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Foreword

Agricultural technologies are very important to feed the growing world population.
Scientific principles of agricultural engineering have been applied for the optimal
use of natural resources in agricultural production for the benefit of humankind. The
role of agricultural engineering is increasing in the coming days at the forthcoming
challenges of producing more food with less water, coupled with pollution hazard
in the environment and climate uncertainty.

Irrigation is continually straining our limited natural resources. Whether it is
through salinity, waterlogging, sedimentation, nutrient transport, or excessive water
consumption, irrigation has an impact on our natural ecosystems. It is therefore
important that the irrigation system is properly designed, monitored, and executed
not only for the benefit of the irrigator but also for the wider community.

I am happy to know that a book (2nd volume in series) entitled “Practices of
Irrigation and On-farm Water Management,” written by Engr. Dr. M. H. Ali, is
going to be published by Springer. This book is designed to cover the major fields
of applied agricultural engineering such as designing water conveyance systems,
selecting and designing irrigation systems, land and watershed management, per-
formance evaluation of irrigation systems, drainage system, water resources man-
agement, management of salt-affected soils, pumps, renewable energy for irrigation,
models and crop production functions in irrigation management, and GIS in
irrigation management.

This book will be quite useful for the students of agricultural engineering.
Students of other related branches of engineering sciences, and engineers work-
ing in the field and at research institutes, will also be benefited. The book may serve
as a textbook for the students and as a practical handbook for the practitioners and
researchers in the field of irrigation and on-farm water management. Utilization of
the recent literature in the area and citation of relevant journals/reports have added
a special value to this book.
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I hope this textbook will be used worldwide to promote agricultural production
and conservation of the most important natural resource, water.

(R

(Dr. M.A. Salam)
Mymensingh, Bangladesh Director (Research)
May, 2010 Bangladesh Institute of Nuclear Agriculture



Preface

Crop production depends on the successful implementation of the agricultural and
water management technologies. This is vital to feed the growing world population.
The implementation of technologies is also important to minimize environmental
degradation resulting from agricultural activities. Agricultural and natural resources
engineers are applying scientific principles for the optimal use of natural resources
in agricultural production.

Water is the scarcest resource. The importance of the judicious use of water in
agricultural sector for sustaining agricultural growth and the retardation of environ-
mental degradation needs no elaboration. Judicious use of water for crop production
requires knowledge of water conveyance and application methods, their design-
ing, strategic management of water resources, land and watershed management, etc.
Increasing efficiency in conveyance and pumping systems are also of great concern.
Irrigation management strategy practiced in normal soils may not be appropriate in
problematic soils such as saline soils. This book covers all of the above aspects.
In addition, the book covers some recent dimensions such as pollution from agri-
cultural fields, modeling in irrigation and water management, application of the
geographical information system (GIS) in irrigation and water management, and
renewable energy resources for irrigation. Sample workout problems are provided
to explain the design and application methodologies in practice.

The comprehensive and compact presentation of this book will serve as a text-
book for undergraduate students in Agricultural Engineering, Biological Systems
Engineering, Bio-Science Engineering, Water Resource Engineering, and, Civil and
Environmental Engineering. It will also be helpful for the students of relevant fields
such as Agronomy, Biological Sciences, and Hydrology. Although the target audi-
ence of this book is undergraduate students, postgraduate students will also be
benefited from the book. It will also serve as a reference manual for field engineers,
researchers, and extension workers in several fields such as agricultural engi-
neering, agronomy, ecology, hydrology, civil, water resource, and environmental
engineering.

Effort was made to keep the language as simple as possible, keeping in mind the
readers of different language origins. Throughout the book, the emphasis has been
on general descriptions and principles of each topic, technical details, and modeling

vii
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aspects. However, the comprehensive journal references in each area should enable
the reader to pursue further studies of special interest. In fact, the book covers broad
interdisciplinary subjects.

Mymensingh, Bangladesh Dr. M.H. Ali
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2 1 Water Conveyance Loss and Designing Conveyance System

The conveyance efficiency in irrigation projects is poor due to seepage, percola-
tion, cracking, and damaging of the earth channel. Seepage loss in irrigation water
conveyance system is very significant, as it forms the major portion of the water
loss in the irrigation system. Irrigation conveyance losses controlled through lin-
ing may reduce the drainage requirement and also enhance irrigation efficiency. As
such, reliable estimates of quantities and extent of seepage losses from canals under
pre- and post-lining conditions become important. Various methods are used to esti-
mate the canal seepage rate. The loss in conveyance is unavoidable unless the canal
is lined. Lining may be done with a large variety of materials. Selection of a suit-
able one depends mainly on cost, performance, durability, and availability of lining
materials.

Irrigation efficiency is greatly dependent on the type and design of water con-
veyance and distribution systems. Designing of economic cross-sections of various
types of irrigation channels is important to minimize cost, water loss, and land
requirement. This chapter illustrates these issues with sample design problems.

1.1 Water Conveyance Loss
1.1.1 Definition of Seepage

Seepage may be defined as the infiltration downward and lateral movements of water
into soil or substrata from a source of supply such as reservoir or irrigation channel.
Such water may reappear at the surface as wet spots or seeps or may percolate to
join the groundwater, or may join the subsurface flow to springs or streams.

1.1.2 Factors Affecting Seepage

Many factors are known to have a definite effect on seepage rate. The major
factors are

(i) the characteristics of the soil or strata through which the channels are laid
(e.g., texture, bulk density, porosity, permeability)
(ii) bulk density, porosity, and permeability of the side soil
(iii) top width and wetted perimeter of the channel
(iv) depth of water in the channel
(v) amount of sediment in the water
(vi) viscosity or salinity of canal water
(vii) aquatic plants
(viii) velocity of water in the channel
(ix) pump discharge
(x) length of time the channel has been in operation (canal age)
(xi) nature of channel like dug or raised (topography)
(xii) channel geometry
(xiii) presence of cracks or holes or piping through the subgrades of the section
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(xiv) flow characteristics
(xv) gradient of channel
(xvi) wetness of the surrounding soil or season
(xvii) depth to groundwater table
(xviii) constraints on groundwater flow, e.g., presence of wells, drains, rivers,
and/or impermeable boundaries.

Permeability of soil is influenced by both pore size and percentage of pore space
(porosity). Soils consisting of a mixture of gravel and clay are almost completely
impervious, while coarse gravel may transmit water many times faster; thus a wide
range of seepage losses is possible. Seepage loss increases with the increase in
water depth in the canal. The distribution of seepage losses across the bed and
sides of the canal depends upon the position of the water table or impervious layer.
Seepage increases with the increase of the difference in water level in the canal
and water table. If the flowing water contains considerable amounts of suspended
material, the seepage rate may be reduced in a relatively short time. Even small
amounts of sediment may have sealing effects over a period of time. If the velocity is
reduced, the sediment-carrying capacity of the water decreases, resulting in the set-
tlement of part of the suspended materials. This forms a thin slowly permeable layer
along the wetted perimeter of the canal which decreases the seepage. In seasonally
used unlined canals, the seepage rate will be high at the beginning of the season
and gradually decrease toward its end. On most lined canals, seepage increases
with lapse of time (long period) for a variety of reasons and depending on the
material.

1.1.3 Expression of Seepage
The following terms are mostly used to express the amount of seepage:

(i) volume per unit area of wetted perimeter per 24 h or day (m>/m?/day)
(ii) volume per unit length of canal per day (m>/m/day)
(iii) percentage of total flow per km of canal (%/km)

Conveyance losses are sometimes expressed as a percentage of total flow for the
scheme or project basis.
Equivalents of the units (i) are

1 m*/m?/d = 3.2816 ft*/ft*/day
1 f}/f%/day = 0.3047 m*/m?/d

When comparing figures on seepage losses in lined canals with those in unlined,
attention should be paid to the following: For equal unit loss, the total volume lost
per unit length of canal is greater for an unlined than for a hard surface-lined canal,
since the wetted perimeter of a concrete-lined canal is about 30% less than that of
an unlined canal.
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1.1.4 Measurement of Seepage

Irrigation conveyance losses controlled through lining may reduce the drainage
requirement and also enhance irrigation efficiency. As such, reliable estimates of
quantities and extent of seepage losses from canals under pre- and post-lining con-
ditions become important. Various methods are used to estimate the canal seepage
rate such as empirical formulae, analytical or analogue studies, and the direct seep-
age measurement techniques. Direct seepage measurement includes seepage meters,
ponding tests, and inflow—outflow tests. Each of these methods has merits, demerits,
and limitations.

1.1.4.1 Ponding Method

Ponding tests can be carried out during the canal closure period starting imme-
diately after the cessation of normal flow while the canal banks are still almost
saturated. A reach of several hundred meters (often 300 m) for the main or distri-
bution canal and 30—100 m for the field channel is isolated by building temporary
dykes across the canal, sealing them with a plastic sheet (Fig. 1.1). The water level
in the ponded section is recorded at regular interval, usually for several days (6—-12 h
for small channel) and observing the rate of fall of water level from the initial filling.
Rainfall and evaporation are measured in proximity of test site and compensate for
the surface area of water in test section. The evaporation loss may be neglected for
small time intervals between two successive recordings of water levels from scales.
Keeping in view the level of the canal, it is more common to allow the level to drop
only a short way and then refill the pond and start again. A series of independent
tests are to be conducted and then the value should be averaged. A considerable
number of replications reduce the uncertainty in the mean result.

Seepage rate for the ponding method can be computed using the following
formula (Ali, 2001):

L(d, — dy)W
S (dy — da)

x 24 (1.1)
LxPxt

Fig. 1.1 Schematic
presentation of measuring
seepage loss using ponding
method [longitudinal section
(upper) and cross-section
(lower one)]
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where

S is the seepage rate, m*>/m?/day

L is the length of the canal reach (test section), m

W is the average top width of the canal cross-section, m

P isthe average wetted perimeter of the canal section, m [Average of the initial
and final perimeter = (P;+Pr)/2]

d; is the initial water depth, m

d> 1is the final water depth, m

t is the duration of ponding, h

The percentage of seepage losses in small canals and farm ditches is normally
greater than in large conveyance canals.

Limitations

Major limitations of this method are as follows:

(i) it cannot be used while canals are operating
(i1) it does not reflect the velocities and sediment loads of operating conditions

Merits

(i) the method is simple to understand
(i1) no special equipment is needed to perform the measurement
(iii) does not need too long a channel section as that of inflow—outflow method
(iv) more accurate result can be obtained than the inflow—outflow method, espe-
cially where the seepage rates are fairly small

1.1.4.2 Inflow—-Outflow Method

In this method, seepage is determined through measuring the inflow and outflow
of a canal test reach. Flow rate can be measured by current meter or by other flow
measuring structures such as flumes, weirs.

The water balance for the reach of the canal used in an inflow—outflow test, in
the general case where there are off-taking channels that are flowing, is

S=01—-Q—-0—R-F-U-E (1.2)

Each term of the above equation is a discharge, e.g., m’/s,

where

S = rate of water loss due to canal seepage

Q1 = inflow at upstream end of reach

0> = outflow at downstream end of reach

QOr = flow in off-takes which are noted and gauged at their measuring points



6 1 Water Conveyance Loss and Designing Conveyance System

R = rainfall
F = water losses at off-takes between the parent canal and off-take measuring
points

U = the water losses through unmeasured orifices in the canal side (e.g., animal
burrows, unauthorized outlets, other sorts of water abstraction)
E = the evaporation from the reach

Steady flow condition is necessary during the conduct of the test. In a small
irrigation channel, where the terms Qf, F, and U are nil, the above equation takes
the simplified form as

S=01-0—R-E (1.3)

Merits

This method can reflect actual operating (dynamic) conditions.

Limitations

(i) Sufficiently long test reaches are not available in some cases, which may
prevent accurate measurement over short stretches of special interest.
(ii) Steady flow condition is necessary.
(iii) Accurate result cannot be obtained where the seepage rate is fairly small.

1.1.4.3 Seepage Meter Method

Various types of seepage meters have been developed. Here, a seepage meter with
submerged flexible water bag is discussed. It is the simplest device in construction
as well as in operation. It consists of a water-tight seepage cup connected by a hose
to a flexible (plastic) water bag floating on the water surface (Fig. 1.2).

During measurement, the seepage meter is set under water. Water flows from the
bag into the cup, where it seeps through the canal subgrade area isolated by the cup.
By keeping the water bag submerged, it will adapt itself to the shrinking volume so

Plastic

bag Handle
Seepage
cylinder

Fig. 1.2 Schematic view of

measuring seepage by v ) i) l
seepage meter
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that the heads on the areas within and outside the cup are equal. The seepage rate is
computed from the weight (and then converted to volume) of water lost in a known
period of time and the area covered by the meter, i.e.,

S=V/(txA) (1.4)
where

S = seepage rate (m>/m?>/h)

V = volume of water lost (m?)

t = time period (h)

A = area covered by the meter (m?)

1.1.5 Estimation of Average Conveyance Loss
in a Command Area

Conveyance loss here means the percent of the water lost reaching the field plot on
the basis of water diverted and can be calculated as

CaL =(Qd — Op) x 100/0Q4

=(CL x Lay)/Qq

(1.5)

CaL is the average conveyance loss in percent

Qq is the pump discharge or inflow in m3/s

Op  is the measured discharge at field plot in m3/s

CL is the average steady state conveyance loss (m3/s) per 100 m
L,y  is the average channel length of the field plots (m)

To obtain the average channel length, the command area may be divided into n
unit areas considering the distance from the pump. A representative diversion point
for each unit area may be identified and the length of the channel section from the
pump to the diversion point be measured. The average channel length can then be
calculated as

L= (3 Li) /n (1.6)

where 7 is the number of the section.
Discharge measurement may be done by a cutthroat flume or other available
technique.
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1.1.6 Reduction of Seepage

Lining is the straightforward way to reduce seepage from the channel. Besides the
channel, sometimes the earthen reservoirs are faced with the problem of seepage. A
variety of techniques are available to control seepage from the earthen reservoir or
ponds. These include physical, chemical, and biological methods.

1.1.6.1 Physical Method

In this method, the bottom and sides of the ponds are soaked with water until
their moisture contents are close to field capacity. Then the soil is physically com-
pacted. Compaction can be done with either manual or tractor-mounted compactors.
Walking cattle or buffaloes over the area will help. The amount of compaction
achieved depends on the load applied and the wetness of the soil. The soil’s physical
and chemical properties are also important. The level of compaction can be assessed
by measuring the soil bulk density or by the force exhibited by the Penetrometer to
enter the soil.

1.1.6.2 Chemical Method

Certain sodium salts such as sodium chloride, tetrasodium pyrophosphate, sodium
hexametaphosphate, and sodium carbonate can reduce seepage in earthen ponds.
Among them, sodium carbonate performed better (Reginato et al., 1973). Sodium
ions cause clay to swell and clay particles to disperse and thereby reduce or plug
water-conducting pores in the soil. Seepage losses can be reduced by mixing sodium
carbonate with locally available soil and applying the mixture by sedimentation.
The recommended rate is 2.5 t/ha, into the top 10 cm soil. The sodic soil, which is
naturally high in sodium salts, also do the job.

1.1.6.3 Biological Method

“Bio-plastic,” a sandwich made up of successive layers of soil, manure (from pigs,
cattle, or others), vegetable materials, and soil can reduce percolation loss. This
creates an underground barrier to seepage. Kale et al. (1986) obtained a seepage
reduction of approximately 9% by using a mixture of cow dung, paddy husk, and
soil.

1.1.7 Lining for Reducing Seepage Loss

1.1.7.1 Benefits of Lining

(1) savings of water
(i1) reduced canal dimensions and right of way — cost
(iii) reduced water logging in some cases
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Table 1.1 Seepage rates in some typical soils

Seepage rate (m?/m?/day)

Soil type Uncompacted Compacted Reduction by compaction (%)
Sandy 4.0 3.8 5

Loam 1.4 1.0 27

Clay 0.35 0.10 71

Water losses occur in earthen channels under both compacted and uncompacted
conditions due to seepage. Though in some soils the extent of seepage loss is very
low (Table 1.1), canal lining is nevertheless proposed to overcome losses.

Lining a canal will not completely eliminate losses; therefore, it is necessary to
measure systematically present losses or estimate the losses that might reasonably
be saved by lining before a proper decision can be made. Roughly 60—-80% of the
water lost in unlined canals can be saved by hard surface lining. Seepage data for
different soils and cost of lining materials can serve as a guide in cases where no
other data are available and where investigations are extremely difficult.

In canals lined with exposed hard surface materials, such as cement concrete,
brick masonry, and other types of lining, greater velocities are permissible than are
normally possible in earthen canals. The friction loss is less in such cases. For that
reason, to supply a given discharge, the surface area of the concrete lining can be
reduced. In addition, steep side-banks can be allowed. As a result, the canal requires
lesser cross-sectional area and thus lesser total land wastage.

1.1.7.2 The Decision on Canal Lining

The decision whether or not to line a canal essentially depends upon the permeabil-
ity of the soil in which the canal is to be excavated, seepage rate of water, cost of
lining, durability of the lining, cost of water, opportunity cost of water, and environ-
mental costs (e.g., damage due to waterlogging, salinity). In many practical cases,
this decision can be reached from the visual observations of the soil, provided that it
is of a type which obviously is very pervious or impervious. When permeability is in
doubt, the decision may be reached either by applying comparative seepage data or
by measuring seepage (may be in conjunction with the determination of hydraulic
conductivity “K”, by field tests). Economic analysis may be performed to judge the
lining need and to select from alternative options. Details of economic analysis have
been discussed in Chapter 12 (Economics in Irrigation Management), Volume 1.

1.1.7.3 Lining Materials

Lining may be done with a large variety of materials. Selection of a suitable one
depends mainly on cost, performance, durability, and availability of the material.
Normally, the brick lining and precast section (both semicircular and rectangu-
lar) are durable for about 15 and 10 years, respectively. The soil-cement, asphalt
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mat, clay lining, and compaction are durable for 3, 2, 1, and 1 year, respectively.
Nowadays, irrigation conveyance is being done by low-cost rubber pipes, hose
pipes, and underground pipe systems in many developing countries.

1.2 Designing Open Irrigation Channel

1.2.1 Irrigation Channel and Open Channel Flow

An irrigation channel is constructed to convey irrigation water from the source of
supply to one or more irrigated areas. A channel or lateral is needed as an integral
part of an irrigation water conveyance system.

In an open channel, water flows at atmospheric pressure, under the force of grav-
ity. In most cases, a gentle slope is provided in the open channel to facilitate the
flow.

The words “Canal” and “Channel” are interchangeably used in the literature
and also in this book. Basically, “canal” is artificially constructed (man-made), and
“channel” is a natural water passage.

1.2.2 Definition Sketch of an Open Channel Section

The cross-sectional view of a trapezoidal channel with definition sketch is shown in

Fig. 1.3
ri Channel top width 41
l / Freeboard

Channel bed

Fig. 1.3 Definition sketch of a trapezoidal channel section

Top width (T): It is the width of the channel at the surface.

Freeboard: 1t is the additional/extra height of the channel above the design flow
depth. It is provided as a safety factor.

Channel bed: Tt is the bottom width of the channel.

Side slope: Channel side slope is generally expressed as horizontal:vertical (i.e.,
H:V). For convenience in computation, the vertical value is reduced to 1, and
the corresponding horizontal value is expressed as Z.
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Wetted perimeter (P): It is the wetted length of channel across the cross-section
of the channel. It is the sum of the channel bed width plus two sloping sides.
Hydraulic radius (R): It is the ratio of wetted area (A) to the wetted perimeter

A
(P) of the channel cross-section, that is, R = —.

1.2.3 Considerations in Channel Design

1.2.3.1 Channel Geometry

The channel geometry design depends on site conditions and conveyance needs.
The channel cross-section may be trapezoidal, rectangular, parabolic, V-shaped, or
a combination of the geometric shapes.

1.2.3.2 Capacity Requirements

The capacity of canals or laterals should be as follows:

e Sufficient to meet demands of all the irrigation systems served and the amount of
water needed to cover the estimated conveyance losses in the canal or lateral

e sized to convey the available water supply in water-short areas, where irrigation
water is in demand.

e Capable of conveying surface runoff that is allowed to enter the channel, and

e Such that flow or runoff velocity must be non-erosive.

1.2.3.3 Permissible Velocity/Velocity Limitations

The design of an open channel should be consistent with the velocity limitations
for the selected channel lining to satisfy the condition of non-erosive velocity in
the channel. The velocity should not be too low to cause siltation in case of surface
drainage.

Permissible non-erosive velocity of a channel is dependent upon the stability of
lining materials and channel vegetation, as follows:

Maximum
Material velocity (m/s)
Sandy soil 0.6
Loam to silt 1.0
Silty clay 1.2
Stiff clay 1.5
Graded loam to silt 1.5
Hard pan/coarse gravel 1.5
Vegetative channel (grass cover of 1.2

alfalfa, weeping lovegrass)
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1.2.3.4 Freeboard

The required freeboard above the maximum design water level shall be at least one-
fourth of the design flow depth (0.25d) and shall not be less than 0.3 m.

1.2.3.5 Water Surface Elevations

Water surface elevations should be designed to provide enough hydraulic head for
successful operation of all ditches or other water conveyance structures diverting
from the canal or lateral.

1.2.3.6 Side Slopes

Canals, laterals, and field channels should be designed to have stable side slopes.
Local information on side-slope limits for specific soils and/or geologic materials
should be used if available. If such information is not available, the design of side
slopes for the banks of canals or laterals shall not be steeper than those shown below:

Materials Side slope (horizontal to vertical)
Sandy to loam soil 2:1

Silty clay 1.5:1

Heavy clay 1:1

Loose rock to solid rock 1/4:1

1.2.4 Calculation of Velocity of Flow in Open Channel

The irrigation or drainage channel design should be such that it provide adequate
capacity for the design discharge or flow resulting from the design storm. The
velocity of flow in open channels can be determined by using Chezy’s equation
or Manning’s equation.

1.2.4.1 Chezy’s Equation

The earliest formula for open channel was proposed by Chezy (in 1775). The
Chezy’s equation can be expressed as

V =C+VRS (1.7)
where

V = velocity of flow (m/s)
R = hydraulic radius of the flowing section (m)
S = slope of water surface (taken as equal to the slope of channel bed (m/m))

C = Chezy’s constant, which varies with surface roughness and flow rates
(~45-55).
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Later on, different scientists and engineers worked on this formula. After con-
ducting a series of experiments, Kutter, Basin, and Manning proposed a method for
determining “C” in Chezy’s formula. But due to simplicity, Manning’s formulation
is widely used.

1.2.4.2 Manning’s Equation

Manning suggested C = 1%, x R'® in Chezy’s formula. Manning’s equation is
commonly expressed as

1
V= NR2/3S1/2 (1.8)

where

V = average flow velocity, m/s

N = Manning’s roughness coefficient

S = Channel slope, in m per m

R = Hydraulic radius, m, calculated as R = A/P

A = Flow cross-sectional area, in square meter (m?)
P = Wetted perimeter, m

The Manning’s equation is best used for uniform steady-state flows. Though
these assumptions are rarely achieved in reality, Manning’s equation is still used
to model most open channel flows. Manning’s equation is a semiempirical equation.
Thus, the units are inconsistent and handled through the conversion factor.

1.2.4.3 Manning’s “N” Values

Manning’s “N’’ value is an important variable describing material roughness in open
channel flow computations. Manning’s “N”* values depend on many physical char-
acteristics of channel surface. Changes in this variable can significantly affect flow
discharge, depth, and velocity estimates. So care and good engineering judgment
must be exercised in the selection process of “N”’. The composite “N”* value should
be calculated where the lining material, and subsequently Manning’s “N value,
changes within a channel section (Table 1.2)

Table 1.2 Manning’s

roughness coefficient for Channel type/lining type N value

different artificial channels Concrete 0.011-0.013
Stone masonry 0.03-0.042
Soil cement 0.02-0.025
Bare soil 0.02-0.023
Vegetative waterway? 0.15-0.35

4For medium, dense, and very dense grass, N should
be 0.15, 0.25, and 0.35, respectively.
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1.2.5 Hydraulic Design of Open Irrigation Channel

We always search for an efficient and economic channel section. The most economic
section is one which can carry maximum discharge for a given cross-sectional area,
or, in other words, the channel which requires minimum cross-sectional area (or
excavation) for a given discharge. For practical purposes, discharge is fixed, and the
minimum cross-sectional area is of interest.

1.2.5.1 Condition for Maximum Discharge Through a Channel
of Rectangular Section

The earthen channel of rectangular section is not used except in heavy clay or rocky
soils, where the faces of rocks can stand vertically. A concrete channel of rectangu-
lar configuration is generally used. Thus, the hydraulically efficient section of the
concrete channel is important.

Let us consider a channel of rectangular section as shown in Fig. 1.4. Let

Fig. 1.4 Sketch of a I -
. reeboard
rectangular channel section

Flow
Depth, d

|

«———  Width, b —»l

b = width of the channel and

d = depth of flow

Then, area of flow,A = b x d

Discharge, Q = A x V = AC/RS(since V = C,/RS)

where R is the hydraulic radius, and S is the slope of the channel.

We know, hydraulic radius, R = P

Thus, Q = AC\/4S

Taking S, A, and C constant in the above equation, the discharge will be
maximum when A/P is maximum, or the perimeter P is minimum.

We get wetted perimeter P = b + d + d = b + 2d (from Fig. 1.4),
andA=bxd,orb=A/d

A
Thus, P = 7 +2d

To find the minimum value of P, we have to differentiate the function, set it equal
to zero, and solve for variable d. That is,
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dP A+2_O
dd —  d2 -

A
Or,—— +2=0
Or, A = 2d°
Or, bd = 2d*(since A = b x d)

Or, b =2d (1.9)

i.e., the width is double the flow depth.
To ensure that P is minimum value rather than maximum value, we have to
i ar?

compute second derivative (W F

). It will be minimum if the is positive and

ﬁ
dd?
Here, % = 2% which is positive. Thus, the value of “b” obtained from the first
derivative of P is for the minimum value of P.
In this case, the hydraulic mean depth, or hydraulic radius,

maximum if is negative.

A bd 2dx

d
P br2d " 2d+0q Since )

2 d

C4d 2

e R= (1.10)

1., R = — .
2

Hence, for the maximum discharge conditions, the criteria of channel configurations
are as follows:

(a) b =2d (i.e., width is twice flow depth) and
(b) R= 3 (i.e., hydraulic radius is half of flow depth)

1.2.5.2 Condition for Maximum Discharge Through a Channel of Trapezoidal
Section

Many natural and man-made channels are approximately trapezoidal. In practice,
the trapezoidal section is normally used in earthen channels. Generally, the side
slope in a particular soil is decided based on the soil type. In a loose or soft soil,
flatter side slopes are provided, whereas in a harder one, steeper side slopes are
allowed.
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Fig. 1.5 Schematic _l:/ Freeboard

presentation of trapezoidal
channel section

E zd b _>|

Let us consider a channel of trapezoidal cross-section as shown in Fig. 1.5
Assume that

b = width of the channel at the bottom,
d = depth of the flow, and
%: side slope (i.e., 1 vertical to z horizontal)

Thus, Area of flow, A = (d x b) +2 (4 x d x zd) = bd + zd® = d(b + zd)
A
or 7 =b+zd

A
b=~ —u (1.11)

and discharge, 0 = A x V. =AC~RS

A
= AC\/;S [since R = A/P]

Keeping A, C, and S constant in the above equation, the discharge will be maximum,
when A/P is maximum, or the perimeter P is minimum. From the theory of maxima
and minima, P will be minimum when,

P

dd

We know that P = b + 2+/z2d> + d> = b + 2dv/72 + 1.
Substituting the value of b from Eq. (1.11),

A
P=—-—zd+2dvz2+1

d

0

Differentiating the above equation with respect to d and equating the same to zero,
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dr A
— = —z+2vV22+1

dd ~— &2

A
Or, —d—z—z+ZVZ2+1=O

A
Or, —E+Z+2VZ2+1:0

dib+zd
_dbtd)

Or, 7

7=2v72+ 1[since A = (b + zd)]

b+ 2zd
or, 2= _ o /2

d

b+ 2zd
Or, + 2z =2vZ22+1

d

b+ 2zd
+2 L a2t (1.12)

Here, (b+2zd) is the top width of water; and (d+/z% + 1) is the single sloping side.
That is, the condition is that the sloping side is equal to half of the top width.
In this case, the hydraulic mean depth or hydraulic radius,

A db+zd)

P bp42dV2+ 1

_db+zd)
= b d) Ot 2d) [from Eq. (1.12)]

_db+zd) d

C2b+zd) 2

d
That is, R = 2 (1.13)

Hence, for maximum discharge or maximum velocity, the two conditions are as
follows:

b+ 2zd
* +2 < = dm (the sloping side is equal to half of the top width)

d
*R= 3 (hydraulic radius is half of flow depth)
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1.2.6 Sample Examples on Irrigation Channel Design

Example 1.1

Determine the velocity of flow and discharge capacity of an unlined canal branch
on a grade of 1 m in 800 m having depth of flow 1.5 m, bottom width 0.80 m, and
side slope 1:1.

Solution

Required:

(a) Velocity of flow, V=7
(b) Discharge, Q =?

Given,

Depth of flow,d = 1.5 m

Bed width, b = 0.8 m

Canal bottom slope, S = ﬁ = 0.00125

Side slope, Z: 1 =1:1

As the channel is unlined, assume roughness coefficient of Manning’s formula,
N =0.023

Area, A = bd + zd 2 = (0.8 x 1.5) + 1 x (1.5)% = 3.45 m?

Wetted perimeter, P = b + 2d+/1 +z2 = 5.042 m

We know, hydraulic radius, R = 4 = 0.684

We know, velocity, V = %R2/3Sl/22 = WIB X (0.684)2/3 X
V/0.00125 = 1.193 m/s (Ans.)

Discharge, Q = AV = 3.45 x 1.193 = 4.116 m3/s (Ans.)

Example 1.2

Design an earthen channel of trapezoidal section for the following conditions:

Discharge = 2 cumec

Channel bottom slope: 1 in 1,200

Side slope: 1.3:1

Value of N in Manning’s equation = 0.02

Solution
Given,
Discharge, O = 2 m?/s
Slope of the channel bed, S = %

Side slope, z:1 = 1.3:1
Manning’s N = 0.02
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For design purposes, always the most economical section is designed.
We know, for most economical trapezoidal section,

Half of the top width = Sloping side
That is, 224 = dy/z2 + 1

Or, b+2.6d=2dJ(132+1( z=13)
Or,b =068 (A)

We know, for most economical trapezoidal section another condition is

hydraulic radius = half of depth of flow

ie,R=9% (B)

Now, area, A = d(b + zd) = d(0.68d + 1.3d)(putting b = 0.68d)
or, A = 1.984>

The discharge, Q = AV = A X ]%,Rz/ 381/2 with usual notations.

2 1
Putting the values, 2 = 1.984% x ﬁ X (%)3 X <%)2

or, d%? = 1.11

or,d =1.04m

Then, b = 0.68d = 0.7072 m

Assuming freeboard as 20% of flow depth, depth of channel would be

de=104x%x120=1248m ~ 1.25m

Top width = b 4 2zd. + (2 x 1.3 x 1.25) = 3.957 m

Results

«— 395m ————»

Freeboard, 0.24 m

_______________________________________

1.04m |

—
0.707 m

Channel bed width, d = 1.04 m
Flow depth, d = 1.04 m

Depth of channel = 1.25 m
Top width = 3.957

Side slope = 1.3:1(H:V)
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Example 1.3

Design a concrete lined canal from the following data:

Discharge = 400 cumec

Slope = 1 in 4,000

Side slope = 1.5:1 (H:V)

Limiting velocity = 2.5 m/s

Value of N in Manning’s equation = 0.013

Solution
Applying Manning’s equation, the velocity, V is given by

1
V= NR2/3SI/2 (A)

Here, limiting velocity,

V=25m/s

N =0013

G !
4000

Substituting the above values in Eq. (A), we get

1/2
-1 2/3 i
2.5 = o3 X R % (4000)

or R?/3 = 2.5 x 0.013 x /4000 = 2.554
R = (2.489)*/? =4.08 m

Cross-sectional area, A = % 400/2.5 = 160 m?

