you will get a little
nibble, a system design idea, asking in a timid way if you are interested.

Synthesis and Analysis

With the image of a suitable system in mind, one can apply classic, structured,
dualistic subject-object knowledge. Here is where the engineering techniques
come into play, as designers endeavor to structure the system so it will work in
the best way possible. Doing this involves the two basic categories of engi-
neering problem solving, which Rubenstein (1975) has nicely defined:

Problem solving can be viewed as a matter of appropriate selection. When
we are asked to estimate the number of marbles in a jar, we go through a
process of selecting an appropriate number. When asked to name an object,
we must select the appropriate word. In performing an arithmetic operation
as simple as 8 X 7, we must select from our store of numbers the appropriate
one.

We can distinguish two basic categories of problems. One consists of a
statement of an initial state and desired goal in which the major effort is the
selection of a solution process to the desired explicit goal, but for which the
process as a whole (i.e., the complete pattern of the solution) is new to us,
although the individual steps are not. In such a case, we verify the accepta-
bility of the solution by trying various process for a solution and eliminating
progressively (reducing to zero) the misfits between the desired goal and the
results obtained from the trial processes. This kind of problem may be con-
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sidered as a problem of design or synthesis in which a complete solution
process is synthesized from smaller steps.

The second type of problem focuses more on the application of known
transformation processes to achieve a goal. The goal may not be recognized
as the correct solution immediately, but can be verified by the process in such
a way that no misfit exists between the conditions of the problem (initial state)
and the solution. This kind of problem may be considered as a problem of
analysis in which the solution consists of a transformation or change in rep-
resentation of given information so as to make transparent the obscure or
hidden.

Irrigation System Design

Designing an irrigation system is a synthesis problem, and determining the fric-
tion loss in a pipeline is an analysis problem. Most of the engineering curric-
ulum is concentrated on analysis. The program begins with basic science
courses, followed by the engineering science and analysis courses. By the time
the more complex problems of design or synthesis are reached, both students
and professors are conditioned to think most problems can be solved with nice
neat formulas that will produce ‘‘correct’” answers.

To get into a better frame of mind for designing systems, try working with a
tangram puzzle. Cut out seven pieces of cardboard so they have the same shape
and relative dimensions as the shapes shown in Fig. 1.1. Now assemble all the
pieces to make a large square or triangle, recording the thought process along
the way; then write a two-page essay telling how you went about working the
puzzle.

The heart of the engineering technique can best be described as a design
synthesis process to achieve an objective end goal. Preliminary designs are ex-
amined via a means-ends analysis by subjecting them to a model of the envi-
ronment that is most representative of the one in which the real system will
operate then noting how close the system behavior fits the goal behavior. The
detection of misfits leads to modifications of the components and possibly to
complete changes in the system. Once an acceptable system is synthesized,
alternative acceptable models are conceived. From these feasible systems, one
is selected as ‘“best’’ in terms of some criteria, such as least cost or maximum
production.

Successful designers avoid getting set on any prescribed procedure, they ex-
plore many routes, maintain an open mind and a flexibility to abandon and
return to various routes. Once the total picture of the system in operation has
been formed, the most important guide in the search for a design solution is to
work backward. Begin with the crop to be irrigated, and design the system back
to the water supply.

Figure 1.2 is a map of the preliminary design process that leads to a set of
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FIG. 1.1. Unassembled Tangram.

potentially suitable system types and layouts for further consideration. The next
step is to select one of them at a time and complete a detailed design for it.
Figure 1.3 shows a map of this process for a classic sprinkle irrigation system
with hand-moved sprinkler laterals. The resulting designs for all the potentially
suitable systems form the set from which the best one can be selected.

DESIGN STRATEGY

This text covers the selection, design, and some management aspects of both
sprinkle and trickle irrigation systems for agricultural crop production. It takes
advantage of the many features they have in common and presents the step-by-
step procedures necessary to design complex as well as simple systems. It also
provides basic background material related to their attributes and a rational pro-
cess for selecting the best system type and configuration.

Obijective

First and foremost, this is a text for designers, not researchers or students mainly
interested in analytical detail. The objective is to present and convey powerful
design methodologies in a systematic way. Therefore, the emphasis is on ap-
proaches for conceptualizing, applying, and synthesizing the basic underlying
principles and concepts to develop system design (or operation) packages. In
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FIG. 1.2. Preliminary Design Flow Map for Selecting Potentially Suitable Farm Irrigation Sys-
tem Configurations (Types and Layouts).
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FIG. 1.3. Design Process for a Classical Sprinkle Irrigation System with Hand-moved Laterals.
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this regard the text is unique compared with other manuscripts that present a
codification of important and relevant facts and analytical detail, but not a sys-
tematic approach for designing irrigation systems.

It is assumed the reader already knows or has access to fundamental back-
ground material associated with irrigation system design and the physical as-
pects of their management; therefore, only limited space is devoted to such
material. However, for the convenience of both teachers and students, there is
a brief review of basic soil-plant-water relationships and other pertinent mate-
rial. In addition, some very useful tables have been organized to summarize
important design information. These are included to increase the value of the
text as a reference for irrigation practitioners. They also provide a convenient
source of data for developing practical student exercises.

Extensive use is made of comprehensive sample calculations. These are used
to demonstrate the concepts and provide direct guidance for realistically apply-
ing the design procedures. The early sample calculations are, by necessity, quite
limited in scope. But as the text progresses in the respective sprinkle and trickle
irrigation sections, they become more and more comprehensive. For example,
Chapter 14 has 10 sample calculations that are all linked to form a complete
and comprehensive design package for a center-pivot system. Furthermore, these
calculations are tied directly back to the information, data, and concepts pre-
sented in most of the earlier chapters.

Practicing Design

Practicing design can be thought of in two ways. One is practicing by doing
“‘homework’’ exercises to learn how to design irrigation systems. The other is
the ‘‘engineering practice’’ of designing irrigation systems for implementation.
Conceptually, the two are not far apart, and the reference data, analytical ma-
terial, design procedures, and sample calculations serve them both well. The
sample calculations not only provide guidance for retrieving and using data to
design system components, they also serve as a means for checking computa-
tional procedures that are carried out independently.

Computer-assisted design procedures are typically used in practice. How-
ever, no computer programs are given in the text, nor are they referred to or
used to solve the sample calculations. It is expected that students and practi-
tioners will use computer spreadsheet and graphics programs to sharpen and test
their designing skills. These programs should then be used to test design sen-
sitivity against the various input variables.

The analytical equations and associated sample calculations were formulated
with the above thought in mind. They provide the necessary algorithms and
procedures for using the spreadsheet programs. In addition, the sample calcu-
lations are designed to provide a means for checking or testing program output.
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Analytical Methods

There are three ways, or methods, to analyze many of the design relationships.
The most intuitive way is often to follow a stepwise set of computations. For
example, to determine the pressure head loss along a pipe with uniformly spaced
outlets, the analysis can be done by determining the loss between each outlet
and then adding the elemental losses together. Doing this manually is both te-
dious and time-consuming, but with a computer it is simple and quick.

A second way to carry out the analysis is to first do it stepwise for a standard
design situation and then to use regression analysis to find a direct dimension-
less numerical solution that fits the results. A third way is to find a direct nu-
merical solution that is based on the theoretical or empirical relationships in-
volved.

Where practical, this text covers the analytical methods that are based directly
on the theoretical relationships. This is done to enhance understanding of the
subject. But in practice, stepwise solutions may be more straightforward and
practical, assuming a computer and the skill to use it are at hand.

System Selection

Making rational decisions about which system type and configuration will best
serve the goals and objectives of an irrigated agricultural development is of
primary importance. No matter how well a given system is designed, if another
system type or configuration would serve the goals and objectives better, it
would not be the best selection.

Knowledge of the attributes and characteristics of the pressurized systems
and developing optimal designs are essential for making rational system selec-
tion decisions, but not sufficient. What must also be done is to select the ‘‘best
type and configuration’’ of irrigation system for each site situation.

To carry out this essential function, an efficient procedure for selecting the
most promising pressurized irrigation system or systems for meeting develop-
ment goals is given. To be efficient the procedure includes a strategy for pre-
screening to select a set of the most promising adaptable systems for a given
site situation. This is followed by more detailed designs and economic analysis
of them to arrive at the final system selection.
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Sprinkle and Trickle Agro-Irrigation
Overview

Sprinkling as an important method of agricultural irrigation had its beginnings
in the early part of this century. The earliest agricultural sprinkler systems were
an outgrowth of lawn sprinkling. Before 1920, agricultural sprinkling was lim-
ited to orchards, nurseries, and intensive vegetable production, In the 1930s,
the cost of sprinkle systems was reduced by the development of impact sprin-
klers and lightweight steel pipe with quick couplers. With these improvements,
sprinkle irrigation began to spread and to be used on a wide range of specialty
and filed crops throughout the world.

By 1950, better sprinklers, aluminum pipe, and more efficient pumping plants
further reduced the cost and increased the usefulness of sprinkle irrigation and
accelerated the expansion of this method of irrigation. More recently, the self-
propelled center-pivot, which gained popularity in the 1960s, has provided a
means for relatively low-cost, high-frequency automatic irrigation with a min-
imum of labor (see Fig. 2.1). Worldwide, about 8 million hectares (ha) [20
million acres (A)] are equipped with center-pivot systems, and about 75% of
them are in the United States.

Additional innovations are continually being introduced to reduce labor and
increase the efficiency of sprinkling. Today sprinkling is a major means of ir-
rigation on all types of soils, topographies, and crops.

The first experiments leading to the development of trickle irrigation were
introduced in Germany in 1860, where short clay pipes with open joints were
used to combine subsurface irrigation with drainage. In the 1920s, perforated
pipe was introduced, and subsequent experiments centered on development of
perforated pipe made of various materials and on control of flow through the
perforations.

The early use of trickle irrigation was confined to greenhouses. The technique
as we know it today was not practical for field crops until the introduction of
low-cost plastic tubing in the early 1940s. Another significant step in the evo-
lution of trickle irrigation took place in Israel in the later 1950s, when long-
path emitters were greatly improved. In the late 1950s and early 1960s, much
research and many pilot field demonstrations of trickle irrigation were under-
taken. Now trickle irrigation is used on about 1.2 million hectares (3 million

12
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FIG. 2.1. Center Pivot Irrigation System in Operation (Source: Nelson Irrigation Corp.).

acres) in fields, orchards, and greenhouses throughout the world, with about
one-third of it in the United States.

SPRINKLE

Sprinkle irrigation systems can be broadly divided into set and continuous-move
systems. In set systems, the sprinklers remain at a fixed position while irrigat-
ing, whereas, in continuous-move systems, the sprinklers operate while moving
in either a circular or a straight path. The set systems include systems moved
between irrigations, such as hand-move (see Fig. 2.2) and wheel line laterals,
hose-fed sprinkler grid, perforated pipe, orchard sprinklers, and gun sprinklers.
These will be referred to as periodic-move systems. Set systems also include
such systems as solid-set sprinklers, which will be referred to as fixed systems.
The principal continuous-move systems are center-pivot and linear moving lat-
erals and traveling sprinklers (see Fig. 2.3).

Figure 2.4 shows schematically the basic components and layout of a typical
periodic-move sprinkle system. With carefully designed periodic-move and fixed
systems, water can be applied uniformly at a rate based on the intake rate of
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FIG. 2.2. Hand-move Sprinkler Lateral in Operation.

FIG. 2.3. Hose-fed Traveling-gun Sprinkler in Operation (Source: Nelson Irrigation Corp.).
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FIG. 2.4. Schematic of Basic Periodic-move Sprinkle Irrigation System.

the soil, thereby preventing runoff and consequent damage to land and to crops.
Continuous-move systems can have even higher uniformity of application than
periodic-move and fixed systems. Also the travel speed of these systems can be
adjusted to apply light watering that reduce or eliminate runoff.

Adaptability of the Sprinkle Method

Sprinkle irrigation is suitable for most crops. It is also adaptable to nearly all
irrigable soils, because sprinklers are available in a wide range of discharge
capacities. With proper spacing, water may be applied at any selected rate above
3 mm /hr (0.12 in. /hr) for periodic-move systems. On extremely fine-textured
soils with low intake rates, particular care is required when selecting proper
nozzle size, operating pressure, and sprinkler spacing to apply water uniformly
at low rates.

Periodic-move systems are well-suited for irrigation in areas where the crop-
soil-climate situation does not require irrigations more often than every 5 to 7
days. Where soils having low water-holding capacities and shallow-rooted crops
are to be irrigated, lighter, more frequent irrigations are required.Fixed or con-
tinuously moving systems are more adaptable for such applications; however,
where soil permeability is low, some of the continuously moving systems, such
as the center-pivot and traveling-gun, may cause runoff problems. In addition
to being adaptable to all irrigation frequencies, fixed systems can also be de-
signed and operated for frost and freeze protection, blossom delay, and crop
cooling.
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The flexibility of present-day sprinkle equipment and its efficient control of
water application make the method almost universally applicable. Its usefulness
on most topographic conditions is subject only to limitations imposed by land-
use capability and economics. It can be adapted to most climatic conditions
where irrigated agriculture is practical. However, extremely high temperatures
and wind velocities and low humidities present problems in some areas, espe-
cially where irrigation water contains large amounts of dissolved salts.

Salinity Problems. Such crops as grapes, citrus, and most tree crops are sen-
sitive to relatively low concentrations of sodium and chloride. Under conditions
of low humidity, such crops may absorb toxic amounts of these salts from ir-
rigation water falling on the leaves.

Because water evaporates between rotations of the sprinklers, salts accumu-
late on leaves more during this alternate wetting and drying cycle than if sprayed
continuously. These salts are then absorbed by the plant and may damage it.
Toxicity shows as leaf bumn (necrosis) on the outer leaf edge and can be con-
firmed by leaf analysis. Such injury sometimes occurs when either the sodium
or chloride concentration in the irrigation water exceed 70 or 105 parts per
million (ppm), respectively. Irrigating during periods of higher humidity, as at
night, often greatly reduces or eliminates this problem.

Annual and forage crops, for the most part, are not sensitive to low levels of
sodium and chloride. Recent research indicates, however, that they may be
more sensitive to salts taken up through the leaves during sprinkling than from
the soil when irrigated by any method.

Under extremely high evaporative conditions, more tolerant crops, such as
alfalfa, have suffered some damage when sprinkled with water having on elec-
trical conductivity, EC,,, of only 1.3 dS/m and containing 140 ppm sodium
and 245 ppm chloride. In contrast, little or no damage has occurred from the
use of waters having an EC,, as high as 4.0 dS/m and respective sodium and
chloride concentrations of 550 and 1295 ppm when evaporation conditions were
low.

Under semiarid conditions of California, vegetable crops have been sprinkle-
irrigated and found fairly insensitive to foliar effects at very high salt concen-
trations. In general, local experience is necessary to set guidelines for a crop’s
salt tolerance under local conditions.

Damage can occur from the spray drifting downwind from sprinkler laterals
discharging poor-quality water. Therefore, in arid climates where saline waters
are being used, for periodic-move systems, the laterals should be moved down-
wind for each successive set. Thus, the salts accumulated from the drift will be
washed off the leaves. Sprinklers that rotate at 1 revolution per minute (rpm)
or faster are also recommended under such conditions.

If overhead sprinklers must be used, it may not be possible to grow certain
sensitive crops, such as beans or grapes. A change in irrigation method to fur-
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row, flood, basin, or trickle may be necessary. Under-tree sprinklers have been
used in some orchards, but lower leaves, if wetted may still show leaf bumn
symptoms due to foliar absorption.

Similar soil salinity guidelines should be used for all irrigation methods ex-
cept trickle. Therefore, use the standard procedures when determining allow-
able levels of soil salinity and leaching requirement for various crops, water
qualities, and soils.

Advantages

Sprinkle irrigation is an adaptable means of supplying all types of crops with
frequent and uniform applications of irrigation over a wide range of topographic
and soil conditions. Sprinkle irrigation can be partly or fully automated to min-
imize labor costs, and systems can be designed to minimize water requirements.

Adaptability. Some of the more important objectives that can be attained by
sprinkling are:

* Effective use of small, continuous streams of water, such as from springs
and small tube or dug wells;

® Proper irrigation of problem soils with intermixed textures and profiles or
the irrigation of shallow soils that cannot be graded without detrimental
results;

* Irrigation of steep and rolling topography without producing runoff or ero-
sion; and

¢ Effective, light, frequent waterings whenever needed, such as for germi-
nation of a crop like alfalfa or lettuce, which may later be surface-irrigated.

Labor Savings. Following are some features of the sprinkle method relative
to labor and management requirements:

® Periodic-move sprinkle systems require labor for only one or two relatively
short periods each day to move the sprinkler laterals in each field. Labor
requirements can be further reduced by utilizing mechanically moved, in-
stead of hand-moved, laterals. Furthermore, unskilled labor can be used,
because irrigation decisions are made by the manager, rather than by the
irrigators.

® Most mechanized and automated sprinkle systems require very little labor
and are simple to manage.

¢ Fixed sprinkle systems can eliminate field labor during the irrigation sea-
son and be fully automated to simplify management.

Special Uses. Some of the more important special uses of sprinkle irrigation
include:
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* Modifying weather extremes by increasing humidity, cooling crops, and
alleviating freeze damage to buds and leaves by use of special systems
designs;

¢ Using light, intermittent irrigation to supplement erratic or deficient rain-
fall, or to start early grain or pasture so that other inputs can be planned
with assurance of adequate water; and

¢ Leaching of salts from saline soils, which is more efficient under sprinkle
than under surface irrigation methods (because the soil is less saturated),
but it takes more time.

Water Savings. High application efficiency can be achieved by properly de-
signed and operated sprinkle irrigation systems. Properly engineered systems
are easy to manage or automate to achieve overall seasonal irrigation efficien-
cies of 75% or greater. It is because much of the finesse needed to operate them
can be designed into the systems hardware, thus reducing the management and
labor inputs and training needed.

Disadvantages

The disadvantages of sprinkle systems are mainly in the areas of high costs,
water quality and delivery problems, and environmental constraints. Systems
should be designed by a competent specialist giving full consideration to irri-
gation, efficiency, cost, and convenience of operation.

High Costs. Both initial and pumping costs for sprinkle irrigation systems are
higher than for surface irrigation systems on uniform soils and slopes. However,
surface irrigation may be potentially more efficient. General initial and pumping
costs for sprinkle systems are:

¢ Based on mid-1980s prices, the cost ranges of the various types of sprinkle
systems, complete with mainlines and pumping plants, are: for simple sys-
tems, from $450 to $700 per ha ($180 to $280 per A); for mechanized
and self-propelled systems, form $800 to $1200 per ha ($320 to $480 per
A) and for semi-and fully automated fixed systems from $2000 to $3500
per ha ($800 to $1400 per A).

¢ The pump operating cost for pressurizing water is a continuous expense
(unless water is delivered to the farm under adequate pressure). It costs
about $0.25 per ha-mm of water per 100 kPa of pressure ($0.20 per A-ft
per 1.0 psi) based on $0.20 per liter (L) ($0.75/gal) for diesel or
$0.06 /kwh for electricity. Typical sprinkle lateral inlet pressure require-
ments range from about 200 to 400 kPa (30 to 60 psi) depending on the
sprinklers used.
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Water Quality and Delivery. The sprinkle method is restricted by the follow-
ing water-related conditions:

® Large flows intermittently delivered are not economical to use without a
reservoir, and even minor fluctuations in rate cause difficulties.

¢ Saline water may cause problems because salt is absorbed by the leaves of
some crops and high concentrations of bicarbonates in irrigation water may
spot and affect the quality of fruit when used with overhead sprinklers.

¢ Certain waters are corrosive to the metal pipes typically used in many
sprinkle irrigation systems.

Environmental and Design Constraints. Some important constraints that limit
the applicability of the sprinkle method are:

¢ Sprinkling is not well-adapted to soils having an intake rate of less than
about 3 mm /hr (0.12 in. /hr).

¢ Windy and excessively dry conditions cause low sprinkle irrigation effi-
ciencies.

¢ Field shapes other than rectangular are not convenient to handle, especially
for mechanized sprinkle systems.

TRICKLE

The trickle irrigation systems in common use today can be classified in a num-
ber of ways. However, for this text, the following four categories will be em-
ployed, because each requires a different layout or hydraulic design procedure:

® Drip irrigation, where water is slowly applied through small emitter open-
ings to the soil surface;

® Spray irrigation, where water is sprayed over the soil surface near indi-
vidual trees;

® Bubbler irrigation, where a small stream or fountain of water is applied to
flood small basins or the soil surface adjacent to individual trees; and

® Subsurface irrigation, where water is applied through emitters below the
soil surface. (Subsurface irrigation is not the same as subirrigation, which
is done by controlling the water table.)

General Operation

For trickle irrigation, water is delivered by a pipe distribution network under
low pressure in a predetermined pattern. Figure 2.5 shows a typical trickle lat-
eral hose supplying water to a row of trees. Emitters are affixed to the hose,
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FIG. 2.5. Lateral Hose for Trickle Irrigation in a Young Orchard.

which lies on the soil surface alongside the row of young trees. The emitters
dissipate the pressure in the pipe distribution network by discharging water
through narrow nozzles or long flow paths. The discharge rate is only a few
liters or gallons per hour to each tree.

Upon leaving an emitter, water flows through the soil profile by capillarity
and gravity. Therefore, the area that can be watered from each emission point
is limited. Choosing a duration and frequency of application and emission point
spacing that meet both the evapotranspiration demands of the crop and the in-
filtration and water-holding characteristics of the soil is important.

For wide-spaced permanent crops, such as trees and vines, emitters are man-
ufactured individually as units that are attached by a barb to a flexible supply
line called an emitter lateral, lateral hose, or simply lateral. Some emitters
have several outlets that supply water through small-diameter ‘‘spaghetti’’ tub-
ing to two or more emission points. These are used in orchards to wet a larger
area with a minimum increase in costs.

