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Foreword

Water is anatural resource which can not be replenished. As the demand
for water is growing up from al the user groups, lesser water will be
available for agriculture. Efficient water use is necessary for sustainable
crop production and drip irrigation proved to provide efficiently irrigation
water and nutrients to the roots of plants, while maintaining high yield
production. Since not al the soil surface is wetted under irrigation, less
water is required for irrigation. Modern drip irrigation has become the
most valued innovation in agriculture. Higher water application efficiencies
areachieved with dripirrigation dueto reduced soil evaporation, lesssurface
runoff and minimum deep percolation.

The knowledge about drip system and itsdesign principlesisessential for
the students of Agricultural Engineering and professionals of Water
Resources Engineering. | am surethat thisbook, which includesthe basics
of drip system and recent published research work on designing of drip
irrigation system, will serve the student community aswell as Faculties of
Agricultural Engineering Department to agreat extent by providing up to
date information in a clear and concise manner.

| would like to compliment Dr. Ajai Singh for having brought out this
textbook with quite useful and valuable information for the Agricultural
Engineering Under Graduate and Post Graduate studentsin India.

Prof. (Dr.) Sabita Senapati
Director of Research

Uttar Banga Krishi Viswavidyalaya
Coochbehar, West Bengal, India






Preface

Excessive and improper use of water dueto lack of information has become
acommon practiceto grow morewater intensive cropsand earn more. The
water resources are being depleted by current practice of farming and we
will be devoid of sufficient irrigation water if the trend continues in the
yearsto come. Time has come now to focus on judicious and efficient use
of water for agricultural purpose. Adoption of Micro I rrigation System can
beapanaceainirrigation related problems. I n thistechnol ogy, the cropped
field isirrigated in the close vicinity of root zone of crop. It reduces the
water loss occurring through evaporation, conveyance and distribution.
Therefore high water use efficiency can be achieved. Theunirrigated rainfed
cropped areacan beincreased with thistechnol ogy and potential source of
food production for the benefit of country’s food security could be
augmented. The Government of Indiahas been considering rapid promotion
of use of plastics in agriculture and micro irrigation as a major step in
improving overall horticultural crop yields and water use efficiency. The
micro irrigation has gained considerable growth in the country due to
financial assistance provided by the centrally sponsored subsidy scheme.
This book is designed as a professional reference book with basic and
updated information and its aim is to meet the needs of students of
agricultural engineering under graduate and post graduate degree program.
The practicing engineers, agricultural scientists working in the field of
agricultural water management and officers of Agricultureand Horticulture
Departments of State Government will find this book useful. In this book,
the basics of drip irrigation, types, components, design, installation,
operation and maintenance are presented. Efforts have been made to
incorporate the recent published works in peer reviewed journals at
appropriate place. An additional chapter on automation of microirrigation
system has also been included. Numerical problems and examples have
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been added to emphasi ze the design principles and make the understanding
of the subject matter.

| owe my deepest gratitude to Dr. A. K. Das, Vice—Chancellor, UBKYV, Dr.
S. K. Senapati, Director of Research, UBKYV, Dr. Goutam Mondal, Incharge,
RRS, Majhian, and al my colleagues and other staff of Regional Research
Station, Majhian, for their best wishes and constant encouragement. The
author is grateful to many individuals and organizations for the assistance
provided at different stages of preparation of manuscript and supply of useful
literature. | sincerely thank Dr. K. N. Tiwari, Professor, Agricultural &
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Plasticulture Devel opment Centre Project, for hisblessings and affection.
| am heartily thankful to Prof. (Dr.) Mohd. Imtiyaz, Prof. (Dr.)
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1

| ntroduction

Indiais predominantly an agricultural country and 15 percent of total
export and 65% of total population’s livelihood are supported by
agriculture. Agriculture contributes 30% of total grossdomestic product
of the country. After independence, we have made remarkabl e progress
in achieving food security in a sustainable manner. Land and Water
are two most important resources for any activity in the field of
agriculture. Water is such a natural resource which can not be
replenished and its demand is increasing alarmingly. The country is
endowed with many perennial and seasonal rivers. The river system
which constitutes 71 per cent of water resourcesis concentrated in 36
% of geographic area. Most of agricultural fieldsareirrigated by use
of underground water for assured irrigation. Rainfall is a source for
water for rainfed agriculture. In present times, the water resources
play avery significant role in development and constitute a critical
input for economic planning in developing countries. Largeinvestments
and phenomenal growth in the irrigation sector, the returns from
irrigated systemsin termsof crop yield, farmincomeand cost recovery
are disappointing. Apart from that, there are additional problems of
increase in soil salinity, water logging and social inequity. Thereisa
large gap between the devel opment and utilization of irrigation potential
created. If we go back to the past of development of drip irrigation
system, we find that Davis (1974) used subsurface clay pipes with
irrigation and drainage systemsin an experiment. Irrigation of plants
through narrow openings in pipes can also be traced back to green
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house operations in the United Kingdom in the late 1940s (Davis,
1974). Blass (1964) observed that atree near aleaking faucet exhibited
amore vigorous growth than other treesin the area. He worked on it
and devel oped the current form of drip irrigation technology and got
patented. The availability of low cost plastic pipe for water delivery
lineswas one of the reasons which hel ped to spread the application of
drip irrigation systems. Gradually the area under drip irrigation
increased throughout the world especially in countries where water
wasascarceresource. INCID (2009) reported that area covered under
drip system was 0.41 Mha in 1981 which increased to 8.0 Mha in
2009. Although drip irrigation systems are considered the leading water
saving technologiesinirrigated agriculture, their adoption isstill low.
At present, of thetotal world irrigated area, about 2.9% (8 million ha)
is equipped with drip irrigation. Most of the drip irrigated area is
concentrated in Europe and the America. Asia has the highest area
under irrigation (193 million ha, which is 69% of the total irrigated
area), but has very low area of 1.8 million ha (<1.0%) under drip
irrigation. In some countries such as Israel & Jordan, where water
availability limitscrop production, drip irrigation systemsirrigate about
75% of the total irrigated area. In India it accounts for 2.3% of the
total irrigated area (62.3 million ha). While the ultimate potential for
drip irrigation in Indiais estimated at 27 million ha. Drip irrigation,
likeother irrigation methods, will not fit every agricultural crop, specific
site or objective. Presently, drip irrigation has the greatest potential
where (i) water and labor are expensive or scarce; (i) water is of
marginal quality viz., saline; (iii) soilsare sandy, rocky or difficult to
level, (iv) steep slopes and undulated topography; and (v) high value
crops are produced. The principal crops under drip irrigation are
commercial field crops (sugarcane, cotton, tobacco etc), horticultural
crops—fruit & orchard crops, vegetables, flowers, spices& condiments,
bulb & tuber crops, plantation crops and silviculture/forestry
plantations. Thismethod of irrigation continuesto beimportant in the
protected agricultureviz., greenhouses, shade nets, shallow & walking
tunnelsetc., for production of vegetables& flowers. Dripirrigationis
also used for landscapes, parks, highways, commercia devel opments
and residences. Undoubtedly, the areaunder drip irrigation will continue
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to increase rapidly as the amount of water available to agriculture
declines and the demands for urban and industrial useincrease. Drip
irrigationisalso one of the techniquesthat enable growersto overcome
salinity problemsthat currently affect 8.0 million haareain India. As
this area increases, so too will the use of Drip irrigation to maintain
crop production. In addition, because growers are looking to reduce
cost of production but at the same time improve crop quality, the
improved efficiency provided from drip irrigation technology will
becomeincreasingly important.

Apart from drip irrigation systems or we can say micro-irrigation
systems; there are several indigenous low pressure low volume
irrigation systems. For example, there are Pitcher methods, low cost
dripirrigation systemsand bamboo based drip irrigation systems. Under
pitcher methods, earthen potswith ahole on the bottom areplacedina
ring basin made around the plants. Pots can be of 10-20 liter capacity
and need to be refilled when gets empty. Pitcher method is used for
irrigation of small area and where energy availability isirregular. A
simple low-cost drip irrigation system uses plastic pipes laid on the
surface to irrigate vegetables, field crops and orchards. Water is
delivered through the small holes madein the hose. It can consist of a
20 liter bucket with 30m of hose or drip tape connected to the bottom
of the tank. The bucket is placed at 1-2m above the ground so that
gravitation head can create sufficient water pressure to ensure watering
of the crops. Maintenance usually involves repairing the leakagesin
the pipes and joints and clearing blockages. Bamboo drip irrigation
method isused to divert the part of theflow of hillside stream by using
a hallow bamboo in place of earthen channel. Govt. of Indiais aso
providing subsidy to farmersin order to boost up the adoption of this
dripirrigation technology among thefarmers. Dripirrigation techniques
has always been considered to be adopted only in water scarce area
but | strongly believe that time has come to adopt and propagate this
system in areas endowed with abundant supply of water just to make
sure the sustainabl e devel opment of agriculture.
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Drip Irrigation Systems

Microirrigationisdefined as slow application of water above or below
the soil surface near the vicinity of plant roots. Water isapplied inthe
form of drops, sprayed over the land surface or in small continuous
stream through fixed applicator near the plants. The basic concept
underlying themicroirrigation method isto supply the amount of water
needed by the plant within a limited volume of the soil rather than
wetting the whole area. Micro-irrigation refers to low-pressure
irrigation systems that spray, mist, sprinkle or drip. Water is applied
closeto plants so that only part of the soil in which therootsgrownis
wetted, unlike surface and sprinkler irrigation, which involves wetting
thewhole soil profile. Inthismethod of irrigation, adense root system
isdevel oped in the zone adjacent to the dripper, resulting in direct and
therefore more efficient water use by the plant. A network of pipesand
alarge number of drippersarerequired inthefield becausethe discharge
of a dripper is small (2 to 8 Iph). With micro irrigation, water
applications are more frequent than with other methods and this
provides a very favorable moisture level in the soil in which plants
canflourish. Thissystem isbest suited to the areahaving scanty rainfall
or poor quality irrigation water isbeing used. Thelow volumeirrigation
systemsare also suitablefor ailmost al orchards crops, plantation crops
and most of the vegetable crops. Micro-irrigation has gained attention
during recent years because of its potential to increase yields and
decrease water, fertilizer, and labor requirementsif managed properly.
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2.1 Typesof MicroIrrigation System

Themicroirrigation systemisclassified based on theinstallation method,
emitter flow rate, wetted soil surface area or the mode of operation.
Types of themicro irrigation systems are briefly described below.

2.1.1 Drip Irrigation

Dripirrigation applieswater directly to the soil surface and allowsthe
water to dissipate under low pressure in a form of drops. A wetted
profile develops in the plant’s root zone beneath each dripper. The
shape depends on soil characteristics, but often it is onion-shaped.
Ideally, the area between rows or individual plants remains dry and
receives moisture only from incidental rainfall. In this system, the
emittersand lateralsarelaid on the land surface. It hasbeen primarily
used on widely spaced plants, but can also be used for row crops.
Generally, discharge rates are lessthan 12 Iph for single outlet point-
source emitter and lessthan 12 Iph per meter of lateral for line-source
emitters. Advantages of this system include the ease of installation,
changing and cleaning the emitters and measuring individual emitter
discharge. Often the terms drip and trickle irrigation are considered
synonymous. It issuitablefor establishing theforestry plantationsunder
wasteland devel opment program. Still weare applying drip irrigation
to water scarce areato grow the crops.

2.1.2. Sub-surface System

Itisasysteminwhichwater isapplied dowly below the surface through
the line-source emitters. The water is applied through emitters with
dischargerate generally intherange of 0.6to 4 Iph. A thinwalled drip
line hasinternal emittersglued together at pre-defined spacingswithin
a thin plastic distribution line. The drip line is available in a wide
range of diameters, wall thickness, emitter spacing, and flow rates.
The emitter spacing is selected to closely fit plant spacing for most
row crops. Drip linesare buried bel ow the ground and therefore called
sub-surfacedripirrigation systems. Burial of thedriplineispreferable
to avoid degradation from heat, ultraviol et rays and displacement from
strong winds. These systems are used on small fruits and vegetable
crops. Advantages of subsurface system include freedom from
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Fig. 2.1: Emitter connected with the lateral (Jain Irrigation Systems)

Lateral below the
surface

Fig. 2.2.: Sub-surface drip irrigation systems (source: Peter Thorburn,
www.askgillevy.com)
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anchoring of the lateral lines at the beginning and removing them at
the end of the growing season, little interference with cultivation and
possibly alonger operational life.

2.1.3. Bubbler

Bubblersare very similar to the point source on-line emittersin shape
but differ in performance. In this system, the water is applied to the
soil surfaceinasmall stream or fountain from an opening with apoint-
source. Thedischargerateisusually greater than surface or subsurface
dripirrigation but usually lessthan 225 Iph. A small basin isrequired
to control the distribution of water. Advantages of bubbler system are
reduced filtration, maintenance or repair and energy requirements as
compared with other micro irrigation systems. Larger size lateral is
used with this system to reduce the pressure loss associated with a
high discharge rate. The bubbler heads are used in planter boxes, tree
wells, or specialized landscape applications where deep localized
watering ispreferable. Highirrigation application efficiency up to 75%
can be achieved with total control of the irrigation water. Another
advantage is that the entire piping network is buried, so there are no
problems in field operations. Associated disadvantages are not
supplying the small water flows asin other micro-irrigation systems.
Itisnot possibleto achieve auniform water distribution over thetree
basinsin sandy soilswith high infiltration rates.

2.1.4. Micro-sprinkler

Thisisacombination of sprinkler and dripirrigation. Water issprinkled
around the root zone of plants with a small sprinkler working under
low pressure. Water isgiven only to theroot zone areaasisinthe case
of drip irrigation but not to the entire ground surface as done in the
case of sprinkler irrigation method. Depending on the water throw
patterns, the micro-sprinklers are referred to as mini-sprays, micro-
sprays, jets, or spinners. The sprinkler heads are external emitters
individually connected to the lateral pipe typicaly using spaghetti
tubing, whichisvery small (/8 inchto 1/4 inch) diameter tubing. The
sprinkler heads can be mounted on asupport stake or connected to the
supply pipe. Micro-sprinklers are desirable because fewer sprinkler
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Fig. 2.3: Bubbler placed near the tree and fitted with underground pipelines

Fig. 2.4.: Micro-sprinkler spraying the water
(source:www.agricultureinformation.com)
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heads are necessary to cover larger areas. Micro sprinklersrequire 35
kPato 300 kPaof pressure for operation. Dischargeratesusually vary
from 15 Iph to 200 Iph. Micro sprinkler system isless likely to clog
than a drip irrigation system, but water losses due to wind drift and
evaporation are greater.

2.1.5. Pulse System

Pulse system uses high flow rate emittersand conseguently hasashorter
water application time. Pulse systems have application cycles of 5,
10, or 15 minutesin an hour, and flow ratesfor pulse emittersare 4 to
10 times larger than the conventional surface drip irrigation system.
The primary advantage of this system is a possible reduction in the
clogging problems.

2.2. Advantagesof Drip Irrigation
The main advantages of drip irrigation system are;

e Water saving

»  Enhanced plant growth and yield

e Uniform and better quality of produce

»  Efficient and economic use of fertilizers
* Lessweed growth

e Possibility of using saline water

e Energy saving

»  Canbeautomated

*  Improved production on undulating land conditions
* Nosoil erosion

*  Fexibility in operation

e Laborsaving

* Noland preparation

e Minimum disease and pest infestation
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2.3 Problems and Demeritsof Drip Irrigation
Thedemeritsand problems of drip irrigation system are given below:

e  Clogging of drip emittershby particul ate, chemicalsand biological
materials.

e  Shallow root development is limited to the wetted portion of
root zone, resulting reduced ability of treesto withstand agai nst
highwinds.

e  Persistent maintenance requirement
e  Sdinity hazards
e  Technical skill isrequired for design and installation

2.4 Suitability of Drip Irrigation
Dripirrigation systems can be adopted under thefollowing conditions:

2.4.1. Crops

Dripirrigation is most suitable for vegetables, fruits, sugarcane, and
cereal crops except paddy. The high value crops such as fruit crops
give early recovery of capital investment on installation of a micro
irrigation system. These systems are al so suitable for plantation crops
such as coconut, coffee, cardamom, cumin, citrus, grapes and mango.
Closegrowing cropswill require moreinvestment, otherwisefor widely
spaced crops, these systems can be easily installed.

2.4.2. Slopes

Dripirrigationisadaptableto any cultivable slope. Normally the crops
and laterals are planted along contour lines. This practice minimizes
the change in emitter discharge dueto changein land elevations.

2.4.3. Soils

Dripirrigation is suitable for most of the soils. For example, on clay
soils, irrigation water should be applied slowly to avoid ponding and
runoff. On sandy soils, higher emitter dischargewill be appropriateto
ensure lateral movement of thewater into the soil. It can be applied to
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irrigate crops grown on undul ating land topography and slopeswhere
the depth of soil islimited.

2.4.4. Irrigation Water

One of the major problems with drip irrigation is emitters clogging.
All emitters have very small openings ranging from 0.2-2.0 mm in
diameter and these can be clogged with the use of dirty water. Thus, it
is essential to install filters for irrigation water to be free from
sediments. Micro sprinklers can eliminate problem of clogging to a
certain extent. Clogging may also occur if the water contains algae,
fertilizer deposits and dissolved chemicals which precipitate such as
calcium and iron. Filtration may remove some of the materials. Drip
irrigation is also suitable for poor quality water (saline water).
Supplying water to individual plants also means that the method can
be efficient to increase the water use efficiency and thus most suitable
where water is scarce resources.

2.5. Quantitative Appr oach of Wetting Patterns

Dueto themanner inwhich water isapplied by adripirrigation system,
only a portion of the soil surface and root zone of the total field is
wetted unlike surface and sprinkler irrigation systems. Water flowing
fromthe emitter isdistributed inthe soil by gravity and capillary forces
creating the contour lines similar to onion shape. The exact shape of
the wetted volume and moisture distribution will depend on the soil
texture, initial soil moisture, and to some degree, on the rate of water
application. Figs. 2.5 & 2.6 show the effects of changesin discharge
on two different soil types, namely sand and clay. The water savings
that can be made using drip irrigation are the reductions in deep
percolation, surface runoff and evaporation from the soil. It isevident
from the Fig.2.7 that soil moisture content in the soil always remains
at or around thefield capacity indrip irrigation, where asin sprinkler
and surface irrigation methods, crops face over irrigation and water
stress during certain period. In the line source type of drip irrigation
system where the emitters are spaced very closely, individual onion
patterns creates a continuous moisture zone. The knowledge about the
wetting patterns under emittersisessential in selecting the appropriate
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Emitter

Wetted circle

due to low
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spacing of the emitters. Distance between emitters and emitter flow
rates must match to the wetting characteristics of the soil and the amount
and timing of water to be supplied to meet the crop needs.

Under dripirrigation, the ponding zonethat devel opsaround the emitter
isstrongly related to both the application rate and the soil properties.
The water application rate is one of the factors which determine the
soil moisture regime around the emitter and therelated root distribution
and plant water uptake patterns. Drip irrigation systems generally
consist of emittersthat have discharge varying from2.0t0 8.0 Iph. In
semi-arid climates, crop water use during the summer can be 6 to 8
mm/d with water supplied two or three times aweek. When the water
application exactly equal to the plant water need, then also, part of the
water may not be used by the plant and it would most likely leach
below the root zone. Therefore, lowering the emitter discharge to as
close as possibleto the plant water uptake rate canimproveirrigation
efficiency. Recently, microdripirrigation systems have been devel oped
that provide emitter discharges of 0.5 Iph. These systems have been
studied most intensively in greenhouses (Koenig, 1997), and
preliminary results showed that they reduced water consumption of
tomato plant by 38%, increased yield by 14 to 26%, and reduced
leaching fraction by 10 to 40%. In arecent application on sweet corn
under field conditions, Assouline et al. (2002) have shown that
microdrip irrigation may improveyield, reduce drainageflux, and affect
thewater content distribution within theroot zone, especially through
an increased drying of the 0.60 to 0.90m soil layer compared with
conventional dripirrigation.

The microdrip technology still raises some problems concerning the
uniformity of application and the steadiness of the discharges. However,
soil moisture regimes similar to those resulting from continual low
water application rates can be achieved by means of pulsed drip
irrigation. Infiltration experiments on a sandy loam soil showed that
the water content distribution and the rate of wetting front advance
under a pulsed water application were similar to water applied in a
continuous manner, and thosetemporal fluctuationsin flux and in soil
water content exponentially damped with depth for periodic pulses
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applied at the soil surface. Consequently, pulsed irrigation using
conventional drip emitters could be one way of creating the water
regime observed with continual low application rates while bypassing
technical problems associated to microdrip emitters. Therel ationships
between water application rates, soil properties, and theresulting water
distribution for conventional emitters (2.0 Iph) are well documented.
Thewetting patterns during application generally consist of two zones:
(i) a saturated zone close to the emitter, and (ii) a zone where the
water content decreases toward the wetting front. Increasing the
emission rategenerally resultsin anincreasein thewetted soil diameter
and a decrease in the wetted depth (Schwartzman and Zur, 1986; Ah
Koonetal., 1990). Inmicrodrip irrigation, field observations seem to
indicatethat thereisno saturated zone and that the wetted soil volume
is greater compared with that for conventional emitter discharges
(Koenig, 1997). The relationship between the water application rate
and the resulting water content distribution is complex becauseitisa
three-dimensional outcome related to soil properties and crop uptake
characteristics. Therefore, a quantitative representation of the flow
processes by means of a simulation model could be beneficial in
studying the effects of emitter discharge on the water regime of drip
irrigated crops.

Many attempts have been made to determine water movement and
wetting pattern under drip emitters using mathematical and numerical
models. The Richards equation, formulated by LorenzoA. Richardsin
1931, describes the movement of water in unsaturated soils. It is a
non-linear partial differential equation, which is often difficult to
approximate. Partial differential equations are a type of differential
equation which formulates arel ation invol ving unknown functions of
several independent variablesand their partial derivativeswith respect
to those variables. Ordinary differential equations usually model
dynamical systemswhereas partial differential equations are used to
model multi-dimensional systems. Darcy’s law was developed for
saturated flow in porous media; to this Richards applied a continuity
requirement and obtained a general partial differential equation
describing water movement in unsaturated soils. The Richards’ equation
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isbased solely on Darcy’s law and the continuity equation. Therefore
itisstrongly physically based, generally applicable, and can be used
for fundamental research and scenario analysis. The Richardsequation
can be stated in the following form:

) oy
e az{K(e)[az +1ﬂ ..................................................... (2.1

where

K = hydraulic conductivity,

Y = pressure head,

Z = elevation above avertical datum,
0 = water content, and

t =time.

Under dripirrigation, we have already discussed that only aportion of
the horizontal and cross sectional area of the soil is wetted. The
percentage wetted area as compared with the entire field covered with
crops, depends on the volume and rate of discharge at each emitter,
spacing of emitter and thetype of soil beingirrigated. For widely spaced
crops, the percentage wetted area should be lessthan 67% in order to
keep the area between the rows relatively dry for cultural practices.
Low value of percentage wetted area also reduces the loss of water
due to evaporation and involves less cost. For closely spaced crops
such as vegetables with rows and laterals spaced less than 1.8 m,
percentage wetted area often approaches 100% (K eller and Bliesner,
1990). Several efforts have been made to estimate the dimensions of
the wetted volume of soil under an emitter. Schwartzmass and Zurr
(1985) assumed that wetted soil volume depends upon the hydraulic
conductivity of the soil, discharge of the emitter and amount of water
availableinthesoil. They devel oped the following empirical equations
to estimate the wetted depth and width. The equations were derived
using three-dimensional cylindrical flow geometry and results were
verified from planeflow model.
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045

Z=292(", )‘“"{%} _________________________________ |..(2.2)

w=0.03 I(V-..- )“-13 {E} ................................................. (2.3)
q

By combining the above two equations, we can find out therelationship
between depth of wetting front, Z and width of wetted soil volume (w).
Therelationship can be expressed as follows.

W= 0.0004 (2)°% 003 KO3 ... ooooeeeeeeeeeeeeeeeeeeeeeesesseees e (2.4)
where

Z = depth of wetting front, m

w = wetted width or diameter of wetted soil, m

V,, = volume of water applied, |

K = saturated hydraulic conductivity of soil, m/s

g = discharge of emitter, Iph

Example2.1.

Inabananaorchard, emitters of 4 |ph discharge capacity are operating.
The soil issandy loam and rooting depthis 1.2 m. Saturated hydraulic
conductivity of the soil is 30 mm/h. Find the width of the wetted soil
volume.

Solution. Itisgiven:
g=4Iph

Rooting depth is 1.2 m. It will be taken as vertical depth of wetting
front. SoitisZ.

K =30 mm/h=8.33 x 10°m/s

The equation for width of wetted soil volumeis
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w 0.0094 Z "¥ "B K 03

or

wo 0.0094 1.2°%40%(833 u10%)""

=0.75m

Percentage Wetted Area

The percentage wetted area is defined as the average horizontal area
wetted in the top 30 cm of the crop root zone as a percentage of the
total crop area. For single lateral line, the percentage wetted area is
computed from the following formula:

5 =Np><3£><w
W SFXS?_ .................................................................

where,

P = percentage wetted soil area along a horizontal plane 30 cm below
the soil surface, %

§ = spacing between the emitters along a lateral line.
N, = Number of emitters per plant

S uS= plant to plant and row to row spacing, mum.

Example 2.2.

A field is covered with cabbage and one emitter is supplying water to
four plants. Cabbage is grown at the spacing of 60 x 60 cm. Find the
percentage wetted for single line of lateral. Wetted width of soil volume
is 0.75m.

Solution. It is given that Np = 1/4, Se = 60 cm = 0.60m, w = 0.75 m
Now the formula will be applied.
N,uS, uw
S,us,
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=}£><0.60><0.75

0.60x0.60

Mohammed (2010) developed asimple empirical model to determine
the wetting pattern geometry from surface point sourcedrip irrigation
system. Thewetted soil volumewas assumed to depend on the saturated
hydraulic conductivity, volume of water applied, average change of
moisture content and the emitter application rate. The following
assumptionswere made.

= 31.25% or 32%

» Asinglesurfacepoint sourceirrigated abare soil with aconstant
dischargerate.

e Thesoil ishomogeneousand isotropic.
*  Nowater table present in the vicinity of root zone.
e Theevaporation lossesare negligible.

e Theeffect of soil propertiesis represented by its porosity and
saturated hydraulic conductivity.

e The value of porosity equals the value of saturated moisture
content. It could be obtained using an equation given by Hillel,
(1982) which states:

n=06s :(1_52] ............................................................. (2.6)

where,

n = porosity of the soil

6, = Moisture content at 0 bars

p, = bulk density of the soil (measured)
p,= particle density of the soil

It was considered that wetted radius and wetted depth of soil volume
depends upon certain variables. The functional relationship among all
the variables can be defined as follows:
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PO (KN, G V) 2.7)
ZOF, (KN, g, V) (2.8)
where,

r = wetted radius

K = soil hydraulic conductivity
n = soil porosity

q,= application rate

V, = volume of water applied

z = depth of wetted zone.

If we consider the equation given by Hillel (1982), the above two
equations can be written as

RO T TV (2.9)
AL O TV OO (2.10)

Ben-Asher et al. (1986) investigated the infiltration from apoint drip
source in the presence of water extraction using an approximate
hemi spherical model. For infiltration from apoint source without water
extraction, they established the following:

The new variable A@gis called the average change of soil moisture
content. Thisleadsto:

R GOV IR TV (2.12)
2O (K, A8, 0y, V. oo oo (2.13)

According to the approachesintroduced by Shwartzman and Zur (1986)
and Ben Asher et al. (1986), the nonlinear expressions describing
wetting pattern may take the general forms as:

F = ABTV, P QY KA (2.14)
22 ABPV, 708 KS.eeeeeeeeeeenenenneeeeee s (2.15)
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Once they identified the model structure and order, the coefficients
were estimated in some manner. To determine the coefficients of Eq.
2.14 and 2.15, four available published experimental data of Taghavi
etal. (1984), Anglelakiset al. (1993), Hammami et al. (2002), and Li
et al. (2003) were adopted. The choice of these experiments was
essentially based on availability of their convenient data. A nonlinear
regression approach was used to find the best-fit parameters for the
Eq. 2.14 and 2.15. The following equations are obtained:

[ = G 05620/ 02686 () 00028 KO0 e (2.16)
7= NGO\ 035 DL OIS e (2.17)

where, r and z (cm) are consistent units used in this approximations,
Vv, (ml), g, (ml/h), and K in (cm/h).

Cook et al. (2006) devel oped amodel and implemented in the WetUp
software which uses dataon the approximate radial and vertical wetting
distances for different soils and discharge rates estimated by using
analytical methods. WetUp is an easy to use and freely available
software tool (http://www.clw.csiro.au/products/wetup), which will
definitely help to graduate studentsto fine tunetheir research work on
crop water management under dripirrigation systems. The programis
aresultsof collaborative effortsamong the Commonwealth Scientific
and Industrial Research Organization (CSIRO), Cooperative Research
Centre (CRC) for Sustainable Sugar Production and the National
Program for Irrigation Research and Development (NPIRD) in
Australia and the methods described by Thorburn et al. (2002). You
can not providethe manual inputsbut can always select all therequired
inputsfrom pre-defined selection boxes and drop down menus. Every
simulation window openswith predefined valuesand the user can easily
adjust or select the soil type, emitter flow rate, the maximum time and
whether asurface or buried emitter should be simulated starting under
dry, moist or wet soil condition. Different soils can be chosen by double
clicking onthe* Select Soil Type' section on the simulation windows,
or by choosing an appropriate button in the button bar. There are
currently 29 soilswhich are based on average soil properties published
by Clapp and Hornberger (1978) and measured field soils from
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Queendand inAustraliapublished by Verburg et al. (2001). Flow rates
may be selected in therange of 0.5t0 2.7 I/hr for an irrigation time of
1 to 24 hours. The depth of buried drip lines may be changed in the
rangeof 0.1to 1.5 m. InIndian conditions, we normally use 4 to 8 Iph
emitters. Since only 29 soils have been included, you may not find
your soils and hence thisis alimitation. However, suppose you want
to simulate wetting patter of 4 Iph emitter after 12 hrs, then you can
think of using emitter of 2 ph and simulateit for 24 hrs. This software
is meant as an educational tool and you can at least see the effect of
changing the variables on wetting patterns.






3

Componentsof Drip Irrigation
Systems

A dripirrigation system consists of the components such as pump unit,
fertigation equipment, filters, main, sub-main, laterals, and distributory
outlets (emitters, micro-sprinklers, bubblers, etc.). Here we are
concerned about drip system so we will talk about emitters in the
following discussion. Besides, gate valves, check valves, pressure
gauges and flow control valves are also used to regulate the flow of
water and serve as additional components. Several major components
of drip irrigation system are shown in Fig. 3.1. The components of
drip irrigation system can be grouped into two major heads as

i) Control head and
ii)  Distribution network

3.1. Control Head

The control head of dripirrigation system includesthe pump or overhead
tank, fertigation equipment, filters, and pressure regul ator.

3.1.1. Pump/Overhead Tank

Itisrequiredto provide sufficient pressurein thedripirrigation system.
Centrifugal pumps are generally used for low pressuredrip irrigation
systems. Overhead tank is generally used for small areas of orchard
cropswith acomparatively less water requirement.
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Courtesy: Jain Irrigation

Fig. 3.1: Typical layout and the components of drip irrigation system
(Source. Jain irrigation systems.)
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Thedripirrigation system requires energy to move water through the
distribution pipe network and discharge it through emitters. In most
irrigation systems, energy isimparted to water by a pump that in turn
receives its energy from either an electric motor or an internal
combustion engine. Therefore, it isimportant that both the pump and
the engine be well suited to satisfy the requirements of theirrigation
system. Usually, centrifugal pumps are used for this purpose. The
characteristic curves of the pump are considered in sel ection of pumps.
The characteristic curves show therel ationship between capacity, head,
power and efficiency of the pump. The head—capacity curvewill give
discharge of a pump at a given head. As the discharge increases, the
head decreases. The pump efficiency increases with an increase in
discharge but after acertain discharge, efficiency decreases. The BHP
curve for a centrifugal pump increases over most of the range as the
discharge increases. The pump horsepower at a maximum efficiency
would be determined from the characteristic curves based on the
irrigation system design discharge and the total dynamic head against
which the pump is to operate. The total discharge and total dynamic
head will be discussed later in thisbook. Thefollowing points should
be considered for installation of acentrifugal pump.

e The pump should be installed as close to the water source as
possible.

e Foundations should be rigid enough to absorb al vibrations.
e Thepump and driver must be aligned carefully.

e On the belt drive units, the pump and driver shaft must be
paralel.

e The site selected should permit the use of minimum possible
connections on suction and delivery pipes.

e Suction and delivery pipes should be supported independently
of the pump.

»  Thesuction pipe should be direct and short.

e Thesize of the suction pipe should be such that the vel ocity of
water does not exceed 3 m/s.
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3.1.2. Fertigation

Fertigation means to apply fertilizers with the irrigation water.
Chemical fertilizers are applied whenever needed by the crop in the
appropriate form and quantity. The promotion of efficient, and effective
water and fertilizer use is identified as an important contribution to
the strategy needed to address problems of water scarcity and practicing
intensive agriculture. Improving the water and consequently fertilizer
use efficiency at farmers level, is the major contributor to increase
food production and reverse the degradation of the environment or
avoid irreversible environmental damage and allow for sustainable
irrigated agriculture. Fertigation was proposed as ameansto increase
efficient use of water and fertilizers, increaseyield, protect environment
and sustain irrigated agriculture. Achieving maximum fertigation
efficiency requires knowledge of crop nutrient requirements, soil
nutrient supply, fertilizer injection technology, irrigation scheduling,
and crop and soil monitoring techniques.