We know, for most economical section in trapezoidal canal, R = d/2

Then,d =2R =2 x 4.08 =8.16 m

We get, A = bd + 2d?

That is, 160 = b x 8.16 + 1.5 (8.16)?

Or,b=736m

Considering freeboard as 15% of flow depth, depth of canal, dc=8.16 x
1.15=9.384m

Top width, T =b + 2zd. =736 +2 x 1.5 x 9384 =3551m
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Results

Width of channel bed, b = 7.36 m
Depth of flow, d = 8.16 m

Depth of canal, d. = 9.384 m
Top width, T = 35.51 m

f 3551 m
1 14.07m
9.384 m 316m
7.36 m

1.3 Designing Pipe for Irrigation Water Flow

1.3.1 Fundamental Theories of Water Flow Through Pipe

1.3.1.1 Theories of Physics

Equations describing fluid flow are based on three fundamental laws of physics.
These are as follows:

e Conservation of matter (or mass)
e Conservation of energy
e Conservation of momentum

Conservation of Matter

This law states that matter cannot be created or destroyed, but it can be con-
verted (e.g., by a chemical process). In case of hydraulics, chemical activity is not
considered; thus the law reduces to conservation of mass.

Conservation of Energy

This says that energy cannot be created or destroyed, but can be converted from one
type to another. For example, potential energy may be converted to kinetic energy
or pressure energy.
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Conservation of Momentum

This says that a moving body cannot gain or loss momentum unless an external
force acts upon it.

1.3.1.2 Theories of Hydraulics and Fluid Flow
Pascal’s Law

Pascal’s law can be stated as follows: “The intensity of pressure at any point of a
closed conduit is equal in all directions.”

Consider a closed vessel as of Fig. 1.6. Let the intensity of external pressure on
the vessel liquid be “p”. According to Pascal’s law, the intensity of pressure at every
direction of the vessel will be equal and “p”. Since water is a noncompressible liquid
(not compressed/reduced in volume due to pressure), it exhibits the unique trait of
transforming pressure to all directions when in a confined space.

Fig. 1.6 Schematic of p
pressure distribution in a
closed vessel

Continuity Equation/Conservation of Mass

If the flow is steady, and the fluid is incompressible, the mass entering a pipe
(Fig. 1.7) is equal to the mass leaving.

That is, mass flow entering = mass flow leaving
Or, pQe = pQ1

Since the volume flow rate is the product of area and mean velocity, consider that

velocity of flow at entering section = Vj
cross-sectional area at entering section = A
velocity of flow at leaving section = V>
cross-sectional area at leaving section = A

Then, applying the law of conservation of mass, p X Vi x A = p x Vo x A>

or, AiVi=AV, (1.14)
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Fig. 1.7 Schematic of fluid
flowing in a pipe

PQe PQ,

This is the Continuity equation.

Bernoulli’s Equation/Energy Equation (Conservation of Energy)

In reference to Fig. 1.7 consider that the fluid moves from the inlet to the outlet (over
the length L) in time 3.

Bernoulli’s equation says that total energy per unit weight of flowing fluid is
constant over the flow section. That is,

V2 vz
p—1+—l+Z]=p—2+—2+22=H= constant (1.15)
g 28 pg 28
The dimension of each term of the equation is “meter” (m). Each term is called as
follows:

P _
-+ — pressure head
pg— P

r_ velocity head

2
z = potential head or elevation head (with respect to a reference datum)

1.3.2 Water Pressure — Static and Dynamic Head

Water pressure at a certain depth of a water column is equal to the weight of water
above that point. Water pressure is normally expressed as “feet head” or “Ibs/in®”
(PSI). Pressure,

where

h = height of water, ft
p = density of water, Ibs/ft3
P = pressure, Ibs/ft2 (PSI)

Conversion

Head (ft) x 0.433 = PSI
PSI x 2.304 = head (ft) of water
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1.3.2.1 Static and Dynamic Head
In reference to Fig. 1.8 the pressure of water at point “A” in the pipeline, when the
pipe is closed (water is static, not flowing), is

P=ph

It does not matter what the distance is of the point from the top of the source, that
is, static pressure is just for elevation difference. If we measure the pressure with the
water flowing, the pressure would be termed as “dynamic pressure.”

Fig. 1.8 Water tank showing
static pressure

1.3.2.2 Pressure Distribution in a Water Column/Tank

Consider a tank of water as shown in Fig. 1.9. At the top surface of water, the
pressure is zero.

The pressure increases with the water depth. At the bottom of the tank (having
water depth of “A”), the intensity of pressure would be “ph.”

Pressure Vs Flow Rate Relationship

There is an inverse relationship between pressure and flow. For a pipe of particu-
lar size, higher pressure means lower flow. Lower pressure results in higher flows.
This is because as the total energy is constant, higher pressure head results in lower
velocity head (and hence lower velocity), thus lower flow rate.

vy VY wh\ =4

Fig. 1.9 Schematic of
pressure distribution in a ph
vertical water tank

vV
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1.3.3 Hydraulic and Energy Grade Line for Pipe Flow

Hydraulic calculations are required to design irrigation pipes. A hydraulic grade line
analysis is required for all designs to ensure that water flows through the pipes in
the manner intended.

We learned that the total energy of flow in a pipe section (with respect to a ref-
erence datum) is the sum of the elevation of the pipe center (elevation head), the
pressure exerted by the water in the pipe expressed or shown by the height of a col-
umn of water (pressure head, or piezometric head, if a piezometer is provided in the
pipe) and the velocity head. The total energy of flowing water when represented in
figure is termed as energy grade line or energy gradient. The pressure of water in
the pipe represented by elevation when drawn in line is termed as hydraulic grade
line or hydraulic gradient (Fig. 1.10).

Energy line ——————p

......................... . i h; . head loss

- Vg

Hydraulic /\\'\ T

gradient

Centre ___ y =p/pg

line

/ Datum

Fig. 1.10 Schematic showing of hydraulic and energy line in pipe flow

1.3.4 Types of Flow in Pipe — Reynolds Number

Flow of water in pipe is of two types: laminar and turbulent. In laminar flow, the fluid
moves in layers called laminus. In turbulent flow, secondary random motions are
superimposed on the principal flow, and mixing occurs between adjacent sectors. In
1883, Reynolds introduced a dimensionless parameter (which has since been known
as Reynolds number) that gives a quantitative indication of the laminar to turbulent
transition. Reynolds number Ry is

Ry = pvd (1.17)
0
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where

p = density of fluid (kg/m?)

V = mean fluid velocity (m/s)

d = diameter of the pipe (m)

1 = coefficient of viscosity of the fluid (kg/m/s)

Generally a flow is laminar if Ry < 2,100. A transition between laminar and tur-
bulent flow occurs for Ry between 2,100 and 4,000 (transition flow). Above 4,000,
the flow is turbulent. At turbulence range, the flow becomes unstable, and there is
increased mixing that results in viscous losses which are generally much higher than
those of laminar flow.

The Reynolds number can be considered in another way, as

Inertia forces
N= ———————— (1.18)
Viscous forces
The inertia forces represent the fluid’s natural resistance to acceleration. The vis-
cous forces arise because of the internal friction of the fluid. In a low Reynolds
number flow, the inertia forces are small and negligible compared to the viscous
forces. Whereas, in a high Reynolds number flow, the viscous forces are small
compared to the inertia forces.

1.3.5 Velocity Profile of Pipe Flow

Typical velocity profile of a pipe flow is shown in Fig. 1.11. The velocity is zero at
the surface, increases thereafter and reaches its maximum at the center of the pipe.

Fig. 1.11 Diagram showing :\

velocity distribution in pipe > P

flow . I B V4
max

1.3.6 Head Loss in Pipe Flow and Its Calculation

1.3.6.1 Causes and Components of Head Loss

When fluid flows through the pipe, the internal roughness of the pipe wall can create
local eddy currents vicinity to the surface, thus adding a resistance to the flow of
the pipe. Pipes with smooth walls have only a small resistance to flow (frictional
resistance). Smooth glass, copper, and polyethylene have small frictional resistance,
whereas cast iron, concrete, and steel pipe, etc. create larger eddy currents and effect
on frictional resistance.
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Determination of head loss (meaning loss of energy) in the pipe is necessary
because pump and motor (power) combination should be matched to flow and pres-
sure requirement. Oversizing makes for inefficiencies that waste energy and cost
money.

Components of Head Loss

Head loss in pipe may be divided into the following:

e Major head loss
e Minor head loss

Major head loss consists of loss due to friction in the pipe. Minor loss consists
of loss due to change in diameter, change of velocity in bends, joints, valves, and
similar items.

1.3.6.2 Factors Affecting Head Loss

Frictional head loss (A1) in the pipe can be functionally expressed as follows:
he =f(L,V,D,n, p,v) (1.19)
where

L = length of pipe

V = velocity of flow

D = diameter of pipe

n = roughness of the pipe surface (internal surface, over which flow occurs)
p = density of flowing fluid

v = viscosity of the flowing fluid

The mode of action of the factors affecting head loss is as follows:

head loss varies directly as the length of the pipe

it varies almost as the square of the velocity

it varies almost inversely as the diameter

it depends on the surface roughness of the pipe wall
it is independent of pressure

1.3.6.3 Different Head Loss Equations
Darcy-Weisbach Formula for Head Loss

Darcy-Weisbach formula for head loss in a pipe due to friction in turbulent flow can
be expressed as
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hi =f——, (1.20)
g

where

h¢ = head loss due to friction (m)

f = friction factor (or Darcy’s friction coefficient)
L = length of pipe (m)

V = velocity of flow (m/s)

g = acceleration due to gravity (m/s?) = 9.81 m/s’
D = inner diameter of the pipe (m)

Darcy introduced the concept of relative roughness, where the ratio of the internal
roughness of a pipe to the internal diameter of the pipe affect friction factor for
turbulent flow.

Colebrook-White Equation

The Colebrook-White equation for calculating friction factor is

= 1.14 — 2log,, (f 9-35 ) (1.21)

1
JI D+Re\/f

where

f = friction factor
e = internal roughness of the pipe
D = inner diameter of pipe work

To find out “f”, iteration (trial and error) is required. A value of 0.02 can be
assumed as a first step.

The Moody Chart

In 1944, L. F. Moody plotted the data obtained from the Colebrook equation, which
is designated as “The Moody Chart” (Fig. 1.12). From this chart, the user can find
the friction factor for turbulent flow condition with reasonable accuracy.

Fanning’s Friction Factor

Fanning, after many experiments, provided data for friction factors, but with
hydraulic radius concept. For full pipe flow, hydraulic radius, R = 1/4th of the
diameter of the pipe (i.e., R =D/4). Thus, the head loss equation becomes

AfLV?
hy = fe (1.22)
2gD
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Fig. 1.12 Moody diagram

where f; is the Fanning friction factor.

From the above equation, it is observed that Darcy’s friction coefficient is four
times greater than Fanning’s friction factor. So, care should be taken in selecting
friction coefficient, whether it is for Darcy-Weisbach formula or for others.

Head Loss Under Laminar Flow — Hagen-Poiseuille Equation

32uVL
he = 1.23
t= (1.23)

where

V = velocity of flow (m/s)
L = length of pipe (m)
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D = inner diameter of the pipe (m)
w = specific wt. of the fluid (kg/m?)
w = viscosity of the flowing fluid (kg/s/m?)

1.3.6.4 Calculation of Minor Loss

Minor loss can be expressed as

V2
hminor = €=— (1.24)
2g

where c is the minor loss coefficient. Thus, the total minor loss can be calculated
by summing the minor loss coefficients and multiplying the sum with the dynamic
pressure head. Minor loss coefficients of different components/fittings are given in
Table 1.3.

Table 1.3 Minor loss coefficient for different fittings

Fittings Minor loss coefficient (¢)
Fully open ball valve 0.05
Threaded union 0.08
Fully open gate valve 0.15
1/2 closed gate valve 2.1
Fully open angle valve 2
Threaded long radius 90° elbows 0.2
Flanged 180° return bends 0.2
Flanged Tees, line flow 0.2
Threaded Tees, line flow 0.9
Threaded Tees, branch flow 2.0
Fully opened globe valve 10

1.3.6.5 Minimizing Head Loss in Pipe

One of the main aims of pipe design is to minimize the head losses associated with
pipe length (frictional loss), bends, diameter change, and transitions. Minimization
of head loss will keep the diameter of the pipeline to the minimum (necessary to
achieve the design flow capacity), and therefore its cost will be reduced.

Head losses in pipe can be minimized by

(1) Using large diameter pipe in the mainline
(2) Minimizing bends or turns
(3) Making/selecting internal surface of the pipe smoother
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1.3.6.6 Sample Workout Problem
Example 1.4

Determine the head loss due to friction in an irrigation pipe having 150 m length
and 25 cm diameter. The velocity of flowing water in the pipe is 2.0 m/s

Solution

Head loss according to Darcy-Weisbach formula:

hi=f x = x —
f fXDXZg

Given,
V=20m/s
Assuming f = 0.025 (as of cast iron)

22
he = 0.025 x 32 x ;&

= 3.058 m of water (Ans.)

1.3.7 Designing Pipe Size for Irrigation Water Flow

Selection of pipe size should be based on the following:

e hydraulic capacity (discharge) requirement
e head loss, and
e cconomy

In the short run, a small diameter pipe may require lower initial cost, but due to
excessive head loss, it may require higher cost in the long run.
Pipe size based on hydraulic capacity can be found as

A==
%

where

A = cross-sectional area of the pipe (m?)
QO = required discharge (m3/s)
V = permissible velocity of flow (m/s)

Diameter of the pipe can be found from the relation, A = wD?/4, that is, D =

44
=
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The pipe must have the capacity to supply peak demand (Q). After calculating
the maximum size required, the second step is to calculate the head loss per unit
length (say 100 m) and also for the whole irrigation farm. Extra power and cost
requirement for the head loss should be calculated for the entire effective life of the
pipe. Similar calculations should be performed for the next available pipe sizes (2
or 3 nos).

Now, compare the prices of the pipes (present or first installment) and extra cost
for head loss for the entire life (transferred into present value). Choose the least-
cost one.

1.3.8 Sample Workout Problems

Example 1.5

Compute the size of best quality cast-iron pipe that will carry 0.03 m3/s discharge
with a head loss of 2 m per 1,000 m.

Solution
2
We get, hf = f % l—L) X X—g
Given,
0 =0.03 m/s

for L =1,000m, i =2 m
V = QIA = Ql(m D?*/4)

thus,

_ 1000 0.032 1000x 16x(0.03)*
2=10.023 x =5~ wDT A = 0.023 x s

Or, D° =0.016779
Or,D=04415m =44.15cm
That is, pipe dia = 44.15 cm (Ans.)

Relevant Journals

— Journal of Soil and Water Conservation
— Journal of Hydraulic Engineering

— Journal of Hydrology

— Agricultural Water Management
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— Water Resources Management
— Water Resources Research

— Irrigation Science

— Trans. ASAE

— Irrigation and Drainage System

Questions
(1) Whatis seepage? What are the factors affecting seepage in earthen conveyance
system?
(2) Describe in brief the different methods of seepage measurement.
(3) How can the average seepage loss in an irrigation command area be estimated?
(4) Discuss the various means of reducing seepage in an earthen channel.
(5) How will you decide on lining a canal?
(6) What are the different configurations/geometries of irrigation channel?
(7) Define the following: permissible velocity, wetted perimeter, hydraulic radius,
freeboard, and side slope.
(8) Describe Chezy’s and Manning’s equation for calculating velocity in open
channel.
(9) What is the most economical cross-section of a channel?
(10) Derive the conditions for the most economical cross-section for (i) trapezoidal
and (ii) rectangular channel section.
(11) Determine the velocity of flow and discharge capacity of an unlined canal
section on a grade of 1 m on 900 m having depth of flow 1.2 m, bottom width
0.9 m, and side slope 1.2:1.
(12) Design an earthen channel of trapezoidal section for the following conditions:
Discharge = 2.5 cumec
Channel bottom slope: 1 in 1,400
Side slope: 1.25:1
Value of N in Manning’s equation = 0.022
(13) Design a concrete canal from the following information:
Discharge = 50 cumecs
Slope = 1 in 3,600
Side slope = 1:1(H:V)
Value of N in Manning’s equation = 0.011
(14) Draw the velocity diagram of pipe flow.
(15) Draw the hydraulic and energy grade line of pipe flow.
(16) What do you mean by “head loss” in pipe flow? What are the factors affecting
head loss? How can the head loss be minimized?
(17) Write down the principles of selecting pipe size for irrigation purposes.
(18) Determine the head loss due to friction in an irrigation pipe having 300 m
length and 30 cm diameter. The velocity of flowing water in the pipe is 2.5 m/s.
(19) Compute the size of best quality concrete pipe that will carry 0.05 m’/s

discharge with a head loss of 1 m per 1,000 m.
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The application of water to soils for crop use is referred to as irrigation. Irrigation
systems differ greatly depending on what they are going to be used for. They range
from the simple hand watering method used in most home gardens and many nurs-
eries to the huge flood and furrow irrigation systems found in large-scale production.
Surface (gravity-driven surface irrigation), sprinkler, drip/micro, and subsurface are
types of irrigation methods that are used by growers to irrigate various crops. Each
system has its advantages and disadvantages. But with good design, they can be very
successful for appropriate cases. Water losses from irrigation vary with the type of
irrigation method. The water management decisions strongly influence how uni-
form water can be applied through different irrigation methods to provide optimal
soil water conditions for crop growth and marketable yields. The most appropriate
irrigation method for an area depends upon physical site conditions, the crops being
grown, amount of water available, and management skill. This chapter gives some
very broad guidance and indicates several important criteria in the selection of a
suitable irrigation method.

M.H. Ali, Practices of Irrigation & On-farm Water Management: Volume 2, 35
DOI 10.1007/978-1-4419-7637-6_2, © Springer Science+Business Media, LLC 2011
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2.1 General Perspectives of Water Application

Several decisions must be made before an irrigation system is installed in a field.
Some determinations are technical in nature, some economic, and others involve a
close scrutiny of the operation and crop to be irrigated.

Location, quantity, and quality of water should be determined before any type of
irrigation system is selected. No assumptions should be made with the water supply.
Make sure that the water source is large enough to meet the irrigation system’s
demand by test pumping groundwater sources or measuring flow rate of streams.
Securing of water rights on groundwater wells should be taken beforehand.

Numerous irrigation systems are on the market. Each system has advantages,
disadvantages, and specific uses. A discussion of different systems, their roles, and
capabilities in irrigated crop production are given in the next sections.

2.2 Classification of Water Application Methods

Water application methods can be classified based on different themes:

A Based on energy/pressure required
B Based on placement of irrigation water
C Based on wetted area by irrigation

Classification system — A

Based on energy/pressure requirement, irrigation methods can be grouped as

e gravity irrigation and
e pressurized irrigation

Again, gravity irrigation may be subdivided based on mode of application as

e border irrigation
e Dbasin irrigation
e furrow irrigation

Pressure irrigation system may be subdivided based on mode of application as

e drip irrigation
e sprinkler irrigation

Classification system — B

Based on the placement of irrigation water (whether on, above, or below the soil
surface), irrigation methods may be grouped as
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surface irrigation
subsurface irrigation
overhead irrigation

Surface irrigation system may be subdivided based on mode of water application as

border irrigation
basin irrigation
furrow irrigation
drip irrigation

Overhead irrigation includes sprinkler irrigation and hand watering.

Classification system — C

Based on wetted area of crop root zone by irrigation, irrigation methods can be
grouped as

flood irrigation
drip (or trickle or localized) irrigation
sprinkler irrigation

Flood irrigation can be further grouped as

basin irrigation
border irrigation
furrow irrigation

Basin irrigation may be either “check basin” or “contour basin”.

The definition of different types of irrigation systems are outlined below:

Gravity irrigation: Irrigation in which the water is not pumped but flows and is
distributed to the crop field by gravity.

Pressurized irrigation: Irrigation system in which water is pumped and flows
to the crop field by pressure.

Surface irrigation: A form of irrigation where the soil surface is used as a
conduit.

Subsurface irrigation or subirrigation: Applying irrigation water below the
ground surface either by raising the water table within or near the root zone.

Border irrigation: Border irrigation is defined as the application of water to an
area typically downslope and surrounded by two border ridges or dikes to the
ends of the strip.

Basin irrigation: Basin irrigation is defined as the application of water to an
area typically leveled to zero slope and surrounded by dikes or check banks
to prevent runoff.
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Furrow irrigation: A partial surface flooding method of irrigation in which
water is applied in furrows (narrow channels dug between the rows of crops)
or “rows of sufficient capacity” to contain the designed irrigation system,
instead of distributing water throughout the whole field.

Sprinkler irrigation: A system in which water is applied by means of nozzle or
perforated pipe that operates under pressure in the form of a spray pattern.
Drip irrigation: An irrigation system in which water is applied directly to the

root zone of plants.

Flood irrigation: A system in which the entire soil surface of the field is covered
by ponded water.

2.3 Description of Common Methods of Irrigation

2.3.1 Border Irrigation

2.3.1.1 Concept and Features

Border irrigation is a modern method of surface irrigation. Border irrigation uses
land formed into strips, bounded by ridges or borders (Fig. 2.1). Borders are gen-
erally prepared with zero side slope and a small but uniform longitudinal slope not
exceeding 1%. The borders are divided by levees running down the slope at uniform
spacing. The lower end of the border is opened to a drainage ditch or closed with a
levee to create ponding on the end of the border. Levees are pulled across the end
on steeper borders.

In this method, water is applied at the upper end of the border strip, and advances
down the strip. Irrigation takes place by allowing the flow to advance and infiltrate
along the border. After a time, the water is turned off, and a recession front, where
standing water has soaked into the soil, moves down the strip. Smaller inflow dis-
charges and longer time duration of application are utilized in graded fields to reduce

Water supply channel
l A
Q- Length L Width, W
< 3 >
Ridge or dike
7

Fig. 2.1 Schematic of border
irrigation system
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downstream losses, like for furrow irrigation. Larger inflow rates are utilized when
the field slope is very small with management becoming similar to that of basins.
Automated water control is often applied.

If it is possible, irrigate each block of border individually when irrigating. To
maintain control with border irrigation, discharge the well into the top block until
the desired application is achieved. The total well discharge then is moved to the
second border and the first levee cut. Erosion control measures may be required if
large stream sizes are used.

2.3.1.2 Suitability, Capabilities, and Limitations of Border Method
Crop Suitability

Border irrigation is best adapted to grain and forage crops where there are large
areas of flat topography and water supplies are large. Border irrigation could be
used on precision leveled rice fields, where beans or other grain crops are grown in
rotation with rice.

Soil and Land Suitability

Border irrigation system performs better when soils are uniform, and the slope is
mild. Undulating topography and shallow soils do not respond well to grading to a
plane. Steep slopes and irregular topography increase the cost of land leveling and
reduce border size. Deep cuts may expose areas of nonproductive soils, requiring
special fertility management.

Economy and Financial Involvement

The major investment in border irrigation is that of land grading or leveling. The cost
is directly related to the volume of earth that must be moved, the area to be finished,
and the length and size of farm canals. Border irrigation is relatively inexpensive to
operate after installation.

Attainable Irrigation Efficiency

Reasonable irrigation efficiency is possible with border irrigation method. Typical
efficiencies for border strip irrigation ranges from 70 to 85%. With the border
method, runoff return flow systems may be needed to achieve high water use
efficiency.

The system designer and operator can control many of the factors affecting irri-
gation efficiency, but the potential uniformity of water application with surface
irrigation is limited by the variability of soil properties (primarily infiltration rate)
throughout the field. Results of field studies indicate that even for relatively uniform
soils, there may be a distribution uniformity of infiltration rates of only about 80%.
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Labor Requirement

Border systems may be automated to some degree to reduce labor requirements.
It requires skilled irrigators to obtain high efficiencies. The labor skill needed for
setting border flows can be decreased with equipment of higher cost. The setting of
siphons or slide openings to obtain the desired flow rate requires skillness, but that
one can learn.

Advantages and Disadvantages
Advantages

(i) Easy to construct and maintain
(i1) Operational system is simple and easy
(iii) High irrigation efficiencies are possible if properly designed, but rarely
obtained in practice due to difficulty of balancing the advance and recession
phases of water application
(iv) Natural drainage is facilitated through downward slope
(v) Comparatively less labor is required

Limitations

(1) Requires flat and smooth topography
(i1) Not suitable for sandy soils
(iii) Not suitable for crops which requires ponding water
(iv) Higher amount of water is required compared to sprinkler or drip irrigation.

2.3.2 Basin Irrigation

2.3.2.1 Concept and Characteristics

In this method, water is applied to leveled surface units (basins) which have com-
plete perimeter dikes to prevent runoff and to allow infiltration after cutoff (Fig. 2.2).
Basin irrigation is the simplest of the surface irrigation methods. Especially if the
basins are small, they can be constructed by hand or animal traction. Their operation
and maintenance are simple.

The best performance is obtained when advance time is minimized by using large
non-erosive discharges, and the basin surface is precision leveled. This method is the
most commonly practiced worldwide, both for rice and other field crops, including
orchard tree crops. In general, basins are small and uneven and water application
is manually controlled. Level basin irrigation using large laser-leveled units with
automated or semiautomatic control is practiced in few areas in developed countries.

In this approach, water is applied to a completely level area enclosed by dikes
or borders (called basins). This method of irrigation is used successfully for both
field and row crops. The floor of the basin may be flat, ridged, or shaped into beds,
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Fig. 2.2 Schematic layout of
a basin irrigation system
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depending on crop and cultural practices. Basins need not be rectangular or straight
sided, and the border dikes may or may not be permanent. This irrigation technique
is also called by a variety of other names such as check-basin irrigation, level-
basin irrigation, level borders, check flooding, check irrigation, dead-level irrigation.
Basins may be of different types: rectangular, ring, and contour.

Basin size is limited by available water stream size, topography, soil factors,
and degree of leveling required. Basin may be quite small or as large as 15 ha or
so. Level basins simplify water management, since the irrigator need only supply
a specified volume of water to the field. With adequate stream size, the water will
spread quickly over the field, minimizing nonuniformities in inundation time. Basin
irrigation is most effective on uniform soils, precisely leveled, when large stream
sizes (relative to basin area) are available. High efficiencies are possible with low
labor requirements.

If it is possible, irrigate each basin individually when irrigating. To maintain
control with basin irrigation, divert the well discharge into the top basin until the
desired application is achieved. The total well discharge is then moved to the second
basin and the first basin cut so it drains into the second basin. This process requires
a certain amount of labor as the water “steps down” the field. This gives better
water control for application amounts and increases the amount of water available
for irrigation.

2.3.2.2 Suitabilities and Limitations of Basin Irrigation Method
Crop

Basin irrigation is suited to irrigate close growing crops (e.g., paddy). Paddy (rice) is
always grown in basins. Many other crops can also be grown in basins: e.g., maize,
sorghum, trees. Those crops that cannot stand a very wet soil for more than 12-24 h
should not be grown in basins.

Basin and border strip irrigations flood the soil surface, and will cause some soils
to form a crust, which may inhibit the sprouting of seeds.
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Soil and Topography

For basin irrigation, basin size should be appropriate for soil texture and infiltration
rate. Basin lengths should be limited to 100 meter (m) on very coarse textured soils,
but may reach 400 m on other soils. Flat lands, with a slope of 0.1% or less, are best
suited for basin irrigation: little land leveling will be required. If the slope is more
than 1%, terraces can be constructed. However, the amount of land leveling can be
considerable.

In areas of high intensity rainfall and low intake rate soils, surface drainage
should be considered with basin irrigation, to reduce damage due to untimely
inundation.

Water Quantity

It is important that irrigation stream size be properly matched to basin or border
size for uniform irrigation. Basin systems are suitable for leaching of salts for soil
reclamation, since the water can be held on the soil for any length of time. Under
normal operating conditions, leaching fractions adequate for salinity control can be
maintained with basin.

Required Depth of Irrigation Application

When the irrigation schedule is determined, it is known how much water (in mm
depth) has to be given per irrigation application. It must be checked that this
amount can indeed be given. Field experience has shown that the highest water
can be applied per irrigation application when using basin irrigation. In practice,
in small-scale irrigation projects, usually 40-70 mm of water is applied in basin
irrigation.

Attainable Efficiencies

The system designer and operator can control many of the factors affecting irri-
gation efficiency. Properly designed and maintained basin systems are capable of
obtaining moderately high efficiencies. Some basins are typically designed to pond
the water on their surfaces and prevent tail water; they are usually the most efficient
surface irrigation method. Design efficiencies should be on the order of 70-85%.
With reasonable care and maintenance, field efficiencies in the range of 80-85%
may be expected.

Labor and Energy Requirement

Basin irrigation requires accurate land leveling. Some labor and energy will be nec-
essary for land grading and preparation. Basin irrigation involves the least labor of
the surface methods, particularly if the system is automated. With surface irriga-
tion, little or no energy is required to distribute the water throughout the field, but
some energy may be needed to bring the water to the field, especially when water is
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pumped from groundwater. In some instances, these energy costs can be substantial,
particularly with low water use efficiencies.

Cost and Economic Factor

Basin irrigation is generally the most expensive surface irrigation configuration to
develop and maintain but often the least expensive to operate and manage. Basin
system’s costs can vary greatly, depending on crop and soil. A major cost in basin
irrigation is that of land grading or leveling, if required. The cost is directly related
to the volume of earth that must be moved. Typical operation and maintenance
costs for basin irrigation systems vary greatly, depending on local circumstances
and irrigation efficiencies achieved.

Advantage and Disadvantage
Advantages

(i) One of the major advantages of the basin method is its utility in irrigating fields
with irregular shapes and small fields
(i) Best suited for lands/crops where leaching is required to wash out salts from
the root zone
(iii)) Water application and distribution efficiencies are generally high

Limitations

(i) Itrequires accurate land leveling to achieve high application efficiency
(i) Comparatively high labor intensive
(iii)) Impedes surface drainage
(iv) Not suitable for crops which are sensitive to waterlogging
(v) Border ridges interfere with the free movement of farm machineries
(vi) Higher amount of water is required compared to sprinkler or drip irrigation.

2.3.3 Furrow Irrigation

2.3.3.1 Concepts and Features

Furrow irrigation is one of the oldest controlled irrigation methods. A furrow is
a small, evenly spaced, shallow channel installed down or across the slope of the
field to be irrigated parallel to row direction (Fig. 2.3). In this method, water is
applied to furrows using small discharges to favor water infiltration while advancing
down the field. Furrow irrigation can thus be defined as a partial surface flood-
ing method of irrigation (normally used with clean-tilled crops), where water is
applied in furrows or rows of sufficient capacity to obtain the designed irrigation
system.
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Fig. 2.3 Schematic of furrow
irrigation system
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The furrow method is an efficient system if properly managed, but a most ineffi-
cient one if improperly managed. For this method, fields must have a mild slope and
inflow discharge must be such that advance is not too fast and produce excessive
runoff losses, nor too slow to induce excessive infiltration in the upper part of the
field. Short blocked furrows with manually controlled water applications are prac-
ticed by traditional irrigators. Nowadays, long and precisely leveled furrows with
automated or semi-automated control have become increasingly popular.

