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Preface

The mission of this compendium is to serve as a text book or a reference manual for
graduate and under graduate students of agricultural, biological and civil engineering;
horticulture, soil science, and agronomy. I hope that it will be a valuable reference for
professionals that work with micro irrigation and water management; for professional
training institutes, technical agricultural centers, irrigation centers, Agricultural Exten-
sion Service, and other agencies that work with micro irrigation programs.

“MANAGEMENT OF DRIP/TRICKLE OR MICRO IRRIGATION” includes
information on principles of micro irrigation, filtration systems, automation, installa-
tion, chemigation, chloration, service and maintenance, evaluation of uniformity coef-
ficients, design, ET, and economic viability. It also contains a glossary of terms and
a bibliography. The majority of the chapters in this book are based on my research/
teaching/extension materials and publications on micro irrigation, at the University of
Puerto Rico—Mayagiiez Campus. English edition is a translation, revision, and ampli-
fied version of “the Spanish electronic-version by Goyal, Megh R., 2005. Manejo de
Riego por Goteo. Recinto Universitario de Mayagiiez.”

This book could not have been written without the valuable cooperation of a
group of engineers, agronomists, and students worldwide. At the University of Puerto
Rico—Mayagiiez Campus, I am grateful to: Alvaro Acosta, Carmen I. Alamo, Elvin
Caraballo, Octavio Colberg, Manuel Crespo, Guillermo Fornaris, Eladio A. Gonzélez,
Milton Martinez, José V. Pagan, Allan L. Phillips, Antonio Poventud, Nelson I. Rojas,
Carmen L. Santiago, Victor A. Snyder, Luis E. Rivera Martinez, Victor Hugo Ramirez
Builes, Eric W. Harmsen, and Miguel A. Lugo Lopez [QEPD]. The author also thanks
executive officers at University of Puerto Rico—Mayagiiez Campus, for the opportu-
nity to initiate micro irrigation program in 1979 under my supervision. I also thank
my students at University of Puerto Rico—Mayagiiez and at Haryana Agricultural
University—Hisar (India), who have enriched my knowledge in micro irrigation and
water management.

My special appreciations are due to: Vincent F. Bralts, Michael Boswell, .Pai Wu,
Kenneth H. Solomon, and <toromicroirrigation.com>/<toro.com> [Formerly James
Hardie Irrigation]. I request the readers to offer me their constructive suggestions that
may help to improve the next edition of this book.

I would like to thank editorial staff, Sandy Jones Sickles and Ashish Kumar—
Director at Apple Academic Press, Inc. for making every effort to publish the book
when the world community should be aware of the limited water resources not only
for irrigation use but also for human consumption.

Finally, my whole hearted thanks to my wife Subhadra and our children Vijay,
Neena, and Vinay for the understanding and collaboration of sharing the responsibil-
ity, time, and devotion necessary to prepare this manual. With my whole heart and best
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affection, I dedicate this book to my grandson Jeremaih Kumar and my grand daughter
Naraah Nicole. Both of them have motivated me to live longer and to live happier to
serve the world community.

— Megh R. Goyal, PhD., P.E.
June 1, 2012
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Forward

In the world, water resources are abundant. The available fresh water is sufficient even
if the world population is increased by 4 times the present population i.e., about 25
billion. The total water present in the earth is about 1.41 billion Km? of which 97.5% is
brackish and only about 2.5% is fresh water. Out of 2.5% of fresh water, 87% is in ice
caps or glaciers, in the ground or deep inside the earth. According to Dr. Serageldin, 22
of the world’s countries have renewable water supply of less than 1000 cubic meter per
person per year. The World Bank estimates that by the year 2025, one person in three
in other words 3.25 billion people in 52 countries will live in conditions of water short-
age.In the last two centuries (1800-2000) the irrigated area in the world has increased
from 8 m ha to 260 m ha to produce the required food for the growing population. At
the same time the demand of water for drinking and industries have increased tremen-
dously. The amount of water used for agriculture, drinking and industries in developed
countries are 50% in each and in developing countries it is 90% and 10% respectively.
The average quantity of water used for agriculture and other purposes in the world
are about 69% and 31% respectively. Water scarcity is now the single threat to global
food production. To overcome the problem, there is a compulsion to use the water ef-
ficiently and at the same time increase the productivity from unit area. It will involve
spreading the whole spectrum of water thrifty technologies that enable farmers to get
more crops per drop of water. This can be achieved only by introducing Drip / trickle
/Micro irrigation in large scale throughout the world.

Drip irrigation is a method of irrigation with high frequency application of water
in and around the root zone of plants (crop) and consists of a network of pipes with
suitable emitting devices. It is suitable for all crops except rice especially for widely
spaced horticultural crops. It can be extended to wastelands, hilly areas, coastal sandy
belts, water scarcity areas, semi arid zones and well irrigated lands.By using drip irri-
gation, the water saving compared to conventional surface irrigation is about 40 — 60%
and the yield can be increased up to 100%. The overall irrigation efficiency in surface
irrigation, sprinkler irrigation and drip irrigation are 30 — 40%, 60 — 70% and 85-95%
respectively. Apart from this, saving of labor and fertilizer used and less weed growth
are other advantages.The studies conducted and information gathered from various
farmers in India has revealed that drip irrigation is technically feasible, economically
viable and socially acceptable. Since the allotment of water is going to be reduced for
agriculture, there is a compulsion to change the irrigation method to provide more area
under irrigation and to increase the required food for the growing population.

I personally reviewed this manual. Professor Megh R. Goyal is a reputed agri-
cultural engineer in the world and has wide knowledge and experience in Soil and
Water Conservation Engineering particularly drip irrigation. He has contacted / con-
sulted many experts who are involved in the subject matter to bring the experience and
knowledge about drip irrigation in this book. He has also given many figures illustra-
tions and tables to understand the subject. I congratulate the author for writing this
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xii Management of Drip/Trickle or Micro Irrigation

valuable book and the information provided in this book will go a long way in bringing
large area under drip irrigation in the world especially in water scarcity countries. On
behalf of Indian scientists on micro irrigation, I am indebted to Apple Academic Press
for undertaking this project.

Professor (Dr.) R. K. Sivanappan

Former Dean- cum- Professor of College of Agricultural Engi-
neering and Founding Director of Water Technology Centre at
Tamil Nadu Agricultural University, Coimbatore, India. World-
wide consultant on Micro Irrigation. Author of about 750 sci-
entific papers, 25 books, 50 reports on water management and
drip irrigation. Father of Drip Irrigation in India as mentioned
by Mrs. Sandra Postel in her book “Pillar of sand — can the
irrigation miracle last by W.W.Norton and company — New
York”. Recipient of Honorary Ph..D. degree by Linkoping
University, Sweden.

August 27, 2010.
Coimbatore - India
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With only a small portion of cultivated area under irrigation and with the scope to
the additional area which can be brought under irrigation, it is clear that the most critical
input for agriculture today is water. It is accordingly a matter of highest importance that
all available supplies of water should be used intelligently to the best possible advan-
tage. Recent research around the world has shown that the yields per unit quantity of
water can be increased if the fields are properly leveled, the water requirements of the
crops as well as the characteristics of the soil are known, and the correct methods of
irrigation are followed. Very significant gains can also be made if the cropping patterns
are changed so as to minimize storage during the hot summer months when evapora-
tion losses are highest, if seepage losses during conveyance are reduced, and if water is
applied at the critical times when it is most useful for plant growth.

Irrigation is mentioned in the Holy Bible and in the old documents of Syria, Persia,
India, China, Java and Italy. The importance of irrigation in our times has been defined
appropriately by N.D Gulati: “In many countries irrigation is an old art, as much as the
civilization, but for humanity it is a science, the one to survive”. The need for addi-
tional food for the world’s population has spurred rapid development of irrigated land
throughout the world. Vitally important in arid regions, irrigation is also an important
improvement in many circumstances in humid regions. Unfortunately, often less than
half the water applied is used by the crop — irrigation water may be lost through runofft,
which may also cause damaging soil erosion, deep percolation beyond that required
for leaching to maintain a favorable salt balance. New irrigation systems, design and
selection techniques are continually being developed and examined in an effort to ob-
tain the highest practically attainable efficiency of water application.

The main objective of irrigation is to provide plants with sufficient water to pre-
vent stress that may reduce the yield. The frequency and quantity of water depends
upon local climatic conditions, crop and stage of growth and soil-moisture- plant char-
acteristics. Need for irrigation can be determined in several ways that do not require
knowledge of evapotranspiration [ET] rates. One way is to observe crop indicators
such as change of color or leaf angle, but this information may appear too late to avoid
reduction in the crop yield or quality. Other similar methods of scheduling include
determination of the plant water stress, soil moisture status or soil water potential.
Methods of estimating crop water requirements using ET and combined with soil char-
acteristics have the advantage of not only being useful in determining when to irrigate,
but also enables us to know the quantity of water needed. ET estimates have not been
made for the developing countries though basic information on weather data is avail-
able. This has contributed to one of the existing problems that the vegetable crops are
over irrigated and tree crops are under irrigated.

Water supply in the world is dwindling because of luxury use of under ground
sources; competition for domestic, municipal and industrial demands; declining water
quality; and losses through seepage, runoff, and evaporation. Water rather than land
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xiv. Management of Drip/Trickle or Micro Irrigation

is one of the limiting factors in our goal for self-sufficiency in agriculture. Intelligent
use of water will avoid problem of sea water entering into aquifers. Introduction of
new irrigation methods has encouraged marginal farmers to adopt these methods with-
out taking into consideration economic benefits of conventional, overhead and drip
irrigation systems. What is important is “net in the pocket” under limited available
resources. Irrigation of crops in tropics requires appropriately tailored working prin-
ciples for the effective use of all resources peculiar to the local conditions. Irrigation
methods include border-, furrow-, subsurface-, sprinkler-, sprinkler, micro, and drip/
trickle and xylem irrigation.

Drip irrigation is an application of water in combination with chemigation within
the vicinity of plant root in predetermined quantities at a specified time interval. The
application of water is by means of drippers which are located at desired spacing on
a lateral line. The emitted water moves due to an unsaturated soil. Thus, favorable
conditions of soil moisture in the root zone are maintained. This causes an optimum
development of the crop. Drip / micro or trickle irrigation is convenient for vineyards,
tree orchards and row crops. The principal limitation is the high initial cost of the sys-
tem that can be very high for crops with very narrow planting distances. Forage crops
cannot be irrigated economically with drip irrigation. Drip irrigation is adaptable for
almost all soils. In very fine textured soils, the intensity of water application can cause
problems of aeration. In heavy soils, the lateral movement of the water is limited, thus
more emitters per plant are needed to wet the desired area. With adequate design, use
of pressure compensating drippers and pressure regulating valves, drip irrigation can
be adapted to almost any topography. In some areas, drip irrigation is used success-
fully on steep slopes. In subsurface drip irrigation, laterals with drippers are buried at
about 45 cm depth, with an objective to avoid the costs of transportation, installation
and dismantling of the system at the end of a crop. When it is located permanently, it
does not harm the crop and solve the problem of installation and annual or periodic
movement of the laterals. A carefully installed system can last for about 10 years.

The publication of this book is an indication that things are beginning to change,
that we are beginning to realize the importance of water conservation to minimize the
hunger. It is hoped that the publisher will produce similar materials in other languages.

In providing this resource in micro irrigation, Megh Raj Goyal, as well as the
Apple Academic Press, is rendering an important service to the entire world, and above
all to the poor. Dr. Goyal, Father of Irrigation Engineering in Puerto Rico has done an
unselfish job in the presentation of this manual that is simpler, thorough, complete and
useful during the world economical crisis.

Gajendra Singh, Ph.D.

President 2010-2012, Indian Society of Agricultural Engineers
Former Vice Chancellor, Doon University, Dehradun, India

Former Deputy Director General (Engineering), Indian Council of Ag-
ricultural Research, New Delhi

Former Vice — President/ Dean/ Professor and Chairman, Asian Insti-
tute of Technology, Thailand
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Warning/Desclaimer

USER MUST READ IT CAREFULLY

The goal of this text book is to guide the world community on how to manage the
“DRIP/TRICKLE or MICRO IRRIGATION” system efficiently for economical crop
production. The reader must be aware that the dedication, commitment, honesty, and
sincerity are most important factors in a dynamic manner for a complete success. It is
not a one time reading of this manual. Read and follow every time, it is needed. To err
is human. However, we must do our best. Always, there is a space for learning new
experiences.

The editor, the contributing authors, the publisher and the printer have made every
effort to make this book as complete and as accurate as possible. However, there still
may be grammatical errors or mistakes in the content or typography. Therefore, the
contents in this book should be considered as a general guide and not a complete solu-
tion to address any specific situation in irrigation. For example, one size of irrigation
pump does not fit all sizes of agricultural land and to all crops.

The editor, the contributing authors, the publisher and the printer shall have neither
liability nor responsibility to any person, any organization or entity with respect to any
loss or damage caused, or alleged to have caused, directly or indirectly, by informa-
tion or advice contained in this book. Therefore, the purchaser/reader must assume full
responsibility for the use of the book or the information therein.

The mentioning of commercial brands and trade names are only for technical pur-
poses. It does not mean that a particular product is endorsed over to another product or
equipment not mentioned. Author, cooperating authors, educational institutions, and
the publisher Apple Academic Press Inc. do not have any preference for a particular
product.
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Dispersion Dissolution

Capillary Fring

Hydrologic cycle and watershed components of the water balance.

INTRODUCTION

The soil moisture is one of the factors that affect the crop production. The plants
require an adequate amount of soil moisture that may vary according to the crop spe-
cies and stage of growth or development of a plant [1]. The soil can only store a
limited amount of water, and only a part of this storage is available to the plant. For
this reason, it is essential to know the soil moisture content per unit mass or per unit
soil volume, and its water potential or availability of the soil moisture. This provides
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Methods to Measure Soil Moisture 3

valuable information to understand many of the chemical, mechanical, and hydraulic
properties of the soil. This information helps to design an efficient irrigation system
for supplying water to the soil for the plant use. Different methods have been devel-
oped to determine the soil moisture. The use of each of these methods depends mainly
on the economical resources of the operator, his knowledge and a desirable degree of
precision. This chapter discusses basic principles of soil, water, and plant relations;
and the use, operation, advantages, and disadvantages of various methods to determine
soil moisture. We hope that this information can enrich the knowledge of the farmers,
scientists, and agricultural technicians.

This chapter includes basic relations among soil, water, and plants for an irrigated
agriculture; and the balance and distribution of water in the soil horizons. The absorp-
tion of water into soil is determined by: Interceptions, runoff, infiltration, hydraulic
conductivity, deep percolation, available soil moisture to the plant, and evaporation
[4, 5 and 7].

SOIL, WATER, AND PLANT RELATIONS

The understanding of the relations among soil, water, and plants is essential for ir-
rigated agriculture. In the case of drip irrigation system, it is particularly important
because of high initial cost of the installation. Even in areas of high amounts of rain-
fall, the scarcity of water can limit the development of crops. This may be attributed
to an uneven distribution of rainfall, a high runoff or a deep infiltration in soils with
low capacity of water retention. Therefore, the importance of irrigation is not limited
only to arid or semiarid regions. Amount of water available to the plant is affected by
crop water requirements and soil characteristics. The soil moisture at any given time
is equal to the amount of rainfall and irrigation received by the soil minus the water
loss from soil evaporation, plant transpiration, and deep infiltration. The availability
of water to plants also depends on root characteristics and soil properties such as: Soil
structure, soil texture, soil porosity, soil hydraulic conductivity, soil field capacity,
and permanent wilting percentage. The absorption of water into the soil is determined
by: Rainfall characteristics, irrigation, soil cover, the process of interception, runoff,
infiltration, redistribution of water and deep percolation, retention, evaporation, and
transpiration.

Interception is an amount of water that is intercepted by a plant canopy and soil
cover. The water loss by interception is expressed as percentage of total rainfall and
fluctuates between 15 and 20%. The high values are for abundant vegetation and for
low applications of irrigation depth. The intercepted water never reaches the soil be-
cause it evaporates directly from the plant surface. In case of drip irrigation, the water
is applied directly into the soil near the plant. Therefore the water loss due to intercep-
tion does not occur.

Runoff: Rainfall on fallow (uncultivated) land increases runoff and the probability
of high soil erosion. In many soils, with differentiation of horizons, the water infil-
trates and soon flows across the contact surface between plowed and unplowed subsoil
and eventually flows downward. If the fertilizer has been applied to a soil under these
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4 Management of Drip/Trickle or Micro Irrigation

conditions, the runoff water will probably have a high concentration of minerals. This
leads to fertilizer losses and increases the risk of environmental contamination.

Infiltration: The infiltration rate is an amount of water that penetrates the soil sur-
face in a given interval of time. The infiltration rate is affected by soil properties such
as: Apparent soil density, the pore distribution according to soil texture and structure
and the stability of the soil aggregates. The duration of infiltration is extremely impor-
tant. In the beginning of infiltration process through a relatively dry soil, the infiltra-
tion rate will be initially high and later would gradually diminish to a constant value
that may be close to the soil hydraulic conductivity.

Hydraulic Conductivity is a vertical speed of water movement in the soil when
the water is subjected to an equal net force due to gravity [This definition requires that
the hydraulic potential should be expressed in units of lengths: hydraulic or pressure
head]. It is a soil property that can be easily measured in the field or in the laboratory.
Gravity is a dominant cause of water movement in two very important situations:

1. Infiltration occurs over a long period of time when surface has been wetted to

a significant depth.

2. There is a deep percolation (redistribution) of water from wetted superficial
horizons to inferior horizons, after the infiltration through the surface of the
soil has ceased. This situation determines the time and soil moisture tension at
field capacity of a soil.

Moisture Redistribution and Deep Percolation: After the infiltration has ceased,
the drainage of water begins through the wetted superior horizons. The water loss is
retained and redistributed by the dry inferior horizons or passes through the profile
and becomes part of the subterranean water (deep percolation). The velocity of water
redistribution or percolation is basically a function of the hydraulic conductivity. In the
beginning, the hydraulic conductivity is high because of high soil moisture and high
percolation rate. With elapsed time, the water drains from the soil and the hydraulic
conductivity and the percolation rate are lowered. The process continues until the hy-
draulic conductivity is so low to cause almost zero drainage of water.

Retention of Available Soil Moisture: The water available for plants is a quantity
of soil moisture retained between the field capacity (at a tension of 0.33 bars) and the
permanent wilting percentage (at a tension of 15 bars). Traditionally, the available
fraction is determined assuming that the field capacity corresponds to soil moisture
retention at 0.33 bars of the tension. The retention capacity of available moisture to
the plants varies greatly among soils [8]: Being higher in the Vertisols followed by the
Inceptisols, Millisols, Ultisols, Alfisols, and finally the Oxisols groups. Sandy soils
tend to have a low moisture retention capacity independent of the soil order. The soil
capacity to supply water to the plants can be modified through adequate agricultural
practices.

Evaporation: After a period of rainfall or irrigation, a percentage of irrigation
depth is lost due to direct evaporation from the soil surface. The evaporation loss de-
pends on duration, rate and frequency of the irrigation depth or rainfall, and the fraction
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of soil surface exposure. Light and frequent applications of water generally result in
high evaporation losses, including the case of a drip irrigation system. For a fully ex-
posed soil, uniform irrigation (the entire surface is wetted) and potential evapotranspi-
ration of 5 mm/day: the water loss due to direct evaporation was between 25 and 90%
of the potential evapotranspiration for irrigation intervals of 20 days and two days,
respectively. The amount and type of soil cover can drastically modify evaporation
loss under a given regime of applied water. As the crop foliage develops, the resulting
shade reduces the water loss by evaporation, allowing a portion of the applied water to
be lost through transpiration from the vascular system of the plant. This increases ef-
ficiency of water use. The application of organic mulch on the soil surface can be very
effective in the control of evaporation. The mulching probably can reduce the losses
by evaporation and promoted the infiltration rate.

Transpiration is an evaporation of soil moisture from the vascular system of
the plant. The volume of transpired water depends on the evapotranspirative demand
(potential evapotranspiration), the stage of crop growth, and the amount of available
moisture in the root zone. For many crops, it has been found that the transpiration
starts to reduce and the plants begin to show water stress once approximately half of
the available soil moisture in the root zone has been extracted by the plant. Therefore,
the moisture retention capacity of the soil plays an important role in the determination
of frequency, duration, and depth of irrigation to satisfy the water needs of the plant.

PRINCIPLES OF SOIL AND WATER RELATIONS

Soil Composition

The soil is a complex mass of minerals and organic matter (Figure 1.1), arranged in a
structure containing air, water, and solutes. The mineral portion of the soil is formed
by the fragmentation and decomposition (interperization) of rocks by physical and
chemical processes. It consists mainly of silica and silicates with other minerals such
as potassium, calcium, and phosphorus. The organic matter is formed by the activity
and accumulation of residues of various species of macroscopic and microscopic or-
ganisms. Following are principal benefits of the organic matter:

1. To provide source of essential nutrients to the plants, particularly nitrogen.

2. To improve and to stabilize the soil structure to form stable aggregates that
facilitates plowing.

To improve aeration and drainage in clayey and silty soils.
To improve the field capacity in sandy soil.
To improve the retention of available water to the plants, in sandy soil.

AN

To act as a cushioning agent that reduces the chances of abrupt changes in soil
pH.

7. To affect the formation of organic-metallic compounds. This way, soil nutri-
ents are stabilized.
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Figure 1.1. The soil components that affect the growth and development of a plant.

The water constitutes liquid phase of the soil and is required by the plants for the
metabolism and transportation of soil nutrients. Soil water is needed for the physi-
ological process of transpiration. The soil contains dissolved substances and is called
as soil solutes. The soluble salts are always present in the soil water. Some are es-
sential nutrients for the plants, while others in excessive amounts are detrimental.
The gaseous phase constitutes the atmosphere of the soil and is indispensable for the
respiration of the microorganisms and for providing a favorable atmosphere for the
development and absorption of nutrients by roots. Therefore, the soil consists of three
main phases: solid, liquid, and gas. The relative portions, of these three phases, vary
continuously depending on the climate, vegetation, and soil management. Figures 1.1
and 1.2 show soil composition that is ideal for plant growth. The irrigation practices
must be adequate so that the moisture, the air, and the nutrients are available in the
correct proportions when needed.
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Figure 1.2. Effect of soil texture on the available water.

Soil Texture

The soil is composed of infinite variety of sizes and forms of soil particles. The indi-
vidual mineral particles are divided in three categories: Sand, silt, and clay (Figures
1.3 and 1.4). This classification is significant to the plant growth. Many of the reac-
tions and important chemical and physical properties of soil are associated with the
surface area of the soil particles. The surface area increases significantly as the particle

size is reduced.
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Figure 1.3. Volumetric content of the four principal soil components that is adequate for ideal growth
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Figure 1.4. Soil texture classification [USDA Soil Conservation Service, Washington D.C., USA].
Legend: Fi = Fine, Co. = Coarse, v*fi = very fine, med. = medium, v.co. = very coarse

A description of soil texture can give us an idea about the interactions between soil
and plant. In the mineral soil, the interexchange capacity (ability of retention of essen-
tial elements by the plants) is closely related to the clay percentage in the soil and the
soil class. The capacity water retention of a soil is determined by the size distribution
of particles (Figures 1.2 and 1.3). The fine textured soil (with high percentage of clay
and silt) retains more water than sandy soil. The fine textured soil is generally more
compact, movement of water and air is slow, and is more difficult to plow [12, 13].
Twelve classes of soil texture are recognized based on the percentage composition of
sand, silt, and clay (Figure 1.4). Medium textured soils such as silty, sandy silt, and
sticky silt are probably best for plant growth. Despite of this, relationship between soil
texture and crop yield cannot be generalized to all soils (Figure 1.4).
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Soil Structure

The individual soil particles (sand, silt, and clay) can be united to form soil aggregates.
The soil structure is an arrangement (direction, shape, and arrangement) of individual
particles and soil aggregates with respect to one another. There are generally four
principal types of soil structure such as: Laminar, prismatic, cuboide, and spherical
as shown in Figure 1.5. When the soil units (particles and/or aggregates) are arranged
around horizontal plane with much more longer horizontal axis than vertical axis, the
soil structures are classified as laminar such as: Plates, leaves, or lenses. When the
soil units are fixed around a vertical line forming pillars and united by relatively flat
surfaces, the structure is known as prismatic or columnar. The third type of structure
is called cuboide (in form of angular or sub-angular block) and it is characterized by
approximately equal length in all three directions. The fourth arrangement is known
as the spheroidal (granulate) and includes all the round and loose aggregates and that
can be separated easily. The soil structure influences the plant growth. This is mainly
due to its effect on the movement and retention of moisture, aeration, drainage, and
erosive properties of soil. These can be maintained and improved with cultural prac-
tices of crop and irrigation. However, these can also be destroyed by inadequate soil
management.

Moisture (or Soil Water)

Some soils are very wet and may lack sufficient moisture available at a desired time,
to obtain a good crop yield [2]. Therefore, classification, retention, and movement
of soil water have drawn attention of many investigators during the last century. In
1897, Briggs explained the mechanism of retention of soil moisture on the basis of
the hypothesis of capillary pores [8]. He classified soil water as gravitational, cap-
illary, and hygroscopic based on the fact that there existed a continuous and tense
film around the soil particles and the retention of soil moisture was dependent on the
pore spaces. The water moved from coarse to fine particles. The speed of the water
movement was related with specific curvature of particles, the surface tension and
the viscosity of the liquid. Ten years later, Buckingham proposed another hypoth-
esis on the basis of energy concepts. He suggested “Capillary Potential” to indicate
the attraction between the soil particles and the water. In 1935, Schofield proposed
the following equation to express the energy or tension with which the water was
retained to the soil:

pF = Log,, [Height of water column] (1)

The movement and relation of soil water is now interpreted based on energy con-
cept. Richard, Russel, Veihmeyer, Bouyoucos, and many other investigators have used
this concept to develop devices to measure the tension with which the water is retained
by the soil [8]. Soil water can be classified as: Gravitational water, capillary water,
and hygroscopic water. This classification is merely physical and can be adapted to a
concept of free energy on a tension scale. Figure 1.6 shows biological and physical
classification of the soil water [2].
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Figure 1.5. Classes of soil structure.
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Figure 1.6. Soil composition affects available water to the plant.
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Classification of soil water

When the soil is wetted by rainfall or abundant irrigation, the water will fill all the
pore spaces creating a thick water film around soil particles. Under these conditions,
a saturation state is established. For this reason, the water is not strongly adhered or
retained to soil particles. If appropriate conditions of water-drainage exist, capillary
pores begin to drain due to the gravitational force. When all the macro pores have been
drained but capillary pores continue to be full, this limit is called field capacity. Gravi-
tational water is a soil water between its point of saturation (tension of zero atm.) and
the soil field capacity (tension of 0.33 atm.). The gravitational water is undesirable.
From the agricultural point of view, this fraction of water occupied by the pore spaces
under optimal conditions of plowing must be occupied by the soil air. Because of low
soil moisture tensions, this can be readily available unless prevented by some undesir-
able soil characteristics [8, 13].

As soon as the soil reaches field capacity, the gravitational component is no
longer a principal factor for the water movement. Now absorption of water by
plant roots and the evaporation are the main factors. As the soil moisture is ex-
tracted, thickness of the water film around soil particles is diminished and the
water tension increases. At high soil moisture tension, the plants can not absorb
sufficient water fast enough to compensate for the loss by transpiration. And the
plants show signs of wilting. If the plants are able to recover of the wilting when
these are placed in a saturated humid atmosphere, then the state of wilting has
started. When soil moisture reaches a tension after which, the plant leaves do not
recover of the wilting state even though these are placed in a saturated humid
atmosphere, then this soil moisture content (at a tension of 15 atm.) is called a
permanent wilting percentage.

This value varies very little with the ability of the plant to absorb water. The aver-
age values averages are about 1% for sandy soil, 3—6% for silty and greater than 10%
for clayey soils, at 15 atmosphere of tension [6].

The water that remains in the soil at the permanent wilting state is not available to
the plant. The plant will die if it remains longer under these conditions. The interval
between the field capacity (tension 0.33 atm.) and the point of permanent wilting (ten-
sion 15 atm.) is called available water to the plant (Figures 1.7 and 1.8). Beyond the
wilting state, the water is not available to the plants. The hygroscopic coefficient is
soil moisture retained at a tension of 31 atmospheres. The soil moisture in the interval
between field capacity and hygroscopic coefficient is called capillary water. The capil-
lary water moves easily in the soil system, but it does not drain freely from the soil
profile.

Also, the capillary water is for superior plants and the microorganisms. The hygro-
scopic water is a soil water above the hygroscopic coefficient (at tension > 31 atm.).
The soil water in this range is not essentially available to the plant. The hygroscopic
water moves at extremely slow rates in the vapor state.
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Figure 1.7. Physical and biological classification of soil water.
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Figure 1.8. Soil moisture retention curves for different types of soil.

Soil and water potential

As mentioned above, the movement and the retention of the soil water have been
visualized on the basis of a concept of energy potential. The fact is that movement of
all the soil water is affected by gravitational force of the earth. The laws of capillarity
movement of the soil do not begin or finish at a given value of soil moisture tension
or at specific pore size. The moisture tension is different from one location to another
and through an elapsed time. The soil water is present in several forms: colloidal wa-
ter, free water (frequently in capillary pores of the soil), and water vapor. In physical
terms, the soil solution contains different amounts and forms of energy: kinetic or
dynamic energy, the potential energy, and static energy.
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Since the movement of the soil water is quite slow, its kinetic energy (that is pro-
portional to the square of its speed) is generally considered insignificant. Therefore,
the potential energy (that depends on the elevation or internal condition of the water)
is very important. The most effective form to express the soil water content, the
retention, the movement and water availability to the plants is a free energy per unit
mass, which is called a potential. The free energy is an available energy (without
change in temperature). The potential energy is increased when the soil water is ex-
tracted by processes such as: evaporation, infiltration, and deep percolation. As this
process occurs, the plant must do an extra work to extract the next available moisture.
This implies that the ability of the roots to absorb the soil water is directly related to
the total water potential.

Under normal conditions, the soil water potential varies extensively. This energy
difference between two points causes the movement of water from a site of greater en-
ergy (greater potential) to a site of smaller energy (smaller potential). The water does
not move against the energy gradient, but moves due to an energy gradient. In general
terms, it is difficult to know the amount of absolute free energy of a given substance
as it is for the soil water. We can only know the difference between the free energy of
soil water at a given state and the free energy of the water at a reference state. For the
liquid phase of water, our state of reference will be a soil saturated with pure water at
a given temperature, ambient pressure, and a height from a datum line. The energy of
the soil water at any other state and elevation is a difference between the energy of the
water at the given and the energy of the water at a reference state. This difference is
called water potential.

Components of soil water potential

The total potential of the soil water consists of a series of individual components that
can alter the free or potential energy of the soil water. These components are presented
in the following sections:

Gravitational potential
The gravitational potential of the soil water at a given state is determined by the eleva-
tion of this point from a datum line.

Pressure potential

The pressure potential of soil water is due to an increase or decrease of pressure of
the free energy of the soil water. The pressure of the soil water (liquid phase) can be
affected by the following factors:

1. Capillary suction (Capillary potential): The capillary potential is an energy that
is required to move a unit or mass of water against the capillary forces from the
water surface to a desired point. This way, it describes the effects that have the
capillary forces on the free energy of the soil water.

2. Hydrostatic pressure in static water under an aquifer level: The hydrostatic
pressure is a potential change in the free energy.

3. Water pressure induced by flow: Pressure potential is also affected by the
amount and rate of flow of the soil water.
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4. Pressure induced potential: Pressure induced potential is a change in free en-
ergy of the soil water due to any source that has not been mentioned so far. For
example: Local compressed air in the soil, mechanical forces on the soil or the
suction (negative pressure).

Osmatic potential

This includes the effects on the soluble salts in the free energy of the water to the soil
and the effects on the differences in the ion disassociations absorbed on the surface of
colloidal particles of clay and organic matter.

Matrix potential

The potential matrix expresses the physical-chemical attractions between the water
and soil particles. It includes the capillary attraction and the molecular forces that re-
tain the water of hydratation in the soil colloids. Since it is very difficult to evaluate the
hydrostatic pressure, osmotic, or adhesion potential separately, it is a general practice
to include these potentials in the capillary potential or matrix potential, because these
three are due to pressure deficiency [2]. The total potential of the soil water can be
expressed in units of force or pressure by means of the sum of individual components.

Total = gravitational + pressure + osmatic + etc. 2)
potential potential ~ potential potential

In practice, the water potential can be measured placing the soil sample on a po-
rous membrane plate and to determine the tension (by centrifugal or air pressure)
required to extract water from the soil. If we know potential energy soil water, then we
have valuable information on the availability of soil water to the plant.

Soil Moisture Tension (or Suction)

The soil water is in a form of a water film that surrounds the soil particles. The film is
thick when there is enough soil moisture. The effects of external forces of absorption
(absorption by the plant roots and evaporation) reduce the thickness of the film. The
moisture tension is a measurement of a force with which the moisture is retained by
the soil. When the tension increases, the thickness of the water film decreases. It is
easier to extract water from wet thick films while high tension is necessary to extract
water from thin films. The soil moisture tension is a negative pressure or vacuum or
suction. The moisture tension is measured in bars, centibars, atmospheres, cm of wa-
ter, mm of mercury, psi, kPa, and so forth. Soil moisture tension is generally expressed
in centibars (one bar is equivalent to 0.987 atmospheres). One atmosphere is equiva-
lent to 14.7 psi or a mercury column of 760 mm or a water column of 103 cm. Itis a
general practice to indicate tension of 100 cm of water instead of a tension of oil. In the
past, units of “pF” were used to the express the energy of a water retained in the soil.

Soil Moisture Tension Curves

The tension and soil moisture percentage are inversely related. At low tensions, the
soil can retain more moisture. The farmer should never allow that soil moisture is at a
permanent wilting percentage [12, 14]. For this purpose, one should know soil moisture
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content of a given volume of soil. The soil moisture tension curve for a particular soil
can be used as a guide to know the condition of a soil.

Figures 1.7 and 1.8 reveal curves for soil moisture tension for different types of
soils. The curve characteristics depend on the soil porosity, the specific surface of soil
particles, the soil texture, the soil structure, soil depth, rainfall or irrigation depth, and
soil cover. The soil moisture at a given tension can be determined by using a pres-
sure membrane apparatus. This apparatus (Figure 1.9) includes a porous membrane on
which wet soil samples are placed. The suction is applied by means of a compressed
air. The water is extracted from the soil sample below the membrane plate. The soil
retains only the moisture whose hydrostatic potential is identical to the pressure ap-
plied in the chamber.

‘ /’ Pressure gage

Seal

Membrane soil

/ sample
| s— |

l Exit of the soil moisture

A. Pressure membrane apparatus: Operates by using
a compressed air

Soil Sample
— ---é\ Porous plate

! Free water

—

B. Pressure membrane apparautus aperated by hanging water
column.

Figure 1.9. Pressure membrane apparatus (commonly employed) to find the soil moisture tension.
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Availability of Soil Moisture to the Plants

The available water to the plant is a difference in the soil moisture at field capacity
(tension 0.33 atm.) and at permanent witting percentage (tension 15 atm.). One should
not allow the soil moisture to reduce to a permanent wilting percentage. The root sys-
tem of the plants is not homogenous. Generally, the roots are branched and thicker in
the top soil; and are finger narrowed and branched into secondary and tertiary roots at
greater soil depths. Soil moisture, at different root zones, is unequally distributed, as
shown in Figure 1.10. The plant has taken advantage of all the moisture in the 30 cm

of soil layer.

Soil depth, cm

180 [ == = - —————

Figure 1.10. Soil moisture deficit in the root zone at different soil depths.

After this layer, the plant will continue absorbing water from the deeper layers.
The surface area of absorption by roots reduces with depth, become there are lesser
quantity of roots in contact with the available water. The water absorption by the roots
compensates the water loss by transpiration through the leaves. On a warm and dry
day, the plant has a faster absorption rate of water to compensate for the water loss.
If the available water in the soil is not enough or the root surface for absorption has
reduced, then there exists a temporary wilting of the plant during the hot and drought
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periods. This condition disappears in the evening, because the absorption rate is suf-
ficient to supply the loss by the transportation rate. Therefore the root zone must be
irrigated before using all the available water, with the objective of avoiding reduction
in the crop yield.

METHODS TO MEASURE THE SOIL MOISTURE

Several methods and instruments have been developed to determine the soil moisture.
Many of these methods involve measuring soil properties that may change. The mea-
surement of soil moisture helps us to determine the changes in the moisture content.
Therefore, we can have information in the determination of water available to the
plants.

Such information on soil moisture condition serves as a guide to the farmers or
agricultural technicians for irrigation scheduling. It is also important for the irrigation
management to provide a suitable irrigation depth. In the short and long term, it im-
plies saving in time and money, since the crop yield is reduced due to excess or insuf-
ficient irrigation.

Visual and Tactile Appearance of the Soil

Use

This method is an oldest method to estimate the soil moisture. It consists of a visual
inspection and tactile appearance of a soil sample. Generally, it is used when equip-
ment is not available or we cannot wait to know the soil moisture condition. However,
the experienced farmer can estimate the soil moisture with a good precision.

Handle

Open at the end

Sharp drill

Bucket

Figure 1.11. Soil auger (bucket type): Commonly used for taking soil samples at different depths.
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Procedure
By means an auger (Figure 1.11), a soil sample at a known depth is extracted. A visual
and tactile inspection of the sample is conducted. Table 1.1 helps to estimate the soil

moisture.

Advantages

1. This method is simple to use.

2. It does not require use of expensive tools and equipments.

3. It provides a quick estimation of the soil moisture.

Table 1.1. Guide for the estimation of a soil moisture by using an extracted soil sample.

Soil moisture
deficit, %

Feel and criteria for a deficit of moisture, cm of water per meter of soil

Coarse Texture

Moderate to
coarse texture

Medium texture

Fine to extra fine
texture

Field Capacity

25

25-50

50-75

75-100

(100% = Point
of permanent
wilting)

When it is com-
pressed, no water
comes out of soil.
But the palm of
hand becomes
dirty.

Tendency to form
a mass quickly;
sometimes with
precision. A small
ball can be formed
but disintegrates
easily.

Dry in appear-
ance. A small ball
cannot be formed
by kneading it.

Dry in appearance,
it is not possible to
form a small ball
with precision.

Dry, loose in
grains, and disin-
tegrates between
fingers.

When it is com-
pressed, no water
comes out of soil.
But the palm of
hand becomes dirty.

A small ball with
difficulty can be
formed that is bro-
ken easily and that
is not sticky.

It is possible to
form a small ball
with precision, but
usually it does not
stay compact.

Dry in appearance;
a small ball cannot
be formed solely
using precision*.

Dry, loose, disin-
tegrates between
fingers.

When it is com-
pressed, no water
comes out of soil.
But the palm of
hand becomes
dirty.

A small ball can
be formed that
is molded easily.
Sticky if there is
relatively high
clay content.

A relatively
small ball can
be formed that
is sticky when it
is pressed with
fingers.

It crumbs, but
stays relatively
compact when
the pressure is
applied.

Dusty, dry, and in
small scabs that
are reduced to
dust when breaks
itself.

When it is com-
pressed, no water
comes out of soil.
But the palm of
hand becomes dirty.

Cylinder is formed
easily, when it is
kneaded between
fingers. Has a
sticky contact.

A small ball or
small cylinder can
be formed, when it
is kneaded between
the thumb and the
index finger.

Relatively mold-
able, a small ball
can be formed when
a small amount of
soil* is pressed.

Hard, very parched,
tightened, some-
times in scabs; and
disintegrates on the
surface.

*The small ball forms when kneading the soil sample.
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Disadvantages
1. Itisnot a very precise method to determine the soil moisture.
2. It is a subjective method that results in different interpretations by different
persons who examine the soil sample under the same conditions.
3. Itis necessary to take soil sample, this disturbing the root zone.

The visual appearance of the plants is frequently used as a guide to determine the
need for irrigation. Reduction in the yellowing and change in color of the leaves dur-
ing the evening are symptoms of inadequate soil moisture. It is recommended to apply
irrigation before these symptoms will even appear.

Gravimetric Method

Use

It is a determination of the soil moisture content by drying the soil sample in an oven.
The method requires: Use of certain laboratory equipment to obtain accurate results;
and a skill of the operator for precision.

Procedure

With the use of bucket type anger, a soil sample is taken from a known depth. To have
arepresentative sample, samples are taken at several locations. Then, we take only 100
to 200 grams of soil sample. The sample is identified and its wet weight is recorded.
The weighted sample is left in an oven at a constant temperature of 105°C for a period
of 24 hours. After this period, weight of dry sample is recorded. The total moisture
content in the soil is determined from the following equation:

(SW —Sd)
Sd

PW = %100 3)

where: PW = Percentage of water by weight on dry basis;

SW = Weight of the wet soil sample; and Sd = Weight of the dry sample.

The percentage of soil moisture is calculated based on the weight of a dry soil.
Once we have the percentage of moisture by weight, we can express the percentage
of water by volume. This provides us information on the volume of water in a given
soil. The following equation is used to calculate the percentage of moisture by volume:

Da

PV:PWXD(TZO) @)

where: PV = Percentage of moisture in the soil by volume.

PW = Percentage of moisture by weight.

Da = Apparent density = [Mass of soil dried in an oven furnace]/[total Volume that
occupies the soil]

D(H,0) = Density of water = 1 g/cm? or 1000 Kg/cm’.
Following equation is used to calculate the total volume of the soil sample:

_Lmd’

== )
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where: ©=3.14

d = Inner diameter of the cylinder that was used to take the sample.
L = Length of the cylinder.

Advantages

1. Itis aprecise method to find the soil moisture if the samples are taken carefully

Disadvantages

1. One requires laboratory equipment and certain degree of precision to obtain
the reliable data.

2. One requires 24 hours to carry out the procedure.

3. The determination of the moisture for soils rich in organic matter can introduce
an error due to an oxidation of organic matter.

4. Tt is a destructive method, because the soil is disturbed and samples are lost.
Also, the root system of the plant is disturbed.

5. Several soil simples should be taken to have a representative sample.

Tensiometer
Use

Tensiometer is an instrument that indicates the tension at which the water is adhered to
the soil particles (Figures 1.12 and 1.13).

CLOSURE
\~ HERMETICALLY
EALED

GAUGE

THE
TENSIOMETER
MAIN

BODY

Figure 1.12. Principal components of a tensiometer (Bottom) and the installation of a tensiometer in
the root zone of a crop (top).
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Figure 1.13. Electronic tensiometer.

Operation

The instrument is placed in the soil taking into consideration the following factors: 1)
Root depth; 2) Soil type and its variability; 3) Land; and 4) Type of irrigation system.
Once the tensiometer is installed, the water within the stem of an instrument makes
contact with the water retained in soil, flowing in both directions through the porous
ceramic tip until the equilibrium is established. The soil water is lost through tran-
spiration, evaporation, and absorption by the plants. This causes a tension or suction
in the system and this tension increases as the soil moisture is lost. This tension is
measured by a vacuum gage of a tensiometer. When the soil is wetted again by rainfall
or by irrigation, the soil tension reduces due to the flow of water through the porous
ceramic tip. Therefore, the tensiometer readings can be related to the available water
to the plants. However, it is not a direct method of measurement of soil moisture. It is
advisable to calibrate the tensiometer during the crop growth by finding soil moisture
content with a gravimetric method. This calibration curve can be used for relating
tensiometer readings with actual moisture contents [3, 6, 13, 14].

Advantages
1. This is a good guide to decide when to apply the irrigation.

2. The tensiometer can be used to determine vertical and horizontal movement of
the moisture. This is necessary when there are problems of salt accumulation.

3. The instrument provides a direct measurement of soil moisture suction.
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4. Tensiometer is especially appropriate for light soils, within limitations of a
tensiometer 10—80 bars of tension.

Disadvantages

1. Tensiometer can only operate up to 80 cbars at sea level. Generally, after 80
cbars of tension, air enters the porous ceramic tip and breaks the water column.
When this has happened, tensiometer readings are not correct.

2. Tensiometer is a delicate instrument that must be protected from mechanical
damages due to agricultural implements and operations.

3. Tensiometer is placed generally in a fixed location of the field. It can not be
moved from one place to another during the period of crop growth.

Measurement of Electrical Resistance (Porous Ceramic Blocks)

Use

This method estimates soil moisture content by using resistance or conductance prop-
erties of soil. It is achieved by installing electrical resistance ceramic blocks at desired
soil depth. Nylon, fiber, and the combination of these materials with plaster have been
used for the manufacture of electrical resistance blocks.

Procedure

A representative area of the field is selected. With the use of proper size drill, a hole is
made in the soil up to a desired depth. Then a porous plaster block with two or three
electrodes is placed inside this hole. There must be a good contact between the soil
and the block to allow a perfect seal. For this, a soil paste is prepared and is pored into
the hole. The cables or terminals of the electrodes must be taken out of the soil surface
(Figure 1.13).

Once the sensors have been installed, the moisture balance is established between
the porous tip and the soil. The modifications in soil moisture conditions may change
electrical properties of the soil. For a wet soil, electrical resistance is low. As the soil
moisture is lost, the electrical resistance increases. This resistance is read by a portable
counter. It is advisable to calibrate the equipment by determining moisture of soil
samples with a gravimetric method. This way, we can establish a relationship between
resistance readings and actual soil water content.

Advantages
1. This method estimates soil the moisture.

2. This instrument is especially appropriate to measure changes in the soil moisture
for tensions between 1 and 15 atmospheres.

Disadvantages
1. The useful life of the ceramic blocks is limited.

2. The original calibration of the porous block changes with time, because pores
can be clogged by salts.

3. The plaster blocks are usually ineffective for soil tensions of less than one
atmosphere.
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4. The soluble salts in the soil solution can reduce the electrical resistance and
may give high values of soil moisture content than actual values.

5. The porous blocks may not be homogenous and this results in inaccurate read-
ings.

6. The precision of this method is reduced due to temperature, concentration of
salts in the soil solution, physical characteristics of plaster to produce the block
and the flight of current towards the soil.

Neutron Scattering Method

Procedure

This method consists of emission of neutron radiation of high energy from an emit-
ter or a radiation source towards the soil. These fast neutrons travel through the soil
material and gradually hit nuclei of different atoms thus reducing kinetic energy. The
higher loss of energy occurs when these neutrons hit neutrons of mass similar to these
(Figure 1.14).

B. Depth of irrigation applied

Figure 1.14. Gypsum blocks: Commonly used to determine the depth of irrigation.

The hydrogen, a component of the water, is dominant factor to reduce the speed of
fast neutrons. Because of these characteristics, these can change fast neutrons to slow
moving neutrons in a faster way than the other elements. Because most of atoms of
hydrogen in the soil comprise part of the water molecule, the portion of neutrons that
are slowed down can be related to the soil moisture content.
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The use of neutron emission source requires installation of access tubes in the soil
to lower the slow neutron detector. These devices are installed at the beginning of the
sowing season and are removed at the end of the last harvest. The neutron detector is
connected to a portable recorder to facilitate the readings (Figures 1.15-1.20).

Recorder and source of high voltage

Access tube

Detector

Source of neutrons

Recorder

Base and shield Soil surface

Radioactive source

Active zone

Access tube

Figure 1.15a. Soil moisture meter. Figure 1.15b. Location of soil moisture sensors.
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Figure 1.18. Pressure membrane apparatus that uses compressed air.
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Figure 1.19. Flow diagram for a pressure membrane apparatus.
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76 mm gap

Figure 1.20. Pressure membrane that uses a hanging column of water.

The calibration of this instrument should be done for a desired location by know-
ing the soil moisture with a gravimetric method. After calibration, the readings are
taken at a desired depth. It is recommended to install a sensor for each 30 cm of soil
depth.

Advantages

1. This system can cover a larger volume of soil and is relatively independent of
the soil type.

It can be used for longest periods without any change in the radiation source.
The method does not involve taking of soil samples.

Any range of soil moisture content can be analyzed. This avoids limitations
of tensiometer or electrical resistance methods that can only measure the soil
moisture within a certain range.

2w
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Disadvantages

1. The equipment uses a radiation source. The technician must have basic skills
and knowledge of the operation. It may cause heath risks.
The system is expensive and solely used for research purpose.

3. The moisture measurement, in soils with organic matter, is not precise and
reliable because of presence of excessive hydrogen atoms. The readings for
the surface soil layer are not precise because of escape of neutrons towards the
surface.

Alternate Methods

Additional approaches to measure the soil moisture are absorption of gamma rays, the
dependency of the thermodynamic properties of the soil on the moisture content, the
use of ultrasonic waves and the dielectric properties of the soil. Some of these methods
have been tried with the global positioning system and geographic information sys-
tem. However, most of these are under development and these are not in common use
at the farm. Because of the high cost and complicated procedures.

SUMMARY

Plants need a specific amount of soil moisture to ensure an adequate growth and de-
velopment. This amount varies with the crop species. A limited amount of water can
be retained by the soil, and a fraction of this water is available to the plant. This chap-
ter discusses methods to measure soil moisture: visual and tactile appearance of the
soil, gravimetric method, tensiometer, electrical resistance, and the neutron scattering
method. Advantages and disadvantages of each method are presented. This chapter
also discusses soil structure, soil texture, soil water and soil moisture available to the
plant.
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INTRODUCTION

Due to increased agricultural production, irrigated land has increased in the arid and
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'This chapter is modified and translated from “Goyal, Megh R. y Eladio A. Gonzalez—Fuentes. 1990. Evapotranspiracion.
Capitulo III en: Manejo de Riego Por Goteo editado por Megh R. Goyal. Paginas 71-100. Rio Piedras, PR: Servicio Exten-
sion Agricola, UPRM.” For additional details, one may contact by E-mail at: goyalmegh@gmail.com.
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with industries, municipalities, and other sectors. This increasing demand along with
increments in water and energy costs have absolutely made necessary to develop new
technologies for the adequate management of water. The intelligent use of water for
crops requires understanding of evapotranspiration (ET) processes.

ET is a combination of two processes: evaporation and transpiration. Evaporation
is a physical process that involves conversion of liquid water into water vapor into the
atmosphere. Evaporation of water into the atmosphere occurs on the surface of rivers,
lakes, soils, and vegetation. Transpiration is basically a process of evaporation. The
transpiration is a physical process that involves flow of liquid water from the soil (root
zone) to the surface of leaves/branches and trunk; and conversion of liquid water from
the plant tissue into water vapors into the atmosphere. The water evaporates from the
leaves and plant tissue, and the resultant water vapor diffuses into atmosphere through
the stomates. An energy gradient is created during the evaporation of water, which
causes the water movement into and out of the plant stomates. In the majority of green
plants, stomates remain open during the day and stay closed during the night. If the
soil is too dry, the stomates will remain closed during the day in order to slow down
the transpiration.

Climate i ET

reference ()
crop

Radiation
Temperature +

Wind speed
Humidity well watered
grass
K. factor C
O
well watered crop
optimal agronomic conditions
Evapotranspiration
weather
1 ET parameters ETO
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management

environment

factors . ETC adjj

Hydrological cycle

© 2013 Taylor & Francis Group, LLC



Evapotranspiration 33

Evaporation, transpiration, and ET processes are important for estimating crop
irrigation requirements and for irrigation scheduling [4]. To determine crop irrigation
requirements, it is necessary to estimate ET by on site measurements or by using
meteorological data. On site measurements are very costly and are mostly employed
to calibrate ET methods utilizing climatological data. There are number of proposed
equations that require meteorological data and some are used to estimate the ET for
periods of one day or more. All of these equations are empirical in nature. The simplest
methods require only data about average temperature of air, length of the day, and
the crop. Other equations require daily radiation data, temperature, vapor pressure,
and wind velocity. Figure 2.1 shows the instruments for a weather station. None of
the equations should be rejected, because the data is not available. Not all methods
are equally precise and reliable for different regions of the world. There is no unique
meteorological method that can be universally adequate under all climatic conditions.
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Figure 2.1. Recommended instruments for a typical weather station.
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POTENTIAL EVAPOTRANSPIRATION (PET)

Potential evapotranspiration is a water loss from the soil surface completely covered
by vegetation. Meteorological processes determine the ET of a crop [7]. Closing of
stomates and reduction in transpiration are usually important only under drought or
under stress conditions of a plant. The ET depends on three factors: (1) Vegetation,
(2) Water availability in the soil, and (3) Behavior of stomates. Vegetation affects the
ET in various forms. It affects ability of soil surface to reflect light. The vegetation
changes amount of absorbed energy by the soil surface. Soil properties, including soil
moisture, also affect the amount of energy that flows through the soil. The height and
density of vegetation influence efficiency of the turbulent heat interchange and the
water vapor of the foliage [15].

Changes in the soil moisture affects direct evaporation from the soil surface and
available water to the plants. As the plants are water stressed, stomates close result-
ing in the reduction of a water loss and CO, absorption. This is a factor that is not
considered in the PET equation. Under normal conditions (with enough water), there
is a variation among stomates of different plant species. Besides, these variations are
usually small and the concept of PET results useful for the majority of crop species
with complete foliage [10, 13].

MATHEMATICAL MODELS FOR PET

There are different methods to estimate or measure the ET and the PET. The precision
and reliability vary from one method to another, some provide only an approximation.
Each technique has been developed with the available climatological data to estimate
the ET. The direct measurements of PET are expensive and are only used for local
calibration of a given method using climatological data. The most frequently used
techniques are: hydrological method or water balance method, climatic methods, and
micro meteorological methods. Many investigators have modified the equations that
are already established. For example, one may find modification of Blaney—Criddle
formula, Hargreaves—Samani, Class A pan evaporation and so forth. Allen [1] inves-
tigated 13 variations of the Penman equation. He found that the Penman—Monteith
formula was most precise. Modified equations are actually recommended by the FAO
and the USDA—Soil Conservation Service. Most of investigators agree that Penman,
Class A pan evaporation, Blaney—Criddle, and Hargreaves—Samani equations, can be
trusted. High precision can be obtained with local calibration of a given method. Ev-
ery researcher has its preferred formula that may give good results. Hargreaves
and Samani [7] presented their formulae as to be simplest and practical. I can add
that, “There is no evidence of a superior method.” Allen and Pruitt [2] presented the
FAO modified Blaney—Criddle method, which involves relatively easy calculations
and give precise estimates of PET (when it is calibrated for local conditions). Every
researcher has preference. However each formula, depending where it was evaluated,
may or may not result in the first or the last place.

Hydrologic Method or Water Balance
This technique employs periodic determination of rainfall, irrigation, drainage, and
soil moisture data. The hydrologic method uses water balance equation:
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PI+SW-RO-D-ET=0 (1)
where: PI = Precipitation and/or irrigation.
RO = Runoff.
D = Deep percolation.
SW = Change in the soil moisture, and ET = Evapotranspiration.

In equation (1), every variable can be measured with precision with the lysimeters
(Figure 2.2 a, b, ¢). The ET can be calculated as residual, knowing values of all other
parameters (Figure 2.3).
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Figure 2.2a. A typical lysimeter with its components in Australia.
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Climatic Methods

Using weather data [3], numerous equations have been proposed. Also, numerous
modifications have been made to the available formulae for application to a particular
region.

Penman
The Penman formula was presented in 1948. It employs net radiation, air temperature,
wind velocity, and deficit in the vapor pressure. He gave the following equation:

PET=——* 2
c+tb - @

where: PET = Daily potential evapotranspiration, mm/day.
C = Slope of saturated air vapor pressure curve, mb/°C.
R, = Net radiation, cal/cm’ day.
a = Latent heat of vaporization of water = [59.59 — 0.055 T], cal/cm?*— mm
= 58 cal/cm*— mm at 29°C.
E =0.263 [(e, — ed) * (0.5 + 0.0062 * u,)] )
E, = Average vapor pressure of air, mb=(e_ —e_.)/2.
e, = Vapor pressure of air at minimum air temperature, mb.
u, = Wind velocity a height of 2 meters, km/day. b = Psychrometric constant =
0.66, mb/°C.
T=[(T,_, —T,)?2],in degrees °C.
(€,..— €..) = Difference between maximum and minimum vapor pressure of air
vapor, mb.

(T,,.—T,,) = Difference between maximum and minimum daily temperature, °C.

Penman modified by Monteith [14]
After modification, the resultant equation is as follows:

B -s(R -S)+Pa*Cp(e —e)r

T T b i, ®

where: LE = Latent heat flow.
R, = Net radiation.
S = Soil heat flow.
Cp = Air specific energy at constant pressure.
s = Slope of saturated vapor pressure of air, at air average temperature of wet bulb
thermometer.

Pa = Density of humid air.

e, = Saturated vapor pressure of water.
e, = Partial water vapor pressure of air.
r, = Air resistance.
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r,= Leaf resistance.
b = Psychrometric constant.

This method has been successfully used to estimate the ET of a crop. The Penman-
Monteith equation is limited to research work (experimentation) since the r, and r, data
are not always available.

Penman modified by Doorenbos and Pruitt
PET=c*[W*R ,, ,,*F() *(c,—¢,)] “4)

where: PET = Potential evapotranspiration, mm/day.
W = A factor related to temperature and elevation.
R = Net radiation, mm/day.
F(u) = Wind related function.

(e,—e,) = Difference between the saturated vapor pressure of air at average tem-

perature and vapor pressure of air, mb.

¢ = A correction factor.

The Penman formula is not popular, because it needs data that is not available at
majority of the weather stations. Estimations of PET using Penman formula cannot be
complex. The equation contains too many components, which should be measured or
estimated, when data is not available.

Thornthwaite
This method uses monthly average temperature and the length of the day.

PET =16 L, [10 T/IJ* (5)

where: PET = Estimated evapotranspiration for 30 days, mm.
L, = Hours of the day divided by 12.
A=(6.75x1071%) - (7.71 x 10°T?) + 0.01792 1 + 0.49239 5,
T = Average monthly temperature, °C.
I=i+i+...+i,, where,i=[T /5]x1.514 5,

12°

The Thornthwaite method underestimates PET during the summer when maxi-
mum radiation of the year occurs. Besides, the application of equation to short periods
of time can lead to an error. During short periods, the average temperature is not an
adequate measure of the received radiation [14]. During long terms, the temperature
and the ET are similar functions of the net radiation. These are related, when the long
periods are considered.

Blaney-Criddle

The original Blaney—Criddle equation was developed to predict the consumptive use
of PET in arid climates. This formula uses percentage of monthly sunshine hours and
monthly average temperature.

PET=K_F (6)
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where: PET = Monthly potential evapotranspiration, mm.
K = Empirically derived coefficient for the Blaney—Criddle method.
F = Monthly ET factor = [25.4 * PD * (1.8 T +32)]/100  (6,)
T = Monthly average temperature, °C.
PD = Monthly percentage daily sunshine hour.

This method is easy to use and the necessary data are available. It has been widely
used in the Western United States with accurate results, but not the same in Florida,
where ET is underestimated during summer months.

Blaney—Criddle modified by FAO [4]
PET=C* P *[0.46 * T + 8] ™)

where: PET = Potential evapotranspiration, mm/day.
T = Monthly average temperature.
P = Percentage daily sunshine hours, Table 2.1.
C = Correction factor, which depends on the relative humidity, light hours, and
wind.
Doorenbos and Pruitt [4, 5] recommended individual calculation for each month.
They indicated that it may be necessary to increase its value for high elevations.

Table 2.1. Percentage average daily sunshine hours (P) based on annual day light hour for different
latitudes.

Latitude, degrees

January February March April May June

North
South* July August Sept. October Nov. Dec.
60 0.15 0.20 0.26 0.32 0.38 0.41
58 0.16 0.21 0.26 0.32 0.37 0.40
56 0.17 0.21 0.26 0.32 0.36 0.39
54 0.18 0.22 0.26 0.31 0.36 0.38
52 0.19 0.22 0.27 0.31 0.35 0.37
50 0.19 0.23 0.27 0.31 0.34 0.36
48 0.20 0.23 0.27 0.31 0.34 0.36
46 0.20 0.23 0.27 0.30 0.34 0.35
44 0.21 0.24 0.27 0.30 0.33 0.35
42 0.21 0.24 0.27 0.30 0.33 0.34
40 0.22 0.24 0.27 0.30 0.32 0.34
35 0.23 0.25 0.27 0.29 0.31 0.32
30 0.24 0.25 0.27 0.29 0.31 0.32
25 0.24 0.26 0.27 0.29 0.30 0.31
20 0.25 0.26 0.27 0.28 0.29 0.30
15 0.26 0.27 0.27 0.28 0.29 0.29
10 0.26 0.27 0.27 0.28 0.28 0.29
5 0.27 0.27 0.27 0.28 0.28 0.28
0.27 0.27 0.27 0.27 0.27 0.27
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Table 2.1. (Continued)

Latitude, degrees

July August Sept. October Nov. Dec.
North

South* January February March April May June
60 0.40 0.34 0.28 0.22 0.17 0.13
58 0.39 0.34 0.28 0.23 0.18 0.15
56 0.38 0.33 0.28 0.23 0.18 0.16
54 0.37 0.33 0.28 0.23 0.19 0.17
52 0.36 0.33 0.28 0.24 0.20 0.17
50 0.35 0.32 0.28 0.24 0.20 0.18
48 0.35 0.32 0.28 0.24 0.21 0.19
46 0.34 0.32 0.28 0.24 0.21 0.20
44 0.34 0.31 0.28 0.25 0.22 0.20
42 0.33 0.31 0.28 0.25 0.22 0.21
40 0.33 0.31 0.28 0.25 0.22 0.21
35 0.32 0.30 0.28 0.25 0.23 0.22
30 0.31 0.30 0.28 0.26 0.24 0.23
25 0.31 0.29 0.28 0.26 0.25 0.24
20 0.30 0.29 0.28 0.26 0.25 0.25
15 0.29 0.28 0.28 0.27 0.26 0.25
10 0.29 0.28 0.28 0.27 0.26 0.26
5 0.28 0.28 0.28 0.27 0.27 0.27
0 0.27 0.27 0.27 0.27 0.27 0.27

*Southern latitudes have six months of difference as shown in Table 2.1.

Blaney and Criddle modified by Shih
PET =254 *K* [MR * (1.8 T+ 32)]/[TMR ] ®)
where: PET = Monthly potential evapotranspiration, mm.
K = Coefficient for this modified method.
MR = Monthly solar radiation, cal/cm?.
T = Monthly average temperature, °C.
TMR_ = Sum of monthly solar radiation during the year, cal/cm’.

Jensen-Haise

The Jensen—Haise equation [9] resulted from about 3000 measurements of the ET
taken in the Western Regions of the United States for a 35 years period. It is an empiri-
cal equation.