Fertigation is directly related with improved irrigation systems and
water management. Drip and other micro-irrigation systems, highly
efficient for water application, areideally suited for fertigation. Water-
soluble fertilizers at concentrations required by crops are conveyed
through the irrigation systems to the wetted volume of soil. Thus the
distribution of chemicalsintheirrigation water will likely placethese
chemicalsintheroot zone which helpsthe plantsto uptake of N, Pand
K effectively. Many studies have been undertaken nationally and
internationally to determine the effect of fertigation method on growth
and yield of several fruits and vegetable crops. Shedeed et al. (2009)
evaluated the effect of method and rate of fertilizer application under
drip irrigation system on growth, yield and nutrient uptake by tomato
grown on sandy soil. The experiment was laid out in a randomized
complete block design having five treatments replicated threetimesin
4.5m x 12m plot and included: control, normal fertilizers applied to
soil with furrow irrigation, normal fertilizers applied to soil with drip
irrigation, Y2 soil - Y fertigation, ¥ soil - % fertigation and 100%
NPK fertigation as water soluble fertilizers applied through drip
fertigation. They concluded that thefertigation at 100% NPK recorded
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significantly higher total dry matter (4.85 t/ha) and |eaf areaindex of
3.65, respectively, over normal fertilizer applied to soil with drip
irrigation. It wasal so observed that the drip fertigation had the potential
to minimize leaching lossand toimprovetheavailableK statusinthe
root zone for efficient use by the crop. Drip fertigation helped in
alleviating the problem of K deficiency in the sandy soil. Frequent
supplementation of nutrients with irrigation water increased the
availability of N, Pand K intheroot zone and which inturninfluenced
theyield and quality of tomato.

3.1.2.1. Advantages
The salient advantages of fertigation are given below:

e Uniformdistribution of the nutrientsinthe soil by theirrigation
water.

»  Deep penetration of the nutrients into the soil.
*  Lower fertilizer losses from the soil surface.

e Better coordination of nutrient supply with the changing crop
nutrient requirements during the growing cycle.

e Higher application efficiency.

e Full control and precise dosing of fertilizers in automatic and
semi-automatic irrigation systems avoids the leaching of
nutrients beneath the root zone.

e Avoiding of mechanized fertilizer broadcast eliminates soil
compaction and damage to the plants and the produce.

e Fertigation contributes to labor saving and convenience in
fertilizer application.

*  Improvessoil solution conditions

e Fexibhility intiming of fertilizer application

3.1.2.2. Limitations and precautions

Thelimitationsand precautions of using chemicals/fertilizerswith drip
irrigation are given below:
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e Only completely soluble fertilizers are suitable to be applied
through theirrigation system.

e Acidfertilizerscan corrode metallic components of theirrigation
system.

e Theimmersed fertilizers can raise the water pH and trigger the
precipitation of insoluble salts that will clog the emitters and
thefiltration system.

e Operation and maintenance requires skilled manpower.

e Health hazard existsif theirrigation water system is connected
to thedrinking water supply network. Failurein thewater supply
may cause the back flow of water containing fertilizersinto the
drinking water system.

e Theoperator isexposed to burninjury by acid fertilizer solutions.

e Toavoidthecorrosion of metal parts, the pure water should be
used in the last minutes of each irrigation cycle to wash the
irrigation system from residual chemicals.

3.1.2.3. Fertigation Methods

Thedripirrigation system employsinjection devicesfor injecting the
fertilizer into irrigation water. Theinjection device must ensure supply
of constant concentration of fertilizer solution during the entire
irrigation period. The common methods of applying chemicals/
fertilizersthrough the drip irrigation system are pressure differential,
injection pump, and venturi appliance as shown in Fig. 3.2-3.4. In
pressure differential systemsasshownin Fig. 3.2., apressuredropis
created by pressure reducing valves provided between the inlet and
the outlet of the supply tank. The pressure difference causes water
flow through the tank and then chemicalfertilizersfrom the tank are
carried to the drip system. The tank contains solid soluble or liquid
fertilizer that is dissolved gradually in the flowing water. The
disadvantage of thistype of injection system isthat the concentration
of fertilizer isdiluted asinjection continues. There are no moving parts
and hence prolong itsworking life. The system issimplein operation
and involves no extra cost.
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Ininjection pump method, thefertilizer solutionisinjected by means of
aninjection pump (Fig. 3.3.). A pump can be driven by electric motor,
diesel engine, or hydraulically operated by the water pressure of the
irrigation system. The hydraulic pumpisversdtile, reliable and haslow
operation and mai ntenance expenses. A pump must develop apressure
greater than that of inirrigation pipeline. Centrifugal pumps are used
when high capacity injection is needed. Fertigation pumps can be
controlled by the automatic irrigation system. Thedischarge of the pump
is monitored by means of a pulse transmitter that is mounted on the
pump and converts its piston or diaphragm oscillation into electrical
signals. This system is flexible and can provide higher discharge rate
and al so does not create any further head lossintheirrigation system. It
maintai ns a constant concentration of fertilizer solution throughout the
application time. High cost of pump and its accessories, and operation
and maintenance cost areits major disadvantages.

In venturi appliance, the fertilizer is injected through a constricted
water flow path. A venturi injector is a tapered constriction which
operates on the principle that a pressure drop results from the change
invelocity of thewater asit passesthrough the constriction. Thevelocity
of water flow inthe constricted sectionisincreased. The pressure drop
through a venturi must be sufficient to create a vacuum relative to
atmospheric pressurein order to suck the solution from atank into the
injector. A tube mounted in the constricted section sucks fertilizer
solution from an open fertilizer tank. A venturi injector doesnot require
external power to operate. There are no moving parts, which increases
its life and decreases probability of failure. The injector is usually
constructed of plastic, which makesit resistant to most chemicals. It
requires minimal operator attention and maintenance, and its cost is
low as compared to other equipment of similar function and capability.
It is easy to adapt to most irrigation systems, provided a sufficient
pressure differential can be created to suck thefertilizers. It ispossible
toinject nutrientsin non-continuous (bulk) or continuous (concentration)
fashion. For bulk injection, dripirrigation systems should be brought up
to operating pressurebeforeinjecting any fertilizer or chemical. Fertilizer
should beinjected in a period such that enough time remainsto permit
completeflushing of the system without over-irrigation.
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Fig. 3.3: Fertilizer injection methods by pump injection (Lamm et al., 2001)
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Fig. 3.4: Fertilizer injection methods by venturi (Metwally, 2001).
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3.1.2.4. Fertigation Recommendations

For optimum plant growth and yield performance under fertigation,
all fertilization-irrigation-input factors must be kept in mind so that
none impose asignificant limit. Implementing afertigation program,
the actual water and nutrient requirements of the crops, together with
auniform distribution of both water and nutrients, are very important
parameters. Crop water requirementsarethe most critical link between
irrigation and a good fertigation. The amount of irrigation water for
entire growing season must be precisely estimated under the prevailing
climatic conditions of the region under consideration. The main
elements for formulating and evaluating the fertigation program are
crop nutrient requirement, nutrientsavailability in the soil, the volume
of soil occupied by the crop rooting system and the irrigation method.
Fertigationwithdripirrigation, if properly managed, can reduce overall
fertilizer and water application rates and minimize adverse
environmental impact (Papadopoul os, 1993).
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Ingeneral, empirical fertilization isbased on farmer’s experience and
on broad recommendations. The rate of nutrient application is
determined by the nutrient requirement of the crop, the nutrient
supplying power of the soil, the efficiency of nutrient uptake and the
expected yield. These factors should be taken into consideration and
for the same crop, for each field, different fertigation programs are
recommended. Theinformation on quantities of nutrients removed by
crop can be used to optimize soil fertility level. Part of the nutrients
removed by crop is used for vegetative growth and the rest for fruit
production. It is important to have enough nutrients in the right
proportionsin the soil to supply crop needs during the entire growing
season. Vegetable crops differ widely in their macronutrient
requirements and in the pattern of uptake over the growing season. In
general, N, P, and K uptakefollow the same course astherate of crop
biomass accumulation. Fruiting crops such as tomato, capsicum, and
melon etc. requirerelatively little nutrition until flowering and nutrient
uptake accel erates and reaches to peak during fruit set and early fruit
bulking. Fertilization recommendations, based on research conducted
regionally, vary among areas of the country. It isimportant to recognize
these regional differences. Most of the Agricultural Universities in
India have their own Regional Research Station or Krishi Vigyan
Kendra. Therelevant research findings of these research stations must
be utilized whileformulating fertigation programs

Further, using astandard drip fertigation program without soil testing
will often lead to wasteful fertilizer application or may results in a
nutrient deficiency. A soil test hel psto estimate the nutrient supplying
power of asoil and reduce guesswork infertilizer practices. Soil testing
laboratories normally suggest waysto collect the soil samples. Weare
concerned here with drip irrigation systems so the sampling must be
done accordingly. The place and depth of soil sampling relativeto the
drippers is a sensitive issue of particular importance. Usualy it is
recommended to get samples beneath the dripper, between the drippers
and betweenthelateral pipes. In order to estimatethe nutrient supplying
capacity of a soil, apart from soil analysis, the parameters such as
depth of the crop rooting system, percentage of soil occupied by the
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root system under different irrigation systems, and soil bulk density
are needed. These parameters are used to cal cul ate the weight of soil
of acertain areato adepth wherethe active rooting zone of thecropis
developed and estimate the reserves available nutrients for the crop.
The appearance, growth and depth to which roots penetrate in soils
arein part species properties. For drip irrigated greenhouse vegetabl es
liketomato, cucumber, and capsicum, the wetted soil volumeisusually
30-50% of total soil volume. The fraction of soil occupied by roots
must betaken into account whenever the amount of available nutrients
iscalcul ated; otherwise the avail able amounts could be overestimated.
In calculating the nutrient supplying capacity of asoil, thewhole amount
of the available nutrient to full depletion of soil can be taken into
consideration. However, it is preferable that a certain amount of a
nutrient bereserved in soil. For intensiveirrigated agriculture as safety
amounts of P and K in soil could be considered the 30 and 100 ppm,
respectively. Moreover, in casethat anutrient isbel ow the safety value,
thefertilization program may include an amount of nutrient needed to
build up soil fertility up to the safety margin. Thesesmarginsare at the
sametimethe pool for increased demand in nutrients at eventual crop
critical nutrient stages. It should be emphasized that the amount of
fertilizer nutrients needed by the crop and the amount of nutrients,
which should be applied, are not equivalent. The crop does not useall
the nutrients supplied by fertilizers, therefore, the actual amount applied
is higher than the amount required by the crop. In general, the higher
thewater use efficiency of anirrigation system, the higher isthe nutrient
uptake efficiency. For awell designed dripirrigation system and with
good scheduling of irrigation, depending on soil type, the potential N,
P and K uptake efficiency ranges between 0.75-0.85, 0.25-0.35 and
0.80-0.90, respectively.

The capacity of theinjection system depends upon the concentration,
rate and frequency of application of fertilizer solution. The amount of
fertilizer to be applied per application (P) can be calculated by

p=L :4 ................................................................. 3.1)
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where,

F = fertilizer requirement, kg/ha,
A = area of the field, ha,

N = number of applications.

The injection rate depends upon the concentration of the liquid fertilizer
and desired quantity of nutrients to be applied during the irrigation. It
can be determined by the equation.

FxA

6 GRE, R e
where,
g, = rate of injection of liquid fertilizer solution into the system, Iph
F = fertilizer application rate per irrigation cycle, kg/ha
A = area irrigated, ha
T = irrigation application time, h
¢ = concentration of nutrients in liquid fertilizer, kg/I
t = ratio between fertilizing time and irrigation application time

The fertilizer distribution efficiency of the system is determined by
measuring the weight of the fertilizer (mg) in the total volume of water
cached from the different emitter, during a 30 min from the start of
fertigation operation. The fertilizer distribution efficiency can be
determined as follows:

where,
FDU = fertilizer distribution efficiency, %

W_ = mean weight of fertilizer in water of the lowest 1/4 emitter, mg

fim

W, = mean weight of fertilizer in water during fertigation, mg
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3.1.2.5. Plant Nutrients
Thenutritional elements of plant are divided into two groups

i) Macroeements: Thisgroup includeselementsthat are consumed
by plants in relatively high amounts. The common macro
elements are nitrogen, phosphorous, potassium, calcium,
magnesium and sulfur.

ii)  Micro elements: This group includes elements that are also
essential for good devel opment of plants, but they are absorbed
and used by plantsrelatively in small quantity. Common micro
elements are iron, manganese, zinc, copper, molybdenum and
boron.

The functions of plant nutrients which support the plant system are
briefly discussed below:

Nitrogen (N): Thenitrateform of nitrogenisnot heldin soils. Nitrates
move with other soluble saltsto the wetted front. Thisis of particular
interest since NO_-N should always be applied with irrigation and at
desired concentration needed by the crop to satisfy its nitrogen
requirement from one irrigation event to the other. Under irregular
NO_-N application, the fertigated crops might be under the over-
fertilization stage at the day of fertilizer application and under deficient
stage due to leaching following the irrigation without fertilizer. The
ammonium form of N derived from ammonium or ureafertilizersdoes
not leach immediately because it is temporarily fixed on exchange
sites in the soil. Ammonium and urea, however, may induce
acidification, which may create higher solubility and movement of
Phosphrousin the soil. Ureaisahighly soluble, chargeless molecule,
which easily moves with the irrigation water and is distributed in the
soil similarly to NO,. At 25°C, it is hydrolyzed by soil microbial
enzymesinto NH, within afew days.

Phosphorous (P): Phosphorousisessential for cell division and plant
root devel opment. It enhancesflowering at the reproductive stage and
is essential for development of seeds and fruits and necessary for
meristematic division. Contrary to N and K, phosphorus is readily
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fixed in most of the soils. Movement of P differs with the form of
fertilizer, soil texture, soil pH and the pH of thefertilizer. Phosphorus
mobility in soil is very restricted due to its strong retention by soil
oxides and clay minerals. Soil application of commonly available P
fertilizersgenerally resultsin poor utilization efficiency mainly because
phosphateionsrapidly undergo precipitation and adsorption reactions
in the soil, which remove them from the soil solution. Consequently,
thereislittle or no movement of phosphate from point of contact with
thesoil. Therefore, thereisinefficient utilization of applied Pfertilizers.
Rauschkolb et al. (1976) found that P movement increases 5 to 10
folds when applied through drip system, indicating that fertigation of
Pisparticularly important.

Potassium (K): Theionic form of thiselement isK*. Potassium takes
part in activating enzymes involved in photosynthesis and in the
metabolism for creating proteins and carbohydrates. The carbohydrates
are transported from leaves to the roots and anions from roots to the
leaves. It also assistsin utilizing the water use by regulating the stomata
and decreasing evaporation from the stomata. It improvesthe quality
of fruitsand vegetables. It isless mobilethan nitrate, and distribution
inthe wetted volume may be more uniform dueto interaction with soil
binding sites. Drip irrigation systems apply K in both laterally and
downward direction, allowing more uniform spreading of theK inthe
wetted volume of soil. Application of K with the irrigation water is
advised sinceits effectivenessincreases substantially and boost higher
crop yield. Potassium can be applied as potassium sul phate, potassium
chloride and potassium nitrate. These potassium sources are soluble
with little precipitation problems.

Calcium (Ca): Theionicform of calcium elementisCa*™. Thiselement
isinvolved in cell structure by creating calcium pectate and the cell
division. Calcium takes part in activating the reactions of some enzymes
such as phospholipase. It reacts as a detoxifying agent.

Magnesium (Mg): Theionic form of magnesium element absorbed
by the plantsisMg**. Magnesium isthe major element in chlorophyl|
structure, whichisresponsible for photosynthesis process. It takes part
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in activating some enzymes that are involved in carbohydrates
synthesis. It enhances the uptake and transl ocation of phosphate.

Sulfur (S): Theionic form of this element absorbed by the plant is
SO, . Sulfur is a components in the structure of some amino acids
such ascystine, cysteineandisactivein protein structure. It isinvolved
in some enzyme oxidation and reduction reactions.

Iron (Fe): Theionic formsof thiselement absorbed by the plantsare
Fe** and Fe***. This element is an important component in the
chlorophyll synthesisinthe plant. Itisinvolved in enzymatic oxidation
reduction reaction.

Manganese (M n): It isactivator in some enzymatic oxidation reduction
reaction. It takes part in activating the enzymes that are responsible
for reduction of nitrate-NO, to nitriteNO, . Itisinvolved in chlorophyll
synthesisand photosynthesisreactions.

Zinc(Zn): Zincisinvolvedinbio-synthesisof indoleacetic acid (IAA).
Itisinvolved in enzymatic reactions.

Copper (Cu): Copper is involved in some enzymatic reduction
reactions like ascorbic acid oxidase, phenolase, lactase etc.

Molybdenum (Mo): The ionic form of this nutritional element is
MoO, . Thisactivates enzymes that are responsible for the reduction
of nitrate NO, to nitrite NO,, therefore in molybdenum deficiency
nitrate is accumulated in plant tissues. It isrequired by the rhizobium
bacteriafor nitrogen fixationin legume.

Boron (B): Theionic form of thisnutritional elementisB,O,~. Boron
activates certain enzymes and participates with sugars in producing
complex compounds (lignine) that are responsible for the thickening
and hardening of cell walls. It participatesin the process of producing
the rhizobium nodulesthat are responsible for the nitrogen fixation of
legumeroots.

Thefertilizer to be used for fertigation must be water-soluble (Table
3.1). However, most of the common P and K fertilizers are not
convenient for fertigation dueto their low solubility. Thisisparticularly
the case with the P fertilizers.
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Table 3.1: Solubility of fertilizers in water (kg/100 litters).

Type of fertilizer Solubility
Ammonium sulphate 71
Ammonium nitrate 119
Urea 110
Monoammonium phosphate (MAP) 23
Urea phosphate 96
Potassium sulphate 7
Potassium nitrate 32

Example 3.1. The nitrogen concentration of solid ureafertilizer is46
%. Prepare a solution of 80 ppm nitrogen.

Solution
The amount of ureato bedissolvedin 1 mé of water can be calculated by

ppm of element x100
% of eementin fertilizer

80100

46

=173.91 grams or 173.91 mg/l

Example 3.2. Theliquid ammonium nitrate has nitrogen concentration
of 18 % with specific weight of 1.23 g/cm®. Prepare asolution of 100
ppm nitrogen.

Solution
The amount of liquid ammonium nitrate to be dissolved in 1 m® of
water can be calculated by

ppmm of element x 100

% of element in fertihzer x specific weight

_100%100
18x1.23

=451.67 ml

Example 3.3. A dripirrigation systemisinstalled in 1 ha area under
citrus crop. The plants are spaced at 5 m ~ 5.5 m apart. Urea —
ammonium nitrate, aliquid fertilizer with 32% nitrogen and weighing
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1.32 kg/l is available for fertigation. Find the fertilizer injection rate
to apply 40 kg/ha of elemental nitrogen. Theirrigation and fertilizing
time are 8 hrsand 4 hrs respectively.

Solution
Irrigation application time (T) =8 h,
Fertilizingtime=4h,

Theratio of fertilizing time and irrigation application time (tr) = 4/8 =
0.5

The concentration of elemental nitrogen, N, intheliquid fertilizer
C=1.32X 32/100=0.42 kg/l
Using Eq. 3.2, theinjection rate

40x1.0

=— =23 80Iph
042%x050x8 P

q(?

3.1.2.6. Sources of fertilizers

Commercia P-fertilizers may also precipitate in the irrigation pipe
networks and reacts with ions present in the irrigation water such as
Caor Mg. Therefore, when choosing the P fertilizer for fertigation,
besides solubility, we must take care to avoid P-Ca and P-Mg
precipitationintheirrigation linesand emitters. Keeping thisin view,
acid P fertilizers like phosphoric acid, urea phosphate or
monoammonium phosphate are recommended. Different sources of
fertilizers, including P fertilizers, have different effects on irrigation
water and soil pH. High pH values greater than 7.5 in the irrigation
water are undesirable. Calcium and Mg carbonate and orthophosphate
precipitations may occur in the lines and the drippers. In addition,
high pH may reduce Zn, Fe and P availability to plants. The desired
pH isbelow 7 and most cultivated cropsare grown in the range of 5.5-
6.5. The pH of theirrigation water could be reduced or controlled by
using P acid or acid based fertilizers like urea phosphate and
monoammonium phosphate. The use of acid fertilizersin drip systems
may be beneficial in many ways other than the direct benefit from the
added P, such asincreased solubility of soil native Pminerals, increased
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availability of other nutrients and micronutrients and prevention of
clogging of thefertigation system.

The choiceof fertilizer suitablefor aspecific application should be based
on several factors: nutrient form, purity, solubility, and cost. A variety of
fertilizers can be injected into drip irrigation systems. Soluble NPK
fertilizersareavailableinthe market whichisappropriatefor fertigation
but the price might be in certain cases the main constraint. Common N
sources include ammonium sulphate, urea, anmonium nitrate, urea
ammonium nitrate, calcium nitrate, magnesium nitrate and potassium
nitrate. Potassium can be supplied from potassium chloride, potassium
sulfate, potassium thiosulfate, or potassium nitrate. In casethat salinity
is a problem potassium chloride and potassium sulphate should be
avoided. For phosphorus application, phosphoric acid, urea phosphate
or ammonium phosphate sol utionsare used commonly. M onoammonium
or mono potassium phosphateisalso available.

3.1.2.7. Nutrient Monitoring

It is essential to monitor the soil and plant nutrient status to ensure
maximum crop productivity. In conventional production, soil NO_-N
testing is usually carried out before we plant. Since drip irrigation
system provides the ability to add N as and when required, more
extensive NO,-N monitoring is justified. Traditional soil laboratory
test offer the most complete and accurateinformation. Thereare several
alternative techniques to aid on-farm nitrogen measurement. One
approach is the use of soil solution access tubes, also called suction
lysimeters. The detail sare not being discussed here. The use of suction
lysimetry has seriouslimitations. There can belarge spatial variability;
one portion of afield may vary from another and, since NO,-N moves
with the wetting front, there can be stratification of NO,-N withinthe
bed. This problem can be minimized by using multiple lysimeters per
field, but that also increases the effort and the cost. Interpretation of
resultsis also problematic.

In general, when NO,-N concentration in aroot zone soil solution is
found greater than 75 mg/l, it indicatesthat sufficient N isavailableto
meet immediate plant needs. A lower NO,-N concentration cannot be
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interpreted directly as N deficiency, given the difficulty to obtain a
sampl e representative of the whole root zone. Reliance on soil NO,-N
testing isappropriate early inthe crop cycle, when crop N uptake rate
is low and the detection of substantial residual NO,-N can lead to
reduced additional N fertigation. By mid-season, crop uptake rates
increase and soil NO,-N concentration correspondingly will change
morerapidly. Also, once an extensive root systemis devel oped, many
crops can take up N in excess of crop needs. From mid-season until
harvest, plant tissue analysis should be the primary indicator of N
status, although soil testing still may be used to identify fields where
NO,-N levelsremain high enough to delay additional N application.

Conventional plant tissue analysis, in which tissueisdried, grounded
and analyzed chemically in alaboratory, isthe most accurate way to
determine crop nutrient status. Unfortunately, laboratory analysis of
dry tissueisrelatively costly, and the time lag between sampling and
obtaining results can be significant. In recent years there has been
increasing interest in on-farm tissuetesting, particularly for monitoring
drip-irrigated fields. On-farm monitoring usually involvesthe analysis
of NO,-N and K content of petiole sap; sap anaysis for PO, P is
uncommon. Measurement techniques include colorimetric methods,
NO,-N or K test strips (Hochmuth, 1994), or ion-specific electrode
(Hartz etal., 1993; Vitosh and Silva, 1994). Although all methods can
be used successfully, theion-specific el ectrode isthe most commonly
used approach. The appropriate protocol for tissue collection, handling,
and analysisisdiscussed by Hochmuth (1994).

3.1.3. Filtration System

The clogging of emitters is the main problem encountered in the
operation of dripirrigation systems. Filtering and keeping contaminants
out of the system are the main defense against the clogging caused by
mineral and organic particles. Impurities in water can be classified
into three categories:

e Inorganic solid particles: sand, silt and clay and insoluble
preci pitation.

 Living organisms such as algae, protozoa, bacteria, and fungi.
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e Organic debris

Removal of above mentioned impuritiesis essential for efficient and
trouble-free operation of a drip irrigation system which necessitates
the use of proper filters.

3.1.3.1. Selection of Filters

While selecting filters for the drip irrigation system, the following
factors are considered.

e The physical quality of water such as the concentration and
pattern of the impurities, suspended solids and organic matter.

e Thechemical nature of water such aspH level, and presence of
sedimentsforming chemical elementsand possible reactionwith
the injected fertilizers when fertigation is applied.

» Discharge and allowable head losses in the system.
» Reliability and durability of thefilters.
*  Cost of thefilter.

» Thetota surfaceareaof thefiltration element isvery important.
The filtration area needed for moderately dirt water isin the
range of 60-150 cm? for drip irrigation.

3.1.3.2. Types of filters

Settling Basins: Settling basins can remove suspended material
ranging from sand (2000 mm) to silt (200 mm) in stream water being
used for irrigation. It removes large volumes of sand and silt. Basins
are constructed so that it could limit turbulence and permit aminimum
of 15 minutes of retention time for water to travel from the basininlet
to the pumping system intake. Longer retention time is required to
allow the settling of smaller particles. A basin of 1.2 m deep, 3.3 m
wideand 13.7 mlongisrequired to provide aone quarter hour retention
time for a57 Ips stream. Settling basin should be relatively long and
narrow to eliminate short circuit current that reduces effective retention
time. If the source of water isground water, settling basins should not
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Fig. 3.5: Arrangements of gravels in media filter

be used but if canal water is being used for irrigation through drip
irrigation systems, it may be of agreat use.

Media Filter: Media filters are used when irrigating with water
containing high organic load such as water pumped from open water
bodiesor reclaimed water. It consists of finegravel and sand of selected
sizesplaced in apressurized tank. Arrangement of laying gravel s/sand
isshowninFig. 3.5. Mediafiltersare not easily plugged by algae and
canremoverelatively large amounts of suspended solidsbeforecleaning
isneeded. It can retain particle sizesin the range of 25 to 200 mm. In
general water flow ratesthrough thefilters should bein between 10to
18 Ips per square meter of filtration surface area. Mediafilter should
be followed by a secondary screen filter to prevent carry over of
contaminants foll owing the backwashing process. Numbers designate
the sand mediafilter used in most dripirrigation filters: number 8 and
11 are crushed granite, and numbers 16, 20, and 30 are silica sands.
The mean granule size in microns for each media number is
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approximately 1900, 1000, 825, 550 and 340 for number 8, 11, 16,
20, and 30, respectively.

When the water flows from top of the filter, it goes down through
layered bed and flows out at the bottom of the filter. The organic
impurities adhereto the surface of the media particles and accumulate
in the filter tank. When too much dirt has been accumulated in the
layered bed, the pressure head loss across the filter is increased and
the accumulated dirt has to be backwashed in time in order to avoid
the excess head losses. Backwashing is a process of reversing the
direction of water flow through the filter and bypassing the effluent
and itsneed can be detected by the pressure drop acrossthefilter. The
American Society of Agricultural Engineers recommends that the
pressure drop in the media filter should not exceed 70 kPa. They do
not remove very fine silt and clay particles as well as bacteria.

Centrifugal Filter: The best treatment of the water containing soil
particlesis sedimentation of the particles by means of sand separators.
Sand separators, hydrocyclones or centrifugal filters are synaminous
which remove suspended particles that have specific gravity greater
than 1.2. The centrifugal sand separator separates the sand and other
heavy particles from the water by means of centrifugal force of the
tangentially entering water into a conic tank (Fig. 3.6). The sand is
thrown by the centrifugal force against the conic wall, settled down
and accumulated in a collector at the bottom. The collector iswashed
out manually when full. The clean water is emitted in aspiral motion
through an outlet at the top of the separator. The diameters of the top
and bottom of the conical shape in centrifugal filter are designed in
accordance with the flow of water. The centrifugal filters effectively
remove large quantity of sand particles. They are placed often at the
upstream of mediaor screen filters.

Screen Filter: Screen filtersarefitted just after the pumping unit and
no other filter isrequired if source of water isground water. The casing
is built of metal or plastic material. It has four apertures: water inlet,
outlet, draining valve and cover. It consists of ascreen made of metal,
plastic, or synthetic cloth enclosed in a special house used to limit
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Fig. 3.6: Centrifuga filter (Phocaides, 2000)
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maximum particle size. Screensare classified according to the number
of openingsper inch with standard wire sizefor each screen size (Table
3.2). Most manufacturers recommend 100 to 200 mesh screens for
dripirrigation system. Normally, the discharge through the screensis
lessthan 135 Ips per square meter of screen openings. A standard 200
mesh stainless steel screen has only 58% open area and equivalent
nylon mesh with same size opening has only 24% open area. In screen
filter, the mesh size and the total open area determine the efficiency
and operational limits.

Table 3.2: Specifications of filter screens.

Mesh No. Hole size, micron Wire thickness, micron
40 420 250
50 300 188
80 177 119
100 149 102
120 125 86
155 100 66
200 74 53

Therefore, it isimportant to consider the percentage of open areawhen
sizing afilter for agiven system discharge. It may befitted in aseries
with the gravel filter in order to remove the solid impuritieslike fine
sand, dust, etc. from water. Screen filters are suitable to water with
inorganic impurities. High load of organic and biological impurities
may clog the screen promptly. Like mediafilters, the screenfilterscan
be cleaned manually or automatically (Fig. 3.7).

Disk Filters: Thisismore suitablefor water with mixed impurities of
inorganic solid particles and organic debris. The casing is made of
metal or plastic material. The filtration element is made of stacked
grooved ring shaped disks, tightened together by athreaded cap. Water
isfiltered asit flowsthrough the grooves. Coarse particles are trapped
on the external surface of the stack while finer particles and organic
debris adheres to the inner grooves. The discs are pressed together
during filtration and direction of flow isreversed during back flushing
mode. The discs start a spinning motion and complete retained
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Fig. 3.7: Schematic views of components of screenfilter (Jain Irrigation Systems)

Fig.3.8: Photograph of disc filter (Phocaides, 2000)
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impuritiesareremoved. Thediscsare assembled inacylinder and are
pressed together. To handle large flow rate, they can be installed in
batteries. Thedisk filters have much more higher dirt retention capacity
than screen filters with the same specifications. Such filters are often
used as final filtering component before the water enters the system
(Fig.3.8).

3.1.3.3. Filter characteristics and evaluation

Thefield evaluation of drip irrigation systemincludes adetermination
of filtration efficiency and pressure differential across the filter. The
effectiveness of the filtration system can also be indirectly assessed
by evaluating the degree of emitter plugging. Thefiltration efficiency
(F,) of afiltration systemis estimated by the following formula

S
F =[1—S°‘“J><100 e (3

where,

S =the concentration of suspended solids (mg/l) in filter outlet, and

out

S, = the concentration of suspended solids (mg/l) infilter inlet.

Thewater sample should betaken at least 30 minutes after the system
isturned on. The second aspect of field evaluation of filtersin adrip
systemisdifferential pressure beforeand after filter backwashing takes
place. If thedifferential pressureisvery high, aloss of flow can occur
which affects the downstream pressure. Another approach for
determining the effectiveness of the system is the extent of emitter
plugging. A small percentage of emitter plugging can affect the
uniformity of water application. Pressure regulatorsare generally used
to decrease the higher system pressureto the required system pressure.
It controlsthe pressure in oneway only i.e. highto low.

3.2. Distribution Networ k

The distribution network constitutes main line, sub-main line and
laterals with drippers and other accessories.
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3.2.1. Main and Sub-main Line

A typical drip mainlineis generally made of rigid Poly Vinyl Chloride
(PVC) and High Density Polyethylene (HDPE). Pipesof 63 mm diameter
and above with a pressure rating 4 to 6 kg/cm? are generally used for
mainline pipes. The sub-main pipelineis made of rigid PV C, HDPE or
L DPE (Low Density Polyethylene) of outside diameter ranging from 50
to 75mm with a pressure rating of 2.5 kg/cn?. The diameters of main
and sub-main pipelinesare chosen based on estimated water to be carried
out which ultimately needsthe careful determination of peak crop water
requirement. The sub-main lineis connected to main lineto deliver the
water to laterals. Gate valveis provided on the sub-main lineto control
the flow and practiced when irrigating large area divided in many sub-
plots. Each sub-plot will beirrigated with one sub-main. Sub-mainline
isfitted with aflushing valveto removethe contaminants. Themain and
sub-main linesare usually placed underground.

3.2.2. Laterals

Laterals are the pipes normally manufactured from LDPE or Linear
Low Density Polyethylene (LLDPE). Generally, pipes having 12, 16
and 20 mminternal diameter with awall thickness varying from 1 to
3mm are used as laterals. Nowadays even 32 mm lateral pipeisaso
being used. Since laterals are alwayslaid over the surface, it must be
flexible and non-corrosive. Pressure variation within the lateralslines
must be within acceptable limitsand therefore, sel ection of length and
diameter of lateral lineisamatter of accurate design.