2.3.3.2 Suitability and Limitations
Crop Suitability

Furrow irrigation is best used for irrigating widely spaced row crops such as potato,
maize, vegetables, and trees.

Soil and Topography

Loam soil is best suited for furrow irrigation. Sandy soils can cause excess infil-
tration at the upper end of the furrow, clay soils may need extra standing water to
infiltrate.

Steeper land compared to basin or border (mild slopy topography, 0.5-2%) is
needed to establish furrow irrigation. Undulated/zigzag topography is not suited for
this method.

Water Quantity

Depending on surface conditions, stream size used should be as large as possible to
move water through the field quickly without causing erosion.
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Attainable Efficiencies

When using properly designed row slopes, row lengths, set times, stream sizes, and
a reuse system, furrow irrigation efficiency can be high as 90%.

Labor and Energy Requirement

To establish the furrow, some labors are required. After that, the least labor required
among the surface methods. If the system is automated, the labor requirement is
reduces to minimum.

Required Depth of Irrigation Application

If only little water is to be applied per application, e.g., on sandy soils and a shal-
low rooting crop, furrow irrigation would be most appropriate (However, none of
the surface irrigation methods can be used if the sand is very coarse, i.e., if the
infiltration rate is more than 30 mm/h).

Cost and Economic Factor

Major initial cost in furrow system is the construction of furrows. The cost is directly
related to the number of furrows (i.e. furrow spacing), volume of soil to be removed,
and the unit labor/instrument charge.

Level of Technology

Furrow irrigation, with the possible exception of short, level furrows, requires accu-
rate field grading. This is often done by machines. The maintenance — plowing and
furrowing — is also often done by machines. This requires skill, organization, and
frequently the use of foreign currency for fuel, equipment, and spare parts.

Advantages and Disadvantages
Advantages

(i) developed gradually as labor or economics allows
(ii) developed at a relatively low cost after necessary land-forming activities are
accomplished
(iii) erosion is minimal
(iv) adaptable to a wide range of land slopes

Limitations

(i) Not suitable for high permeable soil where vertical infiltration is much higher
than the lateral entry
(i) Higher amount of water is required, compared to sprinkler or drip irrigation
(iii) Furrows should be closely arranged
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2.3.4 Sprinkler Irrigation Systems

2.3.4.1 Concept and Features

In sprinkler irrigation, water is delivered through a pressurized pipe network to
sprinklers, nozzles, or jets which spray the water into the air, to fall to the soil
as an artificial “rain” (Fig. 2.4). Sprinkler irrigation can be defined as a pressurized
system, where water is distributed through a network of pipe lines to and in the field
and applied through selected sprinkler heads or water applicators.

The basic components of any sprinkler system are

a water source

a pump (to pressurize the water)

a pipe network (to distribute the water throughout the field)
sprinklers (to spray the water over the ground) and

valves (to control the flow of water)

In addition, flow meters and pressure gauges are sometimes added to monitor
system performance.

The sprinklers, when properly spaced, give a relatively uniform application
of water over the irrigated area. Sprinkler systems are usually (there are some

Fig. 2.4 Sprinkler system
(a) view of a sprinkler and
(b) sprinklers irrigating a
field
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exceptions) designed to apply water at a lower rate than the soil infiltration rate
so that the amount of water infiltrated at any point depends upon the application rate
and time of application but not the soil infiltration rate.

Sprinkler irrigation systems are normally used under more favorable operational
conditions than surface systems because farmers may control the discharge rates,
duration, and frequency. Many sprinkler systems have independent water supply or
are connected to networks which may be operated on demand. However, the pres-
sure from the hydrants or farm pumps is often not appropriate resulting in lower
(or higher) discharges than those envisaged during the design phase. Pressure head
(and discharge) variations at the hydrant should be identified by the user when
appropriate equipment is available.

Sprinklers can be moved manually to ensure an even distribution of water over
the ground, but a series of small fixed sprinklers are commonly used in an irrigation
system. The “throw” of a sprinkler is the area of land which receives water from it,
and sprinklers are placed “head to head,” meaning that they are placed sufficiently
close together so that there are no gaps of dry land between them.

2.3.4.2 Types of Sprinkler Systems

Many types of sprinkler devices and sprinkler systems are available. Sprinkler irri-
gation systems exist in various shapes, sizes, costs, and capabilities. Descriptions of
the more common types are given below.

Portable (or Hand-Move) Sprinkler System

These systems employ a lateral pipeline with sprinklers installed at regular intervals.
The lateral pipe is often made of aluminum, with 20-, 30-, or 40-feet sections, and
special quick-coupling connections at each pipe joint. The sprinkler is installed on
a pipe riser so that it may operate above the crop being grown (in orchards, the riser
may be short so that these types of sprinklers operate under the tree canopy). The
risers are connected to the lateral at the pipe coupling, with the length of pipe section
chosen to correspond to the desired sprinkler spacing. The sprinkler lateral is placed
in one location and operated until the desired water application has been made. Then
the lateral line is disassembled and moved to the next position to be irrigated. This
type of sprinkler system has a low initial cost but a high labor requirement. It can be
used on most crops, though with some, such as corn, the laterals become difficult to
move as the crop reaches maturity.

Solid Set and Permanent Systems

Sprinklers irrigate at a fixed position. Solid set systems are similar in concept to
the hand-move lateral sprinkler system, except that enough laterals are placed in
the field so that it is not necessary to move the pipe during the season. The laterals
are controlled by valves, which direct the water into the laterals irrigating at any
particular moment. The pipe laterals for the solid set system are moved into the
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Fig. 2.5 Permanent system sprinkler

field at the beginning of the season and are not removed until the end of the irrigation
season. The solid set system utilizes labor at the beginning and ends of the irrigation
season but minimizes labor needs during the irrigation season.

A permanent system is a solid set system where the main supply lines and the
sprinkler laterals are buried (Fig. 2.5) and left in place permanently (this is usually
done with PVC plastic pipe).

Side Roll System

The side roll sprinkler system is best suited for rectangular fields. The lateral line
is mounted on wheels, with the pipe forming the axle (Fig. 2.6). The wheel height

 —eg————
-

Fig. 2.6 Side roll sprinkler system
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is selected so that the axle clears the crop as it is moved. A drive unit (usually an
air-cooled gasoline-powered engine located near the center of the lateral) is used to
move the system from one irrigation position to another by rolling the wheels.

Traveling Gun System

This system utilizes a high volume, high pressure sprinkler (called “gun’’) mounted
on a trailer, with water being supplied through a flexible hose or from an open ditch
along which the trailer passes (Fig. 2.7). The gun may be operated in a stationary
position for the desired time and then moved to the next location. However, the most
common use is as a continuous move system, where the gun sprinkles as it moves.
The gun used is usually a part-circle sprinkler, operating through 80-90% of the
circle for best uniformity and allowing the trailer to move ahead on dry ground.
These systems can be used on most crops, though due to the large droplets and high
application rates produced, they are best suited to coarse soils having high intake
rates and to crops providing good ground cover.

Fig. 2.7 Traveling gun type sprinkler

Center Pivot and Linear Move Systems

The center pivot system consists of a single sprinkler lateral supported by a series
of towers. The towers are self-propelled so that the lateral rotates around a pivot
point in the center of the irrigated area (Fig. 2.8). The time for the system to revolve
through one complete circle can range from a half a day to many days. The longer
the lateral, the faster the end of the lateral travels and the larger the area irrigated by
the end section. Thus, the water application rate must increase with distance from
the pivot to deliver an even application amount. A variety of sprinkler products
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Fig. 2.8 Center pivot sprinkler system

have been developed specifically for use on these machines to better match water
requirements, water application rates, and soil characteristics. Since the center pivot
irrigates a circle, it leaves the corners of the field unirrigated (unless additions of
special equipment are made to the system). Center pivots are capable of irrigating
most field crops but have on occasion been used on tree and vine crops. Linear move
systems are similar to center pivot systems in construction, except that neither end
of the lateral pipeline is fixed. The whole line moves down the field in a direction
perpendicular to the lateral.

Continuous Move Laterals

These systems are well adapted to apply to small and frequent irrigations.

LEPA Systems

Low Energy Precision Application (LEPA) systems are similar to linear move
irrigation systems but are different enough to deserve separate mention of their
own. The lateral line is equipped with drop tubes and very low pressure orifice
emission devices discharging water just above the ground surface into furrows.
This distribution system is often combined with micro-basin land preparation for
improved runoff control (and to retain rainfall which might fall during the sea-
son). High-efficiency irrigation is possible but requires either very high soil intake
rates or adequate surface storage in the furrow micro-basins to prevent runoff or
nonuniformity along a furrow.

2.3.4.3 Capabilities and Limitations of Sprinkler System
Soil Type

Sprinklers adapt to a range of soil and topographic conditions. Light sandy soils
are well suited to sprinkler irrigation systems. Most soils can be irrigated with the
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sprinkler method, although soils with an intake rate below 0.2 in./h may require
special measures. Sprinklers are applicable to soils that are too shallow to permit
surface shaping or too variable for efficient surface irrigation.

Field Shape and Topography

In general, sprinklers can be used on any topography that can be farmed or cropped.
Land leveling is not normally required. Odd-shaped fields cannot be easily irrigated
with certain types of sprinkler systems such as center pivots.

Crops

Nearly all crops can be irrigated with some type of sprinkler system, though the
characteristics of the crop, especially the height, must be considered in system selec-
tion. Sprinklers are sometimes used to germinate seed and establish ground cover for
crops like lettuce, alfalfa, and sod. The light, frequent applications that are desirable
for this purpose are easily achieved with some sprinkler systems.

Water Quantity and Quality

Leaching salts from the soil for reclamation can be done with sprinklers using much
less water than is required by flooding methods (although a longer time is required
to accomplish the reclamation). This is particularly important in areas with a high
water table.

Efficiencies

Both the center pivot and the linear move systems are capable of very high efficiency
water application.

Financial Involvement and Labor Requirement

Sprinkler irrigation requires high capital investment but has low irrigation labor
requirements.

Advantages and Disadvantages

Advantages of sprinkler systems include the following: readily automatable, facili-
tates to chemigation and fertigation, reduced labor requirements needed for irriga-
tion. LEPA type systems can deliver precise quantities of water in a highly efficient
manner and are adaptable to a wide range of soil and topographic conditions.

A disadvantage of sprinkler irrigation is that many crops (citrus, for example) are
sensitive to foliar damage when sprinkled with saline waters. Other disadvantages
of sprinkler systems are the initially high installation cost and high maintenance cost
thereafter (when needed).
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2.3.4.4 Choosing a Sprinkler Type

When choosing a sprinkler type for irrigation, there are several considerations:

Adaptability to crop, terrain, and field shape
Labor availability and requirements
Economics

Automation facility

Ability of the system to meet crop needs

2.3.5 Drip Irrigation

2.3.5.1 Concept and Features

Drip irrigation system is traditionally the application of a constant steady flow of
water to soil at low pressure. In this system, water is applied directly to the root
zone of plants by means of applicators (orifices, emitters, porous tubing, perforated
pipe, etc.) operated under low pressure with the applicators being placed either on
or below the surface of the ground (Fig. 2.9). Water loss is minimized through these
measures, as there is very little splash owing to the low pressure and short distance
to the ground.

Drip systems tend to be very efficient and can be totally automated. Of the irri-
gation systems available, drip is the most ideally suited to high-value crops such as
the vegetables and fruits. Properly managed systems enable the production of max-
imum yields with a minimum quantity of water. These advantages often help justify
the high costs and management requirements. A typical drip irrigation system is
shown in Fig. 2.9. There are many types of drip products on the market designed to
meet the demands for just about any application.

Fig. 2.9 Drip irrigation system
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2.3.5.2 Suitabilities, Capabilities, and Limitations
Crop Suitability

Drip irrigation is most suited to high-density orchards, tree crops, and high-value
horticultural crops. Drip systems allow accurate amounts of water to be supplied
regularly to a small area of the root zone. Such a system can be used to restrict
the vegetative growth of the trees, an important part of management in high density
planting.

Drip irrigation is more suited to areas where cooler climates and higher rainfall
reduce the need for high volumes of water application.

Water Supply

Drip irrigation is not designed for applying water to large root systems. To obtain
adequate water distribution and application rates, two to three dripper lines per row
of trees are required. As only a small area of the total field is wetted, drip irrigation
is especially suited for situations where the water supply is limited. Drip tubing is
used frequently to supply water under plastic mulches.

Fertilizer Application

Applying nutrients (fertilizers) through the drip system is very effective and may
reduce the total amount of fertilizer needed. Some chemical insecticides can also be
efficiently applied (precision of amounts) via drip irrigation system. This can lead
to significant savings in money and maintenance time of the garden and field. In
this case, care must be taken to ensure that the product is suitable for this type of
application and will not damage the irrigation system.

Utilities of Buried Drip System

Burying the drip system reduces water loss even further by preventing runoff across
the surface, which can occur at very high rates on dry impervious ground. It also
reduces the chance of damaging the system while weeding. The soil surface is also
kept dry, which can reduce invasion by weeds.

Attainable Efficiency

It is the most efficient irrigation system as the water is supplied directly to the root
system, an important consideration where water supplies are limited.

Advantages and Disadvantages

There are several disadvantages and potential problems with a drip irrigation sys-
tem. Costs of the product and its installation can be relatively high compared to
more simple alternatives, although these may eventually be outweighed by savings
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in water bills. The systems are vulnerable to blockage by organic matter, either in the
water supply or algal growth in the pipes themselves. Chemicals and filtering sys-
tems can be used to minimize these problems. In a wide spaced orchard, supplying
large trees with sufficient water can pose problems with a drip system, particularly
in the 4 weeks prior to harvest.

The advantages of drip irrigation are as follows:

Highly efficient system

Saves water

Limited water sources can be used

Correct volume of water can be applied in the root zone

The system can be automated and well adapted to chemigation and fertigation
Reduces nutrient leaching, labor requirement, and operating cost

Other field operations such as harvesting and spraying can be done while
irrigating

Each plant of the field receives nearly the same amount of water

e Lower pressures are required to operate systems resulting in a reduction in energy
for pumping

The disadvantages/limitations of the drip system are as follows:

High initial cost

Technical skill is required to maintain and operate the system

The closer the spacing, the higher the system cost per hectare

Damage to drip tape may occur

Cannot wet the soil volume quickly (to recover from moisture deficit) as other
systems

Facilitates shallow root zone

e Needs clean water

2.3.6 Other Forms of Irrigation

Besides the above-mentioned methods, other categories of water application meth-
ods include the following:

Hand watering
Capillary irrigation
Localized irrigation
Trickle irrigation
Micro-irrigation
Subsurface irrigation

Hand Watering

The hand watering method is probably the most basic or earliest type of irrigation
method. Water is applied to the plant root zone (close to or directly at the root area)
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by means of a container or bucket. In the present age of automation, people do
not consider hand watering a viable alternative. However, many horticultural enter-
prises, such as nurseries and fruit trees, cannot use the automated fixed irrigation
system efficiently due to the random location of the plants and therefore use hand
watering.

Capillary Irrigation

Water is applied beneath the root zone in such a manner that it wets the root zone
by capillary rise. Buried pipes or deep surface canals are used for this purpose.

Localized Irrigation

Water is applied around each plant or a group of plants so as to wet locally and the
root zone only. The application rate is adjusted to meet evapotranspiration needs so
that percolation losses are minimized.

Trickle Irrigation

The term trickle irrigation is general and includes several more specific methods.
Trickle irrigation is the slow, frequent application of water to the soil through
emitters placed along a water delivery line. It includes drip irrigation, subsurface
irrigation, and bubbler irrigation.

Trickle irrigation is best suited for tree, vine, and row crops. The main lim-
itation is the cost of the system, which can be quite high for closely spaced
crops. Complete cover crops, such as grains or pasture cannot be economically
irrigated with trickle systems. Trickle irrigation is suitable for most soils, with
only the extremes causing any special concern. With proper design, using pres-
sure compensating emitters and pressure regulators if required, trickle irrigation
can be adapted to virtually any topography. In some areas, trickle irrigation is
successfully practiced on such steep slopes that cultivation becomes the limiting
factor.

Trickle irrigation uses a slower rate of water application over a longer period of
time than other irrigation methods. The most economical design would have water
flowing into the farm area throughout most of the day and every day during peak
use periods. If water is not available on a continuous basis, on-farm water storage
may be necessary. Trickle irrigation can be used successfully with waters of some
salinity, although some special caution is needed. Salts will tend to concentrate at
the perimeter of the wetted soil volume.

Subsurface Irrigation

Applying irrigation water below the ground surface either by raising the water table
within or near the root zone or by using a buried perforated or porous pipe system
that discharges directly into the root zone is termed subsurface irrigation.
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2.4 Selection of Irrigation Method

Decision must be made regarding the type of irrigation method before an irrigation
system is installed in a field. To choose an appropriate irrigation method, one must
know the advantages and disadvantages of the various methods. He or she must
know which method suits the local conditions best. Unfortunately, in many cases
there is no single best solution, as all methods have their relative advantages and
disadvantages. Trials of the various methods under the prevailing local conditions
provide the best basis for a sound choice of irrigation method.

2.4.1 Factors Affecting Selection of an Irrigation Method

Factors determining irrigation method are some in technical nature, some economic,
and others involve a close scrutiny of the operation and crop to be irrigated.
In selecting an irrigation method, the following factors should be considered:

Soil type

Field shape/geometry and topography

Climate — evaporation rates, wind, and rainfall

Water availability and its price

Water quality

The particular crop to be grown — physical requirements, crop layout, and water
use characteristics

Required depth and frequency of irrigation application

Labor requirements and its availability

Energy requirement

Economic factor — cost—benefit ratio, initial investment
Compatibility with existing farm equipments

Attainable irrigation efficiency of the proposed system
Relative advantages and disadvantages of the available systems
Type/level of technology at the locality

Cultural factor/previous experience with irrigation

Automation capacity

Fertigation capability

Environmental conditions — impact and regulations

Farm machinery and equipment requirements

Soil Type

Light sandy soils are not well suited to furrow or basin irrigation systems. Sandy
soils have a low water storage capacity and a high infiltration rate. They therefore
need frequent but small irrigation applications, in particular when the sandy soil
is also shallow. Under these circumstances, sprinkler or drip irrigation are more
suitable than surface irrigation. On loam or clay soils all three irrigation methods
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can be used, but surface irrigation is more commonly used. Clay soils with low
infiltration rates are ideally suited to surface irrigation.

When a variety of soil types exists within one irrigation scheme, sprinkler or
drip irrigation is recommended as they will ensure a more even water distribution.
Sprinkler or drip irrigation are preferred to surface irrigation on steeper or unevenly
sloping lands, as they require little or no land leveling. An exception is rice grown
on terraces on sloping lands.

Field Shape/Geometry and Topography

Topography of a field is a decision-making aid in the selection of the type of irri-
gation system, or in determination of size of the irrigation system to be installed.
Sprinklers fit rolling topography, but surface irrigation systems require graded fields.
Odd-shaped fields cannot be easily irrigated with certain types of sprinkler systems
such as center pivots. Rolling topography prohibits the use of furrow or surface sys-
tems because water cannot run uphill. Basins can be adopted in irrigating fields with
irregular shapes and small sizes.

Climate

Local climate greatly influences the choice of an irrigation system. In a very hot,
dry climate, a significant amount of water is evaporated during irrigation through
sprinklers. Strong wind can disturb the uniform distribution of water from sprin-
klers. Under very windy conditions, drip or surface irrigation methods are preferred.
In areas of supplementary irrigation, sprinkler or drip irrigation may be more suit-
able than surface irrigation because of their flexibility and adaptability to varying
irrigation demands on the farm.

Water Availability

An adequate water supply to meet crop demand is important for ease of opera-
tion and for management of an irrigation system. With low probability of rainfall,
a water supply should be large enough to meet crop demand. Location of water
source, quantity, and quality of water should be determined before any type of irri-
gation system is selected. No assumptions should be made with the water supply.
The amount of water available and the cost of the water (due to pumping or direct
purchase) will determine the type of system you should use. If the supply is suffi-
cient, assured and low cost, labor and/or energy saving irrigation method may be
employed. On the other hand, if the supply is scarce/limited and very expensive,
then consider only the most efficient type of irrigation system (e.g., sprinkler, drip).

Water Quality

Surface irrigation is preferred if the irrigation water contains much sediment. The
sediments may clog the drip or sprinkler irrigation systems. Water having high salt
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content may cause foliar damage if sprayed directly on the plants (e.g., sprinkler
irrigation). In this case, consider systems that deliver water directly on or below the
surface such as drip, surface, or LEPA (low energy precision agriculture) systems. In
these methods, less water is applied to the soil (and hence less salt) than with surface
methods. Special consideration is also needed in the placement of drip tubing and
emitters when irrigating with saline water.

Labor Requirement

The labor requirement and skill required for operation and maintenance varies
greatly between systems. Labor availability and cost are prime considerations for
a labor-intensive system. For example, studies have shown that about one-man-hour
per acre is required for a hand-move sprinkler system. Mechanical move systems
require 1/10 to 1/2 as such labor. Automated systems are more expensive but may
be more profitable when the labor costs over the life of the system are considered.

Surface irrigation often requires a much higher labor input — for construction,
operation, and maintenance — than sprinkler or drip irrigation. Surface irrigation
requires accurate land leveling, regular maintenance, and a high level of farmers’
organization to operate the system. Sprinkler and drip irrigation require little land
leveling; system operation and maintenance are also less labor intensive.

Energy Requirement

With surface irrigation, little or no energy is required to distribute the water through-
out the field, but some energy may be needed to bring the water to the field,
especially when water is pumped from the ground. In some instances, these energy
costs can be substantial, particularly with low water use efficiencies. Some labor
and energy will be necessary for land grading and preparation.

Economic Factors
Costs and Benefits

Before choosing an irrigation system, an estimate must be made of the costs and
benefits of the available options. On the cost side, not only the construction and
installation but also the operation and maintenance (per hectare) should be taken
into account. These costs should then be compared with the expected benefits (price
of yields). It is obvious that farmers will only be interested in implementing a certain
method if they consider this economically attractive (higher benefit—cost ratio).

Initial Investment/Development Cost

Although a method is found to be economical, it cannot be implemented due to limi-
tation of fund for initial development cost. Sprinkler and drip systems require higher
initial costs. Among surface irrigation configurations, basin irrigation is generally
expensive to develop and maintain.
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Compatibility with Existing Farm Equipments

Choose a system that is compatible with your farming operations, equipment, field
conditions, and crops and/or crop rotation plan.

Attainable Irrigation Efficiency of the System

Water application efficiency is generally higher with sprinkler and drip irrigation
than surface irrigation, so these methods are preferred when water is in short supply.
However, it must be remembered that efficiency is just as much a function of the
irrigator as the method used.

Relative Advantage and Disadvantages of the Available Methods

Several irrigation systems are on the market. Each system has advantages and dis-
advantages. A discussion of suitability/capabilities of different systems has been
explained earlier. These points should be taken into consideration.

Crop to Be Irrigated/Type of Crop

The crop type influences the selection of the irrigation method. Surface irrigation
can be used for all types of crops. Sprinkler and drip irrigation, because of their
high capital investment per hectare, are mostly used for high-value cash crops, such
as vegetables and fruit trees. They are seldom used for the lower value staple crops.
Widely spaced crops do not require total field soil volume to be wetted, and thus
basin or border irrigation in this case is less useful. Instead, a mini-basin can be
formed around each tree. Drip irrigation is suited to irrigating individual plants or
trees or row crops. It is not suitable for close growing crops (e.g., paddy). Paddy
(rice) is always grown in basins. Many other crops can also be grown in basins (e.g.,
maize, sorghum). If paddy is the major crop, basins will be the logical choice. Those
crops that cannot stand a very wet soil for more than 12-24 h should not be grown
in basins. Row crops such as maize, vegetables, and trees are best suited to furrow
irrigation. Close growing crops such as wheat, mustard, and alfalfa are best suited
to border irrigation.

Required Depth and Frequency of Irrigation Application

The depth of water (mm) required per irrigation and seasonal total water require-
ment influence the irrigation method. Field experience has shown that most water
can be applied per irrigation application when using basin irrigation, less with bor-
der irrigation, and least with furrow irrigation. Usually 40—70 mm of water is applied
in basin irrigation, 30—60 mm in border irrigation, and 20-50 mm in furrow irriga-
tion (in large-scale irrigation projects, the amounts of water applied may be much
higher). This means that if only little water is to be applied per application, e.g., on
sandy soils and a shallow rooting crop, furrow irrigation would be most appropriate.
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On the other hand, if a large amount of irrigation water is to be applied per appli-
cation, e.g., on a clay soil and with a deep rooting crop, border or basin irrigation
would be more appropriate.

Farm Machinery and Equipment Requirement

If an irrigation system requires heavy farm machinery and equipment to install and
for maintenance, it will be less preferred by the irrigators having low- and medium-
level technology.

Level of Technology at the Locality

The level of technology in the locality affects the choice of irrigation method. In
general, drip and sprinkler irrigation are technically more complicated methods. The
purchase of equipment requires high capital investment per hectare. To maintain the
equipment a high level of “know-how” has to be available. Also, a regular supply
of fuel and spare parts must be maintained which, together with the purchase of
equipment, may require foreign currency.

Surface irrigation systems, in particular small-scale schemes, usually require less
sophisticated equipment for both construction and maintenance (unless pumps are
used). The equipment needed is often easier to maintain and less dependent on the
availability of foreign currency.

Basin irrigation is the simplest of the surface irrigation methods. Especially if
the basins are small, they can be constructed by hand or animal traction. Their oper-
ation and maintenance is simple. Furrow irrigation, with the possible exception of
short, level furrows, requires accurate field grading. This is often done by machines.
The maintenance — plowing and furrowing — is also often done by machines. This
requires skill, organization, and frequently the use of foreign currency for fuel,
equipment, and spare parts. All these factors affect the selection process of irrigation
methods.

Tradition/Previous Experience with Irrigation

The choice of an irrigation method also depends on the irrigation tradition within
the region or country. Introducing a previously unknown method may lead to unex-
pected complications. It is not certain that the farmers will accept the new method.
Most irrigators tend to stay with practices that have been used previously in their
area rather than take the risk associated with a new technology. The uncertainties
with the new method include the following: the servicing of the equipment may be
problematic and the costs may be high compared to the benefits. Often it is easier to
improve the traditional irrigation method than to introduce a totally new method.

Personal Preference/Cultural Factor

Select a system that you can live with. If you do not like your system, chances are
you will not operate or maintain it properly.
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2.4.2 Selection Procedure

To choose an irrigation method, the farmer must know the advantages and disad-
vantages of the various methods. He or she must know which method suits the local
conditions best. Unfortunately, in many cases, there is no single best solution: all
methods have their advantages and disadvantages. Testing of the various methods
under the prevailing local conditions provides the best basis for a sound choice of
irrigation method. Based on the local soil, climate, crop and water availability, and
the suitability and limiting criteria of the methods (described in earlier sections, and
also summarized in Table 2.1), the irrigation engineer will prescribe the appropriate
method for the particular area.

Relevant Journals

— Irrigation Science

— Agricultural Water Management

— Irrigation and Drainage System

— Journal of Irrigation and Drainage Division, ASCE

— Transactions of the American Society of Agricultural Engineers
— ICID Bulletins

— Agronomy Journal

Questions

(1) What are the different methods of applying water to crops?

(2) Describe in brief the characteristic features, suitabilities, and limitations of the
following irrigation methods: (a) Border, (b) Basin, (c) Furrow, (d) Sprinkler,
(e) Drip, and (f) Trickle.

(3) Describe the factors influencing selection of an irrigation method.

(4) Compare different irrigation systems in relation to site and different situation
factors.

(5) As an irrigation engineer, you are asked to advise regarding irrigation method
in a new irrigable farming area. What points will you consider and what steps
will you follow to materialize your job.
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Irrigation scheduling is the decision process related to “when” to irrigate and “how
much” water to apply to a crop. The irrigation method concerns “how” that desired
water depth is applied to the field. To achieve high performance in an irrigation
system, it must be designed to irrigate uniformly, with the ability to apply the right
depth at the right time. Properly designed, installed, maintained and managed irriga-
tion systems greatly reduce the volume of irrigation water and hence save energy and
money. Besides, it improves the crop yield and quality. This chapter discusses the
detailed design aspects of different types of irrigation system. The design procedures
are explained through sample examples.

3.1 Some Common Issues in Surface Irrigation
System Designing

The study of surface irrigation can be classified into two basic categories (Alazba,
1997): design and analysis. Determination of the water advance or infiltration
advance is an analysis problem, whereas computation of the inflow rate or system
layout (e.g., length, width, slope) is a design problem.

The analysis of flow in surface irrigation is complex due to the interactions of
several variables such as infiltration characteristics, inflow rate, and hydraulic resis-
tance. The design is more complex due to interactions of input variables and the
target output parameters such as irrigation efficiency, uniformity, runoff, and deep
percolation.

In most cases, the aim of the surface irrigation system design is to determine the
appropriate inflow rates and cutoff times so that maximum or desired performance
is obtained for a given field condition.

3.1.1 Design Principle of Surface Irrigation System

The surface irrigation method (border, basin, and furrow) should be able to apply an
equal depth of water all over the field without causing any erosion. To minimize the
percolation losses, the opportunity time (difference between advance and recession
periods) should be uniform throughout the plot and also equal to the time required
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to put the required depth of water into the soil. Runoff from the field can be elimi-
nated through controlling the inflow rate at which inflow decays with time exactly
coincides with decay of the average infiltration rate with time for the entire length
of the field. Inflow is usually cut back in discrete steps.

3.1.2 Variables in Surface Irrigation System

Important variables in surface irrigation system include the following: (i) infiltration
rate, (ii) surface roughness, (iii) size of stream, (iv) slope of land surface, (v) ero-
sion hazard, (vi) rate of advance, (vii) length of run, (viii) depth of flow, (ix) depth
of water to be applied, (x) infiltration depth. These are schematically presented in
Fig. 3.1.

Fig. 3.1 Schematic showing
of different variables in a
surface irrigation system

o —

j % ~ ™ Water front
I |¢—— Length of run, L4>|
(@)

Water depth

Depth of infiltration

(b)

3.1.3 Hydraulics in Surface Irrigation System

In general, there are the following three phases of water-front in a surface irrigation
system:
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e advance
e wetting (or ponding) and
e recession

The advance phase starts when water first enters the field plot and continues up
to the time when it has advanced to the end of plot (Fig. 3.2). The period between
the time of advance completion and the time when the inflow is cut off or shut off is
referred to as wetting or ponding or storage phase. After termination of the inflow,
the ponding water or the water-front recedes from the field by draining and/or into
the next field by infiltration. This is the recession phase.

Recession curve —_
Water Recession phase
stopped/ [~ 7TTTTTT[ T I oo
cutoff
Wetting or
ponding phase
: I
2
. § Qpponunity Advance curve —,
& _8 time Time of
g §n advance
£ E Advance
phase

Distance from inlet

Fig. 3.2 Schematic presentation of phases of water-front in surface irrigation system

Unsteady overland flow analysis is required for the design and management of
surface irrigation systems. When sufficient water is released over a porous medium
in surface irrigation, part of this water infiltrates into the soil (Fig. 3.1) and the
remainder moves over the field as overland flow. Hydraulic analysis of surface
flow during all the phases of irrigation from advance to recession is important for
successful design and operation of a surface irrigation system.