For seasonal row crops, such as tomatoes, sugar cane, and strawberries, the
lateral with emitter outlets is manufactured as a single disposable unit. These
disposable laterals may have either porous walls from which water oozes or
single or double-chambered tubing with perforations spaced every 0.15 to
1.0m (0.5 to 3.3 ft).

For all types of trickle systems, the laterals are connected to supply pipe lines
called manifolds. Figure 2.6 shows schematically the basic components and
layout of typical trickle irrigation systems.
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FIG. 2.6. Basic Components of a Trickle Irrigation System.

Advantages

Trickle irrigation is a convenient and efficient means of supplying water directly
to the soil along individual crop rows or surrounding individual plants, such as
trees and vines. A trickle irrigation system offers special agronomical, agro-
technical, and economical advantages for efficient use of water and labor. Fur-
thermore, it provides an effective means for efficiently utilizing small continu-
ous streams of water.

Water and Cost Savings. The high interest in trickle irrigation is because of
its potential to reduce water requirements and operating costs. Trickle systems
can irrigate some kinds of crops with significantly less water than is required
by the other irrigation methods. For example, young orchards irrigated by a
trickle system may require only one-half as much as orchards irrigated by sprin-
kle or surface irrigation. As orchards mature, the savings diminish, by they still
may be important to growers who need to irrigate efficiently because of the
scarcity and high price of water.

Trickle irrigation can reduce the cost of labor, because the water needs only
to be regulated, not tended. The regulation is usually accomplished by auto-
matic timing devices, but the emitters and system controls should be inspected
frequently.

Easier Field Operations. Trickle irrigation does not stimulate weed growth,
because much of the soil surface is never wetted by irrigation water (see Fig.
2.7). This reduces costs of labor and chemicals needed to control weeds. Also,
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FIG. 2.7. Typical Pattern of Soil Wetting under Trickle Irrigation Showing Salt Accumulation
(Source: Karmeli and Keller, 1975 (Fig. 1.5)).

because a trickle system wets less soil during an irrigation, uninterrupted or-
chard or field operations are possible. With row crops on beds, for example,
the furrows in which farm workers walk remain relatively dry and provide firm
footing.

Injecting fertilizers into the irrigation water can eliminate the labor needed
for ground application. Several highly soluble fertilizers are available for this
purpose, and newly introduced products widen the choice. Greater control over
fertilizer placement and timing through trickle irrigation may improve its effi-
ciency.

Use of Saline Water. Frequent irrigations maintain most of the soil in a well-
aerated condition and at a soil moisture content that does not fluctuate between
wet and dry extremes. Less drying between irrigation keeps the salts in the soil
more dilute, making it possible to use more saline water than can be used with
other irrigation methods.

Use on Rocky Soils and Steep Slopes. Trickle irrigation systems can be de-
signed to operate efficiently on almost any topography. In fact, some trickle
systems are operating successfully on avocado ranches that are almost too steep
to be harvested (see Fig. 2.8). Because the water is applied close to each tree,
rocky areas can be irrigated effectively by a trickle system even when the spac-
ing between trees is irregular and tree sizes vary. Furthermore, problem soils
with intermixed textures and profiles and shallow soils that cannot be graded
can be efficiently irrigated by a trickle system.
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FIG. 2.8. Trickle Irrigated Avocado Trees Growing on Steep Slopes.

Disadvantages

The main disadvantages inherent in trickle irrigation systems are their compar-
atively high initial cost, their susceptibility to clogging, their tendency to build
up local salinity, and, where improperly designed or maintained, their spotty
distribution of water.

High Costs. Based on mid-1980s prices the cost ranges for the various type
of trickle system, complete with mainlines and pumping plants, are: for drip,
spray or bubbler systems in orchards, from $2200 to $4000 per ha ($880 to
$1600 per A); for drip or subsurface systems with disposable lateral tubing in
row crops, from $1800 to $3000 per ha ($720 to $1200 per A); and for drip
systems with reusable laterals in row crops, from $3000 to $5000 per ha ($1200
to $2000 per A).

Clogging. Because emitter outlets are very small, they can easily become
clogged by particles of mineral or organic matter. Clogging reduces emission
rates and the uniformity of water distribution, which causes damage to plants.
To guard against clogging, particles of mineral or organic matter present in the
irrigation water must be removed before the water enters the pipe network.
However, particles may form within the pipes as water stands in the lines or
evaporates from emitter orifices between irrigations. Iron oxide, calcium car-
bonate, algae, and microbial slimes are problems in many trickle systems.
Chemical treatment of the water is necessary to prevent or correct most of these
causes of clogging.
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Distribution Uniformity. Most trickle irrigation emitters operate at pressures
ranging from 2 to 14 m (6 to 45 ft) of head. If a field slopes steeply, the
individual emitter discharges may differ by as much as 50% from the volume
intended. Furthermore, the lines will drain through lower emitters after the water
is shut off; hence, some plants receive too much water and others too little.

Soil conditions. Some soils may not have sufficient infiltration capacity to
absorb water at the usual emitter discharge rate. Under these conditions, pond-
ing and runoff can be expected. For example, with a 4 L /hr (one gph) dis-
charge, the soil must have an infiltration capacity of 13 mm /hr (0.5 in. /hr)
to keep the pool of free water around the emitter from exceeding 60 cm (2 ft)
in diameter.

Sandy soils are usually well adapted to trickle irrigation, especially those that
have horizontal stratification. Stratification aids trickle irrigation, because it
promotes lateral water movement, which wets a greater volume of soil. Expe-
rience has shown that medium-textured soils are usually also well suited for
trickle irrigation, but runoff is likely to develop on some fine-textured soils.

Salt Accumulation. Salts often concentrate at the soil surface (see Fig. 2.7)
and become a potential hazard. This is because light rains can leach them down-
ward into the root zone. Therefore, when rain falls after a period of salt accu-
mulation, irrigation should continue on schedule unless about 50 mm (2 in.)
of rain have fallen. This is necessary to ensure leaching of salts below the root
zone.

During trickle irrigation, salts also concentrate below the surface at the pe-
rimeter of the volume of soil wetted by each emitter (see Fig. 2.7). Too much
drying of the soil between irrigations may reverse the movement of soil water
and transfer salt from the perimeter of the wetted volume back toward the
emitter, which can cause crop damage. To avoid this type of salt damage, water
movement must always be away from the emitter.

Hazards. Some of the more prevalent hazards associated with trickle irriga-
tion are:

¢ If uncontrolled events interrupt an irrigation, crop damage may occur rather
quickly. The ability of roots to forage for nutrients and water is limited to
the relatively, small volume of soil wetted, which should be at least 33 %
of the total potential root zone.

® Rodents sometimes chew polyethylene laterals. Rodent control or use of
polyvinylchloride (PVC) laterals may be necessary to prevent this damage.

¢ Should a main supply line break or the filtration system malfunction, con-
taminants may enter the system. This could result in plugging up a large
number of emitters that would need to be cleaned or replaced; therefore,
safety screens should be provided and maintained at the lateral inlets.
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TEXT LAYOUT

The text is divided into four sections: introductory concepts, sprinkle irrigation,
trickle irrigation, and system selection.

Part I. Introduction

This is a short section made up of Chapters 1 through 3. Chapter 1 presents the
basic approach to agroirrigation systems design used in this text. Chapter 2,
‘‘Sprinkle and Trickle Agroirrigation Overview,”’ gives a brief history and de-
scription of sprinkle and trickle irrigation systems and some of their relative
advantages and disadvantages. Chapter 3 ‘‘Soil-Plant-Water Relations,”’ pre-
sents needed data and begins the design approach for sprinkle and trickle irri-
gation systems.

Part Il. Sprinkle Irrigation

This section contains Chapters 4 through 16. Chapter 4 gives a comparative
description of the various types of sprinkle systems, and Chapters 5 through 12
are presented in a logical sequence to address the design of ‘‘set’’ sprinkler
systems. For set systems, sprinklers with nearly equal discharges are uniformly
spaced along pipes to irrigate rectangular strips. The lines of sprinklers are
periodically shifted through a series of moves (either by hand or mechanically)
to irrigate the entire field. But they are not moving and sprinkling at the same
time.

Chapters 6, 8, 10, 11, and 12 cover application efficiency, hydraulics, pipe
network design, pressure requirements, and pumping. Therefore, they are also
basic to the continuously moving types of sprinkle systems, as well as to trickle
systems.

In Chapter 13 ‘“‘Traveling Sprinkler Design,”’ the concept of an irrigation
machine with a very large, continuously moving sprinkler is introduced. This
requires providing a flexible water supply hose and a mechanical means for
moving the sprinkler and the hose. It also requires changes in the way of looking
at application uniformity and the edge effects around the irrigated area.

Chapter 14 ‘‘Center-Pivot System Design,’’ is the most comprehensive of
the individual chapters. Center-pivots are the most elegant of irrigation ma-
chines, and they are used much more extensively than any of the other pres-
surized irrigation methods. (In the United States center-pivots account for over
half of the pressurized irrigation.)

A center-pivot machine is made up of a line of sprinklers pivoting around a
point to irrigate a large circular field. To handle the continuously moving and
circular aspects involved, practically all of the steps for set sprinkler system
design require some modification. In addition, there are a number of design
concepts that are entirely specific for center-pivots. Many people think that,
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because a center-pivot is a factory-made machine, there is little design work to
be done by the field engineer. However, this is not true, and Chapter 14 contains
a considerable amount of new and unique material for optimizing the design of
center-pivots.

Chapter 15 “‘Linear-Moving System Design,”’ covers the design and opera-
tion of machines that irrigate while moving linearly. Practically all the basic
design concepts relevant to a moving lateral are covered in the earlier chapters.
The hydraulics are the same as for set systems, and the watering characteristics
under the moving row of sprinklers are the same as for center-pivots. The major
new points in this chapter are related to the management of the moving process.

Chapter 16 covers special uses of sprinkler systems and the application of
fertilizers through the water, or fertigation. Because fertigation is important to
both trickle and sprinkle irrigation, this serves as somewhat of a transition be-
tween Parts II and III.

Part Ill. Trickle Irrigation

There is no real difference between a tiny sprinkler and a spray-type trickle
emitter, but the design approach is different. This is because, under sprinkle
irrigation, the normal objective is to uniformly wet the entire surface and thus
each plant. But with trickle irrigation the objective is not to uniformly wet the
surface, but only to get a uniform amount of water to each plant.

Part I includes Chapters 17 through 24, which cover the design process for
trickle irrigation systems in a logical sequence. Chapters 17 and 18 cover the
different types and components of spray- and drip-type trickle systems and the
problems associated with clogging the emitters and filtration.

Because water is delivered almost directly to each plant under trickle irriga-
tion, the design process focuses on getting the optimum amount of water dis-
charged at the emission points and emission uniformity. Chapters 19 through
21 cover the aspects related to planning concepts, emitter selection and design
criteria, and system design strategies. In these chapters the technical aspects of
the emitters themselves and the part they play in the overall emission uniformity
are amplified. In addition, how to best use saline water is also covered.

Chapters 22 through 24 cover three levels of hydraulics: Hydraulics of lat-
erals, which are hoses with uniformly spaced emitters, hydraulics of manifolds,
which are the pipelines the laterals are connected to, and the hydraulic synthesis
of the total pipe network. For the most part, the design process presented uses
numerical solutions rather than requiring graphical and interpolation from charts,
as in the past.

Part IV. System Selection

This section contains only Chapter 25 ‘‘Pressurized Irrigation System Selec-
tion,”” which is the final chapter. It gives and demonstrates a rational procedure
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for selecting the most promising pressurized irrigation system or systems for
meeting specified development goals.

The procedure focus on economic and institutional, as well as physical, pa-
rameters associated with different system types and configurations. It involves
choosing a set of adaptable systems that could potentially meet the development
goals and then weighing their capitol, labor, land, water, power, and manage-
ment input costs against potential output benefits. Consideration is also given
to the relative importance, scarcity, and reliability of the inputs and outputs.

Appendixes

The appendixes contain three important sections. Appendix A is a list of the
more comprehensive reference and textbooks on agroirrigation. Access to a few
of these would be useful for obtaining more details on the basic background
and analytical materials and expanded bibliographies for them. Appendix B is
a glossary of the symbols used repetitively within the text. Appendix C is an
annotated listing of the American Society of Agricultural Engineers standards
and engineering practices related to pressurized irrigation systems.
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Soil-Water-Plant Relations

Understanding basic soil-water-plant relations is central to the ability to design
and manage trickle and sprinkle irrigation systems. It is assumed that the reader
has already acquired a familiarity with the general concepts underlying these
interactions, so the text will address this subject only briefly by reviewing a
few important terms.

SOIL WATER

The tables related to soil water that are presented in this section will be useful
as preliminary design information.

Water-Holding Capacity

Soils of various textures have varying abilities to retain water. Except for re-
quired periodic leaching, any irrigation beyond the field capacity of the soil is
an economic loss. Table 3.1, which gives typical ranges of available water-
holding capacities (field capacity minus permanent wilting point) of soils of
different textures, was adapted from Chapter 1, Section 15, of the Soil Conser-
vation Service’s (SCS) National Engineering Handbook and is presented here
for convenience. Where local field data are not available, the listed averages
may be used as a guide for preliminary designs, but final designs should be
based on actual field data.

Root Depth

The total amount of soil water available for plant use in any soil is the sum of
the available water-holding capacities of all horizons occupied by plant roots.

Typical plant feeder root and total root depth are given in many references;
however, the actual depths of rooting of the various crops are affected by soil
conditions. Therefore, the actual depth at any site should be checked. Where
local data are not available and there are no expected root restrictions, Table
3.2 can be used as a guide to estimating the effective root depths of various
Crops.

28
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Table 3.1. Range in available water-holding capacity of soils of different

texture
Water-holding capacity
Range Average
Soil texture mm/m mm/m
1. Very coarse texture—very coarse sands 33 to 62 42
2. Coarse texture—coarse sands, fine sands, and 62 to 104 83
loamy sands
3. Moderately coarse texture—sandy loams 104 to 145 125
4. Medium texture—very fine sandy loams, loams, 125 to 192 167
and silt loams
5. Moderately fine texture—clay loams, silty clay 145 to 208 183
loams, and sandy clay loams
6. Fine texture—sandy clays, silty clays, and clays 133 to 208 192
7. Peats and mucks 167 to 250 208

NOTE: I mm/m = 0.012 in. /ft.

The values given are averages selected from several references. They repre-
sent the depth at which crops will obtain the major portion of their needed water
when grown in a deep, well-drained soil that is adequately irrigated.

CONSUMPTIVE USE AND DESIGN

Deciding how much water a system should be able to deliver to a crop over a
given period is ultimately a question of selecting a capacity that, over the life
of the system, will maximize profits to the farmer. To begin to address this
question of system capacity, it is necessary to know how much water a crop
will use, not only over the entire growing season, but also during the part of
the season when water use is at its peak. It is the rate of water use during this
peak consumptive period that is the basis for determining the rate at which
irrigation water must be delivered to the field. Examples of typical seasonal and
peak daily crop water requirements are given in Table 3.3.

Percentage of Area Shaded and Wetted

Another factor determining system capacity for trickle irrigation is that trickle
systems need supply water only to the immediate vicinity of each plant being
irrigated, unlike sprinkle systems, which are designed to wet an entire field.
Thus, trickle systems can satisfy crop water requirements without an unneces-
sarily large amount of water being evaporated from the soil surface. Because
of this practice, trickle system capacity is not a function of water consumption
over an entire field, but only over that portion of the field actually receiving
irrigation water.



30 1/ INTRODUCTION

Table 3.2. Effective crop root depths that would contain approximately
80% of the feeder roots in a deep, uniform, well-drained soil profile

(1m = 3.28 ft)*
Root depth Root depth
Crop (m) Crop (m)

Alfalfa 1.2t0 1.8 Lettuce 0.2t0 0.5
Almonds 0.6t01.2 Lucerne 1.2t01.8
Apple 0.8t01.2 Oats 0.6to0 1.1
Apricot 0.6t01.4 Olives 09to 1.5
Artichoke 0.6 0.9 Onion 0.3t00.6
Asparagus 12t0 1.8 Parsnip 0.61t00.9
Avocado 0.61t00.9 Passion fruit 0.3t00.5
Banana 0.3t00.6 Pastures 0.3t00.8
Barley 09to1.1 Pea 0.4t00.8
Bean (dry) 0.6to1.2 Peach 0.6t01.2
Bean (green) 0.5t00.9 Peanuts 0.41t00.8
Bean (lima) 0.6t01.2 Pear 06to1.2
Beet (sugar) 0.6to 1.2 Pepper 0.6t00.9
Beet (table) 0.4t00.6 Plum 0.8to1.2
Berries 0.6to 1.2 Potato (Irish) 0.6t00.9
Broccoli 0.6 Potato (sweet) 0.6t00.9
Brussels sprout 0.6 Pumpkin 09t0 1.2
Cabbage 0.6 Radish 0.3
Cantaloupe 0.6t01.2 Safflower 09to0 1.5
Carrot 0.4t00.6 Sorghum (grain & sweet) 0.6t00.9
Cauliflower 0.6 Sorghum (silage) 09t01.2
Celery 0.6 Soybean 0.6t00.9
Chard 0.6t00.9 Spinach 0.41t00.6
Cherry 0.8to 1.2 Squash 0.6t00.9
Citrus 09to 1.5 Strawberry 0.3t00.5
Coffee 09t 1.5 Sugarcane 0.5t0 1.1
Corn (grain & silage) 0.6t01.2 Sudan grass 09to1.2
Corn (sweet) 0.4t00.6 Tobacco 0.6t01.2
Cotton 0.6t0 1.8 Tomato 0.6to 1.2
Cucumber 0.41t00.6 Turnip (white) 0.5t00.8
Egg plant 0.8 Walnuts 1.7t02.4
Fig 0.9 Watermelon 0.6t00.9
Flax 0.6t 0.9 Wheat 0.8to 1.1
Grapes 05t01.2

*Approximately 80% of the feeder roots are in the top 60% of the soil profile.
Soil and plant environmental factors often offset normal root development; therefore, soil density, pore shapes
and sizes, soil-water status, aeration, nutrition, texture and structure modification, soluble salts, and plant root

damage by organisms should all be taken into account.

SOIL MOISTURE MANAGEMENT

A general rule of thumb for many field crops in arid and semiarid regions is
that the soil moisture deficit, SMD, within the root zone should not fall below
50% of the total available water-holding capacity. This is a management-al-
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Table 3.3. Typical peak daily and seasonal crop water requirements in different
climates

Type of climate and water requirements, mm

Cool Moderate Hot High desert Low desert
Crop Daily Seas Daily Seas Daily Seas Daily Seas  Daily Seas
Alfalfa 5.1 635 6.4 762 7.6 914 8.9 1016  10.2 1219
Pasture 4.6 508 5.6 610 6.6 711 7.6 762 8.9 914
Grain 3.8 381 5.1 457 5.8 508 6.6 533 5.8 508"
Beets 4.6 584 5.8 635 6.9 711 8.1 732 9.1 914
Beans 4.6 330 5.1 381 6.1 457 7.1 508 7.6 559
Com 5.1 508 6.4 559 7.6 610 8.9 660 10.2 762
Cotton - - 6.4 559 7.6 660 - - 10.2 813
Peas 4.6 305 4.8 330 5.1 356 5.6 356 5.12 356°
Tomatoes 4.6 457 5.1 508 5.6 559 6.4 610 7.1 660
Potatoes 4.6 406 5.8 457 6.9 553 8.1 584 6.9 533?
Truck vegetables 41 305 46 35 51 406 5.6 457 63 508
Melons 4.1 381 4.6 406 5.1 457 5.6 508 6.4 559°
Strawberries 4.6 457 5.1 508 5.6 559 6.1 610 6.6 660
Citrus 4.1 508 4.6 559 5.1 660 - - 5.6 711
Citrus (w/cover) 5.1 635 5.6 711 6.4 813 - - 6.9 889
Dec orchard 3.8 483 4.8 533 5.8 584 6.6 635 7.6 762
Dec orchard (w/cover) 5.1 635 6.4 711 7.6 813 8.9 914 10.2 1016
Vineyards 3.6 356 4.1 406 4.8 457 5.6 508 6.4 610

'Winter planting.
*Fall or winter planting.
NOTE: 1 mm = 0.039 1n.

lowed deficit; MAD = 50%. Because it is also desirable to bring the moisture
level back to field capacity with each irrigation, the depth of water applied at
each irrigation is constant throughout the growing season. This means that the
duration of each irrigation is also constant, although the frequency of applica-
tion varies as a function of changes in the rate of water use over the growing
season.

In humid regions, it is necessary to allow for rains during the irrigation pe-
riod. However, the 50% limitation on soil moisture depletion should be fol-
lowed as a general guide for field crops.

Soil management, water management, and economic considerations deter-
mine the amount of water used in irrigating and the rate of water application.
The standard design approach has been to determine the amount of water needed
to fill the entire root zone to field capacity, and then to apply at one application
a larger amount to account for evaporation, leaching, and efficiency of appli-
cation. The traditional approach to the frequency of application has been to take
the depth of water in the root zone reservoir that can be extracted assuming
MAD = 50%, and, using the daily consumptive use rate of the plant, determine
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Table 3.4. Guide for selecting management-allowed deficit, MAD, values
for various crops

MAD, % Crop and root depth
25-40 Shallow-rooted, high-value fruit and vegetable crops
40-50 Orchards, * vineyards, berries and medium-rooted row crops
50 Forage crops, grain crops, and deep-rooted row crops

*Some fresh fruit orchards require lower MAD values during fruit fimshing for sizing.

how long this supply will last. Such an approach is useful only as a guide to
irrigation requirements, as many factors affect the volume and timing of appli-
cations for optimal design and operation of a system.