3.2.3. Drippers/Emitters

The emitters are connected to the lateral sand control theflow of water
coming out of laterals. The design of single outlet emitter isbased on
the principle of energy losses by sudden change in velocity of fluid
flow inthe emitter path. The successive changein velocity occursdue
to sudden enlargement and contraction in the designed flow path of the
disc element. The necessary arrangement for expansion of flow isdone
by making larger cross sectional area in the shape of circle and
contraction of flow by smaller cross-sectional area in the shape of
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Fig. 3.9: Components of a point-source online pressure compensating dripper.

rectangular channel. The bottom of the path is made flat to increase
the wetted perimeter of the flow passage, which leads to decrease the
hydraulic radius and velocity of flow in the flow passage (Fig. 3.9).
Theenergy |osses occur when the flow channel suddenly expandsto a
larger diameter circular path. The energy lossisaccomplished by two
ways — first due to the impulse momentum which takes place as the
water flows from narrower rectangular passage to the wider circular
passage and secondly when the water flows fromwider circular section
to the narrower channel section. In this process, alot of eddies are
formed which causes a considerable dissipation of energy. The high
pressure from the lateral line transmitted into the emitter is greatly
reduced and controlled flow of water emitsin discrete drops almost at
atmospheric pressure. Emitters are made from poly-propylene or
polyethylene and availablein the market in different typesand designs.
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Point-source and line-source emitters operate either above or below
the ground surface. M ost of the point source emittersare either on-line
or in-line emitters. The primary difference between on-lineand in-line
emitters is that the entire flow required downstream of the emitter
passes through an in line emitter. There is more head loss along a
lateral with on-line emittersthan one with in-line emitters because of
obstruction created by the barbs of on-line emitters. The percentage
areawetted, and thereliability of the emitters against the clogging and
malfunctioning are two important aspects of quality and safety of drip
irrigation systems. Anideal set of emitters should have the attributes
such as durability, low cost, reliable performance with a relatively
low rate of uniform discharge and relatively large and/or self-flushing
passageway to reduce or prevent clogging.

3.2.3.1. Types of Drippers/Emitters

(@ In-lineEmitters. In-lineemittersarefixed adong with thelateral
line. The pipe is cut and dripper is fixed in between the cut
ends, suchthat it makesacontinuousrow after fixing the dripper.
They have generally asimplethread type or labyrinth typeflow
path (Fig. 3.10).

(b) On-line Emitters: These are fixed on the lateral by punching
suitable size holesin the pipe. These are of thefollowing types:

i) Simple Type/Laminar Flow: In this type of dripper, the
discharge is directly proportional to the pressure. They have
simple thread type, labyrinth type, zig-zag path, vortex type
flow path or have float type arrangement to dissipate energy.

ii) TurboKey Drippers: These are made of virgin and stabilized
polymers and are available in 2, 4 and 8 Iph discharge. They
provide resistance to blockage and are pressure compensating.

iii)  PressureCompensating Drippers: Thistypeof dripper gives
a fairly uniform discharge within the pressure range of 0.3
atmospheresto 3.5 atmospheres. They are provided with ahigh
quality rubber diaphragm to control pressure and are most
suitable on slopes and difficult terrain.
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Fig. 3.10: In-line dripper
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iv)  Built-in Dripper Tube: In this system, polyethylene drippers
areinseparably welded to theinside of thetube during extrusion
of polyethylene pipes. They are provided with independent
pressure compensating water discharge mechanism and
extremely wide water passage to prevent clogging. Other
accessoriesincludetake out/ starter, rubber grommet, end plug,
joints, teesand manifolds.

3.2.3.2. Emitter discharge exponent

The flow from the emitter used in drip irrigation system is expressed
by the following relationship:

where, qisdischargerate of emitter inlph, K, isdischarge coefficient
whichisaconstant of proportionality, H isthe pressure head at emitter
in meter, and x is emitter discharge exponent. The value of x governs
theflow regime, and discharge and pressure rel ationship of an emitter.
The pressure variation will less affect the discharge with lower value
of x. Normally xistaken as 0.5 for non compensating simple orifice
and nozzle emitters. For fully compensating emitter, x = 0.0. The
exponent of long path emitter isnormally variesfrom 0.7 to 0.8. The
values of x usually lie between 0.5 and 0.7 for tortuous path emitters.

3.2.3.3. Selection of an emission device

The selection of an emission device such as line-source and point-
source emitters, micro- sprinklers and bubblers depends upon crop to
beirrigated, filtration requirement and soil type. Therequired emitter
flow rate can be computed asfollows:

B d, xI,
I, xE_ xN
where,

O, = ————— .(3.6)
Q, = required emitter flow rate, I/h
d = water requirement of per plant, I/d

I, =irrigationinterval, day
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| =irrigation time per set, h

E, = application efficiency, fraction

N = number of emitters per plant

The crop water requirement under drip irrigation isdifferent fromthe
crop water requirement under surface and sprinkler irrigation primarily
because land areawetted isreduced resulting in less evaporation from

soil surface. The capacity of emission device can be computed by using
equation

Q= AXXI00 e (3.7)
{H _TI'I] ] X E.I
where,

Q = capacity of emission device, I/h

A= areairrigated by the emission device, m?
d = depth of applied water, mm

H = hours of application of irrigation water
T = off timefor maintenance, h

E,= application efficiency, %

Theareairrigated by an emission deviceis computed by the equation

. LxSx W,
T UIO0 X B, e e (3.8)
where,

A = areairrigated, m?,

L = spacing between adjacent plant rows, m

S = spacing between emission point, m

W, = percent of cropped area being irrigated

N_= number of emission devices at each emission point.

The value of W varies from 30 to 100%, depending upon the type of
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crop and itsage. For widely spaced horticultural fruit tress (vine, bush,
mango etc.), W, varies between 30 to 60 % of area of each treeand for
close growing crops such as vegetabl es, the value of U isconsidered
as 100%. The number of emission devices per emission point,required
for desired wetting pattern is determined on the basis of horizontal
and vertical movement of water through the soil. The soil moisture
movement studiesare required to be conducted at several representative
sites around the field to obtain horizontal and vertical spread data.

3.2.3.4. Emitter spacing

Aswe have discussed in Chapter-2 that wetting pattern of the emitter
determines the spacing and number of emitter required per plant. To
determine the wetted width and depth of water front, Mohammed
(2010), Schwartzmassand Zurr (1985) and Wetup model can be used.
United States Soil Conservation Services (1984) has provided an
estimate of maximum horizontal wetted width from asingle point source
emitter and this can be used wherefield data are not available (Table
3.3). For line-source emitter, this value must be multiplied by 0.8.

Table 3.3: Wetted width or diameter of wetted circle of a point source emitter
of 4 Iph capacity (United States Soil Conservation Services, 1984)

Depth of root zone and Homogeneous Soil profiles of varying
soil texture soil layer, m textural group
Low density, m Moderate
density, m

Root zone depth, 0.75 m

Coarse soil 0.45 0.75 1.05
Medium soil 0.90 1.20 1.50
Fine soil 1.05 1.50 1.80
Root zone depth, 1.5 m

Coarse soil 0.75 1.40 1.80
Medium soil 1.20 2.10 2.70

Fine soil 1.50 2.00 2.40







A

Estimation of Crop Water
Requirement

The quantity of water use by the cropsis directly proportional to its
growth. Cropsusewater in transpiration. Theroot hairs extract water
from the soil and the water travel sthrough the stem towards the leaves.
The water transpires into the air through pores in the surface of the
leaves. Water is also lost when it evaporates from the soil and other
surfaces. The combined loss of water through transpiration and
evaporation is termed as evapotranspiration. Measurement of the
evapotranspiration will tell you how much water you are required to
supply to the crop. The amount of water used by the crop will depend
upon the type of crop and its stage of growth, soil types, and
environmental factors such as sunlight, humidity, wind speed and
temperature. The crops grown in areas which are hot, dry, windy and
sunny will require more water than crops grown in cool, humid and
cloudy environment. The influence of the climate on crop water
requirement is accommodated by the reference evapotranspiration
(ET,). It can be defined as the rate of evapotranspiration from alarge
area, covered by green grass, 8 to 15 cm tall, which grows actively,
completely shades the ground and which is not short of water. It is
expressed in mm per unit of time, e.g. mm/day or mm/month. Grass
has been taken as the reference crop.
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4.1. Methodsof Evapotranspiration Estimation
4.1.1. Direct Methods of Measurement of Evapotranspiration

4.1.1.1. Pan Evaporation Method

Evaporation pans provide a measurement of the combined effect of
temperature, humidity, wind speed and sunshine on the reference crop
evapotranspiration. Many different types of evaporation pansarebeing
used. The best known pans are the Class A evaporation pan (circular
pan) as shownin Fig. 4.1 and the Sunken Colorado pan (square pan).
Theevaporation panisinstalled inthefield or at the experimental site
and filled with aknown quantity of water. The water depth in the pan
isto berecorded and the water isallowed to evaporate during 24 hours.
After 24 hours, the remaining quantity of water or say water depth
will bemeasured. If theareareceivesany rainfall, that may berecorded.
If the water depth in the pan drops too much, water is added and the
water depth is measured before and after the water is added. If the
water level risestoo much water istaken out of the pan and the water
depths before and after is measured. The amount of evaporation (E, )
per time unit is calculated. This alone can not be considered as the
water requirement of the crops grown nearby areas. The E
multiplied by a pan coefficient, K
evapotranspiration (ET ).

PAN IS

oy ¢ [0 Obtain the reference

ET, = Koy, X By, oo (4.1)
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Fig 4.1: Class A evaporation pan
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Determination of K, |

It is obvious that the water in the evaporation pan and from the grass
field does not evaporate in asimilar fashion under the same climate.
Thereforeaspecial coefficientisused (K, ) torelate oneto the other.
The pan coefficient, K, , depends on the type of pan used, the pan
environment, and the climate (humidity and wind speed). For a pan
placed in afallow area with high humidity and low wind speed, the
Ko Will be high. But if the pan is placed in a cropped areawith low
humidity and higher wind speed, the K, will be low. Normally for
the Class A evaporation pan, the K, varies between 0.35 and 0.85.
AverageK_, may betaken as0.70. For the Sunken Colorado pan, the
K Fanges between 0.45 and 1.10, and average K, isnormally taken
as 0.80.

Example4.1.

Class A evaporation panisinstalled in afield and first day the water
depth was recorded as 60mm and after 24 hours water depth becomes
45mm. The day received no rainfall. If K is 0.70, find out the
reference evapotranspiration.

Solution. We know theformulato estimate reference evapotranspiration
whichisgiven hereunder.

ET, = Ko X Epn
Pan evaporation = 60-45 = 15mm
ET, =0.70x 15

=10.5 mm/day

Crop Coefficient

We are more interested in the estimation of crop water requirement so
that we can plan our irrigation scheduling and design of irrigation systems.
Reference evapotranspiration gives the value for ashort grass under a
given conditions. Here a coefficient is introduced which will consider
the specific crop and itsdifferent growth stages. Thiscoefficientiscalled
crop coefficient (K). If weknow ET_and K , thenwe can determinethe

crop water requirementi.e. ET . ., asgiven below.
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ET rop = KX BT e (4.2)

CROP

The crop coefficient, K , depends on the type of crop, growing stages
and weather. A well developed tomato crop with full canopy cover
will transpire more water than the reference grass crop. The same crop
during initial stages may require less water than the reference grass
crop. | mean to say that the value of the crop coefficient ranges from
the initial to final harvesting stages. Also in order to determine the
value for any crop, knowledge about the length of the crop growing
season and the lengths of the various growth stagesis essential. Food
and Agriculture Organization (FAO) has given al these information
but it is better to collect the total length of growing season and the
duration of the various growth stages of the crops from nearby
Agricultural University or Agricultural Research Station. The total
growing season has been divided into 4 growth stages: initial stage,
crop development stage, mid-season stage, and the |l ate season stage.
Table 4.1 shows the total length of growing periods and duration of
the various growth stages for some of the major field crops (FAO).
Table 4.2 shows the average values for some crops according to its
four different growth stages. Actually, the value also depends upon
the weather especially on the relative humidity and the wind speed.
The values indicated in Table 4.2 should be reduced by 0.05 if the
relative humidity is high (RH > 80%) and the wind speed islow (u <
2 m/sec). The values may be increased by 0.05 for relative humidity
lesser than 50% and the wind speed more than 5 m/sec.

Now, the values of crop coefficient can be taken from the table given
by FAO but growth stages are not confined on monthly basis. For
example, crop development stage may range from January 15 to
February 20. How will you calculate the monthly crop coefficient?
This we are going to explain with an example problem. Methods of
estimation of reference evapotranspiration will be discussed later in
this chapter.

Example4.2.

Tomatoes are transplanted on 1% November and normally these are
harvested up to March. The monthly evapotranspiration are given and
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averagerelative humidity isaround 80%. The prevalent wind speedis
4m/s. Calculate the total crop water requirement of tomatoes.

Months November  December January February March
ETo (mm/day) 5.0 4.5 4.0 6.0 6.5

Solution. Let usfirst determine the duration of various growth stages asfollows.

Crops Total Initial Crop Mid-season  Late
growing growth development stage season
season stage stage stage

Tomatoes 145 30 40 50 25

We know that the total duration of crop is 145 days and date of
transplanting of tomatoes is 1% November, now total duration of
growing period can be written date wise in the following manner.

values have been taken from Table 4.1 keeping in view that humidity
and wind speed are normal.

K Cc
Growth stages Date Kc values
Initial stage, 30 days 1 Nov —30 Nov 0.45
Crop development stage, 40 days 1 Dec—-9Jan 0.75
Mid-season stage, 50 days 10 Jan — 29 Feb 1.15
Late season stage, 25 days 1 Mar —25 Mar 0.80
Last date of harvest 25 Mar —

Table 4.1: Approximate duration of growth stages for various field crops.

Total Initial Crop Mid Late

stage  Development season  season

stage stage stage
Barley/Oats/Wheat 120 15 25 50 30
150 15 30 65 40
Bean/green 75 15 25 25 10
920 20 30 30 10
Bean/dry 95 15 25 35 20

Contd.
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Total Initial Crop Mid Late
stage  Development season  season

stage stage stage
110 20 30 40 20
Cabbage 120 20 25 60 15
140 25 30 65 20
Carrot 100 20 30 30 20
150 25 35 70 20
Cotton/Flax 180 30 50 55 45
195 30 50 65 50
Cucumber 105 20 30 40 15
130 25 35 50 20
Eggplant 130 30 40 40 20
140 30 40 45 25
Grain/small 150 20 30 60 40
165 25 35 65 40
Lentil 150 20 30 60 40
170 25 35 70 40
Lettuce 75 20 30 15 10
140 35 50 45 10
Maize, sweet 80 20 25 25 10
110 20 30 50 10
Maize, grain 125 20 35 40 30
180 30 50 60 40
Melon 120 25 35 40 20
160 30 45 65 20
Millet 105 15 25 40 25
140 20 30 55 35
Onion/green 70 25 30 10 5
95 25 40 20 10
Onion/dry 150 15 25 70 40
210 20 35 110 45
Peanut/Groundnut 130 25 35 45 25
140 30 40 45 25
Pea 20 15 25 35 15
100 20 30 35 15
Pepper 120 25 35 40 20
210 30 40 110 30
Potato 105 25 30 30 20
145 30 35 50 30
Radish 35 5 10 15 5

Contd.
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Total Initial Crop Mid Late

stage  Development season  season

stage stage stage
40 10 10 15 5
Sorghum 120 20 30 40 30
130 20 35 45 30
Soybean 135 20 30 60 25
150 20 30 70 30
Spinach 60 20 20 15 5
100 20 30 40 10
Squash 95 20 30 30 15
120 25 35 35 25
Sugarbeet 160 25 35 60 40
230 45 65 80 40
Sunflower 125 20 35 45 25
130 25 35 45 25
Tomato 135 30 40 40 25
180 35 45 70 30

Table 4.2: Values of the crop factor (K, ) for various crops and growth stages.

Crop Initial stage Cropdev. Mid-season Late season
stage stage stage
Barley/Oats/Wheat 0.35 0.75 1.15 0.45
Bean, green 0.35 0.70 1.10 0.90
Bean, dry 0.35 0.70 1.10 0.30
Cabbage/Carrot 0.45 0.75 1.05 0.90
Cotton/Flax 0.45 0.75 1.15 0.75
Cucumber/Squash 0.45 0.70 0.90 0.75
Eggplant/Tomato 0.45 0.75 1.15 0.80
Grain/small 0.35 0.75 1.10 0.65
Lentil/Pulses 0.45 0.75 1.10 0.50
L ettuce/Spinach 0.45 0.60 1.00 0.90
Maize, sweet 0.40 0.80 1.15 1.00
Maize, grain 0.40 0.80 1.15 0.70
Melon 0.45 0.75 1.00 0.75
Millet 0.35 0.70 1.10 0.65

Contd.
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Crop Initial stage Cropdev. Mid-season Late season
stage stage stage
Onion, green 0.50 0.70 1.00 1.00
Onion, dry 0.50 0.75 1.05 0.85
Peanut/Groundnut 0.45 0.75 1.05 0.70
Pea, fresh 0.45 0.80 1.15 1.05
Pepper, fresh 0.35 0.70 1.05 0.90
Potato 0.45 0.75 1.15 0.85
Radish 0.45 0.60 0.90 0.90
Sorghum 0.35 0.75 1.10 0.65
Soybean 0.35 0.75 1.10 0.60
Sugarbeet 0.45 0.80 1.15 0.80
Sunflower 0.35 0.75 1.15 0.55
Tobacco 0.35 0.75 1.10 0.90

Now you see that months and growing stages are not matching i.e.
crop development stage is covering December and 9 daysin January
andwe haveK valuesaccording to the crop development stages. This
hasto be corrected in the following manner.

November: K_=0.45
December: K =0.75

January: KC: 3—90 ><0.75+%><1.15
=1.07

February: K = 1.15

March: K = 0.80

Now we have monthly evapotranspiration and K_ values, we can
determine crop water requirement on monthly basis. All months are
assumed to have 30 days as suggested by FAO.

ET pop= K X ET,
November: ET ., = 5x 0.45 x 30 = 67.5 mm/month
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December: ET =45x0.75x 30 = 101.1 mm/month

CROP

January: ET .= 4 x 1.07 x 30 = 128.4 mm/month
February: ET_.__=6x 1.15 x 30 = 207.0 mm/month

CROP

March: ET rop=6-5x0.80x 30=130.0 mm/month

After adding the monthly crop water requirement, total water
requirement for tomato is obtained as 634 mm.

4.1.1.2. Soil Moisture Depletion Method

The soil moisture depletion techniqueis usually employed to determine
the consumptive use of irrigated field crops grown on fairly uniform
soil, where the depth of ground water issuch that it will not influence
the soil moisturefluctuationswithin root zone. Thistechniqueinvolves
the measurement of soil moisture of various depths in effective root
zone at a number of times throughout the crop growth period. The
greater the number of measurements the more will be accuracy. By
summing moisture depletion of each of the soil layer and for each
interval for the growth period, ET can be determined as:

M, =M
U= —t 2 |B.D +ER
21]( 100 j CDUFER e (4.3)

where,

U = moisture depleted from the soil profile at acertain interval, cm
M, = moisture content (%) ini" layer at the time of first sampling
M, = moisture content (%) ini™ layer at the time of next sampling
B, = bulk density of i" the layer, g/cm®

D, = depth of the soil layer, cm

ER = effectiverainfall, cm

For periods between irrigation day and sampling day, soil moisture
depletion isassumed to be equal to pan evaporation. Then water used
for crop growth period is determined by adding moisturedepleted (U ;)
during al intervals:
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here, E,,. is cumulative pan evaporation between irrigation and
sampling day.

Evaporation can be measured by using a lysimeter which gives
additiona information on soil water balance. A lysimeter isameasuring
device used to measure the amount of actual evapotranspiration. By
recording the amount of precipitation and the amount lost through the
soil, the amount of water |ost to evapotranspiration can be cal cul ated.
Lysimeters are of two types. Weighing and non-weighing. We have
not included the detail discussion on lysimeter.

4.1.2. Empirical Methods

4.1.2.1. Thornthwaite Method

Thisisawidely used method for estimating potential evapotranspiration,
developed by Thornthwaite (1948) who correlated mean monthly
temperature with evapotranspiration as determined from water balance
for valleys where sufficient moisture water was available to maintain
active transpiration. This formulais based mainly on temperature and
estimates of the unadjusted potential evapotranspiration (mm), cal culated
on amonthly basistaking a standard month of 30 daysand 12 hours of
sunlight/day andisgiven by

10T,
ET, -16{| ] ...................................................... (4.5)

where, m is the months 1, 2, 3...12, T_m is the mean monthly air
temperature (°C), | isthe heat index for the year, given by:

15
. T,
=2, = Z[S] form=1,2 3....... 12 i, (4.6)

aisan empirical exponent which can be computed by the following
expression
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a=6.7x10xP-77x1Px2+1.8x10?x/+0.49 ........ 4.7)

Thornthwaite'sequation waswidely criticized for itsempirical nature
but also widely used. Because Thornthwaite's method of estimating
ET, can be computed using only temperature, it has been one of the
most misused empirical equationsin arid and semi-arid irrigated areas
where the requirement has not been maintained (Thornthwaite and
Mather, 1955).The application of this method to compute
evapotranspiration for short time periods usually leadsto error because
incoming radiations may not be reflected by short term temperatures.
Compared to the Penman formula, Thornthwaite values tend to
exaggerate the potential evaporation. Thisis particularly marked in
the summer monthswith the high temperatures having adominant effect
in the Thornthwaite computation, whereas the Penman estimate takes
into consideration other meteorol ogical factors.

4.1.2.2. Blaney — Criddle Method

Blaney and Criddle (1950) proposed an empirical method, a
temperature based approach for calculating potential
evapotranspiration. The method usestemperature aswell asday length
duration, minimum daily relative humidity, and daytime wind speed at
2m height. The model is quite sensitive to the wind speed variable and
somewhat insensitive to the estimate of relative humidity. Thepreferred
form of the equation revealsits strong empiricism and is given by:

ET, = a+Dbf (4.8)
where,

FZP(0.4BT + 8.13) ..o (4.9
o= 0.0043RH,, - (VN) = 1AL (4.10)
b = 0.82 - 0.0041RH,,  + 1.07 (n/N) + 0.066(U )- 0.006 (RH,, )
(n/N)- 0.0006 (RH, ;) (U oo, (4.11)

Thevariablep in Eq. 4.9 istherario of actual daily daytime hoursto
annual mean daily daytime hours expresses asapercent, Tisthemean
air temperature in °C, (n/N) isthe ratio of actual to possible sunshine
hours, RH,,  isthe minimum daily relative humidity in percent, and
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U, isthe daytimewind at 2min m/s.

4.1.2.3. HargreavesMethod

The Hargreaves equation is atemperature based method and gives an
expression for the reference crop evapotranspiration (Hargreaves and
Samani, 1982,1985). It gives reasonabl e estimates of reference crop
evapotranspiration because it takes into account the incoming solar
radiation and the impact of radiation warming the surface. The
Hargreaves equation takesthe form;

ET,=0.0022 xR, x 8 °5% (T + 17.8)...ccervirericiicicieicie, (4.12)
where,
R, = mean extra-terrestrial radiation (mm/day)

&, = temperature difference of mean monthly maximum temperature
and minimum temperature for the month (°C).

T = mean air temperature (°C).
4.1.3. Micrometeorological Method

4.1.3.1. Mass Transport Approach

Asweknow that the evaporation depends on theincoming heat energy
and vapor pressure gradient, which, inturn, depend on several weather
variables such astemperature, wind speed, atmospheric pressure, solar
radiation, and quality of water. The whole process of evaporation is
complicated. A complete physical model can not accommodateall the
factorswhich are not controllable and measurable. The mass-transfer
approach is one of the oldest methods (Dalton, 1802; Meyer, 1915;
Penman, 1948) and is still an attractive method for estimating free
water surface evaporation because of its simplicity and reasonable
accuracy. The mass-transfer methods are based on the Dalton equation,
which, for free water surface, can be written as;

where, E_isfree water surface evaporation, e, is the saturation vapor
pressure at the temperature of thewater surface, e, isthe vapor pressure
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intheair and Cisaerodynamic conductance. Theterm e, isalso equal
to the saturation vapor pressure at the dew point temperature. The
parameter C depends on the horizontal wind speed, surface roughness
and thermally induced turbulence. Itisnormally assumed to belargely
dependent on wind speed, U . Therefore, Eqg. 4.13 can be expressed
as:

R () N I IO (4.14)

where, f(u) is the wind function. This function depends on the
observational heights of the wind speed and vapor pressure
measurements. Penman (1948) proposed the following variation of
the Dalton equation.

E, =040 (e -€) (1+0.17 U) ..rvriieiiciiciiccecc i, (4.15)
where,
E_= potential evaporation, mm

e, = saturation vapor pressure at the temperature of the water surface,
mm of Hg

e, = actual vapor pressurein the air, mm of Hg
u, = wind speed at 2m height, miles/day

Example4.3.

Determine the potential evaporation with Penman equation. The
following dataset isgiven:

e, =11.50 mm of Hg
e,=13.20 mm of Hg
u,= 45 miles/day

Solution. The potential evaporation can be calculated by thefollowing
equation.

E,=040 (e -e) (1+0.17u)
= 0.40 (13.20-11.50) (1+0.17x45)
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= 0.68 x8.65
=5.88 mm/day

Example4.4.

In a cropped field, five set of the micro-meteorological data were
recorded and given in the table. Compute the potential evaporation by
using the Penman Mass Transport Method.

Data Set Saturation vapor  Actual vapor pressure, Wind speed at 2

pressure, mm of Hg mm of Hg m height, miles/day
1 12.0 10.8 40.5
2. 10.2 8.2 12.8
3. 8.6 7.6 30.8
4. 7.2 7.0 45.6
5. 10.4 9.2 42.0

Solution. Penman (1948) equation based on Mass Transport Approach
isgiven hereunder. All the required inputs are given.

E,=040(e,-e) (1+0.17u)
For data set 1.

Saturation vapor pressure at thetemperature of thewater surface,e=12.0
mmof Hg

Actual vapor pressurein theair, e = 10.8 mm of Hg
Wind speed at 2m height, u,= 40.5 miles/day
Now, applying the formula, we get
E,=040 (e -e) (1+0.17u)
= 0.40(12.0-10.8)(1+0.17*40.5)
=3.78 mm/day
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Similarly for other data set, theinformation isgiven in the table.

Data Set saturation Actual vapor Wind speed at Potential
vapor pressure, e, pressure, e, 2m height, u, evaporation, E
(mm of Hg) (mmof Hg)  (miles/day) (mm/day)

1. 12.0 10.8 40.5 3.78
2. 10.2 8.2 12.8 254
3. 8.6 7.6 30.8 2.49
4. 7.2 6.5 45.6 245
5. 10.4 9.2 42.0 3.91

4.1.3.2. Aerodynamic approach

Evaporation from an open surface is a dynamic process, whose rate
depends on ability of wind and the humidity gradient in the air above
the evaporating surface to remove water vapor away from the
evaporating surface via aerodynamic processes. Thornthwaite and
Holzman (1939) proposed the following equation which included
specific humidity gradient and logarithmic wind profile.

g - ppela-aly—w)] 4.16
oot ln(z,/z,)f A416)

where,

E, = evaporation, mm/hr

P_= density of air, kg/m?

K = von Karman's constant, 0.41

g, and g, = specific humidity in g/kg at heights z,and z,
u,and u, = wind speed in m/sat heightsz,and z,

Example 4.5. Estimate the evaporation from field data collected in
West Bengal by using aerodynamic approach. Thedataare given below.

p, = density of air = 1.3 kg/m?
K = von Karman's constant, 0.41

q, and g, = specific humidity in g/kg at heights z,and z, =6.90 and 8.75
gkg
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U =142 s, U=1.84 /s, z=2m, z= 0.5 m

Solution. All the values are given required by the formula used in
Aerodynamic Approach. It is simple and putting the given values in
Eq. 4.16,

v g -4, ), -]

1

' [ln(:l ) )}

[(7.73-6.7001 63 -1.34]]
(2 0/0.50]]

Er_::p

=13=041

=0.17/1.92 = 0.089 g/m*sec ( 1 g/m*/s = 10" mm/s)
= (0.089/1000)*3600= 0.32 mm/hr

4.1.4. Energy Balance Approach - Bowen Ratio Method

The Bowen-ratio method is used because of the simplicity of data
collection and robust nature of the system allowing for long-term data
acquisition. The technique has increased in popularity because of the
recent improvements in field portable data acquisition systems and sensor
accuracy and precision. The technique was first proposed by Bowen
(1926) which introduced a relationship between sensible heat flux (H)
and latent heat (A£) known as Bowen’s ratio () and is given by:

H C AT
B==0{ : J ........................................................ 4.17)

Me

where, H is sensible heat flux (W/m?), AE is latent heat flux (W/m?),
o is the ratio of the turbulent transfer coefficients for sensible heat
and water vapor (K,/K both in units of m/s) C, is specific heat of air
at constant pressure (J/kg/°C)," T is the air temperature gradient (°C)
between two heights above the surface, 1 is latent heat of vaporization
(J/kg), and ' e is the gradient of vapor pressure (kPa) at the same two
heights as Tunder non-advective conditions. The surface energy balance
can be expressed as:
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R =G+ HAHIE (.o (4.18)

where, R is net irradiance (W/nr’), G is soil heat flux (W/nr’). Positive
values of R and G are toward the surface, while // and AE are away
from the soil surface. Using above two equations and solving for 1E
yields the following estimate of evaporation:

1+

Limitations of the Bowen-ratio method generally occur near sunrise
and sunset, because of small gradients in 7’and e that result in p values
approaching to -1 or f . Limitations can also occur with crops of non-
uniform cover and under conditions of advection, commonly found in
semiarid agriculture (Prueger et al., 1997).

Example 4.6. Field data were collected to estimate latent heat flux by
using Bowen-ratio method which are give below.

Net irradiance (R ) = 310 W/m’

Soil heat flux (G) = 12.1 W/m?

Dry bulb temperature at 1 m height = 17.0°C
Dry bulb temperature at 2 m height = 16.8°C
Wet bulb temperature at 1 m height = 9.8°C
Wet bulb temperature at 2 m height = 8.7°C
g, psychometric constant = 0.49 mm of Hg/C

Vapor pressure from hygrometric table at two heights, e, and e, are
1.55 and 0.96 mm of Hg.

Solution. The gradient of vapor pressure at the 1 and 2m heights can
be calculated as
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= 0.65 mm of Hg

Temperature gradient can be determined by taking the difference of
dry bulb temperatures at two different heights i.e.

AT=18.0 - 17.6
=0.4°C

Now, since we have calculated all the factors needed to calculate the
Bowen’s ratio (E), it can be determined as follows:

=0.30
Further, latent heat flux, AE, is determined with the help of Eq. 4.19.
310 12.6
1 0.30

=228.8 W/m?

=228.8x4.12x 107 x 3600 mm/hr

= 0.342 mm/hr
Note: 1 W/m?*=4.12 x 107 mm/s

4.1.5. Combination methods

Combination methods explain both the aerodynamic and energy balance
approaches to estimate the evapotranspiration. These methods require
sophisticated and expensive instruments for recording observation and
not valid under moisture stress condition.

4.1.5.1. Penman Method

The energy balance at the earth’s surface, which equates all incoming
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and outgoing energy fluxes can be expressed asfollows.
R=H+AE+ G (4.20)
where,

R, = energy flux density of net incoming radiation (W/m?)

H = flux density of sensible heat into the air (W/m?)

AE = flux density of latent heat into the air (W/m?)

G = heat flux density into the water body (W/m?)

To convert the above | E in W/m? into an equival ent evapotranspiration
in units of mm/d, AE should be multiplied by a factor 0.0353. This
factor equalsthe number of secondsin aday (86 400), divided by the
value of | (2.45 x 10° Jkg at 20°C). Density of water is assumed as
1000 kg/me. Penman (1948) combined energy bal ance approachesand
turbulent transport of water vapor away from an evaporating surface
can be given as

where,

E, = evaporation from open water surface, mm/day

R = net radiation in water equivalent, mm/day

G = soil heat flux in water equivalent, mm/day

R, =R,(L-a)0.32 +046x 1) )T, *(0.55 - 0.92//ed f0.10+ 0207 ).(422)
where,

o =Albedo

R, =mean monthly radiation outsidethe atmospherein water equivalent,
mm/day
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T, = mean air temperature, °K

s = slope of the saturation vapor pressure vs. temperature curve, mm
of Hg/°C.

y = psychometric constant (0.49 mm of HgPC)
"/, = ratio of actual to maximum possible sunshine hours

o0 = Stefan-Boltzman constant = 5.56 x 10® w/m#K* = 2.06 x 10°
mm/day

ed= saturation vapor pressure of the atmosphere in mm of Hg at dew
point temperature or actual vapor pressure.

Again
MeanRH x ea
ed=— " =eaw = 0.49(T, =T, ) .o (4.23)
100
where,

ea= saturation vapor pressure at mean air temperature, mm of Hg

esw= saturation vapor pressure at wet bulb temperature (T, ) and dry
bulb temperature(T ), mm of Hg.