3.2 Border Irrigation System Design

3.2.1 Definition of Relevant Terminologies

Border strip: The area of land bounded by two border ridges or dikes that guide the
irrigation stream from the inlet point of application to the ends of the strip.

Cutback: Reduction of flow rate (partially or fully) is referred to as cutback. The
objective of cutback is to reduce runoff from the field.

Cutoff time: Cutoff time is the time at which the supply is turned off, measured
from the onset of irrigation. Cutoff time has no impact on advance as long as the
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former is taken up to equal or is larger than the advance time. Cutoff, however,
has an influence on recession. The most important effect of cutoff is reflected on
the amount of losses, deep percolation and surface runoff, and hence efficiency
as well as adequacy of irrigation.

Advance ratio: Advance ratio quantifies the relative proportion of advance time to
that of cutoff time.

Cutback ratio: The cutback ratio represents the ratio of post-advance flow rate to
advance flow rate.

Tailwater recovery ratio: Tailwater recovery ratio (RTwr) represents the ratio of the
volume of runoff that can be recovered for use in subsequent sets to that of the
total volume of surface runoff resulting from a single application, that is,

R runoff - recovered
TWR = — =
total - runoff

Return flow: Water that reaches a surface water source after release from the point
of use, and becomes available for use again.

Irrigation efficiency: It is the ratio of average depth of irrigation water beneficially
used to the average depth applied, and normally expressed as percentage.

Application efficiency: It is the ratio of the average depth of irrigation water stored
in the crop root zone to the average depth applied, expressed as percentage.

Farm irrigation efficiency: It is the percentage of the water applied at the farm inlet
which is stored in the root zone for crop use.

Distribution uniformity: It is a measure of evenness (or unevenness) of application
and has a significant effect on application efficiency.

Recession flow: After the inflow stream is cut off, the tail water recedes from the
plot downward. This flow of water is termed as recession flow.

3.2.2 General Overview and Considerations

Borders generally are prepared with zero side slope and a small but uniform longi-
tudinal slope not exceeding 1%. The borders are divided by levees running down the
slope at uniform spacing. The lower end of the border is opened to a drainage ditch
or closed with a levee to create ponding on the end of the border. Levees are pulled
across the end on steeper borders. Border irrigation is best adapted to grain and
forage crops where there are large areas of flat topography, and water supplies are
large. The major investment is land preparation, and border irrigation is relatively
inexpensive to operate after installation.

The main design considerations for border irrigation include flow rate, width,
length, slope, and outlet conditions. Water requirements range from 15 to 45 gal
per min per foot of width depending on length, slope, and soil type of the border.
Sometimes crops are planted across borders or planted parallel to the border or
parallel to the border with shallow furrows or corrugations to help guide the water
down the border, especially if there is a small side slope.
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3.2.3 Factors Affecting Border Performance and Design

3.2.3.1 Soil Type and Infiltration Characteristics

Soil infiltration characteristics have the biggest influence on design border inflow,
time of inflow for specific field and crop condition, length of border, and application
uniformity. Infiltration rate for a soil type and surface texture varies from farm to
farm, field to field, and throughout the growing season; typically because of the
field preparation, cultural practice (such as weeding, irrigation), and field traffic. To
approximate the infiltration amount based upon advance and opportunity time for a
border, a correlation is made using cylinder infiltration test data.

3.2.3.2 Border Inflows

For a particular soil and crop condition, the length of border run and width varies
with the available flow rate. Insufficient water supply can cause the water advance
to prolong, resulting in a reduction of efficiency. On the other hand, time of advance
decreases with the increase in flow rate. Thus, an increase in unit inflow rate can
reduce deep percolation losses and improve application efficiency.

3.2.3.3 Longitudinal Slope

Optimum longitudinal slope may aid in achieving better uniformity and efficiency.

3.2.3.4 Irrigation Depth

The duration of irrigation is dependent on the depth to be applied.

3.2.4 Design Parameters

The main design parameters for border irrigation system include the following:

unit flow rate, Q
length of border, L
width of border, W
slope, S

cutoff time, 7.,

The slope of a border is controlled by the natural slope of the field and can be
modified only if the orientation of the field with respect to the main slope of the land
is changed or when land grading is applied. Appropriate slope for border depends
on soil (type, profile depth) and crop combination.



3.2 Border Irrigation System Design 71
3.2.5 Design Approaches and Procedures for Border

3.2.5.1 Approaches

Design parameters of border irrigation system can be determined using either of the
following two approaches:

(a) Design discharge (Q) for a predetermined border size and slope (L, W, S)
(b) Design L, W, S for a given Q

In designing surface irrigation system, several difficulties are encountered. This
is because the output requirements such as application efficiency, storage efficiency,
and distribution uniformity (DU) have interaction with the input parameters. The
storage efficiency is expected to be above 95% and DU is above 90%.

3.2.5.2 Empirical Models for Designing Border Irrigation System
SCS Method

To ensure adequate spread of water over the entire border, a minimum allow-
able inflow rate gmi, must be used. The following equation was proposed by SCS
(USDA, 1974) to estimate gmin:

.5
L x Sg

n

Gmin = (5.95 x 107°%) x (3.1

where

gmin = discharge per unit width, m3/s/m

L = border length, m

So = border slope, m/m

n = roughness coefficient (0.15-0.25, the higher the rougher, the higher the n
value)

When the soil erodibility causes restrictions on g, the maximum allowable inflow
rate gmax can be obtained using the empirical method proposed by SCS (USDA,
1974), where gmax 1 expressed as a function of field slope Sy and type of crop, sod,
and nonsod, by

Gmax = CSy "7 (3.2)

where

Gmax 18 in m3/s/m
So = field slope in m/m
C = empirical coefficient equal to 3.5x 10~* for sod and 1.7x 10~ for nonsod.

When the dike height causes the restrictions on ¢, the maximum allowable inflow
rate can be obtained using Manning’s equation:
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1 53 1,2
dmax = ;ym/axso/ 3.3)

where

Ymax = maximum allowable depth of flow assumed to equal 0.15 m
n = roughness coefficient (~0.4-0.25)
So = field slope (m/m) [0.1-0.5%]

Alazba’s Empirical Model
Alazba (1998) derived empirical equation for border inflow rate and application time
as follows:

10562 o ,0.1094 o p1.225  /3.832

Gap1 = CU,
0.09 0.823
ST X Drgg

(3.4)

where

gapl = inflow rate, m3/h/m

CU,; = unit conversion factor, equal to 0.642 for gupp in m3/h/m,
Linm, kin m/h? and Dreq in m (and 3.39 x 10~* for FPS unit)

L = border length in m

k, a = empirical parameter of Kostiakov infiltration equation (z = k%, z is
infiltration depth (m), 7 is time of infiltration (h))

So = field slope (m/m)

n = roughness coefficient (0.1-0.2)

Dyeq = required depth of infiltration (m)

The application time corresponding to design application rate:

L1y, 00093 , ¢0.0203 . 70.387 0.952
L xn x 8 x k X Drgq

(3.5)

Tap1 = CUT X 10885 . ,0.75
qappl

where

T,p1 = application time, h

CU,; = unit conversion factor, equal to 2.5 for Tapp in h, L in m,
kin m/h?, and Dreq in m (and 1.47 x 1072 for FPS unit)

gapl = inflow in m*/h/m

Dyeq = required depth of infiltration (m)

Other variables are defined earlier.
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3.2.6 Sample Workout Problems

Example 3.1

Design a border strip with the following characteristics:

Field length, L = 180 m

Field slope, So = 0.003

Infiltration family, IF = 0.5

k = 0.033 m/h?

a=0.63

Roughness coefficient, n = 0.15

Required depth of infiltration, Dyeq = 0.08 m

Solution

We get the unit flow rate to be applied:

110562 o 01094 51.225 o 3.832

0.09 0.823
S X Dreq

Gap1 = CU,

Here, given

L=180m

n=0.15

k= 0.033 m/h?

a=0.62

S =0.003 m/m

Dyeq= 0.08 m

CU,= conversion factor. To convert into SI unit, CU;= 0.642

(i) Putting the values, we obtain,

(1 80) 1 .0562(0_ 15)0.1094(0.033) 1.225 (0.63)3'832
(0.003)0:99(0.08)0523

Gapl = 0.642 x
= 4.157 m3/h-m (Ans.)
(i) We get application time for designed flow rate:

1.1 0.0093 0.0203 0.387 0.952
L' xn x 8 X k X Dreq

Ty = CUT %

1.0885
L8 x 075
Given,

Gapl = 4.157 m*/h-m

CU7 = 2.5 (coefficient to convert into SI unit)
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Putting the values,

(180)"-1(0.1)%09%3(0.003)%0293(0.033)%-387(0.08)*52

Tapt = 2.5 x (4.157)10885(0 62075

— 476 h (Ans.)

Example 3.2

In an irrigation command, it is decided to implement border irrigation system. From
the field observation, the following field characteristics are gathered:

Field length, L =250 m
Field slope, So = 0.005
o Infiltration family, IF = 0.5
k = 0.04 m/h?
a=0.6
e Roughness coefficient, n = 0.12
e Required depth of infiltration, Dreq = 0.11 m

Design a border strip with the above information.

Solution
We get unit flow rate to be applied:

110562 o 01094  51.225 o /3.832

0.09 0.823
S X Dreq

qapl - CUq

Here, given

L =250m

n=0.12

k= 0.04 m/h?

a=0.6

S =0.005 m/m

Dyeq=0.09 m

CU,= conversion factor. To convert into SI unit, CU,= 0.642

(a) Putting the values, we obtain

Ganl = 0.642 x (250)1'0562(0-12)0'1094(0-04)1'225(0.60)3'832
e (0.005)09(0.09)0523
= 5.5546 m’/h - m (Ans.)
= 1.5431l/s-m
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(b) We get application time for designed flow rate:

1.1 0.0093 .0203 0.387 0.952
L xn X Sg x k X Drgq

1.0885 0.75
qappl X a

Tyt = CUr X

Given,

apl = 5.5546 m*/h-m
CUr = 2.5 (coefficient to convert into SI unit)
Putting the values,

(250) 1.1 (0 12)0.0093 (0-005)0.0203 (0.04)0.387 (0_09)0.952

Topr = 2.5 (5.5546)1.0885(().6)0.75

= 6.22h (Ans.)

Example 3.3

In a wheat field, a farmer has made border strip of 150 m length. The roughness of
the field is estimated as n = 0.10, and the average field slope along the border is
0.08%. Determine the required flow rate per unit width of the border.

Solution

Minimum flow rate based on length of run, field slope, and roughness is (SCS):

6 L x Sg‘s
Ggmin = (595 x 107°) x
Given,
L=150 m
So =0.08% = 0.008
n=0.10

Putting the values in the above equation, we get

gmin = 0.000798 m*/s - m (Ans.)

Example 3.4

A soybean field is to be designed for irrigation through border method. The field
configuration allows 300 m long border strip. The grade of the field toward the field
drainage channel is 0.3%. Calculate the unit flow rate based on minimum criteria.
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Solution
We get
_6 L x 893
Gmin = (5.95 x 107°) x
n
Here
L=300 m

So = 0.3% = 0.003
Assuming n = 0.15
We get gmin = 0.000978 m3/s-m (Ans.)

Check

According to SCS, max. non-erosive flow rate gmax = CSy "7

Taking C = 0.00017, So = 0.003; gmax = 0.013262 m3/s-m
Assuming limiting case for ponding (~0.15 m) and adopting Manning’s

formulation,
_lspan
dmax = _YmaxSO
n
n=0.1
YVmax = 0.15m
So = 0.003

Putting the values, gmax = 0.0232

The minimum flow rate (gmin) is lower than the gmax under different limiting
conditions; thus it is safe.

3.2.7 Simulation Modeling for Border Design

Design and management of border layouts (and also for other surface irrigation
systems) requires knowledge of the hydraulics of overland flow, infiltration, and
drainage behavior. The simulation model is useful in integrating all the relevant and
interacting processes.

Border irrigation system can be modeled using one-dimensional or two-
dimensional flow analysis. In one-dimensional analysis, the pattern of water flow
over and under the soil surface is assumed to be repeated across the width of the
field. With respect to field behavior, this assumption cannot be fully justified. But
for simplicity, one-dimensional assumption is frequently used in border or other
surface irrigation systems.
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In actual field condition, infiltration occurs along the border strip. Thus, the
flow with constant inflow discharge becomes unsteady and gradually varied. Hence,
the steady flow equation does not match the reality. Therefore, two-dimensional
unsteady gradually varied surface water flow equation (with appropriate initial and
boundary conditions) can be solved for modeling the border irrigation system (and
also other surface irrigation systems) analysis and simulation.

3.2.8 Existing Software Tools/Models for Border Irrigation
Design and Analysis

3.2.8.1 BORDEV

BORDEYV is a Border Design-management and EValuation tool. The BORDEV
software package is based on the solution of the volume balance model (Zerihun
and Feyen, 1996 BORDEV: BORder Design-management and Evaluation manual &
FURDEV: FURow Design-management manual. Unpublished manuals. Institute for
Land and Water Management, Katholieke Universiteit Leuven, Leuven, Belgium).
The volume balance model consists of a spatially and temporally lumped form of the
continuity equation and is applied primarily to the advance phase. The basic output
of the model is the information for drawing the distance-elapsed time diagram of the
irrigation cycle, showing the advance and recession curve and providing the oppor-
tunity time versus distance. The program has advanced developed user interface.
The design and management approach which governed the design of the structure
of BORDEV is based on the notion that a design and management scenario must
be able to “maximize” E,, given the system parameters, while maintaining the other
two performance indices above certain threshold levels.

3.2.8.2 SIRMOD

The SIRMOD (Surface IRrigation computer simulation MODel) model simulates
the hydraulics of surface irrigation (border, basin, and furrow) at the field level
(Walker, 1989). The simulation routine used in SIRMOD is based on the numerical
solution of the Saint-Venant equations for conservation of mass and momentum.

Inputs required for the model to simulate an irrigation event in furrow include
infiltration characteristic, hydraulic resistance (Manning’s n), furrow geometry, fur-
row slope, furrow length, inflow rate, and advance cutoff time. The output from
the model includes the advance and recession characteristics, ultimate distribution
of infiltrated water, and parameters related to water application efficiency, storage
efficiency, and runoff hydrographs.

3.2.8.3 SIRMOD II

It is an updated version of SIRMOD. SIRMOD II is a simulation, evaluation,
and design program for surface irrigation systems. It employs user-selectable
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kinematic-wave, zero-inertia, and hydrodynamic analyses. Design output includes
field dimensions, optimal inflow and cutoff time, and field subdivisions.

3.2.8.4 WinSRFR

WinSREFR is an integrated software package for analyzing surface irrigation sys-
tems (border, basin, furrow). Founded on an unsteady flow hydraulic model, the
software integrates event analysis, design, and operational analysis functionalities,
in addition to simulation (USDA-ARS-ALARC, 2006; Bautista et al., 2009). Except
for the Event Analysis, WinSRFR’s capabilities are based on those provided by the
programs SRFR, BORDER, and BASIN. Procedures in the Event Analysis world
are used to evaluate the performance of irrigation events from field measured data
and to estimate infiltration parameters needed for evaluation, simulation, physical
design, and operational analysis.

WinSRFR was designed with two important organizational features. First,
WinSRFR has four major defined functionalities (referred to as Worlds in the
software):

Event Analysis World — Irrigation event analysis and parameter estimation
functions

Physical Design World — Design functions for optimizing the physical layout
of a field

Operations Analysis World — Operations functions for optimizing irrigations

Simulation World — SRFR simulation functions for testing and sensitivity
analysis
The second organizational feature is that scenarios run with these functions are
stored in separate data folders. This structure organizes the data into logical groups
and allows outputs generated in one World to be used as inputs in a different World.
Performance measures analyzed by WinSRFR include distribution uniformity,
potential application efficiency, runoff and deep percolation fractions, minimum
infiltrated depth, total applied depth, the ratio of advance distance at cutoff time
relative to field length, or the ratio of cutoff time to final advance time. The tool
allows users to search for combinations of the decision variables that will result
in high levels of uniformity and efficiency while taking into account practical and
hydraulic constraints.

3.2.8.5 SADREG

SADREG is a Web decision support system for surface irrigation design, an Internet
application to assist designers and managers in the process of design and planning
improvements in farm surface irrigation systems — furrow, basin, and border irri-
gation (Muga et al., 2008). It allows creating a large set of alternative solutions,
their impact evaluation and multicriteria selection analysis through an integrated
framework of user knowledge, database, and simulation models.
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3.2.9 General Guidelines for Border

The unit flow rate, border length, width, and cutoff time should be selected such that
the application efficiency, water storage efficiency, and distribution uniformity are
maximized or optimal (higher than the prescribed threshold lower limit). In addition,
the system needs to monitor or evaluate on a regular basis.

Typical border parameters for different soil types and slopes are given in
Table 3.1.

Table 3.1 Typical border parameters under different conditions (USDA, 1955)

Depth applied Border width ~ Border length

Soil type Slope (%) (mm) (m) (m) Flow rate (I/s)
Coarse 0.25 50 15 150 240
100 15 250 210
1.0 50 12 100 80
100 12 150 70
Medium 0.25 50 15 250 210
100 15 400 180
1.0 50 12 150 70
100 12 300 70
Fine 0.25 50 15 400 120
100 15 400 70
1.0 50 12 400 70
100 12 400 35

3.3 Basin Irrigation Design

In the basin, water is applied in such a way that it covers the basin relatively quickly.
Check bands/dikes around the field keep the water within the basin until all the
water infiltrates. Thus, the water remains in all parts of the basin for about the same
duration with only minor differences.

Mainly two types of basin layouts are practiced worldwide: closed single
basins (with or without outflow or runoff), and multiple basin layouts which are
sequentially connected through inter-basin flow.

3.3.1 Factors Affecting Basin Performance and Design

The shape and size of basins are mainly determined by the land slope, soil type,
available stream size (the water flow to the basin), required depth of irrigation
application, and farming practices.
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3.3.1.1 Flow Rate

Supply channel discharge is an important parameter in the design and manage-
ment of contour basin layouts as it determines the boundary inflow depth, irrigation
uniformity and efficiency, and ultimately it is the key controllable design and man-
agement parameter that determines how fast a basin can be irrigated to the target
depth.

An increase in unit inflow rate can reduce deep percolation losses and improve
application efficiency. The time of advance decreases with the increase in flow
rate. Advance time in contour layouts is a very important factor for crops that do
not require or tolerate ponding or when the target depth of irrigation is relatively
small. The objective in this situation is to irrigate and drain the basin as quickly as
possible.

In summary, it can be said that higher inflows lead to higher efficiencies and
uniformity but should be used judiciously to avoid an excessive application depth.

3.3.1.2 Soil Type

The efficiency and uniformity of basin irrigation depend on the relative magnitude
of the soil infiltration rate and flow rate. A soil with a relatively high infiltration
rate will require a substantially higher flow rate to achieve the same uniformity and
efficiency as for a heavier soil.

3.3.1.3 Basin Longitudinal Slope

By definition, basins are irrigation units graded to zero slope in both directions.
However, it is a common practice among designers to provide some slope in the
longitudinal direction to facilitate advance. But the research results (Khanna et al.,
2003a) suggests that while some longitudinal slope might aid in achieving better
uniformity and efficiency, the selection of the best slope for a basin requires careful
analysis for each case.

3.3.1.4 Aspect Ratio

Aspect ratio is the ratio of width to length of the basin. With the increase in aspect
ratio, the application efficiency and irrigation uniformity decrease, meaning a reduc-
tion in irrigation performance. The reason is that increase in aspect ratio leads to
greater deep percolation losses as the time of advance also increases. The indicators
are particularly sensitive at low aspect ratio, whereas these two parameters remain
largely unchanged for greater aspect ratios.

3.3.1.5 Local Surface Micro-topography

The local undulations are commonly termed as micro-topography. Local undula-
tions on the basin’s surface are important factors affecting advance and recession.
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They are significant in basin irrigation because they cause local stagnation of water
and irregular advance of the waterfront.

3.3.1.6 Number of Check Bank Outlets

The amount of drainage between basins depends on the number of outlets installed
in the check bank. Drainage of the basin is very important for good water and crop
management. It is a common practice that in a multiple-basin operation, runoff from
the upstream basin drains into the downstream basin. Typically, designers use either
one or two outlets in their basin designs.

3.3.1.7 Elevation Difference (Vertical Interval) Between Adjacent Basins

The vertical interval between adjacent basins is an important parameter in the design
of contour layouts because it affects ponding of water and drainage of excess water
from the upstream basin. The vertical difference in elevation between contour basins
is primarily dictated by the natural land topography. Through land forming prac-
tices, a designer can alter the existing elevation intervals between adjacent basins to
better suit other features of the design including the elevation of the water source,
supply channel, and reuse pond.

3.3.1.8 Irrigation Depth

The duration of irrigation is dependent on the depth to be applied.

3.3.2 Hydraulics in Basin Irrigation System

Overland flow in surface irrigation systems is commonly described using a one-
dimensional analysis, in which the pattern of water flow over and into the soil
surface is assumed to be repeated across the width of the field (Clemmens and
Strelkoff, 1979). This assumption produces good results in cases when the flow
can be considered linear such as in furrow and border irrigation. However, in a
basin irrigation configuration, as well as in contour basin layouts, a one-dimensional
approach is difficult to justify especially if the field geometry is irregular or if water
does not enter the field uniformly along one of its sides. Hence, it is more appropri-
ate to simulate the hydraulic processes in contour layouts using a two-dimensional
flow simulation approach.

There are two main processes involved in flow over porous media. One is
the surface flow and the other is the vertical movement (infiltration) of water
into the soil. A typical advance process in basin irrigation layouts is shown in
Fig. 3.3 The figure shows the waterfront lines during the advance phase in a
basin.
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3.3.3 Simulation Modeling for Basin Design

There are many design parameters which influence hydraulic processes during an
irrigation event in basin layouts. It is very difficult to predict and compare the per-
formance of alternative design layouts without using a physically based simulation
model to describe the process.

Generally, simulation models for basin irrigation design are based on governing
equations in the form of full hydrodynamic Saint-Venant equations or the simplified
zero-inertia approximation (neglecting inertial terms).

3.3.3.1 Hydrodynamic Model

In this approach, the overland flow is described by the depth-averaged hydrody-
namic flow equations. These equations consist of the continuity equation and the
momentum equation. The two-dimensional continuity equation for shallow water
flow is written as (Chaudhry, 1993):

a(hu)  d(hv)
8t+ ox + ay

+1I;,=0 (3.6)

where u and v are the velocities in x- and y-directions (m/s), i the water depth (m),
I the volumetric rate of infiltration per unit area (m/s) and ¢ is the time (s). The
momentum equations in the x- and y-directions are as follows:

d(uh) N Au* h) N d(uvh)

W2 s =0 3.7
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d(vh) 8(uvh) (V2 h)
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where g is the acceleration due to gravity (m/s?), H=h+zy the water surface
elevation above the datum, z( the bottom elevation above an arbitrary datum (m),
and Sy and Sp;, are the components of friction slope in x- and y-directions. The first
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term in both Egs. (3.7) and (3.8) relates to the temporal acceleration term, and the
following two terms stem from the advective accelerations in x and y-directions;
these account for the inertia effects.

Based on these shallow water flow equations, numerous models have been
developed for basin irrigation design. But the solution approaches of the govern-
ing equations differ from each other. The two-dimensional hydrodynamic model
has been extended to incorporate micro-topography (Playan et al., 1996), irreg-
ular boundaries (Singh and Bhallamudi, 1997), non-level basin (Bradford and
Katopodes, 2001), and many other particular situations.

3.3.3.2 Zero-Inertia Model

Probably Strelkoff et al. (1996, 2003) were the first to attempt to develop a
simulation model for basin irrigation in two-dimensions using the zero-inertia
approximation. The developed model simulates two-dimensional flow from a point
or line source in an irrigated basin with a non-level soil surface. The govern-
ing equations used were obtained by simplifying the full hydrodynamic from of
the equations (Eqs.3.6, 3.7 and 3.8) by neglecting the inertial terms. The effect
of the inertial terms becomes small compared with those describing the effect of
depth gradient gravity and friction in shallow water flow. This is typical of agri-
cultural fields where the flow process is more diffusional in nature due to the low
velocities.

The continuity equation can be obtained by expressing g,=uh and gy—vh, dis-
charge per unit width (m?/s) in the x- and y-directions, respectively. Using dh/dt =
0H /0t and substituting g, and gy in Eq. (3.6) yields

0H = 0qx n gy
ot ax ay

+1I;,=0 3.9

By neglecting the inertial terms in Egs. (3.2) and (3.3) become

% + S =0 (3.10)
ax '

oH

8—y+Sfy=0 (3.1

3.3.3.3 Other Approaches

Clemmens and Strelkoff (1979) developed dimensionless advance curves, using
the zero-inertia approach for level basin irrigation design. Khanna et al. (2003b,
¢) developed a two-dimensional model for the design of rectangular basin, and
irregular shape and multiple basins. In both the cases, the model’s governing equa-
tions are based on a zero-inertia approximation to the two-dimensional shallow
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water equations. For the first case, the governing equations were solved by using
a split-operator approach. For the second case, the governing equations were solved
by using a split-operator approach using the method of characteristics coupled
with two-dimensional Taylor series expansion for interpolation and calculation of
diffusion terms.

3.3.4 Existing Models for Basin Irrigation Design

3.3.4.1 COBASIM

A two-dimensional simulation model, titled “contour basin simulation model”
(COBASIM) was developed by Khanna et al. (2003a, b). It simulates the over-
land flow hydraulics and infiltration processes that occur in contour basin layouts.
The model is capable of simulating contour basin layouts of regular and irreg-
ular shape and size. The main objective of developing the simulation tool was
to enable designers and practitioners to simulate the behavior of multiple design
scenarios.

3.3.4.2 BASCAD

It was developed by Boonstra and Jurriens (1988) for level basin design. BASCAD
simulates advance with a zero-inertia model in real time, then uses a volume balance
to determine a single recession time and the final distribution of infiltrated water.
The program allows the user to start by providing the computer with very limited
data, have the computer provide “ballpark” estimates for unknown parameters, and
proceed with the user providing values for more parameters. The user does not have
direct control over performance measures.

3.3.4.3 SIRMOD, WinSRFR, SADREG

These models have been described in border irrigation section.

3.4 Furrow Irrigation System Design

Furrows are sloping channels formed in the soil. The amount of water that can be
applied in a single application via furrow (or in other conventional surface irrigation,
that is, flood or border irrigation or, to some extent, sprinkler irrigation) depends
upon the ability of the soil to absorb water. The irrigation process in a furrow is iden-
tical to the irrigation process in a border, with the only difference that the geometry
of the cross-section, and as such the infiltration process, is different. Among surface
irrigation systems, furrow irrigation with cutback is commonly used because of its
potential higher irrigation efficiency, lower cost and relative simplicity.
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3.4.1 Hydraulics of Furrow Irrigation System

Furrow irrigation involves the application of irrigation water at the top end of a field
into furrows (Fig. 3.4). The water then flows along these furrows to the bottom of the
field, infiltrating into the soil along the length of the furrow (Fig. 3.5). The length
of time the soil is exposed to this water is known as the infiltration opportunity
time. Infiltration occurs laterally and vertically through the wetted perimeter of the
furrow (Fig. 3.6). Wetting patterns in furrows may vary considerably depending on
soil type. In an ideal situation, adjacent wetting patterns overlap each other, and
there is an upward movement of water (capillary rise) that wets the entire ridge. To
achieve the ultimate in furrow irrigation performance, the infiltration opportunity
time should equal the amount of time necessary to apply the required depth of water
(to fulfill the moisture deficit).

Fig. 3.4 Schematic view of
furrow
Furrow

Ridge/
Crop bed

Fig. 3.5 Schematic of z
infiltration advance
throughout the furrow length L !

Fig. 3.6 Schematic of
infiltration into the
cross-section of the furrow
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3.4.2 Mathematical Description of Water Flow in Furrow
Irrigation System

Different approaches to simulate surface flow and infiltration in furrows have been
developed by the researchers. Hall (1956) and Davis (1961) based their mod-
els on the solution of the mass conservation equation under the hypothesis of
normal depth of flow. Other authors, such as Katapodes and Strelkoff (1977),
Walker and Humphreys (1983), Wallender and Rayej (1990), and Schmitz and
Seus (1992) based their models on the numerical solution of the partial differen-
tial equations of mass and momentum in open-channel flow applied to borders and
furrows. Levien and de Souza (1987) presented algebraic model simulating furrow
irrigation.

In furrow system, as infiltration occurs along the furrow, flow with constant
inflow discharge is unsteady and gradually varied. The velocity of water advanc-
ing on the surface of the furrow is normally higher than the infiltration velocity
(infiltration rate). Thus, water moving into and inside the soil at each cross-section
can be considered two-dimensional and occurring perpendicular to the direction of
the flow on the furrow.

The water flow in a furrow is similar to the flow in an open porous channel ini-
tially dry. Therefore, the mathematical formulation describing water flow in a furrow
should take into account the wave propagation in the furrow during the advance
phase, the flow discharge variation during the supply and the recession phases, and
the movement of water penetration and redistribution in the soil.

3.4.2.1 Unsteady Gradually Varied Surface Water Flow

Unsteady gradually varied flow can be described by the partial differential equations
of Saint Venant (1871):

Continuity equation

a 0A 01
ge =0
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where Q is the flow rate (L3/T), A is the cross-sectional flow area (L?), I is the
infiltrated volume per unit of length (L3/L) in the furrow, y is the distance along
the furrow in the direction of flow (L), g is the acceleration of gravity (L/T?), t is
the time (T), P is the pressure force per specific weight of the water (L?), St is the
friction slope (L/L), Sy is the slope of the furrow bottom (L/L), R is the hydraulic
radius (L), n is the Manning’s roughness coefficient, and D is the drag force per
specific weight of water per unit length (L3).

An approximate solution to Egs. (3.12) and (3.13) can be generated by rewriting
these equations in the integral form and numerically integrating in the plane using
weighted averages. The integral can be defined in either Lagrangian or Eulerian
coordinate systems.

According to the latter approach, the discrimination of the Eqs. (3.12) and (3.13)
yields the following pair of non-linear algebraic equations (Tabuada et al., 1995):
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which are the residuals of continuity (RC) and dynamic (RD).
Equations (3.15) and (3.16) are expressions of finite differences which allow an
approximate solution.

3.4.3 Some Relevant Terminologies

3.4.3.1 Intake Rate

The rate at which water is absorbed by the soil of furrow is termed as intake rate.
It varies with time. Initially, water is absorbed by the soil at a higher rate and
then decreases over time. The fairly constant intake rate is termed as basic intake
rate.
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3.4.3.2 Infiltration Opportunity Time

Infiltration opportunity time is defined as the amount of time that water has the
opportunity to infiltrate the soil. Or, it is the difference between the times when the
water recedes and when it advanced to a specific location.

The infiltration opportunity time is different at different points along the length
of the furrow. This is because the length of time that the water is present on the
surface of the soil at any location is the difference between the time the water
arrives (advance) and the time the water leaves (recession). The rate at which
water advances down the field is different to the rate at which it recedes. Making
opportunity time more uniform down a furrow is a desirable strategy for improving
distribution uniformity for furrow irrigation.

3.4.3.3 Distribution Uniformity

The measure of how evenly the infiltration occurs is called distribution uniformity
(DU). In general, depth of infiltration at low quarter is considered as reference for
expressing DU (Burt et al., 1997). That is,

DU = (average low quarter infiltration depth) x 100/(average infiltration depth)

During a furrow irrigation event, distribution uniformity is primarily influenced
by the soil infiltration characteristic (soil type, variability, and moisture content),
rate of water flow into the furrow (inflow) and the length of time this water is flowing
(time to cut off). Other factors that influence uniformity include field slope and
variability and field length.