Table 3.4 is presented as a guide for selecting the appropriate maximum soil
moisture depletion, or management-allowed deficit, for near optimum produc-
tion of various crops. As indicated, for crops having high market values, it is
often profitable to irrigate before 50% of the soil moisture in the root zone has
been depleted.

Irrigation Depth

The maximum net depth of water to be applied per irrigation, d,, is the same
as the maximum allowable depletion of soil water between irrigations. It is
computed by:

MAD
de=—=W,Z 3.1
X 100 a ( )

where

d, = maximum net depth of water to be applied per irrigation, mm (in.)
MAD = management-allowed deficit, which can be estimated from Table
34, %
W, = available water-holding capacity of the soil, which can be estimated
from Table 3.1, mm/m (in. /ft)
Z = effective root depth, which can be taken from Table 3.2, mm (ft)

[rrigation Interval

The appropriate irrigation interval, which is the time that should elapse between
the beginning of two successive irrigations, is determined by:

f = (3.2)

L
Us



SOIL-WATER-PLANT RELATIONS 33

where
f' = irrigation interval or frequency, days
d, = net depth of water application per irrigation, to meet consumptive use

requirements, mm (in.)

U, = conventionally computed average daily crop water requirement, or use
rate, during the peak-use month, which can be estimated from Table
3.3, mm/day (in./day)

The value selected for d, will depend upon system design and environmental
factors, and it should be equal to or less than d,. When d, is replaced by d, in
Eq. 3.2, f' becomes the maximum irrigation interval, f,.

GENERAL DESIGN CONCEPTS

Design of both trickle and sprinkle irrigation systems is a synthesis process,
where such properties as a soil’s intake rate and crop water requirements, such
items as pipes and pumps, and such processes as trenching or moving pipe must
be integrated to form a good irrigation system. The irrigation designer’s art is
to know the kinds of techniques appropriate for a given site and to have a clear
mental image of what the system can accomplish and how the completed system
will appear.

The first order of business in sharpening design skills is to become acquainted
with working irrigation systems, to inspect both good and bad systems, and see
how and why they succeed or fail to deliver good results. Also, in examining
existing systems, it is important to think of ways to improve a system’s perfor-
mance at its present site, as well as ways to tailor the system to satisfy other
site conditions.

Fitting an irrigation system to a site not only demands knowledge of irrigation
systems, it also requires an ability to analyze sites. Careful site analysis pro-
vides data that lead to an understanding of the physical and social resources
that determine what can and ought to be accomplished by a proposed irrigation
system. At this point, the art of irrigation design comes into play, as the de-
signer selects an appropriate system to fit the available resources and tunes the
system to fit the project goals. If this first design is not satisfactory, the designer
should simply try something else until a design emerges that suits the farmer’s
resources and needs, as well as other project goals.

One of the keys to successful design is the ability to make realistic assump-
tions in areas where solid data are lacking. With experience and sound judg-
ment, it is possible to formulate good designs even if detailed soils, operating
costs, or other data are unavailable. Nonetheless, the greater the amount of
reliable information used to formulate a design, the less will be the risk of the
design failing to live up to expectations.

Before getting into the details of irrigation design, let us examine a simple
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hand-move sprinkle system and a simple trickle system, to see how climate,
crop, and soil data are used in design. Each system irrigates a level, square field
400 m (1320 ft) on a side.

Sample Calculation 3.1. Design a simple sprinkle system.

GIVEN: A level, square field 400 m (1320 ft) on a side. The field is planted
in alfalfa with a consumptive use rate for design purposes of 6.0 mm /day (0.24
in. /day). The available soil water-holding capacity is W, = 100 mm/m (1.2
in. /ft), and the root depth of the alfalfa is assumed to be Z = 1.7 m (5.6 ft).

FIND: How climate, crop, soil, and spatial information are used in design.

CALCULATIONS: From Table 3.4, the target management-allowable deficit
for the sprinkle system (see Fig. 3.1) is MAD = 50%, and by Eq. 3.1 the
maximum net depth, d,, of water that may be withdrawn from the root zone
between irrigations is:

d—£100><17—85 (3.35in.)
= 100 .7 = 85 mm (3.35 in.

For a daily consumptive use rate of U, = 6.0 mm/day (0.24 in. /day), by Eq.
3.2 the maximum irrigation interval should not exceed:

f= 8 14 d
x = 6 g ays
or using English units:
3.35
= — = 1
2 0.24 4 days

Because workers in this region like to take Sundays off and because downtime
due to mechanical failure is always possible, this system will be designed to
apply the water required for the 14-day irrigation interval in 11 days of opera-
tion. Assuming that laterals are moved twice a day, this gives a total of 22
moves during the 11 days of irrigation, with each move covering 400 m /22 =
18.2 m (1320 ft/22 = 60 ft), as shown in Fig. 3.1.

The above calculations have given us the schedule of operation for the system
during the peak consumptive use period. More information can be had by con-
sidering the design consumptive use rate of the crop and the area to be irrigated.
By multiplying these two values together, we arrive at the rate of consumptive
use for the design area, and by adjusting this figure to account for inefficiencies
in irrigation, we find the rate at which the irrigation system must supply water
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FIG. 3.1. Simple Periodic-move (Set) Sprinkle System Design Layout, with Sprinklers Spaced
12 m Apart Along a Portable Lateral Pipe That is Moved 18 m After Each Set.

to the field. In this case, by assuming an overall water delivery and application
efficiency of 75%, if operated continuously, the system flow would be:

(400 m)* X 6 mm/day

3
075 1280 m’ /day

53.3 m* /hr (235 gpm)

Because it takes 1 hr to move the lateral pipe after each irrigation set, the system
operates for only 22 hr per day during the 11 days of operation or 22 X 11 =
242 hr out of the total 24 X 14 = 336 hr in the 14-day irrigation interval. This
reduction in actual operating time increases the required flow rate to:

336 hr
242 hr

X 53.3 m®/hr = 74.0 m* /hr (326 gpm)
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With 33 sprinklers spaced 12.1 m (40 ft) apart along the single portable lateral
(see Fig. 3.1), the average sprinkler discharge should be:

74.0 m® /hr

3 = 2.24 m*/hr (9.9 gpm)

Sample Calculation 3.2. Design a simple trickle system.

GIVEN: A level, square orchard 400 m (1320 ft) on a side with trees spaced
4 X 5m (13.12 X 16.4 ft). The orchard’s transpiration rate is 5 mm /day

(0.20 in. /day).
FIND: How climate, crop, soil, and spatial information are used in design.

CALCULATIONS: The orchard under trickle irrigation (see Fig. 3.2) is planted
with trees on a 4 X 5-m spacing. To correspond with this tree spacing, trickle
laterals are spaced at 5-m intervals on the supply manifolds. Emitters are spaced

400m

LATERALS —>»

SUPPLY MANIFOLD7 L

PRESSURIZED

WATER
5m TREE ROW AND SUPPLY
LATERAL SPACINGt 41.2m3/h

400m

)it
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@

B
\

D

Tt HD
IR Iger;
) DD
G

8000 TREES
16000 EMITTERS

2m EMITTER SPACING

4m TREE SPACING

{

SECTION BLOW UP
40m {

FIG. 3.2. Simple Trickle System Design Layout, with a Blow Up Section to Show the Tree
Spacing, and Emitter and Lateral Layout.
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every 2 m on the laterals supplying each row of trees, so that each tree is watered
by two emitters. The average peak water use rate is 5 mm /day so every tree
consumes 4 m X 5m X 5 mm/day = 100 L/day or 4.2 L /hr (1.10 gph). If
the system’s total water delivery and application efficiency were 90%, then the
system would have to supply (4.2 L/hr)/0.90 = 4.61 L /hr (1.22 gph) to
each tree, giving a total system capacity of 37.0 m? /hr (163 gpm) for the 8000
trees in the orchard. Usually trickle systems are run 90% of the time, giving a
10% allowance for downtime and repairs. This contingency boosts the total
system flow rate to 41.2 m® /hr (181 gpm).

Work remains to be done to complete these designs. Operating pressures
must be decided upon, pipe sizes chosen, and sprinklers and emitters selected.
These aspects of design will be treated later in the book, but already the foun-
dation for these two systems has been laid out.

MANAGEMENT AND SCHEDULING

Generally irrigation systems are designed to meet average peak-water-use re-
quirements. Sometimes, to reduce costs or to stretch limited water supplies,
systems are designed to optimize production per unit of water applied. In such
cases systems can be designed to apply only about 80% of peak water require-
ments and still obtain up to 95% of optimum yields. For deep-rooted crops in
fine-textured soils, an appreciable amount of water can be stored prior to the
critical peak-use periods. By drawing on this stored water, peak system delivery
requirements can be reduced without reducing yield potential.

Salinity Control

All irrigation water contains some dissolved salts that are pushed downward by
sprinkling and rainfall. By applying more water than the plants consume, most
of the salts can be pushed or leached below the root zone. The first step in
computing the additional water required for leaching is to determine the leach-
ing requirement by:

EC,

IR =35Ec —Ec,

(3.3)

where

LR = leaching requirement ratio for sprinkle or surface irrigation
EC,, = electrical conductivity of the irrigation water, dS/m (mmhos /cm)
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EC, = estimated electrical conductivity of the average saturation extract of
the soil root zone profile for an appropriate yield reduction, dS/m

(mmhos /cm)

It is recommended that the EC, value presented in Table 3.5 be used in Eq.
3.3. These are values that will give an approximate 10% yield reduction, as

Table 3.5. Values of EC, that will give 10% yield reduction for various

Crop EC, — dS/m Crop EC, — dS/m
Field crops
Barley 10.0 Rice 3.8
Cotton 9.6 Com 2.5
Sugar beets 8.7 Flax 2.5
Wheat 7.4 Broadbeans 2.6
Soybean 5.5 Cowpeas 2.2
Sorghum 5.1 Beans 1.5
Groundnut 3.5
Fruit and nut crops
Date palm 6.8 Apricot 2.0
Fig, olive 3.8 Grape 2.5
Pomegranate 3.8 Almond 2.0
Grapefruit 2.4 Plum 2.1
Orange 23 Blackberry 2.0
Lemon 2.3 Boysenberry 2.0
Apple, pear 2.3 Avocado 1.8
Walnut 2.3 Raspberry 1.4
Peach 2.2 Strawberry 1.3
Vegetable crops
Beets 5.1 Sweet corn 2.5
Broccoli 3.9 Sweet potato 2.4
Tomato 3.5 Pepper 2.2
Cucumber 33 Lettuce 2.1
Cantaloupe 3.6 Radish 2.0
Spinach 3.3 Onion 1.8
Cabbage 2.8 Carrot 1.7
Potato 2.5 Beans 1.5
Forage crops
Tall wheat grass 9.9 Wild rye grass 4.4
Bermuda grass 8.5 Vetch 3.9
Barley (hay) 7.4 Alfalfa 34
Rye grass 6.9 Corn (forage) 3.2
Crested wheat grass 6.0 Berseem clover 3.2
Tall fescue 5.8 Orchard grass 3.1
Sudan grass 5.1 Clover 2.3

'Adapted from Ayers and Westcott (1985)
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presented by Ayers and Westcott (1985). (For conversion purposes: 1.0 ppm
= 640 X ECindS/cm.)

Under full irrigation, where LR < 0.1, the annual deep percolation losses,
even in most of the least watered areas, will normally be sufficient to provide
the necessary leaching. However, under deficit irrigation or when LR < 0.1,
water in addition to the consumptive use should be applied or available at some
time during the year to satisfy leaching requirements. The ratio of the total
depth of irrigation water required with and without leaching is equal to 1/(1
— LR).

Drainage

The assumption above is that the unavoidable excess depth of applied water is
at least 10% on all parts of an area that is sufficiently irrigated to meet evapo-
transpiration demands. With poor irrigation scheduling and application uni-
formity, the excesses would be much greater. In either case some means for
disposing of the excess water is needed.

Drainage of the excess water from the soil profile and conveying it to a sump
for reuse or disposal is as important as irrigation. In fact natural or man-made
subsurface drainage is essential for sustaining irrigated agricultural production.
Without it salts will accumulate until they become toxic to plant growth, and
the water table will rise and literally drown the plants. Furthermore, the pro-
ductive capability of the land itself may be severely damaged and require major
reclamation to become productive again.

It is beyond the scope of the text to deal further with drainage. Like irrigation,
it is another subdiscipline of agricultural engineering.

Sample Calculation 3.3 Computing leaching requirement for a
sprinkle irrigation system.

GIVEN: Com irrigated by a traveling sprinkler with water having an electrical
conductivity of EC,, = 2.1 dS/m.

FIND: The leaching requirement.

CALCULATIONS: From Table 3.5, the electrical conductivity of the average
saturation extract of the soil root zone profile that would give a 10% yield
reduction, EC, = 2.5 dS/m, and by Eq. 3.3:

21

IR = ——— = 0.20
5(2.5) — 2.1
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Application Depth and Frequency

For periodic-move, and low-frequency, continuous-move systems, such as trav-
eling sprinklers, it is desirable to irrigate as infrequently as practical to reduce
labor costs. For trickle and for solid-set and center-pivot sprinkle system, the
degree of system automation is generally high enough that labor costs will not
be a major consideration in determining irrigation frequency. Under these con-
ditions, an irrigation frequency can be selected that will provide the optimal
environment for plant growth given the physical limitations of the system.

Systems are usually designed so that their discharge, depths of application,
and irrigation frequency meet crop water requirements during the peak con-
sumptive use period. For this reason the systems must be managed to avoid
wasting water during other periods of the crops’ growth cycle when water re-
quirements are less (see Fig. 3.3); when the crops’ roots may not have pene-
trated to their full depth: and during rainy periods. This requires scheduling the
irrigations to fit crop requirements. Water, labor, and energy would be wasted
during rainy periods and at the beginning and end of the crop season if the
systems were run using the full system design capacity. Furthermore, during
the very early crop growth stages, when roots are shallow, more frequent, light
irrigations may be required.

Irrigations can be scientifically scheduled from water budgets based on evap-
oration estimates or soil-moisture observations. For details on scheduling pro-
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FIG. 3.3. Typical Crop Water Use Curves for Alfalfa, Cotton, Corn, and Grass in Mid-portion
of the Central Valley of California.
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uling procedures and estimating crop water requirements refer to: Doorenbos
and Pruitt (1977); Doorenbos and Kassam (1979); Hargraves and Samani
(1985); and Jensen et al. (1990).
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4
Types of Sprinkle Systems

There are 10 major types of sprinkle systems and several versions of each type.
These types of systems may be divided into two basic groups: set systems that
operate with the sprinklers set in a fixed position, and continuous-move systems
that operate while the sprinkler is moving through the field. Set systems may
be further divided according to whether or not sprinklers must be moved through
a series of positions during the course of irrigating a field. Those systems that
must be moved are called periodic-move systems, and those not requiring any
movement are called fixed systems.

SET SYSTEMS

The major types of periodic-move systems are: hand-move, end-tow, and side-
roll laterals; side-move laterals with or without trail lines; and gun and boom
sprinklers. Fixed systems are usually either small or big gun sprinklers mounted
at stationary positions.

Hand-Move Lateral System

The hand-move, portable lateral system is composed of either portable or buried
main line pipe with valve outlets at intervals for attaching the portable laterals.
These laterals are assembled from sections of aluminum tubing connected by
quick couplers. Each pipe section has either center-mounted or end-mounted
riser pipe supporting a sprinkler head. This system is used to irrigate more area
than any other type of set system and is used on almost all crops and on all
types of topography. A disadvantage of the system is its high labor requirement.
This system is the basis from which all the mechanized systems were devel-
oped. Figure 2.2 shows a typical hand-move sprinkler lateral in operation.

A modification can be made to hand-move systems to reduce labor by the
addition of a “‘tee’’ at each sprinkler riser. A hose or tube one lateral spacing
long is then connected to the ‘‘tee.”” With a row of sprinklers along the lateral
and another at the ends of the hoses, a two-sprinkler-wide strip is irrigated. This
modification reduces the number of hand-move laterals by half; however, the
system is more difficult to move than a conventional hand-move lateral.

45
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End-Tow Lateral System

An end-tow lateral system is similar to one with hand-move laterals except that
is consists of rigidly coupled lateral pipe connected to a main line. The main
line should be buried and positioned in the center of the field for convenience
of operation. Laterals are towed lengthwise over the main line from one side to
the other in an ‘‘S’’ fashion, as depicted in Fig. 4.1. By draining the pipe
through automatic quick-drain valves, a 20- to 30-hp tractor can easily pull a
400 -m-long (quarter-mile-long) 100-mm (4-in. )-diameter lateral.

Two carriage types are available for end-tow systems. One is a skid plate
attached to each coupler to slightly raise the pipe off the soil, protect the quick
drain valve, and provide a wear surface when towing the pipe. Two or three
outriggers are required on a 400-m (quarter-mile) lateral to keep the sprinklers
upright. The other type uses small metal wheels at or midway between each
coupler to allow easy towing on sandy soils.

End-tow laterals are the least expensive of the mechanically moved systems.
However, they are not adapted to small or irregular areas, steep or rough to-
pography, row crops planted on contours, or fields with physical obstructions.
They work best in grasses, legumes, and other close-growing crops and fairly
well in row crops. However, the laterals can be easily damaged by careless
operation. It is important that operators avoid moving laterals before they have
drained, making too sharp as ‘‘S’’ turn, or moving too fast. End-tow systems
are not, therefore, recommended for projects where the quality of labor is un-
dependable.

When used in row crops, a 75-m (250-ft)-wide turning area is required along
the length of the main line, as shown in Fig. 4.1. The turning area can be
planted in alfalfa or grass. Crop damage in the turning areas can be minimized

END-TOW
SPRINKLER LATERAL

b — — —_— 4

CONNECTIONS TO MAIN H

75m A
TURNING AREA

FIG. 4.1. Schematic of Move Sequence for End-tow Sprinkler Lateral.
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by making an offset equal to one-half the distance between lateral positions each
time the lateral is towed across the main line (see Fig. 4.1), instead of a full
offset every other time. Irrigating a tall crop, such as corn, requires a special
crop-planting arrangement, such as 16 rows of com followed by 4 rows of a
low-growing crop that the tractor can drive over without causing much damage.

Side-Roll Lateral System

A side-roll lateral system is similar to a system with hand-move laterals. The
lateral pipes are rigidly coupled, and each joint of pipe is supported by a large
wheel, as shown in Fig. 4.2. The lateral line forms the axle for the wheels, and
when it is twisted, the line rolls sideways. This unit is mechanically moved by
an engine mounted at the center of the line or by an outside power source at
one end of the line.

Side-roll laterals work well in low-growing crops. They are best adapted to
rectangular fields with fairly uniform topography and no physical obstructions.
The diameter of the wheels should be selected so that the lateral clears the crop
and the specified lateral move distance is a whole number of rotations of the
line.

Side-roll laterals up to 490 m (1600 ft) long are satisfactory for use on close-
planted crops and smooth topography. For rough or steep topography and for
row crops with deep furrows, such as potatoes, lateral lengths should not exceed

FIG. 4.2. Side-roll Sprinkler Lateral in Operation (Source: Nelson Irrigation Corp.).
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400 m (one-fourth mile). Typically, 100-or 125-mm (4- or 5-in. ) diameter alu-
minum tubing is used. For a standard, 400-m-(quarter-mile)-long lateral on a
close-spaced crop, at least three lengths of pipe to either side of a central power
unit should be heavy-walled, 1.83-mm (0.072-in. )-thick aluminum tubing. For
longer lines and in deep-furrowed row crops or on steep topography, more
heavy-walled tubing should be used to enable the laterals to roll smoothly and
uniformly with little chance of breaking.

A well-designed side-roll lateral should have quick drains at each coupler.
All sprinklers should be provided with a self-leveler so that, regardless of the
position at which the lateral pipe is stopped, each sprinkler will be upright. In
addition, the lateral should be provided with at least two wind braces, one on
either side of the power mover, as well as a flexible or telescoping section to
connect the lateral to the main line hydrant valves.

Trail tubes one lateral spacing long are sometimes added to heavy-walled,
5-in. side-roll lines. With sprinklers mounted along the lateral and at the ends
of the trail tubes, these lines have the capacity to irrigate as much land as two
conventional side-roll laterals. Special couplers with a rotating section are
needed, so that the lateral can be rolled forward. Quick couplers are also re-
quired at each trail tube, so they can be detached when the lateral reaches its
last operating position. Laterals must then be rolled back to the starting loca-
tion, where the trail tubes are reattached for the beginning of a new irrigation
cycle.

Side-Move Laterals

Side-move laterals are periodically moved across the field in a manner similar
to side-roll laterals. An important difference is that the pipeline is carried above
the wheels on small ‘“‘A’’ frames instead of serving as the axle. Typically, the
pipe is carried about 1.5 m (5 ft) above the ground, and the wheel carriages
are spaced 15.2 m (50 ft) apart. Trail tubes with up to 11 sprinklers mounted
at 9.2-m (30-ft) intervals are pulled behind each wheel carriage. Thus, the
system wets a strip up to 100.6 m (330 ft) wide, allowing a 400-m (quarter-
mile)-long lateral to irrigate approximately 4.0 ha (10 A)) at a setting. Such a
system produces high uniformity and low application rates.

Side-move lateral systems are suitable for most field and vegetable crops.
However, for field comn, the trail tubes cannot be used, and the ‘‘A’’ frames
must be extended to provide a minimum ground clearance of 2.1 mm (7 ft).
To irrigate a wide strip of land, small gun sprinklers discharging 4 to 6 L /s
(60 to 90 gpm) are mounted at every other carriage (see Fig. 4.3). The system
produces a wetted strip 46 m (150 ft) wide, and a 400-m-(quarter-mile)-long
lateral will irrigate 1.8 ha (4.5 A) per setting. However, application rates are
relatively high, approximately 13 mm /hr (0.5 in. /hr).