An aerodynamic component is explained by the following expression.
E,=0.35(ea- ed) x (1+ 0.0098U,) ......cccevrrrrrmrrirrrecrnirrnnes (4.24)

Hereu,iswind speed in miles/day at 2m height and u, can be determined
as given below.

U,=10g 6.6 XU /1ogh ..o (4.25)
where,
u, = wind speed at miles/day at height ‘h’ in feet

Example 4.7. Estimate the net radiation in water equivalent with the
help of following given collected data in the field by using Penman
combination method. This example is taken from Ram Nivas
et al. (2002).

Mean air temperature, T_= 16.1°C

Mean rel ative humidity = 68.5%
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Actual sunshine in hrs (n) = 8.0
Possible sunshine in hrs (N) = 11.14
Soil heat flux for water surface (G) =0

Wind speed at 10 feet height = 17.6 km/min = 10.92 miles/hr = 262.3
miles/day

Mean solar radiation outside the atmosphere (R ) = 10.77 mm of water
Saturation vapor pressure at mean air temperature, eq =9.7mm of Hg
Albedo, D=0.25

5/,=1.769 at 16.1° C

o T*=14.05 mm of water (can be taken from appendix F)

Solution. After carefully observing the data given, first determine the
wind speed at 2m height, since wind speed at 10 feet height is given.
Using the following formula,

u, =log 66w, flogh
=log 6.6 x262.3/log 10
=219.47 miles/day

Now, since saturation vapor pressure at mean air temperature is given
as 9.7 mm of Hg, saturation vapor pressure of the atmosphere in mm
of Hg at dew point temperature or actual vapor pressure, ed can be
calculated from the following formula

MeanRH U ea
ed =—MM  —
100
68.5u9.7
BT = 6.64 mm of Hg

By using of Eq. 4.22, we can find out the net radiation in water
equivalent (mm/day)

R, =10.77(1-0.25)0.32 + 0.46 X 0.72)—14.05(0.55 — 0.92/6.64 ) (0.10 + 0.90x 0.72)

=526-4.39x0.748
= 1.62 mm/day
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Finally, determine E_ with the given equation.
E, =0.35(ea —ed)x(1+0.0098u, )
=0.35(9.7 —6.64) x(1+ 0.0098x 219.47)
=1.07x3.15
= 3.37 mm/day

By using Eqg. 4.21, evaporation from open water surface in mm/day
can be determined.

E - [1.769(1.62 - 0.0) +3.37]
° 1.769+1

= (1.769x1.62+3.37) /2.769
= 3.85 mm/day

4.1.5.2. Modified Penman Approach

Monteith (1963, 1964) introduced res stance termsinto the Penman method
and proposed thefollowing equation to estimate | atent heat of evaporation.

IR R e e L (4.26)

(5

where,
P, = density of air, 1.3 kg/m?
C,= specific heat of air at constant pressure, 1008 Jkg/°C
r, = aerodynamic resistance, m
r_= canopy resistance, sm
=r+15

r.= stomatal resistance, m

ro= [(rad X Tap )/(rad ol )]
s LAl e,

where,
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rq = adaxial resistance

r,= abaxial resistance

LAl = |eaf areaindex

ea = actual vapor pressure, mm of Hg

es = saturation vapor pressure, mm of Hg

Aerodynamicsresistance (r,) isdetermined asfollows.
B (LGt (4.28)
2 uk?

where,

z = height

d = zero plane displacement = 0.63z

Z0 = roughness parameter = 0.13z

u =wind speed at height, z

K = von Karman's constant (0.41)

Example 4.8. Determine the latent heat of evaporation by using
Modified Penman A pproach with the following data collected in the
field.

Net radiation, R = 282.0 W/m?

Sail heat flux, G = 10.1 W/m?

¥,=1.860 at 17.5°C

Density of air, p.= 1.3 kg/m®

Specific heat of air at constant pressure, C, = 1008 Jkg/°C
Psychometric constant, y = 0.49 mm of HgPC

Dry bulb temperature = 17.0°C

Wet bulb temperature = 9.8°C

Saturation vapor pressure, es = 5.0mm of Hg
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Actual vapor pressure, ea = 1.5mm of Hg
Wind speed at height (z=1m), u = 0.40 m/s
Adaxial resistance, = 3.63 s/cm

Abacxial resistance,  , = 2.05 s/cm

Leaf area index, LAI=4.0

Roughness parameter, zo = 0.13z

von Karman’s constant, N= 0.41

Solution. Since z is given as 1m, the zero plane displacement (d),
which is equal to 0.63z, will be 0.63m.

Aerodynamics resistance (» ) can be determined by using Eq. 4.28

[In{(l - 0.63)0.13Y
0.40(0.41)

=16.27 s/m

a

The stomatal resistance (s/m) is determined by the following formula.

_ [rad Xrab)/(rad +rab)]

’ LAI

_ [3.63x2.05)/(3.63+2.05)]
- 4.0

=0.33 s/ecm=33 s/m

Therefore, canopy resistance () = r, +15
=33+15=48.0 s/m

Putting these values in Eq. 4.26, latent heat of evaporation can be
determined,

[{1.860(282 —10.1)}+ {1.3><1008x 50-1.5 H

0.49x16.27
(1.86+1+48~0

LE =

16.27)
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= 505.734 + 567.013) / (2.86+2.95)
=186.06 W/m?
=0.27 mm/hr

4.1.5.3. Van Bavel method

Van Bavel (1966) modified the Penman method and introduced anew
term* B, ’, and proposed the following formula

[s(R, ~G) +y <L xB, xda]

LE = L — (4.29)
> :{gp;kz}x fn {(z_ud)zo}}z ........................................... (4.30)
where,

da = vapor pressure deficit, mm of Hg and isequal to difference of es
and ea

P =air pressure, 0.75 mm of Hg

u = wind velocity, m/s

z=crop height, m

d = zero plane displacement

L = latent heat, Jkg, 2.346

Z0 = roughness parameter

€=0.622 (itisaratio of molecular weight of water to molecular weight

of dry air

4.1.5.4. Satyer and Mcllroy Method

The Slatyer-Mcllroy equations are based on evapotranspiration from
a wet surface with minimum advection. This happens when the air
aboveasurfaceissaturated dueto vapor exchangewith thewet surface.
They used wet bulb depression instead of vapor pressure deficit and
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proposed the following modified equation.

-G C.D
ETO{S(R" )}{pa ° ] ..................................... (4.31)

s+y r

a

where,

D,=wet bulb depression at height ‘Z'. Itisadifference of dry and wet
bulb temperature.

Example4.9. Determinethe potential evapotranspiration by using the
Slatyer and Mcllroy method with the flowing data.

Net radiation (R ) = 310.0 W/m?
Sail heat flux (G) = 12.6 W/m?

Slope of the saturation vapor pressurevs. temperature curve, s= 0.91mm
of Hg/°C

Psychometric constant, y = 0.49 mm of HgPC

Density of air, o, = 1.3kg/m?

Specific heat of air at constant pressure, C.= 1008 Jkg/°C
Aerodynamic resistance, r, = 14.30 m

Wet bulb depression (D)) = 1.4°C

Solution. Putting all the given valuesin Eq. 4.31

ET, :{S(Rw ‘G)}r(pachZ]

Sty I,

a

| 0.01x(310-126) +(1.3x1008x1.4j
0.91+0.49 12430

= 0.91 (212.42) + 128.29

=193.30 + 128.29
=321.59 W/m? = 0.48 mm/hr
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4.1.5.5. Priestley and Taylor Method

The Priestley-Taylor model (Priestley and Taylor, 1972) is a
modification of Penman’s theoretical equation. An empirical
approximation of the Penman combination equation is made by the
Priestley-Taylor to €liminate the need for input data other than radiation.
The adequacy of the assumptions madein the Priestley-Taylor equation
has been validated by areview of 30 water balance studiesinwhich it
was commonly found that, in vegetated areas with no water deficit or
very small deficits, approximately 95% of the annual evaporative
demand was supplied by radiation (Stagnitti et al., 1989). Priestley
and Taylor (1972) found that the actual evapotranspiration from well
watered vegetation was generally higher than the equilibrium potential
rate and could be estimated by multiplying the ET_ by afactor (a)

equal to 1.26. They demonstrated that potential evapotranspirationis
directly related to the equilibrium evaporation in the absence of
advection and proposed the following equation.

a XsXx -G
ET, = SER; (4.32)

where, ¢ isthe empirical constant and istaken as 1.26 for temperature
ranging between 15-30°C. Although the value vary throughout the day,
there is general agreement that a daily average value of 1.26 is
applicablein humid climates (Shuttleworth and Calder, 1979). Morton
(1983) observed that the value of 1.26, estimated by Priestley and
Taylor, was devel oped using datafrom both moi st vegetated and water
surfaces. Morton recommended as 1.32 for estimation from vegetated
areas as aresult of the increase in surface roughness. Generally, the
coefficient for an expansive saturated surfaceis usually greater than
1.0. Thismeansthat true equilibrium potential evapotranspiration rarely
occurs; there is always some component of advection energy that
increases the actual evapotranspiration. Higher values of ranging up
to 1.74, have been recommended for estimating potential
evapotranspiration in more arid regions (A SCE, 1990).

Example4.10. Estimate the potential evapotranspiration by using the
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Priestley and Taylor method. The following data were collected and
given below.

Net radiation (R ) = 310.0 W/m?

Soil heat flux (G) = 12.6 W/m?

Slopeof the saturation vapor pressurevs. temperaturecurve, =0.91mm
of Hg/°C

Psychometric constant, y = 0.49 mm of HgrC
Anempirical constant, a = 1.26

Solution. All the datarequired by the Priestley and Taylor method of
computing potential evapotranspiration are given, so it easier to put
al thevaluesin Eq.4.32

a5 (R, —G)

s+

ET, =

_ 1.26x0.91%(310-12.6)
- 0.91+0.49

= 243.57 W/m?
=0.36 mm/hr

4.1.6. Methods in Remote Sensing Technology

Canopy temperature can be determined with remote sensing and this
isused in energy balance models which provide reliabl e estimates of
evapotranspiration estimation. Thermal infrared radiation datarecorded
from radiometers or scanners provide an input to methods of estimation
of ET . There are several methods such as Bartholic, Namken and
Wiegand model, Brown and Rosenberg Resistance model, Stability
corrected aerodynamic resistance model, Energy balance-Regression
model, and Soer model, which are being used to estimate ETo. We are
not discussing these models in details but all the methods usually
employed in remote sensing technol ogy are basically based on energy
bal ance equation which is expressed bel ow.
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R=H+LE+G

where,

R = net radiation, W/m?

H = sensible heat flux, W/m?
LE =latent heat flux, W/m?
G = soil heat flux, W/m?

4.2. Crop Water Requirement in Greenhouse Environments

Inadequate irrigation tends to waste water, nutrients and energy, and
may cause soil degradation by water-logging and salinisation. Under
closed spaces such as greenhouses, the predominant role of crop
transpiration in decreasing the heat |oad during warmer periodsisan
important reason to develop irrigation scheduling that allow the
maximization of thetranspirational fluxes. Themain processinvolving
the fate of water in the greenhouse is evapotranspiration, a process
that is driven by a constant inflow of energy. As the ultra violet
stabilized plastic films, used in greenhouse construction, changes
locally the radiation balance inside the greenhouse by entrapping the
long wave radiation and creates a barrier to moisture losses, the crop
water requirement is reduced due to less evapotranspiration. Crop
cultivation under greenhouse reduces evapotranspiration to about 70%
of open field. It, thus, improves the water use efficiency relative to
unprotected cropping (Stanghellini, 1993). It has also been reported
that farming under greenhouse can save about 20-25% of water
compared to the open drip irrigated farming systems.

For representing the conditions inside the greenhouse, Stanghellini
(1987) revised the Penman-Monteith model. Normally wind speeds
are typically less than 1.0m/s. The Stanghellini model includes the
crop canopy and aerodynamic resistance termsaswell asmore complex
calculations of the solar radiation heat flux derived from the empirical
characteristics of short wave and long wave radiation absorptionin a
multi-layer canopy. A leaf area index is used to account for energy
exchange from multiple layers of leaves on crops grown inside the
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greenhouse. The equation to estimate potential evapotranspiration
(ET,) takesthe forms as given hereunder.

VPD.p.C
AR, -G)+K, hiadlint)

ET, = 2x LAl % T e, (4.33)
A+ ;{1+ rC]
ra

252.0C,(T -T,)

Rn = 0_07RnS — (4.34)
rR
where,
C,P )
yE= ..(4.35)
&4
- al
¥ E—
45('1" + 2?315:]-' ............................................................. (436)

LAl = leaf areaindex in m?#/m?

K, = time unit conversion (86400s/day for ET_in mm/day)
r_= canopy resistance, Sm

R . = net short wave radiation (M Jm?day)

T, = leaf temperature (°C)

r_ = agrodynamic resistance, Sm

C = specific heat of air which equalsto 0.001013 (M Jkg/°C)
P =mean air density (kg/m?)

€ = water to dry molecular weight ration

y = latent heat of vaporization (MJkg)

o = Stefan-Boltzmann constant (MJm?K“/day)

r, = radiative resistance (s'm)
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P = atmospheric pressure (kPa)
VPD = vapor pressure deficit (kPa)

4.3. Computer Modelsto Estimate Evapotranspiration

4.3.1. ETo Calculator

Reference evapotranspiration (ETo) is a climatic parameter and can
be estimated from available weather data. It explains the evaporating
power of the atmosphere at a specific site and does not consider the
crop characteristics and soil factors. The ETo calculator software
estimates reference evapotranspiration by using the FAO Penman-
Monteith equation. This method closely approximates grass ETo and
isaphysically based model which incorporates both physiological and
aerodynamic parameters. Theinput dataisclassified in 4 groups such
asair temperature, humidity, wind speed, and sunshine and radiation.
You will need to create afile wherein you will be required to fill up
the temperature and humidity data. If you do not have the wind speed
data, you need to choose the options available such as light wind to
strong wind. The output data can be plotted and imported to some
other crop growth simulation model such as AquaCrop model, also
developed by FAO, directly astheinput file. The ET  calculator was
developed by Dr. Dirk Raes of Katholieke Universiteit Leuven, Belgium
in cooperation with Land and Water Division of FAO. Students must
download it from FAO website and practiceit to observed how humidity
temperatures and wind speed are changing the plot of ET .

4.3.2. Cropwat

CROPWAT 8.0 has been devel oped by Joss Swennenhuisfor the Water
Resources Devel opment and Management Service of FAO. CROPWAT
8.0 is based on the DOS versions CROPWAT 5.7 of 1992 and
CROPWAT 7.0 of 1999. CROPWAT 8.0 is a computer program for
the estimation of crop water requirementsfrom climatic and crop data.
The program also allows the development of irrigation schedules for
different management conditions and the cal culation of water supply
scheme for varying crop patterns. All calculation procedures as used
in CROPWAT 8.0 are based onthe FAO guidelinesaslaid downinthe
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publication No. 56 of theIrrigation and Drainage Seriesof FAO“Crop
Evapotranspiration - Guidelines for computing crop water
requirements’. It can be easily downloaded from FAO website and
takesdirectly theinput of reference evapotranspiration calculated from
ETo calculator.

4.4. Computation of Crop water Requirement with Limited Wetting

In dripirrigation systems, only part of the soil surface is wetted and
for widely spaced crops, crop canopy coverageisalsolimited. Itisnot
appropriateto consider the soil evaporation from the entire soil surface
under drip irrigation systems. Vermeiren and Jobling (1984) suggested
using acorrection factor (K ) to takeinto the account of percentage of
crop canopy coverage of cultivated land. The relationship can be
expressed hereunder:

ET e N A3 = [T SR 4.37
CROP

CROPCor

where, ET ., is corrected crop water requirement, K is correction

factor and ET . iscrop water requirement without considering limited
area wetting. Keller and Bliesner (1990) developed the following
formulato estimate crop evapotranspiration or crop water requirement

for limited wetted areas.

ETipore = ETuaos|01<B | @

where, P, is percentage of crop canopy coverage.

Example4.11. A dripirrigated tomato crop is at devel opment stage and
the relative humidity is 70% with wind velocity of 2m/c. Crop canopy
coverageis 60% and K value for development stageis 0.75. Take ET |
as 5.2 mm/day and correction factor as 0.92. Compare the
evapotranspiration estimation without areawetting, Vermeirn and Jobling
(1984), and Keller and Bliesner (1990) method for limited areawetting.

Solution. Let us estimate the crop evapotranspiration when limited
areaconcept is not being applied.
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ETCROP = Kc x E-,;)
=0.75x5.2
= 3.9 mm/day

When limited area concept is being applied, according to Vermeirn
and Jobling (1984)
ETCROPCOr = Kr x ETCROP

=0.92x 3.9

= 3.59 mm/day

Finally, according to Keller and Bliesner (1990),

=3.9(0.1x +/60)
= 3.02 mm/day

ETerore = ETorop|0.1% /P, |
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Irrigation Scheduling

Theincreasing shortages of water and cost of irrigation areleading to
develop methods of irrigation that maximize the water use efficiency.
The advent of precision irrigation methods such asdrip irrigation has
played amajor rolein reducing the water required in agricultural and
horticultural crops, but also has highlighted the need to develop new
methods of irrigation scheduling. Irrigation scheduling aimsto achieve
an optimum supply of water to the crops for productivity with soil
water content maintained at field capacity. Irrigation scheduling isthe
decision of when and how much water should be applied to the crops
in afield. The purposeisto find out the exact amount of water to be
appliedtothefield and theirrigationinterval. It saveswater and energy
and thereby increasesirrigation efficiency. Therearecertainirrigation
criteriawhich are used to determine when and how much water to be
supplied. The most common criteriaare soil moisture content and soil
moi sturetension. For exampl e, suppose afarmer whose main objective
isto maximize crop yield consider soil moisture content astheirrigation
criterion. He decides that when soil water content drops below 80
percent of thetotal available soil moisture, irrigation should start. Soil
moisture content to trigger irrigation depends on the farmer’s goal,
strategy, and water availability. The farmer will try to keep the soil
moisture content above the critical level. Thus, irrigation is applied
whenever the soil water content level reaches the critical level. This
chapter deals with the question that when to irrigate the crop, how
much of water will be needed that has been explained in the chapter on
water requirement of crops.
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5.1. Advantagesof Irrigation Scheduling

e Can supply water to the various fields to minimize crop water
stress and maximizeyields.

* It can make maximum use of soil moisture storage.

* Increasing water use efficiency meansreducing fertilizer cost.
* Increases net returns by increasing crop yield and quality.

» Minimizeswaterlogging and reduces drai nage requirements.

» Controlsroot zone salinity problems.

5.2. Methodsof Irrigation Scheduling

5.2.1. Water Balance Approach

Thewater balance approach to irrigation scheduling keepsthe account
of all water additions and subtractions from the soil root zone. Asthe
crop grows and extracts water from the soil to satisfy its
evapotranspiration requirement, the soil water storage is gradually
depleted. Thewater requirement of the crop can be met by stored soil
water, rainfall, and irrigation. Irrigation is required when crop water
requirement exceeds the supply of water from soil water and rainfall.
Thewater balance method of irrigation scheduling isamethod which
estimates the required amount and timing of irrigation for crops. This
method needsthe prior information oninitial soil water content in the
root zone, crop evapotranspiration, rainfall, and the available water
capacity of the soil. The available water capacity or total available
water of the soil isthe amount of water available for plantsto use in
between the field capacity and permanent wilting point. The net
irrigation requirement isthe amount of water required to refill the soil
water content of root zonetofield capacity. Thisamount isthe difference
between field capacity and present soil water content and called the
soil water deficit (D). On a daily basis, D can be determined by
using thefollowing equation:



IRRIGATION SCHEDULING 95

De=Dpt+ ETp-R- 1o _U+ S e T DP o, (5.
where,

D= soil water deficit on the previous day,

ET_op = Crop evapotranspiration rate for the current day,

R = total rainfall for the current day,

| .« = netirrigation amount infiltrated into the soil for the current day,
U = upflux of shallow ground water into the root zone,

S, noee = Surface runoff,

DP = deep percolation or drainage.

Thelast threevariablesin Eq. 5.1 (U , Syynore - DP) aredifficult to

estimatein thefield. In many situations, the water tableissignificantly
deeper than theroot zone and isassumed to be zero. Also, and can be
accounted for in a simple way by setting to zero whenever water
additions (and) to the root zone are greater than +. Using these
assumptions, Eg. 5.1 can be simplified to:

D= DP + ETp= R L v (5.2)

If value of D is negative, then it can be set to zero. The amounts of
water used in the equations are typically expressed in depths of water
per unit area(e.g., inches of water per acre or mm of depth per hectare).
Eqg.5.2 isasimplified version of the soil water balance with severa
underlying assumptions. First, any water additions (R and I_) are
assumed to readily infiltrate into the soil surface and the rates of or
are assumed to be less than the long term steady state infiltration rate
of thesoil. Actually, somewater islost to surface runoff if precipitation
or irrigation rates exceed the soil infiltration rate. Thus, Eq. 5.2 will
under-estimate the soil water deficit or the net irrigation requirement
if Ror | ., rates are higher than the soil infiltration rate. Knowledge of
effective precipitation (R-S, .- - DP), irrigation, and soil infiltration
rates (e.g. mm per hour) are required to obtain more accurate estimates
of D... Secondly, water added to the root zone from a shallow water
table (U) is not considered. Groundwater contributions to soil water
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in the root zone must be subtracted from the right hand side of the
equation in case of a shallow water table. Eq.5.2 will over-estimate
D, if any actual soil water additions from groundwater are neglected.
In irrigation practice, only a percentage of available water content
(AWC) is allowed to be depleted because plants start to experience
water stress even before soil water is depleted down to permanent
wilting point (PWP). Therefore, a management allowed depletion
(MAD) of the AWC must be specified. The rooting depth and MAD for
a crop will change with developmental stage. The MAD can be
expressed in terms of depth of water ( d,,, . in mm of water) using the
following equation.

MAD

Ao = %.A\Nc.z ......................................................... (53)
where, MAD is management allowed depletion (%), AWC isavailable
water capacity of the root zone (mm of water per mm of soil),and z is
depth of root zone (mm). Thevalue of d,,, , can be used asaguide for
decidingwhentoirrigate. Typi€ally, irrigation water should be applied
when the soil water deficit (D) approachesd,,, ,or when D_>d,
when To minimize water stress on the crop, D should be kept less
thand,, ., If theirrigation system has enough capacity, then theirrigator
can wait until D_ approachesd,,, , before starting to irrigate. The net
irrigation amount equals to D . can be applied to bring the soil water
deficit to zero. Otherwise, if theirrigation system haslimited capacity
(maximumirrigation amountislessthand,,, ), thentheirrigator should
not wait for D_to approach d,, ., but should irrigate more frequently
toensurethat D doesnot exceed d,,, .. Rational method isthesimplest

and oldest method for estimation of runoff which can be written as:
Q = ClA et (5.4)
where,
Q = Peak runoff rate, m?/s

= Runoff coefficient

| = Rain intensity, mm/hr
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A =Areaof thefield contributing runoff, ha

The upward movement of water through the soil from awater tableto
the root zone is commonly known as “ capillary rise” and for steady
state flow, the rate of upward capillary rise, U (cm/s) isgiven by:

- a_(d%dz)b'l ................................................................... (5.5)
+

where,

Y = Water potential, cm

z=Height above water table, cm

a,b& n = constants. For saturated soil, when ¢ = 0, hydraulic
conductivity = a/b. For typical coarse and finetextured soils, canbe
taken as 4 and 1.5, respectively (Gardner, 1958).

5.2.2. Soil Moisture Measurement

Thisisone of the most commonly used methodsto determinetiming of
irrigation keeping in view the soil moistuf® depletion. Asthe crop grows,
it uses the water available within the soil profile of its root zone. As
the water is being extracted by the crops, the soil moisture reaches a
threshold level at whichirrigationisrequired. If water isnot applied,
the plant will continue further to use the available water in the soil and
finally dies. When the soil profileisfull of water, it means that soil
profileisat 100% moisture content or at about 0.1 bars of tension. At
thistimewe say that soil moistureisat field capacity (FC). Soil moisture
tension isameasurement of how tightly the soil particleshold onto the
water moleculesinthe soil: thetighter the hold, the higher thetension.
At FC, with atension of only 0.1 bars, the water is not being held
tightly and it is easy for plants to extract water from the soil. As the
water deplete dueto the use by the plant, thetensionin the soil increases.

Fig.5.1 showsthe rel ationship between the water availability and soil
water potential or tension for sand, clay and loam soils. The plants
will continueto usethe availablewater of the soil until the soil moisture
level goesto the PWP. When the soil moisture goes beyond the PWP,
plants will not be able to extract the water any more and finally the
plants die. Although thereis still some moisture in the soil below the
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PWP, thiswater is held so tightly by the soil particlesthat it cannot be
extracted by the plant roots. For most of the agronomical crops, PWP
occursat 15 bars. Thismeansthat the soil isholding on very tightly to
the water in its pores. In order for plants to use this water, they must
create asuction greater than 15 bars. For most commercial crops, this
is not possible. At 15 bars, most plants begin to die. The difference
between field capacity and PWP is called the plant available water
(PAW). The majority of irrigation research recommendsirrigating row
crops such as grain or cotton when the MAD approaches 50%. For
vegetable crops, the MAD isusually set at 40% or |ess, because they
aremore sensitiveto water stress. For drip irrigation system, normally
MAD is 10-20%. These deficit amounts must insure that water stress
will not cause any yield losses. Plants available water must be
monitored throughout the crop growing season so that the appropriate
timing of irrigation can be anticipated. The following approaches are
used to determine soil moisture content.
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Fig. 5.1: Variations of available water with soil water potential for sand, clay
and loam. (National Engineering Handbook, 210-V1).
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5.2.2.1. Neutron probe

Thisisadevice used to measure the amount of moisture present inthe
soil. A neutron probe contains Americium-241 and Beryllium-9. The
alphaparticles are emitted by the decay of the americium and collide
with thelight beryllium nuclei, thereby, producing fast neutronswith
a spectrum of energies ranging up to 11 mega electron volt. When
these fast neutrons hit the hydrogen atom present in the soil, they lose
their energy and slow down. Hydrogen atoms have the property of
slowing down the speed of fast moving neutrons. A detector withinthe
probe measures the rate of fast neutrons leaving and slow neutrons
returning. The detection of slow neutronsreturning to the probe allows
an estimate of the amount of hydrogen present. Since water contains
two atoms of hydrogen per molecul e, thistherefore givesameasure of
soil moisture.

The major components of neutron probe are a probe, probe carrier,
rate scal er and connecting cables (Fig.5.2). When the probeislowered
down through the access tube at pre-determined depth, fast neutrons
emit in the soil which collideswith the hydrogen atoms present in the
soil moisture and it gets scattered. The density of scatter cloud of fast
moving neutronsis a function of soil moisture content. This cloud is
sensed by the sensor in the probe and el ectrical pulseistransmitted to
the rate scaler connected through the cable. The rate scaler displays
the pulsesin terms of counts per second. These counts per second are
converted into volumetric soil water content. Aswe know that some of
the elements available in the soil have the scattering properties for
fast moving neutrons, their impact can not beignored. Therefore, before
using neutron probe, it is essentia to calibrate the neutron probe. It
accurately determines the soil moisture and is not affected by the
temperature, soil types and pH. As neutron probe is very costly
instruments and need to have alicensed operator, thisisusually bought
by large organizations or research institutions. Soil moisture content
using neutron probeis calculated as:



Fig. 5.2: Diagram of a neutron probe inserted in the ground (Martin, 2009)
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where,

M,, = Volumetric moisture content, cm
R.= Observed counts/minutein soil

R, = Standard counts/minuteinthefield

b & j are calibration factors which are calibrated by plotting a graph
between count ratio and moisture content in soil determined by
gravimetric method in thefield.

Example 5.1. Determine the soil moisture content using the neutron
probe data as given below:

R, = 4500 counts/min

R,, = 6000 counts/min
b=0.35

j=0.0

Applying the Eq. 5.6 we get

_B00 has 0
4000

= .26 ctn

5.2.2.2. Electrical Resistance

Another method that has been used for several yearsto determine soil
moisture content iselectrical resistance. Devicessuch asgypsum blocks
and Watermark sensors use electrical resistance to measure soil
moisture. The principle behind these devicesis that moisture content
can be determined by the resi stance between two €l ectrodes embedded
in the soil. The electrical resistances increase with decrease in soil
moisture content. To measure soil moisture, the porous blocks
containing electrodes are buried in the ground at the desired depth,
with wire leads to the soil surface. Wheatstone electrical bridge is
used to measure the high values of electrical resistance. Theinstrument
canwork for awide range of soil moisture. A meter is connected to the
wire leads and a reading is taken (Fig. 5.3). As the soil moisture



Fig. 5.3: Three resistance blocks anchored by a stakein the field (Martin, 2009).
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changes, the water content of the porous block also increases or
decrease and this changeinfluencesthe electrical conductivity. Higher
water content leadsto higher conductivity or lower electrical resistance.
The relationship between electrical resistance and soil moisture is
guantified by a calibration process. This method is not suitable for
soilswith freezing temperatures and high salinity.

5.2.2.3. Soil Tension

When the soil driesout, the soil particlesretain the water with greater
force. Tensiometers measure how tightly the soil water isbeing held.
Most tensiometers have a porous or ceramic tip connected to a water
column. Thetensiometers areinstalled to the desired depth (Fig. 5.4).
Asthe soil dries, it begins to pull the water out of the water column
through the ceramic cup, causing suction on the water column. This
forceisthen measured with a suction gauge connected through atube
to porous cup. When thetensiometersareinstalled in the soil, the water
in the porous cup reaches equilibrium with the moisture content in the
surrounding soil. Asthe soil moisture decreases, the soil driesand the
water beginsto flow out of the cup. The vacuum created in the cup by
this suction of water is recorded on the pressure or suction gauge. In
short, the changes in the soil tension reflect the changes in the soil
moi sture surrounding the cup. Some newer models have replaced the
suction gauge with an electronic transducer. These el ectronic devices
are usually more sensitive than the gauges. Tensiometerswork well in
soils with high soil-water content, but tend to lose good soil contact
when the soil becomestoo dry. Theinstrumentsalso suffer from time-
lag in response to changesin soil moisture.

5.2.2.4. Time-Domain Reflectometry (TDR)

The TDR instrumentswork on the principle that the presence of water
in the soil affects the speed of an electromagnetic wave. It slows the
speed of electromagnetic wave. The TDR sends an electromagnetic
wave through a guide placed into the ground at the desired depth. It
then measuresthetimeit takesthe waveto travel down the guide and
reflect back to the guide. The time is recorded and converted to soil
moisture reading. The wetter the soil, the longer it takes for the
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Suction gauge

Connecting tube

Porous cup

Fig.5.4: A tensiometer in the field (Martin, 2009).
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electromagnetic wave to travel down the guide and reflect back. The
probes are connected to the instrument through a network of cables
and multiplexers. The components of the TDR instrument include the
voltage step and a fast oscilloscope which captures the reflected
waveform. The oscilloscope can capture waveforms that represent all,
or any part of, the waveguide. The relative height of the waveform
represents a voltage which is proportional to the impedance of the
waveguide. Most of the TDR instruments display the horizontal axis
which actually measures in units of time. The TDR instrument converts
the time measurement to length units by using the relative propagation
velocity factor setting, Vs which is a fraction of the speed of light in a
vacuum. For a given cable, the correct value of v, is inversely
proportional to the permittivity,H, of the dielectric (insulating plastic)
between the inner and outer conductors of the cable and can be
expressed below:

where, v is the propagation velocity of the pulse along the cable, V', is

the speed of light in a vacuum, and P is the magnetic permeability of
the dielectric material. For a TDR probe in a soil, the dielectric between
the probe rods is a complex mixture of air, water and soil particles that
exhibits a variable apparent permittivity. For most soils, excluding
those which are very high in organic matter, the TDR method provides
water content in the range from zero to 0.5 m*/m* with accuracy of
0.01 to 0.02 m*m® without calibration. It is also very useful in root
water uptake studies where information from discrete parts of the root
zone is desired. Because TDR accurately integrates soil water content
changes occurring along the length of the probe rods, TDR probes
may be inserted vertically into soils to accurately assess mean water
content over the length of the rods, even in soils exhibiting sharp water
content changes with depth.

5.2.2.5. Frequency-Domain Reflectometers (FDR)

The neutron probe method as described earlier has the disadvantages
of radioactive hazard, lack of automated data collection methodology,
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and involvement of high cost. The time domain reflectometry (TDR)
method i nvol ves measuring the propagation of an electromagnetic pulse
along thewave guides. By measuring the travel time and the vel ocity,
the apparent dielectric constant of the soil can be estimated. Usually,
the TDR method is not soil-specific and therefore no soil calibrationis
required and TDR measurements may be affected by soil salinity, soil
temperature, clay type and clay content. The TDR technique may
overestimate soil-water content in saline soils because the apparent
dielectric constant also depends on the electrical conductivity of the
soil. The frequency-domain reflectometer (FDR) method makes use
of radio frequenciesand the el ectrical capacitance of acapacitor, formed
by using the soil and embedded rods as a dielectric, for determining
the dielectric constant and thus the soil water content. The signal
reflected by soil combineswith the generated signal to form astanding
wavewith amplitude that isameasure of the soil-water content. Inthe
case of capacitance-type sensors, such as that used by Grooves and
Rose (2004), the charge time of a capacitor is used to determine the
soil-water content. Profile-probe versionsusing FDR and capacitance
methods are now commercialy available. The FDRs use an AC
oscillator to form atuned circuit with the soil. After inserting probes
that are either parallel spikesor metal ringsinto the soil, atuned circuit
frequency is established. This frequency changes depending on the
soil moisture content. M ost model s use an accesstubeinstalled in the
ground. They read only asmall volume of soil surrounding the probes.
FDR isalso sensitiveto air gaps between the access tube and the soil.
Many of these newer instrumentsrequireinstallation by professionals
to operate properly.