Irrigation efficiencies are directly related to the uniformity of water appli-
cation (distribution uniformity) on the individual fields. Furrow-irrigated field
distribution uniformity is directly related to the advance ratio and the aver-
age depth of water infiltrated per hour. For a uniform soil with good land
grading, the distribution uniformity of water infiltration for furrows is depen-
dent upon the uniformity of opportunity times. Making opportunity times more
uniform down a furrow is a desirable strategy for improving DU for furrow
irrigation.

A DU value of 80% is considered excellent for all irrigation methods.

3.4.3.4 Time Ratio

Time ratio (R;) is defined as the ratio of the time required for the infiltration of total
net amount of water required for the root zone to the time when the water front
reaches the end of the run. It plays a key role in determining optimum furrow length
to achieve maximum irrigation efficiency.

R =—+
L
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where

t; = time required for infiltration of net irrigation depth
f1, = time required for waterfront to reach the end of run

Ry value of 1.0 represents the length of run in which the time required to infiltrate
the irrigation depth is equal to the advance time.

The advance ration is an important factor for managing a furrow irrigation sys-
tem. Generally, water should get to the end of a furrow in less than %, of the set time
to achieve good distribution uniformity. Whether that should be as quickly as %, of
the set time would depend on the soil texture and conditions.

3.4.3.5 Cutoff Ratio or Advance Ratio

Advance ratio or cutoff ratio is defined as the ratio of time to reach the water-
front at the end of furrow, to the time set for irrigation. Mathematically, it can be
expressed as

Rcut =
irr
where

t. = time required for water advance to reach the end of furrow
tirr = time of irrigation

Runoff and the uniformity of water infiltrated along the furrow are related to the
cutoff ratio.

A cutoff ratio of 0.5 is desired. For example, for an 8-h irrigation set time, the
advance time should be about 4 h. The easiest way to change the advance time is by
altering the furrow stream size, i.e., by changing the size of the irrigation set. This
will affect the cutoff ratio and hence the uniformity of water application.

For both level and sloping furrow systems, high uniformities (greater than 85%)
require a reasonably small advance ratio.

3.4.3.6 Irrigation Set Time

It is the total time for irrigation. Irrigation set time is determined by furrow inflow
rate, furrow shape, roughness, and length.

3.4.3.7 Advance Rate

It is the rate at which the waterfront advances through the furrow. Advance rate is
influenced by both soil conditions (size, slope, and roughness of the furrow) and
inflow rate.
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3.4.3.8 Advance Function

Both the infiltration depth and water advance rate on soil surface in furrow irrigation
is a function of irrigation time. These relationships, expressed in empirical forms,
are known as advance function.

3.4.3.9 Surge Flow/Irrigation

Surge irrigation is the practice of applying water to a set for a while, then switching
the water to another set, then switching back and forth between the sets periodi-
cally. Surge flow is identified as a strategy to improve the performance of the furrow
irrigation system.

3.4.3.10 Gross Water Needed for Furrows

Gross water to apply

R
WRg = - =) xF
¢ X( 100)X s

where

WRg = gross water to be applied (mm)
WRN = net water required for root zone soil (determined with any
recommended technique) (mm)

R = percent of water which runs off field and is not re-circulated to that field

DU = distribution uniformity expressed as a decimal (DU = 0.80 is often used)

Fs = salinity factor, a factor to account for the increased irrigation requirement
due to maintenance leaching. Guidelines are according to the salinity of
the irrigation water. If salinity is not involved, F's = 1.

3.4.4 Factors Affecting Performance of Furrow Irrigation System

3.4.4.1 Soil Characteristics

Soil characteristics and field conditions are major factors controlling the efficiency
of furrow irrigation systems. Advance rates are influenced by both soil conditions
and furrow inflow rates.

3.4.4.2 Stream Size

When selecting the furrow stream size, consider furrow erosion. Use a furrow stream
that does not cause serious erosion. In general, the maximum non-erosive stream
size decreases as furrow slope increases. The use of high inflow rates (stream size)
will result in more runoff but less deep percolation losses or vice versa.
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3.4.4.3 Length of Run

Time required for advance increases with furrow length. Irrigation runs which are
too long result in water being lost by deep percolation at the head of the furrow by
the time the lower end is adequately irrigated.

3.4.4.4 Cutoff Ratio

Deep percolation and runoff depends on cutoff ratio.

3.4.4.5 Tailwater Reuse

In most cases, tailwater reuse systems are essential to properly manage furrow irri-
gation systems so that the best distribution uniformity and irrigation efficiency may
be achieved.

3.4.4.6 Wetted Perimeter

Furrow intake increases with average wetted perimeter and decreases with dis-
tance from the water source, because wetted perimeter decreases as the flow depth
declines, assuming homogeneous soil and hydraulic conditions. Likewise, for lower
inflow rates, steeper slopes, and hydraulically smoother surfaces, wetted perimeter
and thus intake will decrease.

3.4.5 Management Controllable Variables and Design Variables

3.4.5.1 Management Controllable Variables

In the furrow system, the water should reach the end of the field in about one-half
of the total irrigation time, and the irrigator can manipulate that time by controlling
the outflow volume, slope, number and shape of furrows, and field length.

Factors the farmer can readily vary or manage are as follows:

furrow shape

roughness

length of furrow

irrigation set time

flow rate (stream size for furrow)
cutoff time

3.4.5.2 Design Variables

A furrow irrigation system has several design variables. These are as follows:
o the inflow rate

o the length of the run in the direction of the flow

e the time of irrigation cutoff
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Because of the many design and management controllable parameters, furrow irri-
gation systems can be utilized in many situations, within the limits of soil uniformity
and topography (<2% slope). With runoff return flow systems, furrow irrigation can
be a highly uniform and efficient method of applying water. However, the uniformity
and efficiency are highly dependent on proper management, so mismanagement can
severely degrade system performance.

3.4.6 Furrow Design Considerations

Furrow systems may be designed with a variety of shapes and spacings. Optimal
furrow lengths are primarily controlled by the soil intake rate, furrow slope, set
time, and stream size. For most applications the stream size should be as large as
possible without causing erosion.

When the intake rate is slow, the maximum application efficiency can be attained
providing a relatively longer furrow length. For soils with high intake rate, the length
of the furrow should be selected shorter. The maximum slope of 0.1% (0.1/100 m)
should be maintained for block ends furrow.

Optimal furrow irrigation performance requires understanding of application effi-
ciency and distribution uniformity and the methods for improving both. Improving
the efficiencies involve careful management of flow rates and irrigation duration and
appropriate timing (scheduling) of irrigation events:

e Select a stream size appropriate for the slope, intake rate, and length of run. Or
alternatively, optimal furrow length and irrigation cutoff can be determined, as
related to soil infiltration characteristics, by the time ratio.

e With the proper cutoff ratio and gross application, you can achieve uniform water
application and minimize deep percolation and runoff. Try different combinations
of furrow stream size and set time. The best combination is the one which moves
water to the end of the furrow within the requirements of the cutoff ratio, is less
than the maximum erosive stream size, and results in gross applications that are
not excessive.

3.4.7 Modeling of Furrow Irrigation System

3.4.7.1 Theoretical Considerations

Surface irrigation processes are governed by general physical laws such as conserva-
tion of mass, energy, and momentum, which are expressed as a function of physical
quantities. Simulation models of furrow irrigation rely on the knowledge of furrow
infiltration and hydraulic characteristics. These models solve equations of mass and
motion conservation which describe unsteady, nonuniform surface flow over a per-
meable bed. Flow rate, slope, hydraulic roughness, and geometry affect flow depth
and therefore wetted perimeter in time and space. Wetter perimeter and flow depth,
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and their temporal and spatial variation affect infiltration. Other factors such as ini-
tial soil moisture, cracks and other voids in the soil, soil layering, and heterogeneity,
and water quality, including chemistry and temperature also influence infiltration.

Furrow irrigation performance depends on a number of variables, namely, inflow
rate, cutoff time, furrow length, spacing and shape, roughness, slope, infiltration
characteristics, and irrigation requirement. Variables such as furrow length and slope
are constrained by the field shape and size, infiltration characteristics and roughness
by soil type, and furrow shape and size by equipment. The irrigation requirements
are driven by climate, soil, and crop conditions. All these factors need to be con-
sidered in the decision-making process, but they are generally given, not decision
variables. Thus, for a given set of field and crop conditions, furrow inflow rate and
cutoff time are the decision variables.

3.4.7.2 Simulation of Furrow Design Variables
Simulation Alternatives

Furrow irrigation has been simulated under different considerations. Wu and Liang
(1970) optimized furrow run length using the minimum cost criterion, whereas,
Reddy and Clyma (1981) optimized furrow irrigation system design without con-
sidering the irrigation schedule or the minimum discharge to assure the advance of
water to the end of the run. Holzapfel et al. (1986, 1987) used linear and nonlinear
optimization models to design surface irrigation systems, considering homoge-
neous soils and regression-derived relationships between irrigation performance and
design variables. Raghuwanshi and Wallender (1998) used kinematic-wave model
to optimize furrow irrigation.

Kinematic-Wave Model

A kinematic-wave model can be used to represent unsteady and spatially varied
flow in a sloping and free draining furrow. The model consists of the continuity and
a simplified form of the hydrodynamic equation in that friction force is balanced by
furrow bottom slope. Inertial and water depth gradient terms are negligible:

8A+3Q+az—0 (3.17)
ar  ox  dr ’
Sr =50 (3.18)

where A = the cross-sectional flow area in m2, Q = the flow rate in m3/min, Z =
infiltration per unit furrow length in m3/m, x= distance in the direction of flow in
m, ¢ = elapsed time in min, 7 = intake opportunity time in min, S; = friction slope,
and Sp = furrow bottom slope. Infiltration per unit furrow length (Z) can be com-
puted using Egs. (3.19) and (3.20), which empirically accounts for differences in
infiltration rate along the wetted perimeter section (Bautista and Wallender, 1992):
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Zi = Zi—1 + (& — G- 1)WP_y + ¢ (81;)(WP; — WP,_;) for WP'™! (3.19)

or
Zi=Zi1 + (G = G-1)WPiog < WPiy  for WP' (3.20)

where WP = the wetted perimeter, and ¢ is given by the extended Kostiakov
equation:

{=Kt"+Ct

where t = the intake opportunity time; k, a, C = field-measured coefficients; and
subscripts i and i—1 denote consecutive time lines at which the solution is computed.

For surface irrigation modeling, Eq. (3.17) can be solved by considering either
the fixed time step or the fixed space step.

3.4.8 General Guideline/Thumb Rule for Furrow Design

Furrow irrigation has limitations or field constraints to acknowledge as a guide-
line when considering this method. The general limits of different parameters are
described below.

3.4.8.1 Furrow Length

Row length should not exceed 400 m on heavy soils and, depending on soil texture
and slope, can be shorter. Although furrows can be longer when the land slope is
steeper, the maximum recommended furrow slope is 0.5% to avoid soil erosion. The
coarser the soil or the steeper the slope, the shorter will be the run length.

3.4.8.2 Slope

Row slopes should be between 0.05 and 0.5%. Cross slope should be less than or
equal to row slope, except in a permanent-graded furrow design. Furrows can also
be level and are thus very similar to long narrow basins. However, a minimum grade
of 0.05% is recommended so that effective drainage can occur following irrigation
or excessive rainfall. If the land slope is steeper than 0.5%, then furrows can be set
at an angle to the main slope or even along the contour to keep furrow slopes within
the recommended limits. Furrows can be set in this way when the main land slope
does not exceed 3%. Beyond this there is a major risk of soil erosion following a
breach in the furrow system. On steep land, terraces can also be constructed, and
furrows should be constructed along the terraces.
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3.4.8.3 Stream Size/Flow Rate

In general, the larger the stream size available, the larger the furrow must be to
contain the flow. When larger stream sizes are available, water will move rapidly
down the furrows and so generally furrows can be longer. Normally stream sizes up
to 0.5 I/s will provide an adequate irrigation provided the furrows are not too long.
The maximum stream size that will not cause erosion will obviously depend on the
furrow slope. In any case, it is advisable not to use stream sizes larger than 3.0 1/s.

Michael (1978) suggested the maximum non-erosive flow rate based on furrow
slope as

Gm = —— (3.21)
where

¢gm = maximum non-erosive flow rate in individual furrow (1/s)
S = slope of furrow (%)

For normal conditions, flow rate can be estimated from

G = — (3.22)

The units are the same as that of the earlier.

3.4.8.4 Furrow Shape

In sandy soil, water moves faster vertically than sideways (or lateral). Narrow,
parabolic, or deep V-shaped furrows are desirable to reduce the soil area through
which water percolates. However, sandy soils are less stable and tend to collapse,
which may reduce the irrigation efficiency.

In clay soils, the infiltration rate is much less than for sandy soils, and there is
much more lateral movement of water. Thus, a wide, shallow furrow is desirable to
obtain a large wetted area to encourage infiltration.

3.4.8.5 Spacing of Furrow

The spacing of furrows is influenced by the soil type and the cultivation practice.
Based on the crop and soil, it normally ranges from 50 to 80 cm.

3.4.9 Estimation of Average Depth of Flow from Volume Balance

Average depth of applied (or infiltrated) water can be estimated from volume
balance approach as follows:



96

3 Irrigation System Designing

Water in = Water stored
i.e., flow rate x application time = Furrow cross-sectional area x average depth

of water
ie,gxt=Axd
=WxL)xd
t
or, d= 1% (3.23)
W x L

where

q = flow rate in individual furrow, m3/s
t= time, sec (s)

W = width of furrow, meter (m)

L = length of furrow, m

3.4.10 Suggestions for Improving Furrow Irrigations

Always look to measure and improve distribution uniformity (DU) first. Water
must infiltrate as evenly as possible across a field. Then, try to improve control
over the total infiltration and reduce or reuse surface runoff.

Utilize an irrigation scheduling system so that you have reasonably accurate
estimates of “WHEN” and “HOW MUCH” to irrigate.

Reduce the length of the furrow — it improves down row uniformity by helping
water to get to the end of furrow quicker in relation to the total time of irrigation.
Install a “tailwater” reuse system — it improves overall irrigation efficiency by
saving “tailwater” for reuse.

Increase the flow per furrow — it improves down row uniformity by helping water
to get to the end of the furrow quicker in relation to the total time of irrigation.
Irrigate in every other furrow — this helps to reduce overapplication when either
small irrigations are desired or the soil has a high infiltration rate.

e Use cutback furrow flows — it reduces the amount of surface runoff.
e Utilize surge irrigation — this might occur from three times to as many as 10

depending on the situation, equipment, and experience. Surging water acts to
reduce the infiltration rate of the soil quickly so that differences between com-
pacted and uncompacted furrows are minimized. It can also help in very light
soils as it will act to reduce overapplications.

3.4.11 Furrow Irrigation Models

3.4.11.1 FURDEV

FURDEUV is a software tool for furrow irrigation system design and evaluation. The
FURDEV software package is based on the solution of the volume balance model
(Zerihun and Feyen, 1996 BORDEV: BORder Design management and Evaluation
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manual & FURDEV: FURow Design — management manual. Unpublished manuals.
Institute for Land and Water Management, Katholieke Universiteit Leuven, Leuven,
Belgium). The volume balance model consists of a spatially and temporally lumped
form of the continuity equation and is applied primarily to the advance phase. The
basic output of the model is the information for drawing the distance-elapsed time
diagram of the irrigation cycle, showing the advance and recession curve and provid-
ing the opportunity time versus distance. The program has advanced developed user
interface. The design and management approach which governed the design of the
structure of FURDEYV is based on the notion that a design and management scenario
must be able to “maximize” application efficiency (E,), given the system parame-
ters, while maintaining the other two performance indices above certain threshold
levels.

3.4.11.2 SIRMOD, SIRMODII, WinSRFR

These are described in the border irrigation section.

3.4.12 Sample Worked Out Problems

Example 3.5

Furrows of 100 m length and 0.80 m width and having a slope of 0.3% are irrigated
for 30 min with a stream size of 0.005 m?/s. Determine the average depth of water.

Solution
qgXxt
We know, d =
W x L
Given,
L=100m
W=0.80m
S=0.3%
g = 0.005 m3/s

t=30min =30 x 60s=1,800s
Putting the above values in equation, d = 0.1125 m (Ans.)

Example 3.6

Furrows of 120 m length and 0.70 m width and having a slope of 0.3% are initially
irrigated for 40 min with a stream size of 0.005 m3/s. The stream size is then reduced
to half and continued for 30 min. The furrow end is closed (no outflow from furrow).
Determine the average depth of infiltrated water.
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Solution
Given,

L=120m
W=0.70 m

S=03%

g1 = 0.005 m3/s

t1 =40 min =40 x 60 s =2,400 s

g Xt
W xL

We get, d =

Thus, putting the values, depth of infiltration from initial stream, d; = 0.1428 m
Now, g2 = q1/2 = 0.005/2 = 0.0025 m?/s
tp= 30 min =30 x 60s = 1,800 s
Putting the values, d» = 0.0535 m
Thus, total depth, d = dj + da = 0.1428 m + 0.0535 m
=0.1964 m (Ans.)

Example 3.7

Water is applied in a furrow using non-erosive maximum stream size. The length,
width, and slope of the furrow are 150, 0.75 m, and 0.4%, respectively. The stream
is continued for 2 h. Estimate the average depth of irrigation.

Solution

We get non-erosive maximum stream size, gmax = 0.60/S 1/s
Here, S= 0.4%, thus gmax = 0.60/0.4 = 1.5 1/s = 0.0015 m3/s

t
We get, d = V‘%L
Given,
L=150 m
W=0.75m

T=2h =2 x (60 x60) s = 7,200 s
and g = 0.0015 m3/s
Putting the values, d = 0.096 m (Ans.)

3.5 Design of Sprinkler System

3.5.1 Design Aspects

Design aspects of sprinkler irrigation system are as follows:

e System layout
e Operating pressure, nozzle diameter, sprinklers discharge, and wetted diameter
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Spacings between sprinklers and laterals
Design of main line and sublines
Sprinkler line azimuth

Pivot or ranger length

System capacity for water supply

Pump design

The most common design criteria for sprinkler laterals is that sprinkler discharge
should not vary by more than 10% between the points of highest and lowest pressure
in the system.

3.5.2 Theoretical Aspects in Sprinkler System

3.5.2.1 Water Distribution Pattern

In sprinkler system, the precipitation rate of water decreases from the center of
the irrigated circle to its edges (Fig. 3.7). To overcome the problem, sprinklers are
spaced in such a way that their application rates overlap each other and cover the
nonuniformities.

Sprinkler location

N w & &)}
1 1 1 1

Application rate, mm/hr

—_
1

0 T T
-10 -5 0 5 10

Distance from sprinkler, m

Fig. 3.7 Schematic of application pattern of a sprinkler (after Zazueta and Miller, 2000)

3.5.2.2 Factors to Be Considered in Sprinkler Design

For proper design of sprinkler, factors to be considered (in addition to spacing, noz-
zle size) are as follows: crop root zone depth, water use rate, wind, air temperature,
and humidity. Wind affects the distribution pattern of water by both wind speed and
direction.
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Equipment and design factors affecting uniformity and efficiency include nozzle
type and size, operating pressure, and spacing. The length of the irrigation time can
also affect uniformity (Solomon, 1990).

3.5.2.3 Definition of Some Relevant Terminologies
Precipitation Rate

Precipitation rate (P;) is the rate at which water is delivered from the nozzle, aver-
aged as millimeters per hour, over the area covered by one nozzle (Hill, 2008). It
can be calculated by the following formula:

P, (mm/h) = (nozzle flow rate, 1/h)/(area covered, m?) (3.24)

Application Rate

Application rate (A;) is the average rate at which water is stored in the soil.

A, = Precipitation rate x Application efficiency (3.252)

Application rate should be related to infiltration rate of the soil, should not be
greater than the infiltration rate in order to prevent surface runoff and/or ponding.
The application rate of an existing system can be calculated as follows:

3,600 x g

3.25b
Sm X 81 ( )

where

I = application rate (mm/h)

qs = discharge per sprinkler (I/s)

Sm = lateral spacing along mainline (m)
S1 = sprinkler spacing along lateral (m)
3,600 = unit conversion factor

Duration of Irrigation

The duration of irrigation (Dj;) needed to store the crop irrigation requirement in the
root zone is as follows:

Irrigation duration (h)

= Crop irrigation requirements (mm)/Application rate (mm/h) (3.26)
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Average Application Depth

The average application depth is the average amount applied throughout the field. It
can be computed as

Vv
dyy = n (3.27)

where d,y is the average application depth (m), V is the volume pumped (m?), and
A is the application area (m?).

3.5.3 Sprinkler Design

3.5.3.1 Considerations in Sprinkler Design

e Main line capacity should be based on the water demand of the target crop consid-
ering peak use rate, minimum irrigation interval, and minimum operating hours
per day.

e Application rate should not exceed soil intake rate.

e The minimum design application rate should meet the maximum total daily wet
soil evaporation rate (for deficit irrigation plan, it will be different).

e When determining capacity requirements, allowance should be made for reason-
able water losses during application (i.e., should consider application efficiency).

e Maximum spacing of sprinklers should not be greater than 75%, and no closer
than 50% of wetted diameter listed in manufacturer’s performance tables.

e Riser pipes used in lateral lines should be high enough to minimize interference
with the distribution pattern.

e The velocity and direction of prevailing winds and the timing of occurrence
should be considered when planning a sprinkler system.

e Coefficient of uniformity (CU) data or distribution uniformity (DU) should be
used in selecting sprinkler spacing, nozzle size, and operating pressure.

3.5.3.2 Design Principles

e Estimate application rate based on planned crop(s)/cropping patterns, atmo-
spheric water demand, and soil intake rate.

e Draw alayout.

e Optimize sprinkler spacing (between sprinklers and laterals), nozzle size, and
operating pressure that provide the design application rate and distribution
pattern.

e Design sub-mains, main lines, and supply lines such that required water quantities
can be conveyed to all operating lateral lines at required pressures.

e Design pump and power units such that they are adequate to efficiently operate
the sprinkler system at design capacity and total dynamic head.
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3.5.3.3 Design Steps and Procedures

(1) Determine the daily maximum supply requirement for an area (A) for the target
crop as
A x ET
Vp = —— 1% (3.28)
E,
where

Va = Required volume of water for the area A (m?)

A = Specific area that is to be irrigated (m?)

ETmax = Daily maximum evapotranspiration (m)

E, = Design application efficiency of the sprinkler
ET.x can be calculated as

ETmax=K:xETy (3.29)

where

K. = crop-coefficient at peak water demand period
ET( = reference evapotranspiration at peak water demand period

Note: For specific application, when some soil moisture deficit is allowed, ET can
be calculated as follows:

EThxx =K. x Ks x ETy (3.30)

where Kj is the soil moisture stress coefficient.
Detailed procedure for calculating ETy and ET has been described in Chapter 7
(Field Water Balance), Volume 1.

(2) Determine discharge rate (Q) for the area A based on the minimum operating
hour.

Va(m?)
t(h)
(3) Optimize sprinkler and lateral spacing for the individual sprinkler discharge rate

and application rate (which is constrained by the soil infiltration rate) from the
following relationship:

Oa(m’/h) = (3.31)

q=Su xS xI (3.32)

where
S1 = sprinkler spacing along laterals (m)
Sm = lateral spacing along mainline (m)
I = average application rate (m/h)
g = discharge rate for the individual sprinkler (m3/h) [for the area
(SmxSp) m?
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Oa . - o
1= R if not limited by soil intake rate.

S1 = D [1 — g], where Dy is the manufacturer’s rated wetting diameter of lateral
sprinkler, F is the overlapping factor

Sn = Dum [l — g], where Dy, is the manufacture’s rated wetting diameter of
mainline sprinkler, F is the overlapping factor
Overlapping factor is normally taken as 0.5-0.75. For windy condition, over-
lapping factor may be as high as 1.0.

(4) Number of sprinklers, n =

Sl X Sm
(5) Determine system capacity as

Ost =Y Oui (3.33)
i=1

where i is the number of sub-area like “A”
(6) Determine the power requirement to pump the water for a sprinkler system as

P = Qst x9.81 x Ht

where
P = power, KW
QOst = total discharge rate for the system, m3/s
Ht = total pumping head, m
Total head consists of the following: Ht = Hy, + Hy + H; + Hg + Hgt
where
H,;, = pressure head required to operate the sprinklers at minimum
required pressure (m)
H; = total frictional head in the lines (m)
H; = maximum riser height from the pump level (m)
H = suction head (vertical difference between pump level and source
water level after drawdown) (m) (if needed)
Hgs = friction head loss in suction line (if suction line exists)
Procedure for calculating friction loss has been described in Chapter 1
(Conveyance Loss and Designing Conveyance System), this volume.

General Guideline for Minimum Pressure of Sprinkler Irrigation System

The following pressure estimates can be used as a general guide or thumb rule for
sprinkler pressure:

Spray type sprinkler head = 40 PSI (93 ft head)
Rotor type sprinkler head = 45 PSI (104 ft head)
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3.5.3.4 Sample Workout Problems
Example 3.8

In a sprinkler irrigation system, the lateral spacing along the mainline is 20 m
and sprinkler spacing along laterals is 15 m. The application rate for fulfilling the
peak demand of the proposed crop should be 8 mm/d. Find the discharge rate per
sprinkler.

Solution
3600 x gs(1/s)

We know application rate, /(mm/hr) =
Sm(m) x Si(m)

I xSy, x 8§
Or, gs =
b s 3600
Given,
I =8 mm/d

Assuming that the sprinkler will operate 12 h a day
Then, I = 8 mm/12 h = 0.667 mm/h

Sm=20m

Si=15m

Putting the values, g = 0.055 1/s

Or, 200 1/h (Ans.)

Another Mode of Operation

If we consider that the daily demand should be provided within a certain practical
irrigation period, say in 4 h, to avoid excessive evaporation loss, then the application
rate would be / = 8§ mm/4 h = 2 mm/h

Thus, gs= 0.1667 1/s or 600 1/h (Ans.)

Example 3.9

In a sprinkler irrigation system, the required total capacity of the system is 0.5 m?/s.
Determine the pump capacity. Assume that head loss in pipe and bends and velocity
head required = 3 m of water.

Solution

Pump capacity, P = (Q x 9.81 x H) [KW]

Here Q = 0.5 m3/s

Total head =3 m

Putting the values, P = 0.5 x9.81 x 3 = 14.7 KW (Ans.)
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Example 3.10

A farm of 25 ha is planned to be brought under sprinkler irrigation. The textural
class of the soil is loam-to-silt loam, having moisture content at field capacity (FC)
and permanent wilting point (WP) of about 42% (by volume) and 26% (by volume),
respectively. An infiltration test data showed that constant (basic) infiltration rate is
2 mm/h. A hardpan (relatively impervious layer) exists at a depth of 2.0 m below the
soil surface. Long-term average reference evapotranspiration (ETy) rate in that area
is 4.5 mm/d. Vegetable crops are planned to grow in the farm, and the crop coef-
ficient (K.) at maximum vegetative period is 1.1. The climate is moderately windy
in a part of the season. Design the sprinkler irrigation system (various components)
for the farm. Assume standard value of any missing data.

Solution

Given,

Area, A= 25 ha = 250,000 m?
FC = 42% (by vol.)
WP=26%

I. =2 mm/h

ETp = 4.5 mm/d

K.=1.1

Dimp = 2 m below soil surface
Wind status: moderately windy
Now, the solution steps:

(1) ETmax = ETp x K. =4.5 x 1.1 =4.95 mm/d
(Assuming depletion of soil-moisture up to readily available level, so that ET
occurs at its maximum rate, i.e., soil moisture stress factor, Ks =1)

(2) Daily water requirement for the area, A (i.e., for whole farm here) is

A x ETmax
A= E.
Assuming application efficiency, E,= 80%, i.e., 0.8

250,000 x (4.95/1000)
0.8

%
(3) Discharge rate, O = TA

Then, Vj = = 1,546.875 m?

Here, 1= irrigation period = 4 h (assuming for the prevailing windy condition)
Thus, Q;= 1,546.875/(4x3,600) = 0.1074 m>/s
(4) Discharge rate of individual sprinkler, ¢ = Sy, xSix 1
Sm= Dmm (1 = F/2)
Si= Dmi(1 - F/I2)
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Assuming overlapping factor, F = 0.7 (higher for windy condition)
Taking a manufacturer rated wetting diameter for mainline and lateral sprinkler
as 12 m and 10 m, respectively, we get
Sm=12(1-0.7/2)=1.8
Si=10(1-0.7/2) = 6.5
Application rate, I = Qa/A = (0.1074x3600)/250,000 = 4.296x 10~ m/h =
1.5468 mm/h, which is less than the soil infiltration rate.
Here, assuming / = 2 mm/h (to minimizing evaporation loss in windy climate)
Putting the values, ¢ = [7.8 x 6.5 x (2/1,000)] x (1,000/60) = 1.69 1/min

A 250, 000
= =4,930.9 ~ 4,931 nos
Sm xS 7.8x6.5

Note: The above calculation is for fixed lateral. If moving lateral is used, no. of
laterals should be based on the maximum working /pump operating period.
Note that each setting requires 4 h for the above calculation, so 16/4 = 4
settings can be operated if 16 h is the working period.

Besides, number of laterals should be based on the dimension of the land,

lateral size available in the market, etc.

(6) Power required (motor capacity required), P (KW)= Q (m3/s) x9.81 x Ht (m)

Here, Q = 0.1074 m>/s

Ht = Hy, + He + Hy + Hg + Hyt

Hp, = pressure head required to operate the sprinklers at minimum required
pressure (m) = 28.37 m (= 40 psi) (assuming)

H; = total frictional head in the lines (m) ~ 5% of Hy, = 1.71 m (assum-
ing/estimating)

H; = maximum riser height from the pump level (m) = 1.5 m (assuming)

Hg = suction head (vertical difference between pump level and source water
level after drawdown) (m) (if needed) = O (assuming that water is pumped
from the supply canal)

Hgs = friction head loss in suction line (if suction line exists) = 0

Thus, Hr = 31.26 m

Thus, P =0.1074 x9.81 x 31.26 = 32.94 KW

(7) Summary design parameters are as follows:

(5) Number of sprinklers, n =

Taking for fixed laterals:

Pump capacity: Q;= 0.1074 m3/s

Irrigation period =4 h

Motor capacity: P = 32.94 KW

Lateral spacing along mainline: S, = 7.8 m
Sprinkler spacing along lateral: Sj= 6.5 m
Number of total sprinklers: n = 4,931 nos (Ans.)

Relevant Journals

— Agricultural Water Management
— Irrigation Science
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— Irrigation and Drainage System

— ICID Bulletins

— Agricultural Systems

— Journal of Irrigation and Drainage Division, ASCE

— Transactions of the American Society of Agricultural & Bio-system Engineers
(former ASAE)

— Applied Engineering in Agriculture

Relevant FAO Papers/Reports

— FAO Irrigation and Drainage Paper 45 (Guidelines for designing and evaluating
surface irrigation systems, 1989)

Questions

Common in Surface Irrigation

(1) What are the principles of designing a surface irrigation system?
(2) What are the variables in designing a surface irrigation system?
(3) Discuss the hydraulic factors associated with surface irrigation system?

Border Irrigation

(4) Briefly describe the factors affecting border performance and design.

(5) What are the points to be considered in border design?