Positioning a hand-move system is hard work, requiring more than twice the
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FIG. 4.3. Periodic-move Lateral with High Wheel Carriages to Support Gun Sprinklers (Source:
Nelson Irrigation Corp.).

amount of time per unit of irrigated area as moving an end-tow, side-roll, or
side-move system. However, a major inconvenience of these mechanical-move
systems occurs when the laterals reach the end of an irrigation cycle. When this
happens with a hand-move system, the laterals at the field boundaries can be
disassembled, loaded on a trailer, and hauled to the starting position at the
opposite boundary. Unfortunately, the mechanical-move laterals cannot be
readily disassembled. Therefore, each one must be reversed and returned to its
starting position. This operation is quite time-consuming, especially where trail
tubes are involved.

Gun and Boom Sprinklers

Gun, or giant, sprinklers have 16-mm (5/8-in.) or larger range nozzles at-
tached to long discharge tubes. Most gun sprinklers are rotated by means of a
rocker arm drive (see Fig. 4.4), and many can be set to irrigate a part circle.
Boom sprinklers (see Fig. 4.5) have rotating arms 18 to 36 m (60 to 120 ft)
in length. Water is discharged through nozzles strategically positioned along
the arms. The arms, or booms, are supported by a cable suspension system and
mounted on a four-wheel trailer. They are rotated by the thrust of the jets.
Gun or boom sprinkler systems are both well-adapted to supplemental irri-
gation and to use on irregularly shaped fields or fields with obstructions. Each
has its comparative advantages and disadvantages. Boom sprinklers provide a
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FIG. 4.4. Part-circle Gun Sprinkler with Rocker Arm Drive.

more uniform water application and somewhat smaller droplets and application
rates than gun sprinklers. Gun sprinklers, however, are considerably less ex-
pensive and simpler to operate than booms; consequently, there are more gun
than boom sprinklers in use. Gun and boom sprinklers usually discharge at least
6.3 L/s (100 gpm). Most typically these sprinklers discharge approximately

FIG. 4.5. Boom Sprinkler in Operation.
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31.5L/s (500 gpm) at operating pressures in the neighborhood of 620 kPa (90
psi), and gun sprinklers are usually operated individually rather than along lat-
erals.

Gun and boom sprinklers can be used on most crops, but they produce rela-
tively high application rates and large water drops that tend to compact the soil
surface and to create runoff problems. Therefore, these sprinklers are most suit-
able for coarse-textured soils with high infiltration rates and for relatively ma-
ture crops that need only supplemental irrigation. Gun and boom sprinklers are
not recommended for use in extremely windy areas, because their water distri-
bution patterns become too distorted. Even under calm conditions, their appli-
cation uniformity is relatively low.

Large gun sprinklers are usually trailer-or skid-mounted and, like boom
sprinklers, are towed from position to position by a tractor. Boom sprinklers
are unstable and can tip over when being towed over rolling or steep topogra-

phy.

Fixed Sprinkler Systems

A fixed sprinkler system has enough lateral pipe and sprinkler heads so that
none of the laterals need to be moved for irrigation purposes after being placed
in the field. Thus, to irrigate the field, the sprinklers (or laterals) need only to
be cycled on and off. The three main types of fixed systems are those with solid-
set portable, hand-move laterals (see Fig. 4.6); buried, or permanent, laterals;
and sequencing-valve laterals. Most fixed sprinkler systems have small sprin-

FIG. 4.6. Solid-set Sprinkler Laterals Connected to Portable Aluminum Mainline.
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klers spaced 9.1 to 24.4 m (30 to 80 ft) apart, but some systems use small gun
sprinklers spaced 30.5 to 48.8 m (100 to 160 ft) apart.

Portable solid-set systems are used for potatoes and other high-value crops,
where the system can be moved from field to field as the crop rotation or irri-
gation plan for the farm is changed. These systems are also moved from field
to field to germinate such crops as lettuce, which is then furrow-irrigated after
germination. Moving the laterals into and out of the field requires much labor,
although this requirement can be reduced by the use of special trailers on which
the portable lateral pipe can be stacked by hand. After a trailer has been partly
loaded, the pipe is banded in several places to form a bundle that can be lifted
off the trailer at the farm storage yard with a mechanical lifter. The procedure
is reversed when returning the laterals to the field for the next season.

Permanent buried laterals are placed underground 45 to 75 cm (18 to 30 in.)
deep, with only the riser pipe and sprinkler head above the surface. Many sys-
tems of this type are used in citrus groves, orchards, vineyards, berries, and
specialty crops.

The sequencing-valve lateral may be buried, placed on the soil surface, or
suspended on cables above the crop. The heart of the system is a valve on each
sprinkler riser that turns the sprinkler on or off when a control signal is received.
Most sequencing-valve systems with small sprinklers use a pressure change in
the water supply to activate the valves.

The portable lateral, buried or permanent lateral, and sequencing-valve lat-
eral systems with small gun sprinklers can be automated by the use of electric
or air-operated valves activated by controllers. These automatic controllers can
be programmed for irrigation, crop cooling, and frost protection and can be
activated by soil moisture and temperature-sensing devices.

Other Set Sprinkle Systems

Because of recent concerns about availability and cost of energy, interest in
perforated pipe, hose-fed sprinklers, and orchard systems has revived. These
systems afford a means of very low pressure 35- to 140-kPa (5- to 20-psi)
sprinkle irrigation. Often gravity pressure produced by the difference in eleva-
tion between the water supply and irrigated area is sufficient to operate the
systems without pumps. Furthermore, inexpensive low-pressure pipe, such as
unreinforced concrete and thin-wall plastic or asbestos cement, can be used to
distribute the water to the sprinklers. These systems do have the disadvantage
of a high labor requirement when being periodically moved, because the spac-
ing between lateral positions is usually only 6 to 9 m (20 to 30 ft).
Perforated-pipe sprinkle irrigation almost became obsolete for agricultural
irrigation, but continued to be widely used for home lawn systems. Perforated-
pipe systems spray water from 1.6-mm (1/16-in.)-diameter or smaller holes
drilled at uniform distances along the top and sides of a lateral pipe. The holes
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are sized and spaced so as to apply water reasonably uniformly between adja-
cent lines of perforated pipe. The water issues from the holes and produces a
rainlike application over a rectangular strip (see Fig. 4.7). Each hole emits a
jet of water, which, in rising and falling, breaks up into small drops that are
spread by air turbulence over the irrigated area. The spread, which ranges from
7.5 to 15. m (25 to 50 ft), increases as pressure increases. Such systems can
operate effectively at pressures between 35 and 210 kPa (5 and 30 psi). How-
ever, they can be used only on coarse-textured soils, such as loamy sands,
having high capacities for infiltration, because the minimum practical applica-
tion from perforated pipe is 13 mm /hr (0.5 in. /hr).

Hose-fed sprinkler grid systems employ hoses to supply individual small
sprinklers, which are operated at pressures as low as 35 to 70 kPa (5 to 10 psi).
These systems can also produce relatively uniform wetting provided that the
sprinklers are moved in a systematic grid pattern with sufficient overlap. How-
ever, these systems are not in common use except in home gardens and turf
irrigation, although they do hold promise for rather broad use on small farms
(see Fig. 4.8A) especially in developing countries, where capital and power
resources are limited and labor is relatively abundant.

The orchard sprinkler is a small spinner or impact sprinkler designed to cover
the space between adjacent trees; there is little or no overlap between the areas
wetted by neighboring sprinklers. Orchard sprinklers are designed to be oper-
ated at pressures between 70 and 210 kPa (10 and 30 psi). Typically the di-

FIG. 4.7. Perforated Pipe Lateral in Operation.
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A. Impact Sprinkler on Portable Stand (Source: Harward Irrigation Systems)

B. Orchard Sprinkler on Hose-pulled Skid

FIG. 4.8. Hose-fed Impact Sprinkle Irrigation Systems.



TYPES OF SPRINKLE SYSTEMS 55

ameter of coverage is between 4.5 and 9 m (15 and 30 ft). They are located
under the tree canopies to provide relatively uniform volumes of water for each
individual tree. Water should be applied fairly evenly to areas wetted, although
some soil around each tree may receive little to no irrigation. The individual
sprinklers can be supplied by hoses (see Fig. 4.8B) and periodically moved to
cover several positions, or a sprinkler can be provided for each position.

CONTINUOUS-MOVE

The major types of continuous-move systems are traveling (gun or boom) sprin-
klers, center-pivot systems, and linear-moving laterals.

Traveling Sprinkler

The traveling sprinkler, or traveler, is a high-capacity sprinkler fed with water
through a flexible hose; it is mounted on a self-powered chassis and travels
along a straight line while watering (see Fig. 2.3). The most common type of
traveler used in the United States for agriculture utilizes a gun-type sprinkler
that discharges approximately 32 L /s (500 gpm). The sprinkler is mounted on
a moving vehicle and wets a diameter of more than 120 m (400 ft). The vehicle
is equipped with a water piston or turbine-powered winch that reels in a cable.
The cable guides the unit along a path as it tows a flexible, high-pressure, lay-
flat hose. The hose is connected to a buried pipeline that supplies water under
pressure. The typical hose is 100 mm (4 in. ) in diameter and is 200 m (660 ft)
long, allowing the unit to travel 400 m (1320 ft), unattended.

Figure 4.9 shows a typical layout for a cable-drawn traveling sprinkler. The
entire strip between towpaths is irrigated without stopping. The unattended travel
distance can be as long as the cable and twice the length of the hose. After use,
the hose can be drained, flattened, and wound onto a reel. European travelers
are typically supplied from more rigid hose, which does not lie flat, and the
sprinkler is pulled by reeling up the hose.

Some traveling sprinklers have a self-contained pumping plant mounted on
the vehicle that pumps water directly from an open ditch while the unit moves.
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FIG. 4.9. Aerial View of Layout with Cable-drawn Traveling Sprinkler in Operation.
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The supply ditches replace the hose. Other travelers are equipped with boom
sprinklers instead of guns.

As the traveler moves along its path, the sprinkler wets a strip of land some
120 m (400 ft) wide, rather than the circular area wetted by a stationary sprin-
kler. After the unit reaches the end of a towpath, it is moved and set up to water
an adjacent strip of land. The wetted overlap between adjacent strips depends
on the distance between towpaths and on the diameter of the area wetted by the
sprinkler. Frequently, a part-circle sprinkler is used, and the dry part of the
pattern is positioned over the towpath so the unit travels on dry ground, as
depicted in Fig. 4.9.

Traveling sprinklers require the highest pressure of any system. In addition
to the 450- to 690-kPa (65- to 100-psi) or higher pressure required at the sprin-
kler nozzles, hose losses add another 140 to 280 kPa (20 to 40 psi) to the
required system pressure. Therefore, travelers are best suited for supplemental
irrigation where seasonal irrigation requirements are small, thus mitigating the
high power costs associated with high operating pressures.

Traveling sprinklers can be used in tall field crops, such as corn and sugar
cane, and have even been used in orchards. They have many of the same ad-
vantages and disadvantages discussed under gun and boom sprinklers; however,
because they are moving, traveling sprinklers have a higher uniformity and
lower application rate than guns and booms. Nevertheless, the uniformity of
irrigation from travelers is only fair in the central portion of the field, leaving
30- to 60-m ( 100- to 200-ft)-wide strips along the sides and ends of the field
poorly irrigated.

Center-Pivot

The center-pivot system sprinkles water from a continuously moving lateral
pipeline. The self-propelled lateral is fixed at one end and rotates to irrigate a
large circular area. The fixed end of the lateral, called the pivor point, is con-
nected to the water supply. The lateral consists of a series of spans ranging in
length from 27 to 76 m (90 to 250 ft) long, carried about 3 m (10 ft) above
the ground by “‘drive units’’ that consist of an ‘“A-frame’’ supported on motor-
driven wheels (see Fig. 4.10).

Devices are installed at each drive unit to keep the lateral in line between the
pivot and end drive unit. The end drive unit is set to control the speed of rota-
tion. The most common center-pivot lateral uses 168-mm (6 5/8-in.) pipe, is
400 m (1320 ft) long, and covers a circle of 50 ha (126 A) inscribed within a
square ‘‘quarter-section’’ of land with an area of 65 ha (160 A). An additional
1 to 4 ha (2 to 10 A) of the quarter-section may be irrigated by the pivot’s end
gun. Laterals as short as 70 m (230 ft) and as long as a ‘‘half-mile,”” 800 m
(2640 ft) are available with pipe sizes up to 255 mm (10 in.).

The moving lateral pipeline is fitted with impact, spinner, or spray nozzle
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FIG. 4.10. Outer (Top) and Pivot (Bottom) Ends of Center-pivot Lateral (Source: Valmont In-

dustries, Inc.).

sprinklers to spread the water uniformly over the circular field. The area irri-
gated by each sprinkler, if set at a uniform sprinkler spacing along the lateral,
grows progressively larger toward the moving end. Therefore, to achieve uni-
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form application, the sprinklers must be designed to have progressively greater
discharges, closer spacings, or both, toward the moving end. Typically, when
impact sprinklers are used, the application rate near the moving end is in the
vicinity of 25 mm /hr (1.0 in. /hr). With spray nozzles it may be as high as
250 mm /hr (10 in. /hr). These application rates exceed the intake rate of many
soils except for the first few minutes at the beginning of each irrigation. To
minimize surface ponding and runoff, the laterals are usually rotated every 10
to 72 hr depending on the soil’s infiltration characteristics, the system capacity
and nozzling configuration, and the maximum desired soil moisture deficit.

The different types of power units used to drive the wheels on center-pivots
are: electric motors, water pistons, water spinners and turbines, hydraulic oil
motors, and air pistons. The first pivots used water pistons; however, electric
motors are most common today because of their speed, reliability, and ability
to rotate the lateral clockwise or counterclockwise.

Center-pivot sprinkler systems are suitable for almost all field crops, includ-
ing com, but require fields free of any above-ground obstructions, such as tele-
phone lines, electric power poles, buildings, and trees. They are best adapted
for use on soils having relatively high intake rates and uniform topography.
When they are used on soils with low intake rates and irregular topography, the
resulting runoff causes erosion and puddles that may interfere with the uniform
circular movement of the lateral around the pivot point.

Where center-pivot systems are used on square fields, some means of irri-
gating the four comers must be provided, or other uses must be made of the
areas not irrigated. In a 64-ha (160-A), quarter-section, squared field, from 9
to 12 ha (22 to 30 A) are not irrigated by the center-pivot system unless the
pivot has a special comer-irrigating apparatus (see Fig. 4.11). With some corner
systems, only about 3 ha (8 A) are left unirrigated.

Most pivot systems are permanently installed in a given field. However, for
supplemental irrigation or for double-cropping, it is practical to move a center-
pivot lateral back and forth between fields.

Linear-Moving Laterals

Self-propelled, linear-moving laterals combine the structure and guidance sys-
tem of a center-pivot lateral with a traveling water-feed system similar to a
traveling sprinkler.

For efficient operation, linear-moving laterals require rectangular fields free
from obstructions. Measured water distribution from these systems has given
the highest uniformity coefficients of any sprinkle system for single irrigations
under windy conditions.

Systems that pump water from open channels must be installed on nearly
level fields (see Fig. 4.12). Even where the system is supplied by a flexible
hose, the field must have fairly uniform topography for the guidance system to
work effectively.
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FIG. 4.11. Corner Systems for Use on End of Center-pivot Lateral (Source: Valmont Industries,
Inc.).

A major disadvantage of linear-moving lateral systems, compared with cen-
ter-pivot systems, is the problem of bringing the lateral back to the starting
position or across both sides of the water-supply channel or pipeline. Because

FIG. 4.12. Linear-moving System with Open Channel Water Supply (Source: Valmont Indus-
tries, Inc.).
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a center-pivot lateral operates in a circle, it automatically ends each irrigation
cycle at the beginning of the next cycle. A linear-moving lateral travels from
one end of the field to the other and must be driven or towed back to its starting
position. However, due to this difference in lateral line movement, a linear-
moving system can irrigate all of a rectangular field, unlike a center-pivot sys-
tem, which can irrigate only a circular portion of the field (unless it is provided
with a comer system).

APPLICATION EFFICIENCIES AND DEPTHS

Table 4.1 gives typical application efficiencies for well-managed sprinkle irri-
gation systems. These efficiency values can be used for preliminary design pur-
poses or as final values where more refined data are unavailable.

The efficiencies in Table 4.1 are based on average expected coefficient of
uniformity, CU, values (see Chapter 6 for detailed discussion) as a measure of
application uniformity. Set system application rates between 2.5 and 5.0 mm /hr
(0.1 and 0.2 in. /hr) are considered low; between 5.0 and 10.0 mm /hr (0.2
and 0.4 in. /hr) are considered medium; and over 10.0 mm /hr (0.4 in. /hr)
are considered high. In Table 4.1 wind speeds are referred to as low when

Table 4.1. Typical application efficiencies for well-managed sprinkle

systems
Efficiency

Systems' and environmental conditions? E,%
Moving and set systems with excellent uniformity in cool or humid 85
climates and low winds
Typical efficiency for moving systems in most climates and winds; and 80
set systems with medium to high applications rates and good uniformity
in most climates and low winds
Typical efficiency used for average set systems in most climates and 75
winds; and for moving systems in desert climates and high winds
Set systems with high application rate in desert climates with high 70
winds or low application rates in other climates with high winds; and
travelers
Set systems with moderately low application rates in desert climates and 65
high winds or low application rates in high desert climates and high
winds
Set systems with low application rates with small drops operating in 60
low desert climates and medium to high winds; and gun or boom
sprinklers

'Moving and set refer to systems with laterals fitted with small sprinklers.
“See text for application rate and wind speed ranges.
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between 0 and 8 km /hr (0 and 5 mph); medium when between 8 and 16 km /hr
(5 and 10 mph); and high when over 16 km /hr (10 mph).
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Sprinkle Irrigation Planning Factors

A complete farm sprinkle system can be defined as a system planned exclusively
for a given design area or farm unit on which sprinkling will be the primary
method of water application. Planning for complete systems includes consid-
ering specified crops and crop rotations, water quality, and the soils found in
the specified design area.

A farm sprinkle irrigation system includes sprinklers and related hardware;
lateral, submain, and main pipelines; pumping plant and boosters; operation-
control equipment; and other accessories required for the efficient application
of water. The field system shown in Fig. 2.4 is of the periodic-move type,
having a buried main line and a portable sprinkler lateral operating in rotation
up one side and down the other side of the main.

Larger farm systems, such as the one shown in Fig. 5.1, are made up of
several field systems. A field system is designed either for use on several fields
of a farm unit or for movement between fields on several farm units. Field
systems are planned for stated conditions, generally for preirrigation, for bring-
ing up seedlings, or for use on specialty crops in a crop rotation. Considerations
of distribution efficiency, labor utilization, and power economy may be entirely
different for field systems than for complete farm systems. Field systems can
be fully portable or semiportable.

Failure to recognize the fundamental difference between field and farm sys-
tems, either by the planner or the owner, has led to poorly planned systems of
both kinds. In between these two are systems initially used as a field system,
but designed to become part of a complete farm system.

Failure to anticipate the capacity required of the completed system has led to
many piecemeal systems with poor distribution efficiencies, excessive initial
costs, and high annual water-application charges. This situation is not always
the fault of the system planner, for he may not always be informed whether
future expansion is intended. However, the planner has a responsibility to in-
form the owner of possible alternatives for future development when preparing
a field system plan.

DESIGN PROCEDURE

The first activity in the design process should be to collect basic farm-resource
data. This information includes a topographic map showing obstacles and farm

62
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FIG. 5.1. Layout of a Complete Hand-move Sprinkle System.

and field boundaries, as well as data on water quality and quantity, weather,
crops, and soils. The preliminary design factors (see Fig. 5.2) lead to deter-
mining peak-use rate, infiltration capacity, maximum depth of application per
irrigation, application rate, and system capacity. The concept for the form shown
in Fig. 5.2 was developed by McCulloch et al. (1957).

The designer should inquire about the farmer’s financial, labor, and manage-
ment capabilities. Once the data on the farm’s resources have been assembled,
the system selection, layout, and hydraulic design process can proceed accord-
ing to the farm’s physical, human, and financial constraints.

To facilitate this evaluation, a step-by-step checklist of the procedure nor-
mally used in planning a sprinkle irrigation system follows:

1. Make an inventory of available resources and operating conditions. In-
clude information on soils, topography, water supply, source of power,
crops, and farm operation schedules.

2. Using actual field data, local irrigation guides, or data from Tables 3.1,
3.2, and 3.4, estimate the depth or quantity of water to be applied at
each irrigation.

3. Determine the average peak-period, daily consumptive use rates and the
annual irrigation requirements for the crops under consideration. For
general planning purposes the needed information is available from Ta-
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I. CROP (TYPE)

(a) Root depth — mm (ft) z

(b) Growing season — days

(c) Water use rate — mm/day (in./day) Ug

(d) Seasonal water use — mm (in.) U

ll. SOILS [Area - ha (A)]

(a) Surface texture depth — cm (ft)
Moisture capacity — mm/m (in./ft) Wq

(b) Subsurface texture depth — cm (ft)
Moisture capacity = mm/m (in./ft) Wg

(¢) Moisture capacity — mm (in.)

(d) Aliowable depletion — mm (in.) dy

(e) Intake rate = mm/hr (in./hr)

. IRRIGATION
(@) Interval — days f!
(b) Net depth — mm (in.) dn
(¢) Efficiency — % Eq
(d) Gross depth — mm (in.) d

V.  WATER REQUIREMENT

(a) Net seasonal = mm (in.) U
(b) Effective rain — mm (in.) Rn
(c) Stored moisture — mm (in.) Ms
(d) Net irrigation — mm (in.) Dn
(e) Gross irrigation = mm (in.) Dq

(f) Number of irrigations

V. SYSTEM CAPACITY

(a) Application rate ~ mm/hr (in./hr) |

(b) Time per set — hr Tq

(c) Settings per day

(d) Days of operation per intervai f

(e) Preliminary system capacity — L/s (gpm)

FIG. 5.2. Factors for Preliminary Sprinkle Irrigation System Design.
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11.