PET =R_(0.025 * T +0.08) 9)

where: PET = Potential evapotranspiration, mm/day.
R = Daily total solar radiation, mm of water.
T = Air average temperature, °C.

This method seriously underestimates ET under conditions of high movements of
atmospheric air masses. However, it gives reliable results for calm atmospheres.
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Stephens-Stewart
Stephens—Stewart utilized solar radiation data. It is similar to the original Jensen—
Haise method [9]. The equation is as follow:

PET = 0.01476 * [(T + 4.905) * MR ]/b (10)

where: PET = Monthly potential evapotranspiration, mm.
T = Monthly average temperature, °C.
MR _ = Monthly solar radiation, cal/cm’.
b = Latent vaporization energy of water =[59.59 —0.055 T ], cal/cm*-mm.
= 58 cal/cm?*-mm at 29°C.

Pan evaporation

Class A pan is commonly used instrument to measure evaporation. The evaporation
pan (Figure 2.4) integrates the climate factors and has proven to give accurate estima-
tions of PET. It requires a good service, maintenance, and management. Table 2.2
gives class A pan coefficients under different conditions [Doorenbos and Pruitt, 4 and
5]. The relationship between PET and pan evaporation can be expressed as:

PET=K *PE a1
where: PET = Potential evapotranspiration, mm/day.

K =Pan coefficient.
PE = Class A pan evaporation.

HOOK GAUGE

WIRE MESH COVER

THERMOMETER

STILLWELL

View of climatological station

Figure 2.4. A typical class A pan.
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Table 2.2. Pan coefficient (K,) for the class A pan evaporation under different conditions.

Class A Condition A Condition B*
Pan Pan surrounded by grass | Pan surrounded by dry uncovered soil
Average of HR% Low |Medium | High Low | Medium | High
40 40-70 70 40 40-70 70
Wind** Distance from Distance from
km/day the green crop, the dry fallow,
m m
Light 0 0.55 0.55 0.75 0 0.70 0.80 0.85
175 10 0.65 0.75 0.85 10 0.60 0.70 0.80
100 9.70 0.80 0.85 100 0.55 0.65 0.75
1000 0.75 0.85 0.85 1000 0.50 0.60 0.70
Moderate 0 0.50 0.60 0.65 0 0.65 0.75 0.80
175-425 10 0.60 0.70 0.75 10 0.55 0.65* 0.70
100 0.65 0.75 0.80 100 0.50 0.60 0.65
1000 0.70 0.80 0.80 1000 0.45 0.55 0.60
Strong 0 0.45 0.50 0.60 0 0.60 0.65 0.70
425-700 10 0.55 0.60 0.65 10 0.50 0.55 0.65
100 0.60 0.65 0.70 100 0.45 0.45 0.60
1000 0.65 0.70 0.75 1000 0.40 0.45 0.55
Very 0 0.40 0.45 0.50 0 0.50 0.60 0.65
Strong 10 0.45 0.55 0.60 10 0.45 0.50 0.55
100 0.50 0.60 0.65 100 0.40 0.45 0.50
1000 0.55 0.60 0.65 1000 0.35 0.40 0.45

*For areas of extensive uncovered and not developed agricultural soils.

Reduce values of K, by 20% under hot wind conditions and by 5-10% for moderate wind conditions,
temperature and humidity.

**Total wind movement in km/day.

Hargreaves method

Hargreaves method uses a minimum of climatic data. The formula is as bellow:
PET=MF * (1.8 T+32) * CH (12)
where: PET = Potential evapotranspiration, mm/month.

MF = Monthly factor depending on the latitude.
T = Monthly average temperature, °C.
CH = Correction factor for the relative humidity (RH) = To be used for RH > 64%

=0.166 [(100 — HR)]" (12a)
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The Hargreaves original formula for the PET was based on radiation and tempera-
ture as given below:

PET =[(0.0135 * RS)] * [T + 17.8] (13)

where: RS = Solar radiation, mm/day.
T = Average temperature, °C.

To estimate solar radiation (RS) using extraterrestrial radiation (RA), Hargreaves
and Samani [7, 8] formulated the following equation:

RS=K_*RA*TD"® (13
where: T = Average temperature, °C.

a)

RS = Solar radiation.

RA = Extraterrestrial radiation.

K, = Calibration coefficient.

TD = Difference between maximum and minimum temperatures.

Hargreaves and Samani modified method
Finally after several years of calibration, equation (13) was modified as follows:

PET =0.0023 R_* [T + 17.8] * (TD)*% (14)

where: PET = Potential evapotranspiration, mm/day.

R, = Extraterrestrial radiation, mm/day.

T = Average temperature, °C.

TD = Difference between maximum and minimum temperatures, °C.

This equation requires only maximum and minimum temperature data. This data is
normally available. This formula is precise and reliable.

Linacre method
The Linacre equation is as follow:

700 T /[100—L ]+ 15[T—T,]

PET = (15)

[80-T]

where: PET = Potential evapotranspiration, mm.
T = (T, +0.0062 * Z) (15a)

Z = Elevation, m.

T = Average temperature, °C.

L, = Latitude, degrees.

T, = Daily average temperature, °C.

The variations in PET values by this formula are 0.3 mm/day based annual data
and 1.7 mm/day based on daily data.

Makkink method

This formula provides good results in humid and cold climates, and in arid regions.
Makkink used radiation measurements to develop a following regression equation:
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PET=R_*[s/(a+b)] +0.12 (16)
where: PET = Potential evapotranspiration, mm/day.
R_ = Total daily solar radiation, mm/day.
b = Psychrometric constant.
s = Slope of saturated vapor pressure curve at average air temperature.

Radiation method
Doorenbos and Pruitt [4] presented following radiation equation, which is a modified
Makkink formula [16]:
PET=c*(W*R) (17)
where: PET = Potential evapotranspiration for the considered period, mm/day.
R, = Solar radiation, mm/day.
W = Correction factor related to temperature and elevation.

C = Correction factor, which depends on the average humidity and average wind
speed.

This method was employed in the Equator zone, in small islands and in high lati-
tudes. Solar radiation maps provide the necessary data for the formula.

Regression method
The simple lineal regression equation is given as follow:

PET=[a*R]+b (18)

where: PET = Potential evapotranspiration, mm/day.

a and b = Empirical constants (regression coefficients), which depend on the loca-
tion and season.

R = Solar radiation, mm/day.

This regression method is simple and easy to use. However, it is not frequently
used because of highly empirical nature.

Priestly-Taylor method
In the absence of atmospheric air mass movement, Priestly and Taylor showed that the
PET is directly related to evaporation equilibrium:

PET =A[s/(S + B)] [(R_+S)] (19)

where: PET = Potential evapotranspiration, mm/day.

A = Empirically derived constant.

s = Slope of saturated vapor pressure curve, at average air temperature.

B = Psychrometric constant.

R, = Net radiation, mm/day.

This method is of semi-empirical in nature. It is reliable in humid zones, and is not
adequate in arid regions. Table 2.3 shows advantages and disadvantages of different
methods of estimation of potential evapotranspiration.
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Table 2.3. Advantages and disadvantages of different methods to estimate PET.

Method Advantages Disadvantages
1.  Penman Easy to apply. Underestimates ET under high movement condi-
tions of atmospheric air masses.
2.  Penman (FAO) Provide satisfactory results. The formula contains many components, which
may result complex calculations.
3.  Water balance  Easy to process the data and Low precision on the daily measures and difficult to
integrate with the observa- obtain the ET when it is raining.
tions.
4. Thornthwaite  Is reliable for long terms. Underestimate the ET during the summer. Is not
precise for short terms.
5. Blaney—Criddle Easy to use, the data is usu- The crop coefficient depends a lot on the climate.
ally available.
6. Blaney—Criddle The given crop coefficient In high elevations, coasts, and small islands there is
(FAO) depend less on the climate. no relation between temperature and solar radiation.
7.  Stephens— Is reliable on the western Need to be evaluated in other locations.
Stewart side of the United States
(where it was developed).
8. Jensen—Haise  Isreliable under calm atmo- Underestimates ET under conditions of high move-
spheric conditions. ment of atmospheric air masses.
9.  Evaporation Integrate all climatological Evaporation continues during the night in the pan,
pan factors. which affects the PET estimates.
10. Hargreaves Requires a minimum of cli- Underestimates PET on the coasts and under high
matological data. movements of air masses.
11. Hargreaves and Requires only maximum Needs to be evaluated in many locations for its ac-
Samani and minimum temperature ceptance.
data.
12. Radiation Is reliable in Equator, small Monthly estimates are often necessary outside
islands and high altitudes. =~ Equator.
13. Makkink Good for humid and cold It is not reliable in arid regions.
climates.
14. Linacre Is precise on annual basis.  Precision decreases on daily base.
15. Priestly-Taylor Reliable on humid areas. Not adequate for arid zones.

CALIBRATION OF PET METHOD FOR LOCAL CONDITIONS

The methods that use weather data are not adequate for all the locations, especially in
tropical areas and at high elevations. Local calibration is always necessary to obtain
reliable and good estimates of the crop water requirements. Table 2.4 shows the data
used in different equations in this chapter. For the Blaney—Criddle method, ET can be
estimated using measurements of the soil moisture in lysimeters, and that can measure
water entering and going out. Only ambient temperatures and rainfall data are neces-
sary for complete calibration when determining appropriate monthly crop coefficient.
The Jensen—Haise method [9] is recommended for periods of 5-30 days. To make
a calibration, local field data or lysimeters can be used for periods of 5 days. For a
monthly calibration, the ET can be estimated by soil moisture measurements, inlet
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and outlet flows, in lysimeters, and so forth. The Penman equation can provide precise
estimations from a month to an hour depending on the calibration method. For short
periods, lysimeters can provide the necessary data for the ET. Usually local calibration
is completed through a calibration correction factor.

CROP EVAPOTRANSPIRATION (ET.)

To obtain the ET_ (consumptive use), it is necessary to know crop and ambient condi-
tions. This includes climate, soil moisture, crop type, growth stage, and the amount
soil coverage by the crop.

Table 2.4. Parameters used in different formulas to estimate the PET.

Method Temp. HR Wind Sun Radiation Evaporation Ambient
Class A

1 Blaney—Criddle * 0 0 0 0
2 Radiation * 0 0 * 0 *)
3 Penman * * * * 0 *)
4 Class A Pan 0 0 * *
5 Thornthwaite * *
6  Hargreaves * 0 0
7 Linacre * *
8  Jensen—Haise * *
9  Makkink * *
10 Priestly-Taylor * *
11 Regression *

* = Measured data essential, 0 = Estimation required, (*) = Available data, but not essential.

The ET, indicates amount of water consumed for a given crop stage and the irriga-
tion requirements can be determined. The procedure involves use of PET estimations
and the experimental crop coefficients for the ET. This method is extensively used to
schedule irrigation. The Blaney—Criddle method does not need a crop coefficient. The
estimate of the ET_ is only made in one step. Doorenbos and Pruitt [4] provided an
appropriate crop coefficient to estimate the ET for specific crops. These procedures
resulted in precise estimates for periods of 10 days to a month.

CROP COEFICIENTS

The crop coefficients (K ) are related to crop species, crop physiology, crop growth
stage, days after planting, degree of ground coverage, and the PET. When using the
coefficients, it is important to know, how these were obtained. The following is an
empirical relation between ET and PET:

K, = [ET/PET] (20)
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The combined K includes evaporation from the soil surface and the plant surface.
The evaporation from the soil surface depends on the soil moisture and soil character-
istics. The transpiration depends on the amount and nature of leaf area index of a plant
and the available soil moisture to the root zone. The K _can be adjusted to the available
soil moisture and evaporation on the surface. Crop coefficient curve shows variation
of K with days after planting (see Figure 2.5).
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Figure 2.5. A typical crop coefficient curve.

Reference Crop (Alfalfa)

The alfalfa is frequently selected as a reference crop, because it has high ET rates in
arid regions [9]. Under these conditions, the PET is equal to the daily ET. When the
crop is actively growing, alfalfa has a height of about 20 cm and there is sufficient
available soil moisture. The PET obtained with alfalfa is usually higher for the Ber-
muda—agrass, particularly in windy arid regions. The daily ET rates can be measured
with the sensitive lysimeters.

Crop Coefficient

Crop coefficients are given in Table 2.5. It is possible to estimate the consumptive
water use (ET) using the crop coefficient and the calculated PET relation:

ET, = Kc * (PET) 1)

where: ET = Crop evapotranspiration (consumptive water use), mm/day.
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K_ = Crop coefficient.

PET = Potential evapotranspiration, mm/day.

Table 2.5. Crop coefficients (Kc) at different growth stages of a given crop.

Growth stage

Crop Initial Vegetative Fruit Late Crop Total

1/2/ Development Formation  Period Maturity Growth

Period

Banana 00— 0.70-0.85 1.00-1.10  1.90-1.00  0.75-0.85  0.70-0.80
Beans: Green 0.30-0.40 0.65-0.75 0.95-1.05  0.90-0.95 0.85-0.95  0.85-0.90
Dry 0.30-0.40 0.70-0.80 1.05-1.12  0.65-0.75  0.25-0.30  0.70-0.80
Cabbage 0.40-0.50 0.70-0.80 0.95-1.11  0.90-1.00 0.80-0.95  0.70-0.80
Grape 0.35-0.55 0.60-0.80 0.70-0.90  0.60-0.80  0.55-0.70  0.55-0.75
Corn: Sweet 0.30-0.50 0.70-0.90 1.05-1.20  1.00-1.15 0.95-1.10  0.80-0.90
Corn: Field 0.30-0.50 0.70-0.85 1.05-1.20  0.8-0.95  0.55-0.60  0.75-0.90
Onion: Dry 0.40-0.60 0.70-0.80 0.95-1.10  0.85-0.90 0.75-0.85  0.80-0.90
Green 0.40-0.60 0.60-0.75 0.95-1.05  0.95-1.05 0.95-1.05  0.65-0.80
Pepper 0.30-0.40 0.60-0.75 0.95-1.10  0.85-1.00 0.80-0.90  0.70-0.80
Potato 0.40-0.50 0.70-0.80 1.05-1.20  0.85-0.95 0.70-0.75  0.75-0.90
Rice 1.10-1.15 1.10-1.50 1.10-1.30  0.95-1.05 0.95-1.05  1.05-1.02
Sorghum 0.30-0.40 0.70-0.75 1.00-1.15  0.75-0.80  0.50-0.55  0.75-0.85
Soy 0.30-0.40 0.70-0.80 1.00-1.05 0.70-0.80  0.40-0.30  0.75-0.90
Sugarcane, (stalk)  0.40-0.50 0.70-1.00 1.00-1.30  0.75-0.80  0.50-0.60  0.85-1.05
Tobacco 0.30-0.40 0.70-0.80 1.00-1.20  0.90-1.00  0.75-0.85  0.85-0.95
Tomato 0.40-0.50 0.70-0.80 1.05-1.25 0.80-0.95 0.60-0.65  0.75-0.90
Watermelon 0.40-0.50 0.70-0.80 0.95-1.05 0.80-0.90 0.65-0.75  0.75-0.85

1/ Value for high humidity of HR 70% and low wind velocity, U = 5 meters per second.
2/ Value for low humidity of HR 20% and high wind velocity, U = 5 meters per second.

SUMMARY

ET is a combination of two processes: Evaporation and transpiration. Evaporation is a
conversion of liquid water into water vapor. The transpiration is the flow of liquid wa-
ter from the soil to the surface of leaves/branches and trunk; and conversion of liquid
water from the plant tissue into water vapor. ET processes are important for estimating
crop irrigation requirements and for irrigation scheduling. PET is a water loss from the
soil surface completely covered by vegetation. This chapter includes various Methods
to estimate the ET and PET: Hydrologic method or water balance, climatic method,
Penman equation, the Penman—Monteith equation, the Penman equation modified
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by Doorebos and Pruitt, Thornthwaite, Blaney—Criddle, the Blaney—Criddle equa-
tion modified by FAO, the Blaney—Criddle equation modified by Shih, Jensen—Haise,
Stephens-Stewart, the Pan evaporation, Hargreaves method, Hargreaves and Samani
modified method, Linacre method, Makkink method, Radiation method, Regression
method, and Priestly—Taylor method. The methods that use weather data like Blaney—
Criddle, Jensen—Haise, and Penman are not adequate for all the locations, especially
in tropical areas and at high elevation. To obtain the crop water use ET, it is necessary
to know crop and ambient conditions. The crop coefficients are related to the crop
type, the crop physiology, crop stage, days after planting, the degree of coverage, and
the PET.
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INTRODUCTION

The tensiometer is an indirect method of measuring soil moisture in irrigated agri-
culture [1]. For an efficient irrigation system, it is necessary that water quantities are
available for the plants during the crop season and precise measurements of soil moisture

'This Chapter is modified and translated from “Goyal, Megh R., José A. Santaella Pons y Luis E. Rivera Martinez. 1990.
El Tensiometro: Su Uso, Instalacién y Mantenimiento. Capitulo V en: Manejo de Riego Por Goteo editado por Megh R.
Goyal, paginas 143—176. Rio Piedras, PR: Servicio de Extension Agricola, UPRM.” For more details, one may contact by
E-mail: goyalmegh@gmail.com
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are conducted. Plants require a specific amount of moisture in the root zone. The soil
moisture needs may depend on the crop type and growth stage. During the irriga-
tion process, irrigation application must provide the amount of moisture needed by
the soil. The soil field capacity is a maximum amount of retention of water between
soil particles. The difference between the permanent wilting percentage and the field
capacity is an amount of water available for the plant [4]. When a quantity of water is
applied, a percentage of this water is lost due to deep percolation, evaporation from the
soil deep surface and surface runoff. It is of paramount importance that the available
soil moisture must be measured during the crop season. Currently, there are various
methods that can be used as a guide to determine when it is safe to apply the irrigation.
In this chapter, we will describe selection, installation, service and maintenance of a
tensiometer. Methods to measure soil moisture are: Manual palpitations, tensiometer,
neutron scattering, evaporation pan, and gypsum blocks.

WHAT IS A TENSIOMETER?

A tensiometer is an instrument that indicates the tension with which the water is adhered
to the soil particles [11]. It is an indirect method to indicate if the soil has adequate avail-
able moisture for the plant growth. The changes occur on the film of water surrounding
soil particles and these changes are expressed as fluctuations in the soil moisture tension.
In fact, the tensiometer measures indirectly the soil moisture, in the root zone.

HOW DOES THE TENSIOMETER WORK?

The principal components of the tensiometer are shown in Figure 3.1. The porous
ceramic tip is a key component of the instrument. This should be correctly inserted
in the soil. After the tensiometer has been properly installed, the water in the plastic
tube comes in contact with the moisture in the soil pores, flowing in both directions
until the equilibrium is reached. It is assumed that the soil moisture tension is same as
indicated by the vacuum gage of the tensiometer [5]

Use of a tensiometer in different situations.
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As the soil continues to loose moisture due to water use by the roots, the tension
(or the suction) of soil is increased. This tension is measured with a vacuum gage of
the tensiometer (Figure 3.1). When the soil is again wetted by the rainfall or irrigation,
the tension falls since the soil water flows through the pores of the ceramic tip. The
tensiometer readings can be related to water available to plants but cannot be used to
determine the amount of water in the soil. However, a soil moisture curve can help to
identify the status of soil moisture if one knows the soil tension.

PARTS OF A TENSIOMETER

Agricultural workers and technicians must have the knowledge about the parts, use,
installation and maintenance of the tensiometer [5]. This knowledge will help them to
obtain correct readings while using the tensiometer.
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Figure 3.1. Principal components of the tensiometer.
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Plastic Tube

It provides rigidity to the instrument and allows storage of water between the indicator
and the ceramic tip. This rigidity is a key to obtain exact readings of soil tension. The
instrument must be built as rigid as possible to minimize shocks. The plastic tube of
the tensiometer has a diameter of 2.2 cm (7/8 inches). This transparent tube is resistant
to environmental conditions and chemical substances. The support inside the wall of
the pipe provides a maximum resistance to protect connections of the indicator. The
superior part of the pipe above the indicator allows immediate observation of the pres-
ence of air in the tensiometer.

Porous Ceramic Tip

It is fabricated of porous ceramic with an excess bubbling pressure of 20 pounds per
square inch. The tip is connected directly to the plastic pipe without the use of any
adhesive agent. The tension constantly changes due to small quantities of water that
move inside and out of the instrument through the ceramic tip. This creates equilib-
rium with the soil moisture suction. The movement of water in the soil is slow when
the values of suction are high [7, 10].

Reservoir
It provides space for the storage to substitute the water lost through the porous tip.
It also helps in the maintenance of the instrument. Through the reservoir, water is
added and air bubbles are eliminated. This part is also made of transparent plastic. The
Neoprene rubber plug is resistant to climatic changes and can be substituted easily if
necessary.

Vacuum Gage

It indicates the vacuum or suction that occurs inside the tensiometer due to water
movement across the porous ceramic tip. The analog suction indicator (or vacuum
gauge) is sealed shut to resist outside conditions and can be completely submerged in
water without suffering any harm. It is built in such a way to keep water and air out
of the indicator. The body is covered with neoprene diaphragm for protection against
shocks, dirt and moisture. It also offers compensation for variations in temperature
and barometric pressure. The indicator is graduated to read from 1 to 100. Each divi-
sion is equal to one centibar. At sea level, one centibar of suction is equal to a water
column of 10 cm. One bar = 0.987 atmosphere = 100 centibars. The reading of a “two”
indicates that the soil is saturated of water. In practice only the graduations of 10-80
are useful. When soil looses moisture due to water loss or crop water use, the readings
on vacuum gage may go over 80. When this occurs, air enters the ceramic tip and the
readings are incorrect.

Due to mechanical problems associated with the construction of the vacuum gage,
the position of zero on the gage is an error. If we closely observe the gage, one may
notice that there are only four divisions between the “0 and 10” marks while there are
five divisions between 10 and 20 and so on. Each division represents two centibars.
Therefore zero position represents a reading of two centibars instead of a zero. The
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first division after the zero centibar represents a value of four centibars. Though we
are only interested in soil suction values from 10 to 80, yet it is very important that the
reader knows this information. Other compatible indicators also exist for the tensiom-
eter. Digital indicators can be connected to electrical sensors that allow the reader to
view readings of several tensiometers simultaneously. The response of these transduc-
ers is fast and is more reliable than the conventional gages. These sensors function on
the basis of the relationship between the suction and voltage when synchronizing the
tensiometer with the digital indicator.

Tensiometer with electrical sensor is employed in an automatic irrigation system.
Unfortunately, the digital indicator is very expensive.

PREPARATION AND CALIBRATION

The tensiometer should be prepared and calibrated before any installation in the field.
Distilled water is used to fill the plastic tube and reservoir cup. If the distilled water
is not available, then boiled water is also an option. Water contains dissolved air.
During the distillation or boiling process, this air is lost to the atmosphere leaving the
liquid free of air. Gases dissolved in crude water form bubbles inside the plastic tube.
These bubbles interfere with the readings of an indicator or transducer. To reduce or
eliminate the growth of algae and bacteria and to facilitate water movement inside the
instrument, a special conditioning blue dye is added. This special solution is prepared
by adding one cubic centimeter of the blue dye to one liter of water liquid, following
the instructions on the label of the bottle. Remove the cap of the tensiometer and the
plastic bag on the porous ceramic tip. Then fill the instrument with the water solution
without covering it yet. Keep the ceramic tip submerged in clean water for few days
before the actual installation. Again, fill the tensiometer with the solution (including
the reservoir cap). After the system is completely filled up, apply suction with the
hand pump to remove the air bubbles and eliminate any partial vacuum. In such a
way, the air is removed from the ceramic tip and the plastic cup of the tensiometer.
Surprisingly, big bubbles may appear coming out from the base of the plastic tube.
This indicates that the connection of the ceramic tip to the tube is not tight enough.
Any appearance of the air bubbles above the vacuum gage implies that the connection
between the gage and the tube is not completely sealed. Any possible leakage within
the instrument must be corrected. Small bubbles may be due to the air dissolved in
water. To test the transducer (vacuum gage), allow the tensiometer to gradually dry
until the gage reads a high suction value. After this, place the ceramic tip in water.
The reading must lower within seconds and reach zero within three to five minutes.
This test proves that the conductivity of the porous ceramic tip is satisfactory. A thin
plastic polyethylene tube (spaghetti) can easily be inserted in the wider plastic cup
of the tensiometer to eliminate any air bubbles from the tensiometer. When all the air
bubbles disappear, then the compartments are filled with the conditioning solution.
The rubber cap of the tensiometer is placed by twisting it until the neoprene seal
makes contact with the lower part of the reservoir. Finally, a quarter of a turn is al-
lowed to seal the neoprene rubber plug without causing any damage. Remember, not
to tight too much [8].
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SELECTING SOIL DEPTH AND LOCATION FOR THE INSTALLATION

The following factors should be considered for the selection of a tensiometer station:
Crop species and the depth of a root system.
Soil type and variation.

1
2
3. Natural surroundings and land topography.
4. Type of an irrigation system.

5

. Desired level of accuracy and control.

The main objective of the tensiometer is to determine the status of soil moisture
in the rhizosphere. Therefore, it is very important that the ceramic tip is correctly
placed in root zone of a developing plant. It is of equal importance that the instrument
is placed at a specific location where irrigation and rainfall can actually reach the ce-
ramic tip. Plants (such as ornamental ones) with shallow root system of <45 cm depth
only need one tensiometer per station. The instrument should be installed at a depth
equivalent to ¥ of actual root depth. The tensiometer should be located deeper into
the soil as the root depth increases with the crop stage (see Figure 3.2). Plants with
deep root system must have at least two tensiometers per station. Shallow tensiometer
is placed at one fourth of the root depth. The second tensiometer is placed at % of the
root depth (see Figure 3.3). In a fruit orchard, it is recommended to place shallow
tensiometer at 30—45 cm depth and second tensiometer at 60-90 cm of root depth
(see Table 3.1). Utilizing two tensiometers per station helps technicians recognize the
condition of a soil moisture in the root zone. Irrigation begins when the shallow ten-
siometer indicates high suction value. Irrigation continues until the readings on the
deeper tensiometer begin to fall. This is very important to know that the irrigation
water has penetrated to the desired depth and that all the roots above this point have
been watered adequately. Tensiometers must be installed in strategic locations in the
field because different types of soil have different levels of infiltration and water reten-
tion capacity. If the land has distinctive soils at several locations of the field, we must
install a tensiometer at each location. If the land is flat and uniform and the irrigation
system is permanent, then a pair of tensiometers for every 20 acres is enough. In case
of land with non uniform slopes, a pair of tensiometers must be installed at both high-
est and lowest points. In most irrigation systems, we should consider soil variations to
provide special needs of crops at high or low areas of the field [1, 2, 3, 7].

YOUNG
PLANT

Figure 3.2. Selection of a location for the installation of a tensiometer.
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SHALLOW
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Figure 3.3. The use of two tensiometers in a fruit orchard.
Table 3.1. Depth for location of a tensiometer.
Crop Depth of a tensiometer, cm.
English Spanish Shallow Deep Very Deep
Alfalfa Alfalfa 45-60 90-120 150
Almond Almendra 60 120 180
Apple Manzana 50 100 150
Apricot Albaricoque 60 120 180
Artichokes Alcachofas 45 45 -
Asparagus Esparragos 45-60 90 -
Avocado Aguacate 30 60 90
Banana Guineo 30 60 -
Barley Cebada 45 90 -
Beans (bush) Habichuelas 25 - 45
Beans (lima) Habas 45 90 -
Beans (Pole) Hab. Polacas 45 90 -
Beets (sugar) Remolacha dulce 45 90 -
Beets (Table) Remolacha de mesa 30-45 90-120 -
Blueberry Vaccinio 30 60 -
Broccoli Brecol 30 50 -
Cabbage Repollo 30 50 -
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Table 3.1. (Continued)

Crop Depth of a tensiometer, cm.
English Spanish Shallow Deep Very Deep
Cantaloupe/Honey Melon 45 90 -
dew

Carnation Claveles 30 90 -
Carrot Zanahoria 30 60 -
Cauliflower Coliflor 30 60 -
Celery Apio 25 50 -
Cherry Cerezas 60 120 150
Christmas tree Arbol de Navidad 30 60 -
Citrus, orange, Citricos, china, limén 45 90 -
lemon

Grapefruit Toronja 45 90 -
Coffee Café 45-60 90-120 -
Corn (Sweet) Maiz Dulce 30 75 -
Corn (Field) Maiz de campo 45 90 -
Cotton Algodon 45 90 120
Cranberry Aréandanos agrios 45 90 -
Cucumber Pepinillo 45 90 -
Date Palm Palma de datiles 60 120 150
Egg plant Berenjena 30 60 -
Fig tree Higos 45 90 -
Garlic Ajo 30 60 -
Grain & Flax Granos 45 90 -
Grape vines Uvas 60 120 150
Hops Lupulo 60 120 150
Joroba Joroba 60 120 150
Kivi Kivi 45 90 120
Lettuce Lechuga 30 - -
Macadamias Macadamias 30 30 90
Maize Maiz 45 90 -
Melon Melones 45 90 -
Milo Millo 60 120 -
Mint Menta 30 60 -
Monterrey Pine Pino 30 60 -
Mustard Mostaza 45 90 -
Nectarine Nectarina 45 90 -
Okra Quimbombo 45 90 -
Olive Oliva 60 120 150
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Table 3.1. (Continued)

Crop Depth of a tensiometer, cm.
English Spanish Shallow Deep Very Deep
Onion Cebolla 30 120 -
Papaya Papaya 30 60 -
Parsnip Chirivia 45 90 -
Pasture Permanent Pasto Permanente 20-37 - 60-75
Peach Melocotones 45 - 150
Peanut Mani 30 60 -
Pear Pera 45 90 120
Pea Guisantes 45 90 -
Beet (sugar) Remolacha dulce 45 90 -
Pecan Nuez encarcelasa 45 90 120
Pepper Pimiento 37 75 -
Persimmons Placamineros 45 90 -
Pineapple Pifa 37 75 -
Pistachio Nuts Nueces 60 120 150
Pomegranate Granada 45 90 -
Potato (Irish) Papa (Irlanda) 25 45 -
Potato (Sweet) Batatas 45 90 -
Plum Ciruela 60 120 180
Prune Ciruela Pasa 60 120 150
Pumpkin Calabaza 45 90 120
Radish Rébano 30 - -
Raspberry Frambuesa 45 90 -
Sorghum Sorgo 45 90 -
Soy bean Habichuela Soya 45 90 120
Spinach Espinaca 30 60 -
Squash (Summer) Calabazin 37 75 -
Strawberry Fresa 15 30 -
Sudan Grass Yerba Sudan 45-60 90-120 -
Sugar Cane Cafia 45 90 —
Sunflower Girasol 60 120 150
Tobacco Tabaco 20-37 75 -
Tomato Tomate 45 90 -
Turnip Nabo 45 90 -
Walnut Nueces 60 120 180
Watermelon Melén de Agua 45 90 120
Wheat—Hay Trigo—Heno 45 90 -
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LOCATION OF A TENSIOMETER IN AN IRRIGATION SYSTEM

Furrow lIrrigation

Tensiometer is installed on the inner side of the raised bed of a furrow (see Figure 3.4).
Crops are planted in rows on the side of furrows. When the bed spacing is from 1.5
to 1.8 meters, tensiometers are located in the direction of the crop row. For fruit trees
irrigated by ditches, two tensiometers are installed: One at the side the tree facing the
noon sun and the second tensiometer at a distance of 30—45 cm from the furrow.

cC—]

Figure 3.4. The tensiometer at the inner side of a furrow.

Overhead (Sprinkler) Irrigation

Tensiometers should be installed at a location where the plant receives afternoon sun-
light. The location must not be covered with branches of a tree and should not be
located at the lowest point with accumulation of runoff. When portable and permanent
irrigation systems are used, the tensiometer should not be installed too close to the irri-
gation line or a sprinkler. For fruit trees, two tensiometers should be installed between
two trees down the row. The space between the sprinkler and tensiometer should be
free of any obstructions such as tree trunk, branches, etc. For row crops, the tensiom-
eter should be installed at the bed of a planted crop. In case of forage crops or narrow
row crops, specific locations are not important.

Drip Irrigation

In fruit trees, tensiometer should be placed on the sunny side of the tree at 30 or 45
cm (1-1% feet) from the emitter. In newly planted fruit trees, the shallow tensiometer
should be located near the root zone without giving importance to the location of an
emitter. The row crops require tensiometers down the row. When measuring water
movement from the emitter, one can install an extra tensiometer at a distance of 3045
cm (1-1% feet) from the emitter and down the lateral [11].
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INSTALLATION

It is important that there exists a good contact between the ceramic tip and the soil.
The size of the hole needed to insert the tensiometer into the soil should be of diameter
equal to that of a tube of the instrument. The external diameter of the plastic tube and
ceramic tip is 2.2 cm (7/yin). Generally, a galvanized iron pipe of 1.25 cm (V2 in) is used
to make the hole. In a hole with a larger diameter, contact is lacking and air penetrates
the ceramic tip causing error in observations. Also the runoff water can enter into a
space between the hole and wall of the tube, thus causing incorrect readings. The hole
is dug to a desired depth to install the tensiometer. The metal pipe must be removed
carefully to keep the hole clean and round. The tensiometer is inserted slowly and
gently from top to bottom. Do not apply pressure on the gage to push it into the hole.
Apply a gentle pressure directly downward on the cap of the reservoir. It is desirable to
leave a space of 2.5 cm between lowest part of a gage and the soil surface. This allows
free expansion and contraction of the diaphragm of the gage. At ground level, some
loose soil is placed around the plastic tube and is pressed lightly so that runoff water
does not enter into a space between the tube and the hole.

The tensiometer is identified with the station number and installation depth. After
installation, fill up the reservoir compartment with a solution made up of distilled
water and a blue dye. Remove air bubbles from the reservoir compartment and plastic
tube. A good extraction of air increases the sensitivity of tensiometer and the accuracy
of reading. After installation, it is recommended to wait for at least two days until the
water from the instrument reaches equilibrium with the surrounding soil.

READINGS OF TENSIOMETER

The best time of the day for reading the tensiometer is early in the morning. At this
time, the water movement between the soil and the plants is at a minimum level be-
cause of a state of equilibrium. Readings should be taken at the same hour on a regular
basis. Frequency of readings depends on the crop, soil and climatic conditions and
the irrigation method. Larger is the interval of irrigation, lesser is the frequency of
readings. Tensiometer should be read daily for plants with shallow roots and for drip
irrigation. In sandy soils and hot climates, and for other irrigation methods, the read-
ings are taken three times a week.

In moderate climates, one reading a week is enough. Before taking the readings,
lightly tap the vacuum gage. A quick movement of the needle will tell if the soil is dry-
ing or receiving moisture. Readings must be taken always before servicing the instru-
ment. Maintenance is given to the tensiometer in the same order in which it is read.
The use of the tensiometer is most efficient when the data is copied on graph paper (see
Figure 3.5) and the curve is drawn. The curve describes the tendency of crop water
use. This will answer questions about the factors that affect the water consumption.
These factors include climatic changes, soil variations, fruit development, etc. The
graph helps to indicate when and how much to irrigate. The graph should be updated
on a daily basis.
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Figure 3.5. Graph paper for recording tensiometer readings.

The record of tensiometer readings can help us to give information about rainfall,
diseases, fertilizers, etc. This information can create a progressive record of the crop.

To adjust irrigation based on tensiometer readings, it is important to correctly iden-
tify the soil type. Different soil types have distinctive water absorption capacities. It
implies that each soil needs a specific amount of water for a specific crop. This method
requires a lot of patience. It generally takes months to determine the best irrigation
interval on the basis of a tensiometer.

If a deep tensiometer keeps a low reading after four days of irrigation, then it is an
indication of excessive water use. Contrary to this, if the tensiometer indicates high
tension after four days, then it indicates that the irrigation was not enough and the
depth of irrigation should be increased. Finally, if a surface tensiometer indicates a
high tension and the deep shows a one low tension, then it is necessary to irrigate more
than once daily, (See Table 3.2).
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Table 3.2. Intervals of optimum soil tension (in centibars) before the irrigation.

Crop Tension
Avocado 50
Broccoli 45-55
Cabbage 60-70
Carrot 55-65
Cauliflower 60-70
Grape vines 40-70
Lawn grass 20-30
Lemon 30-40
Lettuce 40-60
Maize (corn), sweet 50-70
Melon 35-40
Onion 55-65
Orange (Citrus) 20-40
Potato 30-50

INTERPRETATION OF THE READINGS OF A TENSIOMETER

1.

Near saturation (2—10 cb): Soil stays close to saturation on an irrigation day
and a few days later. If a low reading persists, the soil might be flooded or the
tension column is broken.

Field capacity (11-20 cb): Irrigation must stop in this interval to prevent water
loss by deep percolation and loss of nutrients. Sandy soils will be at their field
capacities at the lower range while the higher range will be for clayey soils.

Irrigation interval (30—60 cb): Usual interval to initiate the irrigation. Gener-
ally speaking, in sandy soils irrigation is applied with readings of 3040 cbars.
Usually in loamy soils, irrigation starts with readings of 40-50. In clayey soils
irrigation will be applied in range from 50 to 60. Commencing the irrigation in
these intervals assures that soil water will be available to the plant.

Dry (60-70 cb): The stress interval. Crops are not necessarily under water
stress. In some soils, water is available for the plant but is not enough.
Breakage of tension (80 cb): This is the limit of precision of the tensiometer.

Readings over 80 are possible but the tension breaks the water column between
80 and 85 cbars.

AUTOMATION OF AN IRRIGATION SYSTEM WITH TENSIOMETERS

Tensiometers can be used with an automatic irrigation system (Figure 3.6). These in-
struments are inserted in the soil at a specific depth depending on crop type, soil and
irrigation method.
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Figure 3.6. Electronic circuit for an irrigation system.

Each tensiometer includes an electrical conductor that converts measurement of
the soil tension into an electrical signal. This signal is received by a control panel,
which operates a solenoid valve to regulate the flow of water from the system to the
field.

This instrument is adjusted to readings of vacuum gage during the irrigation cycle.
When soil moisture is lowered and the tensiometer marks the predetermined maxi-
mum tension and an electronic signal is emitted. This signal activates the irrigation
system by opening the solenoid valve. When the soil begins to saturate and reaches
maximum moisture, the electronic tensiometer sends a message to the control unit to
close the solenoid valve and the irrigation is stopped.

Automatic irrigation system has following advantages:

1. Better control of quantity and frequency of irrigation.

2. Money is saved since no labor is needed to open and close irrigation lines in

the field.

3. One does not have to visit the field during odd hours to allow the irrigation.

It registers tendencies of water consumption with a system of automatic re-
cording units.

MAINTENANCE AND SERVICE OF A TENSIOMETER

In a moist and wet soil, the tension readings are low; air will not accumulate under
the plug of the reservoir cup. If the soil is relatively dry and the readings reach 40-60
cbars, air can rapidly accumulate in few days. Air bubbles increase the response time
to changes in tension, thus lowering the precision of the instruments.
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After installation, the instrument must be revised frequently and daily. Excess air
is removed and then water is added to the reservoir cup. With periodic service and
maintenance, less air will enter into the system. Then the maintenance can be done
once a month. If the tensiometer is not serviced and maintained for a long period of
time, then the water level in the reservoir is lowered significantly. It must be filled up
again with water. Air bubbles must also be removed with a hand vacuum pump. Under
saline conditions, maintenance is essential to keep the ceramic tip free of salts [2, 3].

Vacuum Hand Pump

This is an instrument to remove air from the tensiometer [9]. It has a universal suction
tip that adjusts itself to all models of tensiometer. The cap of the reservoir compart-
ment is removed and the suction to the instrument is applied with the pump. Four or
five strokes should produce a reading no greater than 80 cbars. The pump should stay
attached to the top of a tensiometer without holding it. If the manual vacuum pump is
not available, one can use a small flexible polyethylene tube (spaghetti) to remove the
air bubbles from the tensiometer (See Figure 3.7).

Figure 3.7. Vacuum hand pump.
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Figure 3.8. Suction method to test the operation of a tensiometer.
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Suction Method

This method consists of placing the tensiometer inside a “Matraz Erlenmeyer flask”
through a rubber plug (see Figure 3.8). A known amount of suction is applied around
the ceramic tip by opening a stopcock. The vacuum gage will show a reading corre-
sponding to the applied suction. Then the suction valve is closed. If the reading of the
instrument remains unchanged, then it implies that there is no loss of suction from the
seal of the ceramic tip and the gage. If the reading changes, then there is a loss of suc-
tion somewhere in the instrument. To find this spot, we add water through the reservoir
cup and apply the suction again. The instrument is allowed to flood and the top of the
reservoir is covered. If the reading remains unchanged, then there is no loss. If it is
changed, then there is an escape and the spot is easy to locate. This method reduces the
testing time to approximately 10 minutes.

STORAGE

After crop season is over, the tensiometer must be removed, emptied and stored. For
removing the tensiometer from the soil, rotate to loosen it from the soil. Then grasp
the main tube and pull it upwards. The ceramic tip should never be allowed to dry up.
Immediately after removing it from the soil, cover the ceramic tip with a wet towel to
keep it wet, while it is being packed. Even a few minutes of exposure to the air can
permanently seal the pores. Wet packing is recommended for temporary packing. Fill
up and cover the tensiometer. Clean the external ceramic tip and submerge it in water.
This method keeps the instrument in operating status and ready for immediate instal-
lation. Dry packing is only recommended for long periods of storage. Carefully, clean
and wash the ceramic tip with a brush. Clean the surface of the plastic with a soap
solution. Place the instrument in an inverted position. Hang it in a clean and dry place
free of dust. Cover the ceramic tip with a transparent plastic bag.

LIMITATIONS

The tensiometer is filled with water and is limited by the physical properties of water.
The gage indicates the difference in suction inside and outside the plastic tube. This
suction depends on the atmospheric pressure. The operational limit of the tensiometer
is 80 cbars at sea level. For each 300 meters of height above sea level, pressure lowers
by 3.5 cbars. A reading of 80 cbars in a tensiometer at sea level equals 62.5 cbars at
1500 meters of elevation:

[(3.5/300 x 1500 = 17.5), and (—17.5 + 80 = 62.5)].

Tensiometer with a common vacuum gage does not respond quickly. A good preci-
sion is possible for changes in tension with tensiometer equipped with electric digital
Sensors.

SUMMARY

A tensiometer is an instrument to measure the tension with which the water is adhered
to the soil particles. The tensiometer shows the changes and fluctuations that occur
on the water film surrounding the soil particles. Readings of the tensiometer can be
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related to the water available to plants, but can not be used to determine the amount of
soil moisture. The parts of the tensiometer are plastic tube, porous ceramic tip, reser-
voir and vacuum gage. This chapter discusses the procedure to prepare and calibrate
a tensiometer; to select and locate the site for installation of a tensiometer; to install a
tensiometer; to provide adequate service and maintenance; and to store the tensiometer

for short and long terms.

TROUBLE SHOOTING

CAUSE

REMEDY

The instrument always reads 2

1. Soil is saturated of water with the irrigation, rain-
fall or poor drainage.

2. The tensiometer has no water.

3. Loss of suction due to a low level of water in the
tensiometer.

Do not irrigate.
Fill the tensiometer with water and conduct the
maintenance procedure.

Review the calibration with a vacuum hand pump
(The gage must read 8085 cbars).

The tensiometer does not indicate the correct tension

4. The actual soil moisture is different from the one
that is indicated by a tensiometer.

Take soil samples within 15 cm of the tensiom-
eter station and at the same depth of the ceramic
end with a drill or shovel. Determine the soil
moisture content with an oven dry method.

The water needs to be replaced frequently

5. High suction readings for several days indicating
little irrigation.

6. The soil is not properly pressed around the ceram-
ics tip.

7. The seal leaks when it is closed.

8. There is a leakage a in the connection of the in-
dicator.

Water in the reservoir cup is needed.

Revise the installation.

Change the neoprene plug of the cap.

Revise the connection and conduct the necessary
maintenance.

Little response to the irrigation

9. Low infiltration rate of the soil.

10. The ceramic tip is partially sealed with salts.

11. The needle of a gage moves slowly.

Clean the ceramic tip.

Give light taps to the indicator before taking the
readings. Also revise and clean the ceramic tip.

Replace the ceramic tip and neoprene plug.

Wide variation in readings

12. Topography and different soil types.

Install an adequate number of tensiometers for a
reliable control of the irrigation.
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INTRODUCTION

The art of irrigation is very ancient and has been essential for the development and growth
of some civilizations. The Code of Hammurabi, sixth king of the first dynasty of Babylo-
nia, indicates the importance of irrigated land. II Kings 3: 1617 of the Holy Bible alludes
to irrigation, in 2000 B.C. In the same year, the queen of Assyria diverted the Nile River
to irrigate the Egyptian desert. The channels that they constructed during her kingdom still
work. Irrigation is also mentioned in the old documents of Syria, Persia, India, China, Java
and Italy. The importance of irrigation in our times has been defined accurately by N.D
Gulati: “In many countries irrigation is an old art, as much as the civilization, but for hu-
manity it is a science, the one to survive [3].” Irrigation water is an important component in
the hydrologic cycle (Figure 4.1). The irrigation is applied to achieve following objectives:
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Figure 4.1. Irrigation as a component in the hydrological cycle.
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To provide the necessary moisture for crop development.

To ensure sufficient supply of water during droughts of short duration and
unpredictable climate.

To dissolve soil salts.

It is a way to apply agrochemicals.

To improve the ambient conditions for the vegetative growth.

To activate certain chemical agents.

To generate operational benefits.

SELECTION OF IRRIGATION SYSTEMS

The irrigation can be accomplished by different methods: surface, subsurface, sprin-
kler and drip [2]. With any of these means, it is necessary to select an irrigation system,
before the design, the equipment specification and installation can proceed. In order to
make a suitable selection of the system, one should carefully consider the capacities
and limitations of all the potential alternatives. Tables 4.1 and 4.2 indicate the aspects
that must be considered in the selection of an irrigation system. These aspects are
listed as follows [9]:

1.

2.

N n ke

The crop and related factors: Type, root depth, water consumption, develop-
ment of diseases.

Soil characteristics: Texture and structure, depth and uniformity, infiltration
rate, potential of erosion, salinity and internal drainage, topography and degree
of irregularity.

Water supply: Source, quantity available and reliability, quality, solids in sus-
pension, chemical analysis.

Value and availability of land.

Limitations and obstructions of flooding.

Phreatic level: Level of underground aquifer.

Climatic conditions: Flood and furrow systems are usually associated with long
irrigation cycles (many days between irrigations), so while the evaporation for
the first few days after wetting may be high, the soil surface soon reaches “air
dry” condition, and evaporating for the remaining days of the cycle is essen-
tially zero—the average evaporation over the entire cycle is often low.
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8. Availability and reliability of energy.

9. Economic considerations: Investment of required capital, availability of credit
and interest rate, durability of the equipment and annualized cost, inflation

costs, crop yield and value.
10. Available technology.

11. Social considerations: Political and legal issues, cooperation of the habitants,
availability and reliability of the manual labor, level of knowledge and special-
ization of the manual labor, expectations of the government and inhabitants,
desirable level of automation, potential damage by vandalism, and health is-

Suces.

Table 4.1. Conditions for the selection of an irrigation method.

Conditions Irrigation methods

Flood Furrow Sprinkler Drip
Topography Moderate to irregular Moderate Irregular Irregular
Soil permeability Good Good Excessive to good  Excessive to good
Potential for erosion High High Low Low
Crop characteristics Sown by broadcast ~ Sown in rows Crop value variable Crop value

variable
Water flow requirements High High Moderate Low
Table 4.2. Comparison of irrigation methods.

TOPIC Flood Furrow Sprinkler ~ Micro
Evaporation loss Low Low Medium Minimum
Wetting of the foliage High Medium High Minimum
Water consumption by weeds High High High Minimum
Surface drainage High High Medium Minimum
Control of irrigation depth Minimum  Minimum  Medium High
Crop yield per unit of applied water Minimum  Minimum  Medium High
Uniformity in the crop yield Little Medium Medium High
Soil aeration Minimum  Little Little High
Interference of other tasks by the irrigation Low Low High Low
method
Application of fertilizers and pesticides through Minimum  Minimum  Moderate High
the irrigation water
Operation and labor cost Low Low Moderate High
Leveling of the land is required High High Low Minimum
Automation of the system Low Low High High
Energy requirements Low Low High High
Quality of water Minimum  Minimum  Moderate High
Use of filters Minimum  Minimum  Moderate High
Control of diseases and pests Minimum  Minimum  Moderate High

© 2013 Taylor & Francis Group, LLC



Irrigation Systems 75

Capacities and Limitations

Crop, soil and topography

Surface irrigation or irrigation by infiltration

There are different methods of surface irrigation for almost every crop. In some re-
gions, hay crops are irrigated by the furrow method. The flood irrigation method is
adequate for forage crops after an adequate leveling. Row crops are irrigated by the
furrow method. The irrigation system works better when the soil is uniform because
of good infiltration of the water. The length of a furrow is limited to 100 meters in a
heavy textured soil. However it can go up to 400 meters in well textured soils. Furrow
irrigation is adaptable in all soil types; however soils with fast or slow infiltration rates
may need an excessive manual labor. Uniform and slopes of slight incline adapt bet-
ter to the infiltration method of irrigation. The irregular topography and steep slopes
increase the cost of leveling and reduce the length of a furrow. The deep plowing can
affect soil productivity requiring a special fertilization. Steps, benches or terraces may
be required to control erosion in the case of high flow rates.

Sprinkler irrigation

Almost every crop and soil can be irrigated with some type of sprinkler irrigation
system, although the crop characteristics and crop height must be considered when
the system is selected. Sometimes the sprinklers are used to germinate the seed and to
cover soil. For this purpose, the light and frequent applications can be easily accom-
plished with some type of sprinkler system.

Soils with infiltration rates less than 5 mm/h may require special considerations.
Sprinklers can be used in soils with depths too shallow to permit effective surface irri-
gation. In general, the sprinklers can be used in any topography that can be cultivated.
Generally the leveling of the land is not required. The sprinkler system is designed
(with some exceptions) so that it can apply to water at lower intensity than the infiltra-
tion rate of the soil in order that the quantity of water infiltrated at any point depends
on the intensity of the application and time of application and not on the infiltration
rate of the soil.

Drip irrigation

Drip/micro or trickle irrigation is more convenient for vineyards, tree orchards and row
crops. The principal limitation is the high initial cost of the system that can be very high
for crops with very narrow planting distance. Forage crops cannot be irrigated eco-
nomically with drip irrigation. Drip irrigation is adaptable for almost all soils. In very
fine textured soils, the intensity of water application can cause problems of aeration. In
heavy soils, the lateral movement to the water is limited, thus more emitters per plant
are needed to wet the desired area. With adequate design, use of pressure compensating
drippers and pressure regulating valves, drip irrigation can be adapted to almost any
topography. In some areas, drip irrigation is used successfully on steep slopes.

Quantity and quality of water

Surface irrigation

It is important that the water applied for irrigation reaches the end of the field relative-
ly quickly to obtain a uniform irrigation. The volume flow rate required varies from 15
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to 300 liters per second. The furrow method is not well suited for leaching salts from
the soil, since water cannot stay in the soil for a required time. However, flood irriga-
tion with border strips is ideal for this situation.

Sprinkler irrigation

Sprinkler irrigation adapts particularly well to a situation with high water table, since
the sprinkler equipment can make the application with a determined volume of water.
Sprinkler irrigation generally requires the application of smaller quantity of water than
flood irrigation.

Drip irrigation

With drip irrigation, the application of water is less intense during a period of time lon-
ger than in other methods of irrigation. The most economic design would utilize water
flowing throughout the crop area during almost all the day, every day, during peak pe-
riods of water use. If the water is not available constantly, then it may be necessary to
store water. Saline water can be used successfully, with special precautions. The salts
tend to concentrate in the perimeter of the wet volume of soil. For longer time intervals
between the irrigations, the movement of the water in the soil can be reversed return-
ing the salts to the root zone. When it rains after a period of accumulation of salts, the
normal irrigation must be continued until approximately 50 mm of rain have fallen to
prevent the damage by salts. In the arid regions, where annual rain is insufficient (<of
300 to 400 mm) to leach the salts, the artificial leaching of salts may need more time,
requiring the use of a complementary sprinkler or surface irrigation method.

Sand (hydro cyclone) filters and screen filters are used to remove suspended solids
in the irrigation water. A media filter can remove organic clogging agents. Chemical
treatment of the water may be required to control biological activity, to adjust the pH
or to avoid the chemical precipitation that can obstruct the emitters. Suitable design
and periodic maintenance of the system for the treatment of the water are vital for the
successful use of the drip irrigation. Drip irrigation can operate at low operating pres-
sures and at low discharge rates.

Crop yields

Surface irrigation

High potential crop yield is possible with surface irrigation, especially with the border
strip method. The yields must be 80-90% in the design for the storage systems, except
with soils having a very high infiltration capacity. Reasonable irrigation efficiency for
border strip varies from 70 to 85% compared to 65-75% for furrow irrigation. One
must take into account factors such as the runoff and drainage water characteristics.

The engineer and the operator can control many of the factors that affect the irriga-
tion efficiency. However, the potential uniformity of the water application in a surface
irrigation is limited by the variation of the soil properties, mainly the infiltration ca-
pacity. Studies indicate that relatively uniform soils can have a uniformity of 80% in a
single irrigation. Researchers have suggested that the calculations of uniformity of the
surface irrigation based on the infiltration rate need to be reduced by 5%—10% due to
variation of the soil properties.
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Sprinkler irrigation
The sprinkler irrigation system can give performance as tabulated next page:

Manual or portable 65-75%
Lateral on wheels 60-70%
Center pivot 75-90%
Linear move 75-90%
Solid or permanent set 75-80%

Drip irrigation

Properly designed and maintained drip irrigation is able to give high performance. The
design efficiency can vary from the 90 to 95%. With reasonable care and maintenance,
the efficiencies of systems operation can range from 80 to 90%. Where obstruction is
a problem, the emitter flow efficiency can be as low as 60%.

Considerations of Manual Labor and Energy

Surface irrigation

The flood irrigation requires minimum use of manual labor compared to other sur-
face methods. Furrow irrigation can be automated to a certain degree. To reduce the
requirements for manual labor input, furrow irrigation requires expertise to obtain
high performance. The need for this expertise can be reduced with the use of higher
cost equipment. Putting siphons or tracks are useful to measure the desired flow rate.
The surface irrigation method requires little or no energy, to distribute the water to the
entire field. However the energy is required for taking the water to the field, and for
pumping the underground water. In some cases, these energy costs can be substantial,
particularly with a low efficiency of water application. Some manual labor and energy
for leveling and preparing the land are always needed.

Sprinkler irrigation

The requirement for manual labor varies depending on the degree of automation and
mechanization for the equipment to be used. Manual systems require the least degree
of ability, but more hours of labor. On the other end, the center pivot and linear move
systems require considerable operational ability and fewer hours of labor. The energy
consumption related to the requirements of operating pressure varies considerably
among all methods of sprinkler irrigation. The traveling sprinkler system with pro-
gressive movement requires seven bars or more of pressure. Other systems can use of
two to five bars, depending on the design of the sprinklers and nozzles.

Drip irrigation

Due to characteristics of low flow and relatively long irrigation set times, drip irriga-
tion can be automated totally. Therefore, manual labor is needed only for inspection
and maintenance of the system and the initial installation. The manual labor require-
ments for maintenance are related to the sensitivity of the emitters to obstructions and
the quality of the irrigation water. In a vineyard, for example, a worker can inspect and
maintain approximately 20 hectares per day.
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Generally, the drip irrigation method requires less energy than other pressurized
irrigation systems. The operating pressure ranges from 0.5 to 1.5 bars. The pressure of
the system fluctuate from approximately 2 (small flat land systems) to four bars (steep
slopes and uneven lands).

ECONOMIC CONSIDERATIONS

Surface irrigation

An important cost for surface irrigation is to level the land. The cost is directly related
to the volume of earth that must be removed, the length and size of the border strips.
The typical volumes of earth to be removed are in the order of 800 cubic meters per
ha. For excessive costs, the design must be economical. The typical cost of the earth
to be removed is $0.65 per cubic meter. The final, finished leveling with drag-scrapers
controlled by laser after removing the earth will cost approximately $110 per hectare.
Finishing touches on previously leveled soil by laser will cost approximately $50.00
per hectare.

Low pressure buried plastic pipes or concrete pipes for low flows, can approxi-
mately cost the double of the concrete ditches, and up to 5—10 times more for higher
flow rates. A compact land dam of medium size able to store a water volume for 24
hours costs $250/ha for small farm (<15 ha). For a larger farm, the price can be lowered
up to $125/ha. A weir dam can cost two to five times more.

Table 4.3. Cost of a sprinkler irrigation system.

Type of system Field size Capital cost Energy use Manual labor  Maintenance factor
ha $/ha kvh/ha/mm Hrs/ha/100 mm **
1. Manual or portable 65 175-250 0.86-2.05  1.65 0.020
2. Lateral on wheels 65 740-1000  0.86-2.05  1.17 0.025
Linear move with 32 865-1100  3.42-4.79  0.68 0.060
progressive move-
ment
4. Center pivot (without 55 620-1000  0.86-2.23  0.09 0.050

system for corners)

5. Center pivot (with 60 865-1100  0.96-2.33  0.09 0.060
system for corners)

6. Linear move or 130 1000-1200 0.86-2.23  0.19 0.060
trench alignment

7. Linear move or fed 130 1500-1850 1.20-2.57 0.19 0.060
by hose

8. Solid set 65 2500-3000 0.86-2.05 0.97 0.020

9. Permanent 65 2100-3000 0.86-2.05  0.09 0.010

**The maintenance cost is calculated multiplying the capital cost by the maintenance factor.
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Sprinkler irrigation
Table 4.3 summarizes the factors that affect the cost of the sprinkler irrigation system.
The capital cost depends on the type of the system and size of the area to be irrigated.
The typical costs of investment (Table 4.3) assume that the water is available at the
ground surface and near the field. The costs are necessary for the main pipe and the
pumping unit. The energy costs vary widely from place to place. The energy require-
ments in Table 4.3 can be used to calculate the costs of adequate unitary energy. A
pump efficiency of 75% has been assumed. The units of energy are kilowatts per hour
per hectare per millimeter (gross) of applied water. The operational cost (manual labor)
varies according to the type of system and the local cost for manual labor. Table 4.3
gives typical values per hour of manual labor that is required per hectare per mm of
applied water (gross).

It is difficult to predict the maintenance costs, but the numbers in Table 4.3 serve
as a guide. The annual maintenance cost is calculated by multiplying the initial capital
cost of the system by a maintenance factor.

Drip irrigation

The cost of the drip irrigation system can vary widely, depending on the crop charac-
teristics and the type of drip laterals (disposable or permanent tubes). The cost of drip
irrigation is about $2200/ha per hectare for vegetable crops with wider row spacing.
For vineyards with narrow row spacing, the costs can be go up to $3400/ha. For veg-
etables crops with narrow row spacing (tomato, pepper, etc.) the cost can vary from
$2900 to $4900/ha. For vegetable crops with disposable drip lines, the cost of replac-
ing the disposable lateral lines can vary from $340 to $450/ha during the year.

These estimations are for a system of high quality and include pumps, filters, con-
trols, the network of main lines and emitters. In situations where there is more than one
basic pump, sufficient equipment for filtration and control, costs vary from 20 to 25%
less of the calculated expenses. The typical expenses for operation and maintenance of
a drip irrigation system vary widely depending on the local conditions and the irriga-
tion efficiency. It is advisable to calculate the cost of maintenance and operation ($ by
hectare per year) as a fraction of the initial cost:

Cost Maintenance factor
Manual labor 0.0015

Energy 0.03-0.07

Water 0.04-0.06
Maintenance 0.01

Taxes and Insurances 0.02

*Depends on the performance of the system.

SURFACE IRRIGATION

In the case of the surface irrigation [2, 3], the water runs on the soil surface providing
necessary moisture to the plants for its development. The basic components are: Water
source, supply line, control mechanism, dams or dikes of control, furrows of irrigation,
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system of drainage and system of reusability of the water (optional). The supply lines
can be PVC or flexible tubes (lay-flat); also can be open channels of earth, asphalt,
concrete, plastic, iron, or brick lined. In addition to the pipes and open channels, other
potentially useful structures are: Tunnels (to shorten to the channels for redelivery);
hydraulic jumps (to reduce the energy of the water current without causing erosion and
to reduce the speed of water, respectively), and siphons (to cross depressions of the
land), etc. The control mechanisms may include: orifices, timer for mains (manual and
automatic), Parshall (or Replogle or other) flumes, garbage dumps, and control gates
for channels. For the control, the flood gates are used.

Border Strip Irrigation

In border irrigation, the water is applied to a leveled area surrounded by ridges. In
level basin irrigation, each irrigated area is completely at level without slopes in any
direction. The most common types of “border strip” irrigation use slope in the long
direction of the border. It is not necessary that the edges are not rectangular or straight
nor that the ridges are permanent. This technique is called “leveled flood or irrigation
by border strip.” The size of each border depends on the volume of available water, the
land topography, the soil characteristics and the required leveling. The size fluctuates
from a few square meters to 15 hectares, approximately. An advantage of the border
irrigation at leveled ground is that one needs to provide solely a specific volume of
water. The border irrigation flood is more effective on uniform and accurately leveled
grounds. It is possible to obtain high performance with low manual labor requirements.

Figure 2a. Flood Irrigation

I.:igure 2b. Gated pipe irrigation system

Figure 4.2. Surface irrigation.
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Channel of irrigation

Water-drainage
Flood permanent

CutAB

Figure 3b. Simple flood Figure 3c. Multiple flood

Figure 4.3. Flood irrigation.

Figure 4b. Double ditches

Figure 4.4. Flood irrigation.

© 2013 Taylor & Francis Group, LLC



82 Management of Drip/Trickle or Micro Irrigation

Furrow or Border Strip Irrigation

It is a traditional system and is more commonly used in agriculture. One adapts to ex-
tensive planting methods and it is prone to diseases that are developed due to excess of
soil moisture. It uses surface (rivers, lakes, pools, etc.) water resource or a deep well.
This method requires that the fields are prepared with gentle slopes so that the water
runs slowly by gravity and arrives at the lowest part of the farm, where it is collected
by open channels for elimination or is recycled for use.