(6) Define the following terms: cutoff time, advance ratio, return flow, recession
flow, distribution uniformity, and application efficiency.

(7) What are the design parameters in the case of border system? What are the
approaches of the modern border design?

(8) Describe the following empirical model for border design: (a) SCS method
and (b) Alazba’s method.

(9) Why is the simulation model useful? Write down the names of some simula-
tion model/software tools for the border irrigation system design and highlight
their principal features/working principles.

(10) Design a border strip with the following characteristics: field length, L = 120
m, field slope, S, = 0.005, infiltration family, IF = 0.5: k = 0.031 m/h?, a =
0.58; roughness coefficient, n = 0.12, required depth of infiltration, Dreq =
0.06 m.

(11) In a cotton field, a farmer has made border strip of 200 m long. The roughness
of the field is estimated as n = 0.11, and the average field slope along the
border is 0.09%. Determine the required flow rate per unit width of the border.
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Basin Irrigation

(12)
13)
(14)
15)
(16)
A7)

(18)

Briefly describe the factors affecting basin performance and design.

Define the following terms: aspect ratio, check bank.

What are the points to be considered in a basin design?

Describe the hydraulics of the basin system.

Briefly discuss different simulation approaches of the basin design.

Describe the governing equations of Zero-inertia and Hydrodynamic model
for basin simulation.

Write down the name of some simulation model/software tools for basin
irrigation system design and highlight their principal features/working
principles.

Furrow Irrigation

19)
(20)

21
(22)

(23)
(24)

(25)
(26)

27)

(28)

Describe the hydraulics of the furrow irrigation system.

Describe different approaches of simulating surface flow and infiltration
process in the furrow irrigation system.

Define the following terms: infiltration opportunity time, time ratio, cutoff
ratio, advance rate, surge flow.

What are management controllable variables and design variables in the
furrow system?

What are the considerations in the furrow design?

Describe the governing equations of kinematic-wave model with respect to
furrow irrigation.

Discuss some general guidelines for the furrow design. Have you any sugges-
tions for improving furrow irrigation system?

Name some software tools for furrow design, and highlight their principal
features/working principles.

Furrows of 120 m long and 0.75 m wide and having a slope of 0.3% are irri-
gated for 35 min with a stream size of 0.005 m>/s. Determine the average depth
of water.

Furrows of 110 m long and 0.70 m wide and having a slope of 0.25% are
initially irrigated for 40 min with a stream size of 0.0045 m3/s. The stream
size is then reduced to half and continued for 20 min. The furrow end is
closed (no outflow from furrow). Determine the average depth of infiltrated
water.

Sprinkler Irrigation

(29)
(30)
€29
(32)
(33)

What are the design parameters in sprinkler irrigation system?
Define precipitation rate and application rate.

Draw a sketch of water distribution pattern in the sprinkler system.
What are the factors to be considered in the sprinkler design?
Write down the general consideration in the sprinkler design.
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(34) What are the design principles in the sprinkler system?
(35) Briefly describe the design steps and procedures of the sprinkler irrigation
system.
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Any water applied above that needed to grow a crop is inefficient use of water.
In order to determine how much irrigation water to apply, it is needed to estimate
irrigation efficiency. There are many definitions of irrigation efficiency. Which one
to use depends on which aspect one is interested in. Efficiency can be measured at
the scale of a whole catchment, at the individual plant scale, and at almost any level
in between. The scale of measurement depends on the focus of the person doing the
measurement. A range of issues affect irrigation efficiency.

For successful design, implementation, and execution of command area devel-
opment programme, systematic evaluation of various components of the existing
system is necessary. Adequate monitoring and evaluation of performance are needed

M.H. Ali, Practices of Irrigation & On-farm Water Management: Volume 2, 111
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to improve water management practices in order to achieve an increase in overall
efficiency. In general, evaluation helps to identify problems and the measures
required to correct them. No single indicator is satisfactory for all descriptive pur-
poses. In general, a set of indices are used for evaluating the performance of an
irrigation scheme. Most commonly used indices are described in this chapter. In
addition, evaluation procedures for specific irrigation systems (e.g., furrow, border,
sprinkler) are described in details.

4.1 Irrigation Efficiencies

In order to determine how much irrigation water to apply, you need to estimate
the efficiency of the irrigation system. There are many ways of thinking about,
determining, and describing concepts relating to irrigation efficiency. Simply speak-
ing, the “efficiency” implies a ratio of something “in” to something “out”. Many
efficiency terms related to irrigation efficiency are in use or have been proposed.
Efficiency can be measured at the scale of a whole catchment, at the individual
plant scale, and at almost any level in between. The scale of measurement is of crit-
ical importance in tackling the issue of improving efficiency and must be matched
with the specific objective. For example, when measuring on-farm efficiency, too
broad a scale makes it difficult to determine what the causes of low efficiency are
and what can be done to improve the situation. Going to a smaller scale excludes the
consideration of wider issues, such as delivery system losses and inefficiencies but
is necessary to clearly identify real opportunities for improvement at the individual
property/manager scale. Commonly used irrigation efficiencies are described below.

4.1.1 Application Efficiency

Water application efficiency expresses the percentage of irrigation water contribut-
ing to root zone requirement. It indicates how well the irrigation system can deliver
and apply water to the crop root zone. Hence, the application efficiency takes into
account losses such as runoff, evaporation, spray drift, deep drainage, and applica-
tion of water outside the target crop areas. Of these factors, deep drainage and runoff
are probably the major causes of inefficiency and are generally due to overwatering.
Whenever more water is applied than can be beneficially used by the crop, water is
wasted and efficiency is low.

Application efficiency defined by different researchers varies slightly in the
expression (Bos and Nugteren, 1974; ASCE, 1978; Jensen et al., 1983; Walker and
Skogerboe, 1987; Bos et al., 1993; Solomon, 1988; Burt et al., 1997; Heermann
et al., 1990). In broad term, application efficiency is the percentage of water deliv-
ered to the field that is ready for crop use. As the application efficiency is a measure
of how efficiently water has been applied to the root zone of the crop, this parameter
relates the total volume of water applied by the irrigation system to the volume of
water that has been added to the root zone and is available for use by the crop. Thus,
the application efficiency (E,) is calculated as (Wingginton and Raine, 2001):
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E, = (irrigation water available to the crop) x 100/(water delivered to the field)
4.1
where

Irrigation water available to the crop = root zone soil moisture after irrigation
— root zone soil moisture prior to irrigation
Water delivered to the field = flow meter reading or nozzle flow rate

Kruse (1978) defined application efficiency as

E, = (average depth of water stored in the root zone) x 100/(average depth applied)
4.2)

For in-field evaluations where the depth of water applied is less than the root zone
moisture deficit prior to irrigation and runoff is not evident, the irrigation water
available to the crop can be assumed to be equal to the average depth of water
applied as measured at the soil surface (e.g., with catch cans in sprinkler system). In
these cases,

E, = [average depth applied (mm) x area (ha)/10]
4.3)
x 100/ [water delivered to the field(m>)]

Note: (1 mm x 1 ha)/10 = 1 m?

Application efficiency is primarily affected by the management of the irrigation
and may vary significantly between irrigation events.

Attainable water application efficiencies of different irrigation systems under
normal condition are given in Table 4.1.

Table 4.1 Attainable application efficiencies under different irrigation systems (adapted from
Solomon, 1988)

Type of irrigation system Attainable efficiency range

Surface irrigation

Border 75-85%
Basin 80-90%
Furrow 65-80
Sprinkler

Solid set or permanent 75-85%
Hand move or portable 75-85%
Center pivot & linear move 75-90%
Traveling gun 65-75%

Trickle irrigation
Point source emitters 80-90%
Line source 75-85%
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4.1.2 Storage Efficiency/Water Requirement Efficiency

Storage efficiency indicates how well the irrigation satisfies the requirement to
completely fill the target root zone soil moisture. Thus, storage Efficiency (Es) is
represented as

Es = (change in root zone soil moisture) 4.4)
x100/(target change in root zone soil moisture) '
where the change in the root zone soil moisture content is not measured directly,
the storage efficiency can be approximated by relating the average depth of water
applied over the field to the target root zone deficit. The root zone deficit is calcu-
lated using soil type, crop root zone, and soil moisture content data. In this case, the
storage efficiency is calculated as

Es = (average depth applied) x 100/(root zone deficit) 4.5)

The maximum storage efficiency is 100%. Calculations with a result above 100%
indicate losses due to runoff or deep drainage.

4.1.3 Irrigation Uniformity

Irrigation uniformity is a measure of how uniform the application of water is to the
surface of the field. That is, it is an expression that describes the evenness of water
application to a crop over a specified area, usually a field, a block, or an irrigation
district. The value of this parameter decreases as the variation increases. It applies
to all irrigation methods, as all irrigation systems incur some nonuniformity. An
irrigation uniformity of 100% would mean that every point within the irrigated area
received the same amount of water as every other point.

An important component of the evaluation of in-field irrigation performance is
the assessment of irrigation uniformity. If the volume of water applied to a field is
known, then the average applied depth over the whole field can be calculated. In
most cases, one half of the field receives less than the average depth and one half
more than the average depth applied. Hence, if the average volume applied is the
target application required to meet the crop requirements, one half of the field has
been over-irrigated (reducing the efficiency of application) while the other half of
the field has been under-irrigated (potentially reducing yield). Thus, a major aim
of irrigation management is to apply water with a high degree of uniformity while
keeping wastage to a minimum.

The uniformity of application is primarily a function of the irrigation system
design and maintenance. Low levels of uniformity limit the maximum efficiency
achievable. Numerous irrigation uniformity coefficients are used in performance
evaluation. Commonly used irrigation uniformities are as follows: Christiansen’s
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uniformity coefficient and low-quarter distribution uniformity (or simply distribu-
tion uniformity).

4.1.3.1 Uniformity Coefficient

Uniformity coefficient, introduced by Christiansen (1942), is defined as the ratio
of the difference between the average infiltrated amount and the average deviation
from the infiltrated amount, to the average infiltrated amount. That is,

i=N
Z |Zi - Zav|
i=1

ucC=|1-——
Ziw X N

x 100 (4.6)

where

UCC = Christiansen uniformity coefficient (or simply uniformity coefficient)
Z; = infiltrated amount at point i

Z,y = average infiltrated amount

N = number of points used in the computation of UCC

Christiansen developed uniformity coefficient to measure the uniformity of sprin-
kler systems, and it is most often applied in sprinkler irrigation situation. It is seldom
used in other types of irrigation. Values of UCC typically range from 0.6 to 0.9.

4.1.4 Low-Quarter Distribution Uniformity (or Distribution
Uniformity)

Low-quarter distribution uniformity (DU)g) is defined as the percentage of the aver-
age low-quarter infiltrated depth to the average infiltrated depth. Mathematically,

DU 100 LQ 4.7
= X — .
1q M

where

DUyq = distribution uniformity at low quarter (or simply distribution unifor-
mity, DU)

LQ = average low-quarter depth infiltrated (mm)

M = average depth infiltrated (mm)

The “average low-quarter depth infiltrated” is the average of the lowest one-
quarter of the measured values where each value represents an equal area.
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For calculation of DU of low one-half, substitute “low quarter” by “average low-
half depth received or infiltrated.”

The DUjq has been applied to all types of irrigation systems. In trickle irriga-
tion, it is also known as “Emission Uniformity.” In sprinkler situation, it is termed
“Pattern Efficiency.”

The relationship between DU and UCC can be approximated by (USDA, 1997)

UCC = 100-0.63 (100-DU)
DU = 100-1.59 (100-UCC)

Distribution uniformity is primarily influenced by the system design criteria.
Poor uniformity of application is often easily identified by differences in crop
response and/or evidence of surface waterlogging or dryness. The part of the field
receiving more than the average depth may suffer from inefficiencies due to water-
logging and/or runoff, while the other part receiving less than the average may suffer
from undue water stress. Thus, uniform irrigation is important to ensure maximum
production and minimum cost.

4.2 Performance Evaluation

4.2.1 Concept, Objective, and Purpose of Performance Evaluation

4.2.1.1 Concept

Performance terms measure how close an irrigation event is to an ideal one. An
ideal or a reference irrigation is one that can apply the right amount of water over
the entire area of interest without loss.

Evaluation is a process of establishing a worth of something. The “worth” means
the value, merit, or excellence of the thing.

Performance evaluation is the systematic analysis of an irrigation system and/or
management based on measurements taken under field conditions and practices
normally used and comparing the same with an ideal one.

Traditionally, irrigation audits are conducted to evaluate the performance of exist-
ing irrigation systems. A full irrigation audit involves an assessment of the water
source characteristics, pumping, distribution system, storage, and in-field applica-
tion systems. However, audits are also conducted on several components of on-farm
irrigation system.

4.2.1.2 Objectives

The modernization of an irrigated area must start with a diagnosis of its current
situation. Following this procedure, the specific problem affecting water use can
be addressed and that may lead to a feasible solution. The specific objectives of
performance evaluation are as follows:
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To identify the causes of irrigation inefficiencies

To identify the problem/weak point of irrigation management

To diagnose the water management standard of the irrigation project

To determine the main principles leading to an improvement of irrigation
performance

4.2.1.3 Purposes

The purpose of performance assessment is to measure, through consistently applied
standards, various factors that indicate either by comparison across systems whether
a system is performing ‘well” or ‘badly’ in a relative sense or by a system-specific
analysis to see how the system is operating in relation to its own objectives. The
specific purposes are as follows:

e to improve irrigation performance
e to improve management process
e to improve sustainability of irrigated agriculture

4.2.1.4 Benefits of Evaluation

Evaluation leads to the following benefits:

Improved quality of activities

Improved ability of the managers to manage the system
Savings of water and energy

Ensure maximum production/benefit and minimum cost

4.2.2 Factors Affecting Irrigation Performance

The performance of an irrigation system at field scale depends on several design
variables, management variables, and system variables or factors. These factors
characterize an irrigation event. Mathematically, it can be expressed as

Pir =f(CIin9A,L, W9N’ SO’Il’h tClltOff,SW,DI’U’P’Rd7ET7W """ )a (48)

where

Pj; = performance of an irrigation event

f = function

gin = inflow rate or application rate (to the furrow, or per unit width of border
or basin, or per emitter or sprinkler)

A = sectional form of the unit plot to be irrigated (specially for furrow)

L = length of run of the flow
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W = width of the section or unit plot

N = roughness coefficient of flow for the plot (Manning’s N)

So = longitudinal slope of the plot

I, = infiltration characteristics of the soil

teutoff = time of cutoff

Sw = soil water status at the time of irrigation (i.e., condition of deficit)

Dy, = reuse of drainage runoff (if applicable)

P = pressure of the flow system (specially for sprinkler)

Rq = root zone depth of the crop during the irrigation event

ET = atmospheric water demand or evapo-transpirative demand (specially for
sprinkler)

W = wind factor or windy condition (specially for sprinkler)

Irrigation performance may vary from irrigation event to event, based on the
dynamics of some factors such as infiltration characteristics, roughness coefficient,
root zone depth, soil water deficit.

4.2.3 Performance Indices or Indicators

Activities of irrigation systems start at the point of water supply head-work or pump.
Impacts of irrigation are not limited to the field but also extend to the socioeconomic
conditions of the target audience. In general, a set of indices or indicators are used
for evaluating the performance of an irrigation scheme. The indicators are termed
as performance indicators. No single indicator is satisfactory for all descriptive pur-
poses. Moreover, there are uncertainties about the exact values of some indicators.
Several indicators can give an overall picture of the irrigation project.

For convenience in understanding and application, the indicators can be
grouped as

e Engineering

e Field water use

e Crop and water productivity and acreage
e Socioeconomic

4.2.3.1 Engineering Indicators

Engineering indicators are those which are related to pump, water headwork, water
supply, water conveyance system, and energy use. Indices under this category
include (Sarma and Rao, 1997; Ali, 2001) the following:

(i) Pumping plant efficiency
(ii)) Headworks efficiency
(iii) Water conveyance efficiency
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(iv) Water delivery performance
(v) Trrigation system efficiency (or overall efficiency)
(vi) Equity of water delivery
(vii) Channel density
(viii) Water supply — requirement ratio
(ix) Water availability and shortage
(x) Energy use efficiency

4.2.3.2 Field Water Use Indicators

These indicators concern the efficiency of on-farm water application and the uni-
formity of water distribution along the irrigated field. Indicators under this category
are as follows:

On-farm water loss

Deep percolation fraction/deep percolation ratio
Runoff fraction/tailwater ratio

Water application efficiency

Storage efficiency/water requirement efficiency
Application efficiency of low quarter
Distribution efficiency or uniformity
Low-quarter distribution uniformity

4.2.3.3 Crop and Water Productivity and Acreage

Indicators under this category are as follows:

Area irrigated

Irrigation intensity

Duty of discharge/supply water
Crop productivity (Yield rate)
Water productivity

Irrigation water productivity

4.2.3.4 Socioeconomic Indicators

In some cases, cost—benefit or social uplift and social acceptance aspects are mea-
sured. These are called socioeconomic indicators. Indicators under this category
include the following:

Irrigation benefit—cost ratio
Cost per unit production
Irrigation cost per unit area
Farmers income ratio
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4.2.4 Description of Different Indicators

4.2.4.1 Engineering Indicators
Pumping Plant Efficiency
Pumping plant efficiency (Epp) is calculated as
Epp = (Output horsepower) x 100/(Input horsepower)

= (water horsepower) x 100/(Input horsepower) 4.9)
= [{(Q x w) x H}/550] x 100/(Input horsepower)

where

Q is the discharge rate (cfs)

w is the density of water (1b/ft3)

H is the head of water (ft) [here, head indicates the velocity head]
“550” is the factor to convert “ft-1b/s” to horse power

In ST unit, the above formula can be expressed as

Epp = (Water power) x 100/(Input power)

= [(O x 9.81 x H) x 100]/(Input power) (4.10)

where

“Input power” in Kilowatt
Q = discharge rate (m>/s)
H = head of water (m)

Headworks Efficiency

It expresses how much energy (pressure) is lost through the system’s headwork.

Eheadworks = (energy of water after passing the headworks)

x100/(energy of water before entering the headworks) @11

Conveyance Efficiency

Conveyance efficiency (E.) means the percent of the water reaching the field plot
on the basis of water diverted and is calculated as

E. = (water reached to the plot) x 100/(water diverted from the source) (4.12)

For the whole command area of a watercourse, average E. can be computed as
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CsL, X Lyy
E.=—— 100 400 (4.13)
Q4

where

E. is the conveyance efficiency in percent,

Qq is the pump discharge in cumec (m3/s).

Cgy, is the average steady state conveyance loss (m3/5)/100 m
L,y is the average channel length of the field plots (m)

To obtain the average channel length, the command area should be divided into
n unit areas considering the distance from the pump. A representative diversion
point for each unit area is identified, and the length of the channel section from the
pump (or field inlet channel) to the diversion point is measured. The average channel
length is then calculated as

where n is the number of sections.

The steady state conveyance loss may be determined by using inflow-outflow
method (described in Chapter 1, this volume). In this method, discharge mea-
surement may be done by a cut-throat flume (water flow measurement has been
described in Chapter 10, Volume 1).

Water Supply — Requirement (SR) Ratio

SR ratio = (water supplied to the scheme/water required to the scheme)

Channel Density

Channel density means the channel length per unit of cultivated irrigated area.

Channel density = (Total channel length, m)/ (Total irrigated area, ha)  (4.14)

Water Delivery Performance (WDP)

K@tV
WDP = Z (‘?*(t)(t) (4.15)
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where

K(t) = weightage factor indicating the relative importance of irrigation at the
tth period (say week) of the crop

V(t) = volume of water delivered to the farm during the #th period

V*(t) = target volume of water to be delivered to the farm during the tth period

N = number of time periods for the crop growth

Equity of Water Delivery (EWD)

Equity of water delivery is expressed as

(4.16)
where

WDP; = WDP (Water delivery performance) value at the tail of the outlet
WDP;, = WDP value at the head of the outlet

Overall Efficiency (OE)

OE = (volume of water needed to maintain the soil moisture above a minimum
level required for crop + nonirrigation deliveries from the distribution
and conveyance system)/(Volume of water diverted into the system
+ inflows from other sources)
4.17)

Project Application Efficiency

Project application efficiency (Ep,) is defined (USDA, 1997) as the ratio of the aver-
age depth of irrigation water infiltrated and stored in the plant root zone to the
average depth of irrigation water diverted or pumped. That is

Ep, = (average depth infiltrated) x 100/(average irri. water diverted or pumped)
(4.18)
It includes the combined efficiencies from conveyance and application. It can be
the overall efficiency of only on-farm facilities.

Energy Use Efficiency
It relates to how much energy we need to produce one ton of crop.
Eenergy use = (crop yield in one hectare land)

x100/(energy needed for successful cultivation of one hectare land)
(4.19)
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4.2.4.2 Field Water Use Indicators

Although field irrigation water use performance can be influenced by a large array of
factors, several measures together can provide a picture of how well irrigation water
is being used. Three main indices are commonly used to measure the application
system performance:

e Application efficiency
e Distribution uniformity
e Storage efficiency

The above three irrigation performance measures should be used together to pro-
vide an adequate representation of the irrigation system. These are described in an
earlier section (Irrigation efficiencies).

It is generally difficult to design and manage irrigation systems in a manner that
maximizes all three of these indices simultaneously due to the conflicting nature
of each index. For example, high application efficiencies may be obtained through
significant under-irrigation producing a low storage efficiency, irrespective of the
uniformity of this application.

Other indicators are as follows:

Application Efficiency of Low Quarter

Application efficiency of low quarter (E, 1q) is defined as (Merriam and Keller, 1978)

d
Eyjq = 100 x —219

(4.20)
where

dy1q= average low quarter depth of water added to root zone storage (mm)
[da1q<SWD]

D = average depth of water applied (mm)

E,1q allows to take into consideration the nonuniformity of water application
when under-irrigation is practiced.

Both E;, and E, )q are applicable to surface, sprinkler, and trickle irrigation.

On-Farm Water Loss

It is the amount (depth) of water lost from the crop field per day. Specially, this
indicator is used for ponding water applications (e.g., in rice).

The amount of water loss from the plot (from ponding depth) due to seepage
and percolation per day or a certain period can be measured by installing vertical or
inclined gauges in the plot. In case of inclination, gauge should be inclined by a fixed
angle, and then the reading should be transformed to vertical depth by trigonometric
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formula. Where the change of depth is small, inclined gauge gives accurate reading.
In such case, cumulative value for several days may be taken, and then it should be
averaged. In addition, magnifying glass may be used for easy and accurate reading.

Deep Percolation Fraction or Deep Percolation Ratio

Deep percolation fraction (Dg) or deep percolation ratio is defined (USDA, 1997) as
the ratio of the volume of water percolated below the bottom boundary of the crop
root zone to the total volume entered into the soil.

Dr = (volume of water percolated below the bottom boundary of the crop

root zone)/(total volume entered into the soil) “.21)

Runoff Fraction or Tailwater Ratio
Runoff fraction (Rp) can be defined as the ratio of the volume of runoff to the volume

of water diverted to the plot.

R = (volume of runoff)/ (volume of water diverted to the plot) 4.22)

4.2.4.3 Crop and Water Productivity and Acreage
Irrigated Area

Irrigated area refers to the area irrigated in a season under the facility provided by
the irrigation system. It is expressed in hectares (ha).

Irrigation Intensity

Irrigation intensity is defined as the percentage of irrigable command area irrigated
for a season. That is

Irrigation intensity = (Actual area irrigated from a source)

x100/(total irrigable area under the scheme) (4.23)

Duty of Discharge

The term “Duty” relates to the command area coverage by the water source and the
stream size. Duty (D) refers to the irrigation capacity of the unit discharge or flow.

D=— 4.24)
0o
where

A = area irrigated with the available supplied water source (ha)
Q = supply capacity (or the discharge of the pump) (m3/s)
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If a 2.0 cusec supply source irrigates 50 ha land, the duty of the flow is 50/2.0 =
25 ha/cusec.

Crop Productivity/Yield Rate

Crop productivity (CP) refers to the yield per unit area. That is,

CP = 4 (4.25)
=7 .

where

CP = crop productivity, (t/ha)
Y = yield from specific area, A (t)
A = area irrigated with the available supplied water source (ha)

Yield per hectare is the traditional way of representing the performance of agri-
cultural enterprise. It is of interest to irrigators too. Sometimes it can give a false
impression of efficiency, when other inputs of production are not being used, or not
provided at right amount and/or right time.

Water Productivity (WP) or Water Use Efficiency (WUE)

For a single crop,

WP = (Total dry matter or seed yield)/(Water used by the crop) (4.26)

For yearly basis,
WP = (Total production of all the crops)/(Total water used by the crops)

Here, “total water” represents “rainfall + irrigation + soil moisture depletion from
the root zone.” Different crops should be converted to equivalent one specific crop.

Irrigation Water Productivity (IWP)

Irrigation water productivity is defined as

Y
IWP = — 4.27)
W

where

Y = Total dry matter or seed yield, t/ha
IW = Irrigation water applied to the crop, mm
IWP = Irrigation water productivity, t/ha-mm

It can also be expressed in yearly basis.
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4.2.4.4 Socioeconomic Indicators
Irrigation Benefit—Cost Ratio

It is the ratio of benefit obtained (in monetary form) from unit land to the cost of
production for that land. That is

(4.28)

al~

where

rg_c = benefit—cost ratio
I = total monetary benefit or income obtained from one hectare land, US$
C = cost of production for that land, US$

For multiple crops or yearly calculation, different crops should be converted to the
equivalent of a particular crop.

Cost per Unit Production

It is the cost of production for unit yield. Yield may be total harvestable yield (e.g.,
forage, grass), or grain, or seed yield (for cereals). Its unit is $/ton.

Irrigation Cost per Unit Area
It is the cost of irrigation for unit area for successful crop production. That is

Cost per unit area, $/ha = (cost of irrigation for certain area, in$)/
(quantity of the irrigated area, ha)

(4.29)
Farmer’s Income Ratio

It is the ratio of income of a farmer before irrigation scheme initiation to the
income of the same farmer after the irrigation scheme has been established. For
this, benchmark income is necessary.

4.2.5 Performance Evaluation Procedure

4.2.5.1 Steps and Techniques

The performance evaluation procedure consists of planning, field work, analy-
sis, and recommendation. The following steps may be followed to carry out a
performance evaluation of an irrigation system:
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(1) As afirst step, identify all factors affecting water use in the irrigation scheme.

(2) In a second step, select appropriate performance indicators for the prevail-
ing conditions of irrigation method, irrigation system, and socioeconomic
condition.

(3) Thirdly, measure the components of indicators and compute the indicator
values.

(4) As afourth step, assess the irrigation performance by analyzing/comparing the
indicator values with the ideal one.

(5) Finally, analyze the irrigation modernization alternatives using technical and
economic criteria, make comparison of alternatives, and suggest/adopt the most
appropriate one.

A range of factors affect water use at farm level. These include soil type, farm-
ers irrigation system, climatic condition, crop type, crop rotation, type of farmer
(owner or leaser), farming practice, farmers’ water management practice, farmers’
economic condition, amount of land, education level of the farmers.

Additional information may be recorded through farmer’s interview about the
size of the test plot, name and code of the owner, the name of the irrigator,
etc.

Multiple regression analysis may be performed to assess the relationship between
water use (WU) and the factors, first including all the factors and then removing
insignificant factors individually and interactively.

4.2.5.2 Queries That Should Be Answered

Performance evaluation of an irrigation project should enable us to answer the
following questions:

e Does the supply of water meet the demand (especially at peak demand period) of
the irrigators?

e Is the quality of water acceptable for the intended use?

e What is the pumping plant efficiency?

How much water is lost in supply canal (conveyance) and in the field (deep

percolation and runoff)?

How is the demand of water estimated?

How frequently is the water applied?

How much water (in depth) is applied per application?

Are other crop management events done at the right time and in the right way?

Are there any pollution problems from the project?

Is the quality of drainage water reasonable?

What are the values of water application efficiency, storage efficiency, and

distribution uniformity?

e What is the overall irrigation efficiency?
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4.2.5.3 Ideal Condition for Evaluation of Irrigation System

The field (soil) and crop condition should represent the ideal/normal field condition
during the evaluation of an irrigation system. The conditions can be summarized as
follows:

(1) The field soil should be stable, not new, refilled or a developed one
(i) The crop condition should be representative, not just after emergence or at
ripening stage but in between (good coverage)
(iii) The soil should be dry enough — appropriate time for irrigation
(iv) Water supply/water pressure should be sufficient enough to apply inflow in the
designed rate

4.2.6 Performance Evaluation Under Specific Irrigation System

4.2.6.1 Pumping Plant Evaluation

Pumping system efficiency can contribute substantially to energy saving. Pumping
plant evaluation requires a pump test, which checks the flow rate capacity, lift,
discharge pressure and/or velocity, rated discharge capacity, and input horsepower.

Pump discharge can be measured by flow meter, flume (at the vicinity of the
pump outlet) or by the coordinate method. Pump lift can be estimated by measuring
the depth to water table during non-pumping period using water-level indicator, or at
least by inserting a rope with load up to the water table and measuring the distance
with a tap. Rated discharge capacity of the pump can be read from the manufac-
turer’s manual or the pump rating written on the pump body. If a mechanical engine
is used to power the pump, its capacity can be read from its rating seal or manual.
If an electrical motor is used to operate the pump, power consumption by the motor
can be measured by “Clip-On meter” or “Multi-meter” or from the change in power
reading in the “electric meter” for a certain period. Rated capacity of the motor can
be read from its body.

Knowing the above information, overall pumping plant efficiency and efficiency
of each component (such as motor or engine efficiency, pump efficiency) can be
calculated.

4.2.6.2 Border Irrigation Evaluation

Field observations and measurements required for conducting a border irrigation
system evaluation include the following:

Border dimension

Slope of the border

Inflow rate

Runoff rate and volume (if any)
Irrigation time (duration)
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Advance phases and time
Recession time

Topography of the field

Crop type and stage of the crop

The measurement steps and procedures are as follows:

— The border dimensions can be measured using a “measuring tape.”

— Soil surface elevations (at different points, 10-30 m interval along the borders) can
be determined using a “total topographic station” or “Level instrument.” Slope and
standard deviation of soil surface elevations can be determined from the measured
data.

— The “inflow” or “irrigation discharge” can be measured using suitable flow
measuring device such as mini-propeller meter and flume.

— The advance phase can be determined from recording of the advance time to
reference points located along the border (every 10-30 m).

— A number of flow depth measurements are to be performed across the border,
every 5-10 m. The average of all measurements is used to represent the flow
depth at this point and time.

— The flow depth at the upstream end of the border is to be measured shortly before
cutoff.

— In open border, surface runoff (if conditions permit) is to be monitored. The runoff
can be measured using the mini-propeller meter or a flume.

A hydrograph is to be established from discharge measurements, and its time
integration will yield the runoff volume.

— Infiltration in “ring infiltrometer” and border infiltration can be correlated,
and a relationship can be established. Then the infiltration parameters can be
determined.

— To estimate the infiltrated depths of water (required for computing uniformity
and efficiency indices), field data from evaluation can be utilized to derive
the infiltration parameters of a Kostiakov type infiltration equation. The infil-
tration parameters (K, a) and roughness coefficient (N) can be determined
through the solution of inverse surface irrigation problem (Katapodes et al.,
1990).

For that, a hydrodynamic one-dimensional surface irrigation model (e.g.,
SIRMOD) can be used. Such a model is to be executed using tentative values
of the coefficient “K” and the exponential “a” from the Kostiakov infiltra-
tion equation, and the Manning’s N. The parameters should be adjusted until
the model satisfactorily reproduces the experimental values of flow depth and
irrigation advance for each evaluation.