5.2.2.6. Infrared/Canopy Temperature

Plant indicatorsare also useful in determining thetiming of irrigation.
Observing few plants characteristic can give you a good idea of the
status of the field's moisture content. An infrared (IR) thermometer
measures the thermal temperature of the plant |leaves or acrop canopy.
As we know that plants transpire through openings called stomata,
once the plants go into water stress, they begin to close their stomata
and cease to transpire, causing the plant to heat up and the canopy
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temperatureto rise. Infrared readings can detect thisincreasein plant
temperature. In this method, baseline temperatures need to be taken
prior to measurements. The baseline temperature should betakenina
well-watered field, free of water stress. On days when the air
temperatureis very high, some plants will stop transpiring for a brief
period. If infrared readings are being taken at that time, they may read
that thereis awater stresswhen, in fact, it isjust anormal shutdown
period. Compare field readings with your well-watered readings to
make your decision. IR also requires taking temperature readings on
clear daysat solar noon. Thisnormally occurs between noon and 2:00
p.m. This is to assure that the measurement you are taking is at
maximum solar intensity. During the monsoon season, this may be
difficult to achievedueto cloud cover. Early inthe season, IR readings
will often measure soil temperature when canopy cover issparse. These
readings usually result in higher temperature readings since the soil

tendsto heat up quickly. Fig. 5.5 isadiagram of ahand-held IR gun.

5.2.3. Wetting Front Detector

At present numerous methods and devicesare availablefor scheduling
of irrigation. These include either physical measurement of the soil
water content by means of e.g. tensiometers and neutron probes, or
simulation models using datafrom automatic weather stationsand crop
growth parameters. However, in practice it is found that irrigation
scheduling isnot widely applied mainly because methodsare not always
user-friendly and farmers have insufficient knowledge of scheduling
tools. Dr. Richard John Stirzaker, a Scientist at CSIRO, Division of
Land and Water, Australia developed a wetting front detector which
also received the prestigious WatSave Technology Award in 2003 given
by the International Commission on Irrigation and Drainage (Fig. 5.6).

The Wetting Front Detector is made of a funnel, afilter and a float,
buried in the root zone. The detector works on the principle of flow
line convergence. Irrigation water or rain moving downwardsthrough
the soil is concentrated when the water molecul es enter the wide end
of the funnel. The soil in the funnel becomes wetter as the funnel
narrows and the funnel shape has been designed so that the soil at its
base reaches saturation. Once saturation has occurred, freewater flows
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Fig. 5.5: Hand-held infrared sensor (Martin, 2009)

-

Fig. 5.6: Dr. Richard John Stirzaker holding the wetting front detector



4 Indicator up

4 Indicator up

Fig. 5.7: Wetting front detector installed at different depth.
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through afilter into asmall reservoir and activatesafloat (Fig. 5.7). It
gives avisua signal when the wetting front reaches the required soil
depth. The wetting front detector can be used to schedule irrigation
becausethetimeit takesfor water to reach a certain depth dependson
theinitial water content of the particular soil. If the soil isdry before
irrigation the wetting front moves slowly because the water must fill
the soil pores on its way down. Therefore a lot of water is needed
before the detector will respond. Free water produced at the base of
the funnel by convergence activates the float in the detector. Water is
withdrawn from the funnel by capillary action after the wetting front
dissipates.



6

Hydraulics of Water Flow in Pipes

Thedesigning of any irrigation systemsinvolvesthe determination of
pipe sizes and uniformity of application of water in the field. The
channel width of conventional irrigation systems is ensured to carry
the necessary water required for irrigation. It includes all the losses
e.g. percol ation losses, evaporation losses and |eaching of water beyond
root zone. Drip irrigation system also involves determination of pipe
sizesto carry the desired amount of water. The amount of water to be
carried depends upon the type of crop and climatic conditions of the
region. Drip irrigation system is a network of pipes of various sizes;
therefore, water flowing through pipe and its basic hydraulic is
necessary to understand first.

6.1. Flow in aPipe
The cross sectional areaof pipeisdetermined by

DE
where, A istheinternal cross sectional area of the pipe, Risinterna

radius of pipe and D isinternal diameter of the pipe line. The rate of
water flow in apipe can be given as
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Iy
A Vv

b

where, Q israte of flow of water (m*¥/sor cm®¥/s),  iscross sectiona
areaof pipe (m?or cm?) and Visvelocity of flow of water (m/sor cn/s).

The velocity of flow of water in apipeisgiven asbelow:

Where, L isthe length of the pipe in which water flowsand t istime.

Example 6.1. A drip irrigation system was installed in a banana
orchard. A mainline of 63 mmwasinstalled fromA to C and sub-main
line of diameter 50mm was taken out from point B. If the velocity of
flowing water between Ato B is 1.2 m/sand from B to Cis 0.7 m/s,
determinerate and velocity of flowing water coming out of B.

Solution. A

) o D2 6.32
Thecrosssectional areaof mainlineAl= nT = Tx 2

=31.15cm?




HYDRAULICS OF WATER FLOW IN PIPES 113

. o D? 2
Thecrosssectiona areaof sub-mainlineA2= ﬂT =JTX Z =19.62 cn?

Sincethe flowing velocity of water isdifferent for A to B and B to C,
wewill determine the discharge flowing thoughiit.

For A to B:

Q,=A xV, =3115x 120 = 3738 cm®/s
ForBto C:

Q,=A, xV,=19.62 x 70 = 1373.40 cm*/s

The difference between the discharges Q, and Q,will passthrough the
sub-main line, so suppose discharge passing out of sub-mainlineisQ,

Q,=Q, - Q, =3738-1373.40 = 2364.60 cm*/s

Cross sectional area of sub-main line is aready known, therefore,
velocity of flowing water through sub-mainlineis

V= Q%% = 2364-6%9.60= 120.64 cm/s=1.20 m/s

6.2. Water Pressure

Water pressure describes the flow strength of water flowing through a
pipe or other type of channel. It depends on water flow and more water
flow will createmore pressure. Water pressure can be expressed in meters
rather than atmosphere or psi. Therelationship can be shown asfollows.

H=P
y

where, H is pressure head (m), P isin atmosphere and y is specific
weight (kg/cm?). This can be clearer with this example.

Example 6.2. What will be the pressure of two atmospheres?
Solution.
Itisgiven that P = 2 atmosphere (atm) and yfor water is0.001 kg/cm®
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-P/_ - -
Therefore, H A— %_001— 2000cm = 20m
So 2 atmosphere is 20 m of pressure head.

6.3. Estimation of Total Head

Bernoulli’sprinciple statesthat for an inviscid flow, anincreasein the
fluid speed occurs simultaneously with a decrease in pressure or a
decreasein the potential energy of fluid. Bernoulli’sprincipleisbased
on the principle of conservation of energy. Thismeansthat, in asteady
flow, the sum of all forms of mechanical energy in aflowing fluidis
thesameat al points. Thisrequiresthat the sum of kinetic energy and
potential energy remain constant. Total head or energy head H can be
shown asfollows.

2 2
Ho=z+ e che (6.5)
A 29 29

Bernoulli’sequation is based on certain assumptions which are stated
below.

* Flow issteady
* Density isconstant i.e. thefluid isincompressible
» Frictionlossesare negligible

Bernoulli’sequation ceasesto be valid before zero pressureisreached.
The above equation uses a linear relationship between flow speed
sguared and pressure. Thetotal head of water a ong the pipeline depends
on the difference of elevation, pressure and velocity of water and it
remains constant throughout the water body. For any two pointsalong
the flow, the equation takes the following form.
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z =therelative elevation of water, m

¢l

);
P the pressure head of water, m

=velocity head of flowing water, m

6.4. Head lossDueto Friction in Plain Pipes

6.4.1. Hazen-William's formula

Thisisthe most commonly used formulafor estimating frictional head
loss in a steady pipe flow of various pipe materials. The Hazen-
Williams formula gives accurate head loss due to friction for fluids
with kinematic viscosity of approximately 1.1 ¢St (1 ¢St (centi Stokes)
=10°m?/s). It can be applied for pipesof 50 mm or larger and velocities
lessthan 3 m/s. Asthe roughness coefficient used in thisformuladoes
not involve Reynolds number, and hencethisgivesthedirect solutions.
Due to its simplicity, Hazen-Williams qurmula has been extended to
include plastic drip irrigation pipes every though they are smaller in
diameter with lower flow rates than those normally encountered in
other irrigation situations. The equation is acceptable for cold water
at 15.6 °C. Formulais given below:

C)1.852 L
h, =1.212x10™ © o s )
f D*¥ 100 6.7)

where,

h=frictional head lossin the pipe line, m

Q =dischargein the pipeline, Ips

C =friction coefficient to consider pipe material
L =length of the pipeline, m

D = inside diameter of the pipeline, mm.

Manufacturersof pipesfor dripirrigation recommended a C value of
150 for the plastic pipe and tubing. However, Wattersand Keller (1978)
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showed that C =150 underestimates the pipe friction losses for the
flow normally encountered in dripirrigation systems. Howell and Hiler
(1974) suggested that C =130 be used for plastic pipeshaving diameter
less than 16mm. Howell et al. (1982) suggested that the best values
for drip irrigation systems are C =130 for 14-15mm pipe diameter,
C =140 for 19-20 mm, and C =150 for 25-27 mm.

6.4.2. Darcy- Weisbach’s Formula

This is a dimensionally homogeneous formula, which is used for
estimating head or pressure loss dueto friction along agiven length of
pipe. The Darcy—Weishach equation contains adimensionlessfriction
factor, known asthe Darcy friction factor. Thisisalso called the Darcy—
Weishbach friction factor or Moody friction factor. The Moody diagram
shows the rel ationship between the rel ative roughness of the pipeand
the Darcy-Weisbach friction factor (f) for different values of Reynolds
number (R ). The Darcy-Weisbach formulawhich relatesthefrication
factor (f) to the head lossin pipes dueto friction is given as bel ow.

where,

h, = head loss dueto friction, m

L =length of the pipe, m

D =internal diameter of the pipe, mm

V = average velocity of the fluid flow, m/s

g = acceleration due to gravity, 9.81 m/s?

f = adimensionless coefficient called the Darcy friction factor

Blasius equation for smooth pipes has been recognized as an accurate
predictor of friction factor for plain small diameter plastic pipe.
However, in drip irrigation laterals with inserted emitters, the flow
regime becomes semi-smooth dueto the presence of emitter protrusions
(Amin, 1990). Depending upon the flow conditions, the Darcy-
Weishach friction factor (f) can be calculated as fallows;
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(@) For laminar flow (R < 2000) where pipe roughnessis not afactor

LIS (6.9)

(b) For turbulent flow (4000 < R, < 10°) in hydraulically smooth pipe
such as glass, copper and plastic tubing, the Blasius equation can be
used

where, R is the Reynolds number. Howell and Barinas (1980)
expressed Hazen-Williams formula in a form of Darcy-Weisbach
equation to identify friction factor (f) as a function of roughness
coefficient (C). A reference temperature of 15.6°C was used and the
following expression was obtained:

_ 1862 e, (6.11)
C 1.852 D 0.18 Rn 0.148

where, D isin mm.

6.4.3. Watters and Keller Formula

In an experiment conducted by Watters and Keller (1978), it was
demonstrated that the Darcy- Weisbach formula can be used for
estimating frictional head losses in smooth plastic pipes and tubes.
They proposed a simplified form of Darcy-Weisbach formulawhich
incorporates afriction factor estimated from the Blasius equation for
smooth pipeswith awater temperature of 20°C and kinematic viscosity
of 1.0x10® m?/sec.

R 0465 Q™ (6.12)
where,
h,= pipefrictionloss, m

L = pipelength, m
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D = inside pipe diameter, mm

Q = pipeflow rate, liters/hr

6.5. Head LossDueto Friction in Multi-Outlet Pipes

The drip irrigation lateral lines and sub-mains are the pipes with
multipleoutletsdischarging laterally. The flow conditionsin such pipes
are generally considered as steady, spatially varied with decreasing
discharge. Flow of water through the length of asingle outlet (plain)
pipe of a given diameter causes more friction loss than does flow
through apipewith anumber of outlets. Thisintroduces complications
in estimation of frictional lossesin multi-outlet pipes. The estimation
of head loss caused by friction in pipelineswith multiple outletsrequires
a stepwise analysis starting from most downstream outlet, working
upstream and computing head | oss caused by friction in each segment.
Christiansen (1942) developed afriction factor known as ‘F’ factor,
to avoid the cumbersome stepwise analysis. Computing the head loss
in a pipe considering the entire discharge to flow through the entire
length and multiplying by factor F allowsthe head lossthrough asingle
diameter pipeline, with multiple outletsto be estimated. Thederivation
of factor was based on the following assumptions:

*  Nooutflow at the downstream end of the pipeline.
e All outletsare equally spaced and have equal discharges.

»  Thedistance between the pipeinlet and thefirst outlet is equal
to one full outlet spacing.

e Hydraulic characteristics remain constant along the length of
the pipeline.

Factor F isadimensionlessfactor and afunction of thefriction formula
used, and the number of outlets along the pipeline. The head lossin a
pipelinewithout outlets can be cal cul ated using any of the well-known
friction formulas such as Darcy-Weisbach, Hazen-Williams, and
others. Thisisthen multiplied by the factor F to calculatethe head loss
caused by friction in a pipeline with multiple outlets. Christiansen’s
equation for computing reduction coefficient ‘ F’ for multiple outlet
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pipelines, where the first outlet is at full spacing from the main line,
can be written as.

where,
b = velocity or flow exponent in the head loss equation used, and
N = number of outletsin the pipeline.

In many field layouts, the first outlet on a pipeline can not be located
at afull spacing from the inlet of the pipe. Jensen and Fratini (1957)
devel oped an adjusted factor F which permitted the calcul ation of the
head | oss caused by friction in pipelineswith multiple outlets, with the
first outlet at one-half of outlet spacing from the pipelineinlet. Scal oppi
(1988) derived an expression for the adjusted factor F_. Thisexpression
allowsthe adjusted factor to be cal culated for a pipeline with multiple
outletsand thefirst outlet at any fraction qf_-spaci ng (a) fromthepipeine
inlet. If thefirst outlet is one-half of outlet spacing from the pipeline
inlet, the adjusted factor by Scaloppi (1988) is identical to that by
Jensen and Fratini (1957). Scaloppi (1988) derived adjusted factor F
(a) can be expressed as:

@)= )

and inthe special casewherethefirst outletisat half of outlet spacing
fromthemainline (a =1/2)

2= < [[ﬁ]ﬂ:b-l:l' ] .......................................... (6.15)

2N -1 anN

For a single diameter pipeline with multiple outlet, factor  or the
adjusted factor, F (), allowsrapid cal culation of head loss caused by
friction. If multi-diameter pipelines are used, the F factors can not be
applied directly to the entire length of the pipeline. For analytical
purposes, the pipeline is divided into reaches based on pipeline
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diameter; then again factor cannot be applied directly to any except
themost downstream pipe reaches because other reaches of the pipeline
would have outflow at their downstream ends. To resolvethis problem,
Anwar (1999) proposed afactor G, to estimate the friction head losses
in multi-outlet pipes or pipelineswith outflow at the downstream ends.
Factor G, can be applied to each reach withinamulti-diameter pipeline
to estimate the head loss. An adjusted factor G_ allowed for the first
outlet to be at any fraction of outlet spacing from the pipeline inlet.
Thefollowing assumptions were madein the theoretical devel opment
of adjusted factor, G..

e Theoutletsare equally spaced and have equal discharge.

e Thepipefrictionfactor remains constant along the length of the
pipeline.

e Thevelocity head can be neglected.

* Theincreasein pressure past each outlet caused by a decrease
in the flow is equal to the head loss caused by turbulence
associated with each outlet.

* Headlossat the change in pipe diameter isignored.
Anwar (1999) proposed the following formula to calculate the G
(friction correction factor):

l N
G= - k it s s e (616)
Nm+1(l+r)m é( +Nr)

where,
N = number of outlets along the pipeline

r = ratio of the outflow discharge to the total discharge through the
outlets (r = 0)

k = integer representing the successive segments of the pipeline.

m and n = exponents of the average flow velocity in the pipeline and
internal pipeline diameter respectively

Further, another equation was proposed for G, (adjusted friction
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correction factor for pipelines with multiple diameter equally spaced
outletsand outflow).

_NG+x-1

eSO (6.17)
N+x-1

In this equation, if the first outlet is located at a full outlet spacing
fromthe pipelineinleti.e. x= 1, then G,(fon-y) =G

Example 6.3. In amango orchard, a 150m long sub-main line of 50
mm diameter is serving 30 numbers of laterals. The sub-main lineis
carrying adischargeof 1.4 ps. TakeC=140, m=1.852and K =1.22
x 10%2. Determinethefrictional head lossin the sub-main pipeline by
using Hazen-William's formula and Watters and Keller formula.

Solution. Hazen-William's formula can be given as below.

1.852
h, _1212x02 QCST L

D 487 . 100

where,

h,= frictional head lossin the pipeline, m

Q =dischargein the pipeline, Ips

C =friction coefficient to consider pipe material
L =length of the pipeline, m

D = inside diameter of the pipeline, mm.

1.4/140)"™ 150
hy :1.212x1012.%.—
50 100

=1.91m

Now, since there are 30 numbers of outlets are being served with this
sub-main pipe, hencesacorrection fator, F, will also be determined as
follows.
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1 1 (1852-1)"
= + +
1852+1 2x30  6(30)’

=0.36
Finally, the friction head losswill be h. x F = 1.91 x 0.36 = 0.68m
According to Watters and Keller formula, frictional head loss can be
calculated as.

L

hy =0465

Ql.75

where,

h, = pipefrictionloss, m

L = pipelength, m

D = inside pipe diameter, mm
Q = pipeflow rate, litershr

L

hy = 0465

Q1.75

= 0.465—5150 50407

04. 75

=1.11m
After including factor F, it will be 0.40m.
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Planning and Design of Drip
Irrigation Systems

Theplanning and design of adripirrigation systemisessential to supply
the required amount of irrigation water. The daily water requirement
of the plant depends on the water that is taken by the plant from the
soil and the amount of water evaporates from the soil intheimmediate
vicinity of theroot zonein aday. The plant water intake is affected by
the leaf area, stage of growth, climate, soil conditions etc. The water
requirement and irrigation schedule can be determined from the soil
or plant indicators based methods or soil-water budget method, but.
The details of methods of potential evapotranspiration and several
techniques of irrigation scheduling have been eleborated in Chapter
4& 5. To apply the required amount of water uniformly to all the plants
inthefield, itisrequired to maintain desired hydraulic pressurein the
pipe network. The hydraulic design of drip irrigation system includes
determining the size of laterals, manifolds, sub-main, main pipeline,
selection of appropriate emitter discharge and size of pumping unit.
Major stepsfor the design of adrip irrigation system are

i) Collection of general information
ii) Layout of thedripirrigation system
iii)  Crop water requirement

iv)  Hydraulic design of the system
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7.1. Collection of General Information

General information on water source, cropsto be grown, topographic
condition, type and texture of the soil and climatic data are essential
for designing adrip irrigation system. Theinformation on type of soil
will help in selection of emitter and its rated discharge rate. Climatic
data are required to estimate the potential evapotransiration if pan
evaporation datais not available.

7.2. Layout of the Drip Irrigation System

The layout of the drip irrigation system depends upon the length and
breadth of thefield and location of source of water. The decision asto
number and spacing of the laterals is governed by the nature of the
crop. Each row, two rows or more than two rows can be served by one
lateral. Normally the sub-main line runs along the slope and laterals
are laid across the slope or along the contour lines of the field.

7.3.Crop Water Requirement
Thedaily crop water requirement is estimated by using the equation

VB XK X K X AXW s (7.0)
Net volume of water to be applied, V, = V- R x AxW_......... (7.2)
where,

V  =volume of water required, litres

E,,, = Mean pan evaporation for the month, mm/day
K, =cropcoefficient

K, = panfactor

A =areatobeirrigated, m?

R, =effectiverainfall, mm

W, = Percentage wetting

Thecrop coefficient (K ) varieswith the crop growth stage and season.
It is considered for crop productive stage for the design of a drip
irrigation system. . The details have been discussed in preceeding
chapter.
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7.4. Hydraulic Design of Drip Irrigation System

Flow in drip irrigation line is hydraulically steady, spatially varied
pipe flow with decreasing discharge. The total discharge in lateral,
sub-main or main is decreasing with respect to the length of theline.
The lateral and the sub-main lines are having similar hydraulics
characteristicswhilethemain lineisdesigned based on input pressure,
the required pressure and slope of the energy gradient line which will
give atotal energy higher than that of required at any sub-main for
irrigation. Theideal dripirrigation systemisoneinwhich all emitters
ddliver thesamevolume of water inagiventime. Under field conditions,
it isdifficult to achieve thisgoal; however, the emitter flow variation
inthelateral line can be controlled by the hydraulic design. The pipes
used in drip irrigation system are made of plastics and are considered
smooth. The pressure drop dueto friction or frictional head loss can be
evaluated with the help of the Darcy-Weisbach equation or Hazen-
Williamsempirical equation. The details of these equations are given
in Chapter 6.

Flow carried by each lateral line (Q,) = Discharge of one emitter x
No. of emitters per lateral

Flow carried by each sub-mainline (Q) = Q, x No. of lateral lines per
sub-main

Flow carried by main line (Q) = Q, x No. of sub-main lines

The diameter of the main, sub-mainsand |aterals are chosen based on
the hydraulics of pipeflow. Thesizesof main, sub-mains, lateralsand
size of pumps are estimated using the procedure stated below:

Total head loss dueto friction (H,)

=friction head lossin mains+ friction head lossin sub-mains + friction
head lossin laterals + friction head loss in accessories and fittings

Operating pressure head required at the dripper =H_
Total static head = H_
Total pumping head (H) =H + H_+ H_
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7.4.1. Development in Design of lateral pipe

Proper design of drip irrigation system consists in assuring a high
uniformity of water application. Thelateral linesare the pipesonwhich
the emitters are inserted. They receive the water from sub-main line
and are usually made of LLDPE ranging in diameter from 12 to 20mm.
The emitter discharge is a function of the lateral pressure. Low
discharges and low pressure heads in the distribution network allow
using of smaller pipesof lower pressurerating which reducesthe costs.
Since application of water is slow and spreads over along time, peak
discharges are reduced, thus requiring smaller size pipes and pumps
which causeslesswear and longer life of network. Theirregularity of
emitter dischargeisessentially dueto the pressurevariationin laterals,
theland slope, and emitter’scharacteristics. Thedischarge of an emitter
is also influenced by the water temperature and partial or complete
plugging of emitters. When the pipe network isinstalled, it isdifficult
to change its design and layout of the system. So, it is essential to
assure precision of calculations of frictional losses and pipe sizes.

The design of drip irrigation lateral has been the subject of several
studies which has been published in peer reviewed journals. We have
tried to incorporate the various methods used in designing of laterals.
If we go back, it was the graphical methods or polyplot, used by
Christiansen (1942). This method got obsolete due to availability of
computers and Wu and Gitlin (1974) developed a computer model
based on the average discharge. Keller and Karmeli (1974) formulated
a computational model to calculate the pressure at any point along
lateral by testing many values of emitter’s exponent. Computations
are considerably simplified by assuming that the emitter dischargeis
constant along thelateral. Mathematical model s have been established
using the law of continuity and conservation of energy. Perolt (1977)
used an iterative process based on the back step method to converge
the solution. Solomon and Keller (1978) tried the cal cul ation based on
the piezometric curve. In order to increase the efficiency of design,
researchersbecameinterested inthe hydraulic analysisof dripirrigation
lateral. The finite element method (FEM) is a systematic numerical
procedure that has been used to analyze the hydraulics of the lateral
pipe network. A finite element computer model was devel oped by Bralts
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and Segerlind (1985) to analyze micro-irrigation sub-main units. The
advantage of their technique included minimal computer storage and
application to a large micro irrigation network. Bralts and Edwards
(1986) used a graphical technique for field evaluation of micro-
irrigation sub-main units and compared the resultswith cal cul ated data.
Yitayew and Warrick (1988) presented an alternative treatment
including a spatially variable discharge function as part of the basic
solution to drip irrigation lateral design. They expounded two
evaluations: an analytical solution, and a Runge-Kutta numerical
solution of non-linear differential equations.

Drip irrigation system design was further analyzed using the
microcomputer program by Braltset al. (1991). Thisprogram provided
the pressure head and flows at each emitter in the system. The program
also gave several useful statistics and provided an evaluation of
hydraulic design based upon simple statistics and economics criteria.
Since the number of laterals in such a system is large, Bralts et al.
(1993) proposed atechniquefor incorporating avirtual node structure,
combining multiple emittersand lateral linesinto virtual nodes. After
developing these nodal equations, the FEM technique was used to
numerically solve nodal pressure heads at all emitters. This
simplification of the node number reduced the number of equations
and was easy to calculate with a personal computer. Most numerical
methods for analyzing drip irrigation systems utilize the back step
procedure, an iterative technique to solve for flow rates and pressure
headsin alateral line based on an assumed pressure at the end of the
line. A drip irrigation network program needslarge computer memory,
and along computer calculation time dueto the large matrix equations.
A mathematical model was also developed for a microcomputer by
Hillsand Povoa (1993) analyzing hydraulic characteristics of flow in
adrip irrigation system. Bralts et al. (1993) used the finite element
method for numerical solution of non-linear second order differential
equations. Their articlesprovideadetailed description of other methods.
Kang and Nishiyama (1994, 1996) al so used the finite element method
to analyse the pressure head and discharge distribution along lateral
and sub-main pipe. The golden section search was applied to find the
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operating pressure heads of lateral corresponding to the required
uniformity of water application. Valiantzas (1998) introduced asimple
equationfor direct calculation of lateral hydraulics. Computationsare
based on the assumption of a no uniform emitter outflow profile.
Lakhdar and Dalila (2006) presented a computer model based upon
the back step procedure and the control volume method to
simultaneously solve non-linear algebraic equations. An aternative
iteration process was devel oped which simplified the model to design
lateral of drip irrigation system.

7.4.1.1. Hydraulic Analysis of Laterals

Hydraulic analysisof dripirrigation lateralsis based on the hydraulics
of pipelineswith multiple outlets. The successful designisacompromise
between the choice of high uniformity and low installation cost. Itis
important to cal culate the pressure distribution and emitter discharge
correctly along the lateral. Using equations of energy and mass
conservation, the closing between two sections of an elementary control
volumeendsupinatwo non-linear partial differential equationssystem,
associating pressure and velocity. These equations describe the flow
in the lateral; their solution is tedious because of interdependence of
the discharge and the pressure in a linear relation. The solution of
these equations cannot be completely analytic duetothe empiricrelation
of discharge emitters and the energy loss relations. Numerical
approaches solve the problem either backward or forward and can
takeinto consideration thevariability in discharge, pressure, diameter,
and spacing. Numerical approaches became popular with the
development of personal computers. These approaches to solve the
hydraulicsof drip systemsincluded the use of finite element methods.
Solving the hydraulics of drip irrigation lateral pipelines requires
solving setsof non-linear equationswhich are common in the hydraulics
of pipe networks.

There are two main approachesin solving these systems of equations.
Thefirst approachisasuccessivelinear approximation method inwhich
these equations are linearised using an initial solution. Thisresultsin
converting the system of non-linear equations into a set of linear
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equations. Solving such set of linear equationsisquite commoninthe
finite element method where symmetric banded matrices are solved
efficiently. The results are used as an improved estimate of an initial
solution; then anew system of linear equationsis formed and solved
again. The procedureis continued until convergence. The successive
linear approximation approach wasimplemented to solvethe hydraulics
of dripirrigation systems (Hathoot et al., 1993; Bralts and Segerlind,
1985; Kang and Nishiyama, 1996a, 1996b). The second approach is
to use the Newton-Raphson method to solve the system of non-linear
equations. This method showed a speed of convergence much faster
than successive linear approximation where the two methods started
from the sameinitial solution in analyzing aset of small hypothetical
drip irrigation systems (Mizyed, 1997). However, the biggest
disadvantage of applying both successive linear approximation and
Newton-Raphson methods to drip irrigation systemsis requirements
of memory. Thisresulted when all thelateralsand outletsinareal size
drip irrigation systemswere considered.

Besides Finite Element Method and the Newton-Raphson method to
solvethe setsof linear equations, control volume method and method
of Runge-K utta of order four have also been appliedindripirrigation
lateral design. The numeric control volume method (CVM) is often
used to determine pressure and dischargein dripirrigation lateral. It is
applied to an elementary control volume on thelateral and permitsan
iterative development, volume after volume, from alateral extremity
to the other. Howell and Hiler (1974) and Helmi et al. (1993) applied
thistechniqueto an exampleof dripirrigation lateral, starting iterative
procedure of calculation from the lateral entrance. Thus knowing the
output discharge to the lateral entrance, represented by the sum of
average emitters discharge, thetrial and error method is successively
used till thelateral end, in order to lead to the convergence. However,
the risk of obtaining a negative velocity still exists. This approach
seems to provide some precise results but could become slow for
numerous reasons of the possible iteration, without excluding the
divergencerisk. Another method to solvethe set of non-linear equations
isthe numeric method of Runge-Kutta of order four. The Runge-Kutta
method allows the integration of the differential equations system of
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thefirst order by describing variations of pressure and velocity from
the initial conditions to the lateral extremity (x = 0). Given the fact
that the pressure in this point is unknown, it is therefore necessary to
use an iterative processin order to converge toward the solution to the
other extremity of the lateral (x = L), where the value of the pressure
isknown (input). Theiterative processisassured by theinterpolation
technique by Lagrange’'s polynomial.

We have shown here that how the differentials equations are formed
and applied to design the laterals. The solution wasgiven by Zellaand
Kettab (2002). The mathematical model to be derived is a system of
two coupled differential equations of the first order. The unknown
parameters are pressure and velocity. The principle of mass
conservationisfirst applied to an elemental control volume of length
dX of the horizontal drip irrigation lateral. This has been shown in
Fig 7.1. Thedischarge entering at the point X will be equal to discharge
leaving at the point X+dX and discharge passed through emitter. This
can be shown by the following equation.

AV, = AV, F O, et (7.3)
where,

A = cross-sectional area of lateral

V = velocity of flow in the control volume between X and X + dX

q, = emitter discharge which is assumed to be uniformly distributed
through the length dX

The emitter discharge expressionis given by the following empirical
relation.

where,
0 = emitter constant
y = emitter exponent for flow regimes and emitter type

H = pressure at the emitter
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The Bernoulli’s equation can be applied to the flowing fluids. The
principle of energy conservation is applied to the elemental control
volumeto givethe Bernoulli’sequation in thefollowing form:

1
Hy +?gvx2 SHyeax T 5 Veax FHE (7.5)

where,

hf = head loss dueto friction between X and X + dX. Itsexpression can
begiveninthefollowing form:

T VA ST (7.6)

The Reynold’'s number isadimensionless number that givesameasure
of theratio of inertia forcesto viscousforcesand quantifiestherelative
importance of these two types of forces for given flow conditions.
Regime flow is determined by Reynold's number which can be
expressed by the following equation:

x=0, Vx=0 Direction of
flow

X Qe X + dx

Fig. 7.1: Elemental control volume under consideration
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where,
D = lateral diameter
K = kinematic viscosity

When R >2300, m=1.852 and thevalue of ain Eq.7.6 isgiven by the
following equation using the Hazen-Williams formulation.