Strip irrigation with dikes

This type of flood irrigation is very popular. It is used mainly in narrow row crops
like rice. It can be defined as the application of water between parallel strips. The strip
between adjacent dikes does not have slope in the transverse direction, but these have
slopes in the direction of the irrigation. The strip irrigation method with dikes uses the
soil accommodated in strips (made level through narrow measurement and with slopes
throughout the wide measurement). These strips are surrounded by dikes in order to
avoid the lateral flow of the water. The water is transported towards the superior end of
the dike and advances downwards. High irrigation performance is rarely possible due
to difficulty to balance the phases of advance and retraction in the application of water.
The strip irrigation with dikes is most complicated among the all surface irrigation
methods. The design considerations include length and slope of each strip, volume of
water per unit of width of strip, deficiency of soil moisture at the initiation of irrigation
and infiltration capacity. However, due to wide variations in the field conditions, it is
difficult for the irrigator to get high irrigation performance.

Advantages:

1. TItis easy to use.

2. Itis of low operational control.

3. The system is a traditional method of irrigation.
Disadvantages:

1. Enough land for sowings is lost.
It is not possible to enter the field, once it has been irrigated.
Fertilizer application efficiency is low.
Water losses by evaporation and runoff.
May cause erosion problems

AN S

Often the water cannot be reused, because it may be contaminated by fertil-
izers, etc.

Furrow irrigation or irrigation by infiltration

The furrows are channels with slopes that are formed from the soil. The infiltration
occurs vertically and laterally, and through the wetted perimeter of the furrow. The
systems can be designed in a diversity of ways. The optimal length of each furrow is
mainly determined according to the infiltration capacity and the size of the field. The
infiltration capacities in the furrows can vary much, even when the soil is uniform,
due to the crop practices. The infiltration capacity of a new furrow (or just cultivated)
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will be greater than the one of a furrow that has been watered before. The infiltration
in furrows can be reduced due to compaction of rows (between the furrows) and due
to compaction by farm vehicles and equipments. Due to the many controllable param-
eters of design and use, the furrow irrigation can be used in several situations within
the limits of the uniformity and topography of the land. The uniformity and efficiency
will depend on the soil characteristics and cultivation methods.

The furrow irrigation is designed so that the water runs throughout the desired
field. In this system, the water under pressure arrives at the highest elevation of the
field. It is distributed by channels or tubes, towards the fields where it will enter the
furrows to flood the area. From the supply lines, the water enters the furrows by means
of floodgates, siphons or by opening a furrow. Water is applied when the channel is
opened. One may use flood gates to control the application of water to a particular
field.

Figure 5a. Simple furrows Figure 5b. Multiple furrows

Figure 5c. Furrows type snail

Figure 4.5. Irrigation by surface infiltration.
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Circular sink Square sink

Figure 4.6. Irrigation by subsurface infiltration.

Figure 4.7. Irrigation by subsurface infiltration.
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One can obtain high uniformity in the water application to the irrigated area by
regulating the volume of water that is spilled into the furrow. For this purpose, one
can use the pipes with lateral floodgates. The use of the pipes with lateral orifices
has wider acceptance. The wing types of floodgates can facilitate the regulation of
the water volume that arrives at each furrow. By means of these pipes, the exit of the
water into the field can be automated. These floodgates can allow passage of water
with flows > 4 liters per minute. The galvanized iron or aluminum pipes with lateral
flood gates are easy to install, simple to adjust and can be transferred quickly from one
field to other. This system can be used for row crops: sugar cane, corn, fruit orchards,
etc. The furrows are oriented directly toward the slope, but the cross-sectional slope
is almost uniform.

Advantages:

1. Low initial cost.

2. Less specialized manual labor.

3. Easy operation, care and maintenance.

Disadvantages:

1. The application of fertilizers is manual.

Water loss by evaporation.
There are nutrient losses.
Planting area is reduced.

A

Land must be leveled. This increases initial cost and more time is lost between
successive crops.

Low efficiency of water use.
Incidence of pests and diseases is high.
It requires irrigation duration and a large quantity of water.

O 0 =N

Losses by infiltration and runoff cannot be avoided.

Furrows along the contour lines

This system utilizes small channels with continuous slope and almost uniform by
which the hilly areas are irrigated. The furrows follow the contours lines of the land.
This system can be used in uneven lands, hilly areas, row crops and except for sandy
soils. The furrows along the contours can be used to irrigate areas with pronounced
slopes. The recommended slope must be between 1% and 2%. The system is efficient
and acceptable if all the practices are followed. A proper method is necessary to avoid
the overflow of the water in the furrows. The length of the furrows must be short to
eliminate excess water that can destroy (dismantle) the furrows. The furrows along
contours are used jointly with parallel terraces to provide protection against breakage
of furrows. The superior and inferior drainage furrows must be protected.

Leveled furrows

The leveled furrows with no slopes are formed by a furrow opener and are used to
irrigate crops seeded on the furrows or on the sides of furrows. This method requires
a fast supply of water. The leveled furrows adapt better to soils with a moderate to
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slow index absorption and an index of retention capacity from medium to high. With
the furrow irrigation, the best results are obtained in gentle and uniform slopes. The
amount of water can adjusted according to the variations of the furrows. A high appli-
cation efficiency can be obtained if it is designed properly and the surface runoff can
be reduced. Unless high wind speed affects the water flow, the furrows can be doubled
in length, since the water can be applied on both sides of the furrow. This procedure
reduces cost of construction and maintenance of the distribution system.

In places where the wind speed is greater than 24 or 32 Km/h, the application of
the irrigation water becomes difficult if the wind direction is opposite to the water
course. The capacity of the furrows must be the sufficient to maintain the flow rate.
These must be able to apply at least half of the volume of the irrigation for the crop
use. For effective operation of the system, the field operations should not alter the
topography, the shape and the cross-sectional area of the furrows.

Sloping furrows

These furrows consist of small channels with a uniform continuous slope that follow
the direction of the irrigation. This method can be used for row crops, including veg-
etables. Furrows with slopes can be used in all soils except sandy soils, with high de-
gree of infiltration capacity and with a very little lateral distribution. This method must
be used with extreme care in soils with high concentration of soluble salts. Normally,
most of the energy is needed for the preparation of the furrow. The flow to each furrow
must be regulated carefully so that the distribution of the water is uniform, with the
minimum runoff. The lands must be leveled. Necessary facilities should be provided
to collect and to dispose of the excess runoff. The method is not adaptable for shallow
rooted crops or low irrigation rates for the germination of the seed.

Corrugated furrows

This system consists of a partial wrinkling of the soil surface. The irrigation water
does not cover all the land, but is distributed is small channels or undulations at regular
spaces. The water applied in the undulations infiltrates into the soil and extends later-
ally to irrigate the intermediate spaces between the furrows. Irrigation by undulations
or corrugations adapts better to the drought areas and flat lands with slopes of 1 to §%.
It can be used on irregular slopes, but the undulations must have a continuous slope in
the direction of the irrigation and the cross-sectional slope must be so as to minimize
the runoff. The undulations give best results in moderate to heavy textured soils. These
are not suitable in soils with high coefficient of absorption and in saline soils. The ir-
rigation flow rates can vary from high to low, because the numbers of undulations that
are watered at the same time, and can be adjusted to suit the flow available. The manu-
al labor requirements are high. The irrigation flow rates must be regulated carefully so
that the distribution of the water is uniform and the runoff is reduced to the minimum.
This method does not adapt to areas with high rainfall during the irrigation season.

SPRINKLER IRRIGATION

In sprinkler irrigation, the water is applied on the soil surface in form of a rain [1, 2].
The spray pattern is obtained when the water at pressure is expelled through small
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orifices. The operative pressure is developed by an appropriate pumping unit. Use of
this system expanded after the World War II with the introduction of light and movable
aluminum pipes. Sprinklers and fast couplers were developed to facilitate assembly
and dismantling. Manually lateral movable and rotating sprinklers were then devel-
oped. Later to save energy and water, the fixed solid-set systems came into being. In
plantations and fruit orchards, these consisted of lateral plastic pipes placed between
or along the tree row and sprayers of low flow rates or mini sprinklers. Giant sprin-
klers mounted on small carts were also developed to facilitate to coverage of extensive
areas.

- - -~ T
/
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\I - \P .
’ Y PR S Operational range of
14 At 2e ~ each sprayer

“N\——_~Secondary lines

/ High sprayer
Key of step

/ Main sewer

Source of water and pump

Figure 4.8. Sprinkler irrigation.

Figure 4.9. Overhead irrigation.
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Figure 4.10. Irrigation with a tank mounted on tractor.

Figure 4.11. Center pivot with drop sprinklers.

Figure 4.12. Wheel line irrigation system.
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The simple automation is carried out by means of use of volumetric metering
valves to provide a known volume of water, or timed valves to provide water for a
known duration. The valves can work at a predetermined sequence. Then the automa-
tion systems included use of solenoid valves to close and open according to an estab-
lished schedule. Several fields can be watered by connecting the units from subfield to
a “Master Central Control Unit.” Although the sprinklers have increased in popularity,
the surface irrigation continues to predominate. The basic components of a sprinkler
system are: A water source, a pump to provide a operating pressure, one or more
than one main/sub mains to distribute the water to all the field, sprinklers and control
valves, etc.

Advantages:

1.

NSk v

8.
9.

10.
11.
12.
13.
14.

Preparation of land is not required. It can be used on lands of rough topography
and level lands.

It allows total use of the land.

It offers great flexibility in design.

It can be used in any type of soil including high permeability rates.
It is generally more efficient than the surface irrigation.

More water in comparison with the surface irrigation is saved.

One adjusts very well to additional irrigation. It can be used for protection
against frosts and the heat.

The use of portable pipe reduces the cost of the equipment.

Fertilizers can be applied efficiently through the irrigation water.

The root zone is developed better than with the surface irrigation.

The cost for manual labor is lower than for the surface irrigation.

The gauging of the water is easier with this system.

The performance efficiency is high.

It is possible to make frequent applications at low volumes, when it is neces-
sary.

Disadvantages:

1.
2.

Elevated initial cost.

The evaporation loss is high. These losses can be reduced to a minimum by
watering at night.

Salty water can cause damage to the crop.

Incidence of foliage diseases is high. Some crops can suffer by loss of flowers
due to the impact of the water.

The freezing conditions can affect the functioning of sprinklers.
There is interference with the pollination.
The wind interferes so that distribution of water is affected.
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Types of Sprinkler Irrigation Systems

Manually operated and portable system

These systems include lateral pipe with sprinklers installed at regular intervals. The
lateral pipe is, generally, of aluminum, with Sections of 6, 9, or 12 meters in length,
and fast connections for pipes. The sprinkler is installed at the top of a riser (in the or-
chards, the height of a riser should go under the leaf canopy). The risers are connected
to the lateral tube. The length of the tube is selected to correspond with the desired
spacing of the sprinklers.

The lateral pipe with sprinklers is placed on a ground and it is used until the ap-
plication has been terminated. Then, the lateral tube is dismantled and is positioned in
the next section. This system has a low initial cost, but requires high manual labor. It
can be used in almost all crops. However it may be difficult to move the lateral pipes
when the crop is mature.

Lateral system on wheel (movable)

This system is a variation of the manual system. The lateral pipe is mounted on wheels.
The height of the wheels is chosen so that the axis exceeds height of the crop for easy
movement. A drive unit is commonly a motor driven with gasoline and is located
near the center of the lateral pipe. The system is moved from one place to another by
wheels.

Traveling sprinkler system with progressive movements

This system uses a sprinkler (tube) gun of high pressure and high volume. The spray
gun is mounted on a towable trailer. The water is supplied by means of a flexible hose
or from an open ditch. The system can be used in one field for a desired time and then
can be moved to the next field. The tow can be moved by means of a cable or it is pos-
sible to be pulled ahead while the hose is coiled in a spool to the border of the field.
These systems can be used in almost all crops. However, due to high intensities of
application, these are not suitable for clay soils.

Center pivot system

This system consists of a lateral pipe with simple sprinklers supported by a series of
towers. The towers are impelled in such way so that the lateral pipe moves around
the center, about the pivot point. The speed of the complete circular motion fluctuates
from twelve hours to several days. The intensity of the application of water increases
with the distance from the pivot in order to give a uniform amount of application. Be-
cause the center pivot irrigates a circular area, it leaves non irrigated the corners of the
field (unless additional special equipment is added to the system). Center pivots are
able to water almost all field crops.

Linear move system

The linear move system is similar to the center pivot system. The line of the pipe
extends in perpendicular direction to the lateral one. The delivery of the water to the
lateral is by a flexible hose or from an open ditch. The system irrigates the rectangular
fields free of high obstructions.
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Low energy pressure system (LEPA)

LEPA systems are similar to the linear move systems of irrigation. The orifices in the
lateral pipe and pipes can discharge at very low water pressure, exactly according to
the soil moisture. Generally LEPA systems are accompanied with soil surface manage-
ment regimes such as minimum tillage or most commonly micro-dams to prevent high
application rates from causing runoff. With suitable soil surface management systems,
high infiltration rates are not an absolute requirement.

Solid-set systems

In this system, sufficient lateral pipes are placed in the field and are not moved dur-
ing the season. Solid-set systems utilize a network of aluminum tubes for irrigation.
Enough lateral lines are used to cover all the area. The system reduces to a minimum
the need for manual labor during the irrigation season.

Types of Sprinklers
1. Rotating sprinklers, impact type: These are commonly used over a wide
range of pressure, discharge, spacing and rate of application for different crops.
2. Sprinklers, high volume or “gum” type: These are rotating sprinklers with a
discharge up to 60 M3/h at a pressure head of 60 meters. It can cover areas up
to one hectare simultaneously.

3. Sprinklers with low flow rate: These sprinklers apply 120 to 350 liters per
hour at a pressure head of 15-25 meters. These are used mainly in irrigation of
fruit trees.

4. Mini sprinklers: Small sprinklers can apply 30-120 liters per hour at a pres-
sure head of 15-25 meters. These are used in vegetables and nurseries.

SUBSURFACE IRRIGATION

In many areas, soil conditions and topography are favorable to irrigation using the
water below the ground surface. These favorable conditions are: The existence of im-
permeable subsoil at a depth > 1.8 meters; silt or silt-sandy permeable layer; uniform
topography and moderate slopes. The irrigation may be applied by means of exposed
drain ditches. The water table stays at a predetermined depth, normally from 30 to 40
centimeters, depending on the root characteristics of the crop.

The perforated subsurface pipes allow the infiltration through the soil. The pipes
can be placed at a spacing of 45 cm and at a depth of 50 cm. These buried pipes can
suffer damage by deep plowing. This method works, if the soil has a high horizontal
and a low vertical permeability.

The open ditches are probably used on a greater scale. The feeding drain is ex-
cavated along the contours. The drain spacing must be sufficient to maintain and to
regulate the level of the water. These are connected to a supply channel that runs
downwards, following a predominant slope of the land.

Adaptability
Subirrigation is appropriate for uniformly textured soils with a good permeability so
that the water is mobilized quickly, in a horizontal and vertically direction and to a
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recommended depth under the root zone. The topography must be uniform or almost
level or very smooth with uniform slope. Subirrigation is adapted for vegetable and
root crops, forage crops and gardens.

Important Characteristics

This method is used in soils with low capacity and when surface irrigation cannot be
used and the cost of pressurized irrigation is excessive. The level of the water can be
maintained at the optimal depth according to the crop requirements at different growth
stages. The evaporation losses are reduced to a minimum. The irrigation does not al-
low the weed seeds to come to germinate.

Limitations

Water with high concentration of salts can not be used. The selection of crops is lim-
ited. The crops with deep root system (such as some citrus) are not generally suitable
for subirrigation.

Natural subsurface irrigation

When geological and topographical conditions are favorable natural subsurface irriga-
tion is suitable for nearly flat topography with a deep surface layer and high lateral
permeability. At a depth of two to seven meters from the soil surface, there is usually
an impermeable rocky substratum. A constant water table at a particular depth is main-
tained. A set of parallel ditches can be arranged below the soil surface under following
conditions: For complementary irrigation in spring and summer in humid regions; a
good drainage is needed in winter. The soils are sandy and very permeable. During
excessive rainfall, water is removed by gravity or by pumping.

DRIP IRRIGATION

The application of water is by means of drippers of that are located at desired spacing
on a lateral line. The emitted water moves due to a unsaturated soil. Thus, favorable
conditions of soil moisture in the root zone are maintained. This causes an optimum
development of the crop.

SUBSURFACE DRIP IRRIGATION (SDI)

In this system, laterals with drippers are buried at about 45 cm depth. The fundamental
intention is to avoid the costs of transportation, installation and dismantling of the
system at the end of a crop. When it is located permanently, it does not harm the crop
and solve the problem of installation and annual or periodic movement of the laterals.
A carefully installed system can last for about 10 years. The components of the system
are basically the same as those for the drip irrigation system:

1. Manual solenoid valves.

2. Pressure controllers.

3. Pressure gauges.

4. Fertilizer tank.

5. Hydro cyclone filters, sand filters and mesh filters.
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The system can be automated by means of electronic sensors on the basis of soil
moisture. The laterals are installed at a depth of 45 cm depth. The system is connected
to a computerized central control station. Chemical agents can be applied through the
system only if these are highly soluble. It is recommended to apply water at pressure,
use fumigants and herbicides to prevent the penetration of roots into the tubes. The
advantages are:

1. High crop yields.

2. Conservation of water and energy.
3. Less manual labor.
4

Less damage to the lines and the system during the installation and dismantling
process.

5. Life of irrigation lines and parts is increased, since the plastic pipes are not
exposed to the solar light.

XYLEM [TREE INJECTION] IRRIGATION

Xylem irrigation (Figure 4.13) is the direct application of water with necessary chemi-
cal agents into the xylem of the tree trunk using a series of injectors that depends on
the age of the tree. Xylem irrigation is also called ultra micro, high frequency, tension,
tree injection, or chemotherapy irrigation. There is no difference in the concept these
names represent. The basic idea originated when various chemicals were injected
into the internal circulatory system of tree. It is simple to inject water, fertilizers, mi-
cronutrients, growth promoters, growth inhibitors, pesticides, trace elements, gases,
precursors of flavors/color and aroma, and in general any substance valuable for the
improvement of fruit quality. This system is in the experimentation stage and has not
been evaluated commercially.

Solutes removed and used for growth, synthesis,

and respiration Light

" 'Sugars’

— () Xylem

\ \ stem

(b) Root (a) Leaf

Figure 4.13. (a) Principle of tree injection irrigation.
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Figure 4.13. (b) Tensiometer in a trunk tree.
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Figure 4.13. (c) Diagram illustrating the tissue layers and their organization within monocot and

dicot roots.
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Advantages

Efficient use of water
1. No evaporation from the soil surface into the atmosphere.

2. No infiltration into the subsoil where roots are incapable of absorbing mois-
ture.

3. No runoff.
No wetting of foliage.

5. Inhibits non beneficial consumptive use of water by weeds because the terrain
is free of weeds.

6. One can irrigate the entire field up to edges.

7. Accurate quantity of irrigation water can be applied according to transpiration
rate of the plant.

8. Opverall water application efficiency can go up to 99%.
9. Savings up to 95% of water use can be achieved.

Plant response
1. Crop growth characteristics can be manipulated.
2. Better fruit quality and uniformity of crop is expected.

Root environment
1. Shallow root system.
2. Effective soil aeration.
3. Provision of required amount of nutrients.

Pest and diseases
1. Pesticides can be injected into the plant system.
2. Frequency of sprays can be reduced.
3. Reduction in incidence of insects and diseases.
4. Reduced application rates of pesticides.

Weed growth
1. Itis a minimum.
2. No weeds in dry surface between trees.

Agronomical benefits
1. TIrrigation activities do not interfere with cultivation, spraying, picking and
handling.

Less inter-cultivation, soil crusting, and compaction problems.

No surface runoff.

No soil/water erosion due to irrigation.

Fertigation and chemigation are possible thus savings in energy and quantity.

A

Other necessary chemicals can be applied along with irrigation water.
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Engineering and economical benefits

1. Significant savings in energy.

2. Cost is low compared to surface sprinkler and drip irrigation systems.

3. Pipe sizes are significantly smaller compared to pipe sizes in other irrigation
systems.

4. Conveyance efficiency and water use efficiency can be increased up to 99%.

5. System can be installed in uneven terrains.

6. It requires constant discharges at low pressures.

7. Water and chemical use can be programmed with the crop response.

Disadvantages

1. May not be applicable in vegetable crops as it is more convenient to inject into
tree trunks.

2. May not be used in monocot species as the xylem is not as differentiated.

3. Introduction of new substances can cause toxic effects just as a man can over-
dose on drugs.

4. May cause fungus growth at the injection site.

5. Holes in tree trunk must be made to install injection tips thus causing physical

injury to the plant.

Operational Problems

1.

® NS kWD

10.

11.
12.
13.

No information is available on number of injection sites, water application
rates, dosages of various chemicals depending upon the age of the tree.

At what height and depth, should the injection points be located?

Injection tips can be easily clogged by gum, wax and resins of tree.

Effective cleaning agent needs to be found to avoid clogging of tips.

Algae formation in the injector lines.

Laterals may contain air [from the tree] and thus obstructing the flow.
Leakage of water at the contact point between the injector tip and tree surface.
Excess pressure might loosen the sealing agent [silicon] and may throw out the
1njection tip.

Expert advice is needed to locate xylem.

Chemigation might disturb the osmotic and electrical internal equilibrium in
the plant.

Screening of pesticides and chemicals suitable for xylem irrigation.
Salts in excess of 300—500 ppm may require desalinization of water.
A clean, pure or soil water is necessary.

Principle of Operation
It is based on utilizing natural negative sap pressures within a plant to suction lig-
uids and gases directly into the inner circulatory system, analogous to a human blood
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transfusion. The technique is accomplished by placing an injection tip [e.g., a ceramic
implant] directly in the xylem layer, the negative pressure area. Liquid or gas is then
made available to the implant through a plastic tubing at very little or no pressure.
Fluids can then traverse in the plant in any direction. The roots of the plant continue
to be nourished by the natural way, with sap, water and nutrients. The roots still seek
moisture and grow down using a stimulus called geotropism.

Plants give off water through a process called transpiration. The amount of water a
plant “throws off”” and the amount it needs are two different situations. A well known
“Hill Reaction” is:

6CO, + 6H,0 + H,= C,H,,0, + 60, 3)

Opposite of transpiration is called respiration. By careful measurement of the
quantities of sugar synthesized in the leaves by unitary surface and time [10—15 mg
of hexose/sq dm-hr], it is readily calculable what stoichiometric quantity of water is
required under the same conditions [e.g., 50-80 ml for a period of 8 hrs considering
a canopy surface from 8 to 10 sq. m]. This quantity is very approximate to the quan-
tity of water consumed by xylem irrigation during the same period under the same
conditions. Primary water uptake occurs only during photosynthesis or day light [12].
System modification: It is accomplished by simply placing the ceramic piece in the
root zone of house or commercial indoor plants, nursery stock or almost any plant too
small to receive an implant in the trunk. The same efficient use of water and nutrients
are applicable but some of the metabolic engineering techniques [Modulation of the
plant metabolism with the aim of obtaining better fruits by injection of substances
such as promoters of color, bouquet, flavor, aroma, metabolites, enzymes or coen-
zymes] may not be effective. Seeds for greenhouses can also be germinated and grown
from an implant in the soil. The seed can actually be glued to the implant, then planted
and grown through maturity. Tree crops can be raised with other irrigation systems and
then xylem tips can be installed after first year of growth. Water usage of 40 ounces/
day on older trees, 5 ounces/day for grapes has been reported. This calculates to be
approximately 0.05 gpm/acre of irrigation during 12 hours photosynthesis or 36 gal-
lons/day/acre.

Description of Xylem Irrigation System

The system consists of a water resource, pump, chemigation system, filter, main line,
sub main, laterals, and injection tips. The installation of injection tip should be done
in the following manner:

1. Select the size of a ceramic tip.
2. Select the best location on the plant.

3. Bore a hole through the cambium layer approximately 1/4 diameter larger than
the injector.

4. Use a sharp instrument to remove this plug of bark. It is important to bore past
the phloem to cause leakage out of the plant.

5. Continue the bore into xylem [sapwood] portion to the same dimension as
length of ceramic portion of the injector. The hole should allow a snug fit.
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6. Use an inert sealing agent [silicone] for sealing the injector to tree.

7. Hook water to be injected to the tip at a pressure of 1-8 ft of head. [Necessary
pressure can be allowed by gravity, low pressure pump]. Very minute quanti-
ties of chemical can be injected into the water stream using a plastic syringe
[doctor’s needle].

Precautions for Xylem Irrigation System
1. Sterilize the drill bit.
Hole should allow a perfect fit.
Use a good sealing agent.
Water should be free from pathogens.
Use a pesticide to avoid fungal growth.
Injector site should be allowed to dry before starting irrigation.
No leakage can be allowed between the tree and tip, as it will break the suction.

Sl I G

High precaution is essential in determining dosage of the chemicals to avoid
toxic hazards in the plant.

9. Any injection holes, which cannot be used, should be left open. They heal with
time.

HYDROPONIC

The growth of plants without soil is known as hydroponics. From 1925 to 1935, ex-
tensive work was done to modify the nutrient culture in the nurseries. In 1930, W.F.
Gericke at the University of California, defined hydroponics as a science to cultivate
plants without the soil use, but using inert materials such as sand and sawdust, among
others. A nutrient solution with all the essential elements is added for good develop-
ment of the plants. After World War 11, the Air Force Wing of the United States used
hydroponics to provide food to the troops and established the first hydroponics project
of 22 hectares in Chofu-Japan. During the fifties, the commercial use of hydroponics
expanded quickly to United States, Italy, Spain, France, England, Germany, Sweden,
USSR, Israel, India, and others. This expansion continued in Australia, New Zealand,
Africa of the South, Kuwait, Brazil, Poland, Singapore, Canada, Malaysia, the East
and Center of Africa and other countries, during 1950-2000. Figures 4.14 and 4.15
show a typical hydroponics system. The ventilation, darkening of the roots and sup-
port of the plant are key elements of the hydroponics. The nutrient solution is pumped
to a PVC tube covered with a black polyethylene cover. The PVC tube is cut in half
and the black polyethylene is placed on top to prevent the entrance of light. Holes are
made at the top of the polyethylene tube through which plants grow in the nutrient
solution, which flows at the bottom of the PVC tube. At the end of a crop, the system
is dismantled and the tubes with accessories are washed with a chlorine solution.

Disadvantages are:
1. The high initial capital cost.
2. Incidence of diseases like Fusarium and Verticillium.
3. The problems with nutritional complexes.
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Figure 4.14. Hydroponic system.
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Figure 4.15. General components of a hydroponic system.
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Advantages:
1. A greater efficiency in the regulation of nutrients.
2. Its availability in the regions of the world with no arable lands.
3. Efficient use of the water and fertilizers.
4. Easy and low cost of sterilization of growing medias.
5. A greater density of plants by area.

SUMMARY

The need for additional food for the world’s population has spurred rapid development
of irrigated land throughout the world. Vitally important in arid regions, irrigation is
also an important improvement in many circumstances in humid regions. Unfortu-
nately, often less than half the water applied is beneficial to the crop — irrigation water
may be lost through runoff, which may also cause damaging soil erosion, deep per-
colation beyond that required for leaching to maintain a favorable salt balance. New
irrigation systems, design and selection techniques are continually being developed
and examined in an effort to obtain the highest practically attainable efficiency of
water application.
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INTRODUCTION

The competitive demand of available water is more and more acute now in most parts
of the world. The supplies of good water quality are declining every day. It is, there-
fore, necessary to find methods to improve water use efficiency (WUE) in agriculture
[3]. The drip irrigation is one of the most efficient irrigation systems that are used in
agriculture. This system has been used in arid regions of the world.

Drip irrigation also known as trickle irrigation or micro irrigation is an irrigation
method that applies water slowly to the roots of plants, by depositing the water either
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on the soil surface or directly to the root zone, through a network of valves, pipes, tubing,
and emitters [1]. The goal is to minimize water usage (see below). Drip irrigation may
also use devices called micro-spray heads, which spray water in a small area, instead
of emitters. These are generally used on tree and vine crops. Subsurface drip irrigation
(SDI) uses permanently or temporarily buried dripper line or drip tape. It is becom-
ing more widely used for row crop irrigation especially in areas where water supplies
are limited. The drip irrigation is a slow and frequent application of water to the soil
by means of emitters or drippers located at specific locations/interval throughout the
lateral lines. The emitted water moves through soil mainly by unsaturated flow. This
allows favorable conditions for soil moisture in the root zone and optimal develop-
ment of plant.

History

Drip irrigation was used in ancient times by filling buried clay pots with water and
allowing the water to gradually seep into the soil. Modern drip irrigation began its
development in Germany in 1860 when researchers began experimenting with subsur-
face irrigation using clay pipe to create combination irrigation and drainage systems.
In 1913, E.B. House at Colorado State University succeeded in applying water to the
root zone of plants without raising the water table. Perforated pipe was introduced in
Germany in the 1920s. In 1934, O.E. Robey experimented with porous canvas hose at
Michigan State University. With the advent of modern plastics during and after World
War II, major improvements in drip irrigation became possible. Plastic micro-tubing
and various types of emitters began to be used in the greenhouses of Europe and the
United States.

A new technology of drip irrigation was then introduced in Israel by Simcha Blass
and his son Yeshayahu. Instead of releasing water through tiny holes (blocked easily
by tiny particles), water was released through larger and longer passageways by using
friction to slow water inside a plastic emitter. The first experimental system of this
type was established in 1959 in Israel by Blass, where he developed and patented the
first practical surface drip irrigation emitter. In 1973, publisher Massada Limited in
Israel printed a book in Hebrew by Simcha Blass named “WATER IN STRIFE AND
ACTION.” Blass was a well known water engineer in Israel in its first years and chief
engineer in Jewish Yishuv. He planned the Israeli main water carrier. It is a common
misconception that drip irrigation was invented in Israel. There is no question that
much of the product innovation in this field occurred in Israel and that companies in
Israel have contributed significantly to the industry, but they can not take all the credit
for its development. The facts are that drip irrigation system, with plastic pipes and the
new plastic drippers, was invented and first used and developed in Israel by Blass. It
does not change the contributions made earlier and later.

This method subsequently spread to Australia, North America, and South America
by the late 1960s. In the United States, in the early 1960s, the first drip tape, called
Dew Hose, was developed by Richard Chapin of Chapin Watermatics (first system es-
tablished at 1964, http://www.microirrigationforum.com/new/archives/drip-invention.
html). In 1969, researchers under Prof. R. K. Sivanappan at Tamil Nadu Agricultural
University in Coimbatore—India started research using drip irrigation using the
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available tubes and micro tubes in the market not only in the research station, but
also in the farmer’s field for banana, grapes, cotton, and vegetables. Beginning in
1987-88, Jain irrigation toiled and struggled to pioneer water-management through
drip irrigation with the advice of Dr. Sivanappan. Jain irrigation (www.jains.com) also
introduced some hi-tech drip irrigation concepts to Indian agriculture such as “Inte-
grated System Approach,” One-Stop-Shop for Farmers, “Infrastructure Status to Drip
Irrigation & Farm as Industry.” They have established “Research and Demostration
Farm” for modern drip irrigation concepts at Hi-tech Agricultural Institute near
Jalgaon—Maharashtra—India. Jains opened a head office in Fresno—CA (www.jains.
com/Reachus/usa.htm). The area under drip irrigation is more than five lakh hectares
covering about 30 crops including grapes, sugarcane, banana, cotton, horticultural
crops, vegetables, and fruits.

The first drip irrigation system in Puerto Rico was installed in 1970 for fruit orchard
owned by Luciano Fuentes in Coamo municipality, and in mango orchard at Fortuna
Agricultural Experimental Substation in Juana Diaz municipality. In 1979, first experi-
ment on drip irrigation was established at Fortuna Substation by Megh R. Goyal, Father
of Irrigation Engineering in Puerto Rico. Today, acreage under drip irrigation for veg-
etables and fruits has increased to more than 60,000 acres in Puerto Rico.

It is assumed that the drip irrigation will fortify agriculture and increase efficiency
of food production. With this system, the plant can efficiently use available natural
resources such as: soil, water, and air. The drip irrigation is also known as “daily ir-
rigation,” “trickle irrigation,” “daily flow irrigation,” or “micro irrigation,” The term
“trickle” was originated in England, “drip” in Israel, “daily flow” in Australia and
“micro irrigation” in USA. The difference is only in the name, and all these terms have
the same meaning. The water in a drip irrigation system flows in three forms:

1. It flows continuously throughout the lateral line.
2. It flows from an emitter or dripper connected to the lateral line.
3. It flows through orifices perforated in the lateral line.

ADVANTAGES OF DRIP IRRIGATION

Well designed drip irrigation system can increase the crop yield due to following factors:
A. Efficient use of the water:

1. It reduces the direct losses by evaporation.

It does not cause wetting of the leaves.

It does not cause movement of drops of water due to the effect of wind.
It reduces consumption of water by grass and weeds.

It eliminates surface drainage.

It allows watering the entire field until the edges.

It allows applying the irrigation to an exact root depth of crops.

Nk

8. It allows watering greater land area with a specific amount of water.
B. Reaction of the plant:

1. It increases the yield per unit (hectare-centimeter) of applied water.

2. It improves the quality of crop and fruit.

3. It allows more uniform crop yield.
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C. Environment of the root:

1.
2.
3.

It improves ventilation or aeration.
It increases quantity of available nutrients.
The conditions are favorable for retention of water at low tension.

D. Control of pests and diseases:

1.
2.

It increases efficiency of sprayings of insecticides and pesticides.
It reduces development of insects and diseases.

E. Correction of problem of soil salinity:

1.
2.

The increase in salts happens at a distance away from the plant.
It reduces salinity problems. A greater reduction is obtained by increasing the
water flow. Salts are limited to an outer periphery of a wetted zone.

F. Weed control:

1.

It reduces the growth of weeds in the shaded humid space.

G. Agronomic practices:

1.

SAINARE i N

The activities of the irrigation do not interfere with those of the crop, the plant
protection, and the harvesting.

It reduces inter cultivation, since there is less growth of weeds.

Helps to control the erosion.

It reduces soil compaction.

It allows applying fertilizers through the irrigation water—called fertigation.
It increases work efficiency in fruit orchards, because the space between the
rows is maintained dry.

H. Economic benefits:

1.

The cost is lower compared with overhead sprinkler and other permanent ir-
rigation systems.

The cost of operation and maintenance is low. The costs are high when the
average row spacing is less than three meters.

It can be used in uneven terrains.

The water application efficiency is high. Energy use per acre is reduced due to
smaller diameter pipes, and only 50-60% of water is used.

The BC ratio is favorable and the pay back period is one to two years.

DISADVANTAGES OF DRIP IRRIGATION

A. The drip irrigation, like other methods of irrigation, cannot adjust to all the spe-
cific crops, sites, and objectives

B. The system has the following problems and limitations:

1.

2.

The drippers are obstructed (or clogged) easily with soil particles, algae or
mineral salts.

The soil moisture is limited. The soil moisture volume depends on the dis-
charge of drippers, dripper spacing, and the soil type.

The rodents or insects can damage some components of the drip irrigation
system.
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4. A more careful high technology management is needed compared to other ir-
rigation systems.

5. The initial investment and annual cost are higher compared to other irrigation
methods.

DRIP IRRIGATION SYSTEM LAYOUT AND ITS PARTS

The main components of the drip irrigation system (Figure 5.1) are:

The water source.

The pump and the energy unit.

Main Line (larger diameter Pipe and Pipe Fittings).

The filtration systems: Sand separator, screen filter, media filters & manifolds,

backwash controller.

Fertigation systems and chemigation equipment.

6. The controls in the automation of the system: Plastic Control Valves and Safety
Valves.

7. The water distribution system: Smaller diameter PE tubing (often referred to as
“laterals”).

8. Emitting Devices at plants (ex. Drippers, micro-spray heads, irrigation mats).
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Injection Air Vent

Filters
@
I I

-
Back Wash

Pressure
Relief

Pressure
Control

Pre-filter Water Meter  Drain (X)

Solenoid

Main line Value

Backflow
Precention
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1. Pump 8. Gate or ball valve

2. Control 9. Main line

3. Safety valve 10. Secondary filter

4. Water source 11. Secondary line

5. Fertilizer injector 12. Laterals or drip lines

6. Pressure gages 13. Micro sprinklers or emitters or drippers
7. Primary Filter 14. Solenoid valve

Figure 5.1. Components for a typical drip/micro or trickle irrigation system.
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To make connections, fittings and accessories needed for a drip irrigation sys-
tem are: Gate or ball valve, safety or check or one way valve, flushing valve,
union, nipple, adapters, reducers, tee, coupling, universal, elbow, double union,
and cross.

The Water Source

The water source can be a treated water, well water, open channel, rivers, and lakes.
The clean water is essential for the drip irrigation. If water of poor quality is used,
physical and chemical or biological polluting agents can obstruct the emitters and drip
laterals. The underground well water is generally of good quality. In some cases, it can
contain sand or chemical substances.

Although, superficial water from lakes, rivers, and open channels can be used, this
water source has the disadvantage of possible contamination by bacteria, algae, and
other organisms. Almost all water sources contain bacteria and elements that nourish
it. A good filtration system is needed to remove all the polluting agents that can ob-
struct or clog the drippers.

The Pump

The pumping and the power units represent a significant part of an initial installation
cost of a drip irrigation system. Therefore, for the selection of appropriate equipment,
it is convenient to know all the characteristics and operating conditions. It is necessary
to acquire effective, reliable, and low cost pump and a power unit. A centrifugal pump
(Figure 5.2) is suitable for extracting water from superficial sources or shallow wells.
It can also be used to increase the pressure in a main or sub main line. The centrifugal
pump is relatively cheap and efficient. It is available for wide range of flows and pres-
sures.

While selecting a pump, one should know total pressure in the system, operating
pressure, total volume of water for irrigation, and horsepower rating. A pump of a
slightly greater capacity than necessary can ensure sufficient water at a desired pres-
sure.

The pump of a required size guarantees a good uniformity of water application.
On the contrary, an undersized pump and oversized drippers can cause non uniform
emitter flow throughout the field. Total pressure for the system generated by a pump
depends on the following factors:

1. The highest elevation: Elevation difference between a water source and an
emitter located at the highest elevation of the field.

2. The highest friction loss: The pressure required for the most distant emitter.
One should also consider discharge flow.
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Figure 5.2. Pumps.

Energy or Power Units

In drip irrigation system, the electrical motors are preferable because of high overall
efficiency, ease of automation, quiet operation, and necessity of least maintenance.
The gasoline or diesel engines can also be used. However, these may cause variations
in the operational pressures and emitter flow. These have high maintenance cost and
cause noise during operation.

The Irrigation Controls

The volumetric valve

The volumetric valve measures volume of irrigation application and is necessary for
proper management.

The pressure gage

The pressure gage measures water pressure in the drip irrigation system [2]. It is
especially useful for non compensating pressure drippers. The pressure gages on
the upstream and downstream side of the filtering system indicates pressure loss
that helps in programming the flushing process of filters. The intervals and range
of pressure gage must match with the operating pressure of the system for good
management.
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Figure 5.3. Pressure gage.

Pressure controller

Lateral line

Figure 5.4. Pressure regulator for the drip irrigation system.
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Figure 5.5. Solenoid valves for drip irrigation system.

Figure 5.6. Air relief valve or vacuum breaker, and pressure release valve.
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The pressure regulator or pressure relief valve

The pressure regulator or pressure relief valve can be fixed or adjustable. When in-
stalled in the principal or secondary lines, it can compensate the changes in elevation
or frictional losses of lines. The manual valves, the automatic metering valves, the
semiautomatic valves, and timers are recommended for the drip irrigation system. The
automatic flow valves provide desired amount of irrigation in a specified time. These
also reduce pressure variations among the lateral lines in an uneven land. The combi-
nations of pressure regulator and flow control valve are also available.

Air relief valve or vacuum breaker

This valve removes air from the drip irrigation system. The suction or vacuum is de-
veloped when the irrigation system is shut off. This vacuum can obstruct the drippers
if the dirty water or dust is suctioned into the system. Vacuum breaker or air relief
valve of “one inch for each 25 gpm of flow” is recommended.

Flushing valve
The flushing valve at the end of each lateral helps in the flushing of the system.

The Dripper or Emitter

The water emission devices (drippers or emitters or micro sprinklers) are unique in
the drip irrigation system. The drippers supply water through small orifices in small
amounts near the plant. The pressure through the emitters must be sufficiently greater
than the pressure difference due to land topography and friction losses in the system.
The orifice must be large enough to avoid serious obstructions. These design consider-
ations have resulted in the manufacture of several types of drippers (Figure 5.7). There
are two categories of drippers for installation in the field:

1. In-line emitters/drippers.
2. On-line emitters/drippers.

The in-line emitters are used in the green houses and for row crops such as: veg-
etables and some fruit orchards. This layout also consists of a series of equally spaced
perforations (orifices) throughout the lateral: single or biwall drip laterals. The emit-
ter flow fluctuates from three to four (3—4) liters per minute for 30 m of lateral. The
operating pressure of this layout fluctuates from 2 to 30 psi. However, most of these
systems operate at a pressure less than 15 psi. The lateral or drip lines can be up to 90
m of length depending on the slope. These laterals are limited by irrigation flow rate
and by uneven terrain of the land. The on-line drippers are suitable to leveled lands to
maintain acceptable uniformity of emitter flow. Because the operating pressure is low,
a moderate variation in elevation causes large variation in the emitter flow. The engi-
neers are the right professionals for design of drip irrigation systems. The flow varia-
tions of drippers are due to changes in pressure because of uneven lands. For these
situations, compensating pressure drippers provide almost constant flow for wide. The
flow variations fluctuate from moderate to high depending on pressure changes be-
cause of non uniform orifices in a single chamber and biwall drip lines.
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Figure 5.7. Types of emitters.

Micro tubes or spaghetti connected on the lateral line are used for fruit orchards,
ornamentals, and flower pots in the nursery (green house). One or numbers of mi-
cro tubes irrigate individual plants or pots, and these are generally connected on the
plastic or PE hose. In this system, plants are not near the lateral line. The irrigation
water enters the dripper at high pressure and leaves the emitter at design pressure. The
reduction in pressure is affected by the flow of water through long labyrinths, tortured
(zigzag) path, size of orifices, and other design variations by the manufacturer.
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Specially, designed emitter can allow free passage of particles of moderate size out of
the dripper. These drippers are of self cleaning type at low operating pressures of 5—60
psi with average emitter flow of 2—7.6 liters per hour.

THE IRRIGATION DURATION

The irrigation duration depends on the following factors:
1. The plant water requirements in gallons or liters/day.
2. TIrrigation interval between each application and irrigation frequency.
3. Dripper flow rate and volume of water application.
4. Soil and plant characteristics.
The irrigation duration can be calculated as follows:

Hours of irrigation [liters of water required by plant per day]/
per day [Emitter flow rate in liters per hour] ..........cccceeeee. )

THE CLOGGING AGENTS IN THE IRRIGATION WATER

Depending on the water resource, the quality of water varies considerably depend-
ing on physical/chemical and biological composition, water demand, and rainfall. The
clogging agents in the water can be of physical, chemical, or biological nature. The
physical clogging agents are sand, silt, and clay. The chemical clogging agents include
minerals and salts in the water. Many of these clogging agents may stimulate growth
of microorganisms. The algae, bacteria, fish, ants, insects, and leaves are biological
clogging agents. In general, an adequate filtration system, flushing, chemical treat-
ments, and good management can prevent obstructions of the drippers and the lateral
lines.

THE FLUSHING OF SUB MAINS AND LATERALS

The maintenance and flushing of the main, secondary, and lateral lines are indispens-
able for good operation of a drip irrigation system. A good filtration system may catch
larger size particles. However, smaller size particles may pass through the filter thus
arriving at the secondary and lateral lines. These smaller size particles accumulate in
the lateral lines and drippers thus causing obstructions. Some particles combined with
certain type of slime and bacteria form aggregates that cause emitter clogging. A filter
of >100 mesh size is adequate to avoid clogging due to physical agents. The periodic
flushing of lateral lines will reduce these obstructions. The main and secondary lines
must have a sufficient flow rate to allow flushing. In the lateral lines, the water flow
at 30 meters/second is adequate for a good flushing action. The main line is flushed
first, then the secondary line, and finally the lateral line. Several lines are opened at
the same time when the water pressure is adequate. If the adequate pressure cannot be
maintained with all the lines open, then few lines are opened at a time.

The flushing time must be sufficient to allow all sediments out of the lines. A
regular program of inspection, maintenance, and flushing helps to reduce clogging
of the emitters. The nature of the filtration system, the quality of the water, and the
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experience of the operator will determine when it is necessary to flush the lines. The
maintenance and flushing must be a routine procedure. This practice of maintenance
reduces obstructions due to sediments in the lines and drippers. It also prevents forma-
tion of slime, bacteria, and algae. The invasion by ants and insects is also reduced.

THE IRRIGATION DISTRIBUTION SYSTEM

The irrigation distribution includes pump house, main and sub mains, and drip lat-
eral lines. The water from the pump is distributed to the field through a main line.
The secondary lines of smaller diameters take the water from the main line to the
lateral lines. And the lateral lines supply the water to the drippers, which allow slow
application to the plant. The main lines can be of high pressure plastic, galvanized
iron, and ployethylene or lay flats. The main lines must be buried at least 0.6 meters
(2 feet) to avoid mechanical damage during the field operations. Commonly, PE
tubes of 12—16 centimeters (approx. 1/2-2/3 inches) of diameter are used for the
lateral lines. These lateral lines provide water to the soil surface by means of the
drippers. The PE hoses are available in different sizes, lengths, and strength. Some
manufacturers produce weather resistant PE hoses. These are suitable for irrigation
application.

The Uneven Terrain

The unevenness of the agricultural land is an important design criterion. The change
in an elevation causes a pressure loss or gain. A change in an elevation of 2.3 feet
causes a pressure change of one psi. In a leveled or almost leveled land, the lateral
lines with drippers must run throughout crop row. In slopes, drip lines must follow
the contour. To install a system in an uneven field, one should consult a specialist.
When the lateral lines in uneven field are designed, it is advisable to consider the ad-
vantage of the slope. Thus, the energy gain with the decrease in elevation is balanced.
To maintain the uniform pressure in slopes of five percent, it is recommended to use
shorter length of laterals and pressure compensating emitters; and to install pressure
regulators.

The Fruit Orchards

During dry periods, the fruit trees respond to the drip irrigation with good veg-
etative and fruit growth. The quantity of fertilizers is reduced to about 30-50%
with fertigation. Generally in fruit orchards, drip irrigation system is permanent
with the main and secondary lines buried. The lateral lines with drippers can be
buried or left on the soil surface. In fruit orchards, the emitters are located within
the shaded area of the tree (Figures 5.8—5.11). When a drip irrigation system for
fruit trees is designed, more drippers are added as the tree grows. Rule of thumb
is to irrigate 60% of the shaded areca. When installing the system, it is important
to consider the life of the tree (10—20 years). This is the main reason that the sub
mains are buried.
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The Vegetable Crops

The drip irrigation system is more beneficial in vegetable crops that are planted in
rows. The emitters apply the desired amount of water throughout the row, and the
row spaces are left dry. The drip lines are placed on the soil surface along the rows
of plants. It can also be located few inches below the soil surface. Also plant row can
have one drip line on either side or two drip lines on both sides.

Commonly, PE tubes of 12—-16 mm (approx. 1/2-2/3") of diameter are used for
the lateral lines. These lateral lines provide water to the soil surface by means of the
drippers. The PE hoses are available in different sizes, lengths, and strength. Some
manufacturers produce weather resistant PE hoses. These are suitable for irrigation
application. Generally, these lines of distribution are located perpendicular to the di-
rection of the secondary main line.

e
9
1. Emitter 7. Do not allow flooding of the base of the trunk
2. Lateral line to avoid diseases 8. Move the emitter away from the tree trunk
3. Pattern of wetting zone 9. The emitter is near the trunk for the young tree
4. Leaf coverage depending on the age of a tree
5. Trunk
6. Buried main line

Figure 5.8. Drip irrigation system in fruit orchards.
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1. Continuous band of wetted zone.

2. Lateral lines with emitters.

3. Emitters.

4. Secondary line or sub mains or lateral lines.

Figure 5.9. Drip irrigation system in small fruit orchards (wines).
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e

One drip line along the tree row. Drippers in circular pattern around tree,
connected to the lateral at two points

*

i

Two drip lines along the tree row. Drippers in a circular pattern around
tree, produced by the flexion of lateral line.

?

Drippers in a circular pattern around Micro sprinklers around tree, connected
tree, connected to the lateral at one to the lateral line at points.
point.

Figure 5.10. Different arrangements of drip irrigation laterals for fruit orchards.
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10

8
1. Organic matter mulch. 6. Principal or main line
2. Soil surface. 7. Secondary line or sub main.
3. Plant. 8. Optional: Gate valve.
4. Emitter integrated on the line or 9. Connecting tube (or spaghetti)
in-line drippers. 10. Lateral line.
5. Filter.

Figure 5.11. Drip irrigation system in vegetable crops

SUBSURFACE DRIP IRRIGATION SYSTEM (SDI)

Subsurface drip irrigation (SDI) is a variation of traditional drip irrigation where the
tubing and emitters are buried beneath the soil surface, rather than laid on the ground
or suspended from wires. SDI is the placement of permanent drip tape (trickle) below
the soil surface, usually at a depth of between 20 and 40 cm. The products being used
today in SDI come in three basic configurations: 1) hard hose, 2) drip tape, and 3)
porous tubing (see Figure 5.12). Lateral injector to install subsurface laterals in SDI is
shown in Figure 5.13. “ASAE S526.1 (1999a): Soil and Water Terminology” defines
the SDI as “application of water below the soil surface through emitters, with discharge
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120 Management of Drip/Trickle or Micro Irrigation

rates generally in the same range as drip irrigation.” Earlier, “subirrigation” and “subsur-
face irrigation” sometimes referred to both SDI and subirrigation (water table manage-
ment), and “drip/trickle irrigation” can include either surface or subsurface drip/trickle
irrigation, or both. Other definitions of SDI require drip lateral placement below speci-
fied depths, such as normal tillage depths or a depth that would ensure use for several
years. Generally, SDI has been used to describe drip/trickle application equipment

installed below the soil surface only for the past

15-20 years.

Schematic of Subsurface Drip Irrigation (SDI) System
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Figure 5.12. Subsurface drip irrigation (SDI) system.
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Figure 5.13. Subsurface drip irrigation (SDI): Lateral injector.

C.R. Camp, F. R. Lamm, R. G. Evans, and C. J. Phene presented a review paper on
“SDI—past, present, and future” at the 4th Decennial National Irrigation Symposium
on November 14-16, 2000 in Phoenix AZ. C.R. Camp published a paper on “Subsur-
face Drip Irrigation: A Review” in Transactions of American Society of Agricultural
Engineers [41(5): 1353-1367]. According to them, SDI has been a part of agricultural
irrigation in the USA for about 40 years but interest has increased rapidly during the
last 20 years. Early drip emitters and tubing were somewhat primitive in comparison
to modern materials, which caused major problems, such as emitter plugging and poor
distribution uniformity (DU).

As plastic materials, manufacturing processes, and emitter designs improved, SDI
became more popular but emitter plugging caused by root intrusion remained a prob-
lem. Initially, SDI was used primarily for high-value crops such as fruits, vegetables,
nuts, and sugarcane. As system reliability and longevity improved, SDI was used for
lower-valued agronomic crops, primarily because the system could be used for mul-
tiple years, reducing the annual cost. Design guidelines have also evolved to include
unique design elements for SDI, including air entry ports for vacuum relief and flush-
ing manifolds. Specific installation equipment and guidelines have also been devel-
oped, resulting in more consistent system installation, improved performance, and
longer life. Crop yields with SDI are equal to or better than yields with other irrigation
methods, including surface drip systems. Water requirements are equal to or lower
than surface drip. Fertilizer requirements are sometimes lower than for other irrigation
methods. Interest in the use of wastewater with SDI has increased during the last de-
cade. The future of SDI is very promising, including its use in wastewater systems, and
especially in areas where water conservation is important or water quality is poor. SDI is
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a very precise irrigation method, both in the delivery of water and nutrients to desired
locations and the timing and frequency of applications for optimal plant growth.

Hard hose products generally have wall thicknesses of 0.75—1.25 mm (30-50 mils:
One mil is a unit of linear measurement equivalent to 0.0254 mm, one thousandth of
an inch, often used in measuring the diameter of wires), with nominal inside diameters
of 13—16 mm. The emitter is either manufactured as an integral part of the tubing or is
inserted later, and is typically placed at a repeated spacing interval of 0.5-1.5 m. The
advantages to hard hose products are: strength and resistance to kinking, punctures,
and rodent damage. Also, pressure compensating emitters may be incorporated into
hard hose products. A disadvantage of hard hose products can be the initial cost.

Drip tapes, have wall thickness of 0.1-0.5 mm (4-20 mils). The thinner materi-
als are more commonly used in single season or throw away applications, typical
of strawberry production. The heavier wall materials ranging from 0.35 to 0.50 mm
(15-20 mils) are more commonly found in multi-year applications or where the extra
strength is required due to stones or other problems identified at the field site. Some
tape products have emitter formed by the use of glue or other adhesive material used
in the manufacturing process, where the actual water channel is made of the tubing
material. Other tape or thin wall products have a pre-manufactured emitter glued or
attached to the tape wall during the manufacturing process. Emission outlets are typi-
cally spaced along the tubing from 0.2 to 0.6 m, with wider outlet spacing having the
larger flow path emitters.

Tape or thin products are initially the most cost attractive of the three basic con-
figurations on a per unit basis. The disadvantage of tape products is that they are the
most prone to mechanical or rodent damage due to reduced wall thickness, and thereby
reduced structural strength of the tubing wall. However, the use of new generation PE
resins has enhanced mechanical properties of tapes. This has lead to new applications
and longer field life. Porous pipe products emit water all along the length of the tubing.
There are literally thousands of orifices (pores) per meter where water weeps out of the
tubing. This design has shown resistance to plugging by roots. However, its flow path
is by far the smallest of the three configurations. This increases likelihood of plugging
by fine particles. Other design components of SDI such as filtration and accessories are
very similar to those found in conventional drip application. Proper filtration protects
the emitter from contamination and clogging. Unfortunately, soil particles and other
contaminants can be drawn into the emitter from the outside. This generally occurs at
system shutdown, when a vacuum is developed in the lines and draws inorganic par-
ticles back into the emitter. To keep this from happening, many subsurface irrigation
designs incorporate vacuum relief-valves that break the vacuum and keep water and
inorganic particles from sucking into the emitter. Water use requirements of subsur-
face drip may not differ significantly from conventional uses. Evidence suggests that
water applied on top of the soil through conventional drip systems has a cooling affect
through evaporation on adjacent plant material. The net difference between surface
and subsurface drip systems in total requirements is small.
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Advantages of SDI
Graham A. Harris of Australian Cotton Corporative Research Centre at Toowoomba—
indicates following advantages and limitations:

1. Irrigation: There is a high degree of water application control with the potential
for high uniformity of application. For new systems, DU can be 93% or higher com-
pared with 60-80% for sprinkler and 50-60% for conventional irrigation. The high
frequency of irrigation with SDI allows maintenance of optimum soil moisture in the
root zone. This is important where salty water is used and with shallow rooted crops,
and is an advantage over surface and sprinkler irrigation where the fluctuation in soil
water potential is greater, increasing the stress on the crop. Compared with sprinkler
irrigation: It is possible to irrigate regardless of wind conditions. Lower pressures are
generally needed and lower flow per unit area, requiring smaller diameter mains and
laterals. For SDI, land levelling to enable drainage is required. SDI can be installed
on a range of paddock sizes and shapes. SDI maintains soil surface structure more ef-
fectively than other irrigation types and makes it easier to allow for rainfall events or
“catch up,” provided there is sufficient system capacity. A well maintained SDI system
requires less labour to operate than alternative systems.

2. Agronomical practices: The partial soil wetting provided by SDI has several
benefits:

» Improved efficiency of nutrient uptake at the fringes of the wetted soil volume.
» Less water lost from soil surface evaporation.

* Less weed germination and growth.

» Unrestricted travel for field operations such as spraying and harvesting.

» Improved access to rainfall infiltration in some row crop situations.

* Maintains dry crop foliage: The benefits include reduced incidence of foliar dis-

ease, reduced loss of applied pesticides, reduced evaporation losses direct from
the crop canopy, and less leaf burn where saline water is used for irrigation.

 Fertigation can be used with SDI. The possible benefits include savings in la-
bour, more efficient use of nutrients and less risk of nutrient leaching, enhanced
timing of nutrient applications to match crop requirements according to devel-
opment stage and crop condition.

3. Salinity problems: Saline irrigation water applied through SDI will have less
effect on crops than if applied through surface or sprinkler irrigation. This is due to
no foliage absorption of salt. High frequency drip irrigation reduces the effect of in-
creased salt concentration of the soil solution between irrigations compared to the
lower-frequency of surface and sprinkler irrigation. There is a leaching of salts from
the active root zone to the outer part of the wetted soil volume.

4. Water use efficiency (WUE): Water use savings range from 0 to 50% when
compared with traditional irrigation systems. In situations where water savings are not
made there is often a significant yield increase resulting in improved production per
unit of irrigation water—improved WUE. For spray irrigated Lucerne in the Callide
Valley of Australia, the long-term WUE is 1.37 t/ML. Trevor and Lyn Stringer have
tabulated the WUE for SDI Lucerne grown at Biloela Research Station along with a
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direct comparison between SDI and spray irrigated Lucerne. They found that the im-
provement in WUE of SDI compared with spray irrigation was 43% in 1996-97 and
95% in 1997-98. SDI and furrow irrigation comparisons for cotton.

5. Yield improvement: Improved yields have been obtained with SDI installa-
tions. For Lucerne the yield improvement was 13 and 34% for 199697 and 1997-98
respectively. For cotton the yield change ranges from 0 to 21%.

Limitations of SDI
Graham A. Harris of Australian Cotton Corporative Research Centre at Toowoomba
indicates following limitations of SDI:

1. Emitter clogging: The high DU inherent in a well-designed SDI system can be
readily destroyed through emitter clogging. The orifice diameters of emitters are usu-
ally 0.5-1 mm? and are susceptible to clogging by root penetration, sand, rust, micro
organisms, water impurities, and chemical precipitates. The clogging is usually the
result of insufficient water filtration, lateral flushing and/or chemical injection. Root
penetration has generally only been observed in perennial crops like Lucerne where
the soil has dried out around an emitter and the roots penetrate the emitter seeking
water.

2. System shutdown: Water will flow to the lowest point in the field. If air is not
allowed to enter the system by means of an air/vacuum release valve, a vacuum will
be created and soil is sucked back into the emitter. On undulating fields, it is possible
for this to occur throughout the field resulting in emitter clogging. The soil dries out
around these emitters and roots penetrate the emitter seeking out water and further
blocking the emitter. This problem can be avoided with an adequate design (includ-
ing the strategic location of air/vacuum release valves), field preparation (levelling to
drain), and high frequency irrigation that produces a permanently saturated soil zone
around the emitter.

3. Chemical treatments: There are no herbicides registered in Australia to pre-
vent root intrusion. Root hairs that have penetrated an emitter can be burned out with
hydrochloric acid. Sand is readily removed from water using centrifugal separators.
Suspended organic matter and clay particles can be separated with gravel filters, disk,
and screen filters. If the water supply has more than 200 mg/L suspended solids then
a settling reservoir is recommended before the water enters the filtration unit—above
this level the filter system will be overloaded resulting in excessive back flushing.
Bacterial slimes and algae growing on the interior walls of the laterals and emitters can
combine with clay particles in the water to block the emitters. Bacterial precipitation
of sulphur and iron is a further problem. These must be treated with chlorine. Chemi-
cal agents can precipitate to cause emitter clogging and these agents are:

* Iron oxide due to an iron concentration of greater than 0.1 mg/L.

* Iron bacteria further exacerbate the problem.

* Manganese oxide due to a manganese concentration of greater than 0.1 mg/L.

* Iron sulphide due to iron and sulphide concentrations of greater than 0.1 mg/L.

» Carbonates due to bicarbonate levels above 2 meq/L in water with a pH of 7.5 or
higher, and Calcium at similar levels or a fertiliser containing calcium.
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4. Salt accumulation: When saline water is used, salts accumulate at the wetting
front. In SDI, this results in an accumulation of salt above and mid-way between the
laterals. Where there is insufficient rainfall to move salt below the root zone, this ac-
cumulation will affect the growth of the current crop (even a relatively salt tolerant
crop like Lucerne) or the establishment and growth of subsequent crops.

5. Mechanical damage: SDI laterals must be installed at the required depth below
the ground surface along the full length of the field. To achieve this cross-rip, it is en-
sured that the turn-out area at the end of each lateral run is the same level throughout
the field; otherwise the lateral will be installed at different depths at the end of the field.

6. Mice damage can be significant on cracking soils used to grow grain crops. Do
not let these soils crack open between crops by using some irrigation water to keep the
soil about the lateral closed up.

7. Insect damage has been a significant problem on some SDI sites. There are a
number of possible insects that chew through SDI tape. Damage has resulted from
crickets, earwigs, false wireworm larvae, and white-fringed weevil larvae. Care needs
to taken in choosing and preparing the field for SDI, in its installation and maintenance
in order to minimize the negative effect of insect damage. There are no insecticides
registered in Australia for the control of insect pests for SDI systems.

8. Crop establishment: Soil type and the depth of placement of the SDI laterals
will determine the ability of the system to wet the soil surface to aid the crop estab-
lishment. In most situations, crops cannot be established using SDI alone. Where it
has been installed on farms with existing sprinkler or furrow irrigation systems, these
have been used to establish the crop. In some situations, the SDI system has been used
to pre-irrigate the crop and fill the soil profile, with planting following rainfall. Using
SDI to fill the profile prior to crop establishment runs the risk of deep drainage as water
is being released below the soil surface—this can negate the possible benefits of the
system in improving crop WUE.

9. Soil structural effects: In certain soils the use of high quality water through
SDI has resulted in increasing clay content, exchangeable sodium percentage and cal-
cium—magnesium ratio away from the emitter. The result is a decrease in the lateral
spread of water from the emitter during irrigation and a smaller effective root volume.