12.

13.
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ble 3.3. For final planning consult a local irrigation guide or use more
precise computational procedures.

. Determine design-use frequency of irrigation or the length of the shortest

irrigation period. This step is unnecessary for fully automated fixed sys-
tems or for center-pivot systems. The needed information may be avail-
able from local irrigation guides.

. Determine capacity requirements of the system.

Determine the optimum water-application rate. Maximum (not neces-
sarily optimum) rates are often obtainable form local irrigation guides.

. Consider several alternative types of sprinkler systems. The landowner

should be given alternatives from which to make a selection (see Fig.

1.2).

For periodic-move and fixed sprinkle systems determine:

a. The sprinkler spacing, discharge, nozzle sizes, and operating pres-
sure for the optimum water-application rate;

b. The number-of sprinklers that must be operated simultaneously to
meet system capacity requirements;

c. The best layout of main and lateral pipelines for simultaneous oper-
ation of the approximate number of sprinklers required;

d. Final adjustments to meet layout conditions;

e. Required sizes of lateral line pipe; and

f. Maximum total pressure required for individual lateral lines.

Determine required sizes of main line pipe.

Check main line pipe sizes for power economy.

Determine maximum and minimum operating (pressure and discharge)

conditions.

Select the pump and power unit for maximum operating efficiency within

the expected range of operating conditions.

Prepare plans, schedules, and instructions for proper layout and opera-

tion.

To make a rational system selection, it may be necessary to design and ana-
lyze two or more systems. Finally, the owner should be encouraged to make a
careful feasibility study of the system he ultimately selects. (The procedures for
designing continuous-move systems will be covered later.)

CHARACTERISTICS OF SPRINKLER HEADS

The major components of a set sprinkle system are shown in Figs. 2.4 and 5.3.
The hardware design process should begin with the sprinkler selection, continue
with the system layout, and end with the design of the lateral, main line, and
pumping plant (see Fig. 1.3).
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FIG. 5.3. Components of a Set Sprinkle Irrigation System Showing Booster Pump Supplying a
Portable Main Line (Top) and Portable Main Line, Hydrant, and Sprinkler Lateral (Bottom).

Sprinklers are classified according to their operating pressure range and their
position in relation to irrigated crops. Table 5.1 describes the different classi-
fications, with the characteristics and adaptability of each.
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Precipitation Profiles and Recommended Spacings

In choosing a sprinkler, the aim is to find the combination of sprinkler spacing,
operating pressure, and nozzle size that will most nearly provide the optimum
water-application rate with the greatest degree of uniformity of distribution.

The degree of uniformity obtainable with a set sprinkle system depends largely
on the water-distribution pattern and spacing of the sprinklers. Figure 5.4,
adapted from Christiansen (1942), shows the distribution pattern and precipi-
tation profiles obtained from a typical double-nozzle sprinkler operating at proper
pressure in low wind.

Each type of sprinkler has certain precipitation profile characteristics that
vary with nozzle size and operating pressure and result in an optimal range of
operating pressures for each nozzle size. In selecting nozzle sizes and operating
pressures for a required sprinkler discharge, the designer should know that dif-
ferent pressures affect the profile as follows:

1. At the lower side of the specified pressure range for any nozzle, the water
remains in large drops. When pressure falls too low, the water from the
nozzle concentrates in a ring a distance away from the sprinkler, giving a
poor precipitation profile (see Fig. 5.5A);

- 13.5m~—{-—~ 16.5m —=]
0 115 €
WIND 121
Tm/s
149 o
15m ﬂ
15 X
Zz
43 [
[a
i 1o o
=
13 o
@
46 [
14m w
19 ©
Z
qd 12 ;
T 12 - 12 6 0
E & 6 | DEPTH
g E O | L L L 1 1 L L ] mm

1512 9 6 3 0 3 6 9 12 15 18
DISTANCE FROM SPRINKLER — m

FIG. 5.4. Distribution Pattern and Precipitation Profiles from a Typical Double Nozzle Sprin-
kler Operating under Favorable Conditions (1 m = 3.28 ft; 1 mm = 0.04 in.).
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|
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B. PRESSURE SATISFACTORY

C. PRESSURE TOO HIGH

FIG. 5.5. Relative Effects of Different Pressures on Precipitation Profiles for a Typical Double
Nozzle Sprinkler.

2. On the high side of the pressure range, the water from the nozzle breaks
up into fine drops and settles around the sprinkler (see Fig. 5.5C). Under
such conditions, the profile is easily distorted by wind movement; and

3. Within the desirable range, the sprinkler should produce a precipitation
profile similar to Fig. 5.5B.

At a given pressure, large drops are obtained from large nozzles and fine
sprays from small ones. All manufacturers of revolving sprinklers recommend
operating pressures or ranges of pressures that will result in the most desirable
application pattern for each combination of sprinkler and nozzle size.

Wind distorts the application pattern, and the higher the wind velocity, the
greater the distortion. Figure 5.6 shows test results of an intermediate double-
nozzle sprinkler operating under a wind velocity of 5 m/s (11.2 mph). This
distortion must be considered when selecting the sprinkler spacing.

The depth of water applied to an area surrounding a revolving sprinkler varies
as the distance from the sprinkler increases. Thus, to obtain a reasonably high
degree of uniformity of application, water from adjacent sprinklers must be
added. Figure 5.7, adapted form Christiansen (1942), illustrates the depth dis-
tribution obtained by overlapping the distribution patterns of adjacent sprin-
klers.

Manufacturers of sprinklers specify a wetted diameter for all nozzle-size and
operating-pressure combinations for each type of sprinkler in their lines. As it
is common for sprinkler-spacing recommendations to be made on the basis of
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FIG. 5.6. Effect of Wind on Distribution Pattern and Precipitation Profiles from a Typical In-
termediate Double Nozzle Sprinkler (1 m = 3.28 ft; 1 mm = 0.04 in.)

these diameters, they must be carefully considered by the planner. The precip-
itation profile is also important when making sprinkler-spacing recommenda-
tions.

Sprinklers operating in low winds produce characteristic precipitation pro-
files. Stylized profiles (Christiansen 1942) are shown in Fig. 5.8, along with
spacing recommendations based on the diameter of effective coverage under the
particular field conditions of operation. Conditions that affect both the diameter
and profile of a sprinkler’s precipitation pattern are: direction and velocity of
the wind measured from the ground level to the top of the jet trajectory; height
and angle of risers; turbulence in the stream of water entering and leaving the
nozzle; pressure of the nozzle; and size of the nozzle. Characteristics of the
sprinkler itself that affect its performance are the angle of stream trajectory and
the design of the driving mechanism that determines the speed and uniformity
of rotation. With such a complex set of conditions, the practical way to deter-
mine a sprinkler’s profile type and diameter is to place catch gauges in the
precipitation area and record and evaluate the results.

Profile types A and B are characteristic of sprinklers having two or more
nozzles. Profile types C and D are characteristic of single-nozzle sprinklers at
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FIG. 5.7. Example of the Distribution Patterns Between Sprinklers Spaced 12 m Apart Along
the Lateral with 18 m Spacing Between Laterals (1 m = 3.28 ft; 1 mm = 0.04 in.).

the recommended pressure. Profile type E is generally produced with gun sprin-
klers or sprinklers operating at pressures lower than those recommended for the
nozzle size. Sprinklers with straightening vanes just upstream from the range
nozzle also tend to produce a type E profile. The vanes increase the diameter
of throw, but pressures must be increased by 70 to 105 kPa (10 to 15 psi) to
keep the dip in the center of the profile from becoming too low.

The spacing recommendations in Fig. 5.8 should give acceptable application
uniformities when a realistic effective diameter is used. Operating conditions in
the field affect both the diameter and the precipitation profile. Wind is the chief
modifier reducing the diameter of throw and changing profiles to a mixed type
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SPRINKLER PROFILE RECOMMENDED SPACING AS A PERCENTAGE OF DIAMETER
TRIANGULAR RECTANGULAR
TYPE SHAPE SQUARE EQUILATERAL SHORT x LONG
A /\ 50 50 40 x 60 to 65
B 55 66 40 x 60

c _— T~ 60 85 40 x 60 to 65

40
D / \ 70 (FAIR) 70 to 75 40 x 70 to 75

—
E 80 (FAIR) 80 40 x 80

FIG. 5.8. Christiansen’s Geometrical Sprinkler Application Rate Profiles and Optimum Set
Sprinkler Spacings as a Percentage of the Effective Wetted Diameter for Square, Triangular and
Rectangular Layouts.

such as a short A or B type on the upwind side of the sprinkler, a D or E type
downwind, and C type crosswind. (See Fig. 5.6.) The wetted diameters of
sprinklers listed in manufacturers’ brochures are usually based on tests in es-
sentially no wind and are measured to where the application rate falls below
0.25 mm /hr (0.01 in. /hr). Under field conditions with 0 to 5 km/hr (0 to 3
mph) wind, such diameters should be shortened by 10% from the listed figure
to obtain the effective diameter. Effective diameters should be further reduced
for winds over 5 km /hr (3 mph). 4 reduction of 2.5% for each 1.6 km /hr (1
mph) over 5 km/hr (3 mph) is a fair estimate for the usual range of wind
conditions under which sprinklers are operated.

In general, highest uniformities are obtained at spacings of 40% or less of
the wetted diameter, but such close spacings raise both precipitation rates and
system cost. Overly narrow or wide spacings between lines can result in poor
uniformities of coverage. Certain profile types, notably D and E, have a narrow
range of lateral line spacings that give high uniformities. Thus, the uniformity
can change drastically with changes in wind speed. In fact, when sprinklers
with D and E profiles are closely spaced for windy conditions, the uniformity
can actually decrease as wind velocity decreases because of too much overlap.

As a general recommendation, moderate- and intermediate-pressured sprin-
klers should be spaced as follows:

1. For a rectangular spacing use 40 by 67% of the effective diameter based
on the average wind speed during the setting;

2. For a square spacing use 50% of the effective diameter based on average
wind speed during the setting; and
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3. For an equilateral triangular spacing use 62% of the effective diameter
based on average wind speed during the setting.

Nozzle Size and Pressure

Table 5.2 lists the expected discharge and wetted diameters in conditions of no
wind from typical 13- and 19-mm (1/2- and 3 /4-in.) bearing impact sprinklers
with angles of trajectory between 22 and 28° and having standard nozzles with-
out vanes. The various values in the table are for different nozzle sizes between
2.4 and 5.6 mm (3 /32 and 7/32 in.) and base of sprinkler pressures between
140 and 480 kPa (20 and 70 psi).

In general, the relationship between pressure or pressure head and discharge
from a sprinkler can be expressed by the orifice equation:

g = KNP (5.1a)
or

q = K,~NH (5.1b)
where

q = sprinkler discharge, L /min (gpm)
K, = appropriate discharge coefficient for the sprinkler and nozzle combined
and the specific units used
P = sprinkler operating pressure, kPa (psi)
H = sprinkler operating pressure head, m (ft)

The relationship between the pressure, P, and the pressure head, H, are fully
discussed at the beginning of Chapter 11.

The K, can be determined for any combination of sprinkler and nozzle if any
value of P and the corresponding g are known. Because of internal sprinkler
friction losses, K, decreases slightly as P and consequently g increase. How-
ever, over the normal operating range of most sprinklers, it can be assumed
constant. The average values of K, over the recommended range of operating
pressures for each nozzle size are given in Table 5.2.

Equation 5.1a can be manipulated to give:

P=P'(q/q) (5.2)

where P’ and ¢’ are corresponding values that are known (from Table 5.2 or a
manufacturer’s table), and either g or P is not known. Equation 5.1b can be
manipulated in a similar manner.
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Now that the basic characteristics of sprinkler performance have been intro-
duced, the preliminary design of set sprinkle systems can be addressed (see Fig.
1.2). The material presented from here through the end of Chapter 7 is needed
for preliminary design as well as the final design (see Fig. 1.3).

PRELIMINARY DESIGN

The first six steps of the design procedure outlined earlier in this chapter are
often referred to as the preliminary design factors. Sections I through IV of Fig.
5.2 are useful for organizing the information gained by carrying out these steps.
Section V of the form is set up specifically for periodic-move and fixed sprinkle
systems. The four columns in Fig. 5.2 enable the form to be used for different
crops or for different fields on the same farm.

Gross Application Depth

When LR =< 0.1 (as computed by Eq. 3.3) the unavoidable deep percolation
losses will normally satisfy the leaching requirement. Therefore, the depth of
application per irrigation, d, is computed by dividing the net depth, d,, per
irrigation by the irrigation efficiency. As mentioned earlier, the value selected
for d,, should be equal to or less than d, computed by Eq. 3.1. In addition, d,
will depend on system design and environmental factors and:

d,

d = E—a/IOO (5.3a)

When LR > 0.1 the depth of application per irrigation to satisfy both con-
sumptive use and leaching requirements can be computed by:

B 0.9 d,
~ (1.0 = LR)E,/100

(5.3b)

where

d = gross depth per irrigation application, mm (in.)
E, = application efficiency, %

The 0.9 in Eq. 5.3b is included to account for the unavoidable deep perco-
lation losses that normally will satisfy approximately 10% of the leaching
needed. In Eq. 5.3 d,, can be replaced by d, (as computed by Eq. 3.1) to give
a preliminary maximum gross depth of irrigation. Furthermore, E, can be taken
from Table 4.1 or replaced by the computed application efficiency of the low
half, E,, or low quarter, E, which will be discussed in Chapter 6.
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System Capacity Requirements

The required capacity of a sprinkle system depends on the size of the area
irrigated (design area), the gross depth of water applied at each irrigation (com-
puted by Eq. 5.3), and the net operating time allowed to apply this depth. The
capacity of a system can be computed by the formula:

0.= K% (5.4)

where

Q, = system discharge capacity, L /s (gpm)

K = conversion constant, 2.78 for metric units (453 for English units)
A = design area, ha (acres)

d = gross depth of application, mm (in.)

f = operating time allowed for completion of one irrigation, days

T = average actual operating time per day, hr/day

The value of f must be less than or equal to the irrigation interval, f', deter-
mined by Eq. 3.2. The value of d should be computed from Eq. 5.3. For fully
automatic fixed systems, it is best to let d equal the gross depth required per
day andf = f' = 1.0 days. To allow for some breakdown or moving of systems,
T should be reduced by at least 5 to 10% from the potential value of 24 hr.

In this equation, d, f, and T are of major importance in that they have a direct
bearing on the capital investment per acre required for equipment. From Eq.
5.4, it is obvious that the greater the operating time ( fT) for applying a given
depth, d, the smaller will be the system capacity and, therefore, the cost for a
given design area, A. The capacity (and cost) of periodic-move systems de-
signed to apply light (small d ), frequent (small f) irrigations must be relatively
large unless labor is available to move the system at night.

With center-pivot and automated fixed systems, light, frequent irrigations are
quite practical, because both system capacities and labor requirements are min-
imal. With these systems, irrigation frequency should be based on maintaining
optimum soil-plant-water conditions, rather than on allowing soil moisture de-
pletion levels that are a compromise between optimizing labor requirements,
capital costs, and growing conditions.

Before a sprinkle system is planned, the designer should thoroughly acquaint
the owner with these facts, and together they should reach a clear understanding
on the number of operating hours that can be allowed for completing one irri-
gation. Also, the farmer should understand the labor required to run the sprinkle
system, so its operation offers minimal interference with other farming opera-
tions.
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Sample Calculation 5.1 has been prepared as an example of the use of Egs.
5.3 and 5.4 where a single crop is irrigated in the design area. The design
moisture use rate and irrigation frequency can be obtained from irrigation guides
where available. Otherwise, they may be computed from actual field data or
estimated for preliminary design purposes from the data presented in Tables 3.1
through 3.4. In design areas containing more than one soil type, the design
should be based on the dominant soil type. If different soils cover roughly equal
areas, the soil with the lowest moisture-holding capacity should be the basis for
design.

Sample Calculation 5.1 Computing system capacity requirements
for a single crop in the design area.

GIVEN: Field of corn, 4 = 16 ha
Design moisture use rate, U, = 5 mm /day
Moisture replaced in soil at each irrigation, d, = 60 mm
Irrigation efficiency, E, = 75%
Irrigation period, f = 10 days in a 12-day interval
System operating time per day, T = 20 hr/day
Electrical conductivity of the irrigation water, EC,, = 2.1 dS/m

CALCULATIONS: From Sample Calculation 3.3 LR = 0.20; thus Eq. 5.3b
should be used to compute the gross depth of water application per irrigation
as:

_ 0.9 x 60
(1 —0.20) x 75/100

d = 90 mm (3.54 in.)

Using Eq. 54 to compute the system capacity:

278 Ad  2.78 X 16 X 90
ST fT T 10 x 20

= 20.0 L/s (317 gpm)

Where two or more design areas with different crops are being irrigated by
the same system, and peak design-use rates for the crops occur at about the
same time of year, the capacity for each area is computed as shown in Sample
Calculation 5.1. Capacities for each area are added to obtain the required ca-
pacity of the system. The days allotted for completing one irrigation over all
areas ( f) must be no longer than the shortest interval-frequency period, as
computed by dividing the design soil water depletions allowed by the peak-
water-use rate.

System capacity requirements for a design area in a crop rotation are calcu-
lated to satisfy the peak period of water use. The maximum requirement may,
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but does not always, occur when all crops in the rotation are being irrigated.
Allowances must be made for the differences in time when the peak-use re-
quirements for each crop occur (Sample Calculation 5.2).

Sample Calculation 5.2 Computing capacity requirements for a
crop rotation.

GIVEN: Design area of 90 A with crop acreages and peak-use requirements
as follows:

10 A Irish potatoes, last irrigation May 31

2.6-in. gross application lasts 12 days in May (peak period)
30 A corn, last irrigation August 20

2.9-in. gross application lasts 12 days in May

3.4-in. gross application lasts 12 days in July (peak period)
50 A alfalfa, irrigated through frost-free period

3.6-in. gross application lasts 12 days in May

4.3-in. gross application lasts 12 days in July (peak period)
Irrigation period f = 10 days in 12-day irrigation interval
System is to be operated 16 hr per day

CALCULATIONS: Using Eq. 5.4, the capacity requirements for May when all
three crops are being irrigated is:

453 x 10 X 2.6
0 = TTlox16 = 74 gpm for Irish potatoes
453 x 30 X 2.9
=T xls 246 gpm for corn
453 X 50 x 3.6
=" " 7" =510 for alfalf:
10 % 16 510 gpm for alfalfa

Total for May, Q, = 830 gpm

Capacity requirements for July when potatoes have been harvested, but com
and alfalfa are using moisture at the peak rate:

453 x 30 x 3.4

Q= —ox16 289 gpm for corn
453 x 50 X 4.3

Q= TTloxi6 609 gpm for alfalfa

Total for July, @ = 898 gpm

Although only two of the three crops are being irrigated, the maximum capacity
requirement of the system is in July.




SPRINKLE IRRIGATION PLANNING FACTORS 79

Besides the requirements for system capacity dictated by ordinary irrigation,
other contingencies may enter into the calculation of system capacity.

Leaching. Most water is of good enough quality that no extra system capacity
is required during the peak-use period for leaching. Leaching requirements can
usually be adequately satisfied before and after the peak-use period. Therefore,
the system capacity seldom needs to be increased to accommodate leaching.
However, where relatively high-salinity irrigation water is to be used on salt-
sensitive crops (when the conductivity of the irrigation water is more than half
the conductivity values given in Table 3.5), it is advisable to provide a portion
of the annual leaching requirement at each irrigation. In such cases the depth
of each irrigation should be increased to provide for leaching, which is effec-
tively accomplished by use of Eq. 5.3b, as demonstrated in Sample Calculation
5.1.

Wind. Under extremely windy conditions, the efficiency of sprinkle irrigation
may be very low due to poor uniformity and excessive drift and evaporation
losses. This is especially true with periodic-move systems on low-infiltration
soils, which require low application rates. Therefore, during high-wind condi-
tions, it may not be wise to irrigate. Because this reduces the effective number
of sprinkling hours per day, system capacities must be increased proportion-
ately.

Underirrigation. In water-short areas, it is sometimes practical to purposely
underirrigate to conserve water at the expense of some reduction in potential
yields. Optimum yields per unit of water applied often occur with system ca-
pacities about 20% lower than are specified for conventional periodic-move
systems in the same area. Underirrigation is best achieved by using a larger
irrigation interval than normally recommended for optimum yields.

Fixed systems. Fixed systems can be used for ordinary irrigation, high-fre-
quency irrigation, crop cooling, and frost protection. Special consideration is
required when estimating the system capacity needed by each of these uses. All
fixed systems are ideal for applying water-soluble fertilizers and other chemi-
cals.

Some fixed systems may be installed in permanent and other deep-rooted
crops where relatively long irrigation intervals are employed. The capacity of
such systems can be 5 to 10% less than conventional periodic-move systems
covering the same area, because downtime is not needed for moving laterals.
The capacity should be sufficient to apply the peak ‘‘net’” crop water require-
ments for low-frequency (1- or 2-week interval) irrigations when the system is
operated 24 hr per day, 7 days per week. These systems can be controlled by
hand valves.
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For fixed systems designed to apply irrigations once or twice a day to control
soil temperatures and to hold the soil moisture content within a narrow band, a
greater system capacity will be required. The net system capacity should be
increased by 10 to 20% over conventional periodic-move systems. This addi-
tional capacity is necessary, because the crop will always be consuming water
at the peak potential evapotranspiration rate. By contrast, under lower fre-
quency irrigation, as the soil moisture decreases the consumptive use rate falls
below the peak potential rate. Typically, the major justification for the high cost
of a fixed system is to keep the crop performing at a peak rate to increase crop
quality and yield. Clearly, crops that do not respond favorably to uniform high
soil moisture conditions are not particularly good candidates for fixed systems.
High-frequency systems can be operated with hand valves; however, automatic
valving is attractive.