K
B RS e

where,

C = Hazen-Williams coefficient

K = coefficient

m = exponent describing flow regime. When R, <2300; m = 1 and the

valueof ais

B2 e (7.9)
gD*

where,

g = gravitational acceleration. After expansion of the terms
H . ax adVy, 4 s EQ.7.5iswritten as

1 oH 1

oV, v, )
Hy +—V, 2 =H, +—XdX + |V, > +2V, X dX +| =% dX | |+hf
X zg X X OX zg[ X X 0X ( 6X j ] ....(7.10)

If theterm (0(;/; de is supposed to be negligible and rearranging the

Eq.7.10, we get

L L (7.11)
0X g ox
By using the expansion of V, , . in Eq. 7.3, we get
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Aal AX 0, S0 coevverrmm s (7.12)
X

Finally, by combining Egs. 7.4, 7.6, 7.9 and 7.10, the final system of
equations are found as

o __ a .,

BX Ay (7.13)
and

H_ .V &

T T T (7.14)

In order to solvethe solution of Egs. 7.13 and 7.14, the vel ocity at the
end of the lateral (V,_, =0) and the pressure head (H ., =H, ) are
given. These can beintegrated by using the method of Runge-K utta of
order 4 by constructing an iteration process. L et us assumethat H 0=
H ., isknown. A new space variable X is defined suchas X = L - X,
The system of Egs. 7.13 and 7.14 becomes

Mo
E = E e, (7.15)

=ls Fard
—=al™ - VH?
aX ﬂgﬁx --------------------------------------------------- (7-16)

Theinitial conditionsto this problemareV,_ =0 and (H _, =H

Iteration Process

To integrate simultaneously Egs. 7.15 and 7.16, we have to provide
only two estimates of the pressure head at the downstream end of the
lateral (X=0); thiscanbewrittenasH° . andH* . . Now, two solutions
of theinitial value problem (7.15) and (7.16) are carried out, yielding
H° _andH' . Anewestimateof H . canthen beobtained by making
use of the interpolating Lagrange polynomial of degree one. This new
estimateH___iswritten asfollowsin order to get the next solutionH? .
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_Hm_Hlmmc HD' HM_HDM
e T W = = I A  AT)

This process is continued until convergence which means

new old
ErH HHH TOHT e (7.18)
or
V new V old
ErV o YoM s (7.19)

A program of calculation in Fortran can be applied for the two numeric
methods and executed on a computer until convergence i.e. ErH and
ErVtoH=10"

Zella et al. (2006) presented a design methodology for drip irrigation
system by using control volume method (CVM) with the back step
procedure. The proposed numerical method is simple and consists of
delimiting an elementary volume of the lateral equipped with an emitter,
called “control volume” on which the conservation equations of the
fluid hydro-dynamics were applied. Control volume method is an
iterative method which is used to calculate velocity and pressure step
by step throughout the drip irrigation network based on an assumed
pressure at the end of the line. A simple computer program can be
developed for the calculation. The use of the control volume method
reduced computing time as required in FEM technique and facilitated
easier computations. The proposed CVM model was based upon
conservation of mass and energy applied to an elementary control
volume which contained one emitter on one lateral or sub-main and
solved by the back step procedure. The first control volume was chosen
at the end of the last lateral pipe of network to find pressure at the inlet
of the lateral pipe /H, , or pressure at the end of lateral pipe (H, ).
The iterative process based on the back step procedure was successively
applied until the other lateral extremity and for the entire network
(Fig.7.2). The calculation can be continued step-by-step using an
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iteration processfor all the sub-main units. Figure 7.2 showsthe total
average flow rate of network (Qavg ) inm?®/s, whichisaninput for the
computation, the total flow rate Q; in m¥sgiven after computation,
the total pressure head H,__ in m and the velocity V__ inm/s at the
inlet of the network.

Hr_ 1 max H-'_.i’f.".':-: H 3max H.‘_-:;’ 18X Ha Smax

Inlet |

\_ Sub-main pipe
Y A 4 A 4 ¥ Y
H_.' Tmin H_".'.‘ in H.‘ 3min H,-'_‘i-".:." H!_'._\‘." r

Fig. 7.2: An example of drip irrigation network

Control
~\ volume

)

Inlet —p

“

vy v v ¥ v

Fig. 7.3: Latera pipe of drip irrigation showing elementry control volume

Thetotal network isformed by theidentical laterals presented in Fig.
7.3.InFig. 7.3, H___ represents the pressure at the lateral entrance,
Q... representsthetotal flow rateat inlet of lateral pipe, V_ thevelocity
at lateral pipeentrance, H, . thepressureat theend of lateral pipe, V,
. thevelocity at theend of lateral pipe, Q = ¢ , thedischarge of last
emitter and L, the length of lateral pipe. For the elementary control
volume (Fig.7.4), the principles of mass and energy conservation are
applied. Thei™ emitter discharge g, in m*/swas assumed to be uniformly
distributed along the length between emitters, Ax , and is given by:
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q=a H Y i (720)
or

H +H.Y
G = "(%} ....................................................................... (7.21)
where,

o =empirical constant
y = emitter exponent
H, H+1=pressureat i and (i+1)" point

H = average pressure along Ax . The mass conservation equation for
the control volumegives:

M .= water mass at the entrance of the control volume, kg

M.,, = water mass at the exit control volume, kg

t=timeins.
<4 x —P
i i+1
H, Hi.q
II/, V..:

S

Fig. 7.4: Elementry control volume
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The energy conservation between i andi+1 isasfollows:

E= flow energy or pressurein at the input
E+1= flow energy at the exit

AH =local head losshf dueto the emitter in meter to friction alongAx .
The head losses AH are given by the following formula:

V_inm/s, isthe average velocity betweeni and (i+1), V,and V.+1 are
velocity respectively at jt and (i+1)" cross-section |l ateral, the value
of parameter a is given by Hazen-William equations:

for turbulent flow, R is Reynold’s number, R > 2300,

where,

C = Hazen-William coefficient

K = proportional coefficient

m= exponent (m = 1 for laminar flow, m= 1.852 for turbulent flow)
A = cross-sectional area of lateral pipe, m?

D, = interior lateral pipe diameter inm

v = kinematic viscosity, m?/s

g = gravitational acceleration, m/s>H_and V_are respectively the
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average pressure and the average vel ocity between it and (i+1)" emitter
on the lateral. The calculation model for lateral pipe solves
simultaneously the system of two coupled and non-linear algebraic
equations, having two unknown values: V., andH, ..

Equations (7.22) and (7.23) become:
AV ZA NV +0 s (7.28)

v Vi (Vi +Vi "
H; +79 =Hi, + Zgl "'E(le DX i (7.29)

and equations (7.28) and (7.29) become:

_ a (H +H Y
V|+1 _VI AL ( 2 j ............................................ (730)
L =H, +*(V ~V2)- a(v +2V'“j DX oo (7.31)

For the lateral, equations (7.30) and (7.31) become:

y
(dvj T (7.32)
dx ), A Ax
dH “m
(RJL ZTAVLT et (7.33)

For sub-main pipe, equations systemis

B

O ) T AGXg e (7.34)
dH m

(&js TTAVS et (7.35)

where,

Q.= flow rate in sub-main pipe
A= across sectional area of sub-main pipe

V and H,, respectively, are velocity and pressurein sub-main pipe. At
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the end of thelateral V, =0, H___ isgiven at entrance of |ateral pipe,
inlet head pressure. The slop of lateral and sub-main pipeisassumed
null. WhenH___ isfixed, the computation program of lateral can give
the distribution velocity or emitter’s discharge and pressure along
lateral. Theoretical development giving equations (7.30), (7.31) and
(7.32), (7.33) can be solved without the use of matrix algebrathrough
CVM.

As we know the economics of drip irrigation largely depends upon
size and length of drip irrigation lateral and drip irrigation system
requires large amount of pipe per unit of land, the pipe cost must be
economically feasible.Appropriate design saves the cost and ensure
reliability of thedrip system. Besides, modifying the conventional crop
geometry can also considerably reducedripirrigation system cost. The
plant to plant and row to row spacing can be changed without changing
the plant popul ation per unit area. Thedesign of dripirrigation lateral
is mainly concerned with the selection of the pipe size for a given
length which can supply the estimated amount of water to the plants
keeping the desired range of uniformity. Dripirrigation lateral design
can be classified into mainly two types of design problems:

1. Lateral lengthisunknown and pipesizeisgiven;
2. Pipesizeisunknown but lateral length is constrained;

Usually pipe sizes are limited to pipe diameter less than 20 mm by
economics. The information required for designing laterals are field
slope, emitter flow rate, number of emitters per plants, emitter flow
function, plant spacing and desired uniformity. In first type of problem
the maximum lateral length is determined while maintaining the
required uniformity value. Thealowable energy loss can be determined
using Fig. 7.5 and the following relationships:

_ 5 y y i _i 1/ x
F:,—(PJ %) [K 2 qn)} ..................................................... (7.37)

n e
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P P
T TS 7.38

S o= (7.38)
AH ZH = H #SL coioeeeeeeeeeeeeeeeseeseseeeseessse s sesneneans (7.39)
o romee [%] e (7.40)

where,
P_= pressure at the head of the |ateral, kPa
P, = pressure at the end of the lateral, kPa

g, =g, emitter flow rate at the head and end of thelateral respectively,
Iph

y = specific weight of water, 9.81 KN/m#

H,=H_ pressure head a theinlet and outlet of the lateral respectively, m
AH = pipefriction energy loss, m

D = inside pipe diameter, mm

S, = emitter spacing, m

C = Hazen-Williams roughness coefficient

S =field slope (positive for down and negative for up)

L =lateral length, m

K, = proportionality factor that characterizes the emitter dimensions

For the second type of problem the following formulacan be used for
calculating pipe diameter.

o (| yose [ 100G, |
D=0.73 (8H)*" (L) [cqu ............................................. (7.4)

e

When water isremoved through drippersalong the lateral s, thefriction
loss for the given diameter and length of lateral will be lessthan if the
flow was constant for theentirelength. A reduction factor (F) ismultiplied
with the estimated frictional loss which can be estimated by
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-
I
|
%
i

where,

m= 1.852 for the Hazen-Williams equation and 2 for the Darcy-
Wei sbach equation, and

N= number of outlets on the |lateral.

L% I+ ) B N o ]
o o o o

w
L=]

Emitter Flow Variation (%)
8 5

—
f=]

o

100 90 80 70 60
Uniformity Coefficient

Fig. 7.5: Relationship between emitter flow variation and uniformity coefficient

The values of F for different ‘m’ are given in Table 7.1.The emitter
discharge decreases with respect to the lateral length when the lateral
lengthislaid on zero slope or uphill. When the lateral pipeislaid on
mild downhill slopes, the emitter discharge decreases with respect to
the lateral length and reaches a minimum emitter discharge and then
increases with respect to the length of thelateral line. Thisis because
the gain of energy due to the land slope at a downstream section is
larger than the energy drop by friction. There isyet another situation
where the emitter discharge increases with respect to the length of
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lateral line. Thisiscaused by steep slopeswherethe energy gained by
the slopesislarger than friction drop for all section along the lateral
line. Use of seriesof pipesizesin lateralsor submain design will help
to reduce the maximum pressure variation. By changing the pipe size
it is possible to make the friction drop approach more closely to the
energy gain at all pointsalong theline. Theline slope of each section
can be used asthe energy slopeto design the size of thelateral and sub
mains. This can be used for both uniform and non-uniform slopes.

Example 7.1. Determine the length for a16 mm inside diameter drip
irrigation lateral laid out in arow of mango young plants, spaced 6 m
apart with 4 emitters supplying water to each plant. Therated discharge
capacity of emitter is 4 Iph with emitter flow function q = 2.52 (P/
0)°8. Theslopeof thefieldis 1.0 percent and uniformity coefficient of
95 % isdesired to be achieved.

Solution: Asthe emitter flow function of isgivenasq=0.63 (P/ g) °2.
Therefore, equating it with Eq. 3.5, We get K_=2.52 and x = 0.8

Since 4 emittersare being used for one plant, the required emitter flow
dischargeis

g =4x4=16Iph
For uniformity coefficient of 95%, g /g isestimated as 1.2 fromFig.7.5

B _ e 15w _ L 1103: ~
= L,J [1_2] 086 =0.86

El

Table 7.1: Values of F for different numbers of outlets

Number of outlets F
m=1.85 m=19 F=20
1 1.000 1.000 1.000
2 0.639 0.634 0.625
3 0.535 0.528 0.518
4 0.486 0.480 0.469
5 0.457 0.451 0.440
6 0.435 0.433 0.421

Contd.
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Number of outlets F
m=1.85 m=1.9 F=2.0
7 0.425 0.419 0.408
8 0.415 0.410 0.398
9 0.409 0.402 0.391
10 0.402 0.396 0.385
11 0.397 0.392 0.380
12 0.394 0.388 0.376
13 0.391 0.381 0.373
14 0.387 0.381 0.370
15 0.384 0.379 0.376
16 0.382 0.377 0.365
17 0.380 0.375 0.363
18 0.379 0.373 0.361
19 0.377 0.372 0.360
20 0.376 0.370 0.359
22 0.374 0.368 0.357
24 0.372 0.366 0.355
26 0.370 0.364 0.353
28 0.369 0.363 0.351
30 0.368 0.362 0.350
35 0.365 0.359 0.347
40 0.364 0.357 0.345
50 0.361 0.355 0.343
100 0.356 0.350 0.338
more than 100 0.351 0.345 0.333

Pressure at the end of the lateral can be determined by Eq.7.37

16

P, =(0.86) ><(9.81)><[E

1 125
(2—5)} =96 kPa

Pressure at the head of the lateral by using Eq.7.36
P =P x(1.2)""" =(96)x(1.2)"* =120 kPa

Pressure head at the head of the lateral

P 120
,=—=——=122m
Y 9.81

Pressure head at the end of the lateral
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H,=To_ 9%

y “ogL 2'm

Now, itisgiventhat D =16 mm; S =6m; q=16Iph; C=130
Pipefriction energy losswill be determined by using Eq.7.39
AH=H -H +SL

=12.2-9.7+(0.01) (L)

=25+001L

Now, putting the value of AH in the Eq. 7.40, we get the following
equation to determine the length of the lateral asfollows

0.65
L =170 (2.5+0.01L )°* (16)'™ (13(”6)

100 x16

Thelength of thelateral can be determined by trial and error approach
inMSExcel. Calculateall theterms separately and then multiply each
term and change thevalue of L. After few trials, L = 208m for agiven
pipe size of 16 mm at the desired uniformity coefficient of 95% was
obtained, however thispipelengthistoo long. By reducing the diameter,
pipe length can be reduced.

7.4.2. Design of Sub-main

Thesub-mainline hydraulicsissimilar to the principles applied inthe
design of lateral hydraulics. The sub-main hydraulics characteristics
can be computed by assuming the lateral s are anal ogousto emitterson
lateral line. Hydraulics characteristics of sub-main and mainline pipe
are usually taken hydraulically smooth since PV C and HDPE pipeare
normally used. The Hazen-Williams roughness coefficients (C) range
from 130 to 150. The energy loss in the sub-main can be computed
with the methods similar to those used for lateral computations.

7.4.3. Design of Main

Usually the pressure controls or adjustments are provided at the sub-
main inlet. Therefore energy losses in the mainline should not affect
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system uniformity. There is no outlet in case of main line; therefore
reduction factor is not multiplied. The frictional head loss in main
pipelineis calculated in the same way using Hazen-Williams, Darcy-
Weibach or Watters and Keller’s formula.

7.5. Pump Hor se Power Requirement

Total dynamic head (H) isdetermined by adding all thefrictional head
losses through lateral, sub-main and main line, total static head and
operating pressure required at the emitters. The horse power of pump
isestimated by using the estimated dynamic head and pump discharge.

H xQ
Pump Horse power (hp) = 75x,

p*Tm
where,
H = total dynamic head , m
Q =total discharge through main line, Ips
n and n_ = efficiency of pump and motor, respectively

Example 7.2. Design adrip irrigation system for amango orchard of
1 haareawith length and breadth of 100 m each. Mango plants have
been planted at a spacing of 5 x 5.5 m and the age of crop is 3 years.
The maximum pan evaporation during summer is 12 mm/day. The other
relevant data are given below:

Land slope = 0.40 % upward

Water source = A well located at the S-W corner of the field
Soil texture = Sandy loam

Field capacity(FC) = 16 %

Wilting point (WP) =8 %

Apparent specific gravity (AS) = 1.4 g/cc

Effective root zone depth (Zr) = 120 cm

Maximum allowable deficit (MAD) = 20%



146 AN INTRODUCTION TO DRIP IRRIGATION SYSTEM

Wetting area percentage (WA) = 30 %
Pan coefficient = 0.7

Crop coefficient = 0.8

Solution
Step 1.

Estimation of Water Requirement

Evapotranspiration of the crop = pan evaporation Pan coefficient Crop
coefficient

=12x0.7x0.8
=6.72 mm/day

Net depth of water application = (FC —WP) X ASx Zr x 10 x PWD x
WA

=(16-8) x1.4x 1.20 x 10 x 0.20 x 0.30
=8.06 mm
If the efficiency of the system is 95%, Es=0.95

— 8.06
Gross depth of water application = 095 8.48 mm

Sep 2.

Emitter Selection and Irrigation Time

Emitters are selected based on the soil moisture movement and crop
type. Assuming three emitters of 4 Iph, placed on each plant in a
triangular pattern are sufficient so asto wet the effective root zone of
the crop.

Total discharge delivered in one hour =4 x 3= 12 Iph
Maximum crop evapotranspiration is already known as 6.72 mm/day
8.48

o =" =126days = 30 hrs
[rrigation interval 6.72 2
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q
Application rate of the system = m
_ 12
~ 5.0x55x0.30

=1.45 mm/hr

Gross depth of water application
Application rateof the system

Duration of water application =
_ 848

T 145

=5.8hrs

Sep 3.

Discharge Through Each L ateral

A well islocated at one corner of thefield. Sub-main will belaid from
the centreof field (Fig. 7.6). Therefore, the length of main, sub-main,
and lateral will be 50m, 97.25m, 47.5m each respectively. Thelaterals
will extend on both sides of the sub-main. Each lateral will supply
water to 10 mango plants.

Total number of laterals=(100/5.5) x 2 = 36.36 (Considering only 36)
e — 10 X 3% 4=1201ph
Total discharge carried by 36 laterals = 120 x 36 = 4320 Iph

Discharge carried by each lateral, Q

Each plant is provided with three emitters, therefore total number of
emitters will be 36 x 10 x 3 =1080

Sep 4.

Deter mination of Manifolds

Assuming the pump discharge = 2.5 Ips = 9000 Iph

Number of lateralsthat can be operated by each manifold = 9000/120=75

So only one manifold or sub-main can supply water to all the laterals
at atime.
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Step S.

Size of Lateral

Once the discharge carried by each lateral is known, then size of the
lateral can be determined by using the Hazen- Williams equation

1.852
)/
h,10=Kx oc X L X F
f p487 100
1 1 m—1
= +

T m+l 2N 6N 2
where,
H,(10) = friction loss per 100 m of pipe, m/
C = a coefficient of retardation based on the type of pipe material
QO = flow of water in the line, Ips
D = inside diameter of pipe, mm
K = a constant, 1.22 u 10'? for metric units
F = reduction factor, depends upon the number of outlets
m=1.852
N = number of outlets on the lateral
L = length of pipe, m

b +\/1.852—1
1.852+1 2x30  6(30)

=0.367

1.852
hf (10) 1.22x10" %xﬁxosm
12) 100

=0.26m

We also calculated 4 ffor D =16 mmand itis 0.063 m. The permissible
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head loss due to friction is 10% of head of 10 m (head required to
operate 4 Iph emitters) is 1m, therefore 12 mm diameter lateral pipe
size is selected. You can select 16mm pipe aso but the cost will be
more.

Sep 6.

Sizeof Sub-Main

Total discharge through the sub-main=Q, ___ x Number of laterals

lateral

=120 x 36
=43201ph=1.2Ips

Assuming the diameter of the sub-main as 50 mm. The values of
parameter of the Hazen- Williams equation are

C=150,Q=12lps, D=50mm, K=1.22 x 10*?, F =0.364

(1.2/150)*5%

504.87

h, (100) =1.22x10%x x 0.364

=0.31m
h, for 97.25 m of sub-main pipelength = 0.31 x (97.25/100) = 0.30 m
Therefore, frictional head lossin the sub-main = 0.30 m

Head at the inlet of the sub-main =H +H +H +H

emitter f lateral f submain slope

=10+0.26 +0.30 + 0.40=10.96 m

10.96-10.26 9
10.96
=6.38%
Estimated head loss due to friction in the sub-main is much less than
the recommended 20% variation, hence reducing the pipe size from
50 to 35 mm will probably be agood option.

Pressure head variation = 100

o _(0033/1305% 475

b, =1.22x1
f (12)4.3?1 100

x0.367

=1.75m
h, for 97.25 m pipe = 1.75 x (97.25/100) = 1.70 m
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Head at the inlet of the sub-main = H

o+ H +
emitter flateral f submain slope

=10+0.26+1.70+0.40 =12.36 m

12.36 10.26 u
12.36

Pressure head variation = 100

=17%

Pressure head variation lies within the acceptable limit, hence accepted.

Step 7.

Size of the Main Line

Assuming the diameter of main pipe as 50 mm

Discharge of main, Q = Discharge of sub-main, Q

submain

The values of parameter of the Hazen- Williams equation are

C=150,0=121ps, D=50 mm, K=1.22 u 10",

e (1.2/150)"%%

=1 1
hf ( 1 00) 1.22u (50)4.x7|

= (0.84 meter
h, for 50 m main pipe = 0.84 u (50/100) = 0.42 m

Step 8.

Determining the Horse Power of Pump

Assume head variation due to uneven field variations and the losses
due to pump fittings, etc. as 10 % of all other losses.

H =10 % of all other loss

local

Total dynamic head = (H +H

+ +
emitter f lateral Hf submain f main slope)

+
static local

=1236+0.42+10+1.28
=24.06 m
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HxQ
Pump Horse power (hp) = m
where,
H = total dynamic head, m
Q =total discharge through main line, Ips
n = efficiency of pump

_ 1.2x24.06

hp= = = =064010

Hence 1 hp pump is adequate for operating the drip irrigation system
toirrigate for 1 haareaof citrus crop.
Thedesign detailsare given as
Operating time of the system =5.8 hrs
Inrrigation interval = 30 hrs

Length of laterals = 47.5m

Number of laterals = 36

Diameter of lateral = 12mm

Length of sub-main =97.25m

Number of sub-main=1

Diameter of sub-main = 35mm

Length of main=50m

Number of main=1

Diameter of main = 50mm

Total power required =1 hp
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5.5m
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[ at o
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@ 50mm

Filter <———— 100m >
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Fig. 7.6: Layout of drip irrigation system for 1 ha of Mango orchard

Example 7.3. The field is located in Old Alluvial Zone and
characterized by moderate cold. The average annual rainfall is 1500
mm. Winter seasoni.e. November to February receives scanty rainfall.
Theareaof thefield is21.45 hawith majority of sandy loam soil. The
field capacity of the soil is 16% and permanent wilting point is 6%.
Theinfiltration rate of the soil is 14 mm/hr. The planting distance is
1.8mx04m

Solution
Since planting spacingis 1.8 x 0.4 m

Plant population per ha= 10000
Pop P 1.8x0.4

= 13889

Effective crop root depth isassumed as0.60 m. We have crop coefficient
(K, valuesfor different growth stage of tomato. The K valuefor highly
evaporative demand period i.e. mid season (70-115 day) will be



PLANNING AND DESIGN OF DRIP IRRIGATION SYSTEMS 153
considered as 0.80. The pan evaporation is 10mm and pan coefficient
is taken as 0.84.

Maximum crop evapotranspiration = E UKUK
=10.0x0.80 x 0.84
= 6.72 mm/day

Selection of Emitters

Discharge rate 4 Iph

Considering one emitter per plant
Distance between lateral = 1.8
Distance between emitter = 0.4 m
Maximum crop evapotranspiration = E UKUK
=10.0 x 0.80 x 0.84

= 6.72 mm/day

Selectin of Emitters

Discharge rate 4 Iph

Considering one emitter per plant
Distance between lateral = 1.8

Distance between emitter = 0.4 m

Determination of Irrigation internal

Saturated hydraulic evaluating of soil = 1.8 cm/m or 5 x 10 m/s

Since duration of water application is 1.48 hrs (calaculated later in
this part), total volume of water applied will be 4 x 1.48 = 5.921I.
Wetted width of one emitter (w) can be estimated Eq.2.3

—0.17
w=0.031(, )"'22[5J
q
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5><10_6 -017
:0.031(5.92)"'22( n j

=0.46 m = 46cm
Therefore, the radius of wetted circle will be 23 cm

We can also estimate the maximum radius of wetted circle with the
following expression.

-9
<k

RMA)(

where, giscm?®/hr and saturated hydraulic conducivity, K, isin cm/hr.

~ [2000
R = \314x18

=26.60 cm

Therefore wetted width =53.20 cm

Wetted area of one emitter = 1tR, .2

3.14 x (26.60%

=2221.73 cm?

=0.22m?

Length of thefield=715m

Width of thefield=300m

Total number of lateral at adistance of 1.8 m

_ _ width of field
spacing of laterals
=@ =166.66 =168 even number
1.80
Length of fidd

No. of emitters per lateral = spading of emitter

_ 715
0.4
=17875 = 1788
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Hereit isassumed that length of asingle lateral islength of field

Total no. of emittersinthefield = No. of lateralsx no. of emitters/latera

=168 x 1788
= 300384
Total wetted area by emitters
= 0.22 x 300384
= 66084.48 m?
=6.61 ha

Total areaof field = 21.45 ha

6.61
Percentage wetted area = 145" 100 =30.81%

Considering aflat percentage wetted area as 35%
Net depth of water application

= (FC-WP) x ASXx Zr x 10 x PWD x WA
=(16-6) x 1.4 x 0.80 x 10 x 0.20 x 0.35
=7.84mm

If the efficiency of the system is 95%, Es=0.95

R 7.84
Gross depth of water application = 0% 825 mm

Maximum crop evapotranspiration is already known as 6.72 mm/day

8.25
Irrigation interval = 672 =1.23days = 30hrs

q
S x§

Application rate of the system =

_ 4
~ 04x18

=5.55 mm/hr
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Duration of water application = Gross depth of water application/
Applicationrate

= 8.25/5.55

=148hr

For deciding the number of sub-plots, consider 80% of irrigation
interval it comes 24 hrs.

No. of sub-plots

_ 80% of irrigation interva
Duration of water application
24

= —— =16.21 =16 sub-plots
1.48

Design of L ateral Pipe
Choose lateral pipe of 20 mm diameter

Working pressure=30m

Length of one lateral pipein one sub-plot

= % =89.37 =89.5m
89.50
No. of drippers on each lateral = o4 =224

Maximum allowable head loss in the main line = 20% of working
pressure

2
=30x 20 =6m
100
Discharge flowing through each lateral Q = 4lph x 224
= 0.004 m3/h x 224 = 0.90 m¥h
=0.25Ips

Head loss due to friction along the 89.5m of the lateral line
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- LBIL
hf =K {Q](1i_ X L
D" 100
(0.25/130)'% 895
T X —
(20)** 100

1.22x 10" x

476 m

If we consider local heal loss as 10% of loss along the lateral (h,)
ht x1.10 x F

h=x110xF

=476 x 1.10 x 0.366

=192m

This head |oss of lesser than 6 m, so 20 mm will be selected.
Therefore, total pressure required at the inlet of the lateral
=hs+0.75x h,

=30+0.75x 1.92

h =3143m

femitter

Design of theM anifold
Only one side of the manifold is connected with laterals.

No. of lateral pipesin manifold towards slope

= 300/2 =8333 = 84

Main lineisin between thefield

Length of manifold = ? =150m

Elevation difference=0.50 m

Discharge carried out by one manifold

Q = No. of laterals x Discharge passing throuh one lateral
=84x0.90=75.6 m¥h

Select the size of manifold as 140 mm PV C pipe (C=140)
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. Olc 1.852 L
hI:K%X — xF L _ 3,
D 100 Q=756m/h
21/1400% 130 5 x 1000
122107 x GO IS0 a6 - RO 1000 )
(140y 100 3600

=0.708 m

Head loss dueto fixation

Considering 10% of head loss along the sub-main

Total head loss along the manifold =0.708 x 1.10 =0.77 m
Now pressure required at the inter of the manifold
=h,_+0.75hf - (Z/2)

=31.43+0.75 x 0.77 - (0.5/2)

h =3143+0.58-0.25=31.76 m

fmanifold

Design of Main Line
Total number of manifold = 16

Number of manifold working at atime=1
Length of mainline=7 x 89.85 = 626.5m
Here we can go for telescopic design of mainline.

First 400 m lengthis of 225 mm diaand remaining 226.5 misof 140
mmdia.

For 400 m length with 225 mm pipe dia, discharge carried out by the
pipeis=75.6 m’h

(Since one manifold is operating at atime, main line will carry only
discharge of one manifold anytime)

Pressure head lossin main line

1.85
(217140) 7 490 , 4 366 =0.18m

hf = 1.22 x 10" x —
(225) 100

For remaining 226.5 m length of pipewith 140 mm dia
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(21/140)*% o 2265
(140)*¥ 100

hf = 1.22 x 10* x x 0.366 =1.07m

Total head loss along themainline=0.18 + 1.07=1.25m
Considering 10% lossin the main line

Total frictional head losshf =1.25x 1.10=1.38 m

Again considering the elevation differenceas 1 m

Total head loss at the inlet of main line

=0 g T 075X 1.38 + %2

=31.76+1.04+ 0.5
=33.32m

Pump Selection

Considering the head loss in control head is 10% of total head loss
=33.3x1.10=36.63m

Required discharge capacity of the pump = 89.5 m*h

QxH
273 x Efficiency ofpump

Required horse power =

_ 89.5x36.63
T 273x0.75

=16hp

7.6. Design Tipsfor Drip Irrigation

Though the design methodol ogy has been explained previously, there
are some points which should be considered while planning a drip
irrigation systemfor crop production. Asdrip systemsisalso used for
fertigation and chemical injection, application uniformity of fertilizers
and chemicalswill be affected with water application efficiency of the
drip irrigation systems. Here are some points.

e Length of lateral lines should not exceed the recommended
length. Excessive length of lateral swill result in poor uniformity
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and uneven water application. For better precaution, check the
amount of water supplied by the emittersin the last section of
the lateral.

e Thesizesof mainand sub-mainlinesshould be properly selected
to avoid excessive pressure losses and velocities. Excessive
velocities of water inthelines, dueto too small adiameter, can
create a water hammer which can damage the main and sub-
main lines.

e Usepressure compensating emitters where necessary.

e Choosetheirrigation areazone in conformity with the existing
water pump.

e Thedripirrigation systemsexperience clogging of emitterswhich
reduce water application uniformity. The degree of clogging
depends on water quality, type of emitters, and quality of water
filtration. Anirrigation system should include an injection port
toalow for injection of chlorinefor flushing out the systems at
regular interval.

e Theirrigation systeminjecting fertilizersor chemicalsisrequired
to be provided with proper backflow mechanism to prevent the
contamination of the water source.

e Pressurechangesintheirrigation line should be monitored. An
increasein pressure can be caused by emitter clogging or some
other blockage such asthefailure of avaveor pressureregulator.
A pressure drop may indicate abroken line, leaking valves, the
failure of flush valvesto close properly.

7.7.EconomicAnalysis

Investment on installation of drip irrigation system must be
economically viableand justified. If the project giveseconomic surplus,
wecan say the project iseconomically viable. Asdripirrigationinvolves
considerable cost, the economic appraisal of the installation of drip
system must take full account of all the cost and benefit likely to be
accrued from the crops to be grown and its byproduct. Economic
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analysis is carried out to determine weather the returns from the project
will be able to justify the investment or not. Drip irrigation project
cost will include all the expenditure made on procurement, installation,
operation and cultivation cost. The annual cost of a project includes
both fixed and variable costs. The benefits of irrigation through drip
irrigation are many such as better crop survival, earlier fruit production,
more yields, efficient distribution of nutrients, less plant stress, reduced
yield variability, and improved fruit quality. We will present herein
the methodology applied to evaluate the economics of irrigation.
Growers/farmers operating drip irrigation must identify the drip
irrigation investment, operating cost or yield response. Before taking
up analysis part, it is essential to understand the few basic terms and
its determination technique.

7.7.1. Depreciation

It is well known fact that if you a buy a product today, its value after 3-
4 years will not be the same. This means that the product has been
depreciated due to use over the years. Depreciation is the value
reduction of any asset due to physical use over the time periods. The
annual depreciation is calculated from the following formula.

Primary cost Salvage value

Annual depreciation
Useful life in years

Salvage value is an estimate of the remaining value of an investment
at the end of its useful life. It is desirable to determine the present
worth of a future value of a product, which is called discounting, for
any analysis of a project which is going to be operative for a ling time.
The present worth of a future value of a product at the end of n years at
an interest rate of 7 can be computed by using the following expression.

1

PW:F[(IH‘)”)" ............................................................... (7.44)

where,

PW = present worth of the future income value
F = future values of the income
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7.7.2. Escalation Cost

The rate of escalation can be incorporated in the analysis of present
worth and annual cost. If ¢ is the annual rate of escalation, the present
worth value, which incorporates the effect of escalation in the cost,
can be estimated by the following formula

1+e)'
PW (e)=PW x (L+e) (7.45)

(aa) |

Keller and Blisener (1990) considered the interest rates (i), the expected
life of investment ‘ 7 ’and an estimate of the expected annual rate of
escalation in the calculation of annual energy cost. The present worth
of the escalating energy factor and the equivalent annualized cost of
escalating energy factor were computed by the following equations:

i o | el se{lar) 1
PWle) = 1,1.+ e_h. 1:1+.t:I |- . 4
u_i_el'_{l_i_l' ' 1-1+I-}?1 e ereeietiieiateteneneanes ( . )

and equivalent annualized cost of escalating energy ( 4 E ) factor at
annual rate j is calculated as:

L Qre) =(+i) i
e) { Lo M{IH“}”—J ............................. (7.47)

where,

PW (e)= present worth factor of escalating energy cost taking into
account the time values of money over the life cycle.

EAE (e)=equivalent annualized cost factor of escalating energy taking
into account the value of money over life cycle.

7.7.3. Capital Recovery Factor

A Capital Recovery Factor (CRF) converts a present value into a stream
of equal annual payments over a specified time at a given discount
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rate (interest rate). If P is the present value of a product, then amount
of each level payment to be made at the end of each of n periods can be
determined by multiplying it with CR F . The standard capital recovery
factor CRF is computed by

CRE = i+
T

7.7.4. Discounting Methodology

While analyzing the drip irrigation project, when we convert all the
cost and benefits to a common time base, we call it discounted cash
flow technique. In short, all the costs and benefits are compared on the
basis of a common time scale, though this may occur at different time
periods. Every investment project will have cost and benefit. Based on
simple knowledge of total cost and total benefit, we can measure three
indicators of economic evaluation such as Net Present Value (NPV),
Benefit-Cost Ratio (BCR), and Internal Rate of Return (IRR). We
will make it clear with a solved example in this chapter.