SUMMARY

Drip irrigation is an efficient method of water application in agriculture. The drip ir-
rigation system allows a constant application of water by drippers at specific locations
on the lateral lines it allows favorable conditions for soil moisture in the root zone
and optimal development of plant. Well designed drip irrigation system can increase
the crop yield due to: efficient use of water, improved microclimate around the root
zone, pest control, and weed control, agronomic and economic benefits. The main
components of the drip irrigation system are water source, pump and the energy unit,
filtration system, the chemical injection system, the valves and controls, the water
distribution system, and the drippers. This complex system requires a more careful
high technology management, the high initial investment, and adequate maintenance.
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BASIC ASPECTS IN DRIP IRRIGATION RESEARCH

Basic aspects for consideration in drip irrigation research were compiled by the re-
search team of the Southeastern region of the United States Department of Agriculture
[S-143], “Trickle Irrigation in Humid regions.” The following aspects should be con-
sidered:

I. Atmospheric Conditions
A. Precipitation:
1. Total amount.
2. Effective amount:
a. Measurement of soil moisture.
b. Estimation of runoff.
3. Frequency.
4. Rate.
B. Evapotranspiration (ET):
1. Pan evaporation:
a. Class A Pan.
b. Pan wire mesh.
2. Models to estimate ET:
a. Penman (favorite).
b. Jensen-Haise.
c. Blaney-Criddle.
d. Hargreaves-Samani.
e. Others.
C. Climatic parameters:
1. Daily solar radiation.
. Active photosynthetic radiation.

2
3. Maximum and minimum temperatures (daily, monthly, or annual).
4. Average speed of the daily wind and direction.

5

. Dew point temperature (a humidity index).

11. Soil
A. Classification.
B. Physical properties:
1. Texture.
2. Compaction (apparent density / restrictive layer).
3. Hydraulic conductivity curve (soil moisture versus soil tension).
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4. Infiltration rate.
5. Soil temperature at different depths.
6. Soil depth:

a. Soil profile.

b. Water aquifer depth.

c. Depth of restrictive (hard) layer.
7. Description of the general topography.

C. Chemical properties:

1. pH.
2. Electrical conductivity.
3. Percent of interchangeable sodium.
4. Fertility:

a. N, P, K, Ca, Mg.

b. Micro nutrients: Fe, Zn, Mn, Cu.

c. Cation exchange capacity.
5. Applications of fertilizers:

a. Amount.

b. Program (frequency).

¢. Method of application.

d. Source:

" Type of fertilizer.
" Chemical composition.

6. Organic matter (%).
7. Toxic ions:

a. Boron.

b. Chloride.

c. Heavy metals.

d. Other specific ions.

I1l. Characteristics of Irrigation System
A. Physical characteristics of the system:
1. Description of the system:
a. Type of dripper.
. Operating pressure.
. Flow rate.
. Pattern and number of drippers per plant.
. Filtration system.
Method to measure flow.

Q o a o o

. Description of pumping system.
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h. Water source.
2. Uniformity of water application and method of evaluation.
3. Relative volume of the irrigated root zone.
4. Experimental design:
a. Treatments.
b. Replications.
c. Control.
B. Quality of the water:
1. Sediments (solid).
2. Salinity.
3. Specific ion concentration affecting the soil properties.
a. Sodium and sodium absorption rate (SAR).
b. Bicarbonates.
c. Fe, S.
d. Ca, Mg.
4. Toxic ions of the plant:
a. Boron.
b. Chloride.
c. Heavy metals.
5. pH.
6. Potential for organic growth:
a. Iron bacteria.
b. Sulfur bacteria.
c. Algae.
7. Clogging or obstruction problems:

a. Iron.

b. Carbonates.
c. Bicarbonates.
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C. Irrigation programming or scheduling:
1. Criteria:
a. Method/indicator:
Soil moisture content.

Drainage capacity of soil.
Estimated ET.

Estimated water reserve.
Simulated model of water reserve.
Time.
Time with adjustments for rainfall.
Plant indicators:

" Leaf temperature.

~ Leaf water potential.

" Crop models.
b. Location of the measurements:

1. Soil measurements in the root zone of the plant.
ii. Measurements of leaf water potential.

c. Frequency of measurements:
i. Continuous measurements.
ii. Periodic measurements (specify).

2. Necessary measurements:

a. Amount of water applied by irrigation.

b. Irrigation rate.

c. Duration of irrigation.

d. Frequency of irrigation application.

IV. Crop Characteristics
A. Type of crop (species, variety).
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B. Factors that affect the growth:

1. Plant density per hectare.

Plant and row spacing.

Method of sowing or planting.

Method of soil management.

Diseases and location (wet and dry zones).
Insect/diseases and location.

Chemigation:

Nk wb

a. Chemical types.
b. Method of chemical application.
c. Frequency and rate of application.
C. Crop response:
1. Growth and development:
. Growth curve.
. Leaf size.
. Plant mass.
Density.
. Stage of phonological growth.
Fruit development stage.
. Vegetative development stage.
. Root density and distribution.

Fo o oo o

2. Physiological response:
a. Leaf water potential.
b. Osmotic potential.
c. Stomach conductivity.
d. Chemical analysis of leaf and fruit (N, P, K, Ca, Mg).
D. Crop yield:
1. Amount:
a. Total.
b. Marketable or commercial (by classification).
2. Fruit quality:
Size.
Heat.
Soluble solids.
Firmness or density.
Other parameters for fruit quality:

oo o

lassification.
© Acidity.
" Brix.

pH.
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INTRODUCTION

Once a micro-irrigation system has been designed, it is necessary to translate the de-
sign drawings into a functioning irrigation system. Every irrigation system is unique,
and therefore no installation guideline can cover all situations. However, experience
has shown that there are a great many tasks, and numerous pitfalls, which are com-
mon to all systems. The following guidelines are meant to clarify commonly accepted
procedures for construction, installation, and testing of micro-irrigation systems. Use
of these guidelines will help to synchronize the various steps which are required for a
proper and smoother installation, and result in fewer problems.

GENERAL INSTALLATION OF THE MICRO IRRIGATION

System Design, Planning, and Procurement of Materials
Accurate topographic maps of the area are obtained. A contour interval of five or ten
feet is desirable.

The topographic map should include: water source and other pertinent features
of the area, such as an electricity source, utility cables or pipelines, rock piles or rock
outcroppings, roads, and so forth.

Irrigation system is designed and drawings are prepared.
Materials take-off list is prepared from the design.

List of materials is adjusted for wastage and breakage.
Sheet for specification of materials is prepared.
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List of materials and specifications are distributed to hardware stores to request
quotations on price and delivery dates.

Quotations are revised; the final purchase order is prepared.
Materials are ordered from suppliers.

Requirements for Equipment and Tool
A good stock of shovels, hand saws, hacksaws, files, crowbars, wrenches, screwdriv-
ers, rags, drills, and hoists should be kept in a tool truck.

A pipe trailer, 22 feet long.

A vehicle to carry parts: valves, fittings, glue, and so forth.

A backhoe or trenching machine for digging trenches.

A dozer for backfilling trenches.

A forklift or boom truck for lifting heavy items, including filters, large valves,
pumps, tanks, and so forth.

A wire spooler to string control wire or tubing.

Tractors as required by field installation operations.

A small portable sump pump to remove water from flooded areas for making re-
pairs.

Receiving and Handling of Materials
Prepare the warehouse for materials, including a protected area for drip irrigation lines
(reels), glue, and so forth.

Set up receiving procedures for materials. Delivery of materials should be care-
fully checked against purchase order.

Pipes should be delivered to a specified location near the job site on a planned
delivery schedule.

Pipes should not be stacked more than two bundles high in the field unless there is
a forklift available.

Assembly of Fittings and Parts
Designate a location for the assembly of fittings and accessories: gate valves, air and
pressure relief valves, risers, and so forth. It is advantageous to do as much of the as-
sembly work as possible in a central, well-equipped facility.

Set up assembly equipments: tables, jigs, tools, bins for ditches (trenches), parts,
glue, teflon tape, saws, wrenches, and so forth.

Surveying, Staking, and Making Ditches (Trenches)
The surveyor stakes out mainline and sub main routes, field boundaries, locations of
underground utility cables or pipelines, roads, and so forth.

The surveyor ensures that the pipeline grade enables drainage of the system if this
is necessary to avoid damage.

Trenches are dug along the routes where the mains and sub mains will be laid.
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Assembly of Pipelines
Lower the principal and secondary pipe lines carefully to the trenches.

Pipes for mainlines and sub mains are laid out.

Assembly crew team assembles mainlines and sub mains.

Make sure the correct glue is being used with plastic pipe. There are different types
of glue available for different sizes of pipe. Make sure primer is used correctly.

Clean the pipes end with a sanitary napkin and acetone.

Put glue at both ends of the pipe.

Join the parts immediately after applying the glue.

Use a rubber hammer to knock and force the entrance of one tube inside the other.

In areas of high humidity, care should be taken to prevent solvent cement from
absorbing moisture, as it is hygroscopic and will lose its effectiveness if moisture is
absorbed. When in doubt about glue quality, dispose it off rather than risk failures of
the glue joint.

In hot weather, pipe exposed to sunlight will expand significantly. At night or after
burial, the pipe will then cool and contract. This contraction may cause shifting of the
pipe, separation of pipe joints, and various other problems. Smaller sizes of pipe may
be “snaked” in the trench. Larger sizes of pipe should be laid in the trench and covered
when cool.

In cold weather, additional time should be allowed for glue joints to cure.

Plastic pipe should be cut properly, with a square clean-cut end. Small diameter
pipe (4-inch and less) can be quickly and cleanly cut with tubing cutter. Larger pipe
should be cut with a power saw. A hacksaw is probably the least desirable tool to use
with larger sizes of plastic pipe, since it is difficult to produce a straight cut with a
hacksaw. Assembly the elbows, tees, raisers flushing valves, and check valves. The
major parts are assembled outside the trenches.

Installation of Control Wire, Tubing in Trenches, and Hydraulic Tubes for the
Automation System

In systems with electronic or hydraulic valve controllers, the wire or hydraulic tubing
is laid at the bottom of the trench. Wire should be laid in the trench loosely.

Sufficient slack should be allowed at each sub main riser for making connections
to field control valves, and also to allow for contraction. Keep wire or tubing away
from sharp edges of pipe line fittings and rocks.

Main and sub main lines are carefully lowered into the trenches. Wire or tubing
should be tested before burial.

In hot weather, pipe should be laid into the trenches and covered with the soil in
the early morning or late evening. If this is done when the pipe is hot, the buried pipe
will tend to contract after buried.

Installation of Fittings, Valves, Risers
All the remaining pipeline work should be completed at this time. Install all the fit-
tings, valves, and riser assemblies.
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Connect the wire or control tubing to the control valves in the field.

Paint the entire exposed plastic pipe and the fittings with a compatible paint, to
protect against the sunlight and prevent algae growth.

Partial Backfilling
Partially backfilling should be done immediately after pipelines are laid in the trench.
Backfill all low spots as soon as possible, especially on rainy days.

When backfilling, sub mains with flexible hose risers, hose kinking may be pre-
vented by first slipping a short length of 1" plastic pipe over the hose riser. After
backfilling, these short pipe lengths may then be removed and used again at the next
sub main.

Installation of Thrust Blocks (construction of thrust walls)
Mainline tees, elbows, reducers, risers, and valves, should be anchored in place with
thrust blocks, where significant hydrostatic thrust forces may develop.

Thrust block should be dug out or built after partial backfilling.

Install reinforcement steel and mounting brackets where required.

Pour concrete for thrust blocks. Allow several days for concrete to cure properly.

Installation of Lateral Lines in Field and Flushing, Pressurizing, and Testing the
System
Lateral lines are installed in the field, but not yet connected to sub mains. Care should
be taken to ensure that the lateral lines are not contaminated with soil, insects, and so
forth. Ends of lateral lines should be kept closed.

Close all sub main control valves.

Fill mainlines with water. Open flushing valves to flush out foreign materials out
of mainline.

Once the main lines have been thoroughly flushed, the flush out valves should be
closed, and the mainline pressure brought up to test pressure.

Maintain test pressure for 24 hours. If leaks develop in the mainline, immediately
shut off the system, repair leaks, flush the main line, and repeat test.

Pressurize sub mains, open the flush out valves to flush out foreign materials out
of sub mains.

Ensure that filters are working and that system has been flushed and cleaned before
connecting laterals.

Connecting Lateral lines to Sub mains
With ends of lateral line open, connect lateral lines to sub mains. The connection is
more easily made if water is running in the sub mains.

Flush lateral lines thoroughly.
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Close ends of lateral line. Bring system pressure up to operating pressure. Adjust
all sub main pressures as required. Check for leaks, mark them, shut system off, and
fix any leaks in sub main and lateral lines.

Testing of System Operation and Backfilling Trenches
Check operation of controllers, sub main and control valves, filters and filter control-
lers, and so forth.

When it has been determined that all underground components, including pipes,
fittings, control wires, and tubing, are working properly, backfill all trenches. Care
must be taken during backfilling, particularly with large, thin-wall pipe, to prevent
collapse or other damage to the pipe.

Once the system is running properly, take pressure and flow readings at strategic
points in the system, that is, before and after pumps, filters, main control valves. These
readings will be useful in verifying the design, in serving as operating specifications,
and in the trouble shooting of the system at some later date.

INSTALLATION OF BI-WALL® (DOUBLE WALL LATERALS) TUBING

The following recommendations apply to the installation of both Bi-Wall® and Tree-
Line® tubing:

Above Ground Assembly
Install the laterals with the orifices facing upwards. Installation of Bi-Wall® upside
down will result in plugging of orifices due to contaminants in the irrigation water.

An air/vacuum relief valve should always be installed at the sub main riser to
prevent suction from occurring in the Bi-Wall® tubes when the system is shut down.
Suction in buried Bi-Wall® tubing will tend to draw muddy water back into the tubing
through the orifices, causing contamination.

Bi-Wall® tubing may be laid on the surface or buried up to 18 inches deep. Burial is
preferred where possible, since it protects the tubing from accidental damage, reduces
the possibility of clogging due to algae and bacterial slimes and evaporative deposi-
tion, and ensures that water is applied at the desired location.

Below Ground Assembly

Care should be taken during installation to prevent soil, insects, and other contami-
nants from getting into the tubing. The ends of tubing should be closed off by kinking
or knotting until the tubes can be hooked to the system.

Injection equipment used to install Bi-Wall® tubing should be free of sharp edges,
burrs, and areas where the tubing could be damaged. Bends, rollers, and other points
of contact with the tubing should be kept to a minimum to reduce both the possibilities
for damage and the tension on the tubing as it is injected. A simple Bi-Wall® injection
tool is shown in Figure 6.1.
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Figure 6.1. Tool for irrigation of the Bi-Wall tubing below the ground. [Boswell, Michael Micro
Irrigation Design Manual. Hardie Irrigation. Page 12.7].

It is strongly recommended that the Bi-Wall® tubing be monitored as it is buried in
the soil. Someone should be watching to ensure that the tubing maintains its orifices
inward, orientation, to assist in case the tubing becomes tangled in the injector, and to
signal the tractor driver when the Bi-Wall® real is empty and must be replaced.
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a. Success of drip irrigation depends on the support from specialist
for installation and maintenance (left top).

b. Flow meter to measure the volume of water applied (right top).
c. Water source, pump and check valve assembly (right bottom).

SUMMARY

After micro-irrigation system has been designed, it is necessary to translate the design
drawings into a functioning irrigation system. The procedures for construction, instal-
lation, and evaluation of micro-irrigation systems consist of planning and procurement
of materials, requirements for equipment and tools, receiving and handling of materi-
als, assembly of fittings and parts, surveying, staking, and making ditches (trenches),
assembly of pipelines, installation of control wires or tubing in trenches and hydraulic
tubes for the automation system, installation of fittings, valves, risers, partial back-
filling, installation of thrust blocks, installation of lateral lines in field and flushing,
pressurizing and testing the system, connecting lateral lines to sub mains, testing and
operation, and backfilling the trenches. The lateral lines tubings may be laid on the
surface or buried up to 45 cm depth. For a below ground assembly, care should be
taken during installation to prevent soil, insects, and other contaminants from getting
into the tubing.
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INTRODUCTION

Drip irrigation is an artificial method to apply the essential water for the plant growth
that the nature has failed to provide [1]. Typically the irrigation water is applied to
supply moisture to root zone when most of the “water available” to the plant has been
used. There are several methods of pressure irrigation, such as: Sprinkler irrigation,
center pivot and LEPA; micro jets, drip/micro or trickle irrigation, surface or subsur-
face irrigation. These help to maintain the soil moisture that is adequate for the plant
growth. Among these systems, drip irrigation is the most efficient in terms of water
use efficiency. Drip irrigation system is used extensively in humid, arid and semi-arid
regions of the world. Any interruption or disturbance in an irrigation scheduling will
cause a water stress to the crop. Therefore, the scheduling of drip (high frequency) ir-
rigation should be automated so that it is able to respond to slower and faster changes
in the soil moisture, the plant water or evapotranspiration. Automation of drip irriga-
tion system has several advantages: Economy, saving of manual labor, increase in crop
yield, conservation of energy and effective control of irrigation. This chapter presents
basic concepts for automation of drip irrigation system, different methods of automa-
tion and irrigation programming [11].

PRINCIPLE OF AUTOMATION

Current technologies of irrigation programming consider several factors such as [2, 3]:
Duration and stage of crop growth, allowable plant water stress, soil aeration, soil wa-
ter potential, soil salinity, soil moisture available to the plant, class A pan evaporation
and evapotranspiration. In most cases, programming of drip irrigation has been limited
to a control system that uses duration or depth of irrigation. The irrigation controller is
programmed to operate solenoid valves in sequence and to verify operating pressure
and flow rates, wind, temperature and other indirect variables. To obtain the minimum
cost-benefit and high efficiency of water use, it is necessary to achieve high crop yield.
The water loss due to several processes (control of salinity, requirement of infiltration,
evaporation, irrigation losses and runoff), must be reduced to a minimum so that the
accurate application of the irrigation is limited only to the crop requirements. Four
methods for automation of irrigation systems are based on: (1) Soil moisture, (2) Plant
water stress, (3) Estimation of evapotranspiration and (4) Combination of one or more
of these methods.
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Soil Moisture Method

Irrigation based on soil water potential is perhaps the oldest method to program irriga-
tion. Microprocessors along with sensors, tensiometers, heat transfer psychrometric
methods, gypsum blocks and thermocouples have been used successfully for irriga-
tion scheduling. The sensors can provide quick information to make decisions for
application of irrigation depth. The microprocessor circuits combined with a computer
programming can help to estimate the irrigation duration on the basis of field data,
matrix potential of soil; and to calculate the number of days between two successive
irrigation events.

A thermal method measures the matrix potential of soil, independent of soil tex-
ture, temperature or salinity. It is based on frequent measurements of ability of a po-
rous ceramic sensor to dissipate a small amount of heat. With a good calibration, the
sensor can be used in any soil to automatically watch the matrix potential of the soil
and for irrigation scheduling. For closed circuit automated irrigation, the soil sensor
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is placed in the root zone. For an automatic control of an irrigation system based on
matrix potential of a soil, we need equipments for the:

1. Automatic sampling from several sensors in sequence,

2. Comparison of the reading of each sensor at which the irrigation begins at a
predetermined matrix potential of the soil, and

3. The operation of irrigation controller to control the irrigation depth. Desktop
computers in combination with microprocessors have been successfully used.
There is also a commercial equipment to measure the matrix potential of the
soil and for an automatic control of a drip irrigation system.

Water Content in the Plant

The water is frequently one of the limiting factors in agriculture. Transpiration loss oc-
curs from the plant surface due to an evaporative demand of the atmosphere. Less than
one percent of the absorbed water is retained by the plant. This small fraction of water
is often used to replace the deficit between water use and transpiration. Thus any water
deficiency can cause a plant water stress. The total water potential (the sum of turgor,
matrix and osmotic potential) is used to indicate the condition of the plant water. The
plant development and growth (cellular enlargement and photosynthesis), pollination,
fruit formation, crop yield and fruits quality are affected by the water deficit. Probably,
the cellular growth is most sensitive to the water deficit. There are several methods
to estimate the condition of plant water. These include determination of relative water
content, diffusive conductivity of the plant, water potential of the plant and surface
temperature. The indirect or direct measurement of water potential is probably a good
indicator of the plant water stress. There are several methods to measure the plant wa-
ter stress such as: The total leaf water potential with a leaf psychrometer; temperature
of leaf surface with an infrared thermometer, and the leaf water potential indirectly on
the basis of the diameter of the stem.

Leaf Water Potential

The leaf water potential can be measured by psychrometer or by adhering thermocou-
ples to the leaves. Although the psychrometric measurements are taken routinely for
research purpose, yet the instruments are expensive and not feasible for commercial
purposes.

Temperature of the Leaf

Measurements of leaf temperature can indirectly indicate status of a water stress [10].
Plant water stress index can be used to automate the irrigation system, and to indicate
when to irrigate. The operating system can be easily automated to take the data, to cal-
culate the index of plant water stress, to make comparisons with pre-determined values
of irrigation depth and to make decisions for irrigation scheduling. Leaf temperature is
measured with a non-contact infrared thermometer. The accuracy of temperature of the
surface of leaf depends on the precision of calibration. The measurements are sensitive
to changes in the ambient temperature, interactions with surrounding surfaces (such as
soil), and leaf area index. Measurements of leaf area index of a crop vary from plant to
plant. There is no standard value.
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Stem Diameter

The diameter of stem and the leaf water potential are closely related to one another.
The measurements of stem diameter can be used for continuous recording of the stem
growth and the condition of plant water. The periodic calibration of the changes of
diameter of stem versus leaf water potential can be conducted for each phenological
stage of a plant. This technique can be used for the purpose of automation.

Evapotranspiration Estimations

To program the irrigation, the evapotranspiration models have been successfully used
throughout the world. The following information is needed for the evapotranspiration
estimations and the criteria to decide when to irrigate.

1. Evapotranspiration of a reference crop, potential ET, etc.
2. Crop growth curve, crop coefficient and consumptive use of a crop.

3. Index to estimate the additional evaporation from the soil surface when the soil
is wet or dry.

4. Index to estimate the effect of soil water loss in relation to ET.
5. Estimation of available soil moisture used by a crop: Consumptive water use.
6. Relation between expected crop yield and crop water use.

To estimate the ET, many of the variables are not well defined and must be es-
timated. Although the ET models can be useful to accurately estimate the irrigation
needs, yet these are not viable for irrigation scheduling as available weather data are
limited for a particular location.

Direct Measurement of Essential Evapotranspiration

The weighing lysimeter in a given crop can serve as a guide to provide an adequate
irrigation depth for the crop need. A water tank is connected to a lysimeter so that the
weight of the irrigation depth is included in the daily weight of lysimeter. Whenever
one millimeter of ETc is registered, lysimeter is automatically watered by drip irriga-
tion system to maintain the soil water potential. The tank is automatically filled daily
to a constant depth. Therefore, the daily changes in the weight of lysimeter represent
the crop growth. The water potential of the soil is almost maintained constant by the
drip irrigation system (see Figure 7.1) [8, 11].

INSTRUMENTATION AND EQUIPMENTS

The automation of a drip irrigation system at an operating pressure can potentially pro-
vide an optimum crop yield and optimum water use. A system of controls in an automated
irrigation system must use sensors to measure variables, such as: Depth and frequency
of irrigation, flow rate, operating pressure; and environmental conditions such as wind
speed, ambient temperature, solar radiation, rain fall, soil moisture, leaf temperature, leaf
area index, etc. Maximum irrigation efficiency is possible with the continuous monitor-
ing and control of the operation of the system with measurements of flow (solenoid
valves) and operating pressure (pressure regulators) at strategically important locations
in the field. The data or control of functions can be transmitted by electrical cables, la-
ser or hydraulic lines, rays, radio frequency signals, remote control or by satellites. A
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wide variety of instrumentation and equipments with characteristics are available com-
mercially. These can be subdivided in six categories: (1) Controls, (2) Valves, (3) Flow
meters, (4) Filter, (5) Chemical injectors, and (6) Environmental Sensors.

Controls

The controls receive feedback about the volume of water for the field, pressure in the
line, flow rates, climatic data, soil water, plant water stress and from the field sensors.
This information is then compared with the predetermined values and the irrigation
is reprogrammed to adjust for the new values, if necessary. The controls, volumetric
valves, hydraulic valves, fertilizer or chemical injectors, flushing of filters, etc., can be
operated automatically or manually.

Valves

Automatic valves (Figures 7.2 to 7.9) can be activated electrically, hydraulically or
pneumatically and these are used to release or to stop the water in the lines; to flush the
mains and laterals; to continue the water from one field to another field and to regulate
flow or pressure in main, sub-main or lateral lines. The type of valve will depend on
the desired purpose. Valves receive feedback to verify the precision of operation.

Automatic Volumetric Valve: Flow meters

The flow metering valve (Figure 7.10) allow programming the predetermined values.
Usually these meters are calibrated to measure applied volume of water or to measure
the flow rate.

I Record the instructions of the program on the keyboard |

Give hour and date of the
reservoir clock

|
| Load the tape for the irrigation parameters |
T

N
Has the hour signal passed? L
Yes

| Sampling of the weight of the sensors |

| Calculate the change in weight per hour I

[

| Print data for weight for each hour |

Has the weight for the points treatments:1,2 or 3
changed?

I Yes

| Start the appropiate valve for a specified duration |

;
[ Print the state of irrigation |
T

No
Has the 24 hour signal been elapsed?
Yes

| Print a 24 hour summary I

Figure 7.1. Logic diagram to measure weight of lysimeter sensors and to control the irrigation
sequence with three depths of irrigation.
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Figure 7.3. Logic hydraulic valve.
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Water Master Automatic Control Valve

Figure 7.4. Automatic metering valve along with a hydraulic valve.
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Figure 7.5. Fertilization and irrigation programmer for six different valves (for green house or field).
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Figure 7.6. Automatic controller (Nirim electronics), using a programmer with a perforated tape or
card.

Figure 7.7. Fertigation and chemigation equipments.
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Turn on the switches |
o No
Are the sensor calibration parameters
and the irrigation inlets registered?
T Yes
| Enter the parameters to calibrate the sensors |
| Turn on the irrigation register and the irrigation period |
!
No
Test for failures in energy
| Record hour and date of real time
|
Record the irrigation parameters of the tape or a
card
N
Has the four elapsed? 2
Yes
Measure the exit voltage from the sensor of the matrix
potential of the soil
|
Calculate the matrix potential of the soil for calibration
parameters
I
| Print and save the matrix potentail | No

T
< Isthe m under the irrigation inlet for each field? ™~

T Yes
| Turn on the appropiate valve for the specified time |

1
| Print the state of irrigation |

1
| Save the irrigation state in the data tape I

| Print the 24 hour summary |
|

Figure 7.8. Logic diagram for an automatic controller in a drip irrigated field.

http://www.bermad.com/

Figures 7.9 and 7.10. Bermad automatic volumetric valve.
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Ambient Sensors

Various types of instruments are available to determine the soil moisture (ceramic den-
sitometry, ceramic cup, heat dissipater sensor, soil psychrometer); to measure climatic
parameters (weather station, automated evaporation tank, etc.), plant water stress or
leaf temperature of the crop (leaf psychrometer, porometer for stomate diffusion, in-
frared and sensorial thermometer to measure stem diameter). These can be used as
feedback for the management of irrigation. If the soil at a particular field station is
wet, the sensor opens the circuit of the hydraulic or solenoid valve and this station is
bypassed. If the soil at this field station is dry, the closer the circuit and the field at this
station are irrigated for a specified duration.

Filters

The obstruction in the drippers caused by clogging agents (physical, chemical or bio-
logical) is a common problem and is considered a serious problem in the maintenance
of the drip irrigation systems. The suspended solids may finally clog or reduce the
filtration efficiency. The automatic flushing valve is available for different types of
filters. The flushing is done by means of back flow of water [4, 8, 11], thus allowing
the water to move through the filter in an opposite direction (Figure 7.11).

a. Normal flow b. Inverse flow

Figure 7.11. Automatic flushing of filters by inverse or back flow.

Chemical Injectors

The chemigation methods to inject the fertilizers, pesticides and other inorganic com-
pounds are: (1) Pressure differential, (2) Venturi meters and (3) Injection Pumps. In all
these cases, digital flow meters can be used for the chemigation by allowing a known
amount of chemicals in a known amount of water to maintain a constant concentration
of chemicals-in-the-irrigation-water [8, 11].

AUTOMATIC SYSTEMS

With the exception of a volumetric metering valve that operates according to the time
or the discharge rate, the automatic irrigation systems can be divided in three groups
on the basis of operation: (1) Sequential hydraulically operated system, (2) Sequential
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electrically or hydraulically-electrically operated systems and (3) Non-sequential elec-
trically operated system with or without programming: With the possibility of using
information of the field (feedback) by remote control.

Sequential Hydraulically Operated System

This system controls the valves in sequence (Figure 7.12). The valves open and close
based on the water pressure in the line. The pressure arrives at the valve by means of
a flexible hydraulic tube (micro tube: polyethylene tube of small diameter) to provide
a required pressure. The diameter of the micro tube is generally between 6 and 12 mm
and is connected to the hydraulic valve at one end and the other end is connected to the
automatic control or the line of water.
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Figure 7.12. Sequential hydraulically operated system for green houses, gardens, nurseries, and fruit
orchards.

Some hydraulic systems can be connected to the main valve of the line or to the
system that replaces the water. In this case, the main valve is connected automatically
to open when the system in series is in operation and to close at the end of the irriga-
tion cycle. Electrically operated automatic system activates the pump and deactivates
the pump, when the irrigation cycle is over.

Sequential hydraulically operated system is controlled by a predetermined amount
of water. The amount of water can be different for each valve and can be adjusted by a
regulator mounted in same valve. The hydraulically sequential system can be used to
water fruit orchards, gardens, green houses and nurseries, establishing low flow rates
through tubes of small diameter and for flow rates in any diameter of tube. The system
includes automatic metering valve, hydraulic valve and hydraulic tube.

Sequential System: Operated Electrically or Operated Hydraulically-
Electrically

These systems supply an electrical current through cables for the remote control of
the valves (Figure 7.12). The current from the “control panel” to the valves, usually
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passes through a step down transformer to supply a voltage of 24 V. For safety reasons,
a current of 220 V should not be used when the subsurface cables extend to the field
valves. The regular solenoid valves are mainly used for low flow rates. For pipes of
larger diameters, the solenoid valves are used only as controls to activate the hydraulic
valves and all the automation process is hydraulically-electrical. The control of the
second valve is always hydraulic. In the hydraulic sequential system, the opening is
controlled electrically by a timer mounted next to the main valve. In such cases, the
current source is direct and not alternating.

Programming irrigation with solenoid valves

The solenoid valves can be used to program the irrigation (Figure 7.13). In order to
calculate the crop water use, a computer program can be used with the information
such as: The soil moisture, evapotranspiration, the date of the next irrigation and the
amount of water to be applied. The irrigation programs are based on evapotranspira-
tion estimations, complex water budgets in several dimensions or crop growth models.
The ET models use crop and climatic data such as crop coefficient, root zone depth,
allowable depletion, drainage rates, air temperature, sun radiation, precipitation and
constants in the evapotranspiration equations, and so forth.

n

Automatic
metering
valve

Figure 7.13. Electrically operated tensiometer and solenoid valve.
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Then the model incorporates the climatic information to calculate the evapotrans-
piration rates and to adjust the water balance in the soil as the water is being used.
The evapotranspiration model requires an irrigation criteria based on the allowable
depletion or the irrigation interval. Actual field data after the irrigation can be helpful
to compute the infiltration and immediate drainage for correction of estimated soil
moisture. The rate of computed ET can be used to indicate the required amount of ir-
rigation or to specify the time for irrigation interval. This method is more practical for
drip irrigation than for other irrigation methods. The records of field data are kept in
the office files for the irrigation programming, so that the data can be used to-update-
the-inputs-in-the-program.

Automatic valves

The automatic valves are commonly used for the pump house and filters; for regu-
lating the pressure in the main line; to control the flushing cycles in the filters, or
to control the volume of water through the secondary or lateral lines. The solenoid
valves can be used in the secondary or lateral lines to control the volume of water
to the individual blocks. The primary function of a solenoid valve is to switch on or
switch off the system. However these valves can be equipped with pressure regula-
tors and check valves. The solenoid valves are operated electrically from the “Cen-
tral Control Panel.” Automatic control valves can also be equipped with manual
valves for better efficiency. Automatic valves require periodic maintenance to assure
a satisfactory operation. The maintenance program depends on the use of the valve
and the flushing operations.

At least, it is recommended that all the diaphragm valves are disarmed and cleaned
at least once a year. It is important to clean the deposits on the stem of the valve.
Almost all the manufacturers provide a service or fast replacement of most of the
components. This can usually be done without removing the valve from the irrigation
line. A number of auxiliary controls can be adapted to the diaphragm valves to provide
flexibility and convenience.

Pressure reducing valve

This valve responds to changes in the pressure at the exit of the main valve and adjusts
to the pressure in the cap or valve cover to compensate for any change. A trouble in
the operation can be caused by contamination, obstructions, incorrect assembly, and
damages or worn out parts.

Pressure-regulator-valve

This valve is used to separate the system from the pressure in the main line. It must be
open during the normal operation. Whenever the pressure exceeds a preset value, the
valve releases the excess pressure.

Controls-to-adjust-the-velocity-of-the-main-valve
These are small adjustable controls in the pilot control system. These regulate the
speed of opening and closing of the main valve by blocking or strangling the flow that
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enters or leaves the casing. These can be subjected to obstructions by fine sediments
if tightly fit.

Controls

Several electromechanical and electronic controls in the drip irrigation system are
automated. The controls with mechanical time clocks open and close only a single
valve at one time. These are programmed based on series of climatic and soil sensors:
to decide when to begin and to end the irrigation cycle; start and to put off pump; to
open and close the valves to supply an irrigation depth and to remember how much
water and fertilizer was applied to each block within the field. The controls are also
available to diagnose operation and identify the troubles and to take remedial steps.
Others put off the system during rainfall and restart the system when necessary. A
timer uses a clock to program the beginning and sequence of irrigation. The control is
a source of electric or hydraulic signal to activate by remotely located valves to allow
or to stop the flow.

The communication between the irrigation controller and the valves is by
means of electrical wires, hydraulic lines or radio signals. The microprocessors
and microcomputers also can be programmed using data of tensiometers, pan
evaporation, thermocouples, soil moisture tension gages, anemometer, flow meter,
pressure transducer, etc. These controls are based on the climatic and soil sensors
or according to the program specified by the irrigator. Using these data, the con-
troller uses a program to compute irrigation requirements for each crop and block
within a field.

The data from the flow meters and pressure gages is used to determine the flush-
ing time and to detect any troubles in the system. In most of the cases, the controller
has a calendar programmer, so that the cycle of irrigation begins automatically on a
particular day of the week and at a particular time of the day. Most of the controllers
can be programmed for fourteen days, while others are only limited to seven days.
Practically all automatic controllers have a station selector on the outer surface of the
panel (Figures 7.4-7.7). This station selector shows a green light to show the station
in operation. In addition, it can also be set manually so that the irrigation operator can
start and put if off whenever desired.

Sequential System: Electrically Operated

In these systems, the amount of water distributed to the different blocks is determined
by a flow meter. A timer determines the duration of operation: 14 days and 24 hours
per day. Sensors based on tensiometers or pan evaporation can activate these. Al-
though this type of system was developed mainly to water green houses, yet it can be
used for the drip irrigation system.

Non-sequential System

These systems are completely automatic and are controlled electrically. These
non-sequential systems are controlled by hydraulic or electrical valves that can
operate the valve in the desired block at random, and can supply known amount

© 2013 Taylor & Francis Group, LLC



158 Management of Drip/Trickle or Micro Irrigation

of water for a known duration to a desired block. Each unit can supply a known
flow at different hours during the day, in response to soil moisture status in each
block. The “Control Panel” consists of electrical circuits that operate the pump,
main valve, adds fertilizer according to a pre-established schedule and measures
the soil moisture to estimate the crop irrigation requirements. This system usually
operates by a remote control system and is designed to provide feedback of field
data, so that the automatic adjustment can be made and adjustments for changes
in pressure and flow rates can be made to the discharge flow in the distribution
lines.

Central panel

The central panel controls all the operations of the field, sending instructions to the
valves and receiving continuous data on the operation of the irrigation system. It con-
sists of a programmed unit of irrigation, a unit for transmission of information, a unit
for the control of flow in the laterals and a unit for warning signals.

Field panel

The field panel is placed centrally in the field and operated by remote control unit. The
signals of the main panel are sent by an individual communication channel and these
are transmitted to individual field panel. The field panel can collect the data on water
meters, operating pressures and warning signals. Then the data can be transmitted to
the main panel (control panel).

Use of Sensors to Program Irrigation

In addition to the above mentioned instruments, sensors are available to determine the
soil moisture tension or the soil moisture. Tensiometers and gypsum blocks are simple
and economical to use. Another method is a neutron scattering method, but it is quite
expensive and is used for research purpose only.

Use of Gypsum Blocks and Tensiometers

The gypsum blocks can measure the soil moisture tension in the range of 1-15
atmospheres. There are two electrodes inserted in each block and the changes in
the soil moisture are calibrated with variations in the resistance. The precision of
this method is based on the temperature, salt concentration in the soil solution,
physical characteristics of the gypsum block and the electrical resistivity of the
soil. For tensions of 80 cbars, a tensiometer is recommended instead of a gypsum
block. Tensiometer (Figure 7.14) measures the tension and the reading is given in
cbars. The main disadvantage of a tensiometer is a relatively low critical tension
of 85 cbars after which the air enters the plastic stem of a tensiometer. The soil
moisture by any method will show variations in the soil moisture within the same
field. A sample of the soil in a given location represents only the soil condition of
that location. Therefore several observations of soil moisture at various locations
in the field are desirable.
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Figure 7.14. Automatic unit for control of irrigation based on the gypsum blocks (sensors).

Neutron Scattering Method

The neutron scattering method consists of a neutron radiation source of high energy
and a neutron detector. Neutrons travel through the soil medium, loose energy, and the
speed is reduced when these hit the elements that are present in the soil. The hydrogen,
a component of the water, is dominant in the reduction of the speed of fast neutrons.
Due to other factors that can affect the reading, the calibration of this method is done
in a location where the equipment will be installed and used. The use of the neutron
scattering method requires the installation of access tubes at the beginning of planting
and removal of these tubes after the last harvest.

It is recommended to install one sensor at each 30 cm depth. Periodically the oper-
ator will obtain the readings of the tube at the desired depth. A minimum of three read-
ings are taken: at shallow root depth, at middle depth, and at a deeper depth. The water
content of these readings is added and the water content at field capacity is deducted
from the sum. The difference between these two estimates will be the amount of water
that should be applied. The readings can be recorded automatically and are stored in
the memory of the neutron scattering equipment. Then these can be downloaded on
the computer of the Control Panel. With this information, the computer will give the
necessary commands to the drip irrigation system so that the crop water requirements
are met in the desired block.

Class A Pan Evaporation to Automate the System

The relationship between pan evaporation and the water loss have been well estab-
lished. Both are exposed to similar climatic conditions in the same field. This correla-
tion can be used to schedule the irrigation. If electrodes in the tank can be installed at
a depth (based on previous experience), the irrigation can be controlled automatically.
The irrigation will begin when the surface of the water in the class A pan lowers to a
predetermined level and will stop when the level raises to certain level in the tank [7].
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PREVENTIVE MAINTENANCE
Preparation after the Last Harvest

1. Clean the controllers, valves and sensors.

Examine the condition of the control panel and store it well.
Remove and store batteries.

Flush and drain the hydraulic tubes.

Disconnect the electrical wires in the field.

Examine for possible breakage and defects in electrical conductors.

SANNANE ol N

Preparation for the Start of a Crop Season

1. Be sure that all the electrical connections are cleaned and adjusted well.

2. Make sure that the electrical contacts are free of corrosion and dirt.

3. Inspect all the hydraulic lines and pneumatic lines for leakage or breakage.
4. Verify that the equipments, accessories and sensors operate properly.

During the Crop Season

Visually examine all external components weekly.

2. Disconnect the electrical wires in the field during electric storms.

3. Disconnect the batteries when the control is out of service for one week or
more than one week.

TROUBLE SHOOTING

Trouble

Cause

Remedy

Controls

. The cycle of irrigation does
not work at the pre-estab-
lished time.

. Some stations do not operate.

. Danger signal is in “on-po-
sition”

The clock of the control panel is out-
side pre-established calibration for the
schedule of the cycle.

Control station for time is off.

Cables of the valves are not connected
properly.

Hydraulic tube is broken or missing.

Battery is dead.
Program-of-emergency-is-in  opera-
tion due to bad operation of the sys-
tem.

Calibrate clock at the pre-
established time.

Place ignition control in
“on” position.

Check connections between
valves.

Replace the hydraulic tube.

Recharge battery.

To locate the source of the
problem in the system and to
correct it.

Filters

. Poor filtration

High difference in pressure is due to
obstruction of filters by the clogging
agents.

Flushing of filters by inverse
(back) flow.

. Pressure difference at the
entrance and exit of a filter
-exceeds the recommended
-values.

Depth of filter media is not adequate.
Valves are obstructed.

Add more media until it is at
recommended level.

Verify valves for obstruc-
tion.
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SUMMARY

Principle of Automation includes factors such as: duration and stage of crop
growth, allowable plant water stress, soil aeration, soil water potential, soil salinity
and evapotranspiration. Leaf water potential can be measured by a psychrometer
or by adhering thermocouples to the leaves. Leaf temperature is measured with a
non-contact infrared thermometer. The accuracy of temperature of the surface of
leaf depends on the precision of calibration. Measurements of leaf area index of a
crop vary from plant to plant. The diameter of the stem can be used for continu-
ous recording of the stem growth and the condition of plant water stress for each
phenological stage of a plant. This technique can be used for the purpose of auto-
mation. The automation of a drip irrigation system provides an optimum crop yield
and optimum water use. The system uses sensors to measure depth and frequency
of irrigation, flow rate, operating pressure, wind speed, ambient temperature, solar
radiation, rain fall, soil moisture, leaf temperature, leaf area index, etc. The instru-
mentation and equipments for automation can be subdivided in six categories: (1)
Controls, (2) Valves, (3) Flow meters, (4) Filter, (5) Chemical injectors, and (6)
Environmental.

There are three types of automatic irrigation systems. In sequential hydrauli-
cally operated system, the valves open and close in response to the application or
elimination of water pressure. In sequential electrically or operated hydraulical-
ly-electrically, the system supplies an electrical current for remote control of the
valve. The automatic valves are commonly used for the pump house and filters; for
regulating the pressure in the main line; to control the flushing cycles in the filters,
or to control the volume of water through the secondary or lateral lines. Solenoid
valves are used in the secondary or lateral lines to control the volume of pressure-
regulator-valves are used to separate the system from the pressure in the main line.
Whenever the pressure exceeds a preset value, the valve releases the excess pres-
sure. The controls with mechanical time clocks open and close only a single valve
at one time.

The communication between the irrigation controller and the valves is by means
of wires, hydraulic lines or radio signals. In Electrically Operated Sequential System
the amount of water distributed to the different blocks is determined by a flow meter.
The non-sequential systems are controlled by hydraulic or electrical valves that can
operate the valve in the desired block at random, and can supply known amount of
water for a known duration to a desired block. The central panel allows control all the
operations of the field. The field panel is operated by a remote control unit. The signals
of the main panel are sent by an individual communication channel and are transmitted
to individual field panel. Sensors are available to determine the soil moisture tension
or the soil moisture. Tensiometer and gypsum blocks are simple and economical to
use. Another method is a neutron scattering method but it is quite expensive and is for
research purpose only. Preventive maintenance and trouble shooting of the system are
also presented.
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INTRODUCTION

Several decades ago, it began the idea of applying fertilizers through irrigation sys-
tem. During the recent years, the application of chemicals through drip irrigation was

'This chapter is modified and translated from “Goyal, Megh R. y Luis E. Rivera Martinez, 1990. Quimigacion. Capitulo
X en: Manejo de Riego Por Goteo editado por Megh R. Goyal, paginas 289-310. Rio Piedras, PR: Servicio de Extension
Agricola, UPRM.” For more details one may contact by E-mail: goyalmegh@gmail.com.
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adopted. Thus, new technical terms were defined such as: Chemigation, chloration,
pestigation, insectigation, fungigation, nemagation, and herbigation [2, 3, 5]. The term
chemigation was adopted to include the application of chemicals through the irrigation
systems. The chemigation offers following economic advantages compared to other

conventional methods [5]:

1.

4.
5.

To obtain a better efficiency and to diminish the clogging problems in the lateral
lines, filters, drippers or any other part of the system, it is recommended to conduct
a chemical and mechanical analysis of the water source [1]. If the chemical analysis
shows a high concentration of salts, it can cause clogging problems. Therefore, it is
recommended to avoid the use of chemicals that can cause precipitates. For a better
efficiency in application, the chemicals should be distributed uniformly around the

Provides uniformity in the application of chemicals allowing the distribution
of these in small quantities during the growing season when and where these

are needed.
Reduces soil compaction and the chemical damage to the crop.

Reduces the quantity of chemicals used in the crop and the health hazards/risks

during the application.
Reduces the pollution of the environment.
Reduces the costs of manual labor, equipment, and energy.

plants. The uniformity of chemical distribution depends on:

1.

2.
3.
4

The efficiency of the mixture.

The uniformity of the water application.

The characteristics of the flow.

The elements or chemical compounds that are present in the soil.

SUCTION STROKE DELIVERY STROKE
to to
pump pump
delivery delivery

motor

motor

: chlorine
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CHEMICAL INJECTION METHODS

Selection of a Pump for the Injection of a Chemical

While selecting an injection pump, one must consider the parts that will be in direct
contact with the chemical substances. These parts must be of stainless steel or of ma-
terial that is corrosion resistant. The injection method consists of basic components
such as: Pump, pressure regulator, the gate valve, the pressure gage, the connecting
tubes, check valve, and the chemigation tank. The injection pump should be precise,
easy to adjust for different degrees of injection, corrosion resistant, durable, recharge-
able, with availability of spare parts. The recommended materials are: Stainless steel,
resistant plastic, rubber, and aluminum. Bronze, iron, and copper are non acceptable
materials. The injection pump must provide a pressure on the discharge line greater
than the irrigation pump. Therefore, the operating pressure of the irrigation system
exerts a minimum effect in the endurance of the injection pump.

Injection Methods

The efficiency of chemigation depends on the capacity of the injection tank, solubility
of a chemical in water, dilution ratio, precision of dilution, the potability, the costs and
the capacity of the unit, the method of operation, the experience of the operator, and
the needs of the operator. The chemical compounds for the chemigation process must
be liquid emulsions or soluble powder. The injector must be appropriate to introduce
the substances in the system. In addition, it must be of an adequate size to supply
necessary amount of chemical at a desired flow rate. Normally, the injection is carried
out with an auxiliary electric pump or by interconnecting the injection pump to the
irrigation pump. The most common methods for chemigation are described in Figures
8.1 and 8.2.

SR h s, A
Fertilizer Injector.using Venturi system.

© 2013 Taylor & Francis Group, LLC



168 Management of Drip/Trickle or Micro Irrigation
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Figure 8.1a. Chemical injection methods: (a) Pressure pump and (b) Venturi type injector.
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c. Pressure difference method

Tank
i3
Gate Valve Gate Valve
I_H B
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d. Injection method on the
suction line of a pump

Tank —
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Gate Valve

A
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A
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Figure 8.1b. Chemical injection methods: (c) Pressure difference method, and (d) Using the suction
line of an irrigation pump.
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Figure 8.2. Chemigation process. Top: The installation of a check valve (the nitrogen and pesticide
tanks are behind the check valve). Bottom: Bypass Venturi system.

Injection by a pressure pump

A rotary, diaphragm or piston type pump can be used to inject the chemicals to flow
from the chemical tank towards the irrigation line. The chemigation pump must de-
velop a pressure greater than the operating pressure in the irrigation line. The internal
parts of the pump must be corrosion resistant. This method is very precise and reliable
for injecting the chemicals in the drip irrigation system.
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Injection by pressure difference

This is one of the easiest methods to operate. In this method a low-pressure tank is
used. This tank is connected with the discharge line at two points: one which serves as
a water entrance to the tank and the other is an exit of the mixture of chemicals. A pres-
sure difference is created with a gate valve in the main line. The pressure difference is
enough to cause a flow of water through the tank. The chemical mixture flows into the
irrigation line. The concentration of chemical in the water is difficult to calculate and
control. Therefore, it is recommended to install an accurate metering valve to maintain
a precalibrated injection rate.

Injection by Venturi principle

A Venturi system can be used to inject chemicals into the irrigation line. There is a
decrease in the pressure accompanied by an increase in the liquid velocity through
a Venturi. The pressure difference is created across the Venturi and it is sufficient to
cause a flow by suction of the chemical solutions from a tank.

Injection in the suction line of the irrigation pump

A hose or tube can be connected to the suction pipe of the irrigation pump to inject the
chemicals. A second hose or tube is connected to the discharge line of a pump to sup-
ply water to the tank. This method should not be used with toxic chemical compounds
because of possible contamination of the water source. A foot valve or safety valve at
the end of a suction line can avoid the contamination.

FERTIGATION

All fertilizers for the chemigation purpose must be soluble (see Table 8.1). The par-
tially soluble chemical compounds can cause clogging and thus can create operational
problems [2, 4].

Table 8.1. Solubility of commercial fertilizers.

Fertilizer Solubility (grams/liter)
Ammonia 97
Ammonium Nitrate 1185
Ammonium Sulfate 700
Calcium Nitrate 2670
Calcium Sulfate Insoluble
Di-Ammonium Phosphate 413
Di-Calcium Phosphate Insoluble
Magnesium Sulfate 700
Manganese Sulfate 517
Mono-Ammonium Phosphate 225
Mono-Calcium Phosphate Insoluble
Potassium Chloride 277
Potassium Nitrate 135
Potassium Sulfate 67

Urea 1190
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Nitrogen

Nitrogen is an element that is most frequently applied in the drip irrigation system.
The principal sources of nitrogen for chemigation are: anhydrous ammonia, liquid
ammonia, ammonium sulfate, urea, ammonium nitrate, and calcium nitrate. The an-
hydrous ammonia or the liquid ammonia can increase the pH of the irrigation water,
thus a possible precipitation of calcium and magnesium salts. If the irrigation water
has high concentration of calcium and magnesium bicarbonates, then these can result
in precipitation of chemical compounds. This enhances the clogging problems in the
drippers, filters, and laterals. The ammonium salts are very soluble in water and cause
less problems of clogging, with the exception of ammonium phosphate. The phosphate
salts tend to precipitate in the form of calcium and magnesium phosphates, if there is
an abundance of Ca and Mg in the irrigation water. Ammonium sulfate causes little
obstruction problems or changes in pH water. The urea is very soluble and it does
not react with the irrigation water to form ions, unless the water contains the enzyme
urease. This enzyme can be present if the water has large amounts of algae or other
biological agents.

The filtration system does not remove urease. This can cause hydrolysis of the
urea. Because the concentrations of the enzyme are generally low compared to those
in the soil, the urea will not hydrolyze to a significant degree in the irrigation water.
The nitrate salts (e.g., calcium nitrate) are relatively soluble in water and do not cause
large changes in the pH of the irrigation water. The nitrogen fertigation is more effec-
tive than the conventional methods of application, especially in sandy soils. In addi-
tion, the nitrogen fertigation is more efficient than the conventional methods in fine
textured soils.

Phosphorus

The phosphorus can be applied in the irrigation system, as an organic phosphate com-
pound and glycerophosphates. The organic phosphates (orthophosphates) and urea
phosphate are relatively soluble in water and can easily move in the soil. The organic
phosphates do not precipitate, and the hydrolysis of an organic phosphate requires
large lapse time.

The glycerophosphates react with calcium to form compounds of moderate solu-
bility. The application of phosphorus can enhance obstructions in the drip irrigation
system. When phosphoric fertilizers are applied in the irrigation water with high con-
centrations of Ca and Mg, then the insoluble phosphate compounds are formed that
can obstruct the drippers and lateral lines. The phosphorus moves slowly in the soil
and the root zone. In addition, the moist soil particles absorb phosphorus to form insol-
uble compounds. It is not recommended to fertigate phosphorus fertilizers during the
growth period of a crop. Instead it should be applied before seeding, during seeding,
and during fruit formation. The plant uses phosphorus early in its growth. In the drip
irrigated crops, the fertigation of phosphorus can be combined with traditional meth-
ods of application. The drip irrigation system is efficient in the application of soluble
phosphorus compounds, because the water is applied in the root zone; that facilitates
the availability of phosphorus.
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Potassium

The potassium can be fertigated in the form of potassium sulfate, potassium chloride,
and potassium nitrate. Generally, potassium salts have good solubility in water and
cause little problems of precipitation.

Micro Nutrients

The micro nutrients are supplied in the form of chelates. Thus, its solubility in the
water is increased and these do not cause any problems of obstruction and precipita-
tion. If the micro nutrients are not applied as recommended, then iron, zinc, copper,
and magnesium can react with the salts in the soil causing precipitation. This enhances
the clogging of the emitters. The chelates should be dissolved before fertigation. The
chemigation of micro nutrients benefits the plant to accomplish a good development
and growth. In addition, the operational cost is lower compared to the foliage applica-
tion.

PESTIGATION

Although, sufficient information is available on the application of pesticides through
the drip irrigation system in different regions of the world, yet the data does not neces-
sarily adapt to the weather and soil conditions of all regions of the world.

Insectigation

When dispersed emulsions or formulations are used in water, these comprise of the
liquid phase and therefore can be distributed uniformly. In order to control foliage
insects, the insecticides applied through the drip irrigation system must be systematic
and of high solubility.

Fungigation

The fungi dragged by the wind are difficult to control. These fungi produce numerous
spores that often are located on the leaves which are not easy to control. By means of
injection of soluble and systematic fungicides through the drip irrigation, the effective-
ness of certain fungicides can be increased.

Nemagation

The application of fumigants and nematicides through the drip irrigation system is
convenient and safe. Using this method, the soil can be fumigated in an efficient way
to control nematodes and other detrimental organisms. The success of the operation
will depend on many conditions such as: Temperature, soil moisture, soil aeration,
content of organic matter, and uniformity of irrigation.

Herbigation

In places where the rainfall is limited, the application of herbicides through drip ir-
rigation serves to activate the applied herbicides. This action eliminates the need for
mechanical incorporation and reduces the cost of weeding operation. As the drip irri-
gation system directly takes the water with herbicides to the place where the weeds are
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to be controlled, a uniform distribution is obtained. There is a significant reduction of
losses of non-available chemicals as a result of the inactivation by rubbish or organic
matter. Thus, the irrigation efficiency can be maximized and the efficiency of the her-
bicide application can be increased.

CHLORATION OR CHLORINATION

The chlorine is the cheapest and effective treatment for the control of bacteria, algae,
and the slime in the irrigation water. The chlorine can be introduced at low concentra-
tions (1 ppm) at necessary intervals, or at high concentrations (10-20 ppm) for few
minutes. The chlorine can be injected in form of chlorine powder (solid) and chlorine
gas. The gas treatment is expensive and dangerous for the operator. The calcium hypo-
chlorite can also be used, but the calcium tends to precipitate. The chlorine also acts as
a biocide to iron and sulfur bacteria.

INSTALLATION, OPERATION, AND MAINTENANCE

Installation

To be effective, all types of chemigation equipments must be suitable, reliable, and
precise. All the electrical devices must resist risks due to bad weather. In addition, all
the valves, accessories, fittings, and pipes must resist the operating pressure. Some
chemicals can cause corrosion problems. The chemical compounds and the concentra-
tions of chemicals must be compatible with the injection system. The materials of the
system must be corrosion resistant. These should be washed with clean water after
each fumigation process.

Operation

The chemigation procedure must follow a pre-established order. Irrigation system is
operated until the soil saturates to a field capacity. Then the chemicals are injected.
Once the chemigation has finished, water is allowed to flow free in the system for a
sufficient time to remove all the sediments (salts) of chemicals from the laterals and
drippers.

Maintenance

The maintenance is a routine procedure. One should inspect all the components of the
injection system after each application. It is recommended to replace the defective
components before these will stop working altogether. In order to clean the injection
system, it is convenient to have the water accessible near the system. After each ap-
plication, it is recommended to clean and wash exterior of all the parts with water and
detergent, and to rinse with clean water. The chemigation system can be cleaned in
two ways:

1. By pressurized air.
2. By using acids or other chemical agents.

The pressurized air is used to clean the laterals of accumulation of the organic matter.
Also, the lines can be cleaned with a commercial grade hydrochloric acid, phosphoric
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acid, or sulphuric acid at a concentration of 33-38%. When the acid is used, it is conve-
nient to use protective clothing to avoid risks and accidents due to burns. Before using
acid, it is recommended to allow the water flow through the system for 15 minutes. It is
safe to fill the tank to 2/3 parts of its capacity and make sure that all components are in
good condition. Now add the acid to the tank. The system will operate at a pressure of
0.8—1.0 atmospheres to apply acid. The acid treatment will avoid precipitation of salts
and the formation of slime in the system. When the treatment has been completed, allow
the water to flow to remove the residues of acid. Other practices for a good operation are:

1. To lubricate the movable screws and parts, after using the system.

2. To lubricate the movable screws and parts if the fertigation system was inac-
tive during a prolonged period. It is convenient to activate the system and to
make sure that all the parts are in good condition.

Rule of thumb is to chemigate during the middle of the irrigation cycle.

Calibration

The calibration consists of adjustment of the injection equipment to supply a desired
amount of chemical. The adjustment is necessary to make sure that the recommended
dosage is applied. An excess of chemical is very dangerous and hazardous, whereas
a small amount will not give effective results. The use of excess fertilizers is not eco-
nomical. The amounts less than recommended dosages cause reduction in the crop
yield. The precise calibration helps us to obtain accurate, reliable, and desirable re-
sults. A simple calibration consists of the collection of a sample of a chemical solution
that is being injected to cover the desired area during the irrigation cycle. During the
chemigation process, the rate of injection of a chemical compound can be calculated
with the following equation:

g=(fxA)/(cxt,xt,) (1

where: g = Rate of injection (liters/hour)

F = Quantity of chemical compound (Kg/hectare)

A = Irrigation area (hectares)

C = Concentration of the chemical in the solution (Kg/liter)
t,= Chemigation time (hours)

t = Irrigation duration (hours)

SAFETY CONSIDERATIONS

The safety during the chemigation process is of paramount importance. It is recom-
mended to use specialized equipment to protect the water source, the operators of the
system and to avoid risks, health hazards, and accidents. It is necessary to install a
safety valve (check valve or one way valve) in the main line between the irrigation
pump and the injection point. A manual gate valve is not enough to avoid contamina-
tion of the water source. The safety valve allows the water flow in a forward direction.
If it is properly installed, it avoids back flow of chemicals towards the water source.
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It is safer to install an air-relief valve (vacuum breaker) between the irrigation pump
and safety valve.

The air-relief valve allows escape of air from the system. It will avoid suction of
chemical solution towards the water source. The pump to inject the chemicals and the
irrigation pump can be interconnected. The pumps are interconnected in such a way
that if one is shut off; the other is shut off automatically. This is convenient when the
two pumps are electrical. A safety valve must be installed in the line of chemical injec-
tion. This arrangement avoids back flow towards the tank. This back flow can cause
dilution of chemical, causing spills and breakage of the system.

The spills of pesticides are extremely dangerous because these can contaminate the
water source and can cause health hazards. It is recommended to locate the chemical
tank away from the water source. In the case of deep well, the pesticides can wash
through the soil and contaminate the well. In addition, the operator and the environ-
ment are exposed to the danger of the contamination. The safety valve generally has
spring and requires pressure so that the water will flow through those. This valve
allows the flow when only an adequate pressure exists in the injection pump. When
the injection pump is not in operation, there is no escape of liquid due to small static
pressure in the tank. A gate valve at the downstream of a chemigation tank will help to
avoid flow of irrigation water towards the tank when the chemigation is not in prog-
ress. This valve can be a manual gate valve, ball valve, or solenoid metering valve. The
valve should be installed close to the tank. It must be open only during the chemiga-
tion. Also it must be corrosion resistant.

The automatic solenoid valve is interconnected electrically to the injection pump.
This interconnection allows automatic closing of the valve in the supply line of chemi-
cal. Thus, it avoids flow of water in both directions when the chemigation pump is not
in operation. The top of a chemical tank should be provided with wide openings that
will allow easy filling and cleaning. In addition, the tank must be provided with a sieve
or a filter. The tank must be corrosion resistant such as: Stainless steel or reinforced
plastic with fiber glass. The flow rate from of the tank should correspond to the capac-
ity of the pump. The tank should be equipped with an indicator to register the level
of the liquid. The centrifugal pump provides high volume at low pressure. The pumps
of piston and diaphragm provide volumes between moderate and high flows at high
pressure. The pumps of roller and gear type provide a moderate volume at low pres-
sure. If a pump is allowed to operate dry, then it can be damaged. It is recommended to
follow the instruction manual of the manufacturer for a long life of a pump. Maintain
all protectors in place. The injection pump of low volume can inject the concentrated
formulation of pesticide. In that way, the problem of constantly mixing the solution in
the tank is avoided. In addition, the calibration becomes easier.

One must select the hoses and synthetic or plastic tubes that can resist the oper-
ating pressure, climatic conditions, and the solvents in some chemical compounds.
Do not allow the bending or kinking of hoses and tubes with another object. Wash
the exterior and interior of hoses frequently so that these can last longer. These must
be cleaned, washed, and stored well when are not being used. If it is possible, avoid
exposure to sun. Due to climatic changes the hoses or tubes show deteriorations on
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the outer surface. The areas where chemigation is in progress, should display a sign
that chemical compounds are being applied through irrigation system. The operator
of the chemigation equipment must take all precautions: To use protective clothes,
boots, protective goggles, and gloves. The waiting period to enter the field is neces-
sary to avoid health hazards and risks. The precautions are necessary so that persons
or animals do not enter the treated area during the application of pesticides and toxic

substances.

TROUBLE SHOOTING

Cause

Remedy

Uniformity of application is not adequate

1. Drippers are clogged with precipitates or clay
particles.

2. Drippers are clogged with microorganisms.
3. Lines are clogged.

4. Filters are clogged.

Replace drippers. Inject HCL according to the instruc-
tions. Use dispersing agents such as: Na and Al

Use biocides, algaecides, and bactericides.
Flush the lines by opening the ends.

Clean the filters. Open the corresponding gate valves.

Chemical tank is overflowing

5. Gate valve between two injection points is
closed. Gate valve of injection line is closed.

6. Filters are totally obstructed.

Open the valves.

Flush filters.

Signs of chlorosis

7. Adequate dosage of fertilizers is not used.

8. Lack of uniformity of application.

9. Formulations of nitrogen that precipitate.

Use recommended dosages.