Intake and Optimum Application Rates

The rate at which water should be applied depends on the following:

* The infiltration characteristics of the soil, the field slope, and the crop
cover;

¢ The minimum application rate that will produce a uniform sprinkler dis-
tribution pattern and satisfactory efficiency under prevalent wind and evap-
orative demand conditions; and

¢ The coordination of the lateral moves for periodic-move systems with other
operations on the farm.

Drop impact tends to cause surface sealing and to reduce infiltration, espe-
cially on bare soils. The kinetic energy of a falling drop is the product of one-
half its mass and the square of its velocity. With sprinkle irrigation, drop sizes
typically range from 0.5 to 5.0 mm and have terminal falling velocities varying
from about 2 to 22 m /s (6 to 72 ft/s), respectively. With a typical fall distance
equivalent to about 3 to 6 m (10 to 20 ft), most drops come close to reaching
their respective terminal velocities. Table 5.3 presents terminal velocities and
kinetic energies associated with different drop sizes.

Drop size is reduced as pressure increases, as shown in Fig. 5.9, or as nozzle
size decreases (Schleusener and Kidder, 1960). Drop sizes can also be reduced
by using means other than high pressures to cause jet breakup. Some devices
used to reduce drop size are the use of pins that penetrate the jet close to where
it leaves the orifice; sharp orifices instead of tapered nozzles; triangular, rect-
angular, or oval orifices; and impinging jets. The interest in obtaining small
drops without high pressures has been accelerated due to escalating energy costs.

Surface sealing and reduction in infiltration due to drop impact depend on the
soil texture and structure, amount and type of crop cover, and the application
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Table 5.3. Terminal velocities and kinetic energies associated with
different-size raindrops

Kinetic energy values

Drop Drop Terminal in relation per mm
diameter volume velocity to a 1.0-mm of rain
(mm) mm’ m/s drop Joules /m?
0.5 0.07 1.8 0.03 1.6
1.0 0.5 3.8 1.0 7.3
1.5 1.8 5.3 6.5 14.1
2.0 42 6.5 22.8 20.8
2.5 8.2 7.3 57.0 26.6
3.0 14.2 7.9 115.7 31.1
3.5 225 8.4 205.0 34.8
4.0 33.5 8.7 332.0 37.6
4.5 47.8 8.9 499.0 39.8
5.0 65.5 9.1 707.5 41.2

1 m/s = 3.3 ft; 1 Joule/m” per mm = 1.74 ft-Ib/ft* per in.

rate. Figure 5.10 (Levine, 1952) shows the general relation between drop size
and reduction in infiltration rate on three different, freshly tilled bare soils for
an application rate of approximately 13 mm /hr (0.5 in. /hr). The reduction in
infiltration rate on the clay loam soil approached the maximum level about 20
min after the beginning of application.
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414 kPa.
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Impact sprinklers produce a circular wetted area. At any one moment, all the
water in the jet lands in a small segment of the total wetted area. Usually, the
application rate on this area exceeds the infiltration capacity of the soil. The
excess water momentarily ponds, forming a film on the soil surface that lubri-
cates the surface soil particles. This also eliminates surface tension forces, which
might otherwise help hold the surface soil grains in place. Droplets striking the
ponded surface tend to dislodge silt and clay particles, which then become sus-
pended. These particles settle out on the soil surface and are also carried into
the soil profile by the infiltrating water, causing vertical erosion, surface seal-
ing, and compaction. With coarse-textured soils, such as sands, surface sealing
is usually not a problem because of good porosity and stability and the absence
of silt and clay particles. However, surface sealing is often a problem on me-
dium- and fine-textured soils with weak structures.

In all cases, the selected water application rate must fall somewhere between
the maximum and minimum values set forth at the beginning of this section.
Local irrigation guides should be used where available to obtain suggested val-
ues for maximum water-application rates for different combinations of soils,
slopes, and cover. However, actual field data should be used for final design
purposes. Maximum application rates for good ground cover should be used
only when such cover can be preestablished and maintained.
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Table 5.4. Suggested maximum sprinkler application rates for average
soil, slope, and tilth

Slope
0-5% 5-8% 8-12% 12-16%
Maximum application rate

mm /hr mm /hr mm /hr mm /hr
Soil texture and profile (in. /hr) (in. /hr) (in. /hr) (in. /hr)
Coarse sandy soil to 50 38 25 13
1.8 m (6 ft) (2.0 (1.5) (1.0) (0.50)
Coarse sandy soils over 38 25 19 10
more compact soils (1.5) (1.0) (0.75) (0.40)
Light sandy loams to 25 20 15 10
1.8 m (6 ft) (1.0) (0.80) (0.60) (0.40)
Light sandy loams over 19 13 10 8
more compact soils (0.75) (0.50) (0.40) (0.30)
Silt loams to 1.8 m 13 10 8 5
(6 ft) (0.50) (0.40) 0.30) (0.20)
Silt loams over more 8 6 4 2.5
compact soils (0.30) (0.25) (0.15) (0.10)
Heavy textured clays or 4 2.5 2 1.5
clay loams (0.40) (0.10) (0.08) (0.06)

Table 5.4 can be used for suggested maximum application rates for periodic-
move systems. The table is based on average soil conditions for the irrigation
of all crops except grasses and alfalfa. Application-rate values for slopes rang-
ing from O to 16% are included in the table. For bare ground and poor soil
conditions, the values should be reduced by about 25 % . For grasses and alfalfa,
the values may be increased by about 25%. In addition, application rates should
be reduced by 25% for gun and some boom sprinklers, because they produce
an abundance of large-diameter drops and have high instantaneous application
rates.

For most irrigated crops, the minimum practical rate of application to obtain
reasonably good distribution and high efficiency under favorable climatic con-
ditions is about 3 mm /hr (0.12 in. /hr). Where high temperatures and high
wind velocities are common, the minimum application rate will be higher. Es-
tablishing minimum application rates for local conditions requires experience
and judgment.

Once maximum and minimum rates of application have been determined, the
designer of periodic-move systems needs to arrive at a final rate that will give
set periods that fit into the farm operation schedule. For periodic-move systems,
it is usually desirable to have intervals that give one, two, or, at most, three
changes per day and that avoid nighttime changes. Changes just before or after
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mealtimes are normally preferred, because this leaves most of the day for other
work. For fixed systems (especially automated ones) any number of changes
per day can be achieved.

Computing Set Sprinkler Application Rates
The average application rate from a sprinkler is computed by:

K
1= -4
S, % S,

(5.5)

where

I = average application rate, mm /hr, (in. /hr)
K = conversion constant, 60 for metric units (96.3 for English units)
g = sprinkler discharge, L /min (gpm)
S, = spacing of sprinklers along the laterals, m (ft)
S, = spacing of laterals along the main line, m (ft)

To compute the average instantaneous application rate, I;, for a sprinkler
having a radius of throw, R;, and wetting an angular segment, §,, Eq. 5.5 can
be modified to:

Kq

I = 5.6
x(R) x S,/360° (5.6)

where

K = same as for Eq. 5.5
R; = radius of wetted area, m (ft)
S, = angular segment (from a top view) wetted by a stationary sprinkler jet,

degrees

Sample Calculation 5.3 Computing average and instantaneous
application rates for set sprinkle systems.

GIVEN: A typical impact sprinkler with a 4-mm (5 /32-in. ) nozzle operating
at 345 kPa (50 psi) and discharging, ¢ = 19 L /min (5.0 gpm)
Spacing of sprinklers along laterals, S, = 9.1 m (30 ft)
Spacing of laterals along main line, §; = 15.2 m (50 ft)

CALCULATIONS: From Eq. 5.5 the average application rate is:
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60 x 19
I= m = 8.2 mm/hr (0.32 in./hr)
If the above sprinkler produced a wetted radius of R, = 13.7 m (45 ft), and the
jet stream wetted an angular segment of S, = 6°, then, by Eq. 5.6, the instan-
taneous application rate is:

96.3 X 5.0

' 6
T X (45)2 X%

4.5 in. /hr (114 mm /hr)

This is considerably higher than the infiltration rate of almost any agricultural
soil except during the first moments of an irrigation.

Increasing sprinkler pressures or applying other means to reduce drop size
tends to decrease the instantaneous application rate, [;. The smaller drops and
lower I; work together to reduce surface sealing. The greatest drop impact and
highest /; is toward the periphery of throw and downwind from the sprinkler.

A jet of water rotating quickly over the soil surface will cause less sealing
than a slower moving stream. A good rotational speed for the jet at the periphery
of the wetted area is 1.5 m/s (5 ft/s), which is a typical walking speed of 5.6
km /hr (3.5 mph). Thus, a typical impact sprinkler that produces a 30-m (100-
ft) wetted diameter should rotate about once a minute. However, a gun sprin-
kler, which wets an area over 120 m (400 ft) in diameter, should turn only
once every 4 to 5 min.
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6
Set Sprinkler Uniformity and Efficiency

Irrigation efficiency is a concept used extensively in system design and man-
agement. It can be divided into two components, uniformity of application and
losses. If either uniformity is poor or losses are large, efficiency will be low.
Several factors affect the water-application efficiency of sprinkle irrigation sys-
tems:

¢ Variation of individual sprinkler discharge throughout the lateral lines. This
variation can be held to a minimum by proper pipe network design or by
employing pressure- or flow-control devices at each sprinkler or sprinkler
nozzle.

¢ Variation in water distribution within the sprinkler-spacing area. This vari-
ation is caused primarily by wind. It can be partly overcome for set sprin-
kler systems by close spacing of the sprinklers. In addition to the variation
caused by wind, there is a variability in the distribution pattern of individ-
ual sprinklers. The extent of this variability depends on sprinkler design,
operating pressure, and sprinkler rotation.

¢ Loss of water by direct evaporation from the spray. Losses increase as
temperature and wind velocities increase, and as drop size and application
rate decrease.

¢ Evaporation from the soil surface before the water is used by the plants.
This loss will grow proportionately lower as greater depths of water are
applied.

UNIFORMITY

The uniformity of application is of primary concern in the sprinkle irrigation
design procedure.

Uniformity Calculations

A useful term for placing a numerical value on the uniformity of application for
agricultural irrigation systems is Distribution Uniformity, DU (Merrian and

86
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Keller, 1978). The DU indicates the uniformity of application throughout the
field and is computed by:

_ Average low-quarter depth of water received

DU x 100 (6.1)

Average depth of water received

The average low-quarter depth of water received is the average of the lowest
one-quarter of the measured values, where each value represents an equal area.

Another parameter that is widely used to evaluate sprinkle irrigation unifor-
mity is the coefficient of uniformity developed by Christiansen (1942):

CU = 100<1.0 - g)

nm

or

E|z —m|
CU=100({10 - ——— (6.2)
Lz

where

CU = coefficient of uniformity developed by Christiansen, %
z = individual depth of catch observations from uniformity test, mm (in.)
X = |z — m| = absolute deviation of the individual observations from the
mean, mm (in.)
m = (Xz)/n = mean depth of observations, mm (in.)
n = number of observations

The test data for CU > 70% usually forms a bell-shaped normal distribution
and is reasonably symmetrical about the mean. Therefore, CU can be approx-
imated by:

CU = Average low-half depth of water received

X 100  (6.2a)
m

and the relationship between DU and CU can be approximated by:
CU = 100 — 0.63(100 — DU) (6.3a)
or

DU

R

100 — 1.59(100 — CU) (6.3b)
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and the relationship between CU and the standard deviation, sd, of the individ-
ual depth of catch observations can be approximated by:

CU = 100(1.0 - %(2/7r)0'5> (6.3c)

which can be rearranged to give:

sd = # <1.0 - %) (6.3d)

Uniformity Problems

Even with nearly identical sprinklers operating simultaneously, the uniformity
test values may vary by a significant percentage. Usually the accuracy of the
catch data results in a deviation of +1 to 2%. In addition, the normal variation
of CU, v, (Solomon, 1978), and variation of DU, v, can be approximated by:

v. = +£[0.2(100 — CU)| % (6.4a)
vy = £[0.2(100 — DU)| % (6.4b)

Some of the things that affect uniformity tend to average out during a series
of irrigation applications. Other aspects of nonuniformity tend to concentrate,
that is, the same areas tend to be over- or underirrigated during each irrigation
application. The major concern is with those aspects that concentrate in the
problem areas.

The components of uniformity in sprinkle irrigation systems that tend to
smooth or cancel out, especially with hand-move systems, are:

1. Nonuniformity of operation of the sprinklers in periodic-move systems.
This includes: variations in turning speed; variations in discharge between
sprinklers caused by differences in nozzle size and wear; and irregularity
of trajectory angle caused by riser straightness.

2. Nonuniformity of the lateral line set time for periodic-move systems will
generally smooth itself out, especially if care is taken to do such things
as to alternate between day and night sets.

One item that tends to smooth out, but also has some tendencies to concen-
trate, is:

3. Nonuniform aerial distribution of water between sprinklers. This is a
function of overlap, sprinkler pattern shape, and wind effects on the over-
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lap and pattern shape. Because the wind is usually different during each
irrigation, there is some tendency for uniformity to improve over several
irrigations. Also, management programs, such as alternating day and night
sets and changing the lateral positions for each irrigation, smooth out some
nonuniformities. In general, close sprinkle spacings give higher unifor-
mities irrespective of wind conditions.

The following items tend to be additive, and thus they concentrate the under-
and overwatering problems, causing poor uniformity:

4. Differences in sprinkler discharges throughout the system caused by ele-
vation and friction loss.

5. Surface movement of water (both micro- and macrorunoff). Normally one
thinks of all the water infiltrating into the soil where it falls; however,
this is not always the case.

6. Poor water distribution around field boundaries. This is especially true in
the case of boom or gun sprinklers that, by necessity, produce a poor
watering pattern around all field boundaries. The outer 30 m (100 ft) of
a 64-ha (160-A) gun sprinkler-irrigated field contains 15% of the field
area. Tipping the risers outward to shorten the wetted radius or using part-
circle sprinklers along the field edges can greatly improve the application
uniformity around field boundaries.

Evaluating Sprinkler Uniformity

Most of the effort to evaluate sprinkle irrigation system uniformity and effi-
ciency is done with ‘‘can’’ (catch container) tests. Such tests typically measure
only the uniformity problems associated with Item 3 above. With close sprinkler
spacings on set systems, a high level of uniformity, with DU values above 90%,
is possible in the test area. However, the other problems causing lower unifor-
mity reduce the highest practical overall DU to about 85%.

A low DU or CU value indicates that losses due to deep percolation may be
large if adequate irrigation is applied to all areas. Although the concept of low
values is relative, values of DU < 60% (CU < 75%) are generally considered
relatively low, even for general field and forage crops. For higher value crops
aDU > 75% (CU > 84%) is recommended. However, the optimum unifor-
mity is determined by the economics of crop and applied water values, the crop
response to water and deficits, and drainage economics.

Figure 6.1 shows the catch container layout for measuring the uniformity of
distribution along a sprinkler lateral line. By overlapping the right- and left-
hand catch data, the total catch between adjacent lateral positions can be sim-
ulated. In addition to collecting the catch data, the sprinkler discharge and pres-
sure should also be determined during the field test (see Figs. 6.2 and 6.3).
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FIG. 6.1. Layout of Catch Containers for Testing the Uniformity of Distribution along a Sprin-
kler Lateral Line.

Complete details for conducting and evaluating field tests are presented in a
handbook by Merriam and Keller (1978).

Test facility data from a single operating sprinkler can be used to simulate
various sprinkler spacings along the lateral, S,, as well as spacings between
lateral lines, S,. For such tests the simulated composite catch data can best be
used for S, and S, values that are multiples of the can spacing used for the test.
However, simple interpolation can be used with reasonable accuracy when the
two spacings do not match. Complete details for conducting simple sprinkler
tests for research purposes or performance reporting are presented in the Amer-
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FIG. 6.2. Measuring Pressure at Sprinkler Nozzle with Gauge Connected to Pivot Tube.

FIG. 6.3. Measuring Sprinkler Discharge Using a Hose to Direct the Water into a Container of
Known Volume.
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ican Society of Agricultural Engineers Standards ASAE S330.1 or S398.1 (see
Appendix C).

Sample Calculation 6.1. Compare the distribution uniformity and
Christiansen’s Uniformity Coefficient from field test data.

GIVEN: The field test data presented in Fig. 6.4. (For conversion to metric:
1 ft = 0.305m; 1in. = 25.4 mm; 1 gpm = 3.79 L /min; 1 gal = 3.79 L; 1
psi = 6.895 kPa.)

CALCULATIONS: Figure 6.5 shows the data (converted to in. /hr) gathered
between sprinklers 5 and 6 (see Fig. 6.4) and overlapped to simulate a 50-ft
lateral spacing, S; = 50 ft. The sprinklers were spaced 30 ft apart on the lateral.
S, = 30 ft; thus, the sprinkler spacing is referred to as a 30- by 50-ft spacing.
The right-side catch is added to the left-side catch; the totals at each point
represent a complete 1.0-hr irrigation for a 30- by 50-ft spacing. For the sim-
ulated S5O-ft lateral spacing, the total of the catch rates at all 15 grid points is
3.97 in. /hr, which gives:

3.97
Average catch rate = T - 0.265 in. /hr

The average of the lowest one-quarter of the catch rates (use 4 out of 15) is:

0.20 + 0.22 + 0.22 + 0.23
4

Average low quarter rate = = 0.218 in. /hr

and from Eq. 6.1:

0.218
0.265

DU = X 100 = 82%
To estimate the CU, the absolute deviations, X = |z — m|, of the individual
observations from the mean must be determined, as shown by the numbers in
parentheses on Fig. 6.5. The sum of these deviations is 0.51, and from Eq.
6.2
0.51
CU=100{1.0 - — ) = 87%
< 397> ’

As mentioned earlier, the CU can be approximated from the average low-half
and mean values of the observations by Eq. 6.2a:

1.86/8
CU =
0.265

Furthermore, the CU can also be approximated from the DU = 82% by Eq.
6.3a:

X 100 = 88%

CU = 100 — 0.63(100 — 82) = 89%
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1. Location Field C-22 , Observer JIM , Date 9-30-75
2. Crop Tomatoes , Root zone depth 4.0 ft, MAD 50 %, MAD 4.4 in
3. Soil: texture glay loam, available moisture 2.2 in/ft, SMD 4.4 in
4. Sprinkler: make _ Rain Bird , model 29B , nozzles §/32 by in
5. Sprinkler spacing 30 by 50 ft, Irrigation duration _ 23.5 hrs
6. Rated sprinkler discharge 4.4 gpm at 40 psi giving 0.28 in/hr
7. Lateral: diameter 2 in, slope 12 %, Riser Height 18 in
8. Actual sprinkler pressure and discharge rate:
Sprinkler location number on test lateral
1 4 5 [} 10 15 end
Initial pressure (psi) 45 40 40 40 39 40
Final pressure (psi) 45 40 39 40
Catch volume (gal) 1.0 1.0 1.0 1.0 1.0
Catch time (min or sec) (.21 0.22 _0.22 0.22 0.22
Discharge (gpm) 4.8 4.6 4.6 4.6 4.6
9. Wind: Direction relative to
Part 10: initial » during _f , final _ /
Speed (mph): initial 2+ , during §+ , final 5%
10. Container grid test data in units of _ml , Volume/depth 200 ml/in
Container grid spacing 10 by 10 ft
Test: start 2:55 pm, stop 4:30 pm, Sration 1 hr 35 min = __1.58 hr
32 68 _77 909 73 66 9 ml
.10 .21 .24 .28 | .23 .21 .03 in./h
35 66 84 100 | 100 52 3
11 .21 .26 .31 ) .31 .16 .01
32 50 70 104 99 48 12
.10 .16 .22 .32@.31 .15 .04
31 74 88 104 P 86 56 11
.10 .23 .27 .32 ) .27 .17 .03
27 64 80 96 112 62 g
.08 .20 .25 .30 .35 .19 .03
20 49 59 107 87 36 13
.06 .16 .19 .33@.27 11 .04
11. Evaporation container: initial 2.15 final _2.10 1loss 0.05 in
12. Sprinkler pressures: max 45 psi; min 39 psi , ave 40 psi
13. Comments Test duration was too short. Depths caught measured in

1000 ml graduated cylinder. Wind velocities are less than normal.

FIG. 6.4. Sprinkler-lateral Irrigation Evaluation Form with Field Data.

The deviation of the approximated values of CU from the value computed by
Eq. 6.2 results from the small size of the sample and consequent deviation from
a typical normal distribution.

Although the system was designed for a 50-ft lateral move, the effect on
uniformity of choosing other move distances can also be evaluated from the
field test data. Table 6.1 summarizes computations for DU and CU for four
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LATERAL SET LATERAL SET
A B A
|- 1=
- 50 ft 3
- 0.10 0.21 0.24 0.28 ™
Sg 0.23 0.21 0.03 - —— Sg T
0.23 0.31 0.24 0.24 0.28
(0.03) (0.05) (0.02) (0.02) (0.02)
4 - 0.1 0.21 0.26 0.31
4 0.31 0.16 0.01 - -
X - o - - - =
QZ_: 0.31 0.27 0.22 0.26 0.31 °
a (0.05) (0.01) (0.04) {0.00) {0.05) @
- 0.10 0.16 0.22 0.32
0.31 0.15 0.04 _— -
0.31 0.25 0.20 0.22 0.32
Ss éﬁ S5 —
{0.05) (0.01) (0.06) (0.04) (0.06)

() DEVIATION FROM AVERAGE

FIG. 6.5. Combined Catch Pattern Data (in in./hr) Between Sprinklers 5 and 6 for a 50-Foot
Lateral Spacing.

typical lateral spacings, for the area between sprinklers 5 and 6 and the area
between sprinklers 4 and 5. All these values have been computed as above from
the data in Fig. 6.4, parts 8 and 10.