7.7.4.1. Net Present Value (NPV)

This is a single value representing the difference between the sum of
the projected discounted cash inflows and outflows attributable to a
capital investment, using a discount rate that properly reflects the
relevant risks of those cash flows. Using NPV as indicator, we convert
all the cost and benefit of any year into present year. If the value of
NPV is positive, the project benefit has more than the cost, and then
the project is feasible and can be taken up for implementation. It may
be interpreted as the present worth of the income generated by the
investment. The NPV can be calculated as follows:

NPV = i B G e (7.49)

=0 (l + i)’

where,

B, = benefit at time t,

C, = cost at time t,
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i = discount rate,

n = number of years.

7.7.4.2. Benefit Cost Ratio (BCR)

The discounted measure of the project worth can be expressed by
benefit-cost ratio. This is the ratio implies the return per rupee
investment. The benefits and costs of any year are converted into the
equivalent basis (i.e. present year) to find out the benefit cost ratio. If
BCR value is bigger than 1, benefit has more than the cost, then the
project is feasible. The B/C ratio can be worked out by using the
following formula:

7.7.4.3. Internal Rate of Return (IRR)

Theaverageannual percentagereturnisexpected from aproject, where
the sum of the discounted cash inflows over the life of the project is
equal to the sum of the discounted cash outflows. Therefore, the IRR
represents the discount rate that resultsin a zero NPV of cash flows.
In thismethod also, we convert all the costs aswell as benefits of any
year into equivalent basis (i.e. present year). IRR can be compared
with the existing bank interest rate to judge the economic feasibility of
the project. IRR is calculated from the following principle,

n Bt _ n Ct
; T D 2 eyl —— (7.51)
The cost of the drip irrigation system include all of the fixed costs,
operation costs, maintenance costs and all the costs incurred to the
project. The benefit of the investment will include, income from
production, any form of by-product, salvage value etc.

Example 7.4. Tomato crop isto be cultivated in 1 haareaunder drip
irrigation system. Determine the net present value (NPV) and benefit



Year Fixed cost Operation and Cash inflow Year Fixed cost Operation and Cash inflow
maintenance maintenance
1. 180000 40000 120000 6 — 50000 120000
2. — 40000 120000 7 — 50000 120000
3. — 40000 120000 8 — 60000 120000
4. — 45000 120000 9 — 60000 120000
5. — 45000 120000 10 — 60000 120000

G9T SIWILSAS NOILVOIHHI d1¥d 40 NOISIA ANV ONINNV1d
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cost ratio (BCR). The cash flow pattern is given hereunder and take
interest rate as 12% and life of the drip system as 10 years. The
operation cost include the maintenance cost of drip systems and cost
of cultivation which may increase over the period of time, however the
returni.e. cashinflow has been assumed constant with ayield of tomato
as 30t/ha.

Solution

First wewill calculate the discount rate which isalso called the discount
factor with thefollowing formula

Discount factor =((1+1|)n]

here, nis1, 2, 3, ....10.

Cash outflow = Fixed cost + Operation and maintenance
Cash flow = Cash inflow - Cash outflow

Discounted cash flow = Cash flow x Discount factor
Discounted cash outflow = Cash outflow x Discount factor
Discounted cash inflow = Cash inflow x Discount factor
Theresult is presented in atabular form.

Net Present Value (NPV) = Sum of discounted cash flow for the periods
of 10 years

= " 2,53,960

Since NPV is greater than zero, investment on drip irrigation is
economically feasible. Now calculate benefit cost ratio (BCR)

Discounted cash inf low
Discounted cash outflow

Discounted benefit cost ratio =

Discounted cash inf low
Discounted cash outflow

Discounted benefit cost ratio =



Year Fixed cost Operation and Cash Cash Cash Discount Discounted  Discounted Discounted
maintenance  outflow inflow flow factor cashflow  cashoutflow  cash inflow
1 180000 40000 220000 120000 -100000 0.8929 -89290 196438 107148
2 40000 40000 120000 80000 0.7972 63776 31888 95664
3 40000 40000 120000 80000 0.7118 56944 28472 85416
4. 45000 45000 120000 75000 0.6355 47662 28597 76260
5. 45000 45000 120000 75000 0.5674 42555 25533 68088
6 50000 50000 120000 70000 0.5066 35462 25330 60792
7 50000 50000 120000 70000 0.4523 31661 22615 54276
8. 60000 60000 120000 60000 0.4039 24234 24234 48468
9. 60000 60000 120000 60000 0.3606 21636 21636 43272
10. 60000 60000 120000 60000 0.322 19320 19320 38640
Total 670000 1200000 253960 424063 678024

29T SINTLSAS NOILYOIHHI dIdA 40 NOISIA ANV ONINNVY1d
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678024
~ 424063

=160

Now what will happen to BCR if discounted cash flow technique is
not followed in economic analysis?

. ) Cashinf low
Undiscounted cash flow technique = Cash outflow
_ 1200000

~ 670000

=1.80

BCR ishigher in case of undiscounted cash flow technique which may
not be appropriate techniques of project appraisal and feasibility study.

Example7.5. Determine the internal rate of return of the investment
made in covering 1 ha Mango (Amprapali) orchard under drip
irrigation. The cash flow patterns are given hereunder and take interest
rate as 12% and life of the drip system as 10 years. The operation cost
include the maintenance cost of drip systems and cost of cultivation
which may increase over the period of time, however the return i.e.
cash inflow has been assumed constant.

Solution. Asin the previous example, we will calculate the discount
ratewhichisalso called the discount factor with thefollowing formula
for 12, 14, 18 % of interest rate.

1
Discount factor {(l)”j here, nis1, 2, 3, ....10.

1+

Cash inflow has not been considered for first three years and from
fourth years onwards, we have included cash inflows. Again it has
been assumed that cash inflows through out the life cycle as constant,
of courseitisnot true. Theresult is presented in atabular form.

As NPV of ¥ 29189.4 is greater than zero, the investment is
economically good.



Fixed cost Operation and Cash inflow Year Fixed cost Operation and Cash inflow
maintenance maintenance
75000 10000 — 6 — 12000 50000
— 10000 — 7 — 12000 50000
— 10000 — 8 — 15000 50000
— 12000 50000 9 — 15000 50000
— 12000 50000 10 — 15000 50000

69T SIWILSAS NOILVOIHHI d1¥d 40 NOISIA ANV ONINNV1d



Year Fixed cost Operation and ~ Cash outflow  Cash inflow Cash flow Discounted cash flow
maintenance
12% 14% 18%
1 75000 10000 85000 0 -85000 -75896.5 -74561.4 -72033.9
2 10000 10000 0 -10000 -7972 -7694.68 -7181.84
3 10000 10000 0 -10000 -7118 -6749.72 -6086.31
4. 12000 12000 50000 38000 24149 22499.05  19599.98
5. 12000 12000 50000 38000 21561.2 19736.01 16610.15
6 12000 12000 50000 38000 19250.8 17312.29 14076.4
7 12000 12000 50000 38000 17187.4  15186.22 11929.15
8 15000 15000 50000 35000 14136.5 12269.57 9311.336
0. 15000 15000 50000 35000 12621 10762.78 7890.962
10. 15000 15000 50000 35000 11270 9441.033  6687.256

Total 198000 350000 198000 29189.4 18201.1 803.1

INFLSAS NOILYOIHYI dIdd OL NOILONAOYLNINY 041
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IRR= Lowerdiscount ate+ differ enceetweerthetwodi scount atex| - NPViowerrate -
Abs Diff betweenNPV at twodiscount ates
18201
=14 +4x
17398

=18.18 = 18%
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Per for mance Evaluation of
Emission Devices

The performance of emission deviceshasavital rolefor the success of
adripirrigation system. It istherefore necessary to test the emitters so
that the designers can select the best suitable emitters for a specific
requirement and design the system accordingly. The different
characteristics used for performance evaluation of drip emitters are
described bel ow.

8.1. Manufacturing Characteristics

The manufacturing characteristics of emitters are described by
manufacturing coefficient of variation and mean flow rate variation.

8.1.1. Manufacturing Coefficient of Variation

Thisisaparameter whichisused to measurethe emitter flow variation
caused by manufacturing defects. Common causes of this variation
aretheinability to hold dimensional tolerancesdueto molding pressures
and temperature and variation in the materials used. This statistical
parameter was given by Keller and Karmeli (1974) and expressed as
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where,

C, = manufacturing coefficient of variation
sd = standard deviation of the sample

q,, = average emitter flow rate, Iph

The American Society of Agricultural Engineers (ASAE) and Indian
Standard Institution (IS:10799) have provided interpretation of
classification of emitters based on the manufacturing coefficient of
variation (Table 8.1).

Table 8.1: Recommended classification of manufacturing coefficient of variation

Emitter type Cv range Classification
Point-source <0.05 Good
0.05t0 0.10 Average
0.10 to 0.15 Marginal
>0.15 Unacceptable
Line-source <0.10 Good
0.10 to 0.20 Average
>0.20 Marginal to unacceptable

8.1.2. Mean Flow Rate Variation

Besides the individual emitter flow rate variation, the measured mean
flow rate varies from nominal flow rate. The percentage difference
between actual flow rate and nominal flow rate is characterized by
mean flow rate variation and can be expressed as.

Qd - (q” _qavr)xloo ............................................................ (8.2)
q}"
where,
O, = mean flow rate variation, percent
g, = nominal emitter flow rate, Iph

q,, = average emitter flow rate, Iph
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8.2. Hydraulic Characteristics

Keller and Karmeli (1974) have shown that the emitter flow can be
characterized by

g = emitter flow rate, Iph

K, = coefficient of discharge

H = pressure head at the emitter, kg/cm?
X = emitter discharge exponent

Thevalue of x characterizestheflow regime and relationship between
discharge versus pressure of the emitter. The lower the value of x, the
less discharge will be affected by the pressure variation. The flow in
simple orifice and nozzle emittersisturbulent where = 0.5. For fully
compensating emitters, x = 0.0. The exponent for long path emitter
variesfrom 0.7 to 0.8. For vortex emitters, x isabout 0.4. The exponent
for tortuous path emitters usually falls between 0.5 and 0.7. The
relationship between the emitter flow variation and the pressure
variationisgiven by

Oy =1 (L-H ) e (8.4)
and
b= Mmac T min (85)
var H
max
where,
Qo = emitter flow variation
H,  =pressurevariation

H_andH . =maximum and minimum pressureintheline

Whenthevaueof xis0.5, truefor most of the orificetype of emitters,
a pressure variation of 20% is equivalent to a 10% emitter flow
variation, and apressure variation of 10% isequivalent to a5% emitter
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flow variation. The emission uniformity is a quantitative expression
of the emitter flow variation. Another way of calculating the emitter
flow variation is by comparing the maximum with minimum emitter
flow. The emitter flow variationis calculated by

_ Imax " Imin
Avar = q

max
where, g & g = maximum and minimum emitter flow
variation along theline, respectively.

8.3. Operational Characteristics

The operational characteristic of emitters includes the uniformity of
water emission from emitters. Variousformulaefor estimating emission
uniformity are given below.

8.3.1. Emission Uniformity

Emission uniformity isameasure of the uniformity of emissionsfrom
all the emission pointswithin an entire drip irrigation system. As per
Keller and Karmeli (1974), the emission uniformity is given by

where,
EU = emission uniformity
q, = average of lowest ¥z of emitter flow rate, Iph

q,,, = average emitter flow rate, Iph

8.3.2. Absolute Emission Uniformity

Keller and Karmeli (1974) proposed the following formula for
estimating absol ute emission uniformity asgiven hereunder.

EU, =12 (i +m) XLOO -+« reerreereereemrenrenresneseeeenre e sreees (8.8)
arr  Yx
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where,
q, = average of lowest ¥ of emitter flow rate, Iph
q,, = average emitter flow rate, Iph

q, = average of highest 1/8 of emitter flow rate, Iph

8.3.3. Emission Uniformity

Karmeli and Keller (1975) modified the above proposed emission
uniformity formulafor testing thedripirrigation systeminthefield as

C )
EU :100{1_1_27@ 5111 U (8.9
n

where,
EU = design emission uniformity, %

C, = manufacturing coefficient of variation for point or line-source
emitters

n = number of emitter per plant or valueof is1for linesource emitters

q,,,= minimum emitter discharge rate at minimum pressure in the
section, Iph

q,,, = average or design emitter discharge rate, Iph

8.3.4. Uniformity Coefficient

The degree of emitter flow variation can be represented by a term
called uniformity coefficient as defined by Christiansen (1942). The
uniformity coefficient for emitter flow variation can be expressed as

cu=(1- =X
mxn

where,
CU =uniformity coefficient, %

X = absolute deviation of the individua observation from the mean
discharge, Iph
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m = mean of all observations, Iph

n = number of observations

8.4. Water Application Uniformity - Statistical Uniformity

The water application uniformity is affected by hydraulic design, land
slope, operating pressure, pipe size, emitter spacing and emitter discharge
variability. The coefficient of variation and the statistical uniformity are
used to evaluate emitter discharge variation and to differentiate between
hydraulic design and emitter performance variation. Statistical uniformity
is used to evaluate water application uniformity within a sub-main unit
or throughout the drip irrigation system. Statistical uniformity of the
emitter discharge rate is determined as follows:

U= (1-C )X 100 oo (8.11)
where,
U, = statistical uniformity of the emitter discharge rate

C = coefficient of variation

Table 8.2 shows the statistical uniformity and its equivalent emission
uniformity, as estimated using the lower quartile and acceptability of
the design. Table 8.3 provides criteria for accepting the design emission
uniformity, unless economic consideration dictates higher or lower
emission uniformity (IS: 10799).

Example 8.1. Estimate the statistical uniformity (U ) of emitters for a
drip irrigation sub-main unit with the following field data.

Given: Time (seconds) required to fill a 100 ml container from18
individual emitters are 64, 79, 67, 71, 75, 81, 68, 85, 75, 69, 85, 77,
89, 68, 81, 90, 65, and 61.

Solution

Individual emitter discharge (ml/s) : 1.56 , 1.26, 1.49, 1.41, 1.33, 1.23,
147,1.17,1.33,1.45,1.17,1.30, 1.12,1.47,1.23,1.11, 1.53, and 1.64

Average emitter flow g ( x )=Total emitter discharge/number of emitters
=24.27/18 = 1.35 ml/sec
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Standard deviation, V = 0.16 ml/sec

Coefficient of variation, C = —u
X
0.16
= —ul00 =
35" 11.85

Statistical uniformity
U, =100 (1-C)
=100 (1- 0.11)
=89%

Therefore the emitters are in the good category.
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Example 8.2. In a mango orchard, sample emitter discharges were
collected from 10 points along a lateral line. The rated discharge
capacity of emitter is 4lph. The discharges collected are given as 3.75,
3.60, 3.85, 4.00, 4.12, 3.95, 3.40, 4.20, 3.20, and 3.80. Estimate the

coefficient of uniformity and emission uniformity.

Solution

The average of emitter discharges is 3.78 Iph.

Absolute deviation of the individual observation from the average discharge
is 2.41 Iph. The average of lowest % samples of collected discharge is

3.40 Iph. The coefficient of uniformity can be determined by

CU=(1—&)XIOO
mxn

241

=(1-
3.78x10

)% 100

=93.62 =94%

And Emission uniformity is determined as

q
EU=—""x100

qavr
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_340 x100

3.78
=89.44 = 90%

Table 8.2: Comparison of statistical uniformity and emission uniformity

Method acceptability Statistical uniformity, Emission uniformity,
U, (%) EU (%)

Excellent 100 — 95 100 — 94

Good 90 -85 87-81

Fair 80-75 75— 68

Poor 70 -65 62 — 56

Unacceptable <60 <50

Table 8.3: Recommended ranges of design emission uniformity (EU)

Emitter type Spacing (m) Topography Slope (%) EU range (%)

Point source on >4 Uniform steep  <2>2 90 — 9585 - 90
perennial crops or undulating

Point source on <4 Uniform steep  <2>2 85 —9080 - 90
perennial or semi or undulating

permanent crops

Line source on All Uniform steep ~ <2>2 80 — 9070 -85
annual or perennial or undulating

crops
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| nstallation, M anagement and
Maintenance of Drip Irrigation
Systems

Improper maintenance of the drip irrigation system can cause failure
of the properly designed systems. The sensitivity of emitter to clogging,
network of lateral pipes, filtration units and fertigation systems add
the complexities in the systems and need careful maintenance. You
canmaintain asystemif itisappropriately installed. Proper installation
can ease your maintenance job. Let us first discuss about installation
of dripirrigation system.

9.1. Installation

We assumed that a source of water already exists. Installation of the
drip irrigation system can be divided into three stages: (i) Fitting of
filter units, (i) Laying of mains and sub-mains, and (iii) Laying of
laterals with emitters.

9.1.1. Installation of Filter Unit

Thefollowing points should be considered for deciding the position of
filter unit.

e There should be minimum use of fittings such as elbows and
bends.

e Thefilter unit should belocated on the delivery side of the pump.



182 AN INTRODUCTION TO DRIP IRRIGATION SYSTEM

e Thefilter size should be in accordance with the capacity of the
system.

9.1.2. Installation of Mains and Sub-mains

Except for a fully portable system, both mains and sub mains are
installed underground at a minimum depth of about 50-60cm such
that they are unaffected by cultivation or by heavy agricultural
machinery. Before laying PV C pipes in a trench, it may be padded
with sand to avoid the expansion and contraction of compacted soils.
Even for systemswhich have portable lateral sthat are removed at the
end of each season, it is common practice to install permanent
underground sub-mains. Generally, sub-mainsrun acrossthedirection
of the rows.

9.1.3. Laying of Laterals

Generally, laterals are laid on the ground surface and placed along
contourson sloping field. Lateralslaid from thereels should beleft on
the ground for 5-6 hours so that it can release the twisting formed in
the reel. The downstream end of the lateral can be closed by simply
folding back the pipe and closing it with an end plug. This can be
easily slipped for flushing. The simplest connection for low-pressure
systemisfor thelateral to beinserted directly into the sub-main. Cutting
adlightly undersized holeinthe sub-main with either awood auger bit
or ametal twist drill isdesirable. The holeis expanded with the tapered
tool, and then thelateral isinserted quickly after withdrawing the taper.
Thelateral is cut at angle of about 45° at the end. When deciding the
lateral length for installation, takeinto account that the lateral shrinks
1 meter per 100 meters. Holes are made using punch on the lateral as
per the required spacing. The on-line point source emitters should be
fixed such that outlets facing upward after laterals are spread on the
ground.

9.2. Testing of the System

Inspection at regular interval will ensure the proper functioning of the
drip systems. This can be done weekly, monthly or on seasonal basis,
keeping in view the water quality and attributes of the system
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components. Pump efficiency need to betested at |east oncein 3years.
Higher pump efficiency, more than 80%, is desirable as it will also
save the ever increasing energy cost. All the gate valves and flush
valves should be opened beforetesting. Thefilter should be backwashed
till clean water comes out through its flush valve. The flush valve
should be closed after flushing of sub-main. Theworking of air release
valve is checked at the sub-main. The pressure at inlet and outlet of
the filter should be obtained by regulating the bye-pass valve.
Discharges from emitters are measured at normal operating pressure
and their discharge variation and emission uniformities are determined.

9.3. Maintenanceof Drip Irrigation System

The first step in maintaining a drip irrigation system is to take the
sample of the water from the source which is going to be used. This
will help in determining the flushing requirement of the drip system.
There are three types of clogging problemsthat need to be taken care
of while preparing the maintenance program. These are physical,
chemical and biological. Sand and silt may cause the physical hazards
to the system. Appropriate filtration technique is required to remove
particles above the maximum allowabl e particle size for the emitters
being used. Chemical clogging hazards include the precipitation of
excessive salt concentration. Irrigation water containing more than
0.1 ppm sul phides can encourage the growth of sulphur bacteriawithin
the irrigation system. Biological clogging hazards result from the
growth of bacterial slimes and algae within drip lines and emitters.
They combine with clay particles to block the emitters. Periodic
preventive maintenance is required for successful operation of adrip
irrigation system. The general maintenance consists of following steps.

(@) The emitter functioning, wetting pattern and |eakage of pipes,
valves, and fittings should be checked regularly.

(b) Theplacement of emittersshould beascertained. If the placement
isdisturbed, put the emittersin proper location.

(c) Leakagesthrough filter gasketsin thelids, flushing valvesand
fittings, etc. should be monitored regularly.
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9.3.1 Flushing the Mainline, Sub-main and Laterals

During theinstallation process and before connecting thedrip laterals,
flush the main and sub-main lines. In case of failure or burst in the
main or sub-main pipe, it is recommended to flush the dirt from lines
by releasing the ends of the main and sub-main lines and flushing
them for at least 10 minutes. Filtersusually do not prevent the entry of
suspended particlesand water soluble matter. Gradually over thetime,
alayer of sediment or organic matter settlesin the main line and drip
laterals. Theend of thelateral line experiencesthe more accumulation
of sediment and thereforeit isrecommended to flush the lines after 2-
4 weeks of initial operation. Normally flushing 3-4 times per season
when irrigating with good quality water (shallow/deep tubewell), and
at least once every fourth operation when irrigating with dirty water
(ponds/canal) issuggested. During the crop growing period, daily check
up of screen/media filter performance and pressure and flow rate of
the system should be carried out to meet the designed performance.
Weekly observations on emitters clogging, cleaning of screens and
strainers can be made. Care must be taken on monthly basisregarding
the maintenance requirement of screen/media filter, comparison of
lateral pressureto designed pressure and measuring of emitter discharge
rate at selected locations.

9.3.2. Filter Cleaning

Filter isthe core of adripirrigation system and itsfailure will lead to
clogging of the entire system. Keeping it serviceable and clean will
prolong the life of the irrigation system. Pressure differential across
thefilter isthe correct indication of thetiming of cleaning of thefilter.
Some of the steps are outlined here to maintain thefilters.

1. Examine screensand seamsto ensurethat they are undamaged.

2. Ensure proper tightness between the screen, cover and body of
thefilter, in order to prevent lateral water leaks. If using adisc
typefilter, ensure the disc assembly is properly tightened.

3. Working with a partially clogged filter is detrimental to both
the filter and the quality of filtration. When the pressure
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differential reaches approximately 5 meters, the system should
be flushed and cleaned.

4. Avoid entry of dirt into the pipe when the filter is opened for
cleaning.

5. Flushthefilter beforeirrigation operation starts. If thefilter is
very dirty, clean more frequently. Automatic back-flushing may
be appropriate.

The cleaning proceduresfor variousfilters are given bel ow.

9.3.2.1. Media Filter

Thefilter should be backwashed everyday for five minutesto remove
thesilt and other dirt accumulated during the previous day’sirrigation.
Once in aweek, while backwashing, the backwash water should be
allowed to pass through the lid instead of the backwash valves. The
sand inthefilter bedisstirred up to thefilter candleswithout damaging
them. Whatever dirt is accumulated deep inside the sand bed will get
free and goes out with the water through the lid. For removal of
aggregates and algae, fill the container with chlorine and allowed to
soak for 24 hrs. After rinsing, pour off the water and leavethefilter in
adry and ventilated place. Greasing and repair isdoneto avoid rusting
asregular maintenance.

9.3.2.2. Screen Filter

The screens and sieves are needed to be examined to ensure that they
areundamaged. In order to prevent lateral water leakage, ensure proper
tightening of screens, cover and body of thefilter. Beforethe start of a
dripirrigation system, theflushing valve on thefilter link isopened to
flush out thedirt and silt. Thefilter element istaken out from thefilter
and it iscleaned in flowing water. The rubber sealsare taken out from
both the sides and precaution should be taken while replacing the rubber
seals, otherwise they may get damaged.

9.3.3. Chemical Treatment
When normal flushing is not sufficient to clean the system and bring
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uniform emission, chemical treatment is recommended. Clogging or
plugging of emittersand orifices of bi-wall isdueto precipitation and
accumulation of certain dissolved saltslike carbonates, bi-carbonates,
iron, calcium and manganese salts. The clogging is also due to the
presence of microorganisms and the related iron and sulphur slimes
dueto algae and bacteria. The clogging of emittersisusually removed
by chemical treatment. Chemical treatment commonly used in drip
irrigation systemsincludes addition of chlorineand/or acid to thewater
supply. Thefrequency of chemical treatment is decided on the degree
of clogging and quality of water. Asagenera rule, acid treatment is
performed onceinten daysand chlorinetreatment oncein fifteen days.

9.3.3.1. Acid Treatment

Flushing with acid solution can dissolve the precipitation caused by
dissolved salts. Hydrochloric acid (30%) isinjected into thedrip system
at the rate suggested in the water quality analysis report. All the sub-
mainsand lateral s are flushed before the acid treatment and check the
discharge of the system before treatment. A solution equal to onetenth
(2/10) of the maximum discharge of theinjector pumpisprepared and
treatment isperformed till apH of 4 isobserved at the furthest lateral.
After that irrigation is continued for 30 to 60 minutes.

9.3.3.2. Chlorine Treatment

Oxidation treatment is applied to decompose the organic matter and
preventing the building up of algae and bacteria. Chlorine is an
oxidizing agent, which kills bacteria and other organic matter and
prevents build up. The most common chlorine compounds are sodium
hypochlorite (liquid) and cal cium hypochlorite (solid). Therearethree
main chlorine application methods:

1. ContinuousTreatment
2. Superchlorination

3. Intermittent Treatment
1

ContinuousTreatment: It isthe simplest method of removing
blockage problemsin dripirrigation system. Thewater istreated
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continuoudly to keep the system clean from organic materia. The
required concentration varies according to water quality. Usually
the injection rate is adjusted such that 1 ppm of chlorine is
detectable at the end of the furthest lateral from the pump. The
common concentration to begin withisusually 5-10 ppm (mg/l).

2. Superchlorination: When the irrigation system has operated
for some time and there is an accumulation of organic matter
inside the pipeline, superchlorination is needed to dissolve the
organic slime. Chlorineisnormally injected at a concentration
of 500 ppm. The system is shut down and left for 24 hrs. The
system is then flushed step-by-step, first main line, then sub-
main, and finally through the end of the laterals.

3. Intermittent Treatment: Although the filter system operates
properly, microorganisms such as agae, fungi and bacteria may
passthroughit into theirrigation system. To prevent abuild-up of
this organic matter in the laterals, periodic sterilization by
chlorination is needed. During the last hour of irrigation, chlorine
concentration of 10-20 ppmisapplied for 30 minutesintheirrigation
water. The chlorineisleft in the pipe until the next irrigation.

Therate of injection of liquid chlorine or acid depends on the system
flow rate and can be determined by

where,

q, = rate of injection of the chemical into the system, Iph
K = conversion constant, 3.6 x 102 for metric units

u = desired dosage in irrigation water, ppm

Q, =irrigation system discharge capacity, Ips

C = concentration of the desired component in liquid chemical
concentrate, kg/l

Chlorination should be used regularly to kill algae and loosen bonded
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organic matter within the system for flushing out. It has no effect on
scale (limeor calcium carbonate) depositsin the system. Liquid sodium
hydrochloride is the recommended chlorine source. It isinjected into
the system during regular operation usually using the fertigation
equipment. Rates of 5to 20 ppm chlorine may be required, depending
on the severity of the problem. It is essential to measure the active
chlorineintheirrigation water at the start and end of the system during
chlorination to ensure that the required concentrations are reached.
Chlorineis more effectivein acid waters. High pH or alkaline waters
should be acidified to apH of 6.5 for effective chlorine treatment. The
Eg. 9.1 may be given in adifferent form with easier units asfollows.

G2 e 9.2)
C, x10
where

g = discharge of injected chlorine solution, Iph

C, = percentage of active chlorineininjected solution

C, = desirable concentration of active chlorinein irrigation water, mg/|
Q = discharge of the treated system, m*h

Example9.1. Indrip irrigated vegetable plot, the system flow rateis
125md/h. Active chlorine percentagesin the solution was 10% and the
desired concentration is 15mg/l. Estimate the discharge of injected
chlorine solution.

Solution. We can apply Eq. 9.2 and find the result. Applying the
equation, we get

_15x125
10x10

=18.75Iph



10

Salt Movement Under Drip
Irrigation Systems

Irrigation requires relatively large quantities of water. Appropriate
selection of crops, irrigation methods and management practices can
enable us to utilize wide range of irrigation water quality. Non-
conventional water resources such as saline drainage water, brackish
groundwater and treated wastewater are alternatives to fresh water
resources. However, careful management isrequired to safeguard the
environment and promotes sustai nabl e agricultural production without
degrading our land and water resources. In conventional surface
irrigation systems, thewholefield isflooded with irrigation water and
usually the water flow through the soil is one dimensional. Excess
water drains out of the root zone and helpsin leaching of salts out of
the root zone. In case of drip irrigation systems, when emitters are
placed above the soil surface, two dimensional water flows occurs
withinthe soil where only portion of the soil surfaceiswetted. Similarly,
three dimensional water and salt movement occurswithin the root zone
where the emitters are placed beneath the soil surface as in case of
sub-surfacedripirrigation. Under these conditions, excesswater does
not flow into deep drainage and also does not allow leaching the salt
below the root zone. For example, some of the water moving from a
buried dripirrigation emitter will movelaterally or up towardsthe soil
surface. When water arrives at the soil surface, it is evaporated, and
the residual salt accumulates on the surface which may be leached
back into the root zone by subsequent rainfall (Fig.10.1). It has been
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Fig.10.1: Salt rings formed on soil surface around drip irrigation of grapes due
to evaporation of irrigation water (Courtesy- G. Schrale).
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observed that in arid and semi-arid regions, the salt accumulation in
the root is always a concern for farmers irrigating crops with drip
irrigation systems.

Surface evaporation and net flux of water acrossthe soil surface under
drip irrigation is spatialy variable. At and near the dripper, the net
water flux will likely be downwards, but further away evaporative
fluxes will exceed infiltration, especially during dry periods, leading
to an upward flux of water. The use of surface mulches which reduce
evaporative fluxes can have a large impact of the direction and
magnitude of vertical water and salt flux. It has been reported that
irrigation during the day time, produces different soil-water
distributionsto irrigations conducted at night time due to differences
in upward flux. Thusat the end of adry summer, during which acrop
has been drip irrigated, salt patterns are likely to be highly variable.
Winter rain could leach salt, but may beinsufficient to leach salt from
areas of high concentration. In some cases, rainfall may mobilize salt
previously accumulated on the soil surface back into the root zone
creating an adverse impact on root zone osmotic potentials (Raine
etal., 2005). Cote et al. (2003) simulated the flow of apulse of solutes
from drip irrigation and showed that solute applied at the end of the
irrigation ends up deeper in the soil compared to when it was applied
at the start of the irrigation, owing to an increase in the ratio of
downward to lateral water flux over time. Thisiscompletely different
to what would happen for one dimensional flow. Such studies suggest
that much more research is required to understand solute transport in
drip systems especialy over an irrigation cycle and the interaction
with rainfall events. Plant roots also play a major role in soil-water
and solute dynamics by modifying the water and sol ute uptake patterns
intherooting zone. Also theimplementation of drip irrigation systems
raises the vital issues in relation to soil-water and salt management.
The adoption of drip irrigation technol ogies and practicescanresultin
root zone salinisation problems. The leaching calculated using one
dimensional egquation may not adequately describeleaching under some
field conditions.

Normally the reclamation of salt affected soil is done by leaching the
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salts beyond root zone. Ideaisto pond the water over the entirefield
and alows it to leach. To do this, sprinklers or furrows can be used
very well. However, with dripirrigation, salt accumul ation takes place
mainly along thetreerowsasvisiblein Fig.10.1. Therefore, leaching
water need not to be applied to the wholefield. In this case, water is
applied to 1/3 of the field areawhich only one third of the amount of
leaching water is needed as compared to the conventional |eaching
techniques. This approach significantly saves the water. Four to six
lateral linesare placed at a spacing of 40-50cm along onerow of plants
mainly fruitscrop to apply leaching water to the salt accumul ated soil
area. Efforts must be made to achieve high leaching efficiency i.e.
removal of the maximum salt per unit of leaching water. Leaching
water is normally applied for 24 hours and the stopped for 3-4 days
and started for another 24 hours. Soil samples may be collected after
4-5 days of application of last leaching water to check the salinity
level in crop root zone.

10.1. Salinity M easurement

Saltsin saline soils originate from the natural weathering of minerals
or fromfossil salt depositsleft from ancient seabeds. On arid or semi-
arid regions, saltsaccumulate when theirrigation water or groundwater
seepage evaporates. Examples of common salt compounds are Sodium
Chloride (NaCl), Sodium Sulfate (Na,SO,), Magnesium Sulfate
(MgS0,), Calcium Sulfate (CaS0,), and Cal cium Carbonate (CaCO,).
Anélectrical current ispassed through asoil solution extract to measure
salinity of the soil The ability of the soil solution extract to carry a
current is called electrical conductivity (EC). EC is measured in
deciSiemens per meter (dS/m), which is the numerical equivalent to
the millimhos per centimeter. The lower the salt content of the soil, the
lower the dS/m rating and the less the effect on plant growth. Yields of
most crops are not significantly affected where salt levelsare 0 to 2
dS/m. Generally, a level of 2 to 4 dS/m affects some crops. EC is
related with total cations and osmotic pressure of soil water extract,
the following expressions can be used to evaluate the salt
concentrations.
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Salt concentration (ppm) = 640 x EC (millimhos/cm) ............. (10.1)
Total cation concentration (meg/l) = 10 x EC (millimhos/cm) ..(10.2)
Osmotic pressure (atm.) = 0.36 x EC (millimhos/cm) ............ (10.3)

We know that 1 ppm is equal to 1 mg/l and if ppm is divided by the
equivalent weight, we get meqg/I.