Improve the uniformity. Flush and change drippers if
necessary.

Use acid to clean the lines. Do chemical analysis to
check the calibration.

Components are leaking

10. Corrosion of the components.

11. Purple color in young leaves:

Lost of phosphorus due to precipitation in line.

Use anti-corrosive components.
Use formulations of phosphorus that do not precipi-
tate.

Apply the phosphorus in bands not through the irriga-
tion system.

SUMMARY

The chemigation is an application of chemicals through the irrigation system. The
chemigation provides uniformity in the application of chemicals allowing the distri-
bution of these chemicals in small quantities during the growing season when and
where these are needed; reduces soil compaction and the chemical damage to the crop;
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reduces the quantity of chemicals used in the crop and the hazards/risks during the
application; reduces the pollution of the environment; and reduces the costs of manual
labor, equipment, and energy. The chemical injection unit consists of chemigation
pump, pressure regulator, gate valve, pressure gage, connecting tubes, check valve,
and chemigation tank. All fertilizers for the chemigation must be soluble. The chlorine
can be introduced at low concentrations at necessary intervals, or at high concentra-
tions for few minutes. The chlorine can be injected in form of chlorine powder and
chlorine gas. All chemigation equipments must be corrosion resistant, reliable, and
precise. The chemigation procedure must follow a pre-established order. Irrigation
system is operated until the soil saturates to a field capacity. Then the chemicals are in-
jected. Once the chemigation has finished, water is allowed to flow free in the system
for a sufficient time to remove all the sediments from the laterals and drippers. Rule
of thumb is to chemigate during the middle of the irrigation cycle. Maintenance is a
routine procedure. One should inspect all the components of the injection system after
each application. It is recommended to replace the defective components. The calibra-
tion consists of adjustment of the injection equipment to supply a desired amount of
chemical. It is recommended to use specialized equipment to protect the water source,
the operators of the system and to avoid risks, health hazards, and accidents.
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INTRODUCTION

Drip irrigation is an efficient method of irrigation application and is extensively used
in arid and semi-arid regions of the world. The system consists of applying water
slowly and frequently into the soil with emitters or drippers distributed throughout the
laterals (drip lines). The obstruction of the filters, the distribution lines, or the emitters
is a main problem associated with the operation and management of a drip irrigation

'This chapter is modified and translated from “Goyal, Megh R., L.E. Rivera y Antonio Poventud, 1990. Cloracion. Capitulo
XI en: Manejo de Riego por Goteo, editado por Megh R. Goyal, paginas 311-330. Rio Piedras, Puerto Rico: Servicio de
Extension Agricola, UPRM.” For more details one may contact by E-mail: goyalmegh@gmail.com
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system [2, 9, 11]. These obstructions are caused by physical agents (solid particles in
suspension), chemicals agents (precipitation of insoluble compounds), or biological
agents (macro and microorganisms). The preventive maintenance is the best solution
to reduce or to eliminate the obstructions in the emitters or components of the system
[1]. The chlorination is an addition of chlorine to water [11]. The chlorine, when it
dissolves, acts as an oxidation agent and attacks the microorganisms, such as the al-
gae, fungi, and bacteria. This procedure has been used for many decades to purify the
drinking water [3]. Chloration is an injection of chlorine compounds through the irri-
gation system. The chloration solves effectively and economically the problem of ob-
struction of the emitters or drippers due to biological agents. Caution: Do not use any
chemical agent through the drip system without consulting a specialist [9, 10, 11, 12].

QUALITY OF WATER

Water Source

It is necessary to conduct the physical and chemical analysis of the water before de-
signing a drip irrigation system and choosing an appropriate filtration system [12].
For the chemical analysis, it is important to take a representative sample of the water.
If the water source is subsurface (e.g., deep well), the sample must be taken an hour
and a half after the pump begins to work. When the water source is from a lake, river,
pool, or open channel, the samples must be taken at the surface, at the center, and at
the bottom of a water source.

It is important to analyze the sample for suspended solids, dissolved solids and the
acidity (pH), macro organisms, and microorganisms [5]. The acidity of the water must
be known, since it is a factor that affects the “chemigation directly” and therefore the
chloration. For example, the chloration for the control of bacteria is ineffective for a
pH > 7.5. Therefore, it is necessary to add acid to lower the pH of irrigation water and
to optimize the biocide action of the chlorine compound. If a chemical analysis of the
water is known, we can predict the obstruction problems and take suitable measures. In
addition, a program of adequate service and maintenance can be developed. The physi-
cal, chemical, and biological agents are classified in Table 9.1. The factors are classified
in order of the risk: from low to severe. When the water contains amount of solids, salts,
and bacteria within the acceptable limits, then the risk of clogging is reduced.

Also the particles of organic matter can combine with bacteria and produce a type
of obstruction that cannot be controlled with filtration system. The fine particles of or-
ganic matter are deposited within the emitters and are cemented with bacteria such as:
Pseudomonas and Enterobacter. This combined mass causes clogging of the emitters.
This problem can be controlled with super chloration at the rate of 1000 ppm (mg/L).
However, the chloration at these high rates can cause toxicity of a crop. The obstruc-
tion caused by the biological agents constitutes a serious problem in the drip irrigation
system that contains organic sediments with iron or hydrogen sulfide. Generally, the
obstruction is not a serious problem if the water does not have organic carbon, which
is a power source for the bacteria [Promotes the bacterial growth]. There are several
organisms that increase the probability of the obstructions when there are ions of iron
(Fe™) or sulfur (S7).
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Table 9.1. Water quality: Criteria that indicates risk of obstruction of the emitters.

Type of Problem Risk of Obstruction
Low Moderate Severe
Biological Agents
Bacteria population** <10,000 10,000-50,000 >50,000
Physical Agents
Suspended solids* <50 50-100 >100
Chemical Agents
Acidity (pH) <7.0 7.0-8.0 >8.0
Dissolved solids* <0.2 0.2-1.5 >2000
Iron* <0.1 0.1-1.5 >1.5
Hydrogen sulfide <500 500-2000 >2.0
Manganese* <0.2 0.2-2.0 >1.5

**Maximum concentration of the representative sample of water. Given in ppm (mg/L).
*Maximum number of bacteria per milliliter. Obtained from field samples and laboratory analysis.

Algae in surface water can add carbon to the system. The slime can grow on the
inner surface of the pipes. The combination of fertilizer and the heating of the poly-
ethylene pipes (black) due to sunlight can promote the formation and development of
these microorganisms. Many of the water sources contain carbonates and bicarbonates
that serve like an inorganic power source to promote slime growth; also autotrophic
bacteria (that synthesize their own food) are developed. The algae and the fungi are de-
veloped in the surface waters. Besides obstructing the emitters, the filamentous algae
form a gelatinous substance in the pipes and emitters, which serve as a base for the de-
velopment of slime. Another type of obstruction can also happen when the filamentous
bacteria precipitate the iron into the insoluble iron compounds (Fe™™).

Growth of Slime in the Drip Irrigation System

The bacteria can grow within the system in absence of light and produce a mass of the
slime or cause the precipitation of the iron or sulfur dissolved in water. The slime can
act like an adhesive substance that agglutinates fine clay particles sufficiently large
enough to cause clogging [2, 10, 11].

Growth of Algae in the Water Source or in the Irrigation System

One of the most frequent problems is the growth of algae and other aquatic plants in
the surface water that can be used for drip irrigation. The algae grow well in the sur-
face water. The problem becomes serious if the water source contains nitrogen, phos-
phorus, or both. In many cases, the algae can cause obstructions in the filtration sys-
tem. When the screen filters are used, the algae can be entangled in the sieves (screen)
of the filter. In high concentration, these aquatic microorganisms can create problems
in the sand filters. This requires a frequent flushing and cleaning of the filters.
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Types of Algae

The main groups of organisms in surface water are classified like protists, plants, and
animals. The protists include bacteria, fungi, protozoa, and algae. Algae are unicellular
organisms or multicellular autotrophic and photosynthetic, and require organic com-
pounds to reproduce. The major nutriments are carbon dioxide, nitrogen, and phos-
phorus. The minor elements like iron, copper, and manganese are also important for
the development of these organisms.

It is important to note that algae problems usually occur due to ponds being ne-
glected. Often, people think you can simply “dig a hole” and then let the pond take
care of itself. Unfortunately, this is not the case. Healthy ponds require proper aeration,
bacterial treatments, and adequate pond weed management. The use of copper sulfate
has NOT been recommended for algae control as research and field usages have shown
a high potential for detrimental environmental effects. In certain waters, copper sulfate
is quite toxic to fish and other organisms. Overuse of this product is common due to
its short-term effectiveness. This can result in copper build-up in the sediments lead-
ing to a sterile bottom, killing important beneficial bacteria, microorganisms, snails,
and other beneficial “creatures.” Many large pond or lake owners are concerned about
“toxic algae.” Death and sickness to pets, livestock, wildlife, and even man have been
attributed to the presence of certain algae, mostly blue—green forming species, in water
supplies. Lethal substances produced by these algae are retained within the cells and
released after death or are secreted from living cells. Many unattended farm ponds and
other waters contain some of these toxic forms, posing a threat to human health and
the environment. Medical case histories, biologist reports, and laboratory tests show
some of the possible effects of toxic algae. A list complied by the U.S. Department of
the Interior Federal Water Pollution Control Administration summarizes medical case
histories of algal poisonings for a 120 year period. Exposure to and ingestion of algae
caused a variety of “discomforts” including: skin rashes, headaches, nausea, vomiting,
diarrhea, fever, muscular pains, and eye, nose, and throat irritation. California State
Water Resources Control Board states in the Water Quality Criteria Handbook (Sec-
ond Edition): “There have been reports of rapid deaths of a great variety of animals
after drinking water containing high concentrations of blue—green algae such as Mi-
crocystis, Aphanizomenon, Nostoc rivulare, Nodularia, Gleotrichia, Gomphosphaeria,
and Anabaena. Fatal poisonings have occurred among cattle, pigs, sheep, dogs, horses,
turkeys, ducks, geese, and chickens. It is believed that such algae may be toxic to all
warm-blooded animals.” To find out how one can avoid algae problems in large bodies
of water and create a healthier pond, please read an article from: http://www.pondsolu-
tions.com/blue-green-algae.htm

Algae are primitive plants closely related to fungi (Figure 9.1). These exhibit no
true leaves, stems, or root systems and reproduce by means of spores, cell division,
or fragmentation. These “live” from excess nutrients in the water and sunlight for
growth. Over 17,400 species of algae have been identified and thousands more prob-
ably exist. The simplest algae are single cells (e.g., the diatoms); the more complex
forms consist of many cells grouped in a spherical colony (e.g., Volvox), in a ribbon
like filament (e.g., Spirogyra), or in a branching thallus form (e.g., Fucus). The cells
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of the colonies are generally similar, but some are differentiated for reproduction and
for other functions. Kelps, the largest algae, may attain a length of more than 200 ft
(61 m). Euglena and similar genera are free-swimming one-celled forms that contain
chlorophyll but that are also able, under certain conditions, to ingest food in an animal
like manner. The green algae include most of the freshwater forms. The pond scum,
a green slime found in stagnant water, is a green alga, as is the green film found on
the bark of trees. The more complex brown algae and red algae are chiefly saltwater
forms; the green color of the chlorophyll is masked by the presence of other pigments.
Blue—green algae have been grouped with other prokaryotes in the kingdom Monera
and renamed cyanobacteria. There are four classes of algae for the irrigation system:

Duckweed. Super tiny plant with little leaflets and roots. Can literally cover an entire pond.
Commonly transferred from pond to pond by waterfow!

Figure 9.1. Types of algae.
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Green algae [Chlorophyta, klorof'utu]
These are commonly known as photosynthetic organisms: Phylum (division) of the
kingdom Protista. The organisms are largely aquatic or marine. The various species
can be unicellular, multicellular, coenocytic (having more than one nucleus in a cell),
or colonial. Those that are motile have two apical or subapical flagella. A few types are
terrestrial, occurring on moist soil, on the trunks of trees, on moist rocks, and even in
snow banks. Cells of the Chlorophyta contain organelles called chloroplasts in which
photosynthesis occurs; the photosynthetic pigments chlorophyll a and chlorophyll b,
and various carotenoids, are the same as those found in plants and are found in similar
proportions. Chlorophytes store their food in the form of starch in plastids and, in
many, the cell walls consist of cellulose. Unlike in plants, there is no differentiation
into specialized tissues among members of the division, even though the body, or
thallus, may consist of several different kinds of cells. According to “The Columbia
Electronic Encyclopedia, 6th edition 2006, Columbia University Press.” there are four
evolutionary lineages of green algae.
1. Euglenophyta (yOO”glunof’utu), small phylum (division) of the kingdom
Protista, consisting of mostly unicellular aquatic algae. Most live in freshwa-
ter; many have flagella and are motile. The outer part of the cell consists of a
firm but flexible layer called a pellicle, or periplast, which cannot properly be
considered a cell wall. Some euglenoids contain chloroplasts with the photo-
synthetic pigments chlorophyll @ and b, as in the phylum Chlorophyta; others
are heterotrophic and can ingest or absorb their food. Food is stored as a poly-
saccharide, paramylon. Reproduction occurs by longitudinal cell division. The
most characteristic genus is Euglena, common in ponds and pools, especially
when the water has been polluted by runoft from fields or lawns on which fer-
tilizers have been used. There are approximately 1000 species of euglenoids.
2. Dinoflagellata (di’noflaj uldt’u, —la’tu), phylum (division) of unicellular,
mostly marine algae, called dinoflagellates. In some classification systems,
this division is called Pyrrhophyta. There are approximately 2000 species of
dinoflagellates. Most have two flagella that lie perpendicular to one another
and cause them to spin as they move through the water. Most have walls, or
thecae, that are rigid and armorlike and sometimes take on fantastic shapes. The
plates that make up these walls are actually located inside the plasma mem-
brane rather than outside, as cell walls are. Some species are heterotrophic, but
many are photosynthetic organisms containing chlorophyll @ and chlorophyll
c¢. The green of these chlorophylls may be masked by various other pigments.
Still other species are symbionts, living inside such organisms as jellyfish and
corals. Food reserves are largely starch. Reproduction for most dinoflagellates
is asexual, through simple division of cells following mitosis. They are un-
usual in that in each cell, the chromosomes remain compact between divisions,
instead of stretching out into slender threads, as in most other organisms. The
chromosomes are constricted at regular intervals and do not have centromeres,
or fiber-attachment centers. There is no spindle, yet the very numerous chro-
mosomes are divided equally at the time of mitosis.
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3. Chrysophyta (krusof’utu), phylum (division) of unicellular marine or
freshwater organisms of the kingdom Protista consisting of the diatoms (class
Bacillariophyceae), the golden, or golden—brown, algae (class Chrysophyceae),
and the yellow—green algae (class Xanthophyceae). In many chrysophytes the
cell walls are composed of cellulose with large quantities of silica. Some have
one or two flagella, which can be similar or dissimilar. A few species are ame-
boid forms with no cell walls. The food storage products of chrysophytes are
oils or the polysaccharide laminarin. Formerly classified as plants, the chryso-
phytes contain the photosynthetic pigments chlorophyll a and ¢; all but the
yellow—green algae also contain the carotenoid pigment fucoxanthin. Under
some circumstances, diatoms will reproduce sexually, but the usual form of
reproduction is cell division. The diatoms and golden—brown algae are of great
importance as components of the plankton and nanoplankton that form the
foundation of the marine food chain.

4. Phaeophyta (feof utu), phylum (division) of the kingdom Protista consisting
of those organisms commonly called brown algae. Many of the world’s famil-
iar seaweeds are members of Phaeophyta. There are approximately 1500 spe-
cies. Like the chrysophytes, brown algae derive their color from the presence,
in the cell chloroplasts, of several brownish carotenoid pigments, including
fucoxanthin, in addition to the photosynthetic pigments chlorophyll a and c.
With only a few exceptions, brown algae are marine, growing in the colder
oceans of the world, many in the tidal zone, where they are subjected to great
stress from wave action; others grow in deep water. Among the brown algae
are the largest of all algae, the giant kelps, which may reach a length of over
100 ft (30 m). Fucus (rockweed), Sargassum (gulfweed), and the simple fila-
mentous Ectocarpus are other examples of brown algae. The cell wall of the
brown algae consists of a cellulose differing chemically from that of plants.
The outside is covered with a series of gelatinous pectic compounds, generi-
cally called algin; this substance, for which the large brown algae, or kelps, of
the Pacific coast are harvested commercially, is used industrially as a stabilizer
in emulsions and for other purposes. The normal food reserve of the brown
algal cell is a soluble polysaccharide called laminarin; mannitol and oil also
occur as storage products. The body, or thallus, of the larger brown algae may
contain tissues differentiated for different functions, with stemlike, rootlike,
and leaflike organs, the most complex structures of all algae.

Motile

These form colonies when mature. It has flashy green color and it is unicellular and
flagellated. The flagella are those that make motile in the water. Filamentous algae, or
commonly referred to as “pond scum” or “pond moss” forms greenish mats upon the
surface of water. This alga usually begins its growth along the edges or bottom of the
pond and “mushrooms” to the surface. Individual filaments are a series of cells joined
end to end which give the thread-like appearance. They also form fur-like growths on

© 2013 Taylor & Francis Group, LLC



188 Management of Drip/Trickle or Micro Irrigation

bottom logs, rocks, and even on the backs of turtles. Some forms of filamentous algae
are commonly referred to as “frog spittle” or “water net.”

Yellow—-green algae [Synonyms for yellow-green algae]

The diatoms are most important in this group. It is a group of common unicellular and
colonial algae of the phylum Chrysophyta, having mostly yellow and green pigments,
occurring in soil and on moist rocks and vegetation and also as a slime or scum on
ponds and stagnant waters. These are found in fresh water and salt water.

Blue-green algae

Popular name for those microorganisms that are now more properly called cyanobac-
teria [sT undbaktir’&u, s1-dn”’0—] or photosynthetic bacteria that contain chlorophyll.
Cyanobacteria are familiar to many as a component of pond scum. Despite their name,
different species can be red, brown, or yellow; blooms (dense masses on the surface of
a body of water) of a red species are said to have given the Red Sea its name. These are
unicellular organisms with flagella. These can form big masses in the surface water. In
addition, these can use nitrogen from the atmosphere. Nitrogen-fixing cyanobacteria
need only nitrogen and carbon dioxide to live.

PRINCIPLE OF CHLORATION

The principle of chloration for treating the water by drip irrigation is similar to the
one that is used to purify the water for drinking purpose. Table 9.2 includes basic
reactions of chlorine and its salts. When the chlorine in gaseous state (Cl,) dis-
solves in water, the chlorine molecule is combined with water in a reaction called
hydrolysis. The hydrolysis produces hypochloric acid (HOCL; Reaction (1)). Fol-
lowing this reaction, the hypochloric acid enters an ionization reaction as shown in
Reaction (2). The hypochloric acid (HOCI) and the hypochlorite (OCL) are known
as free available compounds and are responsible for controlling the microorgan-
isms in the water. The equilibrium of these depends on the temperature and pH of
the irrigation water. When the water is acidic (low pH) the equilibrium moves to
the left, resulting in an increase of HOCI. When the water is alkaline (high pH),
the chlorine increases in the form of OCl—. The efficiency of HOCI is 40—80 times
greater than OCl-. Therefore, the efficiency of the chloration depends greatly on
the acidity (pH) of the water source. Reaction (1) produces hydrogen ions (H+) that
can increase the acidity. The basicity depends on the amount of added chlorine and
the buffer capacity of the water. The sodium hypochlorite [NaOCl] and the calcium
hypochlorite [Ca(OCl),] hydrolyze and produce OH— ions that tend to lower the
acidity of the water (Reactions (3) and (4)). If the pH is extremely low, the gaseous
chlorine (Cl)) predominates and can be dangerous. Therefore, it is recommended
to store the sources OCL compounds separate from solids. Also the available free
chlorine reacts with oxidizing compounds (like iron, manganese, and hydrogen sul-
fide) and produces insoluble compounds, which must be removed from the system
to avoid clogging.
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Table 9.2. Basic forms of chlorine reactions and its salts.

Reactions Reaction Number
CL+H,0=H"+CI' + Col n
HOCI=H"+0Cl @
NaOCl + H,0 =Na"+ OH + Col 3)
Ca(OCl), + 2H,0 = Ca**+ 20H + 2HOCI @
HOCI1 + NH, = NH,CIl + H,0 )
HOCI + NH,Cl = NHCI, + H,0 6)
HOCI1 + NHCI1, =NCl, + H,0 @]
HOCI + 2Fe* + H' = 2Fe** + CI' + H,O Ferrous to ferric ®)
Cl, + 2Fe(HCO,), + Ca(HCO,), = 2Fe(OH), (insoluble) + CaCl, + 6CO, ©)
HOCI + H,S = S™(insoluble) + H,0 + H" + CI 10)
Cl, + H,S = S™(insoluble) + 2H" + 2CI (1D

The chlorine has two important chemical properties: At a low concentration (1-5
mg/L), it acts as a bactericidal. At a high concentration (100—1,000 mg/L), it acts as
an oxidizing agent which can disintegrate particles of organic matter. It is necessary to
watch, because the chlorine at these high levels can affect the growth of some plants.

SOURCES OF COMMERCIAL CHLORINE

The most common chorine sources [7] used in a drip irrigation system are sodium
hypochlorite, calcium hypochlorite, and gaseous chlorine.

Sodium Hypochlorite, NaOClI

Sodium hypochlorite is liquid and is commonly used as whitener for clothes. It can be
easily decomposed at high concentrations, in the presence of light and heat. It must be
stored at room temperature in packages resistant to corrosion. This compound is easy
to handle. The amounts can be measured precisely and causes few problems.

Calcium Hypochlorite, Ca (OCI),

Calcium hypochlorite is available commercially as dust, granulated, or in pellets. It
is well soluble in water and is quite stable under appropriate storage conditions. It
must be stored at room temperature in a dry place and in packages resistant to corro-
sion. When this compound is mixed in a concentrated solution, it forms a suspension
that contains calcium oxalate, calcium carbonate, and calcium hydroxide. These com-
pounds can obstruct the drip irrigation system.

Gaseous Chlorine, Cl, gas

It is available in liquid form at high pressure in cylinders from 45 kg to 1,000 kg. The
Clis very poisonous and corrosive. It must be stored in a well ventilated place. Table
9.3 shows equivalent amounts of chlorine for different commercial sources and the
required amount to treat 1,233 m3 (1 acre-foot) of water to obtain one ppm of chlorine.
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The NaOCl is safer than Cl and avoids calcium precipitates in the emitters, which can
happen when using Ca (OCl),. It is more economical to use than the CLin large sys-
tems. In small systems, it is appropriate to use sodium or calcium hypochlorite. The
use of Clis preferred in situations where the addition of sodium and calcium can be
detrimental to the crop. It is necessary to observe that Cl is dangerous under certain
conditions. Thus, the instructions on the label must be followed. It is recommended to
install a security valve (one way or check valve) in the tank that is used for injecting
the chlorine.

Table 9.3. Equivalent amounts of the commercial sources of chlorine and required amounts to treat
one acre-foot of water to obtain one ppm of chlorine.

Commercial Source of Chlorine Equivalent Amount to Obtain Required Amount to Treat One

454 g (1 1b.) of Chlorine Acre-foot (1233 m’) of Water
and Obtain one ppm of Chlorine
Gaseous chlorine (Cl,) 454 ¢ (1.0 1b) 1226 g (2.7 1b.)
Calcium Hypochlorite, Ca(OCl),

65-70% of available chlorine 681 g (1.51b.) 1816 g (4.0 1b.)

Sodium Hypochlorite, NaOCl
15% of available chlorine 2.54 liters (0.67 gallons) 6.81 liters (1.8 gallons)
10% of available chlorine 3.78 liters (1.0 gallons) 10.22 liters (2.7 gallons)
0.5% of available chlorine 7.57 liters (2.0 gallons) 20.44 liters (3.4 gallons)

CHLORATION METHOD

The chloration in a drip irrigation system can be continuous or in intervals, depend-
ing on the desired results. Application at intervals is appropriate, when the objective
is to control the growth of microorganisms in lateral lines, emitters, or in other parts
of the system. The continuous treatment is used when we want to precipitate the iron
dissolved in the water, to control algae in the system, or where it is not reliable to use
the treatment at intervals.

General Recommendations

1. Inject chlorine before the filters. This controls the growth of algae or bacteria
in the filters that otherwise would reduce the filtration efficiency. This also al-
lows the filtration of any precipitate caused by the injection of chlorine.

2. Calculate the amount of chlorine to inject. It is necessary to know the volume
of water to be treated, the active ingredient of the chemical compound to be
used and the desired concentration in the treated water.

3. The chlorine should be injected when the system is in operation.

One should take samples from the water at the nearest drippers and most dis-
tant drippers to determine the chlorine level at these points. Allow sufficient
time so that the lines are filled with the chlorine solution.

5. Adjust the injection ratio. Repeat steps 4 and 5 until the desired concentration
in the system is obtained.
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Recommended Chlorine Concentrations
1. Continuous treatment (in order to prevent the growth of algae or bacteria): Ap-
ply from 1 to 2 mg/L continuously through the system.
2. Treatment at intervals (in order to eliminate the algae or bacteria): Apply from
10 to 20 mg/L for 60 minutes. The frequency of the treatment depends on the
concentration of these microorganisms in the water source.

3. Super chloration (in order to dissolve the organic matter and in many cases the
calcium precipitated in the drippers): Inject chlorine at a concentration from
500 to 100 mg/L, depending on the case. After this, close the system and leave
it for 24 hours, to clean all the secondary and lateral lines. It helps to clean the
obstructions in the secondary and lateral lines. We have to be careful while ap-
plying these amounts, since these chlorine levels can be toxic to certain crops.
Table 9.4 shows typical dosages of chlorine.

Table 9.4. Typical dosages of chlorine.

Problem due to Dosage

Algae 1 to 2 ppm continuous, or 10-20 ppm for 30—60 min.
Ferro bacteria 1 + ppm: Varies with the amount of bacteria

Slime 0.5 ppm

Precipitation of iron 0.64 x [content of Fe™]

Precipitation of Manganese 1.3 x [content of manganese]

Hydrogen sulfide 3.6 a 8.4 x [the content of H,S]

Chlorine Requirements

Chlorine requirements must be known before the chloration. The Cl, or NaOCl is a
biocide that must be applied in the amounts and at recommended concentrations. The
excess of chlorine in the irrigation water can cause damage to the young plants or
young trees. On the other hand, the low levels do not solve the problems associated
with the growth of microorganisms in the irrigation water. The chlorine is a very active
and toxic agent at high concentrations; therefore it must be handled carefully. When it
is injected in the irrigation lines, some chlorine reacts with inorganic compounds and
organic substances of the water or it adheres to them. In most wells and water sources,
from 65 to 81% of the chlorine is lost by this type of reaction. The chlorine (like hypo-
chlorous acid) that adheres to the organic matter or that reacts with other compounds
does not destroy microorganisms. For this reason, it does not have value as a biocide
agent. The free chlorine (the excess of hypochlorous acid) is the agent that inhibits
the growth of bacteria, algae, and other microorganisms in the water. Therefore, it is
indispensable to establish the chlorine requirements before the chloration. In this way,
we can maintain the desired concentrations of available chlorine.

In order to inhibit the growth of microorganisms, a minimum contact time of 30
minutes is required (45 minutes of injection). It also requires a minimum concentration
of 0.5-1.0 mg/L of available chlorine measured at the end of the drip line and 2.0-3.0
mg/L of available chlorine at the injection point. The following equations are used to
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calculate the gallons per hour (gph) of NaOCI that must be injected to obtain the de-
sired concentration of chlorine per minute (gpm):

1. Formula for gpm of 10% NaOCI: (1)
=[0.0006 x (gpm desirable chlorine) x (Discharge of the pump, gpm)]

2. Formula for gph of 5.25% NaOCI: )
=10.000114 x (ppm desirable chlorine) x (Discharge of the pump, gpm)]

3. Formula for pounds by hectare of Cl, (gas): 3)
=10.000998 x (ppm desirable chlorine) x (Discharge of the pump, gpm)]

4. Gallons of liquid chlorine per hour: 4

=[0.06 x ppm of desirable chlorine x discharge of the pump in gpm]/
[Percentage of chlorine in the material]

5. Dry chlorine in pounds per hour: &)
=10.05 x ppm x gpm]/[percentage of chlorine in the material]

6. Dry chlorine in pounds per 1000 gallons of water: (6)
=[0.83 x ppm]/[percentage of chlorine in the material]

7. For chlorine gas: (7)

= Take percentage of chlorine = 100; and calculate as dry chlorine.

Methods to Measure Chlorine with the D.P.D. Method [N,N, dietil
P-femilenediamina]

It is essential to measure the chlorine when using liquid chlorine as bactericidal and
algaecide in irrigation systems of low volume [5, 6]. Most of the methods of mea-
suring chlorine that are used in the swimming pools are not adequate for irrigation
systems. This is because many of these equipments measure only total chlorine, but
not the residual free chlorine. Equipment “D.P.D.” of good quality can measure total
chlorine and the free available chlorine. The test equipment D.P.D. is very simple. The
directions and procedures come with the equipment. The equipment is used to measure
each type of chlorine. When applying these compounds, the water becomes pink in the
presence of the chlorine. The more intense is the color, higher is the chlorine concen-
tration. In order to know the chlorine concentration, the color of the water is compared
with that of a calibrated chromatic chart. One must remember that the free chlorine
is the one that determines the biocide action. If there is not sufficient free chlorine
available, the bacteria continue growing even though chlorine has been injected into
the system. In other words, if the amount of total chlorine is not sufficient to maintain
chlorine free in solution, the treatment gets is of no value. The test equipment D.P.D.
can be purchased from the sellers of irrigation equipments or from chemical agents
who are specialized in water treatment.

EXAMPLES FOR CALCULATING THE AMOUNT OF CHLORINE

Example # 1

A farmer wishes to use a cloth whitener (NaOCl—5% active chlorine or available
chlorine) to reach a concentration of one ppm of chlorine at the injection point. The
flow rate for the system is 100 gpm. In what ratio the chlorine must be injected?
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IR=[Q x C x M]/S )
= (100 x 1 x 0.006)/5
=0.21 gph

where: IR = Rate of chlorine injection (gallons/hour).

Q = Flow rate of the system (gallons/minute).

C = Desired concentration of chlorine (ppm).

S = Percent of active ingredient (%).

M = 0.006 for the liquid material (NaOCl), or 0.05 for the solid material Ca (OCl),

Example # 2
A farmer wants to inject Cl, through the drip irrigation system at a concentration of 10
ppm. What will be the rate of injection of the chlorine gas? The flow rate of the system
is 1,500 gpm.

IR=QxCx0.012 9)

where: IR = Rate of injection of chlorine (pound/day).
Q = Flow Rate of the system (gallons/minute).
C = Desired chlorine concentration (ppm).
IR =1500 x 10 x 0.012
= 180 pounds per day

SUMMARY

Chloration is a process of injection of chlorine compounds through an irrigation sys-
tem to prevent obstruction. The chloration solves effectively and economically the
problem of obstruction of the emitters or drippers due to biological agents. The chlo-
ration can be continuous or in intervals, depending on the desired results. The most
common chlorine sources are sodium and calcium hypochlorite and chlorine gas. The
NaOCl is safer than the Cl,. The chapter discusses the quality of water, principle of
chloration, commercial sources of chlorine, methods of chloration, and examples to
calculate the injection rates.
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INTRODUCTION

Drip irrigation is a novel technique which has extended in different regions of the
world. This system provides many benefits compared to other irrigation systems. Also,
the drip system involves application of new technology for a guaranteed operation.
The success of drip irrigation depends on the filtration of water. The purpose of any fil-
tration system is to reduce any clogging by removing any suspended solids or particles
from the irrigation water. Clean water free of contaminants is of vital importance for
a better operation of the drip irrigation. An adequate filtration system is an indispens-
able requirement to eliminate free suspended solids. Partial or total obstructions by
different agents may render the drip irrigation system out of order. Thus clogging or
obstruction causes economic loss to the farmer. Therefore, the selection of an adequate
filtration system is one of the considerations for designing and installing a drip irriga-
tion system [3, 5, 7].

CLOGGING AGENTS

The presence or development of particles causes the obstruction problem, thus re-
ducing the emitter flow. The problem is progressive, if no corrective measures are
taken at a proper time. Once the emitter flow rate decreases, the obstruction is ac-
celerated leading to a complete clogging. The obstruction may occur in any place in
the system but predominantly in the emitters/drippers. The problem can be avoided
by using clean water and avoid the injection of agents that may precipitate. The
clogging agents are grouped in three categories: Physical, chemical or biological. In
some cases, the obstruction may be due to two or more of these factors at the same
time.

Physical Agents

Different types of soil particles are present in the irrigation water. These particles may
consist of soil material of different sizes (sand, silt and clay), sedimentation that builds
up in the reservoirs, and small pieces of tubing from pipe lines, etc. These particles can
be large enough to pass through the filters or irrigation lines.

Clay particles in combination with salts can accumulate on the internal walls of
drippers or the filters, and thus can reduce performance of drippers or the filters. Silt
and clay with other chemicals may form aggregates to cause clogging of drippers.
During the planning stage of a filtration system, it is important to test the water source
for chemical and physical analysis.

Chemical Agents

Irrigation water contains many water soluble salts that can precipitate on the surface
of the drippers as the water evaporates between the irrigation intervals. If the salts
cannot be dissolved, then mineral deposits can be formed to obstruct the drippers. A
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high concentration of calcium, magnesium and bicarbonate ions in the irrigation
water promotes deposits of calcium and magnesium carbonates. High concentrations
of calcium and sulfate ions may cause formation of calcium sulfate on the surface of
the dripper. Generally the subsurface water contains iron and manganese salts. On
contact with atmospheric air, the insoluble oxides of iron and manganese precipitate.
These may cause obstructions of the drippers. Water rich in sulfite ions may produce
insoluble sulfur compounds. Besides naturally occurring inorganic compounds, the
precipitates can also be formed due to injection of liquid fertilizers or other chemical
substances in the irrigation water. Soluble fertilizers may be used with success. There
are simple qualitative laboratory tests to identify most of the insoluble compounds.
Testing of irrigation water is essential to know the probability of clogging by chemical
deposits. It is recommended to identify the insoluble compounds before chemigation;
and to use a good filtration system.

Biological Agents

The irrigation system can also be obstructed by macro organisms and microorgan-
isms. The irrigation water that comes from the surfaces open to atmospheric air may
contain great amounts of organic material. Organic matter content in water may con-
sist of partially decomposed organic matter (mostly of vegetative origin) and micro-
organisms (algae, bacteria and protozoa). The environmental conditions may favor
development and rapid formation of different types of microorganisms. Some spe-
cies like Sphaertilius and other microbiological cells multiply in darkness and in the
presence of iron and sulfur in water. The oxides of iron, manganese and sulfur can
be formed in the presence of microorganisms and these oxides may increase the ob-
struction. Crustaceans, fishes and other microorganisms may cause obstruction prob-
lems in the filtration system and irrigation lines. Spiders, ants and other insects may
obstruct the drippers. A visual inspection normally helps to identify these organisms.
To identify appropriately bacteria, algae and protozoa, a microscopic examination is
needed. It is not necessary to obtain an exact identification of the microorganisms,
but it is important to identify the presence of non organic compounds in the irrigation
water.

PREVENTION OF OBSTRUCTION OR CLOGGING

The need to prevent obstruction by means of an adequate filtration unit should not
be underestimated. This importance can be illustrated with the following example:
If water is pumped from a pond to a drip irrigation system, this water might contain
organic matter, weeds and suspended particles. In the absence of a filtration system,
the drippers will be clogged quickly. If the problem is not corrected, the complete
system may become useless. Under any circumstances, untreated water should not be
used in drip irrigation. The water may look clean. It must be filtered with an adequate
filtration system. Depending on the type of impurities and suspended solids, one may
use screen filters, disk or ring filters, sand filters and hydrocyclone filters. Other treat-
ments include chloration; acidification and use of compressed air.

© 2013 Taylor & Francis Group, LLC



198 Management of Drip/Trickle or Micro Irrigation

TYPES OF FILTERS

Gravity Filters

Ponds, lakes, open ditches, irrigation channels and water reservoirs are good candi-
dates for the gravity filter. Gravity filters can separate part of the suspended solids
from the water. The method is not very reliable if the water has high concentration of
microorganisms.

Pressure Filtration System

Screen filters

Figure 10.2. The components of disk (ring) filter commonly used in a drip irrigation system.
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1. Liquid and soilds enter the
separator creating a circular flow
pattern.

2. Centritugal action tosses the
heavier than water soilds against
the perimeter and collects under the
chamber.

3. The soilds drop along the perimeter |§
and collects under the spin trap plate.

4. Soilds-tree liquid is drawn up
through the seperator vortex
locator.

5. Solids are purged based
on the system make-up watel

Figure 10.4. Cut section of a typical sand filter.
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Figure 10.5. Hydrocyclone filter.

The screen filter is the simplest of all filtering methods. The principal component
is a sieve made of metal, plastic or synthetic fabric enclosed in a special casing. The
sieves are classified by number of squares per square inch, with a standard mesh for
each size of sieve. The mesh size of a screen increases as the squares become smaller.
For a mesh size of 200, the standard caliber is 75 micrometers (0.0029 inches). Most
manufacturers recommend sieves of 75-150 micrometers to avoid clogging in the
drippers. However, filters with a mesh size of 30 (600 micrometers) can be used, if
water quality is good.

A double screen filter is shown in Figure 10.6. It consists of two cylindrical screens
[3, 4, 5]. The external screen is made of a sieve of 80 mesh size to separate the sus-
pended particles that are larger than 2 x 10° nanometers. The internal screen is made of
a sieve of 120 mesh size to separate the particles up to 1.25 x 10° nanometers. Particles
smaller than 1.25 x 10° nanometers are not considered harmful to cause clogging of
drippers. The double screen filter can be easily dismantled, cleaned and the sieves
can be replaced quickly. These filters are available with sieves of different mesh sizes
depending on the quality of water. A simple screen filter may consist of one cylindrical
sieve. In each type of a screen filter, the sieve separates solid particles. The presence
of biological agents in the irrigation system may cause obstructions in the sieve and
reduce the filtration capacity. The screen filter can be used in series with other types of
filtration devices to make sure that the water is free from sediments and is suitable for
the drip irrigation system.

Disk or ring filter

The type of filter is similar to a screen filter. It consists of a number of disks encap-
sulated inside a special cover. The disks have small pathways at the surface by which
water is filtered as it passes through these pathways (Figures 10.7 and 10.8). It is im-
portant that the disks are tightly fitted together for an efficient filtration and to avoid
obstruction.
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Closing handle (1) g
Butterfly (2) 2 —
Cover (3) 3 —
Superior Seal (4) 4

5 o

Interior sieve (5)

Exterior sieve (6) 6 —

Nipple or union closing (7) 7

Lower seal (8) 8 — :

Drain or flushing valve (9)

Filter body (casing) (10)

Figure 10.6. Components of the double screen filter.

2. Flow through
disks of rings

1. Intake of water 3. Exit for clean water

Figure 10.7. The direction of flow of water through a disk filter: 1. Intake of water; 2. Flow through
disks or rings; 3. Clean water at the outlet (Exit).
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Figure 10.8. Flushing method for the disk filter.

Sand filter

In the past, sand filters have been used for domestic and industrial purposes. Before
the introduction of the trickle irrigation technique, the use of these filters was limited
because of high cost. Sand filter (Figure 10.4) consists of a fine gravel and sand of
selected size. Sand filters are not easily obstructed by algae and can separate high
quantities of suspended solids. Sand filters may separate particles from 25 to 100 mi-
crometers. In general, the flow rate through these filters cannot exceed 14 Ips (20 gpm)
per surface area of filtration. The depth of filtration medium (sand) in the tank should
be greater than 500 mm (18 inches). Secondary filters (screen or disk) should follow
the sand filters. A flushing valve helps in the cleaning of the sand filters.

Centrifugal filter

The centrifugal filter (hydrocyclone or a sand separator) separates the solids from the
water. It is a simple device to separate particles of 2 x 10° to 2 x 10° nanometers from
water, at a flow rate greater than 600 Iph. Basically, the centrifugal filters can separate
solid particles that have a specific gravity greater than the water. These are primary
filters that are effective to separate particles before the water enters the drip irrigation
system. These can also be installed at the intake of the pump (as pre-filter) to minimize
the wear of the pump. Screen filter (secondary filter) must follow the hydrocyclone
filter to avoid clogging. Centrifugal filters are available in different sizes for different
discharge rates. These filters are inefficient to separate most of the organic matter and
substances.
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PRINCIPLE OF OPERATION OF FILTERS

Gravity Filter

The storage of water in a tank for a specified period promotes suspended solids (like
gravel, sand, silt and clay) to settle down at the bottom of the tank. Therefore, the sol-
ids with a specific gravity greater that water are separated.

PN S -9

Figure 10.9. Screen filter: Draining operation (up) and the filtration operation (down).

/ WATER FLOW

5B. DRAIN PROCESS

Figure 10.10. Sand Filter: Filtration (5A) and principle of flushing (5B).
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Superior flow

] 3= Dy Water intake
Cylindrical
section
|
a |
I
Conic I
section I
[ \lfoa
—|
Interior I Flow

D
Water intake

Figure 10.11. Hydrocyclone (centrifugal) filter showing water intake, superior and inferior flow.

Water intake Superior Flow
N,
DI
D(
Vortex
Secondary
Vortex

Inferior Flow

Figure 10.12. Vortex formation with superior and inferior flow in a centrifugal filter and quality of
the suspended solids to be removed; the chance of chemical o biological obstructions; and quality
of water after filtration.
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Pressure Filters

Screen and disk filter

The principle of operation for both types of filters is similar. The water enters a closed
chamber and is forced to pass through sieves or pressed disks (or rings) as shown in
Figure 10.7. In this way, the sediments are trapped in the filtering unit and the clean
water is forced out of the filters.

Sand filters

Sand filter is a most efficient method to separate organic matter in suspension and or-
ganic solids. Contaminated water (without filtration) enters the filter through superior
part of the filter and flows (under pressure) through the sand where the suspended
particles are trapped. The filtered water flows to the main line.

Hydrocyclone filter

The unfiltered water enters tangentially to the cylindrical section. It creates an angular
momentum to cause a rotational movement of the water in the cylindrical section (Dc).
A conical form of the filter allows the separation of solid particles from the water. This
movement of water is called a vortex.

The solid particles, heavier than water, are thrown at the periphery of a circular
path. Due to gravity, the particles go down to a flushing tank that is located at the
lowest part of a cylinder. Later the sediments are removed from the flushing tank by
opening a gate valve, when it is necessary. Part of the water movement is separated
from the principal vortex to form a secondary vortex. The secondary vortex produces
an upward movement in the middle and the clean water flows out through the superior
exit (Di).

SELECTION OF FILTER

An appropriate filtration system is selected to provide the required filtration with mini-
mum cost and at maximum efficiency. The selection of a filter is based on the follow-
ing factors:

1. Calculate the size of the irrigation system (the flow rate, operating pressure and
volume of water). The capacity of the filter should exceed the total demand of
1rrigation.

2. Determine the physical, chemical and biological quality of the irrigation water;
the size

3. Ask the following questions:

a. How complex is the filtration system? What are the limitations for flushing?
b. Is the manual labor available to perform service and maintenance?

c. Is the location of the filter a problem? Where is the location of the water
source?

d. Is the filtration system flexible? What are possibilities for future modifica-
tions?
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The filters are available in different sizes depending on the flow rate (Table 10.1).
The selection of an adequate filtration system is an important consideration in the de-
sign of drip irrigation system.

Table 10.1. Guide for the selection of a filter.

Flow Rate Concentrations of solids **Recommendations

*QOrganic *Inorganic

Less than 11.4 m3/hr.
(50 gpm)

11.4 to 45.6 m*hr
(50-200 gpm)

A+B

A+B o A+C
A+B o A+B+C
A+C

A+C 0o A+B+C
A+B+C

A

A+C

A+C

A+C

A+B+C
A+B+C

A+C

A+C+C
A+B+C

>45.4 m3/hr
(200 gpm)

T o |2 2 2|r e 2 22| 2|22 R e
T 2l 2 rm 2rx 2o 2o 2o 2ol 2ol 2

'The purpose of this guide is to select a correct size of the filter. The specific and individual
requirements of the design must be evaluated.

*Key for concentration of solids: L = Less than 5 ppm; M = 5-50 ppm; H = Greater than 50 ppm
**Key for recommendations: A = Disk or screen filter; B = Hydrocyclone filter; C = Sand filter
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SERVICE AND MAINTENANCE OF THE FILTERS

The filtration system is a pulmonary system of a drip irrigation system. Therefore, we
must make sure that the filters are flushed and these perform efficiently. It is necessary
to install pressure indicators (gages) at the entrance and at the exit of a filter. When the
filters are clean, the gages should indicate the same pressure.

The pressure difference across the filters will increase due to obstruction problems.
When this pressure difference is from 10 to 15 psi (depending on the type of filter),
then the operator must clean or flush the filters according to the specifications of a
manufacturer.

Flushing of Filters

Filters should be flushed before each irrigation, or when indicated by the pressure
gages. In case of water with large quantities of sediments or contaminants, the filters
should be cleaned or flushed frequently. Entrance of dust into the system should be
avoided.

Disk filter

The flushing or the cleaning is achieved by moving the disk (rings) in the direction of
the flow. These are then washed with pressurized water (Figures 10.3, 10.7, and 10.8).
After the flushing operation the disks are placed and pressed together. The filter cas-
ing is then adjusted and closed tightly. If the disks are not tight enough, the filtration
efficiency decreases and the problems of obstruction may occur.

Screen filter

The screen filter is commonly equipped with a cleaning brush or a valve in the inferior
part of the filter. If the pressure difference between the gages at the intake and the exit is
greater than the allowable difference in pressure, then the flushing is required. Open the
drain or flush valve so that the pressurized water escapes through this valve (Figure 10.9).
Move the cleaning brush up and down, giving it a torsional movement (if it is provided
with the unit). This will help to eliminate the sediments through the flushing valve. If
the gages still show a need for flushing, shut off the irrigation system and dismantle
the filtering assembly. Check if the screen is not obstructed with sediments. Wash the
screen and internal parts with pressurized water to make sure that it is in good condi-
tion. Broken and defective parts should be repaired or replaced. Assemble the filter to
make sure all the parts are installed properly.

Centrifugal filter
The sediments accumulated in the tank can be removed in two ways:
1. When the system is not in operation, open flushing valve and let the sediments
escape out.

2. When the filter is in operation, open the flushing valve and let the sediments
escape out.
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Sand filter

Sand filters are flushed by a back flow. For this type of flushing, the two adjacent
filters must be interconnected (Figure 10.10). The flow is inverted to one of the filters
by means of a three way valve (Figures 10.13), while maintaining the second filter in
operation under normal conditions. This causes turbulence in the filter, the particles
and matter trapped in the sand are escaped out through a flushing pipe (Figure 10.10).
The water flow for flushing is supplied through a superior part of filter and taken out
through a separate flushing line. By using two filters in series, the irrigation operation
is not interrupted during the flushing process. This way, two or more filters in series
are flushed successively.

13a. Manual valve:

Filtration is in process

13b. An automatic three-way valve:

T T Flushing flow exit
. 2 N CIECCA:
-,

Figure 10.13. Three way valve for flushing of sand filters.
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An excessive back flow will expand the sand to a point that the sand itself is ex-
pelled out back from the tank during the inverse flow. An insufficient flow will not
expand the sand enough to flush the trapped contaminants. To obtain the maximum
flushing efficiency, adjust the back flow.

PREVENTION OF CLOGGING

To avoid obstructions in the drip irrigation system [1, 2, 3, 4, 5, 6], one must use an
efficient and adequate filtration system. If this is not taken seriously, then it will cost
more at later stage and it will be necessary to do modifications in the system. Simple
treatments are not always successful to avoid obstructions, because it may be due to a
specific condition. Therefore, a particular situation needs a specified solution.

Physical Agents

Besides an adequate filtration system, lines and drippers should be cleaned regularly
to prevent obstructions by physical agents. For flushing, open the ends of the principal
(main) line and allow expulsion of the accumulated sediments. Then repeat the same
process with the secondary (sub main) and lateral (drip) lines. Under extreme condi-
tions of obstructions in the lines and drippers, one can correct these by a pressurized
air. Before this process is initiated, start the system and let it run for approximately 15
minutes. Once the system is charged with (or full of) water, apply pressurized air (ap-
prox. 7 bars). The compressed air will force out accumulated material from the lines
or drippers.

Chemical Agents

Most of the causes of obstruction by chemical agents may be resolved by chloration or
treatment with acid. By this process, chemical deposits caused by water and fertilizers
are dissolved. In severe cases, the drippers are immersed in a diluted acid solution (ap-
proximately one percent). In some cases, these are flushed individually. For less severe
cases, it is adequate to inject the acid to lower the pH of water. The process should be
repeated till a normal flow rate is obtained through the dripper. The quantity of acid
required to lower the pH is determined by testing a small volume of water.

Acids are extremely corrosive, so extreme caution should be taken. Commonly
used acids are commercial grade sulfuric, hydrochloric and nitric (muriatic) acids.
“Do not use or apply any chemical agent through the drip system” without consulting
a specialist. The alternative between one method and another will depend on the avail-
ability and the cost. The acids may corrode the metal accessories, tubing and casings.
Surfaces in contact with acids should be made of stainless steel and plastic. All these
parts should be well washed after being in contact with the acid.

Quantity of acid required to lower the pH of irrigation water

The quantity of acid required to lower the pH of irrigation water to a given value can
be calculated using equation (1) for gallons applied per hour of water flow and equa-
tion (2) for gallons per each 100 gallons of water. In both equations, the acidity factor
and the normality of the acid should be known, for example: Concentrated sulfuric
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acid (H,S0,) = 36N; Concentrated hydrochloric acid (HCI) = 12N. Acidity factor is a
milliequivalents of acid per liter of water to lower the pH to a desired level. It is deter-
mined by titration of water sample with acid, in a laboratory.

Gallons of acid per hour = [0.06 x acidity factor x gpm]/[Acid normality] (1)
Gallons of acid per 100 gallons of water = [Acidity factor]/[Acid normality] (2)

Biological Agents

When the silt or algae obstruct the emitters, the common treatment is an injection of
a biocide (chlorine) followed by complete flushing of the lines to remove any organ-
ic matter. The common biocides are chlorine gas (Cl,) and solutions of hypochlorite
(HOCI"). An efficient algae and bacterial control in a drip irrigation system may be
maintained by administration of 10-20 ppm during the last 20 minutes of the irriga-
tion cycle. If the irrigation water has a concentration of one ppm of chlorine, then the
obstruction due to biological agents is under control.

SUMMARY

We must select an adequate filtration system to provide water free of clogging agents.
This chapter discusses clogging agents, prevention of clogging, types of filters, and
principle of operation of filters, selection of filters, service and maintenance of filters,
trouble shooting and procedure to solve problems of clogging.

TROUBLE SHOOTING

Causes Remedies

Poor filtration

A.  Screen or disk filter:
1. Obstruction caused by one of the following:

. Sand or silt. . Use a centrifugal filter.

o

. Use a sand filter or a biocide.
. Wash with acids.

a
b. Algae or organic matter.

c. Salt or chemical compounds.

o o

d. Use of an inadequate filtration method.

B. Sand filter:

. Use an adequate filtration system.

2. Excess flow through media causes formation of 2. Reduce flow capacity or add more
a cone. filters.

3. Air inside the tank causes disturbances in the 3. Install manual or automatic air relief
sand and formation of a cone. valves.

4. Use of an incorrect type of media (sand) 4. Use recommended media.

5. A high pressure difference caused by the sedi- 5. Flush frequently.
ments.

C.  Hydrocyclone filter:

6. Organic matter in water 6. Use a sand filter
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Pressure variation is constant

A.  Screen or disk filter:
7. Filter media is obstructed. 7. Flush or use an adequate media.

B. Sand filter:

8. Low level of sand in filter causes an inadequate 8. Add sand to an adequate level.
flush flow.

9. Blocked filter: there is not enough water through 9. Remove cover and scrape the supe-
the filter for flushing. rior crust of sand. Place cover and
wash the tanks alternatively at short

intervals till water is clean.

10. Insufficient flushing flow. 10. Readjust back flow valve.

Dripping of a drain valve

A.  Sand filter:

11. Valve is obstructed. 11. Remove the obstructions.
12. Valve is defective. 12. Replace the valve.
Air shocks
13. Air in tank. 13. Install manual or automatic devices

to remove air.

14. Flushing line causes suction. 14. Add an air relief valve in flushing
line.
15. Inappropriate flushing 15. Increase flow or duration of flushing.
16. Low level of sand in filter. 16. Add more sand to a recommended
depth
17. Water is too dirty. 17. More filters are required.
KEYWORDS
(e Acidity factor N

¢ Back flow

e Bar

e Chemigation

e Chlorination or chloration
e Clay

e Clogging

¢ Cylindrical section (Dc)
e Drip irrigation

e Dripper

e Emitter

¢ Emitter flow rate

e Fertilizer
\ /
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(e Fertilizer, liquid
o Filter
¢ Filter, double screen
e Filter, hydrocyclone
¢ Filter, mesh
¢ Filter, sand
¢ Filter, screen
e Filtration system
¢ Flushing valve
¢ Gate valve
e Main line
¢ Nipple or union
¢ Organic matter
° pH
e Pump
¢ Soluble salts
e Water quality
e Water, source
K e Weed
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Service and Maintenance
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Success of drip irrigation depends on the support from specialist for installation and
maintenance

'This chapter is modified and translated from, “Goyal, Megh R. y Luis E. Rivera-Martinez, 1990. Servicio y Man-
tenimiento. Capitulo XII en: Manejo de Riego Por Goteo. Editado por Megh R. Goyal. Paginas 331-338. Rio
Piedras- PR: Servicio de Extension Agricola, UPRM.” For more details one may contact by E-mail: goyalmegh@
gmail.com

© 2013 Taylor & Francis Group, LLC



214  Management of Drip/Trickle or Micro Irrigation

—t

Water source, pump, and check valve assembly.

INTRODUCTION

The orifices in the drip lines or the emitters emit water to the soil. The emitters allow
only the discharge of few liters or gallons per hour. Because the emitters have small
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orifices, these can be easily obstructed with clogging agents (physical, chemical, and
biological). The obstruction can reduce degree of emission, the uniformity of water
distribution, and therefore, this can reduce plant growth. Once the system has been
obstructed, it becomes more difficult to restore the normal water flow. Therefore, we
must prevent the obstructions in the filters, laterals, and emitters. The clogging can
be prevented with a good maintenance and periodic service of the system. To operate
and to maintain a drip irrigation system in a good working condition, the following
considerations are important for an adequate operation [1, 2, 3, 4]:

1. Pay strict attention to the filtration and flushing operation.

2. Maintain an adequate operating pressure in the main, sub main, and lateral
lines.

3. Flushing and periodic inspection of the drip irrigation system.

MAINTENANCE OF FILTERS AND FLUSHING OPERATION

For effective filtration efficiency, we must make sure that the system is maintained in
good condition and it is not obstructed by the clogging agents. For this purpose, pres-
sure gages are installed at the entrance and the exit of a filter. The pressure difference
between these two gages should vary from 2 to 5 psi when the filter is clean and the
mesh is free from obstructions. The filtration system should be cleaned and flushed,
when the pressure difference is from 10 to 15 psi. The filters must be flushed before
each irrigation operation. If the water contains high percentage of suspended solids,
then the filters should be flushed more frequently. Entrance of dust and foreign mate-
rial should be avoided, when the filters are open. Filters may not be able to remove the
clay particles and algae.

FLUSHING METHOD

The frequency of flushing depends on the water quality. For flushing of irrigation
lines, the following procedure can be adopted:
1. Open the ends of the distribution and lateral lines. Allow the flow of water
through the lines until all the sediments are thrown out of the lines.

2. Close the ends of the distribution lines. Begin to close the lines one after an-
other, from one block to second, and so on. There must be a sufficient pressure
to flush out all the sediments.

Cleaning with Pressurized Air

The clogging can be caused due to presence of organic matter in water. It may be nec-
essary to use pressurized air to clean the drippers. Before beginning this process, the
water is passed through the lines for a period of 15 minutes. When adequate operating
pressure has been established, then the air at 7 bars of pressure is allowed through the
system. The compressed air will clean the lines, laterals, and drippers from the accu-
mulated organic matter.
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Cleaning with Acids and Chlorine

The clogging may also be caused due to precipitation of salts. The cleaning with acids
will help to dissolve the chemical deposits. This process is not effective to remove the
organic matter. Sodium hypochlorite (at the rate of one ppm) can be injected on the
suction side of a pump for 45-90 minutes before shutting off the pump. The best time
of injection is after flushing the sand filters, because the chlorine prevents the growth
of bacteria in the sand. The surface water containing iron can be treated with chlorine
or commercial bleaching agent for 45 minute for lowering the pH to <6.5. At pH > 6.5,
certain reactions in combination with the precipitates of iron may gradually obstruct
the irrigation lines.

One may use commercial grade phosphoric acid or hydrochloric acid. Before using
the acid, the water is allowed to pass through the system at a pressure greater than the
operating pressure. Fill the fertilizer tank up to two third (2/3) parts of the capacity of
a tank. Add the acid at the rate of one liter per cubic meter per hour of flow rate. Inject
the diluted acid into the system, as one will inject the fertilizer, in a normal process.

Remember: When using the chemigation tank, first pour the water and then add
the acid.

METHODS TO REPAIR TUBES OR DRIP LINES

1. The orifices of Bi-wall tubing may be obstructed due to salts, and so forth.
A polyethylene tubing of small diameter is used as a bypass method to repair
these drip lines.

2. If the line is broken or there is an excessive escape of water, the pipe, or the
tube is cut down and is connected with a union or a coupling.

3. If the main line is made of flexible nylon flat and is leaking, then use a small
piece of plastic pipe of same diameter to insert into the flexible nylon tubing.
The both ends are sealed with the use of pipe clamps.

SERVICE BEFORE THE SOWING SEASON

1. Clean and flush all the distribution system and the drip lines, with water.

2. Wash with water and clean the pump house system. Lubricate all valves and
accessories.

3. Turn on the pump and activate the system. Check the pipes and drip lines for
leakage. Repair if necessary.

4. If the system has been used previously, then cleaning and flushing should be
carried out for a longer period of time. It is particularly important in sandy
soils, as the sand can penetrate into the pipe during the removal of lines.

SERVICE AT THE END OF CROP SEASON

At the end of a crop season, following steps should be taken:
1. Flush the pipes. Clean the filters and other components of the system.
2. Lubricate all the gate valves and accessories.
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3. Ifthe pipes are permanently installed in the field and cannot be removed at the
end of a crop season, keep these free of soil and weeds that can grow nearby.

4. If the system can be moved from one place to another (according to the sea-
son), the following procedure is adequate:

a.
b.
C.

Flush and clean the system.
Remove the drip lines and collect these carefully.

It is best to leave the main lines in place. If it is not possible or if there is a
need for transfer to an area, then these should be rolled. Close both ends and
store in the shaded area.

It is advisable to label the hoses with tags. Distance between orifices and
frequency of use should be indicated on the tag.

TROUBLE SHOOTING

Causes Remedies

Pressure difference > Recommended value

1. Filters are obstructed. Flush the filters.

2. Lines are broken. Repair or replace lines.

3. Pump is defective. Repair or replace the pump.

4. Gate valve is blocked. Fix or replace the gate valve.

5. Pressure regulator is defective. Remove and replace the regulator.

Laterals (or drip lines) and drippers are clogged

6. Sand is being accumulated in the drippers Open ends of laterals and leave open for more than two
and lines. minutes so that water at pressure passes through.

7. Formation of algae and bacteria.

Wash with chlorine. Paint the PVC pipes or install the
lines below soil surface.

8. Sediments are being accumulated. Wash with acid.

9. Precipitation of chemical compounds due
to chemigation.

Wash with acid and conduct the chloration process.

10. Obstruction due to nest of insects. Wash with insecticide.

Pressure is increased

11. Orifices in the drip lines or drippers are
clogged.

Flush the drip lines or laterals.

SUMMARY

The orifices in the drip lines or the emitters emit water to the soil. The emitters allow
only the discharge of few liters or gallons per hour. The emitters have small orifices
and these can be easily obstructed. For a trouble free operation, one should follow
these considerations: Pay strict attention to filtration and flushing operation. Maintain
an adequate operating pressure in the main, sub main and lateral lines. Flushing and
periodic inspection of the drip irrigation system is a must.

For effective filtration efficiency, we must maintain the system in good condition
and it is not obstructed by the clogging agents. For this, pressure gages are installed
at the entrance and the exit of a filter. The frequency of flushing depends on the water
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quality. Some recommendations for an adequate maintenance are cleaning with pres-
surized air, acids, and chlorine. This chapter includes methods to repair tubes or drip
lines. Also there is a procedure for the service before the sowing season and the service
at the end of the crop season.
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Design of Trickle Irrigation Systems
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INTRODUCTION

A drip irrigation system consists of main lines, secondary lines, and lateral lines [1].
There are other important components such as filters, regulators of pressure, indica-
tors of pressure, valves, injectors of fertilizer, and so forth. The lateral lines can be
polyethylene tubes combined with drippers, or simply of low pressure plastic pipe
with orifices. These are designed to distribute water to the field with an acceptable
degree of uniformity [8, 9, 10]. The secondary line acts as a control system, which
can adjust the pressure of water to supply the quantity of flow required in each lateral
line. Also it is used to control the time of irrigation in individual field. The main line
serves as a system of transportation to supply the total quantity of water required in
the irrigation system. This chapter is a combined version of “Drip irrigation systems
design” bulletins # 144 and 156 by the Coopertative Agricultural Extension Service at
the University of Hawaii [11].

BASIC CONCEPTS OF HYDRAULICS

Plastic pipes of different sizes can be considered like smooth conduits. The Blasius
formula can be used to determine the turbulent flow in a smooth conduit [5, 6]. The
empirical equation of Williams and Hazen [3] for C = 150 is given in Table 12.1. The
equation one is used to determine the loss or fall in energy for the section of main line.
In equation (1) and in Table 12.1:

AH = The energy loss by friction in feet or meters.

AL = Length of the pipe section in feet or meters.

Q = Total discharge in the pipe in gallons per minute (gpm) or liters per second (Ips).
D = Internal diameter of the pipe in inches or centimeters.

Table 12.1. Equations for basic concepts of the hydraulics.