Comparing uniformity measurements illustrates the importance of choosing
a representative site for evaluation. The application on some sites in a field is
undoubtedly less uniform than on others. Therefore, it is important that the site
selected for testing be useful for evaluating the entire system. As indicated by
Eq. 6.4, even with nearly identical sprinklers operating simultaneously, the
uniformity test values may vary by a significant percentage. Furthermore, the
accuracy of the catch data themselves results in a deviation of + 1t02%.

Evaluating System Uniformity

Nozzle discharge varies as the square root of the nozzle pressure, unless special,
flexible-orifice nozzles are used to control flow. Figure 6.6B shows the rela-
tionship between discharge and pressure for a standard 4-mm (5 /32-in. ) nozzle
that gives 19 L /min (5.0 gpm) at 330 kPa (48 psi) and for a flexible-orifice
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Table 6.1. DU and CU values for four standard sprinkler spacings for
areas between sprinklers 5 and 6 and sprinklers 4 and 5 in Fig. 6.4

Sprinkler spacing (ft)

Test area 30 X 60
criteria 30 x 40 30 x 50 30 x 60 alt'

Area between sprinklers 5 and 6

DU 81 84 64 91
Cu 87 87 75 93

Area between sprinklers 4 and 5

DU 79 76 60 82
Ccu 86 89 70 91

'The alternate set values were computed using the test data for a 30- X 30-ft spacing.

nozzle designed to give approximately 19 L/min (5 gpm), over a range of
pressures.

Unfortunately, it is difficult to manufacture the flexible-orifice nozzles pre-
cisely, and they may have up to +10% variation in flow, even with uniform
pressures. Thus, flexible-orifice nozzles should be used only when the differ-
ence in pressure throughout the system is expected to exceed about 25% of the
desired average operating pressure, P,. The flow variation when pressure reg-

§ i b

B. Comparison of Pressure Versus Discharge Relationship for a Standard Fixed Nozzle and a
Flexible Orifice Nozzle.

FIG. 6.6. Flexible Orifice Nozzle Characteristics.
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ulators are used at the base of each sprinkler with fixed nozzles is less than half
as much. Therefore, pressure regulators will improve system performance when
expected pressure variations exceed about 0.10 P,.

The flow cross section of flexible-orifice nozzles reduces as the pressure in-
creases (see Fig. 6.6B). Thus, they maintain constant flow without causing the
7- to 14-kPa (1- to 2-psi) pressure drop typical of even better pressure regula-
tors used at the base of sprinklers. However, when pressures are above 550 kPa
(80 psi), the jet breakup and wind drift from flexible-orifice nozzles may be
excessive, and the sprinklers may turn erratically. Therefore, for such high-
pressure operation, either pressure regulators or flexible flow-control orifices
should be used at the base of the sprinklers.

When flexible-orifice nozzles are used, the DU and CU test values should be
multiplied by approximately 0.90 to obtain the system uniformity. Where pres-
sure regulators are used under each sprinkler, multiply by approximately 0.95
to obtain the system uniformity. (A detailed discussion on the use of discharge-
control devices with each sprinkler and their effect on sprinkler discharge uni-
formity is presented in Chapter 14.)

When pressure-control devices are not used, pressure variations throughout
the system may cause the overall uniformity to be lower than the uniformity in
the test area. Sprinkle discharge varies as the square root of pressure (see Eq.
5.1), and CU varies as the average discharge in the low-half (see Eq. 6.2a). By
assuming a linear distribution of pressure variations between the average and
minimum sprinkler pressures, we can compute the system CU by:

1+ (P,/P)"
2

System CU = CU X (6.5a)

And noting that DU varies as the average discharge of the low quarter (see Eq.
6.1), we can compute the system DU by:

1 +3(P,/P.)""

System DU = DU X 2

(6.5b)

where

P, = minimum sprinkler pressure, kPa (psi)
P, = average sprinkler pressure, kPa (psi)

Although the pressure distribution is not exactly linear between P, and P,
Egs 6.5a and 6.5b give very practical and reasonable results. The P, can be
estimated by taking the average of a large representative sample of pressure
readings throughout the system. (If the sample is large enough, the computed
CU and DU of the estimated sprinkler discharges can be used in place of the
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entire second or fractional terms in Egs. 6.5a and 6.5b, respectively.) With a
limited number of pressure readings, P, can be estimated as (2P, + P,)/3,
where P, is the maximum sprinkler pressure. For design purposes, P, is always
known, and P, can be computed from friction loss and elevation data.

Sample Calculation 6.2. Determine the System DU and CU.
GIVEN: The data from Fig. 6.4, Part 12 and Sample Calculation 6.1.
CALCULATIONS: Using Eq. 6.5b with the test DU = 82%:

1 + 3(39/40)"°

System DU = 82 X = 81%
and using Eq. 6.5a with the test CU = 87%:
0.5
1 + (39/40
System CU = 87 x L7 39/40) ~_ gcq

DESIGN CRITERIA

The leading manufacturers and independent testing agencies, such as CIT,' con-
duct sprinkler tests to obtain data on sprinklers operating under various simu-
lated and actual field conditions. Such data should be used for planning pur-
poses as a basis for selecting the combination of spacing, discharge, nozzle size,
and operating pressure that will result in the highest practical DU or CU for the
anticipated operating conditions. The data should be obtained from an indepen-
dent source like CIT if they are available. Data from manufacturers should be
used for backup.

Sprinkler Head Selection

Once manufacturer preference has been determined, actual sprinkler head se-
lection is based on the discharge rate, height of trajectory, and sprinkler distri-
bution characteristics desired. There is little difference between sprinkler selec-
tion for periodic-move and fixed sprinkler systems. The main exception is for
permanent installations using buried pipe, where the sprinkler-spacing selection
can be independent of the standard pipe lengths. Therefore, more economical

!Center for Irrigation Technology, California State Univ., Fresno, CA 93740-0018, phone (209)
394-2066.
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systems can be designed with low-discharge sprinklers set at the widest practical
spacings.

By keeping sprinkler discharge rates as low as possible while still using wide
sprinkler spacings, the size and amount of pipe, as well as the requirement for
labor, are kept to a minimum. Where soil surface sealing and infiltration are
not limiting, such as over dense crop covers or on stable, permeable soils, the
sprinkler giving the most economical overall system should be selected. How-
ever, when bare soil surfaces that tend to seal will be watered, sprinklers having
small-diameter nozzles between 2.0 and 3.6 mm (5/64 and 9/64 in.) and
operating at pressures over 345 kPa (50 psi) should be utilized.

Under-tree orchard systems require low-trajectory sprinklers to reduce foliar
wetting and interference. Under-tree, rather than over-tree, sprinkling is re-
quired for such sensitive tree crops as citrus when the irrigation water is of low
enough quality to cause leaf burn. In general, sprinklers that produce an E-type
pattern (see Fig. 5.8) by throwing a large proportion of water to the outer pe-
rimeter of the wetted area produce the best under-tree results. This is because
tree and foliar interference tends to deflect water close to the sprinklers where
the application would otherwise be lightest.

On over-crop systems in very windy areas, low-angle sprinklers with a tra-
jectory of 18 to 21° produce better results than higher angle sprinklers with 25
to 28° trajectories. Many sprinkler manufacturers have compromised on a tra-
jectory angle of between 22 and 24° to achieve reasonable performance under
various wind conditions. Where winds are always very low, high-angle sprin-
klers give the best results with a minimum of pressure.

Sprinkler Spacing

The basic criterion governing the selection of a spacing for any given sprinkler-
nozzle-pressure and wind combination is the uniformity of distribution. In gen-
eral, a CU of at least 85% is recommended for delicate and shallow-rooted
crops, such as potatoes and most other vegetables. A CU between 75% and
83% is generally adequate for deep-rooted field crops, such as alfalfa, corn,
cotton, and sugar beets. Tree and vine crops that have deep-spreading root sys-
tems can be adequately irrigated if the CU is above 70%. However, when ap-
plying chemicals through the system, a CU above 80% is recommended. Where
systems have low CUs due to wind, chemicals should be applied only during
calm periods.

Alternate Sets. Uniformity can be improved by positioning the laterals mid-
way between the previous settings for alternate irrigations. This practice is called
alternate sets, and the composite application uniformity is roughly equivalent
to having a lateral spacing only half as wide for each pair of irrigations. The
uniformity of a pair of irrigations using alternate sets can be approximated by:
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)0‘5

CU, = 10(CU (6.6a)

or

It

DU, = 10(DU)"’ (6.6b)

For gun or boom sprinklers, CU values of 60 to 75% are typical for low and
moderate wind conditions. These sprinklers are not recommended for use in
high winds (or in arid areas). By using alternate sets along the lateral or between
laterals when practical, CU,, values in the neighborhood of 80% can be obtained
in the central portion of a field. However, Eq. 6.6 should be used with caution
for low DU and CU values, especially where the duration between irrigations
is relatively long. This is because the soil moisture depletion in the least watered
areas may become excessive between the irrigations.

Interpretation of CU

Table 6.2 is presented to give a more useful meaning to the concept of CU.
The water distribution efficiencies, DE, given in the body of the table represent

Table 6.2. Design water distribution efficiency values,' DE,,, expressed
as percentages for various CUs and percentages of land area adequately
irrigated, pa*

Land area adequately irrigated — pa, %

CU, % 95 90 85 80 75 70 65 60 50

Water distribution efficiencies — DE,,, %

94 88 90 92 S, 95 96 97 98 100
92 83 87 90 92 93 95 96 97 100
90 79 84 87 89 92 93 95 97 100
88 75 81 84 87 90 92 94 96 100
86 71 77 82 85 88 91 93 96 100
84 67 74 79 83 86 89 92 95 100
82 63 71 77 81 85 88 91 94 100
80 59 68 74 79 83 87 90 94 100
78 55 65 71 77 81 86 89 93 100
76 50 61 69 75 80 84 88 92 100
74 46 58 66 73 78 83 87 92 100
72 42 55 64 70 76 82 86 91 100
70 38 52 61 68 75 80 85 90 100
68 34 49 58 66 73 79 85 90 100
66 30 45 56 64 71 78 84 89 100
56 9 29 43 54 63 71 79 86 100

' Adapted from Hart and Reynolds (1965).
2Example: DEg, = 85% is the distribution efficiency when the water requirement at the time of irrigation is met
or exceeded in 80% of the area irrigated fora CU = 86%.
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values for different CUs assuming the water requirement at the time of irrigation
is met on 95, 90, 85, . . ., or 50% of the irrigated area (Hart and Reynolds,
1965; and Hart et al., 1979). Thus, Table 6.2 combines the measurement of
application uniformity with the concept of the area adequately irrigated to obtain
a measure of distribution efficiency. For example, if a sprinkle system has a
CU of 86%, then, from Table 6.2, DEy, = 85%. This implies that for each
unit, i.e., millimeter (inch) of the average application of water received by the
crop or soil, 80% of the area would receive 85% of the average application or
more, and 20% of the area would receive less than 85%. Expressed as a for-
mula:

DE.. = Minimum net depth received by wettest 80% of area
80 =

Average net depth received over entire area

To apply a net application depth of 1.0 unit of water to at least 80% of the
area with a system having a CU of 86%, the average net application (after
allowing for wind drift and evaporation losses) must be:

1.0
85,/100

= 1.18 units of water

With a CU of only 70%, DEg, = 68%, and an average net application of 1.47
would be required to apply a net depth of 1.0 or more units of water to 80% of
the irrigated area.

Figure 6.7 illustrates the relation between surface area and depth of water
applied at the CU values discussed above. Both 70 and 86% CU values leave
20% of the area underirrigated and adequately (or over-) irrigate 80% of the
area. However, to do this requires a gross application of approximately 25%
more water with the 70% CU than with the 86% CU. Data for constructing the
curves in Fig. 6.7 were taken from Table 6.2. This was done by multiplying
the average net applications by the appropriate DE values and assuming the
curves to be symmetrical around the centerline.

It is interesting to note in Table 6.2 that when CU values are used as distri-
bution efficiencies, the adequacy of irrigation will be approximately 80%, i.e.,
the values under the DEg, column correspond almost perfectly with the values
under the CU column. In other words, CU = DEg,. It can also be demonstrated
that DU = DE,,. For example, from Eq. 6.3b, when CU = 86%, DU = 78%,
and from Table 6.2, DEy, = 77% for CU = 86%. Thus, when DU values are
used as distribution efficiencies, the adequacy of irrigation will be approxi-
mately 90%.

Table 6.3 is presented to extend the understanding of CU to give a feel of
relative productivity, especially when dealing with forage or other vegetative
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2.50 1
|« AREA —>{-«— AREA ADEQUATELY (OR OVER) IRRIGATED

UNDER-
2254  |RRIGATED %
2,001 ! CU=70%

1.75 1 !

1.50 4 1.47 ; CU=86%
AVERAGE NET / /\y

RELATIVE DEPTH OF APPLICATION—RATIO

APPLICATIONS _—
1.25 118 \' L —
a—
-
1.00 4 — ! DESIRED APPLICATION
) { (NET DEPTH)
— VOLUME OF
0.75 4 DEFICIT |
0.50

T T T ¥ T

10 9 8 70 60 5 40 30 2 10
AREA RECEIVING MORE THAN INDICATED DEPTH—PERCENT

o4

FIG. 6.7. Relation Between Surface Area and Depth of Water Applied for CU Values of 70
and 86% When 20% of the Area is Under-irrigated and the Remaining 80% of the Area Is
Adequately (or Over-) Irrigated.

Table 6.3. Relative percentages of optimum productivity (where
overwatering does not reduce yields) for various values of
CU and percentages of land area adequately irrigated

Land area adequately irrigated — %

CU, % 95 90 85 80 75 70 65 60
Relative production — 100(Y,/Y,), %
90 100 99 99 98 98 97 97 96
86 100 99 98 98 97 96 96 95
82 99 99 98 97 96 95 94 93
78 99 98 97 96 95 94 93 91
74 98 97 96 95 94 93 91 90
70 98 97 95 9% 92 91 90 89

64 97 97 95 94 91 90 88 87
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crops. For such crops, yield is almost a linear function of available water, and
overwatering does not reduce yield. (The relationship between water and yield
for various crops is covered in a later section.)

The data in Table 6.3 demonstrate that nearly optimal yields may be obtained
with a system having a low CU. For example, with a CU of 86 and 80% of the
area adequately irrigated 98 % of optimum yield might be obtained with an av-
erage net application 1.18 times the net depth required after allowing for wind
drift and evaporation losses (refer to Fig. 6.7). With a CU of only 70%, 94%
of the optimum yields might be obtained if 80% of the area were adequately
irrigated. However, the average net application would need to be 1.47 times
the adjusted net requirement. If CU = 70% and only 1.18 times the required
net depth were applied, to give DE = 85%, the adequacy of the irrigation would
be pa = 65% (see Table 6.2), and at best only 90% of optimum yields could
be expected (see Table 6.3).

Design Uniformity

Sprinkler performance is a function of the sprinkler’s physical characteristics
as well as nozzle size and pressure. Therefore, the DU or CU values used for
final design computations should be based on field or test facility data. How-
ever, for preliminary design or when test data are not available, Tables 6.4 to
6.7 can be used for planning purposes. These tables allow designers to obtain
estimated values of CU for various wind conditions and application rates for
the most common periodic-move sprinkler spacings.

The CU estimates presented in the tables were derived by W. C. Strong in
1961 from an analysis of numerous tests of impact sprinklers from various
sources (McCulloch, 1967). They had 1/2- or 3/4-in. bearings, standard 22
to 28° trajectory angles, and nozzles without straightening vanes (to consolidate
the jets). The four tables are separated according to wind speeds. Using vanes
and/or lower trajectory angles between 8 to 21° may improve application uni-
formities in higher wind speeds. With vanes and/or low angles, Table 6.5 can
be used with caution instead of Table 6.6 for 16- to 24-km /hr ( 10- to 15-mph)
winds, and Table 6.6 can be used instead of Table 6.7 for 24- to 32-km /hr
(15- to 20-mph) winds.

Sprinkle Head Discharge and Pressure Requirements

The required average discharge, ¢, of each sprinkler is a function of the average
application rate, /, and the sprinkler spacing. The required application rate de-
pends on time per set, net depth to be applied per irrigation, and application
efficiency. It is only practical to change periodic-move laterals once or twice
per day unless they are automated. For one change per day, the time per set
will be 24 hr minus the length of time required to change the lateral position.
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This leaves a total set time of 23.0 to 23.5 operating hours. For two changes
per day, set times will range between 11.0 and 11.5 hr.

The nozzle sizes and pressures in Tables 6.4 to 6.7 for each spacing will give
application rates, I, that fall within 0.5 mm /hr (0.02 in. /hr) of the rates in-
dicated by the column headings. Equation 5.5 should be used to compute the
precise flow rate needed for a given /. Then manufacturers’ sprinkler tables
should be consulted to determine the required operating pressure that will give
the desired flow rate. Pressures for standard nozzles should be selected to fall
within the following ranges:

Nozzle Sizes Pressure Range*
mm (in.) kPa (psi)
2.0t02.4 (5/64 t03/32) 140 to 310 (20 to 45)
2.8t03.6 (7/64t09/64) 170 to 345 (25 to 50)
4.0t04.4(5/321t0 11/64) 205 to 380 (30 to 55)
4.81t05.5(3/16t07/32) 240 to 415 (35 to 60)

*When straightening vanes are used, add 35 kPa (5 psi).

The low side of the pressure ranges given above should be increased by 35 to
70 kPa (5 to 10 psi) when sprinkling bare soils that tend to seal. High pressures
should be avoided to save energy and eliminate excessive drift and evaporation
losses.

Riser Height

Riser pipes elevate and support the sprinklers above the crop and provide the
connecting link to the lateral (see Fig. 6.3). They also help remove the turbu-
lence set up when part of the flow in the lateral pipeline is diverted to an indi-
vidual sprinkler. If not removed, this turbulence may carry through the nozzle
and cause premature stream breakup and reduced diameter of coverage and hence
produce a poorer distribution pattern (Wiersma, 1955). The length of pipe
needed to remove turbulence varies with sprinkler discharge. Following are
recommended minimum riser lengths (heights) for different discharges:

Minimum Riser

Sprinkler Discharge Height
L/s (gpm) cm (in.)
<0.6 (<10) 15 6)
0.6t0 1.6 (10 to 25) 23 )
1.6t03.2 (25 to 50) 30 (12)
3.2t07.6 (50 to 120) 45 (18)

>7.6 (>120) 90 (36)
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Most crops exceed 30 cm (12 in.) in height, so, except for clean, cultivated
orchards where low riser pipes are desirable for under-tree sprinkling, the choice
will be the minimum height to clear the crop. Some research studies indicate
that 30 to 60 cm (12 to 24 in.) additional height improves the sprinkler distri-
bution efficiency. However, there are obvious disadvantages to this, such as
additional wind drift and problems with handling lateral pipes with long risers
attached. Farmers usually prefer 45- to 60-cm ( 18- to 24-in. ) risers except when
irrigating higher growing crops, such as cotton and corn, or for fixed systems
with buried laterals.

LOSSES

Although efforts are often concentrated on evaluating systems by dealing with
uniformity problems, losses of water also reduce system efficiency. Frequently,
designers assume that systems will be perfectly managed and losses will be
minimal, but this is seldom so. Overwatering is perhaps the greatest cause of
loss in any irrigation system. In addition to overwatering due to poor irrigation
scheduling, the major sources of losses associated with sprinkle irrigation are:
evaporation from droplets and wet soil surfaces, transpiration from unwanted
vegetation, wind drift, field border losses, leaks, and system drainage.

Wind Drift and Evaporation

Wind drift and evaporation losses may be as little as a few percent when irri-
gating a crop with a full vegetative canopy in low winds. Under more common
conditions, wind drift and evaporation losses range between 5 and 10%. How-
ever, under very severe conditions, they can be considerably greater.

Figure 6.8 has been developed as a guide for estimating the effective portion
of the applied water that reaches the soil-plant surface. The values given for
the effectiveness portion of the applied water for different potential evapotran-
spiration rates are based in part on the work by Frost and Schwalen (1955). A
full plant canopy, high field-application efficiency, operating laterals spaced far
apart, and the average of day and night application were assumed. The fine-
spray curves are based on 4.8-mm (3 /16-in. ) nozzles operating at 415 kPa (60
psi) with a 12- by 18-m (40- by 60-ft) spacing. The coarse spray is for 4.8-mm
(3/16-in.) nozzles operating at 210 kPa (30 psi) with a 9- by 18-m (30- by
60-ft) spacing.

To enter Fig. 6.8, it is necessary to know whether the spray from a sprinkler
is coarse, fine, or somewhere in between. To make this determination, a
Coarseness Index, CI, is used. This index can be calculated by the following
method:

Pl.3

Cl=K 6.7
- (67)
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FIG. 6.8. Effective Portion of Water Applied by Sprinkling, R., Which Reaches Soil Surface
Under Different Environmental and Spray Conditions.

where

P = nozzle operating pressure, kPa (psi)
B = nozzle diameter, mm (in.)
K = conversion constant, 0.032 for metric units (1/64 for English units)

If the value of CI < 7, the spray is coarse, and the lower portion of Fig. 6.8
should be used to find R,. If CI = 17, then the spray is fine, and the upper
portion of the figure should be used. When the value of CI falls between 7 and
17, the R, value may be interpolated by:

(c1r -1
10

(17 - CI)

R, =
10

(R.), + (R), (6.8a)
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Alternatively, the following regression equation describes and interpolates
among all curves in Fig. 6.8:

R, = 0.976 + 0.005 ET — 0.00017 ET? + 0.0012 WS

—CI(0.00043 ET + 0.00018 WS + 0.000016 ET WS);
for7 < CI = 17

IfCIl < 7,letCIl =7, and if CI > 171let CI = 17 (6.8b)
where

R, = effective portions of water emitted from sprinklers, most of which
reaches the irrigated soil surface, decimal
(R,). = R, value from Fig. 6.8 from coarse spray curves
(R,); = R, value from fine spray curves
ET = potential or reference evapotranspiration or water consumptive use
rate, mm /day (for English units 1.0 in. /day = 25.4 mm /day)
WS = wind speed, km /hr, (for English units 1.0 mph = 1.6 km /hr)
CI = coarseness index from Eq. 6.7

Leaks and Drainage Losses

For well-maintained systems, leaks and drainage losses can be held to less than
1% of system capacity. Thus, the ratio of the water effectively discharged
through the sprinklers to the total system discharge, 0.99 < O, < 1.0. In buried
(permanent) systems these losses can be eliminated by using antidrain valves at
the sprinklers, so O, = 1.0. However, poorly maintained systems have been
known to have leakage and drainage losses of up to 10%, giving O, = 0.9.
Major areas where leaks occur are at sprinkler bearings and couplers. Excess
applications due to eroded (enlarged) nozzles might also be thought of as leak-
age.