— Performance indices — application efficiency and the low-quarter distribution
uniformity — should be determined using the formula described in an earlier
section.
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4.2.6.3 Basin Irrigation Evaluation

Basins have no global slope, but the undulations of the soil surface can have an
important effect on the advance and recession process of an irrigation event.

For evaluation of basin irrigation, measurements should be made during repre-
sentative irrigation events. The required measurements are as follows:

e advance, water depths at selected locations
e surface drainage or recession

Commonly measured performance indices for basin irrigation are as follows:

application efficiency

distribution uniformity

deep percolation ratios

requirement efficiency or storage efficiency

For basin irrigation, tailwater ratio is zero
Clemmens and Dedrick (1982) defined distribution uniformity (DU) for basin
irrigation as

DU = (minimum depth infiltrated)/ (average depth infiltrated) (4.30)

Application efficiency is defined in Eq. (4.2).

4.2.6.4 Furrow Irrigation Evaluation

Generally, the evaluation of furrow irrigation system is restricted to a single or small
number of adjacent furrows due to intensive measurement process. Complete inflow,
advance, and runoff measurements are used to accurately determine soil infiltration
rate for a small number of furrows.

The working steps and procedures for the evaluation of furrow irrigation system
are as follows:

Measure the length and spacing of furrow

Measure the soil moisture (before irrigation)

Install the equipments (e.g., flume, scale, moisture measuring equipment)

Start irrigation

Record the flow rate (at 5-10 min intervals, until the constant flow rate is
achieved)

Record the advance data after 6, 12, and 24 h from the starting of irrigation
Record the water depth at different points (10, 20, 50 m) at several time intervals
Record the cutoff time

Record the recession data (water depth) at several distances (10, 20, 50 m) from
the starting point at several time intervals (1/2, 1, 2, 5 h)

Record the depth of ponding at lower 1/4th part of furrow

e Record the runoff volume (if the process permits)
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e Measure the soil moisture up to the desired depth (root zone) at different points
throughout the furrow after reaching field capacity

e Determine the wetted cross-section of the furrow at several sections and aver-
age them

Data Processing

— determine infiltration function
— determine different performance indices (such as distribution uniformity, applica-
tion efficiency, deep percolation ratio, deficit ratio), as defined earlier

Advance and recession curves can be drawn from the recorded data (distance vs
advance/recession). The difference between advance time and recession time (cal-
culating from the starting of test) at each point represents the infiltration opportunity
time (Fig. 4.1).
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Fig. 4.1 Advance and recession curve

Volume balance approach can be applied to find out different components of
water balance (e.g., infiltration, deep percolation). Volume balance approach is
based on the principle of mass conservation. At any time, the total volume of
water that has entered the furrow must be equal to the sum of the surface storage,
subsurface storage (infiltrated), deep percolation (if any), and runoff (if any).

4.2.6.5 Sprinkler Irrigation Evaluation

A sprinkler water distribution pattern depends on system design parameters and on
environmental variables (such as wind speed and direction). Wind speed affects not
only uniformity, but also evaporation and wind drift losses.
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Most widely used and useful performance indicator for sprinkler irrigation
system is “Distribution Uniformity.” The distribution uniformity (DU) can be
functionally expressed as (Pereira, 1999)

DU = f(P, AP, S, d,, WDP, WS) 4.31)

where

P = the pressure available at the sprinkler

AP = variation of the pressure in the operating set or along the moving lateral

S = spacings of the sprinklers along the lateral (and between laterals) or the
spacings between travelers

dn = nozzle diameter, which influences the discharge g5 and wetted diameter
Dy, (and the coarseness of water drops) for a given P

WDP = water distribution pattern of the sprinkler and

WS = wind speed and direction.

All the above variables are set at the design stage (including a forecasted WS).

Recordable Information During Evaluation

Numerous information should be collected to enable effective comparisons between
systems and more detailed analysis. The information required includes the
following:

Traveler location

Description of traveler

Description of gun

Angle of gun rotation

Nozzle type

Nozzle diameter

Length of run

Lane spacing

Run duration (start and finish times)
Pump details

Measurements That Should Be Taken

The measurements that should be made in the performance test include the
following:

Sprinkler spacing and pattern
Number of sprinklers

Nozzle and tail jet diameters
Application rate

Irrigation duration

Sprinkler height
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Data Analysis

Distribution uniformity is often the primary measure of system performance, as
an irrigation system requires a high distribution uniformity in order to maintain
good crop yields, even though the water can be uniformly overapplied. Another per-
formance measure is application efficiency. Application efficiency is required with
relation to irrigation scheduling.

Solid set sprinkler

Determination of Distribution Uniformity (DU)

The DU is usually determined by measuring the depth of water falling into a grid
of catch cans during an irrigation event (Fig. 4.2) and analyzing the variation of
water depths in the catch cans. Sorting the catch can reading in ascending order, the
lowest quarter of values is determined. Then average the lowest quarter readings.
This average is then divided by the average of all the readings to give the distribution
uniformity as a percentage.

Catch cans
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Fig. 4.2 Schematic of can setting for sprinkler evaluation

Application Efficiency

Application efficiency is calculated using the average depth of water applied, as
calculated above, and the volume of water applied. In order to convert the depth of
water applied to a volume, the depth must be multiplied by the irrigation target area.
Flow is measured as a nozzle discharge, and the average flow from the four nozzles
bounding the catch can grid is used as the measure of flow. The formula representing
application efficiency becomes

E, = (catch can depth x grid area)/(average nozzle flow rate x irrigation duration)
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4.2.6.6 Drip/Micro-irrigation Evaluation

The most useful performance indicators for micro-irrigation field evaluations are the
statistical uniformity coefficient and the distribution uniformity.

Statistical Uniformity Coefficient

The statistical uniformity coefficient, Ug (%), is defined as (Pereira, 1999)

(-3)
Us =100(1 = Vy) =100 1 - — (4.32)

qa
where

V4 = coefficient of variation (CV) of emitter flow
Sq = standard deviation (SD) of emitter flow (I/h)
g. = average emitter flow rate (I/h).

Distribution Uniformity

The distribution uniformity, DU (%), is defined as:

Z
DU = 10024 (4.33)

av
where

Z)q = average observed applied depths in the low quarter of the field (mm) and
Z,y = average observed applied depths in the entire field (mm).

Distribution uniformity is often named emission uniformity in trickle irrigation.

4.2.7 Improving Performance of Irrigation System

The most obvious way to improve the performance of an irrigation system is to
take remedial measures for correcting the fault/deficiency, which has been identified
during evaluation/diagnosis process. Besides, a number of techniques can be used in
the design of a system to increase its uniformity and efficiency. For surface irrigation
systems, the inflow rate can be matched with the soil intake rate, slope, and length
of run; and the cutoff time can also be matched thereby. For pressurized systems,
the technique includes using larger pipe sizes to minimize pressure differences due
to friction losses, using pressure regulators to minimize pressure differences due to
elevation differentials, using appropriate closer spacings or trickle emitters with low
manufacturing variations. Another technique is that water use is more efficient with
afternoon irrigations, as the evaporative loss is minimal.

Some common problems/faults and suggestive measures for improving the
performances are summarized below:
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Problem identified
by diagnosis/
S1 no. evaluation Suggestion(s) for improving performance
1 Pumping plant e Renovate the moving parts
efficiency is low e In case of Deep Tubewell, wash out the well screen
2 Water conveyance e Renovate/perform lining the conveyance channel
efficiency is low e Reduce the field channel density
e Perform efficient/economic channel design
3 Water delivery e Recast/ensure delivery system
performance is
not satisfactory
4 Channel density is e Reduce the channel length by straightening through the
high command area
5 On-farm water loss e Compact the borders of each plot
is high e Improve the water-holding capacity of the soil by adding
organic manures
e Reduce relative percentage of sand by adding silt or clay
soil
6 Water supply — e Recast the supply amount, or
requirement ratio e Change the cropping pattern (if possible), altering high
is not good water-demanding crops; or
e Search for new source of supply
7 Deep percolation e Line the channels
fraction is high e Improve physical condition/water-holding capacity of the
soil
8 Runoff fraction is e Maintain correct slope of land
high e Apply correct flow rate and time for flow (cutoff time)
e Take care of the borders; construct high levees
9 Water application e Minimize on-farm water loss
efficiency is low e Estimate correct amount of water demand
e Apply correct flow rate based on infiltration
characteristics
e Level the land with appropriate slope
e Maintain correct slope toward the water run considering
infiltration rate and flow rate
e Improve water-holding capacity of the soil
10 Water storage e Correctly estimate the crop root zone depth before
efficiency is not irrigation
satisfactory e Estimate correct amount of water demand
e Apply correct flow rate for correct duration
e Improve water-holding capacity of the soil
11 Distribution e Apply correct flow rate based on infiltration rate and

uniformity is low
(poor distribution
of infiltrated water
over the field)

slope of the run

e Design the length of run based on infiltration rate, slope,
and flow rate

o Cut off the flow at proper time
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(continued)
Problem identified
by diagnosis/
Sl no. evaluation Suggestion(s) for improving performance
12 Irrigation efficiency e Adjust the “set time” and “interval between irrigations”
of sprinkler is low such that irrigation amount matches the soil moisture
deficit

e Change operating conditions to increase water droplet
size, or operate the system under conditions of low
climatic demand (e.g., at night, morning, and evening)

13 Low-quarter e Apply correct flow rate based on infiltration rate
distribution e Design the length of run based on infiltration rate, slope,
uniformity is low and flow rate

e Cut off the flow at proper time (after reaching the water
front at tail end)

14 Area irrigated per e Reduce conveyance, seepage, and percolation loss
unit flow (Duty) is e Schedule irrigation properly (apply correct amount of
not satisfactory water based on need)

e Improve water-holding capacity of the soil

15 Intensity of e Reduce all possible losses
irrigation is low e Increase irrigation efficiency
e Schedule crops and crop rotations
16 Crop productivity is e Ensure proper irrigation
low e Ensure proper management of other inputs (like balance
fertilizer)

e Ensure other cultural management (proper population,
weeding, pesticide, and insecticide application, if
needed)

17 Water productivity is Schedule irrigation properly

[ ]
below the normal e Reduce tailwater runoff
range e Minimize on-farm water loss
e Maximize utilization of stored soil moisture
e Ensure other crop management aspects

18 Irrigation water e Schedule irrigation properly
productivity is e Reduce tailwater runoff
below the desired e Minimize on-farm water loss
limit e Maximize utilization of stored soil moisture
e Ensure other crop management aspects

19 Irrigation e Minimize irrigation cost by proper scheduling and
benefit—cost ratio reducing all sorts of water loss
(B-C ratio) is low e Maximize production by proper management of other

inputs and selecting appropriate crop type and variety
o Maximize utilization of stored soil water and rainwater, if

available
20 Cost per unit Similar to that of B-C ratio
production is high
21 Irrigation cost per Similar to that of B-C ratio
unit area is high
22 Farmers income Similar to that of B-C ratio

ratio is not
satisfactory
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Relevant Journals

— Agricultural Water Management

— Journal of Irrigation and Drainage Division, ASCE

— Transactions of the American Society of Agricultural Engineers
— Irrigation and Drainage System

— Irrigation Science

— ICID Bulletins

Relevant FAO Papers/Reports

— FAO Irrigation and Drainage Paper 45 (Guidelines for designing and evaluating
surface irrigation systems, 1989)

— FAO Irrigation and Drainage Paper 59 (Performance analysis of on-demand
pressurized irrigation systems, 2000)

Questions

(1) What is meant by “irrigation efficiency”? Explain different types of irrigation
efficiencies.

(2) What do you mean by “performance evaluation of an irrigation project?”
Describe the objectives, purposes, and benefits of performance evaluation of
irrigation systems.

(3) What is “performance indicators?” Name the indicators under Engineering,
Field water use, Crop and water productivity, and Socioeconomic category.

(4) Define and write down the equations for different types of performance indices.

(5) Write down the principles and procedures of performance evaluation.

(6) Briefly discuss the principles of evaluating a pumping plant.

(7) Discuss specific considerations and procedures for the following irrigation
systems: (a) border, (b) basin, (c) furrow, (d) sprinkler and (e) drip.

(8) How can the performance of an irrigation system be improved?
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Together with energy, water is one of the major fuels of economic development. A
development plan, especially in a water-short area, such as an arid zone belt, or a
flat area underlain by hard rocks without major surface streams, cannot be drawn
unless a clear idea of water availability and costs has been reached.

Water is distributed in the earth unevenly in time and space. Although the nat-
ural water is adequate in absolute terms, it is not available at the right time, place,
quantity, and quality. With an increasing population and its legitimate demand for
an improved standard of living, requiring increased economic development and
agricultural production, most of the regions of the world are facing an enormous
challenge in how to allocate, use, and protect this limited resource. Improved and
efficient water management practices can help to maintain farm profitability in an
era of increasingly limited and more costly water supplies. Improved water manage-
ment may also reduce the impact of irrigated production on offsite water quantity
and quality, and conserve water for growing nonagricultural demands.

5.1 Concept, Perspective, and Objective of Water
Resources Management

5.1.1 Concept of Management

According to some sources, the word “management” originated from the Italian
word “Maneggiare,” which means “to train up the horses.” Other sources said “man-
agement” came from the French word “Menager” and “Menage.” Here, “Menager”
means “to direct a household,” and “Menage” means an act of guiding or lead-
ing. Thus, it means to plan, organize, command, coordinate and control. According
to Griffin (1997), “Management is a set of activities (including planning and
decision making, organizing, leading, and control) directed at an organization’s
resources (e.g., human, financial, physical, information) with the aim of achieving
organizational goals in an efficient and effective manner.”

Water management is concerned with improving access to and the efficient use of
water. Such measures will increase the volume of goods produced by increasing the
availability of water and will also improve its productivity by increasing the returns
to water by, for example, applying water more efficiently to irrigated crops.
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In essence, water resources management are concerned with how the available
supply of water can be better allocated and utilized to fulfill the demand. It includes
the intervention of humans in the manner in which surface and/or ground water is
captured, conveyed, utilized, and drained in a certain area. Moreover, it is a pro-
cess of social interaction between different stakeholders, each employing different
methods, resources, and strategies, around the issue of water control.

5.1.2 Water and the Environment

Increased agricultural production to feed a growing world population along with
many other forces driving modern societies has placed many resources at risk.
Water availability is a major problem in many areas, and even in areas of abundant
water, quality being jeopardized by salinization, pesticide and nitrate contamina-
tion, arsenic contamination, etc. and altering of biological activity. In the case of
environmental unsustainability, change is slow and the process is varied.

In many areas of the world, conditions of overexploitation of groundwater
aquifers have resulted in serious ecological consequences. The lowering of ground-
water together with less rainfall has intensified the phenomenon of drought affecting
the main crops and has started the process of desertification. The needs of water
for the environment (or the nature) in considerations of water allocation is often
neglected. The impacts of water use by different sectors on environment are as
follows:

(a) Agriculture: The agriculture sector is most important as a user of water and
impacts most heavily on ecosystems’ water share. Abstraction of water for agri-
culture is leading to dried-up rivers, falling groundwater table, salinated soil,
and polluted waterways.

(b) Urban water use: Urban water use pollutes water by waste water effluents, pol-
lutes downstream ecosystems (if not properly treated). The treatment of the
effluent is often costly, but when due consideration is given to the ecosystems,
effluent recycling and reuse may be cost-effective conservation measures.

(c) Industry: Very often Industry has substantial impacts on ecosystems down-
stream through water use and pollution.

5.1.3 Increasing Competition in Water Resource

Competition in limited water resources increasingly occurs among agriculture,
rural, urban, industrial, and environmental uses. At the same time, disparity in the
economic conditions between the urban and rural areas in a country and among
countries continues to increase.

Water can be used for a great number of purposes: domestic needs (drinking,
washing, bathing, toilet flushing, etc.), agriculture, industry, power generation, fish-
ing, forestry, recreation, transport, and so on. These are alternative uses, which
become competing uses if there is not enough water to satisfy them all.
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5.1.4 Water As an Economic Good

Water should be regarded as “an economic good.” The water at source may be free
in the sense that nobody owns it; but if it is not in abundant supply, then it is scarce
and that condition has important consequences that must be taken account. More
specifically, there are competing demands for water and there must, therefore, be
some mechanism for allocating it. Pricing is one, but not the only, means of effecting
allocation.

We know from the hydrological cycle that water is a renewable resource. Using
water therefore does not typically mean “using it up,” but making it unusable
for other purposes or at least unusable without incurring additional costs, e.g.,
by polluting or diverting it. Investment in a complete and expensive drinking
water supply would typically involve three components: transmission, treatment,
and distribution. Water occurs naturally. At its source, before it is transmitted,
treated, and distributed, no expenditure is incurred. At that point, therefore, it
has not involved costs for anyone. In contrast, if one is talking about a drinking
water supply, which provides a specific quantity and quality of water to a specific
geographic area, that is a different matter. Each of the above three components
requires investment, and the money (for both the initial investment and routine
maintenance/regular operation are equally important) will have to come from
elsewhere. Thus all concerned would surely agree that careful consideration must
be given to where the money is to be acquired from, including the issue of whether
those benefiting will pay some or all of the costs. However, it is crucial to point out
that cost recovery has nothing to do with the general water resources question of
whether or not water should be treated as an economic good.

If water is used for one particular purpose, e.g., agriculture, it cannot be used
for another, e.g., drinking. More specifically, the opportunity cost of water is its
value in alternative use. This implies that there is some sort of hierarchy of demand.
For example, water is most valuable for drinking, followed by industry and then
agriculture. Moving from drinking water supply to other uses, the situation changes
substantially as the broader water resources issue emerges. Suppose an estimate
was made, in the manner described above, of the value of water not only for
agriculture but also for other purposes, say, industry and fishing. The result may
be that water for industry or, less likely, fishing is more viable than for agriculture.
This implies that priority in use, in this particular instance, should be given to
industry rather than agriculture. Mechanisms other than pricing may be used to
enforce this priority. But if it is not followed, economic losses will ensue. Those
losses will not be reflected in direct financial terms; rather the net value of output
will be less than it may have been.

The question now arises, how would an economist estimate the value of water for
agriculture? This can be done by estimating the value of agricultural output from,
say, a hectare of irrigated land and then estimating the contribution by water to that
value. This is a rough and ready calculation, with a rather wide margin of error. But
it is important to note that the value of water per cubic meter thus calculated will be
minimal by comparison with the cost of transmission, treatment, and distribution.
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It is relevant here to interpose a point about wastage of water. For example in
irrigation, the potential for reducing water losses is typically quite considerable. If
water is to be regarded as a resource, then this should imply a need to discour-
age wastage. If losses can be reduced, then there may be sufficient water for all
requirements.

In conclusion, to say that water should be regarded as an economic good does
not necessarily imply that a “market price” must be paid for it or even must be paid
for at all. It means simply that water is a scarce resource, a valuable resource that
should not be wasted. From the economic point of view, alternatives that should be
properly considered include the following:

- reducing losses/wastage

- reducing agricultural production in water-scarce area (bringing in food, instead of
water, from outside the area)

— changing the pattern of agriculture to less water-intensive crops

— reducing industrial production (demanding water) in the area (bringing in goods
instead of water, from outside the area)

5.1.5 Purposes and Goals of Water Resources Management

Water resources management is required to make water of right quantity and right
quality available at the right time and at the right places. Management is used in its
broadest sense. It emphasizes that we must not only focus on the development of
water resources but that we must consciously manage water development in a way
that ensures long-term sustainable use for future generations. The main purpose of
water resources management is to meet needs of humans and nature.

Broader goals and objectives of water resources management are as follows:

— general welfare of human being and improvement of the quality of life
— regional economic development

— health and safety

— income distribution

— cultural and educational opportunities

Two broad classes of purpose and function of water resources management are as
follows:

Water use Water control

— Agriculture, irrigation — Water quality management

— Water supply for municipal, rural and — drainage, sedimentation control, erosion control
industrial uses — Flood control

— Hydro-electric power — Watershed control

— Fishing

— Navigation

— Recreation
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5.1.6 Fundamental Aspects of Water Resources Management

Water resources should be managed in the context of a national water strategy that
reflects the nation’s social, economic, and environmental objectives and is based
on an assessment of the country’s water resources. The assessment would include
a realistic forecast of the demand for water, based on projected population growth
and economic development, and a consideration of options for managing demand
and supply, taking into account existing investment and likely to occur in the private
sector. The strategy would spell out priorities for providing water services; establish
policies on water rights, water pricing and cost recovery, public investment, and
the role of the private sector in water development; and institutional measures for
environmental protection and restoration.
In water resources management, two fundamental aspects are to be considered:

i. Planning
ii. The implementation process

The basic approach to planning is to determine:

o the needs,

e the resources, and

e ways to develop the resources to meet needs, on the basis of the technological,
financial and human resources, which are available.

In the past, a water resources planning exercise was applied mainly to a river basin,
or to political and geographical boundaries such as a region or country. However,
this concept is shifting to economic consideration, for example, to metropolitan
areas or large industrial areas.

5.2 Estimation of Demand and Supply of Water

For proper planning and management of any resource, knowledge of demand and
supply is prerequisite.

5.2.1 Demand Estimation

The evaluation of future effective water consumption is more difficult as it implies
knowledge of interventions by man. For example, a country may change its fun-
damental economic options: agriculture versus industrialization following a change
in government. New technological development may promote the conservation of
water, such as inexpensive methods for surface water treatment in tropical countries
or by changing water needs through the use of drip irrigation.
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An evaluation of future demand should be based on the results of a recent com-
prehensive survey of water users. Forecasts of future uses of water resources on the
basis of various “scenarios” for exploitation should also be undertaken. These can
be achieved by means of mathematical models.

Demands for water in a region can be classified into the following sectors:

(i) demand for domestic, industrial, and commercial uses

(ii) irrigation demand
(iii) evaporative demand for fisheries, forestry, and environment, and
(iv) in-stream demand

5.2.1.1 Demand for Domestic, Industrial, and Commercial Uses

Domestic water per capita varies substantially between urban and rural areas, and
depends on income, standard of living, mode of water supply, availability and qual-
ity of water, etc. An approach of demand estimation may be based on standard
of living. Average per capita consumption for metropolitan, town, and rural areas
should be estimated separately. In urban area, typically the per capita consump-
tion varies between 100 and 150 1/day; and in rural areas it varies between 50 and
100 I/day. In long-term planning purposes, change in income and a cultural shift
in water uses of the rural population should be considered. A system loss of about
10-15% should also be taken into account.

Commercial and industrial demands are typically 8-11% and 10-15%, respec-
tively, of the total water supply for the piped distribution system (World Bank,
1997). A return of 30-50% may be considered, but this is not useful in most cases.

5.2.1.2 Irrigation Demand

The usefulness of an estimate of future irrigation demand largely depends on how
closely prediction can be made of areas under different crops, cropping sequences
and intensity, and crop calendar (the time and length of growing period). The prob-
able climatic scenario is also required to compute crop evapo-transpirative demand.
Agricultural crops also require water for seedbed preparation, land preparation, salt
leaching etc. These water requirements are fulfilled either from rainfall or from irri-
gation supply. Not all the rains received over the year or growing period become
useful for these purposes. Effective rainfall should be calculated or estimated using
appropriate techniques. In meeting evapo-transpirative demand, some seepage and
percolation loss will occur from the field, specially in case of rice crop. The mea-
surement and/or estimation techniques of these components have been described in
detail in an earlier chapter (in Volume 1). There is a difference between the quantity
of water diverted from a source for irrigation and that reached at the field plot or
used in actual evapotranspiration. This difference is a loss from the viewpoint of
irrigation water supplier. The irrigation efficiency, which is a ratio of usage to sup-
ply, varied depending on soil, climate, crop and method of application, and usually
between 60 and 70%. The International Water Management Institute (IWMI) used
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irrigation efficiency up to 70% for country level demand assessment (Seckler, 1996).
Considering all these factors, the gross irrigation demand should be estimated.

5.2.1.3 Nonirrigated Evaporative Demand

Nonagricultural evaporative demand arises from areas under fisheries, forestry,
and environmental uses. Areas under fisheries include major and regional rivers,
perennial and seasonal standing water bodies (haor, baor, and beel), and fishponds.

Forest abstracts water from high and perched groundwater tables. The quantity
of water required to meet evapotranspiration demands of such trees is a net demand
and needs to be accounted for. Environmental demand arises from rivers as well as
urban, rural, and other areas (excluding areas under fisheries and forestry). Urban
areas under environmental use include parks, gardens, and playgrounds. Rural areas
include household trees, garden, graveyards, and playgrounds.

5.2.1.4 In-Stream Demand

Some flows are to be maintained in the major and regional rivers for navigation, fish-
eries, salinity control, chemical and biological dilution, and sustenance of aquatic
flora and fauna. These constitute in-stream demand, but they are not additive. The
in-stream flow is required to push the salinity front toward the salinity source (the
sea, which contains saline water) to arrest the environmental degradation. To salinity
control, a minimum flow should be maintained.

5.2.2 Estimation of Potential Supply of Water

At the same time that water needs are being assessed, water availability has to be
evaluated as to quantity, quality, and costs for various sources of water. While sur-
face water surveys are relatively easy and inexpensive, groundwater surveys are
more complex and costly as they involve test drilling, pumping, and geophysical
surveys, in addition to continuous data collection through yield and water level
measurements on wells.

5.2.2.1 Surface Water Resource

It is very important for surface water estimation that spatial as well as temporal
distribution of water is properly accounted for. It is not appropriate to calculate the
average for the purpose of planning.

In estimating effective volume of water in different available water bodies (such
as ponds, lakes, rivers), volume of water should be determined first during periods
(dry and wet) of the year. Then the assessment of environmental flow requirement
(such as fish culture, navigation, and other purposes) should be done. Effective stor-
age/volume of water for a particular season is the difference between actual volume
and environmental flow (EF) requirement, i.e.,
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Effective volume of water = actual volume — EF requirement

For estimation of actual volume of water in water bodies, different available tech-
niques (such as Simpson’s rule, trapezoidal rule) may be employed. For flowing
rivers and streams, stage—discharge relationship should be determined.

The effective available water may be used for different purposes, such as irriga-
tion (supplemental irrigation during monsoon period, and full irrigation during dry
season crops) and hydroelectric power.

5.2.2.2 Groundwater Resource

Assessment of future groundwater development potential is a pre-requisite for
the proper and sustainable use of the resource. Groundwater assessment requires
conceptualization of the physical process and methodology for assessment. The
following two approaches are generally employed to estimate the groundwater
potentials for long-term sustainability:

Groundwater Availability for Pumping in Terms of Potential Recharge

Groundwater availability for pumping in terms of potential recharge may be
estimated using a simplified hydrological balance:

P=PET+U+R,

Or,
R.=P—-PET-U (5.1
where
P = Rainfall
PET = Potential evapotranspiration
U = Runoff

R. = Potential recharge

That is, potential recharge is the excess of rainfall over runoff and potential
evapotranspiration. This estimate may be carried out monthly basis, which is more
judicious than the seasonal estimates.

In the absence of data on surface runoff, runoff may be estimated as a percent-
age of rainfall (20-50%), depending on the rainfall amount, intensity of rainfall,
topography, physical and hydraulic characteristics of the topsoil, and geo-hydrologic
condition. It is to be mentioned here that runoff rate will not be constant but will
depend upon antecedent soil moisture, land use and topographic condition. A com-
plex model, which is capable of incorporating interacting factors on the amount of
runoff, may assess the runoff more closely.

Groundwater Availability in Terms of Safe Yield

Groundwater availability in a region may be estimated based on safe yield concept.
According to this concept,
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Safe yield = maximum allowable fluctuation of water table (MAWT)
x specific yield of the aquifer

Here, MAWT refers the difference between maximum allowable depletion or low-
ering of water table (WT) during pumping, and the present depth to water table, i.e.,

MAWT = Maximum allowable lowering of WT — present depth to WT

Here, it is to be mentioned that the use of historically observed maximum fluctu-
ation in annual water table in safe-yield or recharge estimation may result in an
underestimated value of recharge. This is because the annual fluctuation can be
increased by withdrawal of groundwater for irrigation during dry season, thus creat-
ing further scope for increased recharge. That is, the potential recharge, which may
be defined as the mean annual/seasonal volume of surface water that could reach
the aquifer, is the sum of actual recharge to the aquifer and the rejected recharge.
Rejected recharge is that fraction of water available at the surface which can not
infiltrate because the water table is near/at the surface.

Specific yield should be determined by free drainage from the collected samples
of the aquifer (through bore logs). Specific yield is an important parameter in safe
yield or groundwater potential estimation using this approach. The value of spe-
cific yield varies widely within the physiographic zones and even in a zone. So,
the specific yield should be determined for each zone and the mean of representa-
tive number of samples should be used, that the data represent the actual aquifer
characteristics.

For each of the approaches mentioned above, the total area of a country or a
region should be divided into suitable physiographic units on the basis of some
criteria such as geological condition, topography, physical and hydraulic character-
istics of the topsoil, and/or depth of flooding. Available or potential recharge for
each unit should be calculated.

5.2.3 Issues of Groundwater Development in Saline/Coastal Areas

Freshwater in the saline and coastal area may occur in single or two zones (shal-
low and deep freshwater) (Saleh and Nishat, 1989; Rashid, 2008). The development
of freshwater in such area requires careful planning. Localized pressure reduction
caused by tube-well abstraction may cause upconing of saline water interface. To
mitigate salinization of the aquifer, it is essential to control groundwater abstrac-
tion, adopt suitable well design procedures and have a thorough knowledge of the
hydrogeology of the aquifer.

5.2.4 Environmental Flow Assessment

5.2.4.1 Concept of Environmental Flow

Management of river flows should attempt to ensure minimum natural flows in order
to maintain the conditions that supply goods and services and ensure biodiversity.
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Environmental flow is the water regime provided within a river, wetland or coastal
zone to maintain ecosystems and their benefits where there are competing water
uses and where flows are regulated.

Key concepts in environmental flow assessment are:

— river systems can be maintained at different levels of health

— different flows play different roles in maintaining river systems

— ecological and social consequences of flow manipulation can be predicted
— complexity and variability are vital to ecosystem health

5.2.4.2 Methods of Environmental Flow Assessment

Generally the following two methods are used to assess environmental flow:

(i) Building block method
(ii) Drift method

Drift Method

It is a scenario based method. Scenario is used to identify tradeoffs that can be used
in negotiations between water users to balance needs of the ecosystem with other
needs. A set of scenarios (produced as output from different water levels) or options
for a river is used in decision and policy making.

Building Block Method

It is an objective based method. In this method, a specific ecological status of a river
is maintained. The future desired condition of the river is identified. Environmental
flow regime is then constructed based on premise that riverine species rely on basic
elements of flow regime (building block). The main phases of building block method
(BBM) are

a. Comprehensive information gathering on river system, normally undertaken by
a team of experts.

b. Exchange opinion among agency representative, water managers, engineers and
scientific experts to identify flow regimes; usually through a workshop.

c. Linking the environmental flow consideration with engineering considerations

Information gathering involves:

— identification of study area

— present condition of river for overall riverine habitat

— determination of importance of study area at local, regional and international
scale.

— assessment of water quality

— biological surveys at selected points
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— identification of building block method reaches and sites
— description of natural and present daily flow regime
— analysis of stage-discharge curve

The objective of the exchange of opinions among different experts is to identify and
conclude on the recommended flows for the river. The experts should visit the site.
Attention should be given to the flow features that are considered most important
for maintaining or achieving the desired state of the river. These flow features are
the building blocks which are constructed to create the in-stream flow requirements.
Required flows are identified month-wise, considering low and high flows.