AH=976x10-4x(Q1.852/D487)x A L F.PS. (la)
AH=1527x(Q1.852/D4871)x A L MK.S. (1b)
AH=342x10-4x (Q1.852 /D 4871)x L EPS. (2a)
A H=535x(Q1852/D4871)xL MK.S. (2b)
R;=1-[1-i] 2.852 — (3)
- “

(dvd)=-S  £S,

= = - (©))
q=Cx(yh)0q=Cx(h)05
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— (6)
0.5
Qyar ~ 1-{1-h var ]
_ — @)
Qyar = lq max ~ 9 min 1q max
— ®

B var = I =i V1 max

The condition of the flow in the secondary or lateral line is constant and varies
especially with the flows of the lateral line. Since the discharge in the line decreases
with the length, the loss will be less than is given by equation (1). The loss of energy
due to friction for the lateral or secondary lines is shown in equation (2). In equation
(2) and in Table 12.1:

AH = Total energy loss by friction at end of the lateral line (or secondary)
in feet or meters.
Q =Total discharge at the entrance of the lateral line (or secondary) in
gpm or Ips.
D = Internal diameter of the lateral line (or secondary) in inches or centi-
meters.
L = Total length of the lateral line (or secondary) in feet or meters.

Components a trickle irrigation system: 1. Main line, 6. Submain, 3. Pump.

When the discharge in the lateral line decreases with the length, the gradient line of
energy is an exponential curve [2, 5] instead of a straight line. The form of the gradient
line can be expressed as the gradient line of energy without dimensions as shown in
equation (3). In equation (3) and in Table 12.1:

R, =AH/AH, and it is known as a energy drop ratio.

AH = Total loss of energy determined by equation (2).

AH; =Total loss of energy expressed in feet or meters, for length ratio of i,
i=1L).

L =Total length in feet or meters.
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L = Given length, measured since the final section of the line in feet or meters.

i=1/L.

The equation (3) can be used to determine the pattern of energy loss along a lateral
line (or secondary), when the total loss in energy is known. The variation in pressure
(the change in pressure along the length) can be determined like a lineal combination
of slope of the energy and the slope of the line, assuming that the change of velocity
head is small or insignificant. This is shown in equation (4). This relation can be used
for non uniform and uniform slopes [6]. In equation (4) and in Table 12.1:

S ; = Energy slope or the energy gradient line.

xS o = Slope of the line, with positive sign when the line is down the slope, and
with negative sign when the line is above the slope.

Hydraulically, the variation in pressure along a lateral line will cause a variation in
the flow of the dripper along the lateral line. A variation in pressure along the second-
ary line would cause a variation in the flow of the dripper along the lateral line (toward
each lateral line) and along the secondary line. For most common dripper types, and
assuming a turbulent flow in the lateral line, the discharge of the dripper (or the lateral
lines flow for the secondary one) and of the pressure head can be expressed as a simple
function by equation (5). In Table 12.1 and in equation (5):

q = Flow of dripper (or flow toward the lateral line).
h = Pressure head.
The equations (6) and (7) describe the relation between the variation in pressure

and the variation in the dripper flow. The variation in pressure is given by the equation
(8). In equations (6), (7), and (8) and Table 12.1:

q,,. = Dripper flow variation for lateral line (or secondary line).

qmax = Maximum dripper flow for lateral line (or secondary line).

q min = Minimum dripper flow for the lateral line (or secondary line).

. = Maximum pressure head along the lateral line (or secondary line).
h .. =Minimum pressure head along the lateral line (or secondary line).

h = Variation in pressure head along the lateral line (or secondary line).

ma;

The design criteria [6] is a variation in the dripper flow of less than the 20% (ap-
proximately 40% for variation in pressure) for the design of lateral line and a variation
in the flow of the lateral line less than 5% (approximately 10% for variation in pres-
sure) for the design of the secondary line.

CHARTS AND DESIGN PROCEDURES

The design charts were based on the hydraulics of the drip lines and were developed
with a computer simulation [4, 6, 7] for the design of lateral line, secondary line, and
main line. The design charts and its procedures are described below:

Design Charts for the Lateral Line on Uniform Slopes

The design charts for lateral line of 0.5 inch were developed as shown in Figures 12.1,
12.2,12.3, and 12.4. The Figures 12.5 and 12.6 show design charts for lateral line of
12 mm and 16 mm, respectively. The procedure is:
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Step 1: Establish along one of the lateral lines: the length of lateral line (L), the opera-
tional pressure head (H), the ratio L/H, and the total discharge Q in gpm or Ips.

Step 2: Move vertically from L/H in the third quadrant to the total given discharge
(gpm or lps) in the second quadrant; then establish a horizontal line toward the first
quadrant.

Step 3: Move horizontally from L/H (third quadrant) to the percent slope in the fourth
quadrant; then establish a vertical line toward the first quadrant.
Step 4: The point of intersection of these two lines in the first quadrant determines the
acceptability of the design.

Desirable: A coefficient of uniformity (CU) over 98%; equivalent to a variation in
the dripper flow less than 10% or a variation in pressure less than 20%.

Acceptable: CU between 95 and 98%; equivalent to a variation in the dripper flow
around 10-20% or variation in pressure of 20—40%.

Not Acceptable: CU less than 95%; equivalent to a variation in the dripper flow
over 20% or a variation in pressure greater than 40%.

General Design Charts for the Lateral and Secondary Lines on Uniform Slopes
The design charts were developed for the lateral lines (Figures 12.1-12.4 for the Eng-
lish system, and Figures 12.5 and 12.6 for metric system). The Figures 12.7 and 12.8
are dimensionless charts for all sizes of the line; and these can be used for the second-
ary and lateral lines. The Figure 12.9 is for the English system and the Figure 12.10 is
for the metric system. These figures are used to determine H/L from the total discharge
and the size of the line.
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Figure 12.1. Design chart for the lateral line of inch (downward of the slope).
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Figure 12.2. Design chart of the lateral line of inch (upward of the slope).
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Figure 12.3. Design chart of the lateral line of inch (downward of the slope).

© 2013 Taylor & Franci

s Group, LLC



Design of Trickle Irrigation Systems

225

> L
\ 11
1
%
otal
Discharge (gpm)
Variation in the
r dripper flow (q) %
N,
3
»
Ky
\} ‘0\ \5\,
P PR \ LW I
bo 50 a0 30 2 10 N
\ Slope (downward%.
w0l
—
15
20 b ~
-
L=Length ofthe lateral,feet
b s P |
of the lteral, feet
Cu=Uniformity Coefficient 30 b ~
by Cheristiansen N <
A
w0 b
o N
o \
z s} A
3 3
m v 5
i \ %

Figure 12.4. Design charts of the lateral line of inch (upward of the slope).
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Figure 12.5. Design chart for lateral line of 12 mm (slope downward and upward).
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Figure 12.8. Dimensionless design chart for the lateral and secondary lines (upward of the slope).
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Figure 12.9. Nomograph for the design of lateral and secondary lines in F.P.S. units.
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Figure 12.10. Nomograph for the design of lateral and secondary lines in metric units.
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These design charts can be used to revise the acceptability of the design, if the
size of the lateral lines is given, or for selecting an appropriate size of lateral lines to
comply with the design criteria. The design procedure is:

A. To revise the acceptability of the design (if we know the size of the lateral or
secondary lines)

Step 1: Establish a trial L/H and the total discharge.

Step 2: One should use the total discharge and the size of the lateral line to determine
AH/L, in Figure 12.9 or 12.10.

Step 3: Move vertically from L/H (third quadrant) toward the specific value of AH/L
in the second quadrant (Figures 12.7 and 12.8); then establish a horizontal line toward
the first quadrant.

Step 4: Move horizontally from L/H toward the slope of the line in the fourth quad-
rant; then establish a vertical line toward the first quadrant.

Step 5: The point of intersection of these two lines in the first quadrant will determine
the acceptability of the design:

Zone A: Desirable, variation in the dripper flow of less than 10%.

Zone B: Acceptable, variation in the dripper flow from 10-20%.

Zone C: Not acceptable, variation in the dripper flow of greater than 20%.

B. To select the appropriate size of the lateral or secondary line.

Step 1: Establish a trial value of L/H and the total discharge.

Step 2: Move horizontally from L/H toward the slope of the line (up or downward) in
the fourth quadrant. From this point, establish a vertical line toward the first quadrant.
Step 3: Establish a point along this line in the first quadrant in the upper margin of
the acceptable region depending on the design criteria. From this point, establish a
horizontal line toward the second quadrant.

Step 4: Establish a vertical line toward the second quadrant for the value L/H in such
a way to intercept the point in the horizontal line indicated in the step 3.

Step 5: Determine the value of AH/L in the second quadrant for this point.

Step 6: From Figures 12.9 and 12.10, the total discharge is calculated. The values of

A H/L and the minimum size of the lateral lines are established in agreement with the
design criteria.

Design of Lateral Line on Non Uniform Slopes

A simple design chart for lateral line on non uniform slopes [9] was developed as
shown in the Figure 12.11. The chart is dimensionless, so that it can be used for Eng-
lish and metric units. The design procedure is:

Step 1: Divide the profile of the non uniform slope in several sections, so that each
section can be considered as a uniform slope. Determine the slope of each section;
calculate the gain (or the loss) of energy in each section due to its slope, and find the
total energy gain by the slopes of any section along the line (AH”)).

Step 2: Plot the pattern of the non uniform slope, using dimensionless design chart in
Figure 12.11: 1/L vs. AH’ /L in the first quadrant.
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Step 3: Determine the total energy loss by friction (AH), using equation (2). Calculate
the ratio of total loss in energy (AH) and the operational pressure head, AH/H. One
may also use Figure 12.9 or 12.10.

Step 4: Determine the ratio of the length of the lateral lines (L) to the operational pres-
sure head (H): L/H.
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Figure 12.11. Dimensionless design chart for lateral line for non uniform slopes.
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Step 5: Select any point on the profile of the non uniform slope in the first quadrant:
Usually a point between two slopes or the middle of the section.

Step 6: From this point, draw a vertical line downward of the specific value of L/H in
the fourth quadrant, and establish a horizontal line toward the third quadrant.
Step 7: Also from the point as indicated in step 5, draw a horizontal line at specific
AH/H in the second quadrant, then establish a line toward the third quadrant.

Step 8: Locate the point of intersection of these two lines in the third quadrant. It will
give the variation in the pressure.

Step 9: Repeat the same procedure for various other points in the profile of the non
uniform slope (Step 1). Revise the variations in pressure for these points of the opera-
tional pressure head.

Design of Trickle Irrigation System for Different Sizes of Lateral and
Secondary Lines [10]

The most of the lateral and secondary lines are designed for a pipe of selected size. The
energy gradient line for a lateral line of a simple size is an exponential curve, which is
used as a basis to design lateral or secondary line in drip irrigation for uniform slopes
and non uniform slopes. However, the length of one of the lateral and secondary lines
can be relatively large under specific conditions and for non uniform slopes. The de-
sign of the lateral and secondary lines is a series of pipes of different sizes.

If the lateral or secondary line of individual size is designed so that the total energy
loss by friction ( A H) is balanced by the energy gain (H) at the end of the line, then the
maximum variation in pressure head will be (0.36 AH ) or (0.36 So L), where:

S , = Slope of the lateral or secondary lines.
L = Length of the line.

This is caused by the shape of curve of the energy gradient line. The maximum
variation in pressure will occur near the middle of the individual section of the line.
When a series of different sizes in the design of lateral and secondary lines can be
used, the maximum variation in pressure head can be reduced. If one can use three,
four or more different sizes, the variation in pressure head along the line will be less, as
shown in Figure 12.12. The slope of the line of each section can be used as the energy
to design the size of the line. This procedure can be used for uniform and non uniform
slopes. If a secondary or lateral line can be divided into different sections and different
sizes for each section can be designed, then it has been shown that the energy gradient
line of each section can be approximated as a straight line. It has also been shown that
the discharge of each section can be used to calculate the total energy loss by friction,
which is a basis for the design of size of tubing. With these variables, the engineer can
design sections of lateral lines using Figure 12.13. This procedure is valid for uniform
and non uniform slopes.

Simplified Design Chart for Main and Secondary Lines
Design charts similar to Figures 12.1 and 12.2 for English system and Figures 12.5
and 12.6 for metric system can be developed for the design of secondary lines. The
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design chart for non uniform slopes can be utilized for the design of secondary lines.
However, for shorter length of the secondary line, one can assume a uniform slope.
Two design charts for secondary lines are developed: One for lines with slopes equal
or greater than 0.5%, and another for secondary lines with slopes less than 0.5%.
The design charts are given in Figures 12.14 and 12.15 for English units and 12.16
and 12.17 for metric units. Generally, the length of the secondary line is short, from
66200 feet (= 20—60 meters). If the operational pressure head is from 20 to 30 feet (=
6-9 meters), the two simplified design charts will give a variation in flow of less than
5% for lateral line. The design procedure is:

Step 1: Determine the total discharge Q, for the secondary line.

Step 2: Determine the ratio of the length of the line to the pressure head: L/H.

Step 3: Determine the slope of the secondary line. If the slope is equal or greater than
0.5%, use Figure 12.14 or 12.16 to design the size of the secondary line.

Step 4: If the slope is less than 0.5%, use Figure 12.15 or 12.17 to determine the size
of the secondary line.
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Figure 12.12. Dimensionless energy gradient lines for irrigation pipes of different sizes.
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Total Discharge, Q (gpm)
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Energy slope AH/L, %
The total loss due to friction in feet
by 100 ft main line

(caculated by the William and Hazen formula, C=150)

Figure 12.13. Nomograph for the design of main and secondary lines in F.P.S. units (for multiple
sections with varying sizes).
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5 b= PVC (125)

Discharge, Q (gpm)

Figure 12.14. Design chart for the secondary line for slopes greater than 0.5% [F.P.S. units].
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Figure 12.15. Design chart for the secondary line for slope less than 0.5% and allowable variation
of pressure of 20% in F.P.S. units.
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Figure 12.16. Design chart for the secondary line for slopes equal or greater than 0.5% (M.K.S. units).
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Figure 12.17. Design chart for the secondary line for slope less than 0.5% and allowable variation
in pressure of 10% (M.K.S. units).

Design of Main Line

The design of the main line is not a problem. The main line is designed based on total
discharge, the length and the allowable energy loss according to equation (1) in Table
12.1. When the main line supplies water to many secondary lines (or to many sub-
fields), the total discharge in each section of main line diminishes along the length of
the main line. The size of the main line for different sections will depend on the shape
of the energy gradient line for the main line. The optimum solution can be obtained us-
ing a computer simulation. The concept of straight energy gradient line was developed
[4] for the design of the main line, which simplifies the design procedure. Given that
the design procedure is simple, it can be used to design alternate arrangements of the
main lines in the field. The design procedure is:

Step 1: Plot the profiles (slopes) of the main line and the required pressure head for
the drip irrigation according to Figure 12.18 for English units and Figure 12.19 for
metric units.

Step 2: Plot an energy gradient line from the available operational pressure head to
the profile of required pressure (Figures 12.18 and 12.19), so that for any point along
the main line, the gradient of energy line agrees with the profile of required pressure.

Step 3: Determine the slope of the straight energy gradient line: AH/L.
Step 4: Determine the discharge required for each section of the main line.
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Step 5: Design the size of the main line using Figure 12.20 or 12.21 based on the slope
of energy (determined in the step 3) and the total discharge (determined in the step 4)
for each section of the main line.
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Figure 12.18. Profile of energy gradient line and profile of the main line (F.P.S. units), pressure head
in feet.
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Figure 12.19. Profile of energy gradient line and profile of the main line (M.K.S. units).
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(caculated by the William and Hazen formula, C=150)

Figure 12.20. Nomograph for the design of main and secondary lines (F.P.S. units).
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Figure 12.21. Nomograph for the design of main and secondary lines (M.K.S. units).

DESIGN EXAMPLES

Design of Lateral Line on Uniform Slope

Design example number 1

The operational pressure of the lateral line is 6.5 psi (or 15 feet of head); the length of
the lateral line is 300 feet; the total discharge is two gpm; the slope of the lateral line
is of 2% (downward of the slope); and the size of the lateral line is 0.5 inches (I.D. =
0.625 inches). Review the acceptability of the design. One can use Figures 12.1 and
12.3 as follows:
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1. Calculate L/H = 300/15 =20

2. From Figure 12.1 (or Figure 12.3) in the third quadrant, move vertically from
L/H =20 toward the line of total discharge (Q =2 gpm) in the second quadrant;
then establish a horizontal line toward the first quadrant.

3. Move horizontally from L/H = 20 in the third quadrant to the line of slope of
2% in the fourth quadrant; then establish a vertical line toward the first quad-
rant.

4. The point of intersection of two lines in the first quadrant shows a CU,
C, = 97% and variation in the dripper flow = 13%. The design is acceptable.

Design example number 2
The length of the lateral line in a vegetable field is 150 feet and the slope of the line is
1% (downward of the slope). The dripper spacing is one feet. The dripper flow is one
gph at an operational pressure of 15 psi. Design the size of the lateral lines.

Length of the lateral line, L = 150 ft

Operational pressure, H = 15 psi =15/2.3 = 34 ft of head.

Number of drippers = 150

Total discharge, Q = 150 gph for 150 drippers = 2.5 gpm.

Design procedure:
Step 1: Calculate L/H = 150/34 =4.4
Step 2: In Figure 12.7 and for the desirable uniformity (Zone A), determine the
value of AH/L=6.

Step 3: In Figure 12.9, and for total discharge Q = 2.5 gpm and A H/L = 6, deter-
mine the minimum size of the lateral line = 0.5 inches (I.D.).

Design example number 2A_
Assuming the same conditions indicated in the example 4.1.2, design the size of the
lateral line, for the following data:

Length of the lateral line = 50 meters
Operational pressure head = 10 meters
Number of drippers =600 1ph =600/3600 = 0.167 Ips

Design procedure:
Step 1: Determine L/H =50/10=15
Step 2: In Figure 12.5, move vertically from L/H to the total discharge of the line
Q =0.167; then establish a horizontal line toward the first quadrant.

Step 3: Move horizontally from L/H = 5 to the line of the slope of 1% in the fourth
quadrant; then establish a vertical line toward the first quadrant.

Step 4: The line of intersection is in the acceptable region. Therefore, the lateral
line of 12 mm is used in the design.
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Design example number 3

The length of the lateral line in a vegetables field is 100 meters; the slope of the lateral
line is 1% toward underneath of the side. The dripper flow is four Iph at an operational
pressure head of 10 meters. Design the size of the lateral line with the following data:

Length of the lateral line = 100 meters

Operational pressure H = 10 meters

Number of drippers =300

Total discharge Q =4x 300 = 1200 Iph = 1200/3600= 0.334 Ips

Design procedure:
Step 1: Determine L/H = 100/10 = 10
Step 2: In Figure 12.8, move horizontally from L/H = 10 toward the line of 1%
of slope in the fourth quadrant. From this point, establish a vertical line toward the
first quadrant.
Step 3: Establish a point along this line in the first quadrant, in the upper margin of
the desirable region. From this point, establish a horizontal line toward the second
quadrant.
Step 4: Establish a vertical line in the second quadrant from L/H = 10, so as to
intersect the horizontal line of the step three.
Step 5: For this point, determine AH/L = 3.5 in the second quadrant.
Step 6: In Figure 12.10, for total discharge Q = 0.334 Ips and AH/L = 3.5: Deter-
mine the minimum size of the lateral line = 19 mm (or use size greater than 19 mm).

Design of the Lateral Lines on Non Uniform Slope

Design example number 4

A lateral line of 0.5 inches (16 mm) diameter and 400 feet (122 m) of length is laid on
a non uniform slope. The non uniform slope can be expressed as: 0—100 feet (0-30 m)
= 3% of slope downward; 100-200 feet (30—-60 m) = 2% of slope downward; 200-300
feet (60-90 m) = 0% of slope downward; 300400 feet (90-120 m) = 3% of slope
downward. The operational pressure head for the drip irrigation is 34 feet (or 10 m)
and the total discharge for the lateral line is 2 gpm (0.13 lps). Suppose that the total
energy loss by friction is 5 feet (1.5 m). Review the variation in pressure with the fol-
lowing data:

H =34 ft (10 m).

L =400 ft (120 m).

AH =5 ft (1.5 m) calculated by equation (2) in Table 12.1.

Design procedure:
Determine: L/H = 11.76 for British system or 12 for metric system.

AH/H = 0.147 for British system or 0.15 for metric system.
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Non uniform slopes: Plot 1/L vs. AH’i /L in the first quadrant (Figure 12.22).
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Figure 12.22. Design chart for non uniform slope (with an example of design for section 4.2).
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1/L

H, (m) Aw ;) Aw ;L
0.25 3 0.9 0.0075
0.50 5 1.5 0.0125
0.75 5 1.5 0.0125
1.00 8 2.4 0.0200

Continue the procedure given in the previous section to revise the variation in pres-
sure for four points and for a length ratio of 0.25, 0.50, 0.75, and 1.00, respectively.

The results are given in Figure 12.22. It has been found in third quadrant that the
variation in pressure along the lateral lines is less than 10%. The design is acceptable.

Design of Lateral Line with Different Sizes of Pipes

Design example number 5

In a papayas field, the length of lateral line is 1000 feet and is laid on a slope 5%
downward. The papayas are planted in a zigzag pattern on both sides of the lateral line.
The plant spacing is 5 feet. A micro tube of polyethylene is connected to the lateral
line. Each spaghetti can deliver a flow of two gph at an operational pressure of 10 psi.
Design the size of the lateral line, when different sizes of tubing of the lateral line can
be used.

Design procedure:
Total Discharge, Q = [(1000 x 2)/5] x [2]/60 = 13.33 gpm
1. Slope of the lateral line = 5%

2. Ifthe lateral lines line is divided into 10 sections, the size of the lateral line can
be determined from Figure 12.13.

Size of lateral line on a slope of 5% downward (4.3.1):

Section Discharge per section Size of lateral line

(gpm) (in)
1 12.60 1.25
2 11.30 1.25
3 9.98 1.00
4 8.50 1.00
5 7.30 1.00
6 6.00 1.00
7 4.66 0.75
8 3.33 0.75
9 2.00 0.50
10 0.67 0.50
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Design example number 6
Size of lateral line on a non uniform slope (4.3.2)

Design the size of the lateral line. If the lateral line is laid on a non uniform slope in
example 5 (downward the slope) as given below:

0-200 ft = 5%
200400 ft = 3%
400-600 ft = 1%
600-800 ft =3%
800-1000 ft = 5%

The design procedure:
1. Total discharge, Q = 13.33 gpm
Slope of the lateral line = non uniform

3. If the lateral lines line is divided into 10 sections, the size of the lateral lines
can be determined from Figure 12.13. The results are given below:

Section Discharge per section (gpm) Slope (%) Size of lateral line (in)
1 12.6 5 1.25
2 10.3 5 1.25
3 9.9 3 1.25
4 8.5 3 1.25
5 7.3 1 1.25
6 6.0 1 1.25
7 4.7 3 1.00
8 33 3 0.75
9 2.0 3 0.75
10 0.7 5 0.50

Design of Secondary Line Using an Individual Size

Design example number 7

The rectangular sugarcane field has an area of one acre. The length of the secondary
line is 100 feet and has a slope of zero. The secondary line supplies 15 gpm, at an op-
erational pressure head of 34 feet. Design the size of secondary line.

Design procedure:
1. Total discharge = 15 gpm

2. Ratio of length of the secondary line and the operational pressure head, L/H =
100/34 =3

3. Slope of the secondary line = 0

In Figure 12.7, AH/L is found to be 10% (variation in pressure of 20% for re-
gion A).
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5. Inthe Figure 12.9, the size of the line = 1 inch
6. Simplified design chart (Figure 12.15) can also be used.

Design example number 8
In example 7, the secondary line is on a 5% slope (downward of the slope). Design the
size of the secondary line.

Design procedure:
1. Total discharge Q =15 gpm

2. Ratio of length of the secondary line and the operational pressure head, L/H =
100/34=3.3

3. Slope of the secondary line: 5% downward.

From the Figure 12.14, the size of the secondary line is approximated as one
inch.

Design example number 9

A secondary line of 10 meters of length is installed in a vegetable field. The spacing
between the lateral lines is one meter. These lateral lines are connected to the second-
ary line. The secondary line is laid on a zero slope. Design the size of secondary line
with the following data:

Length of the secondary line, L =10 m
Operational pressure head, H=10 m
Total discharge for each lateral line, q = 0.167 Ips

Design procedure:
1. Total discharge, Q =0.167 x 10 = 1.67 Ips
2. Ratio of length of the secondary line and the pressure head, L/H=10/10=1.0
3. Slope of the secondary line = 0
4. From Figure 12.17, the size of the secondary line is approximated as 25 mm.

Design of Secondary Lines of Different Sizes

Design example number 10

In a sugarcane field, the secondary line is used for a rectangular subfield of two acres.
The secondary line has a length of 300 feet and is laid on a slope 3% (downward the
slope). Design the size of secondary line, when the engineer can design for different
sizes.

Design procedure:
a. Total discharge =40 gpm
b. Slope = 3% uniform (downward)

c. If'the line secondary is divided into 10 sections, the size of each section of the
secondary line can be determined from Figure 12.13.
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Section Mean Discharge Size of Secondary Line (inches)
(gpm)
1 38 2
2 34 2
3 30 2
4 26 1.5
5 22 1.5
6 18 1.5
7 14 1.5
8 10 1.25
9 6 1
10 2 3/4

Design of Main Line

Design example number 11

A drip irrigation system is designed for a papaya field of 50 acres (= 20 hectares). The
field is rectangular and is divided into subplots of one acre (0.4 hectares). Each subplot
is irrigated by a secondary line. The main line is located in the center of the field with
25 acres on each side. Each subplot is approximately 435 feet in length (130 m) and
100 feet wide (30 m). Each section of main line is 100 feet in length. The design ca-
pacity is 30 gpm (2 lps) for each subplot. There are 24 sections in total. At end of each
section, there is an exit to supply 60 gpm (4 Ips) for irrigating on both sides. The slopes
of the main line are shown in Figure 12.18 or 12.19. The pressure of water required for
the lateral line is 10 psi (pressure head of 17.5 m). Design the main line.

Design Procedure:
Plot slopes (profiles) of the main line as shown in Figure 12.18 or 12.19.

1.

2. Plot the required pressure (10 psi or 17.5 m) along the main line as shown in
Figure 12.18 or 12.19: 23 feet above the ground file.
Determine the energy slope. From Figures 12.18 and 12.19, the energy slope is
determined as 1%. The size of main line can be determined from Figure 12.20
or 12.21, utilizing 1% of the energy gradient line. The results are shown in

Table 12.2.

Table 12.2. Sizes of the main line as determined from Figure 12.20 or 12.21.

British Units Metric Units
Section Discharge (gpm) Diameter (inches) Discharge (Ips) Diameter cm)
0 1500 — 48 25
1 1440 10 46 25
2 1380 10 44 25
3 1320 10 42 20
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Table 12.2. (Continued)

British Units Metric Units
Section Discharge (gpm) Diameter (inches) Discharge (Ips) Diameter cm)

4 1260 8 40 20
5 1200 8 38 20
6 1140 8 36 20
7 1080 8 34 20
8 1020 8 32 20
9 960 8 30 20
10 900 8 28 20
11 840 8 26 20
12 780 8 24 20
13 720 8 22 20
14 660 8 20 15
15 600 6 18 15
16 540 6 16 15
17 480 6 14 15
18 420 6 12 15
19 360 6 10 15
20 300 5 8 12.5
21 240 5 6 12.5
22 180 4 4 10
23 120 4 2 10
24 60 3

There is an outlet at the entrance of the section one to irrigate the plots on both
sides of section one.

SUMMARY

This chapter discusses basic concepts of hydraulics needed to develop the design
charts for the lateral and secondary lines of a drip irrigation system. It provides a thor-
ough explanation of the chart and design procedures for lateral and secondary lines, on
uniform and non uniform slopes. It also explains the design procedure for lateral and
secondary lines of different sizes and the design of the main line. These procedures
are carefully outlined. To enhance the understanding of the design procedure for each
case, the design examples are presented.
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Chapter 13

Design of Lateral Lines
Victor A. Gillespie, Allan L. Phillips, and I. Pai Wu
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INTRODUCTION

In a drip irrigation system, a major design criteria is a minimization of the discharge
(or emitter flow) variation along a drip irrigation line, either a lateral or a submain.
The discharge variation can be kept within acceptable limits in laterals or submains
of a fixed diameter by designing a proper length for a given operating pressure. The
discharge (or emitter flow) variation is controlled by the pressure variation along the

!Gillespie, Victor A., Allan L. Phillips, and I. Pai Wu, 1979. Drip irrigation design equations. Journal of the Irrigation and
Drainage Division, ASCE, 105 (IR3): 247-257. Proc. Paper # 14819.
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line which results from the combined effect of friction drop and line slopes. When
the kinetic energy is considered to be small and neglected in a drip irrigation line, the
pressure variation will be simply a linear combination of the friction drop and energy
gain or loss due to slopes as suggested by Wu and Gitlin [6] and Howell and Hiler [2].

A lateral length (or submain) can be designed by using a step by step calculation
using a computer. The computer program can be used to simulate different situations
to develop design charts as shown by Wu and Fangmeier [5]. Simplified design proce-
dures were developed [3, 7] by using a general shape of the energy gradient line and
line slopes. Design charts for lateral line design were introduced by Wu and Gitlin [7],
however trial and error techniques are required in the design procedure. The purpose
of this chapter is to derive mathematical expressions for lateral lines (or submains)
which will simplify design techniques.

The derivations apply to different types of uniform slope conditions, where there
is no change in land slope along the length of the emitting line. The derived equations
relate design length to the total pressure head, and are in a form which facilitates the
use of computerized design methods. The calculations can be done by a digital com-
puter, or these may be solved using a pocket calculator so that the design engineer can
do a design right in the field. The graphical solutions can also be developed. Although
basically still a trial and error technique, the adaptability of these design equations to
computerized solutions should represent a significant advance in drip irrigation system
design.
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SOME BASIC EQUATIONS
One commonly used friction drop equation for pipe flow is the Williams—Hazen equa-
tion [4].
Kl*Vl,xsz * ] 0
F = C1.852 *D1.167

where:
K, = Constant equal to 3.023 for British units and 0.0837 for SI units;
H, = Friction drop, in feet (meters);
V = Mean velocity, in feet per second (meters per second);
L = The pipe length, feet (meters);
D = Inside diameter, in feet (meters);
C = A roughness coefficient.
Equation (1) can be modified to use a total discharge as follows:

K *Q1.852 *L
r= C21A852 * 4871 (2)

where:

K, = Constant equal to 10.45 for British units and 2.264 x 107 for SI units;

Q = Expressed as gallons per minute (liters per second);

D = Inside diameter, inches (centimeters).

Equation (2) calculates the friction drop using total discharge. For lateral line or
submain, the discharge in the line decrease with respect to the length of the line. The
total friction drop at the end of the line can be calculated by applying a correction fac-
tor of, [1/2.852], indicated by Wu and Gitlin [8]. The total energy drop due to friction
at the end of a lateral line or submain can be expressed as:

B K3 *QI.RSZ *L

- 1852 % 4871 (3)

where:
K, = Constant equal to 3.6642 for British units and 7.94 x 10° for SI units;
AH = The total friction drop at the end of a lateral line or submain, in feet (meters).
Assuming the emitter flow q is uniform or is designed with a certain variation, one
can rearrange equation (3) into:

1.852 2.852
3

- C!852 % g 1852 5 4871
P

4)

where: q = Average emitter flow, in gallons per minute (liter per second);
Sp = Emitter spacing, in feet (meter).
In a drip irrigation design, the terms q, C, S, and D are usually known, therefore:
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% 1852
K;*q

— KT 2852 =
AH = K*L*%2 where K R *Spl_xsz * P8I

= Constant 6)

The total friction drop divided by total length is a dimensionless term S [=AH/L].
Equation (5) can be expressed as:

S = K*[,1852 (6)

The total friction drop shown in equation (5) is the total friction drop over the full
length of the line. The friction drop along the line can be determined from a dimen-
sionless energy gradient line as derived by Wu and Gitlin [8]. It can be expressed as
follows:

AHp =[1 — {1 — P/L}**2]* AH (7)
where:
AH = The total friction drop at a distance P, from the inlet.

When a lateral line or submain is laid on uniform slopes, the total energy gain
(down slope situation) or loss (up slope situation) due to change in elevation can be
expressed as:

AH’=S *L (8)
where:

AH’ = The total energy gain or loss due to uniform slope at the end of the line, in
feet (meters);

S, = The line slope.

The energy gain or loss at a point along the line due to uniform slopes can be
shown as:

AR’ =S8 *p )
AR’ =P/L* AH’ (10)
where: AH” = The energy gain or loss due to slopes at a length P measured from the
inlet;
S, = The land slope;
AH’= The energy gain or loss due to slope over the total length of the line.

PRESSURE PROFILES

The pressure head profiles along the lateral or submain can be determined from the
inlet pressure, friction drop, and energy change due to slopes. It can be expressed as:

H =H-AH +AH’) (11)
where: H = The inlet pressure or operating pressure expressed as pressure head,

in feet (meters), the plus (+) sign means down slope and the minus (-) sign means up
slope.

Substituting equations (7) and (10) into equation (11), we have:
H=H-[1-{1 —P/L}*%2] AH £ P/L * AH’ (12)
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The equation (12) describes pressure profiles along a lateral line or submain. The
shape of profiles will depend on the inlet pressure (initial pressure), total friction drip,
and total energy change by slopes. There are five typical pressure profiles as shown in
Figure 13.1 and these can be explained as follows:

Hmax
Hmax
|
f« ;\&_’/‘I
Hmin |
Pressure - Pressure |
Hmin | |
I |
I |
i |
l I
1 0 1
Length p/L Length p/L
a) Type | d) Type Il-c

Hrmax Hmax

|

|

I , I

. | Hmin |

Hmin | |

| |

| |

| |

] |

1

Y Length p/L 1 1

b) Type Il-a Length p/L
e) Type lll
Hmax Hmax
[«
|
|

Hmin

|
|
|
|
|
|
|
1

0 Length p/L
c) Type lI'b

Profile Type |

This occurs when the lateral line (or submain) is on zero or uphill slope. Energy is
lost by both elevation change due to up slope and friction. The pressure decrease with
respect to the length of the line and the maximum pressure, H__ is at the inlet and
minimum pressure, H__ is at the downstream end of the line.
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Profile Type Il

Type a

This occurs when the lateral line (or submain) is on down slope situation, where a gain
of energy by slopes at downstream points is greater than the energy drop by friction
but the pressure at the end of the line is still less than the inlet pressure. The maximum
pressure, H _ is at the inlet and a minimum pressure is located somewhere along the
line.

Type b

This is similar to Type II-a but the profile is such that the end pressure is equal to the
inlet pressure. The maximum pressure, H _ is at the inlet and the end of the line. The
minimum pressure, H__ is located somewhere near the middle section of the line.

Type ¢
This occurs when the line slope is even steeper so the pressure at the end of line is
higher than the inlet pressure. In this condition, the maximum pressure, H _is at the
downstream end of the line and the minimum pressure is located somewhere along
the line.

Profile Type Il

This occurs when the lateral line (or submain) is on steep down slope conditions where
the energy gain by slopes is larger than the friction drop for all sections along the line.
In this condition, the maximum pressure is at the downstream end of the line and mini-
mum pressure is at the inlet. The location of the minimum pressure along the pressure
profile II-a-b-c, can be determined by differentiating equation (12) with respect to the
length P and setting the derivative equal to zero.

{2.852%(1 — P/L)"2 * AH/L} — AH’/L =0 (13)

If the term AH/L, the ratio of total friction drop to length, is set as energy slope S,
equation (13) becomes:

{2.852%(1 —~P/L)'®? * S} —-S =0 (14)
Simplifying:
P/L=1-[0.3506 S /S]** (15)

Equation (15) shows the location of the point of minimum pressure when both S
and S are known.

DESIGN EQUATIONS

Since the five pressure profiles are smooth curves as shown in Figure 13.1, pressure
variation can be used as design criteria. The pressure variation is defined as:

Hvar — Hmax - Hmin (1 6)
H

max
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where: H = Pressure variation. The maximum and minimum pressure along the line
are H and H__, respectively.

max ‘min’

The emitter flow variation can also be expressed as follows:

qmax _ qmin
anl’ == (17)
qmax
where: q = Maximum emitter flow along the emitting line;
q,;, = Minimum emitter flows along the emitting line produced by H _ and
For the orifice type of emitter flow, the relationship between q,_and H__ is given
by equation (18):

H, =1-[1-q,F (18)

Using pressure variation as design criteria, the design equations for each pressure
profile type are derived as follows:

Profile Type |
The inlet pressure is the maximum pressure and the minimum pressure is at the end
of the line:

H_ =H-(AH+AH’) (19)
The pressure variation can be expressed as:
H. = H-[H—-(AH+AH")] (20)
H
g, = ATAT
H ey

Both sides of equation (21) can be multiplied by H/L, to obtain:

H AH AH'

— k= — 4 22

L L L @2)

H, *H=(S+S,)L (23)
H, *H

P, @9

The values of H _and H are selected by the designer; S_ can usually be obtained
from field measurements; S and L are unknown. If S is as a function of L [equation
(6)], it is possible to substitute equation (6) for S and derive a computational form of
equation (24) that contains only one unknown variable, L. It is the same equation as
given by Howell and Hiler [2].

H, *H

L (5)
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Profile Type Il

Type a

The inlet pressure is the maximum pressure and the minimum pressure is somewhere
along the line. The line slope is downhill and there is energy gain due to slope. The
pressure variation can be expressed as:

_H-[H+(AH' +AH )]

- 26)
w2, AT, 27)
H
H,*H _AH, AH', 28)
L L L
Substituting equations (7) and (10) into (28) and simplifying, we obtain:
I H, *H
[1—{1—P/L}2‘852]*S—P*S° @)
Substituting equation (15) into (29) and simplifying, we obtain:
H,*H (30)

L= 054
S+5.[03687%(S, /S)™ 1]

The computerized form of equation (30) is obtained by substituting the equation
(6) into (30):
L = HVﬂl’ * H
K*1%7 4+ 8,[0.3687*(S, / K* L") —1]

€2))

Type b

This is similar to Type II-a, the only difference is that S and S_are equal as defined by
equations (6) and (8). It is therefore possible to substitute S_ for S in both equations
(30) and (31). Equation (30) can be shown as:

H _*H
L= - 0.54 (32)
S+S8[0.3687*(S,/8)"" —1]
Simplifying:
— Hvar *H 33
0.3687*S, (33)
Type ¢

The maximum pressure is located at the downstream end of line and the minimum
pressure is somewhere along the line. The pressure variation can be expressed as:
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[H+(AH'-AH)~[H +(AH, —AH' )] (34)
v H +(AH '— AH)

I :AH'—AH+AHP—AH'[,)] (35)
H+(AH'-AH)

H H=[AH"L~AH/L1+AH,/L-AH',/L1~H,, /| L*[AH/ L—AH / L] (36)

Substituting equations (7), (10), (15) and simplifying, we obtain:

H, *H
L — var
S,[0.3687(S, / $)**1-[(S, - S)*H,, ] G

L = Hvar *H (38)
S [0.3687*(S, /KL1.852)0.54]_H *[S _KLI.SSZ]

var

Profile Type IlI

The derivation of the Type III profile is simpler than the other down slope situations
because there is no minimum point along the pressure profile. The value H_, is H at
the head of the emitting line, and H__ is at the end of the emitting line. The pressure
variation can be expressed as:

_ H+(AH'-AH)-H

39)

H +(AH'-AH)
H _H+H_*(AH —AH) = (AH’ - AH) (40)

*H

Bl (5, -8)~ 1, (5, - 5) (41
L= Tl (42)

(S, =$H*10-H,,)

The design length can be expressed as:
L _ HvarH

- (So _KLI.SSZ)*(l_Hvar) (43)

CRITERIA FOR THE SELECTION OF THE APPROPRIATE DESIGN EQUATION

The criteria for selecting which of the five design equations to use for a given land
slope and flow situations is dependent on the relationship between S and S . The crite-
ria for the Type I profile is simplest, equation (25) is used when there is zero slope or
for uphill slopes. The criteria for choosing which of the four down slope design equa-
tions to use are based on the magnitude of S and S and on equation (15). The Type II-a
profile is characterized by S being greater than S :

KLIASSZ
S

o

>1 (44)

$>8;S/S,>1;
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The profile Type II-b is characterized because S is equal to S :

KLLSSZ

S=8;S/S,=1; =1 (45)

o

The profiles II-c and Type Il are characterized, because S is smaller than S :

KL1A852

S<S,98/8,<1; <1 (46)

o

If the land slope and flow conditions satisfy this inequality, it is possible to use
equation (15) to determine which design equation to use for the Type II-c pressure
profile. The minimum point occurs at P/L greater than zero and less than one. This
occurs if the following inequality holds true:

S 0.54
0<|03506=¢] <1 (47)
0 03506SO 1
< . ? < (48)
S
0< ?" <2.852 (49)
SO

Conversely, if the land slope and flow situations is such that S < S, but S /S =
2.852, then it is appropriate to use the Type III profile design equation. When the de-
sign procedure begins, S is usually unknown, and it is not possible to solve the down
slope criteria equations until L is either known or calculated. If S is not known, it is
necessary to intuitively select one of the four down slope design equations and to solve
it for a value of S. This value can then be tested using the appropriate criteria equa-
tion. If the criteria is not satisfied, it is necessary to solve for another value of S using
another of the downhill design equations. In most down slope situations, it is appropri-
ate to first use the Type II-a profile design equation. Generally the designer will try to
design a lateral line to have a gentle down slope condition which usually will result in
a Type II-a, b, or ¢ profile.

DESIGN EXAMPLES

In the developed design equations, the design length cannot be solved directly. One
can use a calculator and use a trial and error method to determine the length, or use
Newton’s method of approximation iteratively to determine the length using a com-
puter program. Two design examples are shown as follows:

Example 1
A lateral line is on a 1% uphill slope. The following data are given, and it is necessary
to determine the maximum L for the land slope and flow conditions using Type I profile
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design equation: Emitter spacing, Sp = 2.0ft (0.61m); Emitter diameter, d = 0.010 in
(0.254 mm); Design emitter flow, q = 0.0047 gal/min (2.1 x 10° L/s); Lateral line di-
ameter, D =0.56 in (14.2 mm); Inlet pressure, H = 10.4 ft (3.17 m); Pressure variation
magnitude, H = 0.19; Land slope uphill, S, = 0.010; and Roughness coefficient, C =
150. The equation (5) is written as:

K= 7.94x10° g% (51a)
'8 *Spl.ssz * DAeT1
_ 7.94x10°(2.1x107°)"*? (51b)
(150)].852 * (0.61)1.852 * (1 .42)4.871
K =7.82x10* (51c)
From the equation (25):
_ Hvar*H (0.19)(3.17) -
CKF(L)+S0  (7.82x107)(L2) +(0.010) (52a)
L =178 feet (54.27 meters) (52b)

We can also obtain a graphical solution solving H for various L and tracing a graph
to determine “L.” The particular type of line can extend approximately to 180 feet (55
m) for an up hill slope of 1%, before H __will exceed 19% that corresponds to a g
of 10%.

var

Example 2

A lateral line is on a 1.5% downbhill slope. The first design equation used is that for
the Type Il-a profile. Emitter spacing, Sp = 8 ft (2.4 m); Emitter diameter, d = 0.019
in (0.48 mm); Design emitter flow, q = 0.026 gal/min (1.14 x 10~* L/s); Emitting line
diameter, D = 0.612 in (15.5 mm); inlet pressure, H = 28.37 ft (8.65 m); Pressure
variation magnitude, H = 0.19; Land slope downhill, S, = 0.015; and Roughness
coefficient, C = 137. Using these values, we obtain:

K=7.98 x 10°(1.14 x 10°14)!852 (53a)
K=9.93 x 107 (53b)
From equation (31):
L=9.93 x 107 L2+ 0.015[0.3687(0.015/9.93 x 107 L182)054 1] (54a)
L =659 ft (201 meters) (54b)

The solution can also be obtained, graphing L and H as shown in Example 1. The
answer need to be verified to determine, if the right equation was used.

5 9.93x107(201)"**
S 0.015

o

=1.22 (55)

SUMMARY

Five pressure profiles are presented and considered. These represent design condi-
tions which result from a lateral line (or submain) laid on uniform slopes. Procedures
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are developed to identify pressure profiles by land slope and total friction drop at the
end of the line. Equations for designing lateral length (or submain) based on a given
criteria, pressure variation, are derived. These equations cannot be solved directly,
but solutions can be obtained using trial and error technique on a pocket calculator or
by using Newton’s method of approximation in a computer program. The developed
mathematical equations can be useful in the future development of computerized drip
irrigation system design.
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¢ Discharge variation

e Friction drop equation

¢ Pressure head profiles
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LIST OF SYMBOLS

The following symbols are used in this chapter:

C

-

o

O " Cf AR AN T T T T - JUg

2 O

max

min

Kol e}

[72]

&
J

Roughness coefficient.

Diameter of lateral or sub principal line, in feet (meters).

Diameter of emitters, in inches (millimeters).

Total pressure head or operating pressure head, in feet (meters).

Frictional head loss, feet (meters).

Pressure charge at distance p, from the initial point (inlet), in feet (meters).
Maximum pressure head, in feet (meters).

Minimum pressure head, in feet (meters).

Pressure head variation, in feet (meters).

Coefficient (a constant value).

Coefficients for system of units.

Total length of the lateral or submain line, in feet (meters).

Length of the lateral line measured from the header (inlet), in feet (meters).

Total discharge at the inlet section of the lateral or sub principal line, in gallons per
minute (liters per second).

Discharge of one emitter, in gallons per minute (liters per second).
Maximum flow of an emitter, in gallons per minute (liters per second).
Minimum flow of an emitter, in gallons per minute (liters per second).
Variation in flow of an emitter, in gallons per minute (liters per second).

Slope of energy line defined as AH/L.

Slope of the lateral or sub principal line.
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Sp Distance between the emitters, in feet (meters).

v Average velocity, in feet per second (meters per second).

AH Total frictional head loss at a side of the lateral or sub principal line, in feet (meters).

AH’ Gain or total loss of energy head due to uniform slope at a side of the lateral or sub
principal line, in feet (meters).

AH Total friction energy head at a distance “p” from the initial point, in feet (meters).

AR’ Total gain of energy head due to uniform slope at a distance “p” from the initial point,

in feet (meters).

© 2013 Taylor & Francis Group, LLC



Chapter 14

Evaluation of the Uniformity Coefficients

Vincent F. Bralts
Associate Dean, College of Engineering, Purdue State University

Introduction

Factors that Reduce the Uniformity of Water Application

Procedure for the Evaluation of Uniformity ...........cocoveririinioininiinciieecnceneeceeeeeee 258
Definition Of UnifOrmity.....c.ccververireiieieieieieieteste ettt ettt st sae e saessensesaessennens 259
Standard for Uniformity of Water AppliCation .........c.ccoceverereririeniinieieniestcereeeeeeeeeee e 259
Evaluation ProCeAUIE..........ccueiiiiiiiiiiiiiiceeeee et 262
Confidence INTEIVAIS ........o.iiiiiiiiiieeee ettt 262
FIOW Rate MEASUICINEILS. ... .ccueeuieniiniiieiiiteeiietteitet ettt ettt ettt sttt sttt e b 263
Summary: The Procedure for Field Evaluation ..........c..cccocoeeoiniiiiniininiiinieincecncreene 264
TTOUDIE SNOOTING. ... .evieeieiieiieiieieieeie ettt ettt sttt ettt et et et e b e b e esesseesaesaessensensensensens 264
KRYWOTAS ..ttt st sttt nbe s 265
Bibliography .... ....265
Evaluation of Uniformity: Data SREEt .........cceouevierieriiiiiicieieieeieeeee et 265

Description of the trickle SYStem .........ccooiiieiiiieieee s 265

PIOCEAUIE ...c..oveeeeeee ettt sttt ettt et sbeeaes 265

Observations and recOMMENAAtIONS.......c..cerieiriiiiirieirieere e 266
Nomograph for Statistical UnifOrmity ..........ccoereiieiiiinieiieeeeeeee e 266
INTRODUCTION

The uniformity of irrigation application is one of the most difficult factors to evaluate.
The initial cost, the operational cost, and the plant response are related with the uni-
formity of water application. A considerable effort has been directed to this problem
in the design and management of the irrigation system. This chapter presents a simple
method to evaluate uniformity of water application in drip irrigation. This method
does not require mathematical equations and sophisticated equipments.

In an irrigation system, there is a direct relationship between the uniformity of wa-
ter application and the initial cost. The pressure decreases as the water flows through
the pipe lines due to loss by friction. This results in reduction of water application
rates at the farthest sections of the irrigation system. The water is distributed more uni-
formly and the loss by friction is reduced if the pipe lines have a large diameter. Since

'This chapter is modified and translated from “Goyal, Megh R., y Luis E. Rivera, 1990. Evaluacion de la uniformidad de
riego por goteo. Capitulo XV en: Manejo de riego por goteo editado por Megh R. Goyal, paginas 415-431. Rio piedras, PR:
Servicio de Extension Agricola, UPRM.” For more details, one may contact by E-mail: goyalmegh@gmail.com
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the pipe lines of larger diameter are more expensive, therefore a system with high uni-
formity is more expensive compared to poorly designed system with low uniformity.
Before purchasing the system, the buyer should evaluate the cost of the system, its
capabilities, and uniformity.

The operational cost of an irrigation system are directly associated with uniformity
of water application. In many cases the water is applied uniformly when the system is
operated at high pressures. This practice goes against one of the advantages of drip ir-
rigation in relation to savings in energy consumption. The operational cost of a system
with smaller diameter pipes is higher than an appropriate design. This is due to the fact
that the small size pipes need more time to apply the desired quantity of water at the
farthest end of the lateral.

The crop production efficiency is also related with the uniformity. In general, it is
difficult to determine the loss in efficiency by low uniformity, because the efficiency is
affected by many factors. In general, the efficiency losses are due to the fact that some
plants do not receive the adequate amount of water while others receive in excess.
Excessive applications of water may wash away the nutrients that are accessible to
the plants.

To fulfill the objectives of the drip irrigation, the system must be designed to apply
the water uniformly within the economical limits. This way, each plant in the field will
receive the same amount of water. This facilitates the operator to adjust the quantity of
water applications according to the crop requirements.

FACTORS THAT REDUCE THE UNIFORMITY OF WATER APPLICATION

The following factors can interact to reduce the uniformity of water application:
Defective irrigation pump.
2. Broken or twisted distribution lines.

3. Obstruction of drippers and/or filters by the physical, biological, and chemical
agents.

Corrosion of some parts in the irrigation system.
5. Obstructed or defective valves.
6. Inadequate design.

PROCEDURE FOR THE EVALUATION OF UNIFORMITY

A simple procedure was developed to evaluate the uniformity of water application in
a drip irrigation system. This procedure can be used by farmers, designers, and sales
persons:

1. This method can be used by a potential customer to evaluate a system before
acquiring it. In addition system can be evaluated to determinate if it complies
with minimum requirements, before the final payment is made to the seller.

2. This method can be used by a designer or seller to determine if the system was
designed and installed properly. The system components can also be evaluated.

3. The irrigation operator can use it to detect variations in the uniformity of water
application. The operator can also detect problems due to the obstructed drippers
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and filters. The lack of uniformity of the water application due to changes in
hydraulic characteristics of the drippers and other components of the system
can be detected. Therefore, the defective parts can be repaired and replaced.

DEFINITION OF UNIFORMITY

The uniformity (U) of water application is defined in statistics by the following equa-
tion:
U=100 x[1.0-V] (D

where, U = Uniformity or the emitter discharge rate, intervals between 0 and 100%,

V= Coefficient of variation

The coefficient of variation (V) is a variation in flow of each dripper compared to
average flow rate of all drippers. The uniformity is expressed in relative terms so that
it does not depend on the magnitude of flow of drippers. Instead, it depends on the
variation between the flow of an individual dripper and average flow.

A uniformity of 100% in equation (1) corresponds to a coefficient of variation of
zero. This indicates a perfect uniformity, therefore there is no variation in the flow
among the drippers. Uniformities of 100%, 90%, 80%, 70%, and 60% corresponds to
coefficient of variation of 0.0, 0.1, 0.2, 0.3, and 0.4. This uniformity can be classified
as:

Classification Statistical Uniformity Emission Uniformity
Excellent For U = 100-95% 100-94%

Good For U =90-85% 87-81%

Fair For U =80-75% 75-68%

Poor For U =70-65% 62-56%

Not Acceptable For U < 60% <50%

STANDARD FOR UNIFORMITY OF WATER APPLICATION

The American Society of Agricultural and Biological Engineers (ASABE) has devel-
oped a standard for the uniformity of water application in drip irrigation. This standard
establishes minimum acceptable uniformity for the design of a drip irrigation system.
The standards for uniformity are presented in Figures 14.1 and 14.2. The intervals in
Figures 14.1 and 14.2 represent the efficient economical values of uniformity. Table
14.1 shows acceptable intervals. Design for a uniformity level less than the design
value will result in a reduction in the irrigation efficiency; and cause loss of water and
fertilizer due to poor uniformity of water application. Design based on high values of
uniformity will increase the initial cost.

An irregular topography of the land affects the design and uniformity of water
application. It will result in a high cost of the system. In soils with an irregular topog-
raphy, allow a smaller uniformity to compensate for the initial and operational costs
of the system.

The planting distance for a crop also affects the desired uniformity of the water ap-
plication. The uniformity should be higher in crops with larger planting distance when
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one or two drippers per plant are used to apply water to a plant. In narrow planting and
narrow dripper spacing, the variation in the flow per dripper reduces.

Each plant may have two or more drippers and this way the effects of random
variation on the dripper emission rate are much less. However, this does not eliminate
the effects of continuous reduction along the laterals due to loss by friction. Therefore,
allowable reductions in uniformity for crops with narrow planting distance are smaller
(10%) compared to the crops with wider planting distance.
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Figure 14.1. The field uniformity of an irrigation system based on the dripper times and the dripper
flow rate, with an example in this chapter.
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Figure 14.2. The field uniformity of a drip irrigation system based on the time to collect a known
quantity of water or based on pressure for hydraulic uniformity.

Table 14.1. Acceptable intervals of uniformity in a drip irrigation system.

Type of dripper Slope Uniformity interval, %
Point Source: located in planting Level* 90-95
distance > 3.9 m. Inclined** 85-90
Point Source: located in planting Level* 85-90
distance < 3.9 m. Inclined** 80-90
Drippers inserted in the lines Level* 80-90
for annual row crops. Inclined** 75-85

* Level = Slope less that 2%.
** Inclined = Slope greater than 2%.
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EVALUATION PROCEDURE

The evaluation procedure utilizes a known size container to determine the uniformity
of water application in drip irrigation. The time required to fill the container is used
to calculate the flow rate and the uniformity. This required time can be measured by
a stop watch.

One must take at least 18 samples (one sample per dripper) by recording the time
to fill the container. One can take more than 18 samples if it is necessary. The selected
drippers must be a representative of the area [some at the beginning, others in the
middle and others at the end of the lateral line]. Some samples should also be taken
at highest elevations of the field and at lowest elevations. The representative drippers
should be recorded along with location for analysis. The sum of the three highest
observations is denominated as maximum time (T _, ). The sum of the three lowest
observations is denominated as minimum time (T . ). T, and T . are used to deter-
mine the uniformity of water application using Figure 14.1. Example: In Table 14.2,
the three highest observations are 107, 110, and 108 seconds. The sum of these three
observations = 325 seconds = T, . The three lowest observations are 89, 87, and 91
seconds. The sum of these lowest observations = 267 seconds =T, _ . The vertical line,
T max and the horizontal line for T _ intersects at a point to the uniformity using Fig-
ure 14.1. The interpolation between the uniformity lines for this particular point gives
us a uniformity of 94%. This is interpreted as an excellent uniformity. If the data are
representative of the field, then it can be concluded that the system is well designed
and well constructed.

Table 14.2. Time required to fill the container in a given field, [example of the field data.

89 sec. (smaller) 97 sec. 110 sec. (higher)
104 sec. 107 sec.(higher) 93 sec.

92 sec. 100 sec. 103 sec.

96 sec. 94 sec. 108 sec. (higher)
100 sec. 98 sec. 91 sec. (smaller)
99 sec. 102 sec. 87 sec. (smaller)

T max. =107 + 110 + 108 = 325 seconds

T min. = 89 + 91 + 87 = 267 seconds

CONFIDENCE INTERVALS

The example in section 6.0 is only for 18 drippers in a larger area. Therefore, the re-
sults may not be entirely accurate. The only way to determine the exact uniformity is
to measure the flow of each dripper in the field. From statistical point of view, it can
be proved that the values in Figures 14.1 and 14.2 are precise. The Table 14.3 gives
us confidence limit of 95% for the uniformity values presented in Figure 14.1. Inter-
polations in Table 14.3 indicate that the confidence limit for a uniformity coefficient
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0f 94% is U + 1.7% for 18 measurements in the field. If we get a uniformity of 94%
from Figure 14.1, the true uniformity of the field is 94 + 1.7%. Therefore uniformity
varies from 92.3 to 95.7%. This interval of 95% of confidence indicates that the value
of the field uniformity should be within a confidence interval (92.3% a 95.7%), 95
times out of 100, if the sampling procedure is repeated. In Table 14.3, the confidence
limit increases as the uniformity decreases. It implies that at low uniformity, the results
are less accurate.

For example if the field uniformity was only 60%, the Table 14.3 shows a confi-
dence limit of 60% =+ 13.3%.

Table 14.3. Confidence limits for field uniformity (U).

18 drippers 36 drippers 72 drippers
Field uniformity Confidence limit Confidence limit Confidence limit
N Sum* % N Sum Y% N Sum %
100% 3 U+£0.0 6 U=£0.6% 12 U=+0.0%
90% 3 U+£29 6 U=+2.0% 12 U=+ 1.4%
80% 3 U+£5.38 6 U+4.0% 12 U+2.8%
70% 3 U+94 6 U=£6.5% 12 U+4.5%
60% 3 U+133 6 U+9.2% 12 U+ 6.5%

*N Sum = 1/6 part of the total measured drippers. This is a number of samples that will be added to
calculate T and T__ .

A level of 95% shows that the field uniformity should be between the confidence interval of the exact
uniformity of the field, 95 times out of 100, if the procedure is repeated.

Therefore the true field uniformity has a confidence interval of 46.7-73.3%. There
is wider range, because we took only 18 drippers in the whole field. The variability
between the drippers is larger as shown by low uniformity. With a random selection of
the drippers, there is a higher chance for a representative data.

In Table 14.3, the confidence limits are given for trials of 18, 36, and 72 drippers.
The certainty for the results can be increased if more samples are taken. This way
confidence interval can be reduced.

FLOW RATE MEASUREMENTS

The time to fill the container will be infinite if the dripper is obstructed completely.
Therefore, one cannot use Figure 14.1 directly. In this case, we shall add the three
highest flow rates and the three lowest flow rates. Now we shall use flow rate units in
Figure 14.1 to calculate the field uniformity.

Now the flow rate measurements will be more difficult to take and to calculate. It
requires the use of a calibrated container to measure the volume of water in a given
period of time. Then the flow rate is calculated.
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SUMMARY: THE PROCEDURE FOR FIELD EVALUATION

In this chapter, the procedure to evaluate the uniformity coefficient for a trickle ir-
rigation system is presented. The uniformity of water application is affected by the
degree of clogging, accuracy of the design, and periodic maintenance of the system.
Nomograph for the determination of uniformity is presented. The procedure involves
taking water samples in a known time from the representative drippers. The three
highest and lowest values are summed to give T, and T, The evaluation procedure
is summarized below:

1. Allow the system to operate at design operational pressure for enough time to
remove all the air from the lines.

2. Measure the required time to fill up the containers in each of the 18 drippers.
Be sure that the drippers represent all parts of the field.

3. Calculate T adding the three highest times, or 1/6 of the total number of the
required drippers to fill the container.

4. Calculate T using the three lowest times, or 1/6 of the total number of the
required drippers to fill the container.

5. Using Figure 14.1, determine the field uniformity for a point where lines of
T_ . and T . intersect. Interpolate to calculate the uniformity if it is necessary.

6. If the uniformity of the field is lower or the confidence limit is higher, it is con-
venient take more data or repeats the procedure to make sure that the system is
not poorly designed.

This method is particularly advantageous for use in the field due to a limited num-
ber of required data and the simplicity of the procedure. To facilitate the compilation
of data, one may use the data sheet in section 12.0. Nomograph for statistical unifor-
mity is shown in section 13.0.

TROUBLE SHOOTING

Causes Remedies
Uniformity 60%
1. Few samples were taken. Take more than 18 drippers as a sample.
2. Clogging in the filters, lines or drippers. Clean the filters flush the lines and drippers
with acid.

Clean or replace the clogged drippers.

Considerable difference in T max and T min.

3. It is possible that the drippers lines are obstruct or Repair the broken lines and clean the obstructed
broken. lines.

Loss of pressure due to excess friction in the lines.

4. Pipes are of small diameter than the design values. Revise the design and use correct size of pipes.
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EVALUATION OF UNIFORMITY: DATA SHEET

Name of evaluator: Date of evaluation: Month Day
Year
Name of farmer: Direction:

Description of the trickle system:
High pressure / low pressure

Size of pump KW or HP
Size of the farm acres
Size of the filter mesh
Area of block where sample are taken acres
Procedure:
1. Turn on the system to eliminate the air from the lines.
2. Measure the time (seconds) to fill the container in each of the 18 drippers.
3. Calculate the maximum time, sum three highest times.
4. Calculate the minimum time, sum three lowest times.
5. Determine the field uniformity (Figure 14.1).
6. If the field uniformity is low or the confidence interval is high, take more
samples.
Dripper # Time (Seconds) Dripper # Time (Seconds)
1. 10.
2. 1.
3. 12.
4. 13.
5. 14,
6. 15.
7. 16.
8. 17.
9. 18.
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Sum of the three highest times = + + = T
max.

Sum of the three lowest times = + + = T min.

Using Figure 14.1, Uniformity = % [where T, and

T ., intersect]

Observations and recommendations:

NOMOGRAPH FOR STATISTICAL UNIFORMITY
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Chapter 15
Use of Soil Mulch
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INTRODUCTION

The use of soil mulch is one of the traditional techniques that have been used for cen-
turies in the intensive production of crops. The practice consists in placing mulch over
the soil surface to create a favorable microclimate among soil-water-plant. The mulch
has a significant effect on soil climate and the microclimate surrounding the plant. It
affects the thermodynamic environment, the moisture, the erosion, the physical soil
structure, the incidence of pests and diseases, the crop yield, and the crop growth.