EFFICIENCY

Useful application efficiency terms for agroirrigation have been summarized by
the On-farm Irrigation Committee of ASAE (1978). Perhaps the most often used
irrigation efficiency term is the ‘‘Classical Field Application Efficiency,”” E,,.

2Developed in 1988 by K. M. Fisher and R. G. Allen, Agric. and Irrig. Eng. Dept., Utah State
Univ., Logan, UT.
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This is the ratio of the average depth of irrigation water available for ET to the
gross depth of irrigation water delivered to the field.

By itself E,, only indicates the losses, because it merely shows the fraction of
delivered water stored within the root zone that is potentially accessible for
evaporation and transpiration. Thus, E, gives no indication of the adequacy of
the irrigation and, with exaggerated underirrigation, it can equal 100%.

Typically a slightly different application efficiency term E, is used in sprinkle
irrigation design. This is the E, term used in Eq. 5.3, to determine gross depth
of water required, d, from the net depth of irrigation desired, d,. Values of the
design E, are selected with a ‘‘general feeling,”’ for some level of adequacy,
rather than a specific one. To be more useful, an irrigation efficiency concept
should combine some measure of uniformity and adequacy of irrigation as well
as losses.

General Sprinkle Application Efficiency

A general equation for computing d, given d,,, should have an application effi-
ciency term that includes the effects of losses due to nonuniformity of appli-
cation, deep percolation, spray drift and evaporation, and pipe leakage. The
term that will be designated the designer E,, should also be specific as to ade-
quacy—the percentage area, pa, receiving the desired d,,.

The designer E,, for any percentage of the area adequately irrigated can be
computed by:

E,, = DE,,R,O, (6.9)
where

E,, = application efficiency based on adequately irrigating a percentage,
pa, of the field, %
DE,, = distribution efficiency for the desired percentage adequacy, pa,
(computed by Eq. 6.10 or taken from Table 6.2), %
R, = effective portion of applied water from Eq. 6.8, decimal
O, = ratio of water effectively discharged through sprinkler orifices or
nozzles to total system discharge, decimal

For computing DE,,, use the equation:’
DE,, = 100 + [606 — 24.9 pa + 0.349 pa® — 0.00186 pa’]

- (1 = CU/100) (6.10a)

3Developed in 1987 by R. G. Allen, Agric. and Irrig. Eng. Dept., Utah State Univ., Logan, UT.
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or

150
- (1 — CU/100) (6.10b)

2
DE,, = 100 — 1581(1 — CU/100) + 1581 exp [—(”—“ 40> }

The E,, is not a ‘‘Classical Application Efficiency,” E;, for if it were, d,
would be the minimum depth applied over the entire field. This is clearly not
s0, as implied by pa, which sets the limit on the portion that will be allowed to
remain underirrigated. But underwatering some portion of the field is practical,
because for the entire field to receive a minimum depth of water equal to d,
would be very difficult (except for very high CU values). For example, even
with the relatively high CU of 86% in Fig. 6.7 the gross application would need
to be increased from 1.18 to 1.57 units of water. This will be necessary for all
of the field to receive the desired 1.0 units of water.

A “‘classic”’ version of E,, is also useful. Values for the classic version can
be completed by replacing DE,,, in Eq. 6.9 with the classic version of DE,,.
DE,, values can be taken from Table 6.8 or computed using:?

DE,, = 100 + [432 — 21.3 pa + 0.323 pa® — 0.001785 pa’]
- (1 — CU/100) (6.11)

The difference between DE,, and DE,,, values for the same CU and pa values
represents the difference between the desired d,, and the average net depth avail-
able to satisfy crop water-use requirements, d,. The value of 4, will always be
less than d, when some portions of the field are underirrigated. When Tables
6.2 and 6.8 are compared, the differences between DE,, and DE,,, are small for
high uniformities and/or adequacies of irrigation, but are quite large for the
lower uniformities and adequacies.

Effect on Yield

Typically, E,, is used for design purposes to determine d given d, as in equa-
tions like Eq. 5.3. In such cases the ratio d,,/d, represents the resulting absolute
adequacy of each irrigation, as well as the total irrigation for the season in terms
of satisfying crop water-use requirements. In desert areas with crops for which
yield is directly proportional to ET and on soils where overwatering is not a
problem, the ratio of dj,/d, gives the actual yield, ¥,, compared to potential
yield, Y,. Obviously, d,/d, = DE,,/DE,, = E,,/E,, for the same values of
uniformity and pa. The relative production percentage values given in Table
6.3 are equal to this ratio.
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Table 6.8. Classic water distribution efficiency values, DE,,, expressed as
percentages for various CUs and percentages of land area adequately
irrigated, pa

Land area adequately irrigated — pa, %

CU, % 95 90 85 80 75 70 65 60

Water distribution efficiencies — DE,,, %

94 87 90 92 93 94 95 95 96
92 83 87 89 90 92 93 94 95
90 79 83 86 88 90 91 92 93
88 75 80 83 86 88 89 91 92
86 71 77 81 83 86 88 89 91
84 67 73 78 81 84 86 88 89
82 62 70 75 79 82 84 86 88
80 58 67 72 76 79 82 85 87
78 54 63 69 74 77 80 83 85
76 50 60 67 71 75 79 82 84
74 46 57 64 69 73 71 80 83
72 42 53 61 67 71 75 78 81
70 37 50 58 64 69 73 71 80
68 33 47 55 62 67 72 75 79
66 29 44 53 60 65 70 74 T
56 8 27 39 48 55 61 66 71

Actually, there are few crops for which the relative production is directly
proportional to d,, /d,; furthermore, in many areas a significant part of the crop
water requirements is from precipitation. Thus, a more comprehensive relation-
ship for estimating actual yield is warranted. The following relationship, which
is adapted from Doorenbos and Kassam (1979), is quite simple and accounts
for both crop response and effective rain:

D, + R
Y=Y, |1 —k, + k, —/——=" 6.12
‘ ”< ’ yDn+Rn> (6.12)
where
Y, = estimated actual crop yield, units /ha (units /A)
Y, = expected or potential yield with no water deficit, units /ha (units /A)
k, = specific yield response factor for each crop taken from Table 6.9, dec-
imal
D;, = average actual (or classic) net seasonal depth of irrigation water applied
and available for crop use, mm (in.)
D, = average (design) net seasonal depth of irrigation water applied and re-

quired, mm (in.)
R, = effective precipitation available for crop use, mm (in.)
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Table 6.9. Specific yield response factors," k,, for average water deficits
during the total growing season

Response Response
Crop Factor — k, Crop Factor — k,

Alfalfa 0.7-1.1 Potato 1.1
Banana 1.2-1.35 Safflower 0.8
Bean 1.15 Sorghum 0.9
Cabbage 0.95 Soybean 0.85
Citrus 0.8-1.1 Sugarbeet 0.7-1.1
Cotton 0.85 Sugarcane 1.2
Grape 0.85 Sunflower 0.95
Groundnut 0.7 Tobacco 0.9
Maize 1.25 Tomato 1.05
Onion 1.1 Watermelon 1.1
Pea 1.15 Wheat, spring 1.15
Pepper 1.1 Wheat, winter 1.0

! Adapted from Doorenbos and Kassam (1979).

When using Eq. 6.9 with k, values taken from Table 6.9 it is assumed that
irrigation is precise. It is also assumed that the R, used is what will actually be
available to the crop (and not include deep percolation losses). Where the ex-
pected yield, Y, is uncertain, Eq. 6.9 can be used to obtain Y, /Y, in order to
obtain a relative evaluation of different design criteria.

Special Sprinkle Application Efficiencies

The values in Table 6.2 are based on the statistical (mathematical) relationships
between CU and corresponding DE,,, values, assuming the overlapped patterns
are represented by a ‘‘normal’’ distribution function. As mentioned earlier, it
is interesting to note the close relationship between DEg, and CU for all values
of CU. Thus, when CU is used in place of DE,, in Eq. 6.9, the computed
application efficiency is approximately equal to Eg,. A similar relationship holds
true for values of DU and DEy,.

Using DU in place of DE,, in Eq. 6.9 gives what will be called the design
application efficiency of the low quarter, E,. The E, is a useful term for placing
a numerical value on irrigation efficiency for medium- to high-value crops.

When the soil moisture deficit, SMD, is divided by E,, to determine the gross
depth of irrigation, d, only about 10% of the area will remain below field ca-
pacity, FC. Conversely, about 90% of the area will be adequately irrigated and
will receive varying amounts of overirrigation, as discussed previously. Though
this is practical for medium- to high-value crops, it may be unjustified for lower
value field and forage crops. For such crops, an application efficiency based on
the average low-half depth is usually more appropriate. For design purposes,
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the application efficiency of the low half, E,, can be estimated by using CU in
place of DE,, in Eq. 6.9. Thus, when E,, is used to estimate d to replenish a
given SMD, only about 20% of the area will remain below FC (underirrigated).

The range of probable E, and E, values for the various types of set sprinkler
systems are:

Type E, E,
Periodic-move lateral 60 to 75% 70 to 85%
Gun or boom sprinklers 50 to 60% 60to 75%
Fixed lateral 60 to 85% 70 to 88%

The above efficiency values are based on crops with full canopies and systems
that are well-designed and carefully maintained. The values are merely esti-
mates and should be considered accordingly. Obviously, considerably lower
values would be obtained with poor management or where systems are poorly
designed or ill-suited to the prevailing conditions.

PRELIMINARY DESIGN COMPUTATIONS

Figure 6.9 shows a copy of Fig. 5.2 filled in for a sample field of alfalfa and
potatoes. Sample Calculations 6.3 and 6.4 illustrate the procedure for deter-
mining the desired application rate, I, and related average sprinkle discharge,
q, for the alfalfa field and the potato field, respectively.

Sample Calculation 6.3. Preliminary design computations for
alfalfa.

GIVEN: The information in Parts I and IT of Fig. 6.9 for alfalfa where the
average wind speed is 4 to 10 mph and:

The soil moisture depletion, MAD = 50%;

There will be one set change per day;

The sprinkler spacing is 40 X 60 ft;

The leaching requirement, LR = 0.05;

System leakage is insignificant; therefore, O, = 1.0.

FIND: The net depth per irrigation, irrigation interval, irrigation efficiency,
application rate, and sprinkler discharge requirement.

CALCULATION: For an MAD = 50%, the allowable soil water depletion, 4.,
is 50% of the total available water-holding capacity of the root zone. From Eq.
3.1itis:

50
d. = 6ft X 2.0 in. /ft X 100 = 6.0 in.
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. CROP (TYPE) Alfalfal Potato
(@) Root depth — mm (ft) z 6 2.5 Table 3.2
(b) Growing season — days 165 | 135 From an
(c) Water use rate — mm/day (in./day) Udq| 0.30 | 0.25 | Irrigption
(d) Seasonal water use — mm (in.) U | 30011790 Gujde
ll. SOILS [Area - ha (A)] 80
(a) Surface texture depth — cm (ft) L"g’" Sandy,
Moisture capacity — mm/m (in./ft) Wg| 29 1.6 Table 3.1
(b) Subsurface texture depth — cm (ft)
Moisture capacity — mm/m (in./ft) Wgq | S@T€ | Same
(c) Moisture capacity — mm (in.) 72.0 | 4.0
(d) Allowable depletion — mm (in.) dy | 6.0 20 |50% of Total
(e) Intake rate — mm/hr (in./hr) 0.6 04 Table 5 4
. IRRIGATION
(a) Interval - days f! 20 8
(b) Net depth — mm (in.) dn| 6.0 2.0
(c) Efficiency — % Eq| 79 | 75
(d) Gross depth — mm (in.) d 7.6 2.7
IV.  WATER REQUIREMENT
(a) Net seasonal — mm (in.) U 30 19
(b) Effective rain ~ mm (in.) Rnl 3 2
(¢) Stored moisture = mm (in.) Ms 5 2
(d) Net irrigation — mm (in.) Dn| 22 | 15
(e) Gross irrigation = mm (in.) Dgq| 28 20
(f) Number of irrigations 3 to 4|7 to 8
V. SYSTEM CAPACITY
(a) Application rate — mm/br (in./hr) | 0.33 | 0.23
(b) Time per set — hr Tql 23 | 11.5
(¢) Settings per day 1 2
(d) Days of operation per interval f 18 8
(e) Preliminary system capacity — L/s (gpm) 532

NOTE: 1 ft = 0.305 m; 1 in. = 25.4 mm; 1 gpm = 0.0632 L/s

FIG. 6.9. Preliminary Set Sprinkler Irrigation System Design Factors with Data in (English Units).
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The maximum allowable irrigation interval during the peak use period from Eq.
3.21is:

_ allowable depletion (in.) 6.0

=

water-use rate (in. /day) ~ 0.30 20 days

This equation uses the maximum allowable depletion to give the corresponding
maximum interval during the peak-use period that will give the desired level of
productivity. To fit the final system design, lesser net applications and corre-
spondingly smaller intervals may be used.

The application efficiency can be estimated from the effective portion of the
applied water R,, and the uniformity of application. Assuming the spray will
be midway between coarse and fine, from Fig. 6.8, for a potential evapotran-
spiration rate of 0.3 in. /day, the effective portion is:

097 +091 _

R
¢ 2

0.94

Because alfalfa is a relatively low-value crop, an application efficiency, E,,
based on the average low-half depth is appropriate, i.e., use CU as the measure
of distribution uniformity. Assuming an E; of 75% from Table 4.1, the prelim-
inary gross application depth, (d ), by Eq. 5.3a (for LR < 0.1) is:

6.0
() = 75/100

= 8.0 in.

Assuming it will take 1 hr to change the position of a hand-move lateral, the
time per set with one change per day will be 23 hr. Thus, the preliminary
application rate, (1), is:
8.0 in.
I —
(7) 23 hr
From Table 6.5 for 4- to 10-mph winds, the anticipated CU = 84 % on a 40-
X 60-ft spacing with water applied at 0.35 in. /hr. A more specific estimate of

CU can often be obtained directly from a supplier. The expected application
efficiency can be estimated in Eq. 6.9 by substituting CU for DE,, to give:

E,=CUXR, X 0, =284 X094 x 1.0 =79%

= 0.35 in. /hr

The required gross application can now be more accurately computed as:

6.0
d= = 7.6 in.
79/100 n
and the required application rate is:
.6 in.
_1Om 633 in /b

23 hr
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The required sprinkler discharge can now be calculated by Eq. 5.5:

_ I(Se X SI)
963

_0.33 X 40 X 60

9.3 = §8.22 gpm

Sample Calculation 6.4. Preliminary design computations for
potatoes.

GIVEN: The information in Parts I and II of Fig. 6.9 for potatoes where the
average wind is 10 to 15 mph and:

The soil moisture depletion, MAD = 50%;
Side-roll laterals with two changes per day;
The sprinkler spacing is 40 X 50 ft; and
System leakage is insignificant, O, = 1.0.

FIND: The irrigation efficiency, application rate, and sprinkler discharge re-
quired.

CALCULATION: Determine R, = 0.92 from Fig. 6.8 for ET = 0.25 in. /day
for 10- to 15-mph wind and average spray midway between fine and coarse.
Because potatoes are a relatively high-value, shallow-rooted crop, an applica-
tion efficiency, E,, based on the average low-quarter depth, is appropriate, so
use DU as the measure of uniformity. This will leave approximately 10% of
the area underwatered. Assuming an E, of 67%, the required gross application
would be:

2.0

4= 677100

= 3.0 in.

Assuming it will take 30 min to change the position of a side-role lateral, the
time per set with two changes per day will be 11.5 hr. Thus, the preliminary
application rate, (1), is:

3.0 in.

) = 5hr

From Table 6.6, for 10- to 15-mph winds, the anticipated CU = 78%. If al-
ternate sets are used, the improved CU, can be estimated by Eq. 6.6a as:

CU, = 10(CU)""* = 10(78)"* = 88%

= 0.26 in. /hr

Two processes can be used to find the expected E,. An estimated DU, can be
determined by Eq. 6.3a as:
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DU,

N

100 — 1.59 (100 — CU,)

I

100 — 1.59 (100 — 88) = 81%
and letting DU, = DE,,, in Eq. 6.9:
E, =81 X092 x1.0=175%

The other method is to enter Table 6.2 with CU, = 88% and find that, for 90%
of the area adequately irrigated, DEy, = 81%.
From Eq. 6.9:

E 90% adequaiey = 81 X 0.92 X 1.0 = 75%

The required gross application, assuming E, = 75%, can now be determined
by Eq. 5.3a since LR < 0.1 as:

2.0
d=——=27in.
75,/100 n
and the required application rate is:
2.7 in.
= = 0.23 in. /h
15n - 023 /hr

The required sprinkler discharge can now be computed by Eq. 5.5 as:

0.23 X 40 x 50

q= 963 = 4.78 gpm

Sample Calculation 6.5. Benefit of alternate sets.

GIVEN: The application efficiency and uniformity data developed in Sample
Calculation 6.4: CU = 78%, CU, = 88%, R, = 0.92, 0, = 1.0

FIND: An estimate of the productivity increase from alternate sets.

CALCULATIONS: In Sample Calculation 6.4, if alternate sets had not been
used, the application efficiency for 90% adequacy would have been much lower.
From Table 6.2 for CU = 78%, DEy, = 65% and by Eq. 6.9:

Eg =65 X092 X 1.0 = 60%

instead of Egy = 75% using alternate sets.

On the other hand, if the same application efficiency of 75% is assumed and
alternate sets are not used, then the adequacy of irrigation would be much lower.
From Eq. 6.9, and Table 6.2, the percentage of adequacy, subscript pa, can be
determined by noting that:
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E,, = DE,, X 92 X 1.0 = 75%
therefore
DE,, = 81%

From Table 6.2 for CU = 78%, find DE,, = 81% = DE;s. Therefore, the
percentage of adequacy is only 75% instead of 90% using alternate sets if the
same application efficiency is assumed with and without alternate sets.

The productive value of having 90% adequacy by using alternate sets versus
using regular sets that would give only 75% adequacy with the same gross
application can be demonstrated. Table 6.3 gives relative percentages of opti-
mum productivity for different CU and adequacy values, assuming overwater-
ing does not reduce yields. With a CU = 78 and 75% adequacy, the relative
production is 95%, and, for a CU = 88 and 90% adequacy, it is 99%. Thus,
the use of alternate sets can be expected to improve yields by at least (99 —
95) = 4%. If uneven watering causes losses of production or quality difference
(due to leaching of fertilizer or waterlogging), the gross yield or income differ-
ences may be considerably larger than 4 %.

Sample Calculation 6.6. Comparison of graphical with numerical
determination of design and classic net application depths.

GIVEN: The graphical relationship between surface area and depth of water
applied for CU values of 70 and 86%, when pa = 20% of the area is underir-
rigated and the remaining 80% of the area is adequately (or over-) irrigated as
shown in Fig. 6.7.

CALCULATIONS: The shaded area in Fig. 6.7 represents the volume of the
irrigation deficit with CU = DEg, = 86%, when the relative depth of appli-
cation is = 1.0 over pa = 80% of the irrigated area. Since the relative depth
values are the ratio d), /d,,, the average relative depth stored, which we will call

(d,)g is:
1.0 X 100% — (average volume of deficit)
1.0 x 100%

(d)g =

and by inspection the average volume of deficit is about 0.1 X 20% so:

100 — 0.1 x 20

= 0.98
100 0

(dn )R

thus, (d,/d,) = 0.98.
This is the same as the relative production value of 98 % presented in Table
6.3 for CU = 86% and pa = 80%. It can also be computed by the ratio of the
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classic/design water distribution efficiency values presented in Tables 6.8 and
6.2 for CU = 86% as:

d,/d, = DEy,/DEg, = 83/85 = 0.98
In a similar manner for CU = 70%, from the graph:
d,/d, = (100 — 0.25 x 20)/100 = 0.95

and from Table 6.3 the relative production is 94% or from Tables 6.8 and 6.2
for CU = 70%:

d,/d, = DE}/DEg, = 64/68 = 0.94

Sample Calculation 6.7. Determination of nozzle size and average
operating pressure.

GIVEN: The sprinkler spacing of 40 by 60 ft and the average sprinkler dis-
charge of g, = 8.22 gpm, giving an application rate of I = 0.33 in. /hr for the
alfalfa field considered in Sample Calculation 6.3.

CALCULATION: From Table 6.5 a sprinkler with a 13 /64-in. nozzle should
be appropriate (see column for 0.35 + 0.02 in. /hr). Furthermore, from Table
5.2 or from manufacturers’ charts, a 13 /64-in. nozzle will discharge 8.00 gpm
at 45 psi and 8.45 gpm at 50 psi. Thus the average sprinkler pressure, P,, that
will give the required discharge can be interpolated as P, = 47 psi.

Another way to estimate P, is by Eq. 5.2:

8.22\’
P, =45(=2) = i
" S5 <8.00> 47 psi

or by Eq. 5.1 with K; = 1.193 from Table 5.2:

2 2
4a 8.22 -
P = —_— = h— = 4
¢ <Kd> <1.193> 7psi
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