In final stage, recommended flow regimes are integrated with engineering con-
cerns for the river. Two or three possible flow states with probable economic and
social consequences are developed.

The building block method is costly for data collection and employment of
experts. The final selection is dependent on professional judgment and experience.

5.3 Strategies for Water Resources Management

Strategies for water resources management can be broadly categorized into two
classes:

(a) Demand management, and
(b) Supply management

5.3.1 Demand Side Management

5.3.1.1 Concept

Demand management options refer the actions that influence the use of water after
the entry point. Demand side management is commonly implemented together with
a water conservation program. Water conservation is generally accepted to mean
“the minimization of loss or waste, the preservation, care and protection of water
resources and the efficient and effective use of water.” Demand side management
involves a broad range of measures that aim to increase the efficiency of water use.
Demand management may be defined as the adaptation and implementation of a
strategy by a water institution to influence the water demand and usage in order
to meet any of the following objectives: economic efficiency, social development,
social equity, environmental protection, sustainability of water supply and services
and political acceptability.

5.3.1.2 Different Approaches of Demand Management
The measures for demand management can include the following:

— conservation-oriented rate structures
— leak reduction program
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— landscaping with drought tolerant species

— water savings irrigation practices in agriculture
— water reuse

— pressure management

— water audit

— public awareness campaigns.

The demand side management may be pursued for various reasons, including
postponding construction of new water or wastewater infrastructure; decreas-
ing operation and maintenance costs; and environmental impacts of increasing
withdrawals.

Demand-managed strategies applied around the world today can be grouped into
four categories based on the approach employed:

(1) technological
(i) economic

(iii) institutional and
(iv) behavioral

In the urban sector, techniques include the following:

— escalating block rate tariffs

— promotion of water-wise industries

— water auditing

— water loss management

- retrofitting with water-saving devices
— informative billing

— water-wise gardening, and

— public awareness

In the agricultural water sector, techniques include the following:

- reduction/removing of pricing subsidies
— efficient/water-saving irrigation scheduling

alternate furrow irrigation

alternate wetting and drying of rice field
soil drying during ripening of crop
deficit irrigation

adopting efficient irrigation method

— Soil water conservation measures

e Reducing evaporation
e mulching by various elements
e using super absorbents
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— selecting crops with high yields per unit water consumed
— appropriate cropping pattern

— adopting efficient irrigation devices/technologies

— land leveling

— water-wise tilling/field preparation

— water-wise crop cultivation method (e.g., direct seeding)
— soil-crop-weather management

e cultivation of short duration cultivars

e cultivation of low water demand crops (e.g., pulses, wheat)

e analysis of long-term weather data (especially rainfall and temperature) and
planning crop accordingly

e priming of seed to mitigate low soil moisture at sowing

— Ponding rainwater at rice field by high levees (bunds)
— Storing rainwater in farm pond, lake, etc., and using in dry period

Urban Sector
Metering and Pricing

Metering and pricing are generally considered to be the building blocks of a demand
side management. Metering may be more widespread in the industrial and institu-
tional sectors. These categories may have fewer but larger water users, than in the
residential and commercial sectors. In the short term, the introduction of metering
can impact for water. However, ultimately metering must be used in combination
with appropriate pricing structures, to provide an incentive for customers to reduce
water use. In any given municipality, several rate structures may be used for dif-
ferent sectors (commercial, residential, industrial, institutional, etc.). Along with
various rate structures, the increasing block-rate pricing structure (also termed as
tiered water prices) may be an explicitly water conserving rate structure: when water
use reaches a certain threshold (the boundary between “blocks™), the price per unit
goes up. Tiered pricing provides an incentive for the farmers to choose efficient
combinations of irrigation methods and management levels. However, to remain
effective, such a structure must be keyed to inflation so that the amount charged for
water is consistent with the real cost of providing the service. Declining block rate
often is thought to encourage higher levels of water use; as the price per unit of
water used goes down in steps or blocks, the amount used increases.

Water Ordinance (by Law)

State or municipal ordinance may promote water conservation and efficient use of
water. Water rate ordinance simply authorizes various rate structures in place. Other
ordinances (i.e., plumbing fixture, mandatory fixture retrofit, restrictions on specific
users, and others) may also be employed. Regional municipalities or agricultural
areas may have lawn watering ordinances in place, compared to others.
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Operational and Maintenance Measures Directing Reduced Water Loss

A wide range of operational and maintenance (O and M) measures directed at
reducing water losses and consumption may be employed. Several of these mea-
sures, including leak detection, repair of water distribution lines, may be part of
normal infrastructure maintenance. Other measures, such as installing new meters
on unmetered accounts, reservoir renovation, water pressure reduction, etc. may be
aimed at reducing water loss.

Plumbing Fixtures and Devices in a Voluntary Program

Motivation for voluntary retrofitting of plumbing fixtures (to more water-efficient
ones), or the distribution of subsidized or free water-saving devices should be done.
Efficient toilets and other devices can save a substantial amount of water in homes.
The American Water Works Association (1999) reported that in a typical single fam-
ily home, which has no water conservation fixtures, toilet use accounts for 27.7%
(or 20.1 US gallons per capita per day). By installing water-efficient ultra low-flush
toilets that use 1.6 US gallon per flush, toilet use declined to 19.3% or 9.6 US gallon
per capita per day.

Agricultural Sector
Removing of Pricing Subsidies

Withdrawing of subsidies from water pumping (in the form of subsidies in diesels,
electricity, etc.) will certainly make awareness regarding its efficient use, minimiz-
ing conveyance loss, and conservation measures.

Water-Saving Irrigation Scheduling

Alternate furrow irrigation: Experimental results suggest that water use can
be decreased by almost 33% by irrigating alternate furrows instead of every
furrow. Most of the water savings, however, occur on the lower part of the
field.

Alternate wetting and drying of rice fields: In rice cultivation, instead of con-
tinuous ponding of the field to a certain depth, irrigating after 3-5 days of
disappearance of ponded water saves about 30—35% water without reduction
in yield.

Soil drying during ripening of crop: In most crops (especially in cereals), we are
interested to produce higher grain yield but not the straw yield. Soil drying
during the grain-filling period of rice and wheat enhance early senescence.
The grain-filling period may be shortened under such a condition, but a faster
rate of grain-filling and enhanced mobilization of stored carbohydrate from
vegetative parts to grain minimize the effect on yield. Thus, water demand
can be minimized without reduction in yield.
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Adopting efficient irrigation method: On-farm water use efficiency can be
improved by moving to a more efficient irrigation system. Sprinkler and drip
irrigation can save noneffective water loss. Minimization of water loss during
land preparation in wetland culture of rice (substitution by dry-seeded rice)
leads to lower total water requirement.

Deficit irrigation: Omitting irrigation at less sensitive growth stages of plants
(with respect to water deficit) minimizes irrigation requirement without sig-
nificant yield reduction. Research at ICARDA (Zhang and Oweis, 1999) has
shown that applying only 50% of full supplemental irrigation (SI) require-
ments causes a yield reduction of only 10-15%. Assuming that under limited
water resources only 50% of the full irrigation required by the farm would be
available (i.e., 4,440 m? fora 4 ha field), the deficit irrigation was compared
with other options by Zhang and Oweis (1999). They showed that a farmer
having a 4 ha farm would on average produce 33% more grain from his farm
if he adopted deficit irrigation for the whole area, than if full irrigation was
applied to part of the area. The deficit irrigation increased the benefit by over
50% compared with that of farmers’ usual practice of overirrigation.

In rice cultivation, instead of maintaining 3—-5 cm ponded water, irrigating after
3—4 days of subsidence of ponded water (also termed as alternate wetting (ponding)
and drying (to saturation or field capacity)) leads to 20-30% water saving with-
out significant yield reduction. Deficit irrigation facilitates the use of applied and
stored (within root zone) water more efficiently, and increases WP (Ali et al., 2007).
Other measures of increasing water productivity may also be practiced (Ali and
Talukder, 2008).

Water Conservation Measures

Water conservation can be done by adopting the following principles:

e reducing evaporation
e mulching
e using super-absorbents

Reducing Evaporation

From Water Surfaces Evaporation from lakes, reservoirs, or other water surfaces
varies from about 2 m/yr for dry, hot climates to 1 m/yr or less for humid, cool
climates. In the 1950s and 1960s, considerable research was done to reduce evapo-
ration from open bodies of water by covering them with monomolecular layers of
hexadecanol or octodecanol. While evaporation reductions of about 60% have been
achieved under ideal conditions, actual reductions were much lower, and the use of
monomolecular films to reduce evaporation from free water surfaces has found no
practical application. Instead, more success has been obtained with floating objects
in small reservoirs. Floating sheets of foam rubber have been successfully used.
Evaporation reductions of close to 100% have been obtained with such covers.
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Evaporation from open water surfaces can also be reduced by reducing the area
of the water surface. For small surface storage facilities, this can be achieved by
storing the water in deep, small reservoirs instead of in shallow, large reservoirs.
For larger facilities, several ponds or compartmentalized ponds have to be available.
When water levels in the ponds begin to drop, water is then transferred between
ponds or between compartments so that only one or a few deep ponds are kept full
while the others are dry, thus minimizing the water surface area per unit volume of
water stored.

If the ponds are unlined, the effect of water depth on seepage loss from the pond
must be taken into account. From a hydraulic standpoint, increasing the water depth
would increase seepage the most.

From Crop Field Evaporation from soil is reduced by dryland farming techniques
that are aimed at conserving water in the root zone during the fallow season for use
by the crop in the next growing season. The main strategies are weed control, tillage,
and leaving the stubble or other crop residue in the field during the dry or fallow
season. Weed control prevents transpiration losses. Tillage is primarily needed on
heavy soils that may crack during fallow and lose water by evaporation through the
cracks. The purpose of the tillage, then is to close the cracks. Sands and other light-
textured soils that do not crack are “self-mulching” and do not need tillage. Leaving
the stubble or crop residue on the field during fallow periods reduces evaporation
losses from the soil by lowering soil temperature and reducing wind velocities close
to the soil surface.

In the Northern Great Plains of the United States, these dryland farming tech-
niques reduce evaporation losses by about half the annual precipitation. Thus, if
the precipitation is 38 cm/yr as in eastern Colorado, dryland farming techniques
conserve about 19 cm of water per year.

Finally, evaporation of water from soil surfaces can be reduced by reducing the
extent of wet areas from which water evaporates. In irrigated fields with incomplete
crop covers (row crops in the beginning of the growing season, vineyards, orchards),
evaporation from soil can be reduced by irrigating only the areas near the plants and
leaving the rest of the soil (surface or subsurface). This can be accomplished, for
example, with drip irrigation systems (surface or subsurface).

Mulching Mulching with crop residues during the summer fallow can increase soil
water retention. Sauer et al. (1996) found that the presence of crop residue on the
surface reduced soil water evaporation by 34-50%. Straw mulching can be easily
implemented by local farmers and can be extended in the regional scale because
material is most easily accessible, is available at low cost, and does not contaminate
the soil.

Water Loss Minimization

Water loss in the conveyance system can be reduced through canal lining. A range
of materials are available for that purpose. On-farm water loss (seepage through
the borders of the plot) can be reduced through minimizing holes and proper
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maintenance of the borders with sufficient height. Thus, actual need of irrigation
water would be reduced.

Adopting Efficient Irrigation Method/Technologies
This can be achieved through the following measures:

Improving Irrigation Efficiency If crop irrigation is practiced in areas with dry
climates, much of the water use in those areas is for agriculture. Considering world
average, about 75% of the total water use is for crop irrigation. Most of the irri-
gation systems are surface or gravity systems, which typically have efficiencies of
60-70%. This means that 60—70% of the water applied to the field is used for evap-
otranspiration by the crop, while 30—40% is “lost” from the conveyance system, by
surface runoff from the lower end of the field, and by deep percolation of water that
moves downward through the root zone.

Increased irrigation efficiencies allow farmers to irrigate fields with less water,
which is an economical benefit. In addition, increased irrigation efficiencies gener-
ally mean better water management practices which, in turn, often give higher crop
yields. Thus, increasing field irrigation efficiencies also saves water by increasing
the crop production, thus allowing more crops to be produced with less water.

Field irrigation efficiencies of gravity systems can be increased by better man-
agement of surface irrigation systems (changing rate and/or duration of water
application), modifying surface irrigation systems (changing the length or slope of
the field, including using zero slope or level basins), or by converting to sprinkler
or drip irrigation systems where infiltration rates and water distribution patterns are
controlled by the irrigation system and not by the soil. Surface irrigation systems
often can be designed and managed to obtain irrigation efficiencies of 80-90%.
Thus, it is not always necessary to use sprinkler or drip irrigation systems when
high irrigation efficiencies are desired.

Irrigation Scheduling As with increased field irrigation efficiencies, improved
scheduling of irrigation conserves water only if runoff and/or deep percolation from
the irrigated fields cannot be reused. Scheduling of irrigation can be based on soil
water measurements (tensions and/or contents), or on estimates of daily evapo-
transpiration rates using climatological methods, evaporation pans, or lysimeter.
Measurement of the plant water status through remotely sensed plant or crop canopy
temperatures with infrared thermometers shows promise as a technique for schedul-
ing irrigations. Better timing of irrigation could also increase crop yields per unit of
evapotranspiration (for example, through less leaching of fertilizer), thus increasing
crop water use efficiencies.

Water-Wise Cultivation Method

The wet-seeded or direct-seeded technique is an alternative to the transplanting
method of rice crop establishment. This technique increases crop yield and water
productivity, and reduces irrigation need.
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Soil-Crop-Weather Management

Manipulation of Seedling Age In transplanted rice, seedlings 2545 days old are
normally used. Recent research results showed that up to 55-65-day-old seedlings
can be used for Boro (Kharif) season (BINA, 2005). The older seedlings (55-65
days) could reduce crop duration up to 15 days. That means that total crop dura-
tion in the field (from transplanting to maturity) can be reduced by 30 days (15 days
late transplanting +15 days early maturing), which obviously reduces the crop water
requirement, and increases water productivity. Ali et al. (1992) obtained the high-
est yield with 60-day-old seedling for Aman (monsoon) season. Singh and Sharma
(1993) and Paul (1994) observed insignificant yield difference for 30-60-day-old
seedling for monsoon rice.

Priming or Soaking of Seed The technique of seed priming, where the seed is
soaked in water (usually 10—12 hrs), then surface dried and sown, has been shown to
improve plant stands and provide benefits in terms of earlier maturity and increased
seed yield in a range of crops (wheat, maize, lentil, chickpea, etc.) in rainfed, as well
as irrigated crops grown on normal soils. This technique reduces the post-sowing
or pre-sowing irrigation needs and saves water. Besides, priming had a significant
positive effect on yield. Thus, the water productivity is increased. Kahlon et al.
(1992) observed that soaking wheat for 24 or 48 h in water or pre-germinating seed
sowing increased grain yield by 10.3, 16.3, and 21.2%, respectively, compared to
sowing untreated seeds.

Crop Sowing Based on Weather Analysis or Forecast With the probability anal-
ysis of long-term rainfall data or the use of the short- or medium-term weather
forecast, dry spell can be avoided and thus the need of irrigation can be avoided.
Chahel et al. (2007) observed that with the shifting of transplanting dates of rice at
Punjab, India, from higher (mid-May) to lower (end of June onward) evaporative
demand, there was an increase in grain yield, while there was a reduction in ET and
irrigation water applied.

Changing Crops Another method for reducing evapotranspiration in irrigated
areas is to alter cropping patterns. In climates with hot summers and mild win-
ters, summer crops can be minimized, and more winter crops (vegetables, flowers)
can be grown. In addition, crops with lower water requirements can be introduced.
Where there is some rainfall, dryland farming systems with supplemental irrigation
(if necessary) can replace conventional irrigated agriculture.

Use of Anti-transpirants Spraying plants with anti-transpirants may have some
application for ornamental plants (lawns and shrubs) where production or fast
growth is not important. For agricultural crops, however, a reduction in transpira-
tion usually also means a reduction in yield. Thus, anti-transpirants generally are
not feasible for reducing water use of agricultural crops.
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Ponding Rain-Water at Crop Field by High Levees

During the wet spell of weather, water can be stored in the crop field by making
high (~30 cm) levees around the plot, especially for rice crop. This stored water will
serve the purpose of irrigation during long dry spell. This approach is very useful
where the natural rainfall is uncertain and uneven, and supplemental irrigation is a
must.

Increasing Soil Moisture Storage Capacity in the Crop Root Zone

Addition of Organic Matter Increasing water storage within the soil profile is
necessary to increase plant available soil water. Increasing soil’s organic matter
(OM) has long been recognized as an effective way of improving soil physical
and chemical conditions, and water-holding capacity. Increasing the OM content
of sandy soils increases the available water storage capacity, permits greater infil-
tration, and increases root proliferation throughout the soil profile. The OM releases
water slowly, resulting more efficient use of water, facilitating proper crop growth
and thus increase in yield and water productivity.

Tillage and Subsoiling Active deep roots help to reduce drainage losses and
abstract soil water. But in most cases, the subsoils are not suitable for root extension
or inhibit root extension due to hard layer (often called plow pan). Tillage breaks
surface soil crust. This leads to increased water storage by increased infiltration and
increased root area. Sub-soiling or deep tillage breaks plow pan, and thus facilitate
root expansion (and hence increased root area) and more soil moisture abstraction.

Other Management Factors

Among the management factors for more productive farming systems are the use of
improved or suitable crop rotation, sowing dates, crop density, raised bed and the
role of previous crops.

Public Awareness Approaches

Public awareness and education have been identified as key aspects of any demand
side management plan in many places around the world. The most frequently used
public awareness approaches directed to encourage water conservation are print
media (brochures), information packages, media information, public lectures and
meetings, working with local school, low water use landscape demonstration, etc.
Demonstration of real cost savings to consumers may be an effective means to
reduce water loss.

Other Measures

These include working with large water users to conserve water, water conservation
plans or strategies, water audit, and working with other organizations or groups to
promote water conservation.
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Discussion

There may be considerable variations in the water savings among the demand side
measures. The appropriateness of different types of demand side measures may be a
function of factors related to value of water, locality, financial capacity and habitat of
the farmers, etc. Any combination of the measures or awareness campaign (suitable
for the site concern) may be implemented. The effectiveness of some measures is
known to depend on the presence of others. For instance, while metering can lead to
a short-term 30-50% reduction in demand, water consumption can return to previ-
ous levels, if metering is not combined with pricing rate structures that tie the cost to
the amount used. The long-term effectiveness of some measures can decline if cer-
tain considerations are not accounted for implementing them. For example, while
increasing block rates have the potential to be effective conservation measures, to
remain effective over the long term they must be keyed to inflation. Demographic
factors such as per capita income should also be considered in setting rates. The
nominal price of water would have to be raised annually by the rate of inflation plus
the rate of change in real income simply to maintain constant rather than increasing
water use.

The water conservation(WC)/demand management (DM) principles should be
integrated fully into water supply planning, i.e., water potentially produced through
increased efficiency, and decreased losses should be considered alongside other
options at the beginning of supply-planning processes. Although the policy and legal
framework for implementing WC/DM has been established in many countries, very
few measures have been put in place. Water management entities should establish
specific targets/standards for water use efficiency and allowable loss for each water
sector and develop strategies to achieve those targets.

5.3.1.3 Obstacles to Implement Demand Management

Large capital projects result in substantial income for construction contractors,
consulting firms, equipment and material suppliers, lending institutions, and gov-
ernment and other organizations. Historically, an extensive industry has developed
around the glove attachment to supply-side solutions, while demand and conser-
vation solutions have not attracted the same level of attention. Recently, in many
countries, the private sector has become increasingly attracted to water supply in
the urban sector, which could introduce the profit motive to implementing WC/DM
measures.

Water produced through WC/DM can be 65-80% less expensive than water
developed through new infrastructure. Despite the obvious economic benefits of
water conservation and demand management, the WC/DM approach always cannot
be implemented due to obstacles. It is necessary to identify and acknowledge these
constraints in order to develop strategies to address them. The following are some
of the obstacles and constraints:

(a) Financial/economic
— Certain water conservation/demand (WC/DM) management measures
depend on financial outlay by end users, who may not have adequate
resources
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— Water is allocated to consumers irrespective of economic value or efficiency
of use

— The relatively low price of water, particularly in the agricultural sector

— Water institutions own water supply infrastructures

— Lack of funding or disproportionate funding for supply side measures at the
expense of WC/DM.

One of the greatest obstacles to implement WC/DM measures is the initial cap-
ital cost. The initial costs for more efficient devices and technologies for the
urban or agricultural sector can be substantial. This is despite the fact that costs
for demand-side measures are significantly less than cost for supply-side mea-
sures. To build a dam, the government typically secures a loan and contracts
private companies to construct it. Implementing WC/DM measures in the agri-
cultural sector, on the other hand, would require individual farmers to purchase
and install new devices or systems. Similarly, in the urban sector, individual
homes or businessmen must purchase and install new devices or systems to
achieve savings. Many cities and irrigation districts around the world have found
that it makes economic sense to provide incentives such as rebates to encourage
adoption of new technologies.

Another economic obstacle to efficient water use is subsidized water tariffs.
The vast majority of agricultural water users, and to a certain extent of urban
users enjoy subsidized water tariffs. Economic tools (increasing tariff or treating
water as a economic good) are often the most powerful in reducing inefficient
or wasteful use.

Technical/institutional

— lack of adequate knowledge of the cause of growth in demand

— current planning practices choose the cheapest solution without regard to
operating costs

— lack of understanding of the consumer and water usage patterns

— lack of cooperation among local authorities

— lack of cooperation among water services institutions

— officials and industry sectors protect their personal interests

— ignorance of WC/DM when promoting new infrastructure

Implementation of a properly designed and planned WC/DM program will fail
without a strong policy and legislative foundation.
Public perception

— Supply side management options appear easier to implement

— Water conservation measures are perceived only as drought relief strategies

— Lack of understanding of principles, scope, and potential of demand
management

— Fears that water conservation will result in reduced service levels and
reduced crop production in the agricultural sector

— Demand management strategies are often incorrectly perceived as punitive
measures
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Changing habits, equipment, crops, and irrigation equipment/patterns is difficult for
anybody including farmers and households, since they are unfamiliar with new tech-
nologies and uncertain of the benefits of making the change. A couple of methods
have been used in the developed world to speed up this acceptance. They include a
great deal of education and financial incentives from government and local supply
authority.

Box 5.1 Potential for Demand Management in the Urban
and Agricultural Sector of Bangladesh

Many areas and opportunities exist to make better use of demand side manage-
ment measures. Water use in the urban and agricultural sectors of Bangladesh
are generally highly inefficient, with waste/inefficiencies of up to 40 and 50%,
respectively. The agricultural water sector holds even greater potential for sav-
ings than the urban sector because it uses three times as much water and is
more inefficient than urban use.

Flood irrigation, which achieves only 50-60% efficiency, is used in almost
all irrigated lands. An increase in the efficiency of only 20% in urban and
agricultural water use would save millions of dollars each year. Demonstration
of real cost savings to consumers and the development of specific goals and
objectives for demand side management programs are two important steps
needed to overcome the challenges.

5.3.2 Supply Side Management

Supply management options refer to the actions that affect the quantity and quality
of water at the entry point to the distribution system.

5.3.2.1 Approaches of Supply Management

Supply management options include the following measures:

(1) Development of new supply source

i. surface water (rubber dam)
ii. groundwater

(i) Use of nonconventional water with appropriate strategic measures
e saline water/poor quality water
o with mixing/blending ratio
o application of poor quality water at nonsensitive growth stages
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e irrigation effluent
e drainage outflow

(iii)) Rainwater harvesting at farm pond, lakes
(iv) Augmenting natural recharge
(v) Inducing artificial recharge
(vi) Sharing of international rivers
(vii) Network rehabilitation
(viii) Reallocation through volumetric constraints
(ix) Import of virtual water
(x) Use of super absorbents
(xi) Implementing dual water supply system
(xii) Implementing dual water use — aquaculture in rice field

5.3.2.2 Description of Different Approaches
Development of New Supply Source

Water is available on the planet both on the surface and under the surface of the
earth. The water on the surface is termed “surface water”, and the water under the
surface is termed “groundwater.” Surface water and groundwater are both important
sources not only for human use but also for ecological systems.

Surface Water

Surface water is renewable, usually within few months or a year, while groundwa-
ter is also renewable, as it takes several months or a year. Development of surface
water source includes construction of new dams and reservoirs, excavation of ponds,
rehabilitation of natural water bodies such as lakes, rivers, and other lowlands.
Rubber dam, a flexible and technically and economically sound technology, has
been increasingly used in many parts of the world. But in all cases, environmental
and ecological perspectives should be taken into consideration. Details about the
rubber dam has been described in Chapter 11, Volume 1.

Groundwater

The agricultural sector is the largest consumer of water. For proper development
of groundwater, a systematic survey and determination of aquifer characteristics
is essential. Groundwater should be withdrawn based on safe yield concept. Safe
yield of each aquifer should be determined, and groundwater should be exploited
accordingly.

Safe Yield

Intensive groundwater development in many parts of the world has caused rapid
decrease of groundwater level. This has resulted in aquifer depletion, water quality
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degradation, and many other problems. Under natural conditions before groundwa-
ter development, aquifers are in a state of dynamic equilibrium. The discharge by
new installed wells must be balanced by an increase in recharge of the aquifer, or
by a decrease in the old natural discharge, or by loss of storage in the aquifer, or by
a combination of the above. Thus, to avoid an adverse effect of overexploitation of
groundwater, development of groundwater should be based on safe yield.

Different researchers defined safe yield from different perspectives. In essence,
safe yield is the quantity of water that can be harnessed from an aquifer annually
without producing an adverse or undesirable result. The undesirable results may
include the depletion of the groundwater reserves, degradation of water quality,
intrusion of water of undesirable quality (e.g., saline water intrusion), violation
of existing water rights, deterioration of economic advantages of pumping (i.e.,
increasing pumping cost), excessive depletion or reduction of stream flow by
induced infiltration (or recharge), loss of wetlands and riparian ecosystem, land
subsidence, etc. Often, a misperception among many hydrogeologists and water
resources engineers and managers is that the development of groundwater is “safe”
if the rate of withdrawal does not exceed the rate of recharge. Even with a pumping
rate smaller than the natural recharge (so called “safe yield”), pumping may cause
induced recharge or decreased discharge. The induced recharge may cause deple-
tion of stream flow, and residual discharge may not be sufficient to maintain the
ecosystem. In the 1980s, the concept of sustainability emerged, which has removed
the problem of safe yield determination.

Sustainable Yield

Sustainability is a goal for the long-term welfare of both humans and the envi-
ronment. Sustainable development must meet the needs of the present without
compromising the ability of future generations to meet their own needs (World
Commission on Environment and Development, 1987). Sustainability refers to
renewable natural resources; therefore, sustainability implies renewability. Since
groundwater is neither completely renewable nor completely nonrenewable, it begs
the question of how much groundwater pumping is sustainable. In principle, sustain-
able yield is that which is in agreement with sustainable development. Alley et al.
(1999) defined groundwater sustainability as development and use of groundwater in
a manner that can be maintained for an infinite time without causing unacceptable
environmental, economic, or social consequences. Furthermore, groundwater sus-
tainability must be defined within the context of the complete hydrological system
and with a long-term perspective to the groundwater resources management.

Basin sustainable yield can be defined by the following water balance equation
(Kalf and Woolley, 2005):

Py =Ry + ARy — Dy (5.2)

where P is the sustainable pumping rate, Ry is the natural recharge, ARy is the
increased recharge induced by pumping, and Dg is the residual discharge.
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If the total basin inflow, I, is defined as the sum of natural recharge and induced
recharge by pumping, Eq. (5.2) can be rewritten as

Py =1, — Dr 5.3)

where P is the basin sustainable yield.

The basin sustainable yield should be a compromised pumping rate, which can be
sustained by groundwater recharge and will not cause unacceptable environmental,
economic, or social consequences. Therefore, the basin sustainable yield should
satisfy the following conditions (Zhou, 2009):

(a) It is a sustainable pumping rate defined by water balance equation (Eq. 5.2).
However, the water balance equation is only a necessary condition but not an
absolute condition. Other constraints must be satisfied.

(b) Environmental constraints require considering groundwater as a part of an
integral water and ecological system. Pumping capture should not cause the
excessive depletion of surface water and the excessive reduction of groundwa-
ter discharge to spring, rivers and wetlands. The cone of depression induced
by pumping should not cause the intrusion of undesirable quality water, land
subsidence, and the damage of groundwater dependent terrestrial ecosystems.

(c) Economic constraints require maximizing groundwater development to fulfill
water demand for irrigation and industrial use.

(d) Social constraints require safe access of good quality groundwater for drink-
ing water supply and equitable distribution of shared groundwater resources by
all.

Maimore (2004) proposed a practical approach to define the sustainable yield. The
approach includes considerations of spatial and temporal aspects, conceptual water
balance, influence of boundaries, water demand and supply, and the stakeholder
involvement.

Assessments of sustainable yield must reach beyond hydrogeology to encompass
the interdisciplinary synthesis of surface water hydrology, ecology, geology, and cli-
matology. In addition, since groundwater is a resource held in common, sustainable
yield assessments must consider the socioeconomic context (Hardin, 1968). In gen-
eral, different communities will have different perceptions of what constitutes an
acceptable rate of groundwater withdrawal, and these perceptions may vary over
time.

From the above discussion, it is clear that the basin sustainable yield cannot
be simply calculated as a single value using the water balance equation (Egs. 5.1
or 5.2). How much groundwater is available for use depends on how changes in
recharge and discharge affect the surrounding environment and the acceptable trade
off between groundwater use and these changes. Achieving this trade off in the long
term is a central theme in the evolving concept of sustainability.
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Adverse Effect of Groundwater Overabstraction (or Groundwater Mining)

If the groundwater withdrawal is not based on safe yield or greater than the natural
recharge (for long-term consideration), groundwater mining (or overdraft) occurs,
which causes numerous adverse effects or environmental consequences:

e Failure of suction-mode pumps

e Reduction in stream flow

Drying up of natural water bodies (e.g., ditches, ponds, canals), thus affecting the
ecosystem

Shallow-rooted trees become endangered

Degradation of water quality

Intrusion of polluted water (brackish or saline water) in coastal areas

Disruption of ecosystem

Land subsidence

If the groundwater becomes contaminated (such as arsenic contamination in West
Bengal of India and Bangladesh), it will be a catastrophic event and troublesome
to purify. Environmental consequences of such exploitation may become slowly
critical in most cases. But the situation may be irreversible if care is not taken
beforehand.

Fresh-Water Aquifer Underlying Saline Groundwater

In most natural saline zones, a relatively fresh water aquifer underlay the saline
shallow aquifer (Rashid, 2008; Asghar et al., 2002). If such an aquifer is found, it
could be used as a source of irrigation supply. Other management practices may be
needed along with irrigation, depending on the salinity level of the water and the
salt tolerance of the desired crop.

Use of Nonconventional Water with Appropriate Measures

Poor quality water or saline surface/ground water may be used to irrigate crops with
some special measures (described below) and thus can be regarded as a vital source
of water in water scarce areas.

Mixing Saline Water with Fresh Water

Irrigable water can be increased by mixing highly saline water with fresh water
(good quality or low salinity water) to lower the salinity to acceptable/tolerable
limits. Mixing does not reduce the total solute content but reduces the solute
concentration due to dilution.

The salinity of the mixed water or the mixing ratio can be obtained by using the
following equation (Adapted from Ayers and Westcot, 1985):
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