Any type of material can be used as mulch (soil cover). In practice, however some
are more appropriate than others for agricultural use. In the past, natural and synthetic
mulches have been used and evaluated, such as: Paper products, glass fabrics, bitumi-
nous emulsions, metal fabrics of aluminum and polyethylene laminates, crop organic
waste, and so forth.

The selection of the mulch material depends mainly on the availability, the cost,
the efficiency of use, and the purpose of use. For this reason, the soil plastic mulch
(polyethylene plastic) is a commonly used soil cover in the intensive production of
vegetables, throughout the world.

ADVANTAGES OF THE USE OF SOIL MULCH

1. The use of soil mulch in combination with drip irrigation technology helps to
increase significantly the commercial yield of various crops. It improves the
crop quality.

2. The silver coated plastic mulch increases the photosynthesis of some crops.
Therefore, the growth is accelerated causing an early flowering and fruit for-
mation.
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3. The mulches of opaque color reduce the germination and growth of weeds.
This reduces the competition with the crop and the labor requirement for inter-
cultivation.

4. The direct water loss due to evaporation is greatly reduced, which then contrib-
utes to a uniform soil moisture in the root zone.

5. It protects the soil from the direct impact of rain drops, contributing to the
conservation of soil structure. It also reduces erosion.

6. It has an effect on the soil climate and the microclimate surrounding the plant,
thus affecting thermodynamic environment.

7. The use of bright or reflecting mulches reduce the incidence of certain insects.

8. Soil mulch serves as a barrier to certain soil pathogens. It helps to maintain the
fruits free of dirt, thus requiring less attention in the classification, packing,
and processing phase.

9. The use of soil mulch is a complement to the drip irrigation system. This sim-
plifies the localization and management of soil fertilizers, soil fumigants, and
reduces the losses due to leaching to deeper layers.

Installation of plastic mulch.
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Laying of plastic mulch for vegetable production.

DISADVANTAGES OF THE USE OF SOIL MULCH

The soil mulch, as many other agricultural techniques, cannot adapt to all crops, plac-
es, and specific targets. The major disadvantages are as follows:

1. Expensive: Its use is recommended in high value and rentable crops that are
adaptable to the mechanization.

2. Most of the plastics mulches do not decompose easily. Therefore these must
be removed out of the field at the end of crop season. However, biodegradable
mulches can solve this problem.

3. Installation and removal of mulch increase the labor requirements.

It complicates the banded application of solid fertilizers. The fertilizer must be
applied before the installation of mulch. However, the soluble fertilizers can be
applied through the irrigation water.

Despite many disadvantages, there are a series of conditions that justify the use of

soil mulch:

1. The lack of water in arid and semiarid regions around the world requires intel-
ligent use of irrigation water by increasing the application efficiency.

2. The necessity of increasing demand for food requires efficient methods of in-
creasing the crop yield with limited resources.
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3. There is a great demand for high quality products, which requires that the crop
does not come in contact with soil.

The high cost of fertilizers requires an effective use.

5. The necessity of reducing the incidence of insects. Less use of pesticides to
control pests and diseases which reduce the contamination of our environment.

RESEARCH ADVANCES IN THE USE OF SOIL MULCH

The Agricultural Experimental Stations throughout the world have evaluated the ef-
fects and viability of the soil mulch on the crop production under limited natural re-
sources. Most of this technology has been directly transferred and adapted from one
place to another around the world. The micro irrigation system has been adapted in
conjunction with soil mulch. However, many of these research findings and experi-
ences in these places are not absolutely applicable to all situations and needs, because
the data are obtained under variable conditions of climate and soil.

Effects on the Crop Yield

Experiments realized at the Agricultural Experimental Substation of Fortuna in
Juana Diaz—Puerto Rico demonstrated that the use of silver coated black plastic
in combination with the drip irrigation system increased significantly the yield of
various vegetables, in comparison with non-soil mulch treatments (Table 15.1).
It was found that the use of silver coated black plastic significantly increased the
yield of sweet peppers compared to treatments using transparent plastic, white
plastic, or black plastic. These findings are in agreement with the ones obtained by
other investigators around the world. In scientific terms, the increase in crop yield
is due to a series of physical, climatic, and biological effects that are favored by
the mulch. In practical terms, this increase in crop yield means more income for
the farmer.

Table 15.1. Labor input requirements and average yield of various drip irrigated vegetable crops
under soil mulch.

Labor Requirements Man-hours/ha Average Yield ton/ha’
Crop With Mulch? Without Mulch With Mulch>  Without Mulch
Cantaloupe 1413 1119 16.8 12.9
Cucumber 1561 1386 413 39.5
Green beans 12473 12473 35 2.8
Pepper 1964 1900 36.5 242
Tomato 2529 2467 56.4 47.5
Watermelon 1495 1205 25.8 16.2
'Average yield.

’Installation of silver coated black plastic with manual operations.
3A single pass and it was sown in the cucumber field, once the cucumber cultivation was over.
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Labor Input Requirements

The use of mulch increases the labor input because of installation, maintenance, and
removal operations, as shown in Table 15.1. In practical terms this means that the
farmer have to incur additional expenses when using the soil mulch. Different studies
have demonstrated that the use of soil mulch reduces the labor requirements for weed-
ing to <4%, depending on the crop and season of the year. Without mulch, the weeding
requires 13—27% of the total labor input requirements. This reduction, in addition to
other benefits, can justify the use of soil mulch. The use of soil mulch with manual
operations requires 15-28% of the total labor requirements. These values can be sig-
nificantly reduced by mechanizing of the installation and mulch disposal operations.

Conservation of Soil Moisture

The soil mulch reduces water loss due to evaporation. Moreover, it inhibits the weed
growth and reduces the water use by weeds. This contributes to a more efficient irriga-
tion management. It was observed that the plastic mulch treatments were more efficient
in conserving and maintaining uniform soil moisture in the root zone, in comparison with
the organic mulch. Both types of mulch were more efficient than non-mulch. Maintain-
ing more uniform moisture storage and increasing the water use efficiency will imply less
frequent irrigations, and savings in water and energy. On short and long term basis, this
means net in the pocket and more profit for the farmer, under well irrigated conditions.

Soil Temperature

The effects of different soil mulch treatments—plastic mulch (transparent, white,
black, and silver), organic mulch and control (without mulch)—were evaluated in
Puerto Rico on the soil temperature at four depths (0, 7.5, 15.0, 22.5 cm) during each
time of the day (morning, noon, and evening) and two seasons (summer and winter)
in drip irrigated sweet peppers. It was found that the use of transparent plastic mulch
causes a rise in the soil temperature higher than the other treatments at all depths and
time of the day in winter and summer. This is because the transparent mulch allows
passage of most of the sun radiations received on the soil surface, causing a soil heat-
ing by absorption. Generally, the inferior side of the plastic is covered of condensed
water drops in the morning before the sun rises. The water creates a barrier that allows
the entrance of infrared radiations of short wave, but large wave radiations cannot es-
cape out. This is the reason that most of the heat that will be irradiated to space will be
retained in soil. Furthermore, the surface evaporation decreases considerably conserv-
ing the evaporation energy. This increment in the heat flow contributes in the rising
of soil temperature. In Israel, the phenomenon “conservatory effect” has been used as
a method for “sterilizing” and reducing the incidence of certain pests and diseases in
the soil. In Puerto Rico, the rise in temperature generated by the transparent mulch is
not sufficient to carry out this practice. The temperature in all plastic mulch treatments
was higher than the ones in the control, during the morning at all depths, in winter
and summer. This is attributed to the heat absorption by drops of condensed water
under the mulch and to the reduction in the heat loss by evaporation. The interaction
of these physical and biological effects can cause an early appearance of the fruit and
an increase in the crop yield.
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The soil temperatures in reflecting plastic mulch treatments (white and silver) were
lower than the ones in the control, during noon and evening at all depths in both crop
seasons. This effect is attributed to soil temperature which varies depending on the
reflection, absorption, or transmission when receiving the solar radiation. The reflect-
ing mulches transmit to the soil just a few of the radiations received. In general terms,
significant differences in temperature in various treatments were not observed for very
cloudy or rainy days. It was attributed to the low intensity of soil radiation received
by the soil surface. It could be observed that the variations in temperature were more
pronounced during the first 30 days of the growing cycle.

Integral Weed Control

The integral weeding is of great importance in vegetable crops using soil mulch. In
pepper and tomato production, the highest net profit was obtained using plastic mulch
combined with weeding or the direct application of some herbicide. The use of plas-
tic mulch in combination of agricultural practices is recommendable. Nevertheless,
the use of an additional chemical agents or weeding (manual or mechanical) will de-
pend greatly on the economic considerations in each case. The opaque mulches avoid
the germination of weeds. The transparent mulches stimulate the growth of weeds
since the light can pass through the soil. The Cyperus rotundus L. weed could not be
controlled using soil mulches because during its germination the buds perforated the
mulch.

SUMMARY

For centuries the use of soil mulch has been a traditional technique for the crop pro-
duction. Its selection depends mainly on the availability, cost, efficiency of use, and
purpose of use. The commonly used mulches are paper products, glass and metal fab-
rics, bituminous emulsions, and organic matter. This chapter discusses technology of
plasticulture, advantages and disadvantages of soil mulch, and research experiments
on effects of plastic mulch on vegetable production. The use of soil mulch increases
the labor input because of the installation, maintenance, and removal operations of
plasticulture. The soil mulch reduces water loss due to evaporation. Maintaining more
uniform moisture storage and increasing the water use efficiency will imply less fre-
quent irrigations, and savings in water and energy. The integral weed control is of
great importance in vegetable crops using soil mulch. The use of plastic mulch in
combination with agricultural practices is recommendable. Opaque mulches avoid the
germination of weeds and the transparent mulches stimulate the growth of weeds.

KEYWORDS

¢ Opaque mulches

¢ Polyethylene plastic
¢ Root zone

¢ Soil mulch
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Eggplant field with nut sedge emerging through the plastic mulch.
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INTRODUCTON

Usually professional assessment is required before investing in a drip irrigation sys-
tem. A consulting firm, with engineers and agronomists, can make a viability study
based on the information relevant to the case. This information is valuable for a large
scale as well as a small scale business. Some basic considerations for the viability

study are:
1. Water and land resources.
2. Conditions of the agricultural business.
3. Pattern to follow with the new irrigation system.
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4. Design and costs with present alternatives for the drip irrigation system.
5. Financial analysis about the development of the drip irrigation system.

Other factors, that can be included in the study for the development of an enter-
prise a drip irrigation systems, are:

1. Availability of the resources (plants and materials) in the country.

2. Management and installation.

3. Training of administrator, farmers, and workers.

4. Financing for the installation, marketing, and other services for the farmer.

5

Development of modes of transportation and communication media within the
project and external market.

The drip irrigation system with all its components is not permanent in the field
because it needs maintenance and some specialized care. In fact, the viability studies
should include recommendations and service related to the equipment and materials
for different irrigation systems. The project studies must be considered at the farm.
Estimates should be conducted to compare the benefits due to new practices in the
development and techniques of an irrigation system. The objective of this chapter is to
show how to develop guidelines for the viability studies for the drip irrigation system.
All the information can be compiled using Section 11.

WATER, LAND, AND SOIL RESOURCES

Soil Analysis and Topographical Studies

The soil analysis is necessary to identify the soil chemistry, soil texture, soil structure,
drainage characteristics, and the agricultural potential of an irrigation system. The
soils are classified according to the physical and chemical characteristics. The drain-
age characteristics include evaluation of the soil structure, the soil permeability, soil
infiltration, deep percolation, and the horizontal/vertical horizons of the soil.

The agricultural potential is a function of the soil type and its characteristics as
limiting aspects such as soil salinity and land topography. The studies may be done
with aerial photography or through coordination with soil conservation specialists.
The topographical maps are normally used for the design of an irrigation system.
These maps include necessary information such as roads, water channels, and general
structures. The degree of precision in the studies should agree with the economical ne-
cessities of the program. For this reason, it is essential to make a thorough study of the
topographical maps to look for better alternatives while implementing the irrigation
system. The topographical maps of the distribution of different type of soils and the
agricultural potential in the area may available from the Soil Conservation Service or
other agricultural agency. The specialist, who will develop the irrigation system, needs
clear and detailed information of the specific area of the project.

Water Resource

Water is a limiting resource in many regions of the world. It should be used efficiently,
because besides being important to agriculture, water enables the development of hy-
droelectric, industrial and residential projects. To estimate the quantity and quality
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of water for an irrigation system, hydrologic analysis is made. It is recommended to
study the historic file of the water source to evaluate the viability. State water author-
ity, the Department of Natural Resources, and Geological Survey of a country have
useful information regarding the water resources that are destined to agricultural use.
If there is no information on the quality of the water resources, samples may be taken
and sent to a laboratory for chemical and physical analysis. The water from the subter-
ranean wells is generally of good quality. It is necessary and important to determine
the quantity of available water for the crop.

CLIMATE

The climate is an important component to establish an irrigation system. Many places
have weather stations to provide long term data. Agricultural Experimental Stations
and the local airports have weather stations to measure rainfall, temperature, solar ra-
diation, wind, relative humidity, and class A pan evaporation. The farmers may use this
information and instruments such as tensiometers to determine the amount of water
that should be applied to the crop. It is very important to know crop water require-
ments for the design an irrigation system, to avoid unnecessary expenses and losses.

The water requirements can be estimated from the meteorological data. The stud-
ies with specific crops in specific areas have shown relationship between the climatic
data and the crop yield. Throughout the world, the irrigation needs for various crops
have been estimated using temperature, rainfall, solar radiation, wind, and humidity
data with several evapotranspiration models. However, the experimental data in the
field is not available for most places (Lysimeter studies). While designing the irriga-
tion systems, the engineer must be careful accepting the irrigation requirements from
another region. An error of 20% in the estimation of water use may change the eco-
nomical analysis, especially if water cost is high.

CROP TYPE

Following are considerations while proposing an irrigation system:

1. Agronomic practices (Distance between plants and rows).

2. Plant height.

3. Root depth.

4. Growth stages (germination, growth, vegetative, fruit formation, and matu-
rity).
Incidence of pests and diseases.

b

6. Areas irrigated by infiltration, sprinkler, and trickle irrigation systems.

AGRICULTURAL SOCIOLOGY

Agricultural Practices, Transportation, and Marketing

The Department of Agriculture of each state of a country has statistical information
about the agricultural situation. We should select the most relevant and reliable infor-
mation. One may consider the following factors:

1. Number of farms and size of holdings.
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Agricultural methods and techniques in use.
Irrigated and non irrigated acreage.

Types of agricultural machinery in use.
Crop yield per hectare.

Total crop production and costs.

R

. Availability of agricultural labor force.

The consultation is essential for consideration of the economical benefits. For pro-
posals of irrigation systems and crop patterns, one must demonstrate that:

1. The soils and climate are adequate.

2. The rotation of the crops is efficient.
3. The necessary water is available.
4

There are markets capable of absorbing the increase in production at a rentable
cost.

5. The farmers have necessary experience to cultivate with success.
6. There exist an appropriate training techniques and facilities.
7. The credit is adequate.

The increase in production can only benefit, if it can reach the consumer. The ac-
tual marketing systems and transportation must be studied to explore, if the marketing
facilities exist to accommodate the increase in crop production. It should be possible
to evaluate the rentability of the project by predicting: The price of a product in the
market, the transportation cost, and the farm prices related to the volume of production
of various crops with the new technology. The benefits of some crops are very sensi-
tive to the costs of transportation and marketing expenses.

These viability studies can help the farmers to decide what crops to cultivate and
which irrigation system to establish.

Social Changes

The modern irrigation technology may impose many challenges among the agricul-
tural community and society. These changes may result in new influences and may
affect over the lifestyle and the attitude of the people. Although the implications of
this program cannot be measured precisely yet some of the changes can be predicted.
One should consider factors such as: Agricultural experience, skills in irrigation meth-
ods and attitude toward changes, the life style, and social structure. These factors are
imperative to provide adequate information and education to the farmers so that they
can adapt to the new irrigation practices. For this purpose, a scientific study on the so-
cial change is necessary. Agricultural agencies can provide the information about the
advantages of the irrigation system. If a farmer is convinced that a higher efficiency
implies lower costs and better crop yield, then the mental barriers are overcome.

Traditional Rights: Land and Water
The irrigation design has some limitations that are imposed by the traditional rights
and actual legislation. For example, problems may arise frequently with the water supply
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through traditional rights, which are defended tenaciously by the owners. These rights
may interfere with the use of modern practices. On the other hand, when a commercial
bank extends financing for an irrigation project, the loan may be subjected to legisla-
tive changes and to local laws, which are not favorable to the project. When the gov-
ernment is the owner of the most part of the irrigated land, the status of the farmer is
reduced to a worker. But if the farmer owns the land, he has all the rights to develop
the irrigation system. However, they might need cooperation from government agen-
cies, educational institutions, and private agricultural agencies.

ORGANIZATION AND MANAGEMENT

The managers of the irrigation system must have thorough knowledge about the proj-
ect in order to justify their functions. The viability study insists in hiring of authorized
personnel to make a better performance of an irrigation system.

Installation and Operation
The installation and implementation of an irrigation system should be well controlled
and coordinated. It is necessary to hire experienced personnel to install and establish
an irrigation system. The installation of an irrigation system should be done in a speci-
fied time to avoid delays and economic losses. The project should be efficiently man-
aged to achieve the best installation. There should be a team of agricultural engineers,
agronomists, and technicians with experience. The specialized personnel should be
competent to:

1. Advise the farmers on cropping practices and cultivation.

2. Design and supervise the work in the field.

3. Control the flow of water according to the crop requirements.

4. Initiate new irrigation practices.

Agricultural Extension Service

The success of the irrigation system depends on the speed of the learning process and
the receptivity of the farmers. A program of the Agricultural Extension Service should
include:

1. Demonstration farms where the farmers can see the results of methods and
practices with the irrigation system.

2. Training centers to offer short courses to the youths and courses designed for
the specific needs of the farmers.

3. A center for the applied research of a specific problem in the agricultural re-
gion.

4. Field advisors supported by specialists, laboratory equipment to analyze the
soils, plants, and crop diseases.

5. Marketing cooperatives.
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ENGINEERING

The engineering section for the viability study includes investigation of the available
resources, the field condition, the legal aspects, and all design aspects. Proposals are
made about the water resources, its distribution and associated structures.

Field Conditions
The exploration study includes the study of the subsoil, soil type, and the conditions
that affect the design of an irrigation system. Later soil and rock samples are taken
through perforations. Following considerations are important:

1. Three dimensional soil samples.

2. The soil texture and compaction characteristics of the soil.

3. Subsurface water resources.

4. Field capacity and permanent wilting percentage of a soil.

The cost of the research is a fraction of the total project cost, but it is necessary
for success of a drip irrigation system. The study focuses mostly on the soil texture,
soil fertility, soil structure, soil water, and soil compaction for agricultural purpose. If
there is no previous study of the region where the irrigation system is to be installed,
it should be compared with nearby areas. But if there exists some type of research, it
should be used to make better decisions in the design, evaluation, and installation of
the irrigation system. The viability study determines the agricultural and economical
development. The mechanics of water distribution should be studied so that the vi-
ability of the agricultural development can be used to evaluate the cost-benefit ratio.

Equipments and Materials

Before completing the design of an irrigation system, one must consider material
specifications and the available equipments in the market and must look for the local
distributors. The study must include import restrictions and the delays in the orders.
A list of all the materials with specifications and the necessary equipment should be
made. Also, an examination of the construction industry should be conducted for the
availability of workers, contractors, engineers, and other personnel.

Water Quantity

It is necessary to know the crop water requirements and evapotranspiration needs for
the region. The engineer must estimate the irrigation requirements for each crop and
each section of the field. He should also include water needs for other purposes on the
farm.

ECONOMIC AND FINANCIAL ASPECTS

Economic Aspects to Complete the Project

An extensive project, if planned carefully, can be successfully financed for many
years. The money can be invested as necessary without investing all at once, which
allows a margin for the contingencies at the appropriate moments. A bad financial
planning can cause the project to fail.
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Costs and Benefits

Financing a large project is complicated for its ramifications. A project should look
for its own maintenance and subsistence. The implementation of the irrigation system
is different because the same is installed to improve the crop production and increase
the income. Therefore, there is an indirect relationship between the maintenance and
the subsistence of the system. The benefits of the irrigation system are social and eco-
nomical; some can be direct or indirect, some can be accessible and other intangibles.
In general, the farmers should pay the water at a reasonable price in order to be able
to cover the operational cost. This way, the drip irrigation system is economical and is
efficient in the water use. All the information compiled in the viability study, gives us
an idea of the cost of installation and development of the irrigation system. The cost
study is used to estimate and compare the expenses that are incurred by the farmer
to buy machinery, materials, and labor cost should be included. The benefits of the
project are based on the crop production and its value in the market. The operational
and management costs are deduced out from the total value to calculate the net ben-
efit. Also, one can estimate the production and the efficiency of the system to achieve
greater operational benefits.

SUMMARY

The drip irrigation system is not a permanent system in the field because its compo-
nents need maintenance and some specialized care. Therefore, the viability studies
should include recommendations regarding the equipment, materials, and the manage-
ment of the irrigation system. In the viability studies, one should compare the benefits
that can include the new practices and the development of methods and techniques.
All the information compiled in the viability study is a generalized idea of what are
the development costs of an irrigation system. The specialized personnel needs clear
and detailed information of the specific area, where the system will be installed. The
topographical maps of the area can be supplied by the local agricultural agency, office
of Soil Conservation Service. The conclusions and results of the viability study for the
drip irrigation system must be included in the report.

KEYWORDS

e Agricultural potential
¢ Drainage

o Exploration study

¢ Topographical maps
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APPENDIX I: DATA SHEET FOR A VIABILITY STUDY

1.

Date

Name of farmer

Name of farm

City Region

Slope and topographic configuration (include map)
Possession

Owner Area (hectares)
Leased Area (hectares)
Cost of lease ($/ha):

Lease term

Crop System
Crop

Variety

Total area ha, Drip irrigated

Date of planting (month, day, year) ,

ha

]

Date of a harvest (month, day, year) ,

>

Distance between rows cm. Distance between plants cm.

Seeds per hole Observations

Drip/Trickle or Micro Irrigation system
a) Water Supply
Source: Lake/well/river/potable water

Where it discharges

Available quantity

liters per hour

Variation in quantity to

liters per hour

Total amount of suspended solids in the water (ppm)

Total amount of dissolved solids in the water (ppm)

Specific substances in suspension and in the solution

Observations

b) Energy Source

Electrical Yes/No Mechanical Yes/No
Phase Single/double/triple Fuel type

Voltage 110/230/460 V Engine capacity KW.
¢) Pump tation

Engine

Make and model

Voltage 110/230/460 V Cycles HZ
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Capacity RPM
Date of purchase Cost
Distributor Pump
Make and model Type
Voltage 110/230/460 V Cycles HZ
Capacity (L/hr) RPM
Date of purchase Cost ($)
Distributer
Additional pump (If any)
Make and model Type
Capacity liters per hour Bhp KW.
Pressure head m or (psi)
Cost ($) Date of purchase
Distributer
d) Filter
i. Primary Filter
Make and model Type
Make mesh (size) Mesh (type)
Cost ($) Date of purchase
Capacity liters per hour
Distributor
Number of times the filter is flushed

Weekly Monthly

Quarterly Half yearly

Yearly
How to clean the filter
ii. Secondary Filter
Make and model Type
Mesh (size) Mesh (type)
Cost ($) Date of purchase
Capacity liters per hour
Distributor Cost
Amount of time the filter is flushed

Weekly Monthly
Quarterly Half yearly

Yearly
How to clean the filter

e) Injector for Chemical Compounds
Make and model
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Cost (3)

Distributor

Application frequency (weekly, monthly, etc.)

Accessories

Date of purchase

f) Other Accessories of the Main System

Part

Size

Quantity

Price/Unit

Total

Observation

g) Main Line
Material

Type

Surface
cm.

Number of irrigation outlets
Length
Date of purchase

m, Price per unit

, Subsurface

Depth

Diameter
$/m Total Cost
Usage life years (personal

cm.

opinion)
Distributor

h) Sub Main or Secondary Line
Part

Diameter
Length
Date of purchase

cm.

m

Observations

Observaciones

Quantity
Price per unit

Total

$/m

Distributor

i) Lateral Lines (or Drip Lines)
Crop

Type

Diameter

cm

Usage life (years)

Length

Price per unit

Total cost

Date of purchase

$/m

Distributor

Observations

j) Dripper/Emitter/Micro Jets
Crop

Type (make)

Lines (number)

Length
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Distance between the drippers  cm. Total m
Dripper discharge liters/hour ~ Usage life (years)

Connection type Total cost, #

Distributor Date of purchase

Observations

k) Other field accessories

Part Quantity
Size Price per unit
Unity Total cost

5. Manual Labor
Hours  $/hr Total ($)
Installation of Pump

Installation of Primary and Secondary Line

Installation of Laterals
Other Work

A= N

Financing
Source Interest rate %

Purpose Term years

Loan amount Monthly payment $/monthly

7. General Observations (Who installed, designed the system,
etc.)
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Glossary of Technical Terms

Agriculture is a dynamic field that has evolved throughout history and is an inte-
gral part of our food chain that sustains the mankind. Agriculture is subdivided into
several specialties such as: Planting, irrigation, fertilization, growth and development
of plants, diseases and pests, crop physiology, soil science, agronomy, agricultural
engineering, economics, and so forth. Each one of these disciplines includes a series
of terms and technical words. This chapter defines a series of commonly used terms
in drip, micro, or trickle irrigation. This will help the farmers, agronomists, soil sci-
entists, engineers, technicians, and other people related to agriculture to broaden their
knowledge in drip irrigation.

ABSORPTION—refers to a process in which a substance penetrates and is absorbed
by another substance. For example, the penetration of water into soil or the entrance of
gases, water, nutrients, and other substances into the plant.

ACTIVE ROOT ZONE—is a root zone where the absorption of nutrients and the
water movement is active.

ADAPTER—section of a pipe utilized to change the size of a tube. Using the adapter,
we can join pipes with or without threads or inserted threads. There are male, female,
and inserted adapters.

ADHESION—the increase of concentration of molecules or ions above a surface,
including interchangeable cations and anions in soil particles.

ADSORPTION—the attraction of ions or composites to the soil surface of a solid.

AERODYNAMIC TRANSFERENCE PHENOMENA—Heat transferred by a sur-
face that evaporates and is dragged by means of turbulence convection. The turbulence
is created by the wind on the plant cover.

AGGREGATE—the arrangement of smaller or bigger size soil particles to form the
aggregates.

ALBEDO-—rate of sun radiations received at the soil surface and the reflected solar
radiation.

ALGAECIDE—chemical agent to kill or to inhibit the growth of algae.
AMMONIFICATION—formation of composites of ammonia.

ANNUAL PLANTS—plants that grow and complete their life cycle in a perennial
year or before.

ANTITRANSPIRANTS—composites or materials that are applied to the plant to
reduce transpiration. These antitranspirants are not detrimental for the plant physi-
ological processes.
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AREA, DESIGN—where a drip irrigation system will be installed.
AREA, SURFACE—area of a soil, usually expressed in square meters per gram.

ASSETS—in economical terms as work or capital asset. It refers to an irrigation sys-
tem that offers a productive service to business during a one year period.

ATMOSPHERE—s a pressure unit. One atmosphere is equal to 1.013 centimeter of
a mercury column, equal to 14.71 psi, equal to 1 bar or equal to 101.3 KPa.

AUTOMATION OF DRIP IRRIGATION SYSTEM—(an automatic or semiauto-
matic system) provides a number of operational possibilities. This consists of a broad
range of controls for a complete automatic system: water meter, pressure gage, sole-
noid valve, hydraulic valve, timer, and so forth. The system closes as soon as a guar-
anteed amount of water has been applied.

AUTOMATION, NON SEQUENTIAL SYSTEM—includes hydraulic or electrical
valves, which independently operate in terms of the amount of water to be replaced
and the irrigation frequency. Each unit can supply amount of volume of water and can
open at same time due to a predetermined program by use of a solenoid valve. The
Control panel contains electrical circuits to operate the pump or the main valve, to add
fertilizer and to measure the soil moisture so that the irrigation system can fulfill the
needs of a crop.

AUTOMATION, PERIODICALLY ELECTRICALLY OPERATED—It releases
a desired amount of water regulated by a volumeter (solenoid valve). The duration of
operation is determined by a timer and is activated by solenoid valves. Each unit has
its own switch. The periodic irrigation automatically happens with a closed unit and
the successive units are operated in sequence. The power unit can be A.C. or D.C.

AUTOTROPHIC BACTERIA—are bacterias that synthesize or produce their own
food.

AVAILABLE FREE CHLORINE—is an excess of chlorine (hypochloric acid,
HOCI) that remains in the irrigation water, after the reaction has been completed with
inorganic compounds, organic substances, and the metals.

BACKFLOW PREVENTION DEVICE—a device that prevents back flow of con-
taminated water.

BACTERICIDE—a chemical agent to prevent the bacterial growth.

BAR—is equal to one atmosphere at level of the sea. It corresponds approximately to
101.3 KPa and 760 mm Hg.

BIOCIDE—prevents growth of micro or macroorganisms in the irrigation water.

BIOLOGICAL AGENT—growth of slime, algae and, other microorganisms that can
obstruct or clog the laterals and drippers (emitters).

BIOLOGICAL FACTORS (AGENTS)—growth of microorganisms or macroor-
ganisms that may obstruct the irrigation system.
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BLANEY-GRIDDLE METHOD—it is used to calculate the evapotranspiration in
a system based on the correlation between the monthly average of water use and the
temperature, the percentage of daily sunshine hours and the crop coefficient.

BUBBLER—a water emission device that tends to bubble water directly onto the
ground or that throws water a short distance.

CALIBRATION—adjustment of a chemical injection equipment so as to apply a
desired quantity of chemical compound.

CAPILLARY CONDUCTIVITY—allow the flow of water through soil capillary
pores in response to a potential gradient.

CAPILLARY MECHANISM—The capillary phenomena is due to: the force of at-
traction of the water by solids in the walls of the pores through which it flows and the
surface tension of the water, that resists in any form except a smooth surface in the
liquid-air interphase.

CAPILLARY PORES—are small pores, which maintain the soil moisture at a ten-
sion 60 cm or more. It is a fraction of the soil volume that is not occupied by soil
particles.

CAPILLARY SPACE—is a micropore of the soil, or is a total volume of small pores
that retain water in the soil at tension greater than 60 cm of water.

CENTIBAR—one hundredth part of a bar. The tensiometer is usually calibrated in
centibars.

CENTRIFUGAL FILTER—Separates sand. Hydrocyclone or centrifugal filters re-
move suspended particles of a specific gravity greater than of water. These filters are
ineffective to remove most of organic solids.

CHEMICAL AGENT—see chemical factors.

CHEMICAL FACTORS (AGENTS)—during the fertigation, pestigation, chlo-
ration, chemigation, chemical precipitates may be formed to cause obstruction at dif-
ferent locations of the drip irrigation system.

CHEMICAL WATER TREATMENT—chemical treatment of the water to make
it acceptable for use in micro irrigation systems. This may include the use of acids,
floculants, fungicides, and bactericides to help prevent emitter plugging or for pH
adjustment.

CHEMIGATION—is a application of chemicals through the irrigation system.

CHLORATION OR CHLORINTION—is an application of chlorine through the
irrigation system to control the growth of algae, bacteria, and other microorganisms in
the irrigation lines and emitters.

CHLOROSIS—is one of the common symptoms of mineral deficiency of chlorine.
It appears as a green color or yellowing of the green parts of a plant, particularly the
leaves.
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CLAY—soil particles whose diameter is smaller than 0.002 mm.
CLOUDY—the atmosphere loaded with clouds.

COEFFICIENT OF VARIATION—a statistical measure of the relative dispersion
for an independent variable as defined in ASABE Engineering Practice.

COEFFICIENT OF VARIATION—it compares emitter flow rate of each dripper
with the average flow rate of drippers.

COEFFICIENT OF VARIATION OF THE MANUFACTURER—describes the
variation in pressure in the pressure controller (regulating) valve in relation to the
operating pressure of the drippers.

COEFFICIENT, PERMANENT WILTING—is a percentage of soil moisture at
which the plants have wilted permanently at a tension of 15 atm. The plants do not
recover.

COEFFICIENT, REFLECTION (ALBEDO)—ratio between the amount of solar
radiation received by the soil surface and the reflected sun radiation.

COEFFICIENT, CROP—is a ratio between crop evapotranspiration (ET-cultivation)
and the potential evapotranspiration under optimal conditions of growth.

COEFFICIENT, HYGROSCOPIC—is a soil moisture percentage, after it has been
dried to the atmospheric conditions or after the soil has reached a balance with a rela-
tive humidity of the atmosphere.

COEFFICIENT, PAN—ratio between the potential evapotranspiration and class A
pan evaporation.

COEFFICIENT, WILTING—soil moisture content at which the plants have wilted.
It corresponds to the upper limit of the usable moisture by plants.

COEFFICIENTS OF SOIL WATER—are the limits or margins between the 3 levels
of water in the soil: gravitational, capillary, or hygroscopic.

COMPOUNDS, INSOLUBLE—do not dissolve in the water.
COMPOUNDS, SOLUBLE—dissolve completely in water.

COMPOUNDS, SYSTEMATIC—are composites that can travel through epidermis
of the leaves, stems and roots or seeds, getting up itself to the sap, which then transfers
these to all parts of the plant.

CONDUCTIVITY, ELECTRICAL (CONDUCTANCE)—the property of a sub-
stance to transfer an electrical charge. It is reciprocal of an electrical resistance.

CONDUCTIVITY OF SOIL—see permeability of the soil.

CONDUCTIVITY, ELECTRICAL, OR SATURATION EXTRACT, (ECC)—is
an amount of salts in the soil solution when the soil is saturated of water at current or
normal conditions.
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CONFIDENCE LIMITS—a statistical statement which relates the probability that
the true value of a variable falls within the described interval.

CONTROL AND WATER TREATMENT STATION—the control station may in-
clude facilities for water measurement, filtration, treatment, addition of amendments,
pressure control, and timing of application.

CONTROL SYSTEM—group of tubes, accessories, and controls that regulates the
water to the lateral lines.

CONTROL VALVE—a device used to control the flow of water.

CONVECTION—heat transfer from one place to another by the particle movement
of a hot liquid gas.

CORROSIVE—substance is disturbed or eroded by the action of chemical agents.

COUPLING—a section of pipe with female or male threads or without threads. These
are used to connect the pipes of different lengths.

CROP REFERENCE—is used to develop and to calibrate methods to calculate refer-
ence evapotranspiration. The reference crops are alfalfa and grasses.

CROP WATER REQUIREMENTS—Depth of water for the evapotranspiration (ET
crop) required by a crop or diversified pattern of crop during a given period (mm/day).

CROP, CONSUMPTIVE USE—total amount of water that must be replaced in soil
during the crop growth period. (see evapotranspiration).

CROPPING PATTERN—sequence of different crops that are seeded in a given or-
der.

DENITRIFICATION—is a process by which the organic nitrates, nitrites, or soil
deposits are reduced to nitrogen oxides by the action of bacteria.

DEPRECIATION COST—is a systematized method to find the value of the irriga-
tion system based on its cost: and is a method as to prorate the cost for the active
service life.

DESIGN AREA—the specific land area which is to be irrigated by the micro irriga-
tion system.

DESIGN EMISSION UNIFORMITY—an estimate of the uniformity of emitter dis-
charge rates throughout the system, as described in ASAE Engineering Practice EP40:
Design and Installation of Micro irrigation Systems.

DETERIORATION—is a reduction in the value of an object due to the elements of
nature.

DIAPHRAGM EMITTER—emitter that contain a stretched membrane with a small
opening. When particles plug the opening, pressure builds stretching the membrane
until the particle is forced out. The membrane and opening then return to normal size.
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DIFFUSION—is a net movement of molecules of a substance from a region of high
molecular activity to one of low activity as result of a random molecule movement.

DILUTION RATE—relation between the chemical agent concentration to be applied
and the amount of water that flows through the irrigation system.

DISCHARGE RATE OF DRIPPERS—amount of water from drippers at a given
pressure that is applied near the plant per unit time.

DISSOLVE—is a formation of a homogenous mixture between a liquid and a solid of
which first usually is in greater quantity.

DOSAGE—amount used of a product.

DRAINAGE—is a process by which the superficial or underground water is removed
from a soil in an area.

DRIP OR DROP—is formed by water movement through small orrifices.

DRIP IRRIGATION—a method of irrigation for slow application of water under
low pressure through tube openings or attached devices just above, at or below the
soil surface.

DRIP LINE—the circle that can be made on the soil around a tree below the tips of
the outermost branches of the tree.

DRIPPER, INTERNAL SPIRAL TYPE—these are based on the principle of long
trajectory. The capillarity effect is produced by means of the union of a pipe extended
in an inner cylinder. This is a spiral of a circular or rectangular transverse section.
The water enters the terminal and leaves by the side due to small force. The design
provides drippers with long trajectory with the integration of components to function
uniformly.

DRIPPER, SPIRAL TYPE—Capillary of long trajectory, made of polypropylene, in
spirals normally hardened to maintain shape permanent. This dripper is inserted on the
lateral and the water leaves the dripper drop by drop.

EFFICIENCY, APPLICATION—the percentage of the total water applied that is
actually stored in the root zone.

ELECTRICAL CONDUCTIVITY, MAXIMUM (ECmax)—is a limit of the con-
centration of salts in the saturated soil (ECC) at which the growth will become para-
lyzed (null production). Units are mmhos/cm.

ELEVATION, MAXIMUM—difference in elevation between the water source and
the most distant location in the field.

EMISSION POINT—ypoint where the water is discharged from lateral line through
emitters.

EMITTER (DRIPPER)—a dispensing device in a micro-irrigation system that regu-
lates the flow of water.
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EMITTER (DRIPPER) SPACING—is a space between two drippers or emitters. It
depends on the type of crop and the emitter flow rates.

EMITTER DISCHARGE EXPONENT—the emitter discharge exponent; x, as de-
scribed by the equation ¢ = kh”x, which characterizes the type of emitter. For example,
an x value of 0.5 is common for orifice type emitters, whereas the x value for a pres-
sure compensating emitter would range from 0 to 0.5.

EMITTER DISCHARGE RATE— the instantaneous discharge rate at a giv-
en operating pressure from an individual point-source emitter or from a unit length of
line-source emitter, expressed as a volume per unit of time.

EMITTER MANUFACTURER’S COEFFICIENT OF VARIATION—a statisti-
cal term used to describe the variation n discharge rate for a sample of new emitters
when operated at a constant temperature and at the emitter design operating pressure.

EMITTER PERFORMANCE COEFFICIENT OF VARIATION—statistical term
used to describe the variation in emitter discharge due to the combined effects of emit-
ter manufacturer’s variation, emitter wear, and emitter plugging.

EMITTER—the device used to control the discharge from a lateral line at discrete or
continuous points.

EMULSION FORMULA—is a liquid formulation of a given pesticide that can form
emulsion when mixed with water.

ENERGY BALANCE—is a physical system that regulates the microclimate in the
vicinity of the plant. Incoming solar radiation at the soil surface influences the energy
balance.

EROSION—eroding down of the soil surface, loosening and movement of the soil or
rocks, caused by runoff, wind, ice, or another geologic agent, including processes as
the gravitational drags.

EVAPORATION—water loss by physical processes. It converts the liquid phase to
gas phase.

EVAPORATION, CLASS A PAN—is a common instrument to measure evaporation
the water from an open surface. The pan is constructed of galvanized iron sheet with
diameter of 125 cm and 25 cm of depth. The pan is painted white.

EVAPOTRANSPIRATION RATE—is the total water used by the plant and the in-
evitable losses. It includes the amount of water extracted by the plants from the soil,
transpired through the leaves, and the water evaporated directly from soil surface.

EVAPOTRANSPIRATION—the combined loss of water by evaporation from the
soil surface and transpiration from plants.

EVAPOTRANSPIRATION, REFERENCE—is rate of evapotranspiration from an
extensive surface of 8-15 cm of height from the soil with grass or alfalfa, uniform
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in height, actively growing, completely covering the soil, and without limitations of
water.

EVAPOTRANSPIRATION, POTENTIAL-the evapotranspiration of a soil area
covered with vegetation without limitations of water.

FERTIGATION-is an application of fertilizers through the irrigation system.

FERTILIZER—is a chemical compound that is added to soil to increase the crop
yield.

FERTILIZER, ACID—the salts of acidic compounds (as the ammonia and urea)
help to acidify the soil; and these have an acidification affect.

FERTILIZER, BASIC—compound that has an alkaline effect on the soil. Some ex-
amples are potassium nitrate, sodium nitrate, calcium nitrate, and calcium cynamide.

FERTILIZER, NEUTRAL—exerts a minimum residual effect on pH of the soil. It is
added to resist the tendency of acidification of the nitrogen fertilizers.

FILTER—a canister device with a screen of a specified mesh to catch particles large
enough to clog emitters.

FILTER, DISK OR RING—it is like a mesh filter. It consists of rings or disks (with
grooves) to retain sand particles and suspended solids.

FILTER, DOUBLE MESH——consists of two sieves, which can remove suspended
particles of different sizes.

FILTER, MESH (SCREEN)—consists of a mesh of metal, plastic, or synthetic fab-
ric. The meshes are classified according to the number of squared holes in one square
inch of a screen. The number of mesh increases according to the size of the squared.
A sieve of 75 for microns (mesh 200) will have squares with each side of 0.075 mm
(0.0029 inches). Drip irrigation we use sieves of 150 or 75 microns (mesh of 100-200).

FILTER, SAND—consists of fine gravel and sand of selected sizes in a tank. It can
eliminate amounts of suspended solids from the irrigation water.

FILTER, VORTEX (PRIMARY)—is a hydrocyclone filter to remove suspended
solids from the water. The solids heavier than water are thrown outside at the periphery
of a filter. Due to the gravitational force, the solid particles descend to a lower portion
of the cone. Then, these are expelled out of the filter.

FILTER, VORTEX (SECUNDARY)—the secondary vortex elevates the treated wa-
ter upwards and allows it to escape through the superior flow.

FILTRATION SYSTEM—the assembly of components used to remove suspended
solids from irrigation water. This may include both pressure and gravity-type devices
and such specific units as settling basins or reservoirs, screens, media beds, and cen-
trifugal units.
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FITTINGS—the array of coupling and closure devices used to construct a drip sys-
tem including connectors, tees, elbows, goof plugs, and end caps. Fittings may be of
several types including compression, barbed, and locking

FIXED COST—In economic analysis, this is a fixed cost and is not variable during
the service life of any equipment. It involves initial capital investment.

FLOODED—soil saturated with water.

FLOW-—the rate or amount of water that moves through pipes in a given period of
time. Flow is expressed in gph (gallons per hour), for micro-irrigation (drip) devices.
It is expressed in gpm (gallons per minute), for high-pressure sprinkler systems.

FLOW, INVERSE (BACK FLOW)—is a water flow that is in the direction opposite
to the direction of a normal flow. The back flow is allowed for flushing of the filters.

FLOW, NORMAL—Amount or volume of water that flows through the lines to
maintain uniform application of water.

FLUSHING (CLEANING)—to separate suspended solids from the irrigation water
to avoid clogging.

FRACTION OF EXHAUSTION OF SOIL MOISTURE—Fraction of the water
available in the soil that can be obtained by the crop, allowing an evapotranspiration
without limits and the crop growth.

FREE ENERGY—is a available energy of a given body (without change in tempera-
ture) to do the work.

FRICTION—negative force exerted by the tubes and the components of the system
and that prevents the free water movement through system. It is also called drag.

FRICTION LOSS OF PIPE—for a pipe of a given length and a particular material,
the amount of pressure loss due to the friction depends on the diameter of tube, flow
rate, viscosity, and density of water.

FUNGIGATION—application of fungicides through the irrigation system.

FUNGUS—talofite plant that does not contain chlorophyll. These are microscopic
organisms and some are pathogens.

GAGE, PRESSURE—device that indicates existing pressure in the irrigation system.
Absolute pressure = atmospheric pressure + gage pressure.

GAGE, VACUUM (SUCTION)—important part of a tensiometer that records soil
moisture suction values in the soil.

GERMINATION—renewal of the growth of a seed after a period of dormancy in the
presence of soil moisture.

GOOF PLUGS—insertable caps to plug holes in mainline and microtubes where drip
devices have been removed or are not needed.
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GRAVITATIONAL FORCE—natural force that cause objects to move towards the
center of earth.

GROWTH HARMONE—regulates the plant growth.
GUTTATION—is a water loss in form of drops caused by the root pressure.

GYPSUM BLOCKS—are tips that are installed at the desired depth to determine the
soil tension. A pair of electrodes is encapsulated in a gypsum block for measuring the
electrical resistance of soil.

HARVEST INTENSITY—is a percentage of total area programmed for a given pe-
riod of an irrigated crop.

HERBICIDE—substances to destroy the unwanted weeds that grow along with
growth and development of a crop.

HERBICIDE, SELECTIVE—herbicide to kill weeds of a certain specie only.
HERBIGATION—is an application of herbicides through the irrigation system.

HYDRAULIC GRADIENT—is the difference in the height of the water on and un-
der the soil column. The volume of water that moves downward in the soil column will
depend on the force, and the hydraulic conductivity of the soil.

HYDROPHILLIC QUALITY—where a substance can be absorbed or be dissolved
in water.

HOPKIN’S LAW OF BIOCLIMATOLOGY—it establishes that there is a delay in
the flowering as the number of degrees of latitude or altitude is increased.

HYDRAULIC CONDUCTIVITY OF SOIL, K—ratio of water flow through a
cross-sectional area of the soil, for a unit of hydraulic gradient. It is called permeabil-
ity or transmissibility.

HYDRAULIC CONTACT—that makes one substance with the water or other lig-
uids at rest or movement.

HYDRAULIC DESIGN COEFFICIENT OF VARIATION—a statistical term used
to describe the variation in hydraulic pressure in a sub main unit or throughout a micro
irrigation system. Care should be taken not to confuse this term with the emitter dis-
charge coefficient of variation due to hydraulics.

HYDRAULIC EQUILIBRIUM—is a balance reached between the water within
stem of a tensiometer and the soil moisture.

INCORPORATE—to mix some compound or chemical agent with soil.

INDUSTRIAL REVOLUTION—it began around 1760. The invention of machines
like engines were developed. It contributed to the advance of irrigation practices.

INFILTRATION—the downward water movement in the soil. Penetration of a liquid
through solid pores.
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INFILTRATION OR PERCOLATION—instantaneous rate of water that moves
downward in a soil.

INITIAL DEVELOPMENT STAGE—is time (for a given crop) during germination
or initial growth, when the soil covered by the plant growth is less than 10%.

INJECTION SYSTEM FOR CHEMICAL PRODUCTS—the system for the ap-
plication of chemical agents through the irrigation system.

INJECTION, APPLICATION IN THE SUCTION LINE—a hose or tube can be
connected on the suction side of a pump to inject chemicals. Another hose or tube is
connected on the line to replace water and to mix in a tank. This method should not
be used with dangerous substances, since the possibility of contamination of the water
source is possible. A foot valve or safety valve at the end of suction line can avoid
contamination.

INJECTION, PRESSURE DIFFERENTIAL—this method is easy to operate.
There is a tank under pressure, it is interconnected to the discharge line at two points,
one serves as water entrance and the second is an exit of the water with chemical
agents. A pressure difference is created by use of a ball valve in the main line. The
pressure difference across this valve is sufficient to cause a water flow through the
tank. The water with chemical agents mixes with the water in the main. The injection
rate is recalibrated.

INJECTION, PRINCIPLE OF VENTURI—it injects chemical agents in the irriga-
tion line. The principle of operation includes a pressure reduction at the venture. The
difference in pressure created across the Venturi is sufficient to cause suction of the
chemical solutions from a reservoir.

INJECTION, USE OF PRESSURE PUMP—rotating diaphragm or piston type
pump can be used to force the chemical to flow from the tank towards the irrigation
line. The internal parts of the pump must be corrosion resistant. This method is precise
enough to measure the quantity of chemical agent that is injected into to the irrigation
system.

INJECTOR—to inject the gas or liquid into the irrigation system.

INOXIDABLE—that cannot be oxidized. The term is related to metals and alloys that
are resistant to oxidation.

INSECTIGATION—is an application of insecticides through the irrigation system.

INTEMPERIZATION—are edaphic and biotic processes that transform rocks into
soil particles.

INTEREST—is a rate charged by commercial bank on the loan. The interest rate
depends on the number of payments, quantity, and terms of loan.

INTERPOLATION—obtain a desired value using a reference value but next to it.
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INTERVAL (RANGE) OF OPERATION OF THE TENSIOMETER—range of
readings of a tensiometer from O to 80 centibars when the instrument is operating
satisfactorily and under normal wet conditions of a soil.

INTERVAL, CONFIDENCE—confidence or safety margin for a result that is not
exact. This value is used in the uniformity of the water application.

INTERVAL, IRRIGATION—Time between the initial or successive applications of
irrigation in the same plot (field).

INTERVAL, RE-ENTRY—during the pesticide application, an operator must wait
to enter into the sprayed field with out any risks and without any protective clothing.

IRRIGATION—an artificial application of soil moisture that is essential for the plant
growth. It supplements the rainfall when it is not sufficient.

IRRIGATION DEFICIT—the percentage of the soil volume in the root zone which
is not wetted to field capacity or above (after irrigation) divided by the total potential
root zone of the crop.

IRRIGATION DEPTH—is amount of water that is applied to supply the moisture to
the roots zone at field capacity.

IRRIGATION DURATION—time interval between the beginning and successive
applications of irrigation in a given area.

IRRIGATION EFFICIENCY (WATER USE EFFICIENCY)—ratio of the amount
of water used by the crop to the water applied.

IRRIGATION FREQUENCY—time that passes from irrigation to the other irriga-
tion. It is a number that implies how many times a crop will be irrigated.

IRRIGATION PRACTICES—are those that provide water to agricultural land to
compensate for the water shortage. These include a dynamic set of circumstances:
micro climatic of the crop, soil characteristics, water resource, and design restrictions.

IRRIGATION REQUIREMENTS—amount of water necessary to compensate the
evapotranspiration needs of a crop; excluding the contributed by the precipitation, the
soil water storage, the operational losses, and flushing requirements.

IRRIGATION REQUIREMENTS, SEASONAL—total amount of water necessary
for the normal plant growth during its growing cycle.

IRRIGATION, DRIP—is a highly controlled irrigation method. Here the water is
deposited directly in root zone. The water is received slowly at a desired pressure,
to maintain soil moisture at a desired level to allow optimum plant growth. Also it is
known as “trickle,” “tension,” “capillary,” “daily.” “high frequency,” and “continuous
moisture.” The distribution of the water is by means of the use of secondary lines and
emitters.

2 ¢

IRRIGATION, DURATION—is a period of time during which the irrigation system
is in operation.
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IRRIGATION, FLOOD—water is flooded over a predetermined area.

IRRIGATION, INFILTRATION—the water from the river is taken to the field by
leveled irrigation furrows.

IRRIGATION, OVERHEAD—is a pressure irrigation that uses perforated pipes or
the pipes with sprinklers to supply the water similar to a rainfall.

IRRIGATION, SPRINKLER—is based on the principle that the water is released
at pressure through portable irrigation system: Light weight, lines of irrigation of fast
connection or united with mounted sprinklers at intervals. An ample range of sprin-
klers is available to operate under varied pressures, spaces, sizes, and flow. This irriga-
tion system simulates the rainfall, adaptable to several agricultural conditions.

LATE GROWTH STAGE—is time between the end of the average stage of vegeta-
tive growth and the harvest or maturity.

LATERAL—the water delivery pipeline that supplies water to emitters from the main
or from a manifold pipeline or pipelines.

LIFE, SERVICE OR USEFUL—period after which the equipment is rendered use-
less.

LINE, DISCHARGE—It is part of an irrigation pipe that takes the water from the
pump to the principal line or main.

LINE OF DISTRIBUTION—irrigation line that takes the water from the main line
to the lateral one (or drip line).

LINE, LATERAL—is a part of irrigation piping that takes water from the secondary
line/lines to the drippers.

LINE, MAIN—it is a part of irrigation pipe that takes the water from the pump house
to the secondary line or to distribution.

LINE, SECONDARY—it is a part of irrigation piping that takes water from the main
line to the lateral lines.

LINE, SUCTION—It is line on the downstream side of a pump. It takes water from
the source to the pump.

LIXIVIATION—washing of salts in the soil by percolation process.

LYSIMETER—section of a representative block of a land and is surrounded by soil.
It measures the water flow through a soil surface cover.

MAIN AND SUB MAIN—the water delivery pipelines that supply water from the
control station to the manifolds.

MAIN LINE—tubing used in the drip system and is sometimes called lateral line. It
is a soft polyethylene material.
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MAINTENANCE AND SERVICE—revision and periodic care of the irrigation sys-
tem.

MANIFOLD—the water delivery pipeline that supplies water from the main to the
laterals. Pressure regulation is often applied at the inlet to the manifold.

MANOMETER—measure pressure difference.

MASS FLOW-—this theory maintains that a high pressure of turgor in the cells of
the leaves soon produces the flow of the sugar solution and other substances through
plasmodium to the adjacent cells and through the crib tubes towards the adjacent cells
and soon through the crib tubes towards the root cells.

MAXIMUM NUMBER OF SUN-SHINE HOURS—number of hours of sunshine
during a period of 24 hours.

MECHANISM OF DIODE VORTEX—an Israeli designer proposed the unique
variation of the orifice concept. This mechanism is a simple device that produces resis-
tance to the flow creating a vortex in a circular chamber. The water enters tangentially
at the circumference of the chamber and causes fluid turn around in the chamber at a
high speed. This causes a swirling action.

METABOLIC INHIBITOR—chemical inhibitor of the metabolic reactions of the
catalyzed by enzymes.

METHYL BROMIDE—is a soil disinfectant in the form of a gas that is applied
through the drip irrigation system.

MICROIRRIGATION—the frequent application of small quantities of water direct-
ly above or below the soil surface; usually as discrete drops, continuous drops, tiny
streams, or microspray; through emitters or applicators placed along a water delivery
line. Microirrigation encompasses a number of methods or concepts; such as drip,
subsurface, bubbler, and microspray irrigation.

MICROIRRIGATION SYSTEM—the physical components required to apply water
through microirrigation. System components that may be required include the pump-
ing station, control and water treatment station, main and sub main lines, manifold
lines, lateral lines, filtration, emitters, valves, fittings, and other necessary items.

MICROPORES—are smallest pores of the soil.

MICROSPRAY—a low pressure sprayer device generally placed on a stake that is
designed to wet soil with a fan or jet of water.

MICROTUBES (SPAGHETTI TUBES)—the 1/4 inch flexible pipe used to link
emitters or sprayers to the mainline. Plastic stakes are frequently used to hold the tubes
and the dispensing device attached to the end in place.

MISTER—a device that delivers fog-like droplets of water often for cooling pur-
poses.
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MOISTURE EQUIVALENT—is a percentage of retained weight of water; saturated
previously by a soil mass of 1 cm in thickness after it has been subjected to a centrifu-
gal force of 1000 times the gravitational force for 30 minutes.

MOISTURE PERCENTAGE—is a ratio of the volume of soil moisture at field ca-
pacity in the root zone, to the total the potential root zone.

NEMATODE—is a multicellular, generally microscopic organism with a main physi-
ological and circulatory systems. In general these are thin worms, are cylindrical, ex-
tended, some segmented externally with differentiations in the head and tail.

NEMEGATION—is an application of nematicides through the irrigation system.

NET IRRIGATION WATER REQUIREMENT—quantity of water that is required
for crop production, exclusive of effective precipitation.

NEUTRON DISPERSOR OR SCATTERER—is an equipment based on the regis-
try of reduction of neutrons installed in an accessible tube in the soil. It consists of a
neutron emitter source and a scale. A method to determine soil moisture content and
the soil density by means of calibration curve.

NIPPLE—section of a pipe with male threads on both ends.

NITROGEN—is a main element of the plant growth and development of leaves.
Most of nitrogen is absorbed during the vegetative growth period.

NUTRIENT—any element that is absorbed by the plant.

OASIS EFFECT—effect of dry zones that surround the microclimate of relatively
small soil extensions, where an air mass that move towards an irrigated area can pro-
vide sensible heat.

OBSTRUCTION—Ioss in pressure of the system due to particles or suspended solids
are accumulated in lines, filters or drippers. The obstructions are a most serious prob-
lem in the drip irrigation system. Clogging can cause serious losses

ONION SHAPE—pattern of moisture caused by the drip irrigation. It simulates a
half onion.

ORGANIC MATTER—the residual of plants and animals in several states of decom-
position, alive organisms of the soil and substances synthesized by these organisms.

OSMATIC MECHANISM—is a pressure exerted on the living bodies due to un-
equal concentration of salts on both sides of a cellular wall or a membrane. The water
will move from a low concentration of salts through the membrane towards the high
concentration of salts, and therefore, exerts additional pressure on the side of mem-
branes.

OSMOSIS—Diffusion through a semi permeable membrane.

PANEL, FIELD—In computerized irrigation system with a series of field controls
the system manually or by remote control. In the completely automated system, the
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signals are transmitted to individual points in the field; the field panel also collects
information (value of water pressure, etc) and transmits to the principal panel.

PANEL, CENTRAL CONTROL—the central panel allows a complete control of all
the field operations, sending instructions to the field panels, and obtaining continuous
data on the operation of the irrigation system. Irrigation programmer, a unit for the
transmission information consists of a unit, units standard for the control of water in
lateral and a unit for danger signs.

PARASITE—it is an organism that obtains its food while living in or on the body of
other animals or plants.

PARTICLES, SUSPENDED—yparticles found suspended in water. These consist of
soil particles of several sizes (sand, silt, and clay), soil materials washed in open chan-
nels and taken through the pumping units, eroded accumulated material in the depos-
its, and particles eroded from the surface of pipes and fittings.

PATHOGEN—organism that cause plant diseases.

PEAK EVAPOTRANSPIRATION—the maximum rate of daily evapotranspiration
as determined from the average of the seven highest consecutive days expected to
occur.

PEAK IRRIGATION WATER REQUIREMENT—the water quantity needed to
meet the peak evapotranspiration.

PERCENTAGE, WETTING—the percentage of the soil volume in the root zone
which is wetted to field capacity or above (after irrigation) divided by the total poten-
tial root zone of the crop.

PERCOLATION—the downward movement of the water through the soil (see filtra-
tion).
PERIOD, GROWTH—the time between the day of sowing, transplanting, and har-

vesting for a given crop.

PERMANENT WILTING PERCENTAGE—soil moisture at 15 atmosphere of ten-
sion. At this limit, water is not available to plants causing wilting.

pF—logarithm of the soil moisture tension in centimeters of a column.

pH—Ilogarithm of the reciprocal of the hydrogen ion concentration. It is expressed
in terms of pH of the solution. For example, a pH of <7 is acid and from 7 to 12 is
alkaline.

PHOTOSYNTHESIS—is a production of nutritional substances from carbon diox-
ide, water, and minerals in the presence of a solar energy and the chlorophyll in green
plants. It is opposite of respiration.

PHSYCROMETER—instrument to measure the air humidity.
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PHYSICAL AGENT—accumulation of sand, clay, and organic matter that can ob-
struct lines and drippers.

PLANT POPULATION—number of plants per unit of area of a crop.

PLASMOLYSIS—is a separation of the cytoplasm of the cellular wall as a result of
the osmotic water movement. The plasmolysis increases the concentration of salts.
The osmotic movement of the water occurs from a cell towards a concentrated soil
solution.

PLASTIC RESIN—is an adapted material to mold emitters (emitting or jets). It must
be strong, resistant to the solar radiation and black color to avoid the growth of algae.
The finished product must maintain its original dimensions under climatic variations,
and must not alter the flow characteristics of an emitter.

PLOW LAYER (COMPACT SOIL LAYER)—is a plow layer or hard soil that does
not permit penetration and growth of the roots and affects water infiltration through
this layer.

PLUG - an accessory that is threaded or is without threads. It is placed at the end of a
pipe to stop flow of water.

POLYETHYLENE—is an ethylene of the cured thermoplastic resin group (-CH2
CH2-). It is very resistant to chemical agents and any degree of flexibility or rigidity
can be given during the manufacturing process. Each manufacturing step adds chemi-
cal agent to create desired properties.

POLYMER-—an organic molecule composed of many similar molecules, for exam-
ple, the starch is composed of glucose units.

POLYPROPYLENE—it is plastic resin. It is used frequently to manufacture drip-
pers. This plastic is a propylene polymer, a substance which is similar to polyethylene.

POLYVINYL CHLORIDE, PVC—is a vinyl chloride polymer. It is a thermoplastic
resin (-CH,CH -) resistant to ambient conditions. If it is exposed to sun light for longer
periods, it will lose the plastic properties gradually. Therefore, the PVC tubes should
not be left on the soil surface but should be buried or installed below the soil surface.

POROSITY—a fraction of soil space that is not occupied by soil particles.

POROUS CERAMIC TIP—consists of porous membrane cup with a vast number
of small pores. It is closed at one end and other end is connected to tensiometer. It is
installed in the root zone at the desired depth, to measure tension.

POROUS SPACE—is the total space that is not occupied by soil particles in the total
volume of soil.

POTASSIUM—the plant need high quantities of potassium that is supplied by the
natural reserves in the soil or chemical or chemical fertilizers.

POTENTIAL OF THE SOIL MOISTURE, TOTAL—is a sum of all the contribut-
ing forces that act on the soil moisture. Pt = Pg + Po +

© 2013 Taylor & Francis Group, LLC



308 Management of Drip/Trickle or Micro Irrigation

POTENTIAL, SOIL WATER—is a result of absorption and capillary forces. The net
effect of these two forces is to reduce the free energy of the soil water. It affects the
soil moisture retention during the soil water movement.

POTENTIAL (m)—is an energy to take a unit weight of the object from a datum line
to a desired location. Units are force x distance. It can also be measured in terms of
potential head (P=yh).

POTENTIAL, CAPILLARY—is a work that is required to move a unit mass of
water against the capillary forces from the surface of the water to a specified location.

POTENTIAL, GRAVITATIONAL—is due to a gravity force on the free soil water.