Examplel0.1. It isgiven that electrical conductivity of the soil water
extract is8 millimhos/cm. Convert it into ppm, micromhos, and mhos/
cm.

Solution. Electrical conductivity (EC) of the soil water extract = 8
millimhos/cm

= 8/100 = 0.08 mhos/cm

=8x1000=8000 micromhos/cm

Asweknow that

Salt concentration (ppm) = 640 x EC (millimhos/cm)
=640x 8

=5120 ppm

10.2. L eaching Requirements

Ragab (2002) reported that soil salinity does not reduce crop yield
significantly until athreshold level is exceeded. To avoid yield loss
when salt concentrations exceed their tolerance limits, excess salts
must be leached below the root zone. Thus, when the net depth of
applied water iscalculated for scheduling, an additional depth of water
based on the salinity level should be added for leaching. Theleaching
requirement (LR) isusually calculated as:

where,

D, = depth of water passing below the root zone as drainage water
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D, = depth of applied irrigation and rainfall water

C, = salt concentration of the drainage water above which yield
reduction occurs

C, = salt concentration of theirrigation water.
Theinitial equation developed by (Reeveet al., 1967) isgiven as

LR = ECW :& = LN ......................................... (105)
EC, C, D,+L,

where

EC,, = electrical conductivity of irrigation water

EC, = electrical conductivity for water draining under the root zone;
L,,= netannual leaching requirement, mm

D, = netannual depth of irrigation to meet consumptive use of water, mm

Bernstein (1973) reported the following equations to determine the
leaching requirement.

LR= EC:\I\I .................................................................. (106)
(5EC. ~EG,)

but to measure leaching requirement under drip irrigated crops, the
following equation was suggested.

where, EC_iselectrical conductivity corresponding to 100%yieldloss.

Examplel0.2. Under adripirrigated plot, the EC of the saturated soil
paste was recorded as 9 millimhos/cm and EC corresponding to 100%
yield losswas 13 millimhos/cm. Find out the leaching requirement.

Solution. We will apply Eq.10.7
ECu

R=———"F—
2xmax EC
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= 9 x100
2x13
=34.62 = 35%

10.3. Salt Tolerance of the Crop and Yield

Under dripirrigation system, frequent application of water isprovided
which keepsthe salt concentration in the soil to aminimum. Frequent
irrigation usually keepsthe salt concentration in the soil water almost
equal to the salt concentration in irrigation water. But if irrigation
interval isincreased, the salt accumulation can take place as the root
zone soil dries. It has been observed that with poor quality irrigation
water, crop yield under drip irrigation systemsis usually higher than
that of other methods of irrigation with the same quality of irrigation
water. Thisismainly attributed to the fact that salts remain diluted by
the continuous supply of irrigation water. Information of electrical
conductivity of irrigation water and saturated soil extract are essential
for salinity management. To determine the relative yield, maximum
electrical conductivity of saturated soil extract is necessary. Thisis
something at which yield of the crop will be zero. The maximum
electrical conductivity of saturated soil extract (EC.)

for several cropsisgivein Table 10.1 (Keller and Blisener, 1990). If
the electrical conductivity of irrigation water (EC,) islying between
the minimum EC_and (EC_max + EC_min)/2, thenrelative cropyield
(Y.) can be obtained from the following expression.

= MAXECe mBCw e (10.8)
max EC. —min EC_

R

where,

min EC_= electrical conductivity of saturated soil extract that will not
decrease cropyield, dS/m

max EC_= electrical conductivity of saturated soil extract that will
decrease crop yield to zero, dS/m

Example 10.3. A well developed lemon orchard under drip irrigation
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is located in semi arid region of India. If the electrical conductivity of
irrigation water is 3.2 dS/m and net annual consumptive use deficit is
460mm, determine the net annual leaching requirement and effect of
salinity of irrigation water on yield of lemon.

Solution

From the Table 10.2, we find Minimum and Maximum values of
electrical conductivity of saturated soil extract (EC,) which is 1.7 and
8. Leaching requirement under drip irrigation is obtained as follows.

R=— EC
2xmax EC,
2
= 32 0.20 or 20%
2x8

Now take Eq.10.5

Ly
Dy +L,

LR

or L, =LRx(D, +L,)

LRXD
or Ly =72’

 0.20x460
1-0.20

=115 mm

The relative yield as compared to the full potential yield due to salinity
of irrigation water can be estimated by

_ maxEC, -EC,
R max EC, —min EC,,
8.0-3.2

8.0-1.7

=0.76
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Thismeansthat if full potential of yieldis100t, then with thissalinity
level of irrigation water, 76 t of produce will be obtained.

10.4. Saltmed M odel

There are many single-process oriented model such as (i) models for
infiltration (ii) models for root water uptake (iii) models for leaching
or water and solute transport or (iv) models for specific applications,
i.e. certain irrigation system, soils, region or a crop. The need for
comprehensive generic model sthat account for different crops, water
and field management practices was addressed by developing the
SALTMED model (Ragab, 2002). The model employswell established
water and solute transport, evapotranspiration and crop water uptake
equations and successfully illustrated the effect of theirrigation system,
the soil type and irrigation salinity level on soil moisture and salinity
distribution, leaching requirements, and crop yield in al cases. The
model successfully predicted the impact of salinity on yield, water
uptake, soil moisture and salinity distribution. The model provides
academics with a research tool and field managers with a powerful
tool to managetheir water, crop and soil in an effectiveway in order to
save water and protect the environment.

Table 10.2: Minimum and maximum values of electrical conductivity of
saturated soil extract (EC.)

Crops EC. Crops EC.
Min Max Min Max
Field crops
Cotton 7.7 27 Corn 17 10
Sugarbeet 7.0 24 Flax 17 10
Sorghum 6.8 13 Broadbeans 15 12
Soybean 5.0 10 Cowpeas 1.3 8.5
Sugarcane 1.7 19 Beans 1.0 6.5
Fruits and nut crops
Date pam 4.0 32 Apricot 16 6
Fig. olive 2.7 14 Grape 15 12
Pomegranate 2.7 14 Almond 15 7
Grapefruit 1.8 8 Plum 15 7

Contd.
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Crops EC, Crops EC.

Min Max Min Max
Orange 17 8 Blackberry 15 6
Lemon 17 8 Boysenberry 1.5 6
Apple, pear 17 8 Avocado 13 6
Walnut 1.7 8 Raspberry 1.0 55
Peach 1.7 6.5 Strawberry 1.0 4.0
Vegetable crops
Beets 4.0 15 Pepper 15 8.5
Broccoli 2.8 135 Lettuce 1.3 8.0
Tomato 25 125 Radish 1.2 9.0
Cucumber 25 10 Onion 1.2 7.5
Spinach 2.0 15 Carrot 1.0 8.0
Cabbage 18 12 Beans 1.0 6.5
Potato 17 10 Turnip 0.9 12.0

10.4.1. Equations of the Model

The SALTMED model addresses the important processes such as
evapotranspiration, plant water uptake, water and solute transport under
different irrigation systemsincluding drip irrigation, drainage and the
interrelationship of crop yield and water use. The evapotranspiration
has been estimated by using the M odified Penman—M onteith equation.
In casethe weather data such astemperature, radiation and wind speed,
etc. are not available, the model can use pan evaporation data to
calculate the evapotranspiration. The effective rainfall is defined as
the part of therainfall that is availablefor infiltration through the soil
surface. The model estimates it in three ways: (i) as a percentage of
total rainfall (ii) calculate according to the FAO-56 (1998) procedure,
and (iii) takento be equal tototal rainfall. Thewater uptakerateformula
suggested by Cardon and Letey (1992a), which determines the water
uptake S per day as given below:
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where,

Oz = 5/3L for zd 0.21 - oomeeemivemeeeiesececireneeissseeans (10.10)
Oz = 25/12L* 1 z/L for 0.2L zdL - occoveecomeue (10.11)
Oz = 0.010F 21 [ oeoooiieeeeeeeeeee et (10.12)

where, S, is the maximum potential root water uptake in time £ z is
the vertical depth taken positive downwards, Ois the depth and time
dependent fraction of total root mass, L is the maximum rooting depth,
h is the matric pressure head, Sis the osmotic pressure head; S is the
time dependent value of the osmotic pressure at which S is reduced
by 50%, and Dis a weighing coefficient that accounts for the differential
response of a crop to matric and solute pressure. The coefficient a
equals S h, where h_ is the matric pressure at which S, is reduced
by 50%. The maximum water uptake, S, ,, is determined as

I o3 AT ST (10.13)

MAX o CB

where, K, is the crop transpiration coeflicient or basal crop coefTicient.
The values of and are available in the model’s database. These data

can be used in the absence of measured values.

The flow of the water in soils is described by the Richard’s equation,
which is a partial non-linear differential equation, and based on the
Darcy’s law and Law of mass continuity. The equation of Darcy’s law
can be given as.

q=—K(h)2—[; ........................................................................ (10.14)

where, ¢ is the water flux, K(4)is the hydraulic conductivity as a
function of soil water pressure head, Z is the vertical coordinate directed
downwards with its origin at soil surface, and H is the hydraulic head
which is the sum of the gravity head, Z, and the pressure head,

v, thus

H = Zee oot (10.15)

The Richard’s type equation for vertical transient-state flow water in
a stable and uniform segment of the root zone is expressed as below.



200 AN INTRODUCTION TO DRIP IRRIGATION SYSTEM

0z 0z

23t

} TS e, (10.16)

where, 6 is volume wetness; t is the time; zis the depth; K(B) isthe
hydraulic conductivity;  is the matrix suction head; and S, is the
extraction by plant roots. The movement of solute in the soil system
dependsgreatly on the path of water movement. For detail information,
please refer to Ragab (2002). The leaching requirement is cal cul ated
in the SALTMED model as a ratio of the salt concentration of the
irrigation water to that of the drainage water or the mean salinity level
of theroot zone as given in Eq. 10.4.

The input data requirement of the model are plant characteristics for
each growth stage, soil characteristics, weather data, and water
management data include the date and amount of irrigation water
applied and the salinity level of each appliedirrigation (Fig. 10.2). A
good number of data are available in the databases of the model such
as crop database, soils database which contains the hydraulic
characteristicsand solute transport parameters of morethan 40 different
types of soils and irrigation system database. The model is able to
analysis the effect of the different irrigation systems, soil type, the
irrigation salinity level on soil moisture and salinity distribution,
leaching requirements, and crop yield. Figure 10.3 indicate that near
the emitter, the soil salinity isless.
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Fig. 10.2: Input parameter of SALTMOD model (Ragab, 2002)
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Automation of Drip Irrigation
Systems

Automation of dripirrigation system refersto operation of the system
with no or minimum interventions of operators. Automation is most
suitable to drip irrigation systems because it supplies controlled and
pre-determined amount of irrigation water to irrigate large areafrom
the same source of water. It isalwaysinconvenient to precisely irrigate
the farm field without automation. L et us take an example, you may
not get labor to operate drip systems frequently and that too for short
durations of time, which in many casesisrequired to maximizeyields
and avoid wasting of water and other valuable inputs. The problem
worsensif itisrequired toturnvaveson for afew secondsafter every
30-40 minutes. It has been realized that controllers and valves are
cost effective and reliable, leaving labor to perform other and more
important tasksto grow abetter crop. Nowadaysrelatively inexpensive
controllersand valvesareavailablein the market which can beinstalled
in any application with little effort. Controllers are available for
applicationswith or without power, and for situationswhere simplicity
and low cost arethekey factors. Solenoid activated valvesare available
inamultitude of sizesand configurations, and are equally simple and
cost effective. Besidesabove, automation of irrigation systemsprovides
thefollowing advantages.

e It savesour preciouswater.

e Itstartsand stopsirrigating at the pre-determined or programmed
time.
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e It can take into account the effective rainfall for scheduling
irrigation.

 Noneedtovisit farm at odd times.

e Adequate quantity of water and nutrients supply result in quality
produce and highyield.

* No leaching of minerals and nitrogen vital for plants healthy
growth.

» Avoidtheill effectsof over irrigation which causes devel opment
of salinity.

e Systemcan beoperated at night, thustheday time can beutilized
for other agricultural activities

11.1 Typesof Automation

Automation systems are classified on the basis of type and scope of
control or even time can bethe basis of operation. The basic objective
isto prepare aschedul e based on crop water requirements. First let us
discussthe classification of automation on the basis of type of control.
On the basis of type of control, the automated irrigation systems can
be classified in to two categoriesi.e. sequential and non- sequential
type. In sequential systems, thefield isdivided into different smaller
units, which is irrigated one at a time in a well laid out sequence,
whereas in the non-sequential systems, the smaller unitsareirrigated
randomly based on the crop water needs. Sequential system can be
classified as (i) Hydraulically operated, (ii) Electrically operated, and
(iii) Combination of above two methods.

11.1.1. Hydraulically Operated Sequential System

The sequential system is particularly suited for irrigation at low
dischargesthrough small-diameter tubing. The water metering device
and a hydraulic valve are located at each connection to the main line
(Fig.11.1). The metering valves are pre-set for the required amount of
water to be applied to the field or sub-plots in the beginning of the
irrigation cycle. The amount of water isdetermined according to crop
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water requirement. Water under pressure passes through the first
metering valve to the hydraulic valve on the main line and stops the
flow of water. The metering valve closes after the pre-determined
guantity of water has passed through thefirst head. The pressure at the
head of the hydraulic valveisreleased, and the water pressure of the
main line opensthe next valve. Thustheirrigation iscompletedin all
the group of drip laterals. Such types of systems are suitable for
greenhouses, gardens, and nurseries.

i
}I 4——— Main line laterals

=R

Water meter and hydraulic valve

A
P m—

#— Hydraulic relay line

'/'J"‘\
e : '

Fig. 11.1: Sequentia hydraulic operated automated irrigation system.
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11.1.2. Volume Based Sequential Hydraulically Automated
Irrigation System

This type of system is suitable for irrigating orchards and field crops
and any pipediameter ranging from 50 to 254 mm and handlerel atively
large flow of water. The system can operate on a main line and
automatically open the valves on the laterals. The system consists of
hydraulic automatic metering valves, with or without an arrangement
for cumulative readings of the quantity of water discharged (Fig. 11.2).
Each metering valve can operate as an independent unit or can also be
used to activate a number of supplementary hydraulic valves. The
discharge of such unitsdepends on the maximum quantity of water, which
may pass through the line without any excessive friction losses. At the
start of irrigation cycleall the metering valvesare pre-set to therequired
guantities of water. Thewater flow reachesthefirst metering valve after

}' Main line valve

«

Metering valve

:

————

<4—— Laterals

o

<4+— Hydraulic valve

Hor—v—

Hydraulic relay line

—

Fig. 11.2: Volume based sequential hydraulic system.
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opening of the main valve. The water pressure is transmitted from the
first metering valve through the hydraulic tubing and keeps the second
metering valve closed. When the desired quantity of water has been
deliveredtothefirst sub-plot, thefirst metering valve closes. The pressure
on the second metering valve is released and the water pressure on the
main supply line opens the next valve. This cycleis repeated until the
last lateral is opened and the entireirrigation cycleis completed.

11.1.3. Time Based Electrically Operated Sequential System

Sequential electrically operated systems operate in sequenceto control
irrigation. The remotely placed solenoid valves with electric current
through cables control water application. In this system, the water
guantity delivered to the different plotsis regulated by timer clock.
Thetime clock is programmed to start and stop at desired time by the
user. These types of controllers are usually designed with calendar
programs so that the watering cycle can be automatically started on
the desired day of theweek. Thissystem was devel oped mainly for the
irrigation of domestic gardens and sprinkler irrigation but in principle
it can be used for any kind of permanent irrigation. Regular solenoid
valves are used for handling the low-pressure discharge. Sequential
hydraulically—electrically operated system uses solenoid valves to
activate hydraulic valvesand the over all operationishydraulic-electric.
Rest of itsoperationissimilar to sequential electrically operated system.
Such types of systems are used for large diameter pipes.

11.1.4. Non-sequential Systems

Electrically controlled non-sequential systemsare automatic to agreater
extent as compared to that of sequential systems. These systems control
electric or hydraulic valves, which operate independently in terms of
the quantity of water to be applied or frequency of irrigation. Water in
each unitissuppliedin different quantity and valve opensat adifferent
timein responseto apre-determined program or to soil water content.
The control panel contains electrical circuits to operate the pump or
main valve, to add fertilizer according to a pre-set schedule, and to
measure soil moisture so that irrigation can be supplied to meet crop
need. Such systems are usually remote-controlled, and are designed
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for feedback of the data received from the field so that automatic
regulation can betaken up and adjustmentsfor changesin the pressure
and discharge rate of the supply line can be accommodated. Non-
sequential systems are further classified into three categoriesi.e. (i)
Feedback contral, (ii) Inferential control.

11.1.4.1. Feedback Control System

The main components of the feedback control system are soil moisture
sensors, eectronic control unit such as comparators, microprocessor,
compuiter, and solenoid valves. A farmisdividedin to different sub-plots.
Each sub-plot has one soil moisture sensor. The sensors are connected
through proper interfacing circuit to the central control unit. The central
control unitisamicroprocessor or acomputer which can beinstructed to
take up aprogram to makeirrigation scheduling decis ons or comparator
circuit (Fig. 11.3). Based on the soil moisture status of asub-plot, controller
decides when to start and stop the irrigation. The electronic controller
actuates and de-actuates solenoid vaves to start and stop the irrigation
through proper interfacing circuit and relay switches.

Cable lines from — . —— I:‘ <+—— (Computer
sensors B

P U

Interfacing
unit

—* Sub-plot

- : L / Solenoid valve
| 1
k__ ' ‘r

1 ‘i

k_{ ERE t _4— Pump

Lateral
‘ 1

Fig. 11.3: Components of computer controlled irrigation system and their layout
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11.1.4.2. Inferential Control System

Thissystemisbasically based on avail able evapotranspiration models
to determine evapotranspiration of crop using weather parameters. The
estimated evapotranspiration is used to scheduleirrigation. Themain
parts of inferential control system are sensors for measuring various
weather, evapotranspiration model, and solenoid valves. The solenoid
valvesare operated using interfacing circuit and relay switchesto put
on or to put off theirrigation system.

11.2. Componentsof Automated Irrigation System

An automated irrigation comprises of components such as sensors,
communication lines, controllers and actuators. Sometimefertigation
units, filters and back flush device for filters have also automated
operationwith drip irrigation system. The description of different types
of soil moisture sensors, communication cables, controllers and
actuators are briefly presented in the following section.

11.2.1. Irrigation Controllers

Thisisone of themost important components of an automated irrigation
system. It turnstheirrigation system on and off at the pre determined
times. In other words, the controller controlstheirrigation system and
the operator controlsthe controller. Theright controller may causethe
considerable water savings and lower energy hills. There may be one
separate valve that controls the flow of water to a specific crop. The
controller can be programmed to determine when, how frequent, and
how long each valveis open. The controller should have programming
flexibility so that water can be applied more efficiently.

11.2.2. Soil Moisture Sensors

Soil moisture sensors measure the water content in the soil. Soil
moisture sensors commonly used for automation purpose are
tensiometer and resistance block type.

Tensiometer
Thetensiometer isadevice, which providesdirect measure of tenacity
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with which water is held by the soil. Tensiometers are commercially
available in numerous configurations. The main disadvantage of the
tensiometer isthat it functions only from 0.0 to about -0.8 bar, which
representsasmall part of the entire range of available water. Thelower
moisturelimit for thegood crop growth isbeyond thetensiometer range.
Any changein soil water causes corresponding changein soil moisture
tension. In automated irrigation systems, the tensiometer is modified
toread changein soil moisturetension intermsof changein voltage or
resistance.

ResistanceBlocks

In this type of sensor, the electrical resistance between the two
electrodes varies with moisture of resistance block, which is in
equilibrium with the soil moisturein the crop root zone. The presence
of salt or salinity in irrigation water or soil affects the observations.
The gypsum block and granular matrix type sensors are commonly
used for soil moisture sensing.

Gypsum Block

One of the most common methods of estimating matric potential is
with gypsum or porous blocks. The device consists of aporous block
containing two electrodes connected to awire lead. The porous block
is made of gypsum. When the device is buried in the soil, water will
movein or out of the block until the matric potential of the block and
the soil are the same. The electrical conductivity of the block isthen
observed. A calibration curveis madeto relate electrical conductivity
to the matric potential for any particular soil. The disadvantage of the
porous block system is that each block has different characteristics
and must be individually calibrated. Gypsum blocks are easy to use
and economical but the inherent disadvantage with this sensor is that
gypsum dissolveswith water, calibration curve changeswith thetime
in the samelocation.

Granular Matrix
These sensors reduce the problemsinherent in gypsum blocks by use
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of a granular matrix which is supported in a metal or plastic screen.
The electrodes inside the sensors are embedded in the granular fill
material abovethe gypsum wafer. The gypsumwafer slowly neutralizes
the salinity of the soil solution hence el ectrical resistance between the
electrodes is unaffected. Particle size of the granular fill material and
its compression determines the pore size distribution in sensor. Such
sensorsrequirelittle maintenance during the growing season and suited
for sensing soil water potential and automatic control of irrigation
systems. They have advantages of low unit cost and smpleinstallation
procedures similar to those used for tensiometers.

Sensor sfor Climatological Parameters

Sensorsfor measuring various climatological parameters such assolar
radiation, maximum and minimum temperature, wind speed, relative
humidity, pan evaporation etc. areinterfaced to the computer to estimate
evapotranspiration of crop and irrigation is commissioned based on
evapotranspiration demand. Sensor to measure evaporation fromapan
is interfaced with irrigation controller to actuate and deactuates the
irrigation system.
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Appendix —A

Pan coefficient for Class A pan for different grounds and level of mean relative
humidity (RH) and 24 hour wind run (adopted from Ram Niwas et al., 2002)

Wind Windward Pan placed in short Pan placed in
Distance, m green cropped area dry fallow area
RH Mean RH Mean

Low Medium High Low Medium High

Light 1 0.55 0.65 075 0.70 0.80 0.85
10 0.65 0.75 0.85 0.60 0.70 0.80

100 0.70 0.80 0.85 0.55 0.65 0.75

1000 0.75 0.85 0.85 0.50 0.60 0.70

Moderate 1 0.50 0.60 0.65 0.65 0.75 0.80
10 0.60 0.70 0.75 055 0.65 0.70

100 0.65 0.75 0.80 0.50 0.60 0.65

1000 0.70 0.80 0.80 045 055 0.60

Strong 1 0.45 0.50 0.60 0.60 0.65 0.70
10 0.55 0.60 0.65 0.50 055 0.65

100 0.60 0.65 0.70 0.45 0.50 0.60

1000 0.65 0.70 0.75 040 0.45 055

V. Strong 1 0.40 0.45 050 0.50 0.60 0.65
10 0.45 0.55 0.60 0.45 050 0.55

100 0.50 0.60 0.65 0.40 0.45 050

1000 0.55 0.60 0.65 0.35 0.40 0.45

RH Mean - Low < 40%, Medium 40-70%, High > 70%
Wind - Light < 175 m/day, Moderate 175-425 m/day, Strong 425 — 700 m/day,

Very strong >700 m/day
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Appendix — B
Crop coefficients (Kc) of some field crops
Crops Stages Whole Crop

season
Initial  Vegetative Mid Late Harvest
Season Season  stage

Cotton 0.45 0.75 1.15 0.85 0.68 0.85
Groundnut 0.45 0.75 1.03 0.80 0.58 0.78
Maize 0.40 0.78 1.13 0.88 0.75 0.88
Rice 1.13 1.30 1.12 1.00 1.00 1.13
Sorghum 0.35 0.73 1.13 0.78 0.58 0.80
Soybean 0.35 0.75 1.13 0.75 0.45 0.83
Sugarcane 0.45 0.85 1.15 0.78 0.55 0.95
Sunflower 0.35 0.75 1.13 0.75 0.40 0.80
Wheat 0.35 0.75 1.13 0.70 0.23 0.85
Tomato 0.45 0.75 1.13 0.88 0.63 0.83
Cabbage 0.45 0.75 1.03 0.95 0.88 0.75
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Appendix —C

Monthly values of ‘i’ corresponding to mean monthly temp in °C for usein the
Thortnhwaite formula

Temp 0.0 0.3 0.6 09 Temp 0.0 0.6 0.9
5 100 109 119 1.29 23 10.08 10.48 10.68
6 1.32 142 1.52 1.63 24 10.75 1116 11.37
7 1.66 177 1.89 2.00 25 1144 1185 12.06
8 204 215 227 2.39 26 12.13 1256 12.78
9 244 256  2.69 2.81 27 12.85 13.28 13.50

10 28 299 312 3.25 28 1358 14.02 1424

1 330 344 358 3.72 29 1432 1477 1499
12 376 391 405 4.20 30 15.07 1533 15.76
13 425 440 455 4.70 31 15.84 16.30 16.54
14 475 491 5.07 5.22 32 16.62 17.09 17.33
15 528 544 560 5.76 33 17.41 1789 18.13
16 580 598 6.15 6.32
17 6.37 655 6.72 6.89
18 695 713 7.30 7.48
19 754 772 791 8.09

20 815 834 853 8.72

21 878 897 916 9.30

22 942 947 981 10




Appendix — D

Ratio of slope of the saturation vapour pressure to the psychrometric constant (sly) in terms of air temperature (°C) in tenths

Temp 0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
10. 1.258 1.265 1.272 1.279 1.286 1.293 1.300 1.307 1.314 1.322
11. 1.329 1.336 1.343 1.350 1.358 1.365 1.373 1.381 1.389 1.397
12. 1.405 1.413 1.421 1.429 1.437 1.445 1.453 1.461 1.469 1.477
13. 1.486 1.494 1.502 1.510 1.519 1.528 1.536 1.545 1.554 1.563
14. 1.572 1.581 1.590 1.599 1.608 1.617 1.626 1.635 1.644 1.653
15. 1.663 1.672 1.681 1.690 1.700 1.710 1.719 1.729 1.739 1.749
16. 1.759 1.769 1.779 1.789 1.799 1.810 1.820 1.830 1.840 1.850
17. 1.860 1.871 1.881 1.891 1.902 1.913 1.924 1.934 1.945 1.955
18. 1.966 1.977 1.988 1.999 2.010 2.022 2.033 2.044 2.055 2.066
19. 2.077 2.089 2.100 2.112 2.124 2.136 2174 2.159 2171 2.182
20. 2.194 2.206 2.218 2.230 2.242 2.255 2.267 2.279 2.291 2.303
21. 2.315 2.328 2.340 2.353 2.36 2.379 2.391 2.404 2417 2.429
22. 2.442 2.455 2.469 2.482 2.496 2.509 2.522 2.536 2.549 2.563
23. 2.576 2.590 2.607 2.618 2.632 2.646 2.659 2.673 2.687 2.701
24. 2.715 2.730 2.744 2.759 2.733 2.788 2.802 2.817 2.831 2.846
25. 2.860 2.875 2.890 2.906 2.921 2.936 2.951 2.966 2.982 2.997

Contd.
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Temp 0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

26. 3.012 3.028 3.044 3.060 3.076 3.092 3.107 3.123 3.139 3.155
27. 3.171 3.188 3.204 3.221 3.237 3.254 3.270 3.287 3.303 3.320
28. 3.336 3.353 3.371 3.338 3.405 3.423 3.440 3.457 3.473 3.452
29. 3.509 3.527 3.545 3.563 3.581 3.599 3.617 3.635 3.653 3.671
30. 3.689 3.708 3.727 3.746 3.765 3.784 3.802 3.821 3.840 3.859
31. 3.878 3.898 3.917 3.937 3.956 3.976 3.996 4.015 4.035 4.054
32. 4.074 4.094 4.115 4.135 4.156 4.176 4.196 4.217 4.237 4.258
33. 4.278 4.299 4.320 4.342 4.363 4.384 4.405 4.426 4.448 4.469
34. 4.490 4.512 4.534 4.556 4.578 4.660 4.622 4.644 4.666 4.668
35. 4.712 4.735 4.758 7.781 4.804 4.827 4.850 4.873 4.896 4.919
36. 4.943 4.967 4.991 5.015 5.039 5.063 5.087 5.111 5.135 5.159
37. 5.184 5.209 5.234 5.259 5.284 5.309 5.334 5.352 5.384 5.409
38. 5.435 5.461 5.487 5.513 5.539 5.564 5.591 5.614 5.640 5.678

solpuaddy

€ce
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Appendix —E

Crop coefficient for use in Blaney-Criddle formula

Months Crops

Rice Maize Wheat S.cane Cotton Vegetable Berseam Citrus

Jan - - 0.50 0.75 - 0.50 0.50 0.50
Feb - - 0.70 0.80 - 0.55 0.70 0.55
Mar - - 0.75 0.85 - 0.60 0.80 0.55
Apr 085 050 0.70 0.85 0.50 0.65 0.90 0.60
May 100 0.60 - 0.90 0.60 0.70 1.00 0.60
Jun 115 070 - 095 0.75 0.75 - 0.65
Jul 130 080 - 1.00 0.90 0.80 - 0.70
Aug 125 080 - 100 0.85 0.80 - 0.70
Sep 110 060 - 095 0.75 0.70 0.60 0.65
Oct 090 050 0.70 090 055 0.60 0.65 0.60
Nov - - 0.65 0.85 050 0.55 0.70 0.55

Dec - - 0.60 0.75 050 0.50 0.60 0.55




Vaue of gT # expressed as mm of water per day for different temperatures, °C

Appendix — F

Temp 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

10.0 12.83 12.85 12.87 12.89 12.91 12.93 12.95 12.97 12.99 13.01
11.0 13.02 13.04 13.06 13.08 13.10 13.12 13.14 13.16 13.18 13.20
12.0 13.22 13.24 13.26 13.28 13.30 13.32 13.34 13.36 13.38 13.40
13.0 13.42 13.44 13.46 13.48 13.50 13.52 13.54 13.56 13.58 13.60
14.0 13.62 13.64 13.66 13.68 13.70 13.72 13.74 13.76 13.78 13.81
15.0 13.83 13.85 13.86 13.88 13.90 13.92 18.94 13.96 13.98 14.01
16.0 14.03 14.05 14.07 14.09 14.11 14.13 14.15 14.17 14.19 14.21
17.0 14.23 14.25 14.27 14.29 14.32 14.34 14.36 14.38 14.40 14.42
18.0 14.44 14.46 14.48 14.51 14.53 14.55 14.57 14.59 14.61 14.63
19.0 14.65 14.67 14.70 14.72 14.74 14.76 14.78 14.81 14.83 14.85
20.0 14.87 14.89 14.91 14.93 14.96 14.98 15.00 15.02 15.04 15.07
21.0 15.09 15.11 15.15 15.15 15.17 15.19 15.22 15.24 15.26 15.29
22.0 15.31 15.33 15.35 15.37 15.39 15.41 15.44 15.46 15.48 15.51
23.0 15.53 15.55 15.57 15.59 15.62 15.64 15.66 15.69 15.71 15.73
24.0 15.75 15.77 15.30 15.32 15.84 15.87 15.89 15.91 15.93 15.95
25.0 15.98 16.01 16.03 16.05 16.07 16.09 16.12 16.14 16.16 16.19

Contd.

solpuaddy

et 4



Temp 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

26.0 16.21 16.23 16.26 16.28 16.30 16.33 16.35 16.37 16.39 16.41
27.0 16.44 16.47 16.49 16.51 16.53 16.55 16.58 16.81 16.63 16.65
28.0 16.68 16.47 16.72 16.75 16.77 16.79 16.82 16.85 16.87 16.89
29.0 16.91 16.93 16.96 16.99 17.01 17.03 17.06 17.09 1711 17.13
30.0 17.15 17.17 17.20 17.23 17.25 17.27 17.30 17.33 17.35 17.37
31.0 17.40 17.43 17.45 17.47 17.49 1751 17.54 17.57 17.59 17.61
32.0 17.64 17.67 17.69 17.71 17.74 17.77 17.79 17.81 17.84 17.87
33.0 17.89 17.91 17.94 17.97 17.99 18.01 18.04 18.07 18.09 18.11
34.0 18.14 18.17 18.19 18.21 18.24 18.27 18.29 18.31 18.34 18.37
35.0 18.39 18.42 18.45 18.47 18.50 18.53 18.55 18.57 18.60 18.63
36.0 18.65 18.67 18.70 18.73 18.75 18.78 18.81 18.83 18.86 18.89
37.0 18.91 18.93 18.96 18.99 19.01 19.04 19.07 19.09 19.12 19.15
38.0 19.17 19.20 19.23 19.25 19.28 19.31 19.33 19.35 19.38 19.41
39.0 19.44 19.47 19.49 19.52 19.54 19.57 19.60 19.62 19.65 19.67
40.0 19.70 19.73 19.76 19.78 19.81 19.84 19.87 19.89 19.92 19.95
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