POTENTIAL, OSMATIC (SOIL)—it is attributed to the salts dissolved in the soil
solutions. The dissolved substances may be or may not be ionic, but the net effect to
reduce the free energy of the water. The osmotic potential has little effect the move-
ment of the soils water. It may affect the water absorbed by the plant roots. The mem-
brane of the roots, which transmits water more water vapor movement because the
water vapor pressure reduces the presence of undisolved salts.

POTENTIAL, PRESSURE—includes the effect that may increase or decrease the
pressure in the free energy of the soil water.

PRECIPITATION—total amount of precipitation (rainfall, drizzle, snow, ice, hail,
fog, and condensation), expressed in depth of water that could cover a horizontal plane
in absence of runoffs infiltration or evapotranspiration (mm/dia).

PRECIPITATION OF CHEMICAL COMPOUNDS—deposit of solid compounds
in the lines and emitters as a result of chemical reactions or chemigation.

PREEMERGENT—a chemical agent (fertilizers or herbicides or pesticides) that is
applied before the emergency of the weeds or crops.

PRESSURE—the force propelling water through pipes. Common household static
(non-flowing) pressure is 50—70 psi (pounds per square inch). Irrigation systems oper-
ate under dynamic (flowing) water pressure that is reduced with elevation gain and
friction loss through rubbing on the sides of pipes. Long lengths of pipe generally
result in low pressure at the ends of the run. Divide a large irrigation zone into smaller
ones, to minimize frictional losses.

PRESSURE, VAPOR—pressure exerted by the water vapor contained in the air (mil-
libar).

PRESSURE CONTROLER—is used in pressure irrigation systems such as sprinkler
or trickle. It regulates pressure in the system. It is also called pressure regulator valve
or pressure-relief valve.

PRESSURE LOSS—reduction in pressure from a pump to any point in the field.
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PRESSURE MEMBRANE—is a permeable membrane to water and less permeable
to the wet gases: through which the water can escape from the soil sample in response
to a pressure gradient.

PRESSURE REGULATOR—a device that reduces incoming water pressure for
low-pressure drip systems. Typical household water pressure is 50—-60 psi while drip
systems are designed to operate at around 20-30 psi depending on the manufacturer.

PRESSURE, SATURATED VAPOR—is a vapor pressure when the air is saturated
at given temperature (millibar).

PRESSURE, GAGE—measures the pressure across the filters and the pressure in the
secondary lines or at any location.

PRESSURE, ROOT—pressure developed in the roots as a result of the osmosis. It is
a mechanism to fill the guttation and exudation from the cut branches.

PRESSURE, TURGOR—pressure exerted in the liquid by the walls of the plant
cells.

PRESSURE, COMPENSATING EMITTER—an emitter designed to maintain a
constant output (flow) over a wide range of operating pressures and elevations.

PRESSURE, SENSITIVE EMITTER—an emitter that releases more water at the
higher pressures and less at lower pressures found with long mainlines or terrain
changes.

PRINCIPAL AMOUNT—total sum of money that is borrowed for the purchase of
the irrigation system.

PROPYLENE—is a flammable gaseous hydrocarbon, usually obtained from petro-
leum and propane.

PUMP HOUSE—is a small house that has permanent installation of pump, filtration
system, controls, and other regulators of the irrigation system.

PUMP—is a motorized unit that pumps water from a water source through the irriga-
tion pipes. It helps to provide a desired emitter.

PUMP, VACUUM (MANUALLY OPERATED)—is used to remove the air from the
stem of a tensiometer.

PUMP, CENTRIFUGAL—consists of impellers. It can be vertical or horizontal.

PUMP, FERTIGATION—is used to inject the fertilizer solution into the irrigation
system. These can be of two types: (a) The pump that is operated by an external power
and (b) The proportional pump that is operated by the pressure of the irrigation water.

PUMP, SUBMERSIBLE TURBINE—is connected directly to an electrical motor.
The pumping unit has analogous characteristics to the classic pumps for deep wells
with the same pressures and capacities. The high flow rates at desired pressures are
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possible. These types of pumps are used for wells whose depth can exceed 400 meters.
Pumps with are submersible motor are available.

PUMPING STATION—the pump or pumps that provides water and pressure to the
system, together with all necessary equipments such as base, pump, screens, valves,
motor controls, motor protection devices, fences, shelters, and backflow prevention
device.

QUALITY OF IRRIGATION WATER—refers to the purity of the water to the ob-
struction problems in the lateral and emitter.

RADIATION, EXTRATERRESTRIAL—amount of received radiation horizon-
tally at the top of atmosphere.

RADIATION, NET—balance between all the radiation of long wave that enters and
leaves (Rn = Rns + Rnt): it is a measurement of the energy available at the soil surface.

RADIATION, NET (LONG WAVE)—balance between the radiation of long wave
that leaves and enters. (Negative)

RADIATION, NET SOLAR—difference between the radiation of short wave re-
ceived at the soil surface and the reflected radiation by the soil (surface of water or
crop).

RADIATION, SOLAR—amount of radiation of short wave received in a horizontal
plane at the soil surface.

RADIOACTIVE SOURE—is a compound or an element that emits radioactive rays.

RAINFALL—is the main source of soil moisture during the dry periods (see precipi-
tation).

RAINFALL, EFFECTIVE—usable rainfall in agreement with the water require-
ments of the crop. This excludes deep percolation, run-off, and interception.

RATOONS—are plants that bloom repeatedly conserving all and freshness and green-
ish. All the meristem does not enter the reproductive phase at same time.

REDUCER—an accessory to reduce the size of exit terminal of a pipe. Both or com-
bination of both ends can be threaded or not.

RELATIVE HUMIDITY—amount of real water vapor present in the air. It is an
amount of water vapor that the air can retain at a given temperature.

RESIDUAL VALUE—is a junk value after which the equipment is not useful.

RESPIRATION—is sugar consumption by the plants in the presence of oxygen and
moisture. It is opposite to oxidation.

RISK RANGE—one talks about the variable amounts of water provided to the soil:
the discharge of the drippers, the amount of water applied during an irrigation interval.
It is possible to predict the effect of each one of these factors, because the soil proper-
ties affect these factors.
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ROOT ZONE—the root zone of a plant is defined as the soil depth (m) from which
the plant extracts moisture.

RUNOFF—is an excess water that runs on the soil surface. This is a principal con-
tributor to the soil erosion.

SALINITY—excess of soluble salts in the soil solution with sufficient concentration
to harm the plants and to reduce the crop yield.

SALT INDEX—is defined as the degree of increase in the osmatic pressure of the
soil solution due to a fertilizer, in comparison with the osmatic pressure created by
an equivalent amount of NaNO3. With an increase in the osmatic pressure of the soil
solution, the ability of the plant to absorb reduces and the rate or plant growth and crop
yield are reduced.

SALTS—amount of soluble salts in the soil, expressed in terms of percentage or parts
by million, and so forth.

SAND—soil particles whose diameter is from 0.05 to 1 mm.
SATURATION——condition of the soil when all the capillary spaces are full of water.
SILT—it is a soil particle whose diameter varies from 0.002 to 0.05 mm.

SLOPE EFFECT—is a variation in the hydrostatic pressure in the main, submains,
and laterals of irrigation system to a change in elevation in ground surface.

SOIL—a natural substance of the intemperization of minerals and the decomposition
of organic matter that covers the soil surface, in which plants grow.

SOIL, APPARENT DENSITY—is a ratio mass of soil to volume of soil particles
including the pore space of the sample. It is expressed in grams per cubic centimeters.

SOIL COVERAGE, COMPLETE—when the soil is 100% covered by crop or veg-
etative growth.

SOIL COVERAGE, EFFECTIVE—is a percentage of covered soil offered by the
crop when the evapotranspiration is near its maximum value.

SOIL FLUSHING REQUIREMENTS—fraction of the irrigation water that enters
the soil and that flows indeed to traverse and beyond of the roots zone by salinity. It is
the minimum amount of water necessary for the control of soil salinity.

SOIL MOISTURE—see water content of soil.

SOIL PERMEABILITY—a process with which the gases, liquids or plant roots pen-
etrate or pass through a soil or

SOIL PROFILE—it is a vertical section of the soil.

SOIL SAMPLER (AUGER)—is used for taking soil samples from a desired depth.
It is necessary for the installation of tensiometer.
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312  Management of Drip/Trickle or Micro Irrigation

SOIL STRUCTURE—is an arrangement of soil particles to form aggregates, which
are in a variety of recognized forms: large, small, and so forth.

SOIL TEXTURE—is a percentage of sand, silt, clay in a given soil class: (a) Sand:
mineral particles with diameter of 0.05—1.0 millimeter; (b) The silt: mineral particles
with diameter of 0.002—0.05 millimeter; (c) Clay: mineral particles smaller of diam-
eter of <0.002 millimeter.

SOIL, ALKALINE—soil class that has high percentage of clay an excessive degree
of saturation with free sodium, and with an non appreciable amount of soluble salts.

SOIL, CATION EXCHANGE CAPACITY—is a total amount of cations that a soil
can adhere by cation exchange, usually expressed in milliequivalents in 100 grams
of soil. The measurement of the cationic capacity depends on the method employed.

SOIL, CLAYEY—is applied to any class of ground that contains a high percent of
clay. Soil with high fine particle content, particularly clay, is difficult to plow.

SOIL, FIELD CAPACITY—amount of water retained by the soil after abundant ir-
rigation or heavy rainfall; and when the rate of downward water movement has ceased;
and the gravitational water has been eliminated. It is water content in the soil at a ten-
sion of 0.33 bar.

SOIL, INFILTRATION CAPACITY—is a speed at which the water moves through
the soil.

SOIL, LOW WATER TENSION OF THE—in drip irrigation, the soil moisture con-
tent does not exceed the field capacity. Deficit implies that the matrix tension does
not exceed 30-50 bars. Low moisture tension is difficult to maintain with any other
irrigation system.

SOIL PARTICLES—soil particles of diameter between from 0.20 to 0.005 microns.
SOIL, SANDY—soil class with high percentage of sand and is easy to cultivate.
SO--IL, SILTY—soil class with 1-21% clay, 28-50% silt, and <52% of sand.

SOLAR EFFECT—is determined by calculating the theoretical length of the day
during the vegetative period of different crops.

SOLUBILITY—property with which a solid is dissolve in a liquid. The solubility can
depend on the dissolvent, the dissolved substance and temperature.

SOLUBLE—the relative capacity of a solid compound to dissolve in a given liquid.
SPECIFIC GRAVITY OF THE SOIL—ratio of weight of dry soil to soil volume.

STATION, CONTROL——can include facilities to measure and to regulate the water
flow, operation, filtration, chemigation, pressure, and other irrigation instruments.

STATION, SELECTOR—it is an indicating point that is used for two purposes (i) A
visual reference that demonstrates to the operator which field station is being irrigated
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during an automatic cycle of irrigation; (ii) Manual selector that is manually operated
to irrigate a desire field.

STATION, PUMP—is a permanent small house that has a pump, engine or motor,
filtration system, chemical injection equipment, main irrigation controller and all nec-
essary fittings, valves, and accessories.

STATION, TENSIOMETER—is a representative location in the field where the ten-
siometer is installed to obtain suction readings.

STATISTICAL UNIFORMITY—an estimate of the uniformity of emitter discharge
rates throughout an existing microirrigation system.

STOMATE—is a small opening between the epidermic cells specialized in epidermis
of the leaves and herbaceous stems, through which the exchange of gases occurs.

SUBMAIN UNIT—independently controlled irrigation unit usually covering from 1
to 5 ha and including a submain manifold lateral lines and emitters.

SUNSHINE DAY LIGHT HOURS—number of daily sunshine hours. It is also de-
fined as the duration or burns on a hydrograph of “Campbell Stokes” recorder.

SUPPLY DEMAND—water replaced independently to satisfy the necessity of irriga-
tion needs.

SUPPLY FACTOR—the rate between the possible maximum supply and the real
supply in cubic meters per second.

SUPPLY REQUIREMENT—the rate of the maximum requirement by daily provi-
sion during the period of maximum water use.

SUPPLY, MAXIMUM IRRIGATION—average water requirement during the high-
est crop water use, based on cropping patter, crop rotation, and climate.

SYSTEMIC—are compounds with a property to pass through epidermis of the leaves,
stems, roots or seeds; and can go up it selves to the sap, which them transports it to all
the parts of plant.

TEMPERATURE, DEW POINT—temperature at which the air is cooled off and is
saturated of water and at which the water vapor begins to condense.

TEMPERATURE, WET BULB—temperature given by a thermometer whose bulb
is surrounded by a fine cotton piece. This allows reducing the temperature by means
of loss of latent heat due to evaporation.

TENSIOMETER—measures the soil suction caused by soil capillary pores. It con-
sists of a porous ceramic tip that is introduced in the soil at a desired depth and is
hermetically connected to a tube and a vacuum gage that is graduated in centibars
(0-100 cbars).

TENSIOMETER GRAPH—is a graph of the tensiometer readings. This can help to
indicate when to irrigate and the duration of irrigation.
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314 Management of Drip/Trickle or Micro Irrigation

TENSIOMETER, DEAERATION—is a process to remove the accumulated air in
tensiometer. A manual vacuum pump or a polyethylene tube of 0.125 centimeter (1/8
inch) of diameter can be used for this purpose.

TENSION—see tension of soil moisture.

TENSION, (SUCTION) SOIL MOISTURE—suction with which the moisture is
retained in the soil. The tension is caused by forces with which the water is attached
to soil particles.

TENSION, OSMATIC—retention of water by soil particles in the soil solution.

TERM, LOAN—time for which the loan is approved by the bank to purchase the ir-
rigation system.

TEST D.P.D—calorimetric method to measure total chlorine and free chlorine avail-
able in the water.

TEXTURE—in clayey soils, the clay predominates. In coarse texture, sand predomi-
nates.

THORNTHWAITE METHODO—Thornthwaite developed an empirical equation
based on the monthly average temperature to calculate evapotranspiration.

TIME, MAXIMUM—highest value of all observations to take a known quantity of
water from drippers. This value is used to evaluate uniformity of application of water.

TIME, MINIMUM—Ilowest value of all observations to take a known amount of
water from the dripper.

TOXIC—substance that can cause poisoning.

TRANSPIRATION—Ioss of water from the surface of a plant that is regulated by
physical processes.

TREATMENT, ACID—to prevent partial obstruction of drippers because of salts.
The irrigation system can be washed with some acids that are not detrimental to plant
growth.

TREATMENT, HOT WATER—water at 80 centigrade is allowed through the irriga-
tion system to avoid damage by freezing.

TUBE WALL (DOUBLE WALL OR BIWALL)—are drip lines that consist of two
chambers. The inner chamber maintains a high pressure (50—150 cbs) in a diameter of
approximately 1.25 cm. The outer chamber contains orifices in the wall of a tube at
given intervals. The water leaves the tube at low pressure through the orifices to wet
the soil.

TURBINE PUMP FOR A DEEP WELL—has an impeller with radial vanes. It may
be suspended vertically inside the unloading pipe of a well. The impeller can be cen-
trifugal, axial, or of an intermediate type depending on the desired pressure for a given
flow rate.
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TURBULENT FLOW EMITTER—emitters with a series of channels that force wa-
ter to flow faster not allowing particles to settle out and plug the emitter.

UNIFORMITY OF WATER APPLICATION—to evaluate a drip irrigation system
with respect to the rate of application of water by the emitters.

UNLEVELED——change in elevation of the land may cause gain or loss in the pres-
sure. A change of elevation of 2.3 feet is equivalent to change in the pressure of 2.3 psi.

VALVE, AIR RELIEF (VACUUM BREAKER)—removes air in the irrigation line.
It must be installed at the highest location in the field.

VALVE, CHECK (SAFETY)—allows the flow of the water only in the forward di-
rection. It avoids contamination.

VALVE, FLUSHING—is at the end of the drip lines to clean the system when taking
out the dirty water out of lateral lines.

VALVE, FOOT—it stops back flow of water to the water resource. It is made of
bronze, galvanized iron, steel, PVC, polyethylene, and so forth.

VALVE, GATE (BALL)—allows certain amount of water through the pipe.
VALVE, ONE WAY—see check valve.

VALVE, SOLENOID——controls the amount of water in the submain or lateral by an
electrical current.

VALVE, VOLUMETRIC—measures volume of water that is applied to a field.

VAPOR PRESSURE GRADIENT—is a difference between the free air vapor con-
tent on the crop and the content of vapor in the evaporative surface.

VENTILATION—is a process by which there is exchange of air and other gases of
the soil. The index of ventilation of the soil depends on the size and number of soil
pores and the soil moisture.

WATER AMENDMENTS—in addition to fertilizers, pesticides, micro nutrients, and
other water additives to improve the crop yield, water amendments are used for chemi-
cal treatment of the water to reduce the obstruction of drippers.

WATER AVAILABLE—amount of water in the soil that is available to the plants. It
is a soil moisture content between the field capacity and the point of permanent wilt-

ing.
WATER BALANCE IN THE SOIL—sum of all moisture entering into the soil sys-
tem and water loss, in a given period of time, mm/period.

WATER CONTENT OF THE SOIL—is a depth of water contained in the soil. It is
a ratio of the mass of water to the mass of dry, or a ratio of the volume of water to a
unit of volume of soil, sample. It can be expressed on the basis of wet or dry weight of
a soil sample. It is called soil moisture content.
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WATER SOURCE—it supplies amount of water needed for irrigation system. It can
be a well, lake, river, reservoir tank, or a natural fall of water, and so forth.

WATER STORAGE IN SOIL—quantity of stored water in a root zone due to rain-
fall, snow, or irrigation applications. This meets crop water requirements in subse-
quent periods, partially or completely.

WATER, CAPILLARY—water that is retained by capillary pores of the soil. It is an
amount of water that is retained in the soil between the field capacity and the hygro-
scopic tension.

WATER, GRAVITATIONAL—water that is retained in the soil between the point of
saturation and the field capacity. This water can be drained easily from the soil due to
a gravitational force.

WATER, HYGROSCOPIC—absorbed water in the vapor form due to suction forces
that attract it to the surface of soil particles.

WATER, NON-AVAILABLE—water retained in the soil and that is not available to
the plants.

WEEDS—are unwanted plants in the vicinity of a given crop.

WILTING PERCENTAGE, PERMANENT—is a seasonal wilting shown by the
plants due to the deficiency of water to compensate the loss by transpiration. This is
called incipient wilting.

WIND VELOCITY—speed of wind at a height of two meters from the soil surface in
an environment without barriers.

ZONE—the section of an irrigation system that can be operated at one time.
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APPENDIX A
CONVERSION SI AND NON SI UNITS

To convert the Column 1 Column 2 To convert the column
column 1 in the Unit Unit 2 in the column 1
Column 2, SI Non-SI Multiply by
Multiply by
LINEAR
0.621 kilometer, km (10°m) miles, mi 1.609
1.094 meter, m yard, yd 0.914
3.28 meter, m feet, ft 0.304
3.94 x 107 millimeter, mm (10-%) inch, in 254
SQUARES
2.47 hectare, he acre 0.405
2.47 square kilometer, km? acre 4.05 %107
0.386 square kilometer, km? square mile, mi? 2.590
2.47 x10%  square meter, m? acre 4.05 %107
10.76 square meter, m? square feet, ft? 9.29 x 1072
1.55x 103 mm? square inch, in? 645
CUBICS
9.73 x 1073 cubic meter, m? inch-acre 102.8
353 cubic meter, m? cubic-feet, ft? 2.83 x 107
6.10 x 10* cubic meter, m? cubic inch, in? 1.64 x 107
2.84 %102  liter, L (107 m®) bushel, bu 35.24
1.057 liter, L liquid quarts, qt 0.946
3.53 x 102 liter, L cubic feet, ft? 283
0.265 liter, L gallon 3.78
33.78 liter, L fluid ounce, oz 2.96 x 107
2.11 liter, L fluid dot, dt 0.473
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WEIGHT

220 x 10  gram, g (107 kg)
3.52x102  gram, g (107 kg)
2.205 kilogram, kg
1072 kilogram, kg
1.10 x 10°  kilogram, kg
1.102 mega gram, mg
1.102 metric ton, t

YIELD AND RATE

0.893 kilogram per hectare
7.77 x 102 kilogram per cubic meter
1.49 x 1072 kilogram per hectare
1.59 x 102 kilogram per hectare
1.86 x 102 kilogram per hectare
0.107 liter per hectare

893 ton per hectare

893 mega gram per hectare
0.446 ton per hectare

2.24 meter per second

SPECIFIC SURFACE

pound,

ounce, 0z

pound, 1b

quintal (metric), q
ton (2000 1bs), ton
ton (US), ton

ton (US), ton

pound per acre
pound per fanega
pound per acre, 60 Ib
pound per acre, 56 1b
pound per acre, 48 b
galloon per acre
pound per acre
pound per acre

ton (2000 Ib) per acre
mile per hour

454
28.4
0.454
100
907
0.907
0.907

1.12

12.87
67.19
62.71
53.75

9.35
1.12x 107
1.12 x 1073
2.24

0.447

10 square meter per square centimeter per
kilogram gram 0.1
103 square meter per square millimeter per
kilogram gram 10
To convert the Column 1 Column 2 To convert the column
column 1 in the Unit Unit 2 in the column 1
Column 2, SI Non-SI Multiply by
Multiply by
PRESSURE
9.90 megapascal, MPa atmosphere 0.101
10 megapascal bar 0.1
1.0 megagram per cubic gram per cubic
meter centimeter 1.00
2.09 x 1072 pascal, Pa pound per square feet 47.9
1.45%x10*  pascal, Pa pound per square inch 6.90 x 10°
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TEMPERATURE

1.00 (K —273) Kelvin, K centigrade, °C 1.00 (C +273)
(1.8C+32) centigrade, °C Fahrenheit, °F (F-32)/1.8
ENERGY

9.52x10*  JouleJ BTU 1.05 x 10°
0.239 Joule, J calories, cal 4.19
0.735 Joule, J feet—pound 1.36
2.387 x 10°  Joule per square meter calories per square centimeter  4.19 x 10*
103 Newton, N dynes 107

WATER REQUIREMENTS

9.73 x 103 cubic meter inch acre 102.8
9.81 x 103 cubic meter per hour cubic feet per second 101.9
4.40 cubic meter per hour galloon (US) per minute 0.227
8.11 hectare-meter acre-feet 0.123
97.28 hectare-meter acre-inch 1.03 x 1072
8.1 x 107 hectare centimeter acre-feet 12.33

CONCENTRATION

1 centimol per kilogram milliequivalents per

100 grams 1
0.1 gram per kilogram percents 10
1 milligram per kilogram parts per million 1

NUTRIENTS FOR PLANTS

229 P PO, 0.437
1.20 K K,0 0.830
1.39 Ca Ca0 0.715
1.66 Mg MgO 0.602

NUTRIENT EQUIVALENTS

Conversion Equivalent
Column A Column B AtoB BtoA
N NH, 1.216 0.822
NO, 4.429 0.226
KNO, 7.221 0.1385
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Conversion Equivalent
Column A Column B AtoB BtoA
Ca(NO,), 5.861 0.171
(NH,),SO, 4.721 0.212
NH,NO, 5.718 0.175
(NH,), HPO, 4.718 0.212
P P,0; 2292 0.436
PO, 3.066 0.326
KH,PO, 4.394 0.228
(NH,), HPO, 4.255 0.235
H,PO, 3.164 0.316
K K,0 1.205 0.83
KNO, 2.586 0.387
KH,PO, 3.481 0.287
Kcl 1.907 0.524
K,SO, 2.229 0.449
Ca CaO 1.399 0.715
Ca(NO,), 4.094 0.244
CaCl, 6H,0 5.467 0.183
CaSO, 2H,0 4.296 0.233
Mg MgO 1.658 0.603
MgSO, 7H,0 1.014 0.0986
S H,SO, 3.059 0.327
(NH,), SO, 4.124 0.2425
K,SO, 5.437 0.184
MgSO, 7H,0 7.689 0.13
CaSO, 2H,0 5.371 0.186
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APPENDIX B
PIPE AND CONDUIT FLOW

PIPE AND CONDUIT FLOW

For sudden enlargements and sudden
contractions the equivalent length is in meters or
feet of pipe of the smaller diameter, d.

The dashed line shows the determination

of the equivalent length of a 6-in,

standard elbow.
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APPENDIX C
PERCENTAGE OF DAILY SUNSHINE HOURS: FOR NORTH AND SOUTH
HEMISPHERES
Latitude Jan Feb Mar April May June July Aug Sept Oct Nov Dec
NORTH
0 850 7.66 849 821 850 822 850 849 821 850 822 850
5 832 757 847 329 865 841 867 860 823 842 807 830
10 813 747 845 837 881 860 886 871 825 834 791 810
15 794 736 843 844 898 880 9.05 883 828 820 775 7.88
20 7.74 725 841 852 915 9.00 925 896 830 818 7.58 7.66
25 7.53  7.14 839 861 933 923 945 9.09 832 809 740 752
30 730 7.03 838 871 953 949 9.67 922 833 799 719 7.15
32 720 697 837 876 9.62 959 9.77 927 834 795 711 7.05
34 7.10 691 836 880 9.72 970 9.88 933 836 790 7.02 692
36 699 6.85 835 885 9.82 982 999 940 837 785 692 6.79
38 6.87 6.79 834 890 992 995 10.10 947 338 780 682 6.66
40 676  6.72 833 895 10.02 10.08 1022 9.54 839 775 672 752
42 6.63 6.65 831 9.00 10.14 1022 1035 9.62 840 7.69 6.62 6.37
44 649 6.58 830 9.06 1026 1038 1049 9.70 841 7.63 649 6.21
46 634 650 829 9.2 1039 10.54 10.64 9.79 842 757 636 6.04
48 6.17 641 827 9.8 1053 10.71 10.80 9.89 844 751 623 586
50 598 630 824 924 10.68 1091 1099 10.00 835 745 6.10 5.64
52 577 6.19 821 929 1085 11.13 11.20 10.12 849 739 593 543
54 555 6.08 818 936 11.03 11.38 11.43 1026 851 7.20 574 5.18
56 530 595 815 945 1122 11.67 11.59 1040 853 721 554 4389
58 501 581 812 955 1146 12.00 11.98 10.55 855 7.10 431 4.56
60 4.67 565 808 9.65 11.74 1239 1231 10.70 857 698 504 422
SOUTH
0 850 7.66 849 821 850 822 850 849 821 850 822 850
5 8.68 7.76 851 815 834 805 833 838 819 856 837 8.68
10 886 7.87 853 809 818 7.86 814 827 817 8.62 853 8.88
15 9.05 798 855 802 802 765 795 815 815 868 870 9.10
20 924 809 857 794 785 743 776 803 813 876 887 933
25 946 821 860 7.74 7.66 720 754 790 811 886 9.04 958
30 9.70 833 862 773 745 696 731 776 807 897 924 9.85
32 981 839 863 7.69 736 685 721 770 806 9.01 933 996
34 992 845 8.64 764 727 674 7.0 763 805 9.06 942 10.08
36 10.03 851 865 759 718 6.62 699 756 804 9.11 9351 1021
38 10.15 857 866 7.54 7.08 650 6.87 749 8.03 9.16 961 10.34
40 1027 8.63 867 749 697 637 676 741 8.02 921 971 1049
42 10.40 870 8.68 7.44 6.85 623 6.64 733 801 926 98 10.64
44 10.54 878 8.69 738 673 608 651 725 799 931 994 10.80
46 10.69 886 890 732 6.61 592 637 7.6 796 937 10.07 10.97
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APPENDIX D

PSYCHOMETRIC CONSTANT (A) FOR DIFFERENT ALTITUDES (Z)

C,P L
L= 0.665x10

Y=
S

VA A z A z A z A
(m) kPa/°C (m) kPa/°C (m) kPa/°C (m) kPa/°C

0 0.067 1000 0.060 2000 0.053 3000 0.047
100 0.067 1100 0.059 2100 0.052 3100 0.046
200 0.066 1200 0.058 2200 0.052 3200 0.046
300 0.065 1300 0.058 2300 0.051 3300 0.045
400 0.064 1400 0.057 2400 0.051 3400 0.045
500 0.064 1500 0.056 2500 0.050 3500 0.044
600 0.063 1600 0.056 2600 0.049 3600 0.043
700 0.062 1700 0.055 2700 0.049 3700 0.043
800 0.061 1800 0.054 2800 0.048 3800 0.042
900 0.061 1900 0.054 2900 0.047 3900 0.042
1000 0.060 2000 0.053 3000 0.047 4000 0.041

Note: Based on A = 2.45 M kg™' at 20°C.

APPENDIX E

SATURATION VAPOR PRESSURE [E°(T)] FOR DIFFERENT TEMPERATURES

()

e"(T)=10.6108exp [ﬂ]
T+273.3

T e, T e>(T) T e°(T) T e,
°C KkPa °C kPa °C kPa °C kPa
1.0 0.657 13.0 1.498 25.0 3.168 37.0 6.275
1.5 0.681 13.5 1.547 25.5 3.263 375 6.448
2.0 0.706 14.0 1.599 26.0 3.361 38.0 6.625
25 0.731 14.5 1.651 26.5 3.462 385 6.806
3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991
35 0.785 155 1.761 27.5 3.671 39.5 7.181
4.0 0.813 16.0 1.818 28.0 3.780 40.0 7.376
4.5 0.842 16.5 1.877 28.5 3.801 40.5 7.574
5.0 0.872 17.0 1.938 29.0 4.006 41.0 7.778
5.5 0.903 17.5 2.000 29.5 4.123 41.5 7.986
6.0 0.935 18.0 2.064 30.0 4.243 42.0 8.199
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" (T) = 0.6108exp [ﬂ]
T+273.3

T e, T e(T) T e(T) T e,

°C KkPa °C kPa °C kPa °C kPa

6.5 0.968 18.5 2.130 30.5 4366 425 8.417
7.0 1.002 19.0 2.197 31.0 4.493 43.0 8.640
75 1.037 19.5 2.267 315 4.622 435 8.867
8.0 1.073 20.0 2.338 32.0 4.755 44.0 9.101
8.5 1.110 205 2412 325 4.891 445 9.339
9.0 1.148 21.0 2.487 33.0 5.030 45.0 9.582
9.5 1.187 215 2.564 335 5.173 455 9.832
10.0 1.228 22.0 2.644 34.0 5319 46.0 10.086
10.5 1.270 225 2.726 345 5.469 46.5 10.347
11.0 1313 23.0 2.809 35.0 5.623 47.0 10.613
11.5 1.357 235 2.896 355 5.780 475 10.885
12.0 1.403 24.0 2.984 36.0 5.941 48.0 11.163
12.5 1.449 245 3.075 36.5 6.106 485 11.447

APPENDIX F

SLOPE OF VAPOR PRESSURE CURVE (A) FOR DIFFERENT TEMPERATURES
M

4098 [0.6 108exp (17277")]

Ao 1+2733
(T+237.3)

T A T A T A T A
°C kPa/°C °C kPa/°C °C kPa/°C °C kPa/°C
1.0 0.047 13.0 0.098 25.0 0.189 37.0 0.342
1.5 0.049 13.5 0.101 25.5 0.194 37.5 0.350
2.0 0.050 14.0 0.104 26.0 0.199 38.0 0.358
2.5 0.052 14.5 0.107 26.5 0.204 385 0.367
3.0 0.054 15.0 0.110 27.0 0.209 39.0 0.375
3.5 0.055 15.5 0.113 27.5 0.215 39.5 0.384
4.0 0.057 16.0 0.116 28.0 0.220 40.0 0.393
4.5 0.059 16.5 0.119 28.5 0.226 40.5 0.402
5.0 0.061 17.0 0.123 29.0 0.231 41.0 0.412
5.5 0.063 17.5 0.126 29.5 0.237 41.5 0.421
6.0 0.065 18.0 0.130 30.0 0.243 42.0 0.431
6.5 0.067 18.5 0.133 30.5 0.249 42.5 0.441
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4098 [0.6108 exp(m)]
A T+273.3
(T+237.3)
T A T A T A T A
°C kPa/°C °C kPa/°C °C kPa/°C °C kPa/°C
7.0 0.069 19.0 0.137 31.0 0.256 43.0 0.451
7.5 0.071 19.5 0.141 31.5 0.262 43.5 0.461
8.0 0.073 20.0 0.145 32.0 0.269 44.0 0.471
8.5 0.075 20.5 0.149 32.5 0.275 44.5 0.482
9.0 0.078 21.0 0.153 33.0 0.282 45.0 0.493
9.5 0.080 21.5 0.157 335 0.289 455 0.504
10.0 0.082 22.0 0.161 34.0 0.296 46.0 0.515
10.5 0.085 22.5 0.165 345 0.303 46.5 0.526
11.0 0.087 23.0 0.170 35.0 0.311 47.0 0.538
11.5 0.090 23.5 0.174 355 0.318 475 0.550
12.0 0.092 24.0 0.179 36.0 0.326 48.0 0.562
12.5 0.095 24.5 0.184 36.5 0.334 48.5 0.574
APPENDIX G
NUMBER OF THE DAY IN THE YEAR (JULIAN DAY)

Day Jan Feb March April May June July Aug  Sept Oct Nov Dec
1 1 32 60 91 121 152 182 213 244 274 305 335
2 2 33 61 92 122 153 183 214 245 275 306 336
3 3 34 62 93 123 154 184 215 246 276 307 337
4 4 35 63 94 124 155 185 216 247 277 308 338
5 5 36 64 95 125 156 186 217 248 278 309 339
6 6 37 65 96 126 157 187 218 249 279 310 340
7 7 38 66 97 127 158 188 219 250 280 311 341
8 8 39 67 98 128 159 189 220 251 281 312 342
9 9 40 68 99 129 160 190 221 252 282 313 343
10 10 41 69 100 130 161 191 222 253 283 314 344
11 11 42 70 101 131 162 192 223 254 284 315 345
12 12 43 71 102 132 163 193 224 255 285 316 346
13 13 44 72 103 133 164 194 225 256 286 317 347
14 14 45 73 104 134 165 195 226 257 287 318 348
15 15 46 74 105 135 166 196 227 258 288 319 349
16 16 47 75 106 136 167 197 228 259 289 320 350
17 17 48 76 107 137 168 198 229 260 290 321 351
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Day Jan Feb March April May June July Aug Sept Oct Nov Dec

18 18 49 77 108 138 169 199 230 261 291 322 352
19 19 50 78 109 139 170 200 231 262 292 323 353
20 20 51 79 110 140 171 201 232 263 293 324 354
21 21 52 80 111 141 172 202 233 264 294 325 355
22 22 53 81 112 142 173 203 234 265 295 326 356
23 23 54 82 113 143 174 204 235 266 296 327 357
24 24 55 83 114 144 175 205 236 267 297 328 358
25 25 56 84 115 145 176 206 237 268 298 329 359
26 26 57 85 116 146 177, 207 238 269 299 330 360
27 27 58 86 117 147 178 208 239 270 300 331 361
28 28 59 87 118 148 179 209 240 271 301 332 362
29 29  (60) 88 119 149 180 210 241 272 302 333 363

30 30 - 89 120 150 181 211 242 273 303 334 364
31 31 - 90 - 151 - 212 243 - 304 - 365
APPENDIX H

Z*(T,)* (STEFAN-BOLTZMANN LAW) AT DIFFERENT TEMPERATURES (T)
WITH: Z*(T))* = 4.903 4 10~° M) K* M2 DAY"' AND T, = T[°C] + 273.16

T o*(T,)* T o*(T,)* T o*(T,)*
©C) (MJ m? d) ©°0) (MJ m™ d) ©0) (MJ m? d)
1.0 27.70 17.0 34.75 33.0 43.08
1.5 27.90 175 34.99 335 43.36
2.0 28.11 18.0 35.24 34.0 43.64
25 2831 185 35.48 345 43.93
3.0 28.52 19.0 35.72 35.0 4421
35 28.72 19.5 35.97 355 44.50
4.0 28.93 20.0 36.21 36.0 4479
45 29.14 20.5 36.46 36.5 45.08
5.0 29.35 21.0 36.71 37.0 4537
55 29.56 215 36.96 375 45.67
6.0 29.78 22.0 3721 38.0 45.96
6.5 29.99 225 3747 38.5 46.26
7.0 3021 23.0 37.72 39.0 46.56
75 30.42 235 37.98 39.5 46.85
8.0 30.64 24.0 38.23 40.0 47.15
8.5 30.86 245 38.49 405 47.46
9.0 31.08 25.0 38.75 41.0 47.76
9.5 31.30 255 39.01 415 48.06
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T o*(T,)* T o*(T,)* T o*(T,)*
°C) MJ md™) °C) MJ m?d) °C) MJ m?d)
10.0 31.52 26.0 39.27 42.0 48.37
10.5 31.74 26.5 39.53 425 48.68
11.0 31.97 27.0 39.80 43.0 48.99
11.5 32.19 275 40.06 435 49.30
12.0 32.42 28.0 40.33 44.0 49.61
12,5 32.65 28.5 40.60 445 49.92
13.0 32.88 29.0 40.87 45.0 50.24
13.5 33.11 295 41.14 455 50.56
14.0 33.34 30.0 41.41 46.0 50.87
145 33.57 30.5 41.69 46.5 51.19
15.0 33.81 31.0 41.96 47.0 51.51
155 34.04 315 4224 475 51.84
16.0 34.8 32.0 42.52 48.0 52.16
165 34,52 325 42.80 48.5 52.49

APPENDIX |

THERMODYNAMIC PROPERTIES OF AIR AND WATER
1. Latent Heat of Vaporization (\)
1=2.501-(2.361 x103T
where: A, latent heat of vaporization [MJ kg'] T, air temperature [°C]

The value of the latent heat varies only slightly over normal temperature ranges. A
single value may be taken (for ambient temperature = 20°C): A =2.45 MJ kg

2. Atmospheric Pressure (P)
g

P:P (TKO_a(Z_ZO))a]R
0 T,

K0
where: P, atmospheric pressure at elevation z [kPa]
P atmospheric pressure at sea level = 101.3 [kPa]
z, elevation [m]
z, elevation at reference level [m]
g, gravitational acceleration = 9.807 [m s?]
R, specific gas constant = 287 [J kg K]
a,, constant lapse rate for moist air = 0.0065 [K m™']
T, reference temperature [K] at elevation z = 273.16 + T
T, means air temperature for the time period of calculation [°C]
When assuming P, = 101.3 [kPa] atz =0, and T, =293 [K] for T = 20 [°C], above
equation reduces to:
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293-0.0065z )“6

P=1013
293

3. Atmospheric Density (p)

_1000P
TR

Kv

-1
P e
=3486—and T, =T, (1-0.378—=
T, P
where: p, atmospheric density [kg m=]

R, specific gas constant = 287 [J kg K]

T, virtual temperature [K]

T,, absolute temperature [K]: T, =273.16 + T [°C]

e, actual vapor pressure [kPa]

T, mean daily temperature for 24-hour calculation time steps.

For average conditions (e, in the range 1-5 kPa and P between 80 and 100 kPa),
T, can be substituted by: T, = 1.01 (T +273)

4. Saturation Vapor Pressure (e )

T+273.3
where: e°(T), saturation vapor pressure function [kPa]

eO(T)=O.6llexp( 17271 )

T, air temperature [°C]
5. Slope Vapor Pressure Curve (A)

2504 exp(

17.27T )
A= 4098e"(T) _ T+2732

T+273.3) T+273.3)
( )

where: A, slope vapor pressure curve [kPa C™']
T, air temperature [°C]
¢°(T), saturation vapor pressure at temperature T [kPa]

In 24-hour calculations, A is calculated using mean daily air temperature. In hourly
calculations T refers to the hourly mean, T, .

6. Psychrometric Constant (y)

c,P_ P
=—+—x10"=0.00163—
"= e 2
where: v, psychrometric constant [kPa C']
c, specific heat of moist air = 1.013 [kJ kg™ °C]

P, atmospheric pressure [kPa]: equations 2 or 4
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g, ratio molecular weight of water vapor/dry air = 0.622
A, latent heat of vaporization [MJ kg™']

7. Dew Point Temperature (T, ):
When it is not observed, T, can be computed from e, by:

_ 116.91+237.31n(e,)
dow 16.78 — In(e,)

where: T, dew point temperature [°C]
e, actual vapor pressure [kPa]

For the case of measurements with the Assmann psychrometer, T, can be calcu-
lated from:

1/8
T, =(112+09T,, )(6—) ~112+0.17,,

’(T.a)

8. Short Wave Radiation on a Clear-Sky Day (R_)
The calculation of R | is required for computing net long wave radiation and for check-
ing calibration of pyranometers and integrity of R  data. A good approximation for R |
for daily and hourly periods is:

R =(0.75+2x107° 2R

where: z, station elevation [m]

R, extraterrestrial radiation [MJ m2 d!]

Equation is valid for station elevations less than 6000 m having low air turbidity.
The equation was developed by linearzing Beer’s radiation extinction law as a func-
tion of station elevation and assuming that the average angle of the sun above the
horizon is about 50°.

For areas of high turbidity caused by pollution or airborne dust or for regions
where the sun angle is significantly less than 50° so that the path length of radia-
tion through the atmosphere is increased, an adoption of Beer’s law can be employed
where P is used to represent atmospheric mass:

R, =R, (—o.oqlsp)
K, sin¢g

where: KL turbidity coefficient, 0 <K < 1.0 where K = 1.0 for clean air and K =
1.0 for extremely turbid, dusty or polluted air.

P, atmospheric pressure [kPa]
@, angle of the sun above the horizon [rad]
R, extraterrestrial radiation [MJ m™ d"']
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For hourly or shorter periods, @ is calculated as:
sin @ = sin @ sin 8 + cos @ cos d cos ®
where: o, latitude [rad]
d, solar declination [rad]
o, solar time angle at midpoint of hourly or shorter period [rad]
For 24-hour periods, the mean daily sun angle, weighted according to R , can be
approximated as:

. . (2
sing,, = sm|:0.85 + O.3(psm(%./ —1.39) - 0.42(4

where: @, average ® during the daylight period, weighted according to R, [rad]
¢, latitude [rad]
J, day in the year []

The @,, variable is used to represent the average sun angle during daylight hours
and has been weighted to represent integrated 24-hour transmission effects on 24-hour
R_ by the atmosphere. @,, should be limited to >0. In some situations, the estimation
for R  can be improved by modifying to consider the effects of water vapor on short
wave absorption, so that:

R = (K, +K,) R where:

0.25
0.00146P ( W
K,sing sin ¢

where: K, the clearness index for direct beam radiation

K, =0.98exp

K, the corresponding index for diffuse beam radiation

K,=0.35-0.33 K, for K,>0.15

K,=0.18 +0.82 K, for K, <0.15

R, extraterrestrial radiation [MJ m~ d™']

Kl’ turbidity coefficient, 0 < K < 1.0 where K = 1.0 for clean air and K = 1.0 for
extremely turbid, dusty or polluted air.

P, atmospheric pressure [kPa]

@, angle of the sun above the horizon [rad]

W, precipitable water in the atmosphere [mm] = 0.14 ¢ P+ 2.1
e, actual vapor pressure [kPa]

P, atmospheric pressure [kPa]
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PSYCHROMETRIC CHART AT SEA LEVEL
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Air and water, thermodynamic properties
atmospheric
density, 328

pressure, 327
clear-sky day, short wave radiation,
329-330
dew point temperature, 329
latent heat of vaporization, 327
psychrometric constant, 328-329
saturation vapor pressure, 328
slope vapor pressure curve, 328

American Society of Agricultural and Bio-

logical Engineers (ASABE), 263
Automatic system
central panel, 158
controls, 157
electrically operated tensiometer, 155
field
data, 155-156
panel, 158
hydraulic systems, 154
neutron scattering, 159
operated, 154
pan evaporation, 159
sequential hydraulically operated sys-
tem, 154-155
valves, 156
Automatic valves, 156
Automation
ambient sensors, 153
automatic controller
Bermad, 152
logic diagram, 151
automatic systems
central panel, 158
controls, 157
electrically operated tensiometer,
155
field data, 155-156
field panel, 158
hydraulic, 154

© 2013 Taylor & Francis Group, LLC

neutron scattering, 159

operated, 154

pan evaporation, 159

sequential hydraulically operated

system, 154

valves, 156
automatic valve

controls-to-adjust, 156—157

pressure regulator and reducing, 155
chemical injectors

injection pumps, 153

pressure differential, 153

Venturi meters, 153
drip irrigation, 144
evapotranspiration and evaporation

measurement, 144, 147
fertigation, chemigation equipments,
151
fertilization, irrigation programmer, 150
filters, automatic flushing, 153
gypsum blocks, tensiometers use,
158-159
hydraulic valve, 149
instrumentation, equipments

automatic volumetric valve, 148

controls, 148

valves, 148
irrigation

controller, 144

duration/depth, 144

factors, 144

methods, 144

use of, 158

water, 144
leaf

temperature of, 146

water potential and stress, 146
measure weight of lysimeter sensors
logic diagram, 148
metering valve, 150
methods

combination, 144

plant water stress, 144
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soil moisture, 144
plant water content, 146
pressure irrigation methods, 144
preventive maintenance
crop season, 160
last harvest, 160
principle, 144
Rain Bird, 149
soil moisture, 144
method, 145-146
soil water potential, 145
solenoid valves, 144
operating pressure, 144
variables, 144
stem diameter measurements, 147
system
electrically operated, 157
non-sequential, 157-158
sequential, 157
trouble shooting, 160
water loss processes, 144
Available water, 11

B

Blaney—Criddle method, 47, 48
Blasius formula, 220

C

Capillary water, 11
Charts and design procedures
examples of, 238-244
different sizes of secondary and
lateral lines, 230
lateral line on non uniform slopes,
228-230
main and secondary lines, 230-236
metric system, 223
secondary
and lateral lines, 230
lines on uniform slopes, 223-228,
236-238
Chemical injection methods
selection of pump, 167
chemical components, 167
chemigation process, 167-171
irrigation pump, 172
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pressure difference method,
167-170, 172

pressure pump, 167-169, 171
Venturi principle, 172

Venturi type injector, 167-169

Chemigation

calibration chemical compound, 174
chemical distribution, 166
chemical injection methods
irrigation pump, 172
pressure difference, 172
pressure pump, 167-171
in process, 167-171
recommended materials, 167
selection of pump, 167
Venturi principle, 172
Venturi system, 167
chlorination gas treatment, 175
drip irrigation, 165-166
fertigation
micro nutrients, 174
nitrogen, 173
phosphorus, 173
potassium, 174
solubility of commercial, 172
installation
chemical compounds, 175
electrical devices, 175
maintenance pressurized air, 175-176
operation, 175
pestigation
fungigation, 174
herbigation, 174-175
insectigation, 174
nemagation, 174
safety considerations, 176
automatic solenoid valve, 177
centrifugal and injection pump, 177
plastic tubes, 177-178
spills of pesticides, 177
trouble shooting, 178

Chloration method

amount calculating, 192-193

chlorine concentrations, 191
dosages, 191
growth of microorganisms, 191-192
requirements, 191
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D.P.D. method, 192
drip irrigation system, 190
Climatic methods
Blaney—Criddle equation, 40—41
Doorenbos and Pruitt modified by
Penman, 40
Hargreaves equation, 44—45
Jensen—Haise equation, 42
Linacre equation, 45
Makkink equation, 45-46
Monteith modified by Penman, 3940
Pan coefficient for, 43—44
Penman formula, 39
Priestly and Taylor equation, 46
Radiation equation, 46
Regression equation, 46
Samani and Hargreaves modified, 45
Shih modification, 42
Stephens—Stewart, solar radiation data,
43
Thornthwaite, 40
Clogging agents
prevention
biological agents, 209-210
chemical agents, 209
pH of irrigation water, acid required,
209-210
physical agents, 209
prevention of obstruction, 197
Crop coefficients, 48, 50
alfalfa, 49
curve, 49
Crop evapotranspiration (ET,), 51
Blaney—Criddle method, 48
Cyperus rotundus L., 276

D
Drip irrigation
advantages of, 105-106
arrangements of, 118
controls, 109-112
flushing valve, 112
pressure gage, 109-110
pressure regulator, 110, 112
solenoid valves, 111
vacuum breaker, 111-112
crop, 76
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design efficiency, 77
principal limitation, 75
disadvantages of, 106—107
distribution system
fruit orchards, 115, 117
uneven terrain, 115
vegetable crops, 116, 119
dripper/emitter
in line, 112
on line, 112
types of, 112-113
duration, 114
economic considerations, 78
cost, 79
operation and maintenance, 79
history, 105
combination irrigation, 104
drainage systems, 104
labor and energy
requirements, 77
method, 103-104
micro
spray heads, 104
tubes, 105, 113
new technology, 104
plastic micro tubing, 104
quantity and quality of water, 75-76
arid regions, 76
sand and screen filters, 76
SDI, 104
soil, principal limitation, 75
sub mains and laterals
flushing, 114-115
system
irrigation controls, 109
power units, 110
pump, 109, 110
water source, 109
tape, 123
topography, principal limitation, 75
water
clogging agents in, 114
emission devices, 112
WUE, 103
Drip/micro or trickle irrigation system, 103
components for, 107



402 Management of Drip/Trickle or Micro Irrigation

E F
Evapotranspiration (ET) processes, 31 Fertigation
Blaney—Criddle method, 48 micro nutrients, 174
climatic methods nitrogen
Blaney—Criddle equation, 4041 ammonium salts, 173
Doorenbos and Pruitt modified by chemigation, 173
Penman, 40 filtration system, 173
Hargreaves equation, 44—45 phosphorus
Jensen—Haise equation, 42 glycerophosphates, 173
Linacre equation, 45 potassium, 174
Makkink equation, 45—46 solubility of commercial fertilizers, 172
Monteith modified by Penman, Filtration systems
3940 biological agents
Pan coefficient, 43—44 environmental conditions, 197
Penman formula, 39 irrigation system, 197
Priestly and Taylor equation, 46 organic matter, 197
Radiation equation, 46 oxides of iron, 197
Regression equation, 46 chemical agents, 196197
Samani and Hargreaves modified, 45 clogging agents, 196
Shih modification, 42 drip irrigation, 196
Stephens—Stewart data, 43 gravity filters, 198
Thornthwaite, 40 physical agents
crop coefficients, 48, 50 soil and clay particles, 196
alfalfa, 49 pressure by filter
curve, 49 centrifugal, 202
crop irrigation requirements, 33 ring, 200-202
energy gradient, 32 sand, 202
evaporation and transpiration, 32—33 screen, 198-200
hydrological cycle, 32 principle of operation
hydrologic method/water balance, 38 gravity filter, 203204
equation, 34-35 pressure filters, 205
field lysimeter test facility, 36 selection of filter
lysimeter with components in Aus- factors, 205
tralia, 35 guide for, 206
plastic tube lysimeter, 37 service and maintenance of filter
instruments for typical weather station, centrifugal, 207
33 disk, 207
percentage average daily sunshine flushing of, 207
hours, 41-42 sand, 208-209
PET screen, 207
advantages and disadvantages, 47 Flushing method
calibration of, 4748 cleaning with
mathematical models, 34 acids and chlorine, 216
parameters used, 48 pressurized and compressed air, 215
vegetation affect and soil properties, crop season service
34 clean and flush, 216-217
typical class A pan, 43 of irrigation, 215
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operation, maintenance of filters
clogging, 214-215
emitters, 214-215
filtration system, 215
flushing method, 215

trouble shooting, 217

tubes/drip lines
polyethylene tubing, 216

G

Gravitational force, 11

H

Hygroscopic water, 11

I

Irrigation systems

art of, 72

crop
drip irrigation, 75
factors, 73
sprinkler irrigation, 75, 77
surface irrigation, 75, 76
yields, drip, 77

drip irrigation, 92
agronomical benefits, 95
efficient use, 95

engineering and economical ben-

efits, 96
operational problems, 96
pest, diseases, 95
plant response, 95
root environment, 95
weed growth, 95
economic considerations
drip irrigation, 79
sprinkler irrigation, 78—79
surface irrigation, 78
hydrological cycle, component, 73
hydroponic
advantages, 100
components, 99
disadvantages, 98
manual labor, energy
drip irrigation, 77
sprinkler irrigation, 77
surface irrigation, 77
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methods, comparison, 74
operation principle, 96
SDI, 92
selection
availability of land, 73
capacities, limitations, 75
climatic conditions, 73-74
flooding, 73
limitations, 73
methods, 73, 74
obstructions, 73, 74
phreatic level, 73
soil characteristics, 73
water supply, 73
soil
drip irrigation, 75
factors, 73
sprinkler irrigation, 75, 77
surface irrigation, 75, 76
yields, drip, 77
sprinkler irrigation, 87, 91
advantages, 89
center pivot system, 90
disadvantages, 89
drop, 88
gum, 91
lateral system, 90
LEPA, 91
linear move system, 90
manually operated, 90
mini sprinklers, 91
portable system, 90
rotating sprinklers, 91
solid set systems, 91
tank mounted, 88
traveling sprinkler, 90
wheel line, 88
subsurface irrigation
characteristics, 91-92
limitations, 92
natural, 92
surface irrigation
border strip, 79-80, 82
contour lines, 85
corrugated furrows, 86
flood, 81
furrows, 82-84, 85, 86
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strip irrigation, 82
topography
drip irrigation, 75
factors, 73
sprinkler irrigation, 75, 77
surface irrigation, 75, 76
yields, drip, 77
water
drip irrigation, 76
quantity and quality, 75
sprinkler irrigation, 76
surface irrigation, 75
xylem irrigation, 93
description, 97-98
diagram illustrating, 94
precautions, 98
principle, 93
tensiometer, 94

J

Jensen—Haise method, 4748
Julian day, 325-326

L

Lateral lines design
basic equations
drip irrigation design, 249-250
energy drop, 249
friction drop, 250
discharge variation, 247-248
drip irrigation system, 247
examples of, 256-257
flow conditions, 256
land slope, 256
pressure profiles
design equations, 252-255
types of, 250-252
step calculation, 248
trial and error technique, 248
Low energy pressure system (LEPA), 90
Lysimeter studies, 281

M

Micro irrigation
bi-wall tubing
field manifold, 139
ground assembly, 138-139
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installation, 138
tool for irrigation, 138-139

components, 140

double wall laterals, 138

hose kinking and riser, 137

installation, 140
automation system, 136
backfilling trenches, 138
connecting lateral lines, 137-138
construction, 137
control wire, 136
equipment and tool, 135
fittings, 136-137
hydraulic tubes, 136
lateral lines, 137
making ditches, 135
partial backfilling, 137
parts and fitting, assembly, 135
pipelines, assembly, 136
pressurizing, 137
procurement of materials, 134—135
receiving and handling, 135
risers, 136-137
staking, 135
surveying, 135
system design, 134-135
system operation, 138
testing, 138
thrust blocks, 137
topographic maps, 134
tubing in trenches, 136
valves, 136-137
walls, 137

irrigation system, 134

snaked, 136

tree line tubing, 138

trenches, 135

N
North and South hemispheres, sunshine
hours, 318
P

Penman equation, 48
Permanent wilting percentage, 11
Pestigation

fungigation, 174
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herbigation, irrigation efficiency,
174-175
insectigation, 174
nemagation, 174
Pipe and conduit flow, 321
Plastic tube lysimeter, 37
Porous ceramic blocks
advantages, 23
disadvantages, 2324
procedure, 23
use, 23
Potential evapotranspiration (PET), 51
advantages and disadvantages, 47
calibration of
Blaney—Criddle method, 47
Jensen—Haise method, 4748
Penman equation, 48
mathematical models
Blaney—Criddle formula, 34
Hargreaves-Samani equations, 34
Penman-Monteith formula, 34
vegetation affect and soil properties, 34
Pressure filtration system
centrifugal filter, 202
gravity filter, 203-204
ring filter, 200-202
sand filter, 202
screen filters, 198-200
Psychometric constant
for different altitudes, 322
Psychrometric chart at sea level, 331

S

Saturation vapor pressure
for different temperatures, 323-324
ST and non SI units
conversion, 317-320
Slope of vapor pressure curve
for different temperatures, 324-325
Soil and water relations, principles
soil composition
components affect growth and de-
velopment of plant, 6
and gaseous phase, 6
organic matter, benefits, 5
Soil moisture, 2
alternate methods, 29
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classification
available water, 11
capillary water, 11
gravitational force, 11
hygroscopic water, 11
permanent wilting percentage, 11
components of soil water
gravitational potential, 14
matrix potential, 15
osmatic potential, 15
pressure potential, 14—15
gravimetric method
advantages, 21
disadvantages, 21
procedure, 20-21
use, 20
measurement of electrical resistance
advantages, 23
disadvantages, 2324
procedure, 23
use, 23
methods, 3
movement and relation, 9
neutron scattering method
advantages, 28
disadvantages, 29
procedure, 24-25, 28
physical and biological classification,
12
plants, availability
absorption rate, 18
deficit in root zone, 17
water absorption, 17
relations among water and plants
evaporation, 4-5
hydraulic conductivity, 4
infiltration rate, 4
interception, 3
redistribution and deep percolation,
4
retention of, 4
runoff and probability, 3—4
transpiration, 5
retention curves for different types, 13
suction/tension, 15
tensiometer
advantages, 22-23
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disadvantages, 23
operation, 22
use, 21
tension curves, 15-16
visual and tactile appearance
advantages, 19
disadvantages, 20
procedure, 19
use, 18
and water potential, 13—-14
and water relations, principles
composition, 5—6
structure, 9
texture, 78
Soil mulch
advantages of, 271-273
disadvantages of, 273274
plastic, 271
research advances in
conservation of soil moisture, 275
crop yield, 274
integral weed control, 276
labor input requirements, 275
micro irrigation system, 274
soil temperature, 275-276
traditional techniques, 271
Soil structure
classes of, 10
composition, available water to plant,
10
laminar, 9
prismatic/columnar, 9
spheroidal, 9
Soil texture, 6
effect on available water, 7
medium textured soils, 8
volumetric content, 7
water retention, capacity, 8
Soil water
classification of
capillary and available water, 11
gravitational force, 11
hygroscopic water, 11
permanent wilting percentage, 11
physical and biological classifica-
tion, 12
movement and relation, 9
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and potential, 13
gravitational potential, 14
osmatic potential, 15
pressure potential, 14—15
Sprinkler irrigation
crop, 76
infiltration rates, 75
economic considerations, 78
energy costs, 79
labor and energy, 77
quantity and quality of water, 76
soil infiltration rates, 75
topography
infiltration rates, 75
Stefan—Boltzmann law, 326-327
Subsurface drip irrigation (SDI), 104,
119-122
advantages of, 123
agronomical practices, 123
irrigation, 123
salinity, 123
yield improvement, 124
lateral injector, 120-121
tape, 122
limitations of
chemical treatments, 124
crop establishment, 125
emitter clogging, 124
insect damage, 125
mechanical damage, 125
mice damage, 125
salt accumulation, 125
soil structural effects, 125
system shutdown, 124
soil and water terminology, 119-120
Subsurface drip irrigation (sdi), 92-93
Surface irrigation
crop
deep plowing, 75
flood irrigation method, 75
potential crop yield, 76
economic considerations
cost of, 78
plastic pipes, 78
labor and energy
energy costs, 77
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quantity and quality of water
furrow method, 75-76
soil
deep plowing, 75
flood irrigation method, 75
potential crop yield, 76
topography
deep plowing, 75
flood irrigation method, 75
potential crop yield, 76

T

Tensiometer

automation of, 65
advantages, 66
electronic circuit, 66
definition, 54
installation
loose soil, 63
metal pipe, 63
surrounding soil, 63
limitations, 68
location in irrigation system
drip irrigation, 62
furrow irrigation, 62
overhead (sprinkler) irrigation, 62
maintenance and service
suction method, 68
vacuum hand pump, 67
parts of
plastic tube, 56
porous ceramic tip, 56
reservoir, 56
vacuum gage, 5657
preparation and calibration, 57
readings
hot climates, 63
interpretation of, 65
record of, 64
sandy soils, 63
soil depth and installation, 5961
irrigation system, 58
storage, 68
water quantities, 53—54
working of
porous ceramic tip, 54-55
soil tension, 54-55
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Trickle irrigation or micro irrigation, 103.

See also Drip irrigation
Trickle irrigation systems design
charts and design procedures
acceptability of, 228
appropriate size of, 228
different sizes of secondary and
lateral lines, 230

lateral line on non uniform slopes,

228-230

main and secondary lines, 230-236

metric system, 223

secondary lines on uniform slopes,

223-228

concepts of hydraulics
Blasius formula, 220
design criteria, 222
plastic pipes, 220
pressure head, 222
secondary/lateral line, 221

control system, 220

U

Uniformity coefficients evaluation
confidence intervals, 266267
crop production efficiency, 262
definition of, 263
excessive applications, 262
flow rate measurements, 267
irrigation system, 261-262
procedure for, 262-263, 266
reducibility factors, 262

ASABE, 263
irregular topography, 263
planting distance, 263264

A\

Venturi principle, 172
Venturi type injector, 167-169
Viability studies
agricultural sociology
practices, 282-283
social changes, 283
traditional rights, 283-284
transportation and marketing,
282-283
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climate
economical analysis, 282
evapotranspiration models, 282
meteorological data, 282
water requirements, 282
crop, 282
drip irrigation, 281
economic and financial aspects
costs and benefits, 286
extensive project, 285
financial planning, 285
engineering
equipments and materials, 285
field conditions, 285
water quantity, 285
land and soil resources
hydrologic analysis, 281-282
limiting resource, 281
subterranean wells, 282
topographical analysis, 281
organization and management
agricultural extension service, 284
installation and operation, 284
professional assessment, 280-281
water resources
hydrologic analysis, 281-282
limiting resource, 281
soil analysis and topographical, 281
subterranean wells, 282

W

Water balance
hydrologic cycle and watershed compo-
nents, 2
Water quality
algae, growth, 183
blue—green algae
cyanobacteria, 188
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chloration method
dosages of chlorine, 191
growth of microorganisms, 191-192
requirements, 191
chlorination, 182
commercial chlorine
calcium hypochlorite, 189-190
gaseous, 189
sodium hypochlorite, 189
drip irrigation, 181
motile
flagella, 187-188
frog spittle, 187-188
pond scum, 187188
principle of chloration
chlorine reactions, 188—189
hypochloric acid, 188
slime, growth, 183
source
algae and fungi, 183
bacteria, 182
biological agents, 182
chemigation directly, 182
obstruction of emitters, 182—183
organic matter, 182
physical and chemical analysis, 182
types of algae
chlorophyta, 186
chrysophyta, 187
dinoflagellata, 186
discomforts, 184
euglenophyta, 186
fatal poisonings, 184
green algae, 184185
phaeophyta, 187
protists, 184
toxic algae, 184
yellow—green algae, 188

Water use efficiency (WUE), 103, 123